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Foreword 
The Swedish Forest Agency has worked with measures to counteract soil acidifi-
cation for more than 15 years. Based on knowledge and experience gained, an ac-
tion programme was presented in 2001. The programme focused on countermea-
sures for acidification caused by pollution, compensation for nutrient removal 
with extraction of harvest residues, and management strategies adjusted to sus-
tainable forestry. The implementation of the programme was proposed to contain 
a preparatory phase of three years followed by an action phase of ten years. The 
preparatory phase aimed at investigating and solving issues identified in the action 
programme. Further, large scale liming was suggested to develop tools for practi-
cal implementation.  

In late 2004 the government permitted the Swedish Environmental Protection 
Agency to allocate SEK 10 million for measures to counteract acidification of 
forest soils according to the preparatory phase of the action programme. The 
Swedish Forest Agency developed, in co-operation with the Swedish Environ-
mental Protection Agency, a project plan spanning from 2005 to 2007. In this 
plan, the study presented in this report was outlined.  

Forest management has been found to affect the output of methyl mercury from 
soils to surface waters. In the present report, results from a study on the mercury 
effect of forest harvester tracks on the forest floor as well as on stream crossings, 
and forest liming are presented. Further, the report includes results from a study to 
develop an assay for net methylation potential in soils.  

The authors are solely responsible for the report and the views in it. Consequently, 
it is not an expression of the views of the Swedish Forest Agency. The report has 
been reviewed by Kjell Johansson, the Swedish Environmental Protection Agency 
and the Department of Environmental Assessment, Swedish University of Agri-
cultural Science. 

Jönköping 2008 

 
____________________________ 

 
Karin Hjerpe 
Project manager 
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Executive summary 
Forest harvesting and other management/manipulation of forests in the boreal 
zone increase the loading of total mercury (Hgtot) and methylmercury (MeHg) 
exported from catchments as well as the amount of mercury found in biota down-
stream. Liming has also been indicated as a factor that can increase losses of Hg 
from forest catchments to streams. This raises serious questions about the poten-
tial role that forestry has played in the disastrous situation we now have, where 
mercury levels in pike and perch exceed health recommendations for human con-
sumption in more than half of the Swedish lakes.  

A paired catchment study is underway at Balsjö, in Västerbotten to improve the 
understanding of forest harvest impacts. The Swedish Forest Agency has sup-
ported a complementary project (2005-2007) to better address several issues about 
how forestry influences MeHg/Hgtot in surface waters. Those issues are the ef-
fects of 1) forestry tracks on shallow ground waters, 2) forest machinery stream 
crossings, 3) to explore the possibility of creating a measure of methylation po-
tential in soils, and finally 4) the liming of forest soils where the riparian zone is 
not specifically excluded from liming. This report summarizes the results of these 
investigations as of October, 2007. 

Tractors Tracks: The results from this study illustrate the variable nature of soil 
MeHg-concentrations. Before harvest soil MeHg-concentrations were similar 
throughout the entire study area. The tracks were created during the harvest in 
March 2006, when there was ca 1m of snow on the ground. No obvious distur-
bances from the tracks were noticeable at the soil surface, other than a slight com-
pression of the soil.  After harvest a tractor track and control points 3 meters to the 
side of the track had higher concentrations than control points elsewhere in the 
study area. If we assume that the 3 m control points were affected by compaction, 
then the harvest has increased the soil MeHg-concentration. However, if it is as-
sumed that the 3 m control points were not affected by harvest, which cannot be 
proven, the harvest would not have affected the soil MeHg beneath the tractor 
tracks. 

Stream Crossings: Whatever tractor tracks contribute to increased net methyla-
tion and total Hg concentrations in shallow groundwater under and close to the 
tracks, their impact on aquatic ecosystems is dependent on moving the increased 
concentrations of MeHg to streams. The places where tracks can be most effec-
tively “connected” to surface waters are where tractors cross streams. The Balsjö 
study, as an example of good forest practice, had only one tractor crossing. Five 
of six sample pairs from above and below that crossing had no significant differ-
ence in MeHg and Hgtot levels. The single exception however points to the need 
to consider crossings as a potential “hot spot”. More analyses of this crossing, and 
crossing from logging operations in central Sweden are being investigated. There 
remains all reason to maintain the general recommendation to avoid driving 
across streams for the sake of mercury, as well as other water quality influences. 
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Methylation potential: The tractor crossing study illustrates the challenge of 
looking for the environmental influence of forestry when it may be express itself 
only intermittently. This is the background to the search for a measure of soil’s 
potential to methylate Hg, as opposed to having to rely on instantaneous observa-
tion of MeHg concentrations, or even net methylation rates. A candidate method-
ology for measuring methylation potential in soils was created. The basis of this 
method is the use of additions of isotopically labeled total mercury and methyl 
mercury to be able to quantify both methylation and demethylation and consecu-
tively also the rate of net methylation. To further access the controls of net me-
thylation we also used additions of an energy source (carbon), and an electron 
acceptor (sulfate) in combination with labeled mercury species. While the concept 
was demonstrated, the resources required to apply this methodology were too high 
for routine use in the Balsjö project. 

Forest Liming: A final component of this program has been to monitor the ef-
fects of forest liming on MeHg and Hgtot in runoff. Liming of forest soils is being 
studied as a measure to combat soil acidification in SW Sweden at several sites. 
Since this liming can extend to the near-stream areas that influence MeHg/Hgtot 
transfers from soils to surface waters, the effect of this liming on stream mercury 
levels was important to evaluate. The results to date from study streams in SW 
Sweden do not indicate any marked, consistent effect of liming on mercury out-
puts. Observation of the effects will continue until there is one full year of post-
liming data on the sites that were limed. 
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Introduction 
Alarming levels of mercury in the fish of many remote forest lakes have long been 
a concern in Sweden. The initial focus in the 1970’s and 1980’s was on the role of 
mercury (Hg) deposition and acidification. This has given way during the last 
decade to an awareness of the role that catchment processes play in methylating 
Hg and making a part of the atmospherically deposited Hg available for bioac-
cumulation in aquatic ecosystems. Swedish researchers have been instrumental in 
advancing the understanding of the Hg problem and defining a critical load for Hg 
deposition (Meili et al. 2003). These advances include localizing and identifying 
processes in the forest floor and near-stream wetland areas that increase the load-
ing of bioavailable methylmercury (MeHg) to the aquatic ecosystem (1995), as 
well as showing the role of water table fluctuations in stimulating the sulfur re-
ducing bacteria that are particularly effective in methylating mercury (Branfireun 
et al., 2001). This pointed to the potential role that forest management has in the 
Hg problem: 

The great challenge for science and policy is to define and evaluate the prospec-
tive management alternatives, such as riparian management in forestry and res-
ervoir regulation that might mitigate the enduring threat posed by Hg output from 
catchment soils to surface waters. (Bishop and Lee, 1997) 

Several studies have since indicated that harvesting and other management/ 
manipulation of forests in the boreal zone increase the loading of methylmercury 
exported from catchments or the amount of mercury found in downstream fish 
(Garcia and Carignan, 2000; Porvari and Verta, 2003). Liming has also been indi-
cated as a factor that can increase losses of Hg from forest catchments to streams 
(Meili, 1997). This raises serious questions about the potential role that forestry 
has played in the disastrous situation we now have, where mercury levels in pike 
and perch exceed health recommendations for human consumption in more than 
half of the Swedish lakes (Munthe and Hultberg, 2004). While existing research 
has raised questions, there is still far too little data to judge the actual contribution 
from forestry, and the possibility of mitigating these effects through measures 
such as riparian buffer zones (Munthe, 2003). To address these issues, the Swed-
ish Forest Agency has supported this project to study:  

1. The mercury effect of machine tracks on the forest floor.  

2. The mercury effect of machine tracks at stream crossings.  

3. Development of an assay for net methylation potential in soils.  

4. The effect of forest liming on the near stream zone. 

The first three studies are co-located at Balsjö, near Bjurholm, in Västerbotten, 
with the EU Life project: Forests for Water, in which forestry is put in relation to 
the Water Framework Directive. A FORMAS project (2005-2008) is specifically 
investigating the effects of forest harvest on mercury outputs in a paired catch-
ment study at Balsjö. The final study was added to liming studies conducted by 
the Swedish Forest Agency itself and IVL, performed in different catchments in 
Southern Sweden. 
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Background 
Previous studies have identified biogeochemical and hydrological conditions that 
can promote the transfer of more MeHg and Hgtot from soils to surface waters. 

Biogeochemical conditions  
The environment has a natural background level of mercury. But since the indus-
trial revolution the combustion of fossil fuels and other anthropogenic activities 
have caused high deposition of inorganic Hg in the environment. The deposition 
is now decreasing, but there will be high levels of Hg present in the soils for cen-
turies to come. The inorganic species of Hg is generally not a direct threat to or-
ganisms, though the threshold at which soil ecology is altered by Hg remains a 
subject of contention (Bringmark and Bringmark, 2001a; Bringmark and 
Bringmark, 2001b). Through methylation inorganic Hg can be transformed into 
the organic species methyl mercury (MeHg) which is a potent toxic compound 
that accumulates in the food web. Parallel to methylation, demethylation also oc-
curs. So what one sees in the environment is the net balance of these antagonistic 
processes. 

As a byproduct of acquiring energy, sulphur reducing bacteria (SRB) methylate 
Hg into MeHg. The general conditions required for these SRB are the presence of 
SRB, sulfur, Hg and a high quality carbon source, as well as anoxic conditions. 
Higher temperatures can also favour net methylation, given the availability of 
Hg2+, energy and electron acceptors. Locations where net methylation is high due 
to synergies between these controlling factors are commonly referred to as me-
thylation hotspots. 

Hydrological conditions 
Methylation can occur in surface waters (Xun et al., 1987), their sediments or in 
soils. When methylation takes place in soils, hydrology has an important influence 
on the redox conditions and it is responsible for transporting MeHg to surface 
water where it enters the food web. Consequently, to understand the MeHg pro-
duction and the transport of MeHg from soils to surface waters also requires an 
understanding of the hydrology. Forest harvest reduces transpiration for a period 
of time, during which wetter soil conditions can promote methylation, and more 
rapid export of water from potential terrestrial methylation hotspots. 
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Specialized Harvest Disturbance 
Studies: Tractor tracks and Stream 

crossing 
It is possible that much of the forest harvest effect on MeHg that has been ob-
served in other studies derives from localized increases in the generation and out-
put of methyl mercury on the tracks created by harvesters and forwarders. The 
compaction from heavy machinery can change the physical properties of the un-
derlying soil. The high-porosity, sponge-like structure of the organic horizon is 
particularly susceptible to such disturbances.  

In the Balsjö Re-
search area stream 
chemistry concen-
tration has been 
monitored bi-
weekly since late 
2004. In March 
2006 one entire 37 
ha catchment was 
clear cut without 
buffer zones, a 
nearby, 11 ha 
catchment was cut 
leaving buffer 
zones in the ripar-
ian zone (Figure 1 
and 2), and a third 
20 ha control 
catchment was not 
harvested (Appen-
dix A1/A2). 

Figure 1. View over the harvested area where a buffer zone is left along the 
stream. Photo: Lars Högbom, Skogforsk 
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Tractor tracks – Forest Floor 
To study the 
effect of tire 
tracks on the 
forest floor, two 
“Harvest:Tracke
d” transects 
were established 
on “Area North” 
between transect 
T12 and T13 
(Figure 3 and 4). 
Each track was 
30 m long and 
the harvester 
drove back and 
forth half a 
dozen times to 
make sure the 
soil was af-
fected. In each 
of these tracks 
groundwater 
tubes were in-

stalled for ground water sampling (TractorTrack). As controls, groundwater tubes 
were installed 3 meters to the side of the track (TTrackRef). In addition other 
groundwater tubes throughout the Balsjö study area (5 within a similar soil type as 
the Tractor Track study site) form a secondary set of controls (Harvested). The 
groundwater was sampled in the fall of 2005 (prior to harvest), 2006 and 2007. 
The samples from 2007 have not yet been analyzed. 

Figure 2. Logging just outside of the riparian buffer zone area. Photo: Lars 
Högbom, Skogforsk 

When sampled in the autumn of 2005, the tractor tracks and the 3-m controls had 
values of MeHg and Hg in shallow groundwater that did not diverge from the 
other shallow groundwater samples in organic soils in the catchment prior to har-
vest. However, TOC levels were significantly lower (p=0.025) in the Tractor 
tracks prior to harvest. 
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Figure 3. Schematic layout of the Balsjö Catchments Study, showing location of the tractor studies on the “Area 
North” catchment subjected to harvest with a riparian buffer zone. 
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Figure 4. Site of the ”Track studies”. Above: looking down towards the stream. Below: looking uphill from 
the stream. The “control” groundwater tubes (TTrackRef) are noted with arrows. The groundwater tubes 
on the track itself (TraktorTrack) had been removed in late 2005 so they would not be destroyed by the 
tractor driving on the “track”. These groundwater tubes were reinstalled shortly after the picture was 
taken in April, 2006. 

 

After the harvest (Figure 5), in 2006, the shallow groundwater under the tracks 
together with the shallow groundwater parallel to the tracks had higher levels of 
MeHg than the shallow groundwater elsewhere in the harvested area. When 
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grouping the MeHg values from the Tractor Track and the TTrackRef these were 
significantly higher than the MeHg values from the groundwater samples from the 
rest of the sites (i.e. Harvested) to the 95th percentile. Considering the 90th percen-
tile both the track itself and the “3m”-controls had higher MeHg concentrations 
than the reference points. For Hgtot and DOC no such difference was found. 
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Figure 5. Mean concentrations of MeHg(multiplied by 10), Hgtot, and TOC(divided by 10) for the three 
treatment classes (columns). Bars display standard deviation. 

Discussion of Track studies 
Previous studies have shown that forestry can increase the output of Hg to surface 
waters. Garcia and Carignan (1999; Garcia and Carignan, 2000) observed elevated 
levels of MeHg in zooplankton and pike downstream from a clear-cut. Similarly, 
leakage of MeHg and Hgtot increased after clear-cutting a Finnish forest (Porvari 
et al., 2003). In Värmland, Gilles (2002) observed higher Hg-levels induced by 
forest activities, including rigorous soil damages from heavy machinery. In 1999 
in the Gårdsjön research area in the vicinity of Göteborg a heavily impacted trac-
tor track induced elevated leakage of MeHg to the nearby stream even though no 
forest was harvested in the catchment. A reasonable hypothesis is that the tractor 
track either created ponding with stagnant water on the hill slope resulting in an-
oxia and thus creating a methylation hotspot, or the track “connected” an existing 
upslope methylation hotspot to the stream (Munthe and Hultberg, 2004).  

 The results of the Balsjö track study indicate that both  the tracks themselves, and  
the “3 m reference” points, have higher MeHg concentrations than the reference 
points elsewhere in the area (Harvested) (90th percentile). The size of the increase, 
essentially a doubling of MeHg, against the background reference points of con-
siderable variability, is not as large as the effects seen after harvest on several 
other studies where there were manifold increases in MeHg outputs after harvest. 
Since the local controls (TTrackRef) as well as the tractor tracks increased after 
tracking, it cannot be determined whether the disturbance caused the increase or 
another aspect caused it, i.e. whether the “3m”-controls (TTrackRef) still act as 
controls even after the disturbance.  

Given the large natural variability though, both within sites, and between catch-
ments, we need more such studies to minimize uncertainty and definitely resolve 
this question.  
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A clear finding from the Balsjö study is that only little disturbance of the soil was 
visible on the surface. Whether the soil compaction caused increased MeHg out-
put we cannot be sure, but even if the increase was human induced, the increase 
was not as large as seen in other disturbance studies. Thus this study suggests that 
good forest practise can minimize alterations in the soil chemistry. 

Tractor tracks – Stream Crossings 
The effect of soil compres-
sion/disturbance in tracks be-
comes a problem for surface 
waters if and when the higher 
levels of mercury reach 
streams. Stream crossings for 
machinery are a location where 
the connections between tracks 
and surface waters can occur 
most readily. To study the ef-
fects of tractor tracks on stream 
crossings, one stream crossing 
located in the entirely clear cut 
area was sampled 6 times after 
the harvest (Figure 6). Water 
samples were taken 20 m up-

stream and 20 m downstream from the crossing, which is an example of poor 
practice with no efforts made to reduce crossing effects.  

 
Figure 6. Stream crossing 18 months after disturbance. 
The stream is indicated by a blue arrow. 
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Figure 7. Stream concentration plot of MeHg (left) and Hgtot (right) from above and below the tractor stream crossing. 
One value from the MeHg-diagram is off scale, (below:3.10; above:1.09). The divergent MeHg value is not the same 
sample as the divergent Hgtot value visible in the right diagram. 
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Balsjö reference catchment together with concentrations of MeHg and Hgtot observed above (blue 
diamonds) and below (red dots) the stream crossing. 

 

On five of six sampling occasions, no differences were observed above and below 
the stream crossing (Figure 7 and 8). On one occasion, in August 2006, after a 
long dry period, MeHg downstream from the crossing was much higher, though, 
than above the crossing. Two weeks later and after a moderate late summer rain, 
the Hgtot downstream was elevated, while the MeHg was not. 

Discussion of Stream Crossings 
The high value of MeHg concentration below the stream crossing (Figure 7) was 
observed after a long dry period in the summer. The reference site in the Balsjö 
research area (Figure 8) also had high concentrations under the same hydrological 
conditions. The highest MeHg concentrations are usually observed at this par-
ticular time of the year. The results suggest that this crossing has not become a 
consistent hotspot of mercury output, but it cannot be ruled out that it has this role 
occasionally. 

Finding stream crossings was difficult since the harvest was done very carefully 
(according to NATURA2000 guidelines). Another adjacent area had been consid-
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ered for a tractor stream crossing, but this had to be cancelled when it was discov-
ered that it drained into one of the other treatment catchments. We are, however, 
collecting stream crossing data from an area in the vicinity of Örebro where we 
study the effects of stump-harvest on stream chemistry. The study of the crossing 
at Balsjö will also continue with more samples in order to investigate if there are 
any changes in a longer-term perspective. 
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Soil Methylation Potential 
Inorganic mercury is derived from the atmosphere through dry and wet deposition 
and microbiologically transformed (methylated) into methylmercury within wet-
land areas. 

Two counteracting processes control the presence of methylmercury within a 
given catchment: mercury methylation and methylmercury demethylation. Mer-
cury methylation is primarily carried out by sulphate reducing bacteria (SRB) and 
the environmental factors controlling the SRB activity are as important as is the 
availability of inorganic mercury. Electron acceptors (sulfate) and electron donors 
(high quality carbon) ultimately controls SRB activity (Figure 9).  
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Figure 9. SRB methylation rate response to sulphate concentration at different concentrations of 
easily available carbon. 
 

We have received support from FORMAS to use advanced isotope techniques to 
identify the methylation going on at a particular point in time (when we sample). 
Since methylation rates can vary during a season, from place to place, and in rela-
tion to the redox situation (e.g. sulfate availability) many such measurements 
would be needed to define the effect of forest harvest on methylation in the soil.  

One way of getting a more robust indication of the effect of forestry on Hg me-
thylation in the soil is to go from instantaneous measurements of methylation to 
defining the methylation potential of the soil. Essentially that is to measure the 
methylation under conditions where the soil microorganisms are supplied with an 
excess of nutrients and energy sources. There are relatively well-established pro-
cedures for developing such a measure of “methylation-potential” for different 
processes in microbiology. In this study, we experimented with the levels of car-
bon and sulfate needed to get a useful measure of soil methylation potential. This 
was conducted during the spring/summer of 2005. 

An isotope dilution (ID) based method using gas chromatography with inductively 
coupled plasma mass spectroscopy (GC-ICP-MS) was used to determine the rate 
of methylation and demethylation simultaneously. By altering the concentrations 
of electron acceptors, electron donors and inorganic mercury in a peat sample 
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from the riparian zone, it was possible to determine their individual contribution 
to the rate of methylation and demethylation. 

It was found that the rate of mercury methylation is limited by the availability of 
glucose, sulphate and inorganic mercury (Figure 10). Addition of only Hg2+ increases 
the rate of methylation slightly while further addition of sulfate results in a five-fold 
increase. Given excess of sulfate, addition of glucose further increased the rate of 
methylation. These results indicate the availability of sulfate to constitute the master 
control on methylation of mercury in this system.   
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Figure 10. Response in rate of methylation to additions (+) or no addition (-) of mercury (Hg), 
glucose (G) and sulfate (S). 

Discussion of Soil Methylation Potential 
The findings presented in this study indicate that when mercury is in sufficient 
abundance, addition of sulfate and glucose increases the rate of mercury methyla-
tion further. The demethylation rate was not affected by addition of any of the 
three factors. Traditionally, the chemical behaviour of inorganic mercury has been 
the centre of attention whenever the mercury problem has been considered. This 
study both confirms the importance of biological induced mercury methylation 
but also stresses the importance of the complex control from available mercury, 
electron donors and electron acceptor on the rate of methylation. All these three 
controls are necessary to consider when addressing spatial and temporal variation 
in catchment distribution of methylmercury as well as the effect of environmental 
disturbance, i.e. forestry on aquatic bioaccumulation of methyl mercury. 

This part of the study has demonstrated the feasibility of measuring a methylation 
potential.  

While the concept was demonstrated, the resources required to apply this method-
ology were prohibitively high for routine use. Thus for the Balsjö paired catch-
ment study of forestry effects, it was deemed more cost-effective to use the avail-
able resources to focus on more comprehensive “snapshots” of the mercury situa-
tion in shallow groundwater, rather than trying to systematically discern potential 
rates. For further information see Appendix B. 
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Forest Liming 

Liming of forest soils is a way to remediate the linked problem of soil and surface 
water acidification created by acid deposition during the past century. There is 
some indication, however, that liming of the terrestrial environment can lead to 
increased outputs of mercury to surface waters (Meili, 1997). To test whether this 
is indeed the case with forest liming, the output of Hgtot and MeHg from catch-
ments subjected to catchment liming of forest soils was investigated. During 2006 
and 2007 a number of streams were sampled for mercury before and after liming 
in three areas in Southern Sweden, one in Götaland County, one in Halland 
County, and one in Jönköping County (table 1 and Figure 11). Samples were 
taken around 5-10 times per year before and after liming. At the present stage of 
writing this report post liming data was available for Götaland County (Figure 
11). In addition to Hg-analysis our funding from the Swedish Forest Agency is 
even financing the analysis of general chemistry (performed by IVL) at some sites 
so that there will be a complete year of post liming data from all sites. 

 

Table 1. Strems included in the evaluation of the liming project this far. 

Götaland Reference 
period begins 

Number of 
samples 
before liming 

Time of liming Number of samples 
after liming 

Alebäcken 20060404 14 Reference area - 
Habäcken 20060404 14 June 2007 5 
Hulkebäcken 20060404 7 October 2006 12 
Häbäcken 20060404 2 May 2006 17 
Limbäcken 20060404 2 May 2006 17 
Sågebäcken 20060404 7 October 2006 12 
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Figure 11. Location of the catchments included in the liming project. Map provided by the     
Swedish Forest Agency. 
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Figure 12. Mean values of Hgtot, MeHg, and TOC from the six catchment areas in Götaland County. Grey 
columns represent mean values of all reference and unlimed catchments. Orange diamonds represent 
mean values of all limed catchments. Grey and orange bars represent standard deviations. 
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Discussion of Forest Liming 
Despite alterations in the general stream chemistry balance the results this far 
show no obvious effect of liming on the MeHg and Hgtot concentrations in the 
streams (Figure 12). Observation of the effects will continue until there is one full 
year of post-liming data on the sites that were limed, then a more comprehensive 
analysis will be made. 

Timeseries from each individual stream are discussed in Appendix C, and con-
tribute to the overall interpretation of the liming studies.  
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Future Reporting 
All mercury analyses on samples taken during 2007 were not completed at the 
time of writing this report. Samples from the liming project are still being 
collected, and even so for the stream tractor crossing study. When sampling and 
analysis are finished we will summarize it to the Swedish Forest Agency. 
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Appendix A1. Area North Control - Reference area, and Area North - Buffer Zone Area 
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Appendix A2. Area South – Clear Cut Area 
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Appendix B. M.Sc.Thesis on soil methylation potential 

Abstract 
Methylmercury, one of the most toxic mercury species known to mankind, is able 
to accumulate in the aquatic food chain. This has resulted in fish consumption 
guidelines in Scandinavia and North America. Inorganic mercury is derived from 
the atmosphere through dry and wet deposition and microbiologically transformed 
(methylated) into methylmercury within wetland areas. 

Two counteracting processes control the presence of methylmercury within a 
given catchment: mercury methylation and methylmercury demethylation. Mer-
cury methylation is primarily carried out by sulphate reducing bacteria (SRB) and 
the environmental factors controlling the SRB activity are as important as is the 
availability of inorganic mercury. Electron acceptors (sulphate) and electron do-
nors (high quality carbon) ultimately controls SRB activity.  

In this study, an isotope dilution (ID) based method using gas chromatography 
with inductively coupled plasma mass spectroscopy (GC-ICP-MS) was used to 
determine the rate of methylation and demethylation simultaneously. By altering 
the concentrations of electron acceptors, electron donors and inorganic mercury in 
a peat sample from the riparian zone, it was possible to determine their individual 
contribution to the rate of methylation and demethylation. 

It was found that the rate of mercury methylation is limited by the availability of 
glucose, sulphate and inorganic mercury. The findings presented in this thesis 
indicate that when mercury is in sufficient abundance, addition of sulphate and 
glucose increases the rate of mercury methylation further. The demethylation rate 
was not affected by addittion of any of the three factors. 

Traditionally, the chemical behaviour of inorganic mercury has been the centre of 
attention whenever the mercury problem has been considered. This study both 
confirm the importance of biological induced mercury methylation but also 
stresses the importance of the complex control from available mercury, electron 
donors and electron acceptor on the rate of methylation. All these three controls 
are necessary to consider when addressing spatial and temporal variation in 
catchment distribution of methylmercury as well as the effect of environmental 
disturbance, i.e. forestry on aquatic bioaccumulation of methyl mercury.
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1. Introduction 
Nearly all concern regarding mercury, (Hg), toxicity has been directed to its me-
thylated form (monomethyl Hg; CH3Hg+; MeHg) within terrestrial and aquatic 
ecosystems (Hall & St. Louis 2004a). MeHg is a potent neurotoxin, which com-
pared to inorganic Hg is highly lipophilic and able to penetrate both the placental 
and the blood-brain barrier (Grigal 2002; Hall et al. 2004a). MeHg is toxic by 
ingestion, inhalation and skin absorption with chronic exposure effects including 
the central nervous system and kidney damage. Chronic or longer term exposure 
includes memory disturbance, hypertension, vision problems, hallucinations, 
tremors and personality changes.  

Because MeHg can cross the placental barrier, and because it can affect brain de-
velopment, its effects are of special concern to pregnant or lactating women and 
young children. For this reason, together with the fact that MeHg accumulates in 
the aquatic food web, the Scandinavian countries have issued fish consumption 
guidelines, and a similar situation holds for parts of North America (Bishop and 
Lee 1997; Meili 1997; Hall et al. 2004b). For example, more than half of the 
80,000 lakes in Sweden have pike (Esox lucius) with a total Hg concentration 
exceeding the guideline of 0.5 mg Hg kg-1 ww and in about 10,000 lakes pike Hg 
concentrations exceed the Swedish “blacklisting” limit of 1.0 mg Hg kg-1 ww 
(Håkanson 1996).  

Although the MeHg situation no longer attracts much attention by mass media, 
the situation continues to pose a major threat to all species at the top of the food 
web. 

1.1 Mercury is Deposited From the Atmosphere… 
Hg occurs in two stable oxidation states in the atmosphere: Hg0 (elemental) and 
Hg2+ (mercuric). Elemental Hg is the dominant species in the atmosphere and 
capable of being aerially transported for tens of thousands of kilometres followed 
by deposition to (even remote) terrestrial and aquatic ecosystems (Schroeder and 
Munthe 1998; Grigal 2002). This has led to its recognition as a toxic global pol-
lutant. Although natural sources of Hg may be important on a local scale, they 
cannot explain geographic trends in soil Hg levels (Fitzgerald et al. 1998). This 
implies that anthropogenic emissions of Hg have led to deposition levels well in 
excess of natural levels throughout much of Europe and North America since pre-
industrialised times (Johansson et al. 1991; Fitzgerald et al. 1998). Today, the 
major anthropogenic emission sources include combustion of fossil fuels, mining 
activities and waste incineration.  

The significance of anthropogenic contribution of Hg from the atmosphere via 
terrestrial to aquatic ecosystems will outermost depend on biogeochemical proc-
esses in the watershed, including dry and wet deposition of atmospheric Hg, its 
storage in ecosystem components, its transfer among components and its loss as a 
gas or in solution (Grigal 2002).  
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1.2 … and Stored in Terrestrial Ecosystems 
Hg is deposited to terrestrial systems via throughfall, litterfall and via open pre-
cipitation following oxidation of elemental to mercuric Hg. Deposited Hg may be 
lost from terrestrial ecosystems either through volatilisation back to the atmos-
phere or in solution via stream flow, and will then have great implications for 
aquatic ecosystems and for public health (Schroeder and Munthe 1998; Grigal 
2002).  

The biogeochemistry of mercuric Hg, hereafter referred to only as Hg, and MeHg 
is closely associated to sulphur (S), explaining why MeHg and Hg bind to reduced 
organic S, rather than to other functional groups in natural organic matter (Skyll-
berg et al. 2003). Xia et al. (1999) and Skyllberg et al. (2000) showed that the 
densities of reduced organic S functional groups are in sufficient abundance to 
bind all Hg in natural terrestrial systems. These findings agree with data from 
Aastrup et al. (1991), showing that much of the deposited Hg in Scandinavia has 
been stored and accumulated in the soils upon which it fell. This retention has 
historically protected aquatic systems from receiving the full potential load of 
atmospherically derived Hg, but has also led to a build up of Hg in soils and 
vegetation. 

1.3 Mercury Methylation 
Although the vast majority of all forms of Hg (total Hg; THg) in terrestrial eco-
systems is in inorganic form, more than 90% of the Hg in fish comprises of 
MeHg, with nearly all of the fish-MeHg being acquired from ingestion of organ-
isms containing MeHg (Bloom 1992; Bodaly et al. 1997). The direct deposition of 
MeHg is only about 1 - 2% of that of THg, which is insufficient to explain the 
amount found in aquatic biota (Gilmour and Henry 1991; Hall & St Louis 2004b). 
This implies that inorganic Hg is transformed to MeHg somewhere within the 
catchment.  

1.3.1 The Role of Sulphate Reducing Bacteria 

It is well documented that sulphate reducing bacteria (SRB) are primary Hg me-
thylators; although not all SRB methylate Hg (King et al. 2000; Branfireun et al. 
2001). The primary site of Hg methylation by SRB is just below the oxic/anoxic 
interface (Korthals & Winfrey 1987; Krabbenhoft et al. 1995; Gilmour et al. 
1998) and MeHg production probably occurs in an accidental side reaction of a 
metabolic pathway (Choi et al. 1994). It is therefore not likely that SRB have ac-
quired an active transport of Hg and diffusion of neutral Hg species ([HgLn

0]) 
across the cell membrane is instead regarded as being the important uptake 
mechanism (Benoit et al. 1999; Benoit et al. 2001). Hence, the availability of Hg 
species is crucial for the bioavailability of Hg to SRB and for its future accumula-
tion in aquatic food webs (Skyllberg et al. 2003).  

However, the potential rate of methylation within any given catchment is not only 
dependent on the Hg speciation, but also on factors directly affecting the activity 
of the SRB community (Benoit et al. 2003). Environmental factors, such as tem-
perature, pH, and dissolved oxygen concentration, the availability of electron do-
nors, electron acceptors and carbon sources all influence the SRB activity 
(Korthals & Winfrey 1987; Gilmour & Henry 1991; Ramlal et al. 1993; Benoit et 
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al. 2003; Galloway & Branfireun 2004). Although all factors contribute, the avail-
ability of sulphate (electron acceptor) and high quality carbon (electron donor) are 
likely primary controls on SRB activity within any given boreal coniferous 
catchment (Gilmour & Henry 1991; Kelly et al. 1997; Branfireun et al. 1999; 
Branfireun et al. 2001; Branfireun et al. 2002; Benoit et al. 2003; Warner 2003). 

Hence, semi-anoxic systems with high inputs of fresh organic matter and sulphur, 
such as peatlands, recently flooded reservoirs and periodically flooded riparian 
zones, are likely to exhibit high rates of Hg methylation (St Louis et al. 1994; 
Kelly et al. 1997; Branfireun et al. 1999; Heyes et al. 2000; Branfireun et al. 
2001). Indeed, while upland forest soils act as sinks for atmospheric inputs of 
THg and MeHg because the majority of THg and MeHg binds to organic and 
mineral soil particles, several studies have shown that catchments containing wa-
ter saturated areas are sources of both MeHg and Hg to downstream environments 
(St Louis et al. 1996; Bishop et al. 1995; Branfireun et al. 1996; St. Louis et al. 
1996; Porvari et al. 2003a). This is probably not only a result of their higher 
MeHg production, but also because export of Hg and MeHg is largely controlled 
by the export of dissolved organic matter, which is very abundant in most water 
saturated areas within the boreal region (Aastrup et al. 1991; Krabbenhoft et al. 
1995; Skyllberg 2003). In a typical boreal coniferous forest, water saturated areas 
are abundant naturally or may be induced by changes in land use, such as forest 
management or hydroelectric damming. The impacts of such activities have at-
tracted more attention from research groups during the past five years (Garcia et 
al. 1999, 2000; Porvari et al 2003). 

1.4 Methylmercury Demethylation 
MeHg may be lost from the terrestrial environment either in association with or-
ganic matter, as outlined above, or become demethylated. MeHg can degrade by a 
number of abiotic and biotic pathways within the catchment. Abiotic pathways 
include photodegradation, as described by Sellers et al. (1996) and the reaction 
between MeHg and S2-, resulting in formation of dimethylmercury (Me2Hg) and 
H2S (Marvin-Dipasquale et al. 2000).  

A number of bacterial strains, found under both anaerobic and aerobic conditions, 
are able to degrade MeHg (Weber et al. 1998). Demethylation is mainly carried 
out by Hg resistant bacteria as a resistance mechanism against organic Hg com-
pounds (Marvin-Dipasquale et al. 2000). Although the specific environmental 
factors controlling the relative importance of these biotic pathways are largely 
unknown, MeHg and/or Hg concentrations are likely important (Marvin-Di-
pasquale et al. 2000). 

The balance between Hg methylation and MeHg demethylation, i.e. the net me-
thylation, will ultimately control MeHg concentrations within a catchment.  

1.5. Study Aims 
As an ancillary experiment to an ongoing EU Life project in Sweden (see Skogs-
vårdsstyrelsen 2003), this study will focus on the key factors that ultimately con-
trol the rate of Hg methylation and MeHg demethylation within boreal coniferous 
forest catchments.  
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This thesis aims at: (1) developing a suitable methodology for the future incuba-
tion of samples that will be conducted within later stages of the EU Life project in 
Balsjö; (2) finding the potential rate of net methylation in the riparian zone of a 
typical boreal coniferous forest catchment; and (3) determining if the availability 
of electron donors (high quality carbon) and electron acceptors (sulphate) are 
more important controls of Hg methylation than are the availability of Hg itself. 

The current hypothesis is that the SRB community is limited primarily by (1) sul-
phate; and (2) glucose. Once the activity of the SRB is optimal, the availability of 
Hg will further limit the rate of methylation. This hypothesis will be tested in this 
study. 

The activity of the bacterial strains responsible for MeHg demethylation is be-
lieved to increase with increased amounts of glucose. No response is expected at 
high concentrations of sulphate or Hg. This hypothesis will also be tested within 
this study. 
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2. Study methodology 
2.1 Experimental Design – Initial Studies 
Before the contribution of sulphate, glucose and Hg on the rate of Hg methylation 
and MeHg demethylation could be evaluated, the time required for the SRB to 
methylate Hg had to be determined. Further, the concentrations of sulphate, glu-
cose and Hg generating the maximum methylation rate must be known. Initial 
studies like these are required in every new system that is about to be revised.  

Therefore, the main study is preceded by; (1) an initial incubation time study and; 
(2) an optimal sulphate/glucose/Hg concentration study (Fig. 2.1; Table 2.1).  

 

Figure 2.1 The incubation time study will determine the time during which samples are incubated in 
the following studies. The optimal concentration study will determine what concentrations of sul-
phate, glucose and Hg to be used in the main study. 

Within the incubation time study, incubations are stopped after different times 
after which the amounts of produced MeHg are analysed. This makes it possible 
to determine what incubation time to use in the forthcoming studies. Following 
the time study, the SRB response to different concentrations of electron donors, 
electron acceptors and Hg will be evaluated. Concentrations resulting in maxi-
mum MeHg production will be used in the main study (Table 2.1).  
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Table 2.1 A comparison of the three studies conducted within this thesis. All treatments are 
duplicated. 

Incubation Time  

(h) 

[Sulphate]  

(mM) 

[Glucose] 

 (mM) 

[Hg] 

(ppb) 

Study 1 
 Incubation Time Study 

  0, 23, 46, 64, 112 - - - 

Study 2 
Optimal Concentration Study 

 Optimal time from Study 1 0.1; 0.5; 2; 5 1; 5; 10; 20 1.7; 17; 170; 1700 

Study 3 
 Main Study 

 Optimal time from Study 1 Optimal concentrations from Study 2. 

See experimental design in Fig. 2.2 

 

2.2 Experimental Design – Main Study 
In the third and main study, the ambition is to reveal the contribution of sulphate, 
glucose and Hg to the rate of Hg methylation, respectively. This is possible 
through a factorial design at two levels of three factors, i.e. optimal (+) and low (-) 
concentrations of sulphate, glucose and Hg (Fig. 2.2). The design also contains 
four centre points, i.e. (+/2) concentrations of each factor.  

 
 

Figure 2.2 The factorial design used in the main study illustrated in three dimensions. By using two 
levels for each concentration (+ and -) and four centre points (+/2) it is possible to verify the contri-
bution of sulphate-, glucose- and Hg-concentration, respectively. 

2.3 Study Area 
Samples were collected within a boreal coniferous catchment situated about 13 
km NW of Balsjö (64°02’ N, 18°57’ E) in N Sweden. At a local scale, the study 
area has a distinct U-shaped topography and is drained by a small first order 
stream at the bottom of the depression. The riparian zone is mainly vegetated by 
Picea abies (L), Pinus sylvestris (L), Vaccinium myrtillus (L) and a number of 
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moss species, including Sphagnum spp. (L) and Polytrichum commune (L). See 
Fig. 1 to 3 in Appendix A for further portrayal of the study area. 

2.4 Sampling, Storage and Incubation 

 
Figure 2.3 Incubation protocol for studies 1 and 2. Approximately 20 g of peat was incubated along  
with 5 ml of stream water and Hg isotopes. Following gas exchange, 1 ml of sulphate and/or glu-
cose was added to each sample as described earlier. After incubation, MeHg was extracted from a 
5 g sub sample.  

Due to unexpected variance in the results from Study 1 and 2, the incubation pro-
tocol was slightly changed in the main study in order to improve the quality of the 
data (See Table 2, 3 and 4 in Appendix B for a comparison of standard errors). 
Instead of transferring the 20 g sub sample using tweezers, the fresh peat sample 
was homogenized with a rotary mixer before approximately 5 g of the homoge-
nous slurry were transferred directly to polypropylene tubes (Fig. 2.4). The 
smaller mass of incubated peat allowed for extraction of the entire sample without 
any disturbing sub sampling following incubation. Addition of stream water, glu-
cose, sulphate and Hg isotopes followed the procedure outlined above. All treat-
ments and incubations were carried out in an anaerobic (N2) atmosphere. 
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Figure 2.4 A small part of the incubation protocol used in the main study. 5 g of the homogenous 
peat and stream water slurry were incubated along with Hg isotopes, sulphate and glucose ac-
cording to the experimental design. Samples were incubated in an anaerobic box and gas ex-
change was therefore not required. Following incubation, MeHg could be extracted from the entire 
sample volume. See also Fig. 2.3. 

2.5 Analysis of Hg Methylation and MeHg Demethylation 
2.5.1 MeHg Extraction 

Extraction of MeHg from the peat followed the procedure developed by Qian et 
al. (2000) (see also Lambertsson et al. 2001 for a more detailed description). In 
essence, 0.5 ml of a 5 ppb CH3

200Hg+ solution was added to 5 g of each sample as 
a species-specific internal standard. After 15 minutes, 10 ml of 1.4 M KBr in 5% 
H2SO4, 10 ml CH2Cl2 and 2 ml 1 M CuSO4 were added and samples were shaken 
for 1 h with at rotary mixer at 22 rev min-1. After centrifugation at 3000 rev min-1 
for 30 minutes, the organic phase was transferred into 50 ml polypropylene tubes 
and approximately 10 ml of Milli-Q water were added. The samples were then 
purged with N2 until the organic solvent was completely removed. The remaining 
aquatic phase was transferred to a 10 ml glass tube along with 200 µl acetic 
acid/acetate buffer (pH 4.9), approximately 600 µl hexane and 100 µl 1% NaBEt4. 
Samples were again shaken for 1 h at 22 rev min-1, after which the remaining hex-
ane phase was transferred to 2 ml GC-vials. 

The isotope dilution based GC-MS-ICP method used to determine Hg methylation 
rates uses Me200Hg+ as an internal standard. The internal standard automatically 
corrects for variations in the solid-liquid as well as the liquid-liquid extraction 
efficiencies, the derivatisation yield and instrumental drift. The reported precision 
of measurements for MeHg determination using the identical method and similar 
substrates is 2.7% RSD (Lambertsson et al. 2001). For this reason, a duplicated 
treatment in all three studies is sufficient. 
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2.5.2 GC-ICP-MS 

Ethylated Hg-species were automatically injected into an Agilent 6890N GC 
(Agilent Technologies, Palo Alto, CA, USA) fitted with a capillary column (inter-
nal diameter 0.32 mm; length 30 m; J&W Scientific, Folsom, CA, USA). The GC 
was coupled to an Agilent 7500 ICP-MS (Agilent Technologies, Palo Alto, CA, 
USA) operated at 600 W rf power with a carrier gas flow of 0.5 l min-1. Data were 
collected by monitoring atomic masses of 198, 200, 202 and 204 at a 0.3 s inte-
gration time per point. 

2.6 Calculation of Hg Methylation and MeHg Demethylation 
Chromatographic signals were integrated using the Agilent Chromatographic 
Collector software. Based on the integrated areas, isotope dilution calibration cal-
culations were performed using the following equation: 
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Where; Cx = incipient Me202Hg+ concentration 

 Cs = spiked concentration of the added Me200Hg+ internal standard 

 As = atomic fraction of 200Hg in the enriched isotope standard 

 Bs = atomic fraction of 202Hg in the enriched isotope standard 

 Ax = atomic fraction of 200Hg in the original sample 

Bx = atomic fraction of 202Hg in the original sample 

Rm = the measured 200:202 ratio in the spiked sample 

The level of the 202Hg isotope was never manipulated during incubation or extrac-
tion and therefore used as a reference when determining methylated amounts of 
the added 198Hg2+ tracer. Alterations in 198Hg2+ concentration were determined 
using equation 2. 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

X

S
sXX B

DRCD 2986.0  (2) 

Where; Dx = Me198Hg+ from methylation of the added tracer 

 Cx = incipient Me202Hg+ concentration from (1) 

 Rs = the measured 198:202 ratio in the spiked sample 

 Ds = atomic fraction of 198Hg in the enriched isotope standard 

 Bx = atomic fraction of 202Hg in the original sample 
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The 202Hg isotope was also used as a reference when determining demethylated 
amounts of the added 204MeHg2+ tracer. Alterations in 204MeHg2+  concentration 
were determined using a modified version of equation 2, in which: 

 Dx = 204Hg+ from methylation of the added tracer 

 Cx = incipient Me202Hg+ concentration from (1) 

 Rs = the measured 204:202 ratio in the spiked sample 

 Ds = atomic fraction of 204Hg in the enriched isotope standard 

 Bx = atomic fraction of 202Hg in the original sample 

In order to determine the rate of Hg methylation and MeHg demethylation, Dx 
was divided by the effective incubation time, i.e. the entire incubation time minus 
an initial lag phase of 23 h that was identified in the incubation time study (see 
Fig. 3.1).  

2.7 Statistical Analysis 
Statistical differences in Hg methylation rates grouped by the factors glucose, 
sulphate and Hg were determined using GLM (General Linear Model) statistical 
analysis. In GLM, the Hg methylation rate was set as dependent variable with 
glucose, sulphate and Hg as category variables. All statistical analyses were com-
pleted using the MINITAB 14 software. 
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3. Results 
3.1 Incubation Time Study 
As predicted, the amount of methylated Hg increased over time (Fig. 3.1). After a 
lag phase of at least 23 h, the maximum MeHg production was reached some-
where in between t = 64 h and t = 112 h. The incubation time used in the follow-
ing studies was therefore set to 64 h. See also Table 2 in Appendix B for further 
details. 
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Figure 3.1 Hg methylation rate after time = 0, 23, 46, 64 and 112 h following incubation. Based on   
these findings, the incubation time used in the following studies was set to 64 h. 

3.2 Optimal Concentration Study 
The methylation rate increased with greater concentrations of sulphate and Hg until a 
certain point, after which the MeHg production declined (Fig. 3.2 and Fig. 3.3). 
Despite the great variation, the optimal concentrations of sulphate and Hg could be 
determined based on these findings. These were set to 1.5 mM (sulphate) and 17 ppb 
(Hg). Addition of glucose resulted in a decreased MeHg production (Fig. 3.4). This 
was likely due to disproportionate concentrations resulting in glucose having a toxic 
effect on the SRB community. Therefore, the optimal glucose concentration used in 
the main study had to be estimated (0.1 mM). In order to control the approximated 
glucose optimum, a second study using a lower concentration range was conducted 
parallel to the main study. The results indicate that the optimal glucose concentration 
is near the estimated value used in the main study (Fig. 3.5).  More detailed results 
from the second study are presented in Table 3 (Appendix B). See also Table 4 in 
Appendix B for the complete experimental matrix used in the main study. 
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Figure 3.2   Hg methylation rates at different concentrations of Hg after 64 h of incubation. From these 
results, the optimal concentration of Hg was set to 17 ppb. 
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Figure 3.3   Hg methylation rates at different concentrations of sulphate 64 h after incubation 
started. From these results, the optimal concentration of sulphate was determined to 1.5 mM.  
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Figure 3.4   Hg methylation rates at different concentrations of glucose after 64 h of incubation. 
Due to the constant decline in methylation rate with increased concentration of glucose, the optimal 
concentration had to be estimated (0.1 mM). 
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Figure 3.5   Hg methylation rate at different glucose concentrations after 64 h of incubation, repeat 
experiment. 

The rate of MeHg demethylation was not significantly affected by addittion of 
sulphate, glucose or Hg (Table 3.1). However, the mean rate of MeHg demethyla-
tion was greater than was the mean rate of Hg methylation (compare Table 3.1 
with Table 3 in Appendix B).  
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Table 3.1 Mean MeHg demethylation rate in samples incubated with different concentrations 
of sulphate, glucose and Hg.  

 
[Sulphate] 
(mM) 

[Glucose] 
(mM) 

[Hg] 
(ppb) 

N 
 

Mean MeHg 
Demethylation Rate 
(pg g-1 dw h-1) 

SE Detection Limit 
(pg g-1 dw h-1) 

0.1 
0.5 
2 
5 

- 
- 
- 
- 

- 
- 
- 
- 

2 
2 
2 
2 

12.4 
11.3 
11.6 
12.0 

0.4 
0.2 
1.5 
1.2 

3.5 
3.2 
3.1 
3.4 

 1 
5 

10 
20 

- 
- 
- 
- 

2 
2 
2 
2 

11.7 
11.3 
10.8 
10.5 

0.6 
0.3 
1.5 
0.6 

3.5 
3.2 
3.4 
3.3 

  1.7 
17 
170 

1700 

2 
2 
2 
2 

15.6 
10.3 
12.9 
11.8 

2.6 
1.9 
0.2 
0.8 

3.2 
3.5 
3.5 
3.4 

 

3.3 Main Study 
The highest methylation rate was found in samples incubated with optimal con-
centrations of all factors (3.0 pg g-1 dw h-1) and decreased as one or several factors 
were excluded (Fig. 3.6). No methylation could be detected in any sample incu-
bated with low Hg concentrations. See Table 5 in Appendix B for additional de-
tails.  
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Figure 3.6 The rate of Hg methylation at different concentrations of Hg, sulphate and glucose. The 
methylation rate was highest in samples incubated with high concentrations of all three factors, but 
dropped as one or several factors were removed. No methylation was detected in samples incu-
bated with low Hg concentrations. Note: G = glucose; S = sulphate. 
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Both addition of each single factor as well as their two- and three way interactions 
significantly increased the rate of methylation in the current sample (Table 3.2). 
High concentrations of glucose, sulphate and Hg all had a significant positive ef-
fect on the rate of Hg methylation. The treatment effect of Hg was greater than the 
effect of sulphate and glucose, respectively, and the effect of sulphate was greater 
than was the effect of glucose. The combined effect of high sulphate- and Hg con-
centration was greater than the combined effect of high glucose and Hg and also 
greater than the combined effect of all three factors.  

Addittion of sulphate, glucose or Hg did not significantly affect the rate of MeHg 
demethylation (Table 6 in Appendix B). However, the mean rate of MeHg de-
methylation was greater than was the mean rate of Hg methylation. 

Table 3.2  Analysis of variance for all factors used in the main study. All factors but Glucose 
and Glucose*Hg did significantly (P < 0.001) affect the Hg methylation rate.  

 

             R2 (adj) = 99.9 %;  
a - SS = sums of squares;  
b - MS = mean squares 

Factor DF
 

Seq SSa Adj MSb

Hg 
Sulphate*Hg 

Sulphate 
Glucose*Sulphate*Hg 

Glucose*Sulphate 
Glucose*Hg 

Glucose 
Error 
Total 

1
1
1
1
1
1
1
8

15

3708 
1572 
1572 

44 
44 
19 
19 
5 

6983 

3708 
1572 
1572 

44 
44 
19 
19 
1 
- 

5609 
2377 
2377 

66 
66 
29 
29 
- 
- 
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4. Discussion 
4.1 Study Methodology 
The current situation within the riparian zone in the study area is best described by 
the “low” Hg experiments without any addition of sulphate and glucose conducted 
in the main study. These experiments resulted in MeHg levels below the detection 
limit (Fig. 3.6). Due to two main reasons, this does not automatically mean that 
there is no ongoing methylation within the study area: 

(1) All treatments in the main study resulted in much lower methylation rates 
compared to the initial studies (compare Table 2 and 3 with Table 5 in Appendix 
B). This was most likely a result of the great disturbance to the SRB caused by the 
mixing of the peat prior to incubation. Hence, the incubation time from the incu-
bation time study was probably far from optimal for the mixed samples and a sec-
ond time study would have been required in order to obtain comparable results.  

(2) The importance of inorganic Hg is, of course, unquestionable for the formation 
of MeHg, but the results may partially be explained by experimental limitations. 
As mentioned earlier, Hg is strongly associated with thiol groups in natural or-
ganic matter (Skyllberg 2003) and thus hardly available to form neutral Hg com-
plexes (Xia et al. 1999; Skyllberg et al. 2000) important to the SRB community. 
Hence, it is likely that the “low” addition of 1.7 ppb Hg (addition = 10 % of actual 
THg content) is adsorbed to thiol groups within the sample and therefore not 
available to SRB during the short time frame used in this study. Consequently, the 
concentration of Hg used in the “low” Hg treatments has been insufficient to al-
low for detetection using the actual method. As a result, potential treatment effects 
are not truly reflected in the statistical analysis (Table 3.2) since methylation rates 
in the “low” Hg experiments were set to zero.  

If the Hg added in the “low” Hg experiments becomes unavailable through its 
association with thiol groups in the organic matter, the undetectable amounts of 
MeHg in the main study (Fig. 3.6) do not automatically imply that there is no cur-
rent methylation in the riparian zone. Instead, as the organic matter is decomposed 
over time, this Hg will likely become more available to SRB. Hence, the zero 
methylation results presented in this thesis are true only for a short time frame 
within the study area. 

As a consequence, few conclusions regarding the current situation in Balsjö 
should be drawn based on these results. An additional consequence is that the 
results from the main study do not correspond to the true potential for methylation 
that was to be revealed in this study. 

4.1.1 Analytical Precision 

The unexpected variance in the two initial studies was likely due to the rather het-
erogeneous nature of the peat (Fig 4 in Appendix A) with insufficient mixing of 
the added substrates and isotopes as a result (See Table 2, 3 and 5 in Appendix B 
for a comparison of standard errors). Further, the second subsampling prior to 
MeHg extraction may have generated additional mass bias error due to the usage 
of tweezers. Likely, the 5 g of sub sampled material did not correspond to the ac-
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tual water: peat ratio of the incubation flasks since more peat than water was re-
moved when using tweezers. The variance calls for great caution when drawing 
conclusion from the two studies.  

These errors were corrected for by altering the incubation protocol slightly, as 
already outlined in section 1.2. The mean precision of measurements for MeHg 
determination in the main study was 2.4% RSD. This value consent with that of 
2.7% RSD reported by Lambertsson et al. (2001) and further replicates were 
therefore not required. 

Although resulting in some negative consequences for the results presented in this 
thesis, the trial and error approach has most likely generated a final methodology 
that is suitable for the future work that will be conducted within the EU Life pro-
ject in Balsjö.  

4.1.2 Evidence of Microbial Methylation 

Back lying theories claim that the production of MeHg primarily is a by-product 
of a metabolic pathway within SRB (Choi et al. 1994). At the same time, the re-
sults presented in this thesis are based solely upon alterations of strictly chemical 
properties, i.e. differences in MeHg concentrations. Hence, one should raise the 
question whether the produced MeHg truly is a result of microbial conversion of 
Hg, or simply a result of chemical equilibrium during incubation.  

The observed time lag (Fig. 3.1), together with the fact that glucose addition does 
affect the methylation rate (Fig. 3.2), indicates that the process is of microbial 
character. Further, previous studies using the same method on brackish water 
sediments have shown that incubation of sterile samples result in no formation of 
MeHg (Lambertsson, unpubl.). These findings offer sufficient evidence to verify 
that microbial conversions are the main source of produced MeHg. 

4.2 MeHg Demethylation 
The focus of  many quantative studies has been on methylation. However, earlier 
studies have indicated that the build-up of MeHg may be due to suppressed de-
methylation rather than enhanced methylation (Meili 1997) and references therein.  

Addittion of sulphate, glucose and Hg did not seem to significantly affect the rate 
of MeHg demethylation in this study (Table 3.1 and Table 6 in Appendix B). 
However, the rate of MeHg demethylation was somewhat greater than the rate of 
Hg methylation, i.e. the net methylation seem to be negative.   

As already outlined, MeHg can degrade by a number of abiotic and biotic path-
ways (Sellers et al. 1996; Weber et al. 1998; Marvin-Dipasquale et al. 2000). 
Since there were no significant response to any of the added factors, no conclu-
sions can be drawn whether the the main pathway of MeHg demethylation in this 
study is biological or chemical. As a consequence, the findings presented here can 
not be used to describe the current situation in Balsjö.  

4.3 Hg Methylation 
The results from the main study show that inorganic Hg, sulphate and glucose all 
limits the rate of MeHg production in the riparian zone of a typical boreal conifer-
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ous catchment. These findings agree with the back lying theories and are also 
supported by previous work by others (see Branfireun et al. 2001; Bergman et al. 
1997) and references therein.  

However, based on the statistical analysis, the initial assumption that electron do-
nors and electron acceptor may be more important than Hg itself, does not seem to 
be entirely valid. About 50 % of the total variation in the main study is explained 
by Hg (Table 3.2), but the zero methylation found in all “low” Hg treatments may 
not be true, due to experimental limitations (see discussion in section 4.1). If so, 
the statistical analysis will not be reliable.  

Samples incubated only with optimal concentrations of Hg (Hg+|S-|G-) resulted in 
a methylation rate of 0.6 pg g-1 dw h-1. Addittion of sulphate (Hg+|S+|G-) in-
creased the methylation rate almost five times (2.5 pg g-1 dw h-1) and the maxi-
mum methylation rate (3.0 pg g-1 dw h-1) was found in samples incubated with 
optimal concentrations of all three factors (Hg+|S+|G+). Hence, once Hg is in 
sufficient abundance, addition of sulphate increases the MeHg production and 
when there is a surplus of both Hg and sulphate; glucose will boost the production 
even further. These findings confirm the importance of biological induced Hg 
methylation. 

The methylation rates found in the Hg+|S-|G+ and Hg+|S-|G- treatments (Fig. 3.6) 
are determined by the initial sulphate concentration in the sample. Here, the activ-
ity of the SRB community is limited by the availability of sulphate which explains 
why no significant differences occurr between low and high glucose addittions. 
However, in the Hg+|S+|G- and Hg+|S+|G+ treatments, the entire SRB commu-
nity becomes active and their potential to utilise electron donors is greater than the 
available amounts. Hence, glucose becomes the limiting factor, explaining why 
the methylation rate increases by about 20 % from low to high glucose addittion 
(Fig. 3.6).  

This response is likely highly specific to every location within the study area and 
dependent on the geochemistry of each site. A site with high sulphate concentra-
tions and, consequently, a greater active SRB population will likely suffer from 
faster depletion of electron donors. Spatial (and temporal) variations in geochem-
istry would explain the different methylation rates found in peat incubated with 
identical concentrations of Hg, glucose and sulphate but sampled from different 
locations and at different times along the riparian zone (see Fig. 3.1 to 3.6). 

These results illustrate the importance of accounting for interactions between key 
factors when addressing the rate of Hg methylation in the riparian zone of a boreal 
coniferous catchment.  
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5. Conclusions 
Of greater importance than finding a theoretical potential of net Hg methylation is 
the fact that the outcome of this study calls for a new paradigm explaining varia-
tions in aquatic bioaccumulation of Hg. For a long time the occurrence of MeHg 
in fish has been explained solely by Hg deposition and accumulation of THg in 
the environment, and factors controlling the availability of THg. As a replacement 
for this theory, the results presented in this thesis propose that biological trans-
formation of inorganic Hg within a catchment is the utterly most important reason 
for Hg methylation and, consequently, the main cause of elevated MeHg levels in 
fish. The factors controlling methylation of Hg are therefore probably more cen-
tral in explaining regional and landscape patterns in Hg accumulation in fish than 
are the occurrence of THg.  

Future work should be focused on the effects of different land uses on the produc-
tion and export of MeHg to downstream environments. Recently, the impacts of 
forestry have begun to attract attention from several research groups within the 
boreal region. It has been shown that clear cutting of forests increase not only the 
production of MeHg, but also the export of THg and MeHg to the surroundings 
under current management practices (Porvari 2003 a; b). Being the most wide-
spread land use in the boreal region, finding how to reduce the effects of forestry 
is of unconditional importance. This thesis has hopefully assisted by laying one 
small piece of that puzzle.  
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Appendix 
A – Study Area 

 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 1  Photo taken on top of the N facing slope approximately 100 m away from the small first 
order stream. The slopes are dominated by Pinus sylvestris and Picea abies, with a field layer nur-
sing Vaccinium myrtillus and several moss species.  

 
Figure 2   The small first order stream runs at the very bottom of the study area. The sphagnum 
dominated riparian zone has an apparent wetland character that differs from the more obvious 
upland environment in Fig. 1. 
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Figure 3    Samples were collected at the stream/peat interface in June 2005.  

 

 
Figure 4   A close up on the material overlying one of the collected peat samples reveals the net-
work of sphagnum- and vascular plant roots providing the SRB community with fresh carbon com-
pounds. The heterogeneity of the material becomes obvious. 
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B – Analytical Results 

Table 1  Total Hg and organic matter content in the collected peat samples from the 
stream/peat interface. Sampling was conducted in the same area and under identical 
conditions. 

 Sample Sampling Date Total Hg content 
(ppb) 

Organic Matter Content 
(%) 

1 
2 
3 
4 
5 
6 
7 
8 

June 15 
″ 
″ 

July 3 
″ 
″ 
″ 
″ 
 

17.3 
17.3 
17.3 

- 
- 
- 
- 
- 

- 
- 
- 

5.3 
5.2 
5.3 
5.3 
5.3 

 
 
 
 
 
 
 
 
 
 

 

Table 2    Mean Hg methylation rate in samples incubated during 0, 23, 46, 64 and 112 h. 
(Incubation Time study) 

 
Incubation Time 
(h) 

N 
 

Mean Hg Methylation Rate 
(pg g-1 dw h-1) 

SE Detection Limit 
(pg g-1 dw h-1) 

0 
23 
46 
64 
112 

2 
2 
2 
2 
2 

0* 
0* 
6.2 

16.1 
17.2 

- 
- 

0.9
1.9
1.1

0.1 
0.1 
0.1 
0.1 
0.1 

* undetectable in GC-ICP-MS analysis 

Table 3  Mean MeHg production in samples incubated with different concentrations of 
sulphate, glucose and Hg. (Optimal concentration study) 

 
[Sulphate] 
(mM) 

[Glucose] 
(mM) 

[Hg] 
(ppb) 

N 
 

Mean Hg Methylation 
Rate 
(pg g-1 dw h-1) 

SE Detection Limit 
(pg g-1 dw h-1) 

0.1 
0.5 
2 
5 

- 
- 
- 
- 

- 
- 
- 
- 

2 
2 
2 
2 

2.5 
7.0 

11.6 
5.3 

0.4 
2.1 
0.6 
0.2 

0.1 
0.1 
0.1 
0.1 

 1 
5 

10 
20 

- 
- 
- 
- 

2 
2 
2 
2 

13.5 
7.5 
8.4 
5.3 

0.0 
0.5 
2.0 
0.4 

0.1 
0.1 
0.1 
0.1 

  1.7 
17 
170 

1700 

2 
2 
2 
2 

0.9 
16.9 
2.0 
5.9 

0.9 
3.9 
1.3 
0.3 

0.1 
0.1 
0.1 
0.1 
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Table 4   The full experimental matrix used in the main study. The incubation time and opti-
mal (+) concentrations were derived from the initial studies. (-) concentration of sulphate 
and glucose equals no addition. Due to analytic reasons, the (-) Hg treatments must be 
added a small amount of Hg. Centre point (C) concentrations equals (+/2). 

 
 Incubation 

Time (h)  
N [Sulphate] 

(mM) 
[Glucose] 
(mM) 

[Hg] 
(ppb) 

64 
64 
64 
64 
64 
64 
64 
64 
64 

2 
2 
2 
2 
2 
2 
2 
2 
4 

1.5 
1.5 
0 
0 

1.5 
1.5 
0 
0 

0.75 

0.1 
0 

0.1 
0 

0.1 
0 

0.1 
0 

0.05 

17 
17 
17 
17 
1.7 
1.7 
1.7 
1.7 
8.5 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 5    The result of different concentrations of glucose, sulphate and Hg on the mean 
rate of Hg methylation. (Main study) 

 
[Sulphate] 
 

[Glucose] 
 

[Hg] 
 

N 
 

Mean Hg Methylation 
Rate 
(pg g-1 dw h-1) 

SE Detection Limit 
(pg g-1 dw h-1) 

+ 
+ 
- 
- 
+ 
+ 
- 
- 
C 

+ 
- 
+ 
- 
+ 
- 
+ 
- 
C 

+ 
+ 
+ 
+ 
- 
- 
- 
- 
C 

2 
2 
2 
2 
2 
2 
2 
2 
4 

3.0 
2.4 
0.5 
0.6 
0* 
0* 
0* 
0* 

0.05 

0.04 
0.08 
0.03 
0.01 

- 
- 
- 
- 

0.03 

0.46 
0.24 
0.26 
0.29 
0.31 
0.25 
0.20 
0.24 
0.06 

Note:  (+), (-) and (C) concentrations according to Table 4 above.  
           * undetectable in GC-ICP-MS analysis 
 

Table 6    The result of different concentrations of glucose, sulphate and Hg on the mean 
rate of MeHg demethylation. (Main study) 
 

Note:  (+), (-) and (C) concentrations according to Table 4 above.  

[Sulphate] 
 

[Glucose] 
 

[Hg] 
 

N 
 

Mean MeHg 
Demethylation Rate 
(ng g-1 dw h-1) 

SE 

+ 
+ 
- 
- 
+ 
+ 
- 
- 
C 

+ 
- 
+ 
- 
+ 
- 
+ 
- 
C 

+ 
+ 
+ 
+ 
- 
- 
- 
- 
C 

2 
2 
2 
2 
2 
2 
2 
2 
4 

13.5 
13.7 
13.7 
13.5 
13.6 
13.6 
13.7 
13.6 
13.6 

0.1 
<0.1 
<0.1 
<0.1 
<0.1 
<0.1 
<0.1 
<0.1 
<0.1 
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 Appendix C. Timeseries of MeHg/Hgtot-ratio and its components  
 

 

Flow from Hulkebäcken added for information. 
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Alebäcken (no liming):  

Sampling started in the spring 2006. Both MeHg and Hgtot peaked in June 2006. 
A small MeHg increase in August was noted which is the latest sampling we have 
the analysis result for. The ratio MeHg/Hgtot increased in early spring 2007. 
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Habäcken (liming summer 2007, i.e. later date than analysis has reached): 

MeHg concentrations from summer 2006 peaked in July and increased again in 
august 2007, same pattern as for Alebäcken. 

Since the Hgtot also increased during summer 2006 the ratio between the compo-
nents increased only moderately.  
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Hulkebäcken (liming October 2006): The ratio MeHg/Hgtot hardly changes at all 
during summer base flow compared to Habäcken. Otherwise the patterns for the 
individual components are similar to those for Habäcken with increase in MeHg 
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in June/July 2006. The post-liming concentrations of MeHg do not seem to be 
affected by liming. 
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Häbäcken (liming May 2006): 

The summer MeHg concentrations did not increase as much as for the unlimed 
streams. 
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Limbäcken (liming May 2006): 

Limbäcken had MeHg concentrations that were extremely high shortly after lim-
ing.  
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Both MeHg and Hgtot concentrations seemed to generally vary more in this 
stream compared to its neighbouring streams. The peak in MeHg and Hgtot for 
June/July fits in time with the unlimed streams. 
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Sågebäcken (liming October 2006): 

Sågebäcken seemed to have more moderate variations in MeHg concentrations 
which were generally lower, a very similar patter to Häbäcken, though limed 5 
months later. No obvious effect of liming on MeHg or Hgtot. 

 

59 



Av Skogsstyrelsen publicerade Rapporter:

1988:1 Mallar för ståndortsbonitering; Lathund för 18 län i södra Sverige
1988:2 Grusanalys i fält
1990:1 Teknik vid skogsmarkskalkning
1991:1 Tätortsnära skogsbruk
1991:2 ÖSI; utvärdering av effekter mm
1991:3 Utboträffar; utvärdering
1991:4 Skogsskador i Sverige 1990
1991:5 Contortarapporten
1991:6 Participation in the design of  a system to assess Environmental Consideration in forestry a Case study of the 

GREENERY project
1992:1 Allmän Skogs- och Miljöinventering, ÖSI och NISP
1992:2 Skogsskador i Sverige 1991
1992:3 Aktiva Natur- och Kulturvårdande åtgärder i skogsbruket 
1992:4 Utvärdering av studiekampanjen Rikare Skog
1993:1 Skoglig geologi
1993:2 Organisationens Dolda Resurs
1993:3 Skogsskador i Sverige 1992
1993:5 Nyckelbiotoper i skogarna vid våra sydligaste fjäll
1993:6 Skogsmarkskalkning – Resultat från en fyraårig försöksperiod samt förslag till åtgärdsprogram
1993:7 Betespräglad äldre bondeskog – från naturvårdssynpunkt
1993:8 Seminarier om Naturhänsyn i gallring i januari 1993
1993:9 Förbättrad sysselsättningsstatistik i skogsbruket – arbetsgruppens slutrapport
1994:1 EG/EU och EES-avtalet ur skoglig synvinkel
1994:2 Hur upplever "grönt utbildade kvinnor" sin arbetssituation inom skogsvårdsorganisationen?
1994:3 Renewable Forests - Myth or Reality?
1994:4 Bjursåsprojektet - underlag för landskapsekologisk planering i samband med skogsinventering
1994:5 Historiska kartor - underlag för natur- och kulturmiljövård i skogen 
1994:6 Skogsskador i Sverige 1993
1994:7 Skogsskador i Sverige  – nuläge och förslag till åtgärder
1994:8 Häckfågelinventering i en åkerholme åren 1989-1993 
1995:1 Planering av skogsbrukets hänsyn till vatten i ett avrinningsområde i Gävleborg
1995:2 SUMPSKOG – ekologi och skötsel
1995:3 Skogsbruk vid vatten
1995:4 Skogsskador i Sverige 1994
1995:5 Långsam alkalinisering av skogsmark
1995:6 Vad kan vi lära av KMV-kampanjen?
1995:7 GROT-uttaget. Pilotundersökning angående uttaget av trädrester på skogsmark
1996:1 Women in Forestry – What is their situation?
1996:2 Skogens kvinnor – Hur är läget?
1996:3 Landmollusker i jämtländska nyckelbiotoper
1996:4 Förslag till metod för bestämning av prestationstal m.m. vid själverksamhet i småskaligt skogsbruk.
1997:1 Sjövatten som indikator på markförsurning
1997:2 Naturvårdsutbildning  (20 poäng) Hur gick det?
1997:3 IR-95 – Flygbildsbaserad inventering av skogsskador i sydvästra Sverige 1995
1997:5 Miljeu96 Rådgivning. Rapport från utvärdering av miljeurådgivningen
1997:6 Effekter av skogsbränsleuttag och askåterföring – en litteraturstudie
1997:7 Målgruppsanalys
1997:8 Effekter av tungmetallnedfall på skogslevande landsnäckor (with English Summary: The impact on forest land snails by atmospheric 

deposition of heavy metals)
1997:9 GIS–metodik för kartläggning av markförsurning – En pilotstudie i Jönköpings län
1998:1 Miljökonsekvensbeskrivning (MKB) av skogsbränsleuttag, asktillförsel och övrig näringskompensation
1998:2 Studier över skogsbruksåtgärdernas inverkan på snäckfaunans diversitet (with English summary: Studies on the impact by forestry 

on the mollusc fauna in commercially uses forests in Central Sweden
1998:3 Dalaskog - Pilotprojekt i landskapsanalys
1998:4 Användning av satellitdata – hitta avverkad skog och uppskatta lövröjningsbehov
1998:5 Baskatjoner och aciditet i svensk skogsmark - tillstånd och förändringar
1998:6 Övervakning av biologisk mångfald i det brukade skogslandskapet. With a summary in English: Monitoring of biodiversity in 

managed forests. 
1998:7 Marksvampar i kalkbarrskogar och skogsbeten i Gotländska nyckelbiotoper
1998:8 Omgivande skog och skogsbrukets betydelse för fiskfaunan i små skogsbäckar 
1999:1 Miljökonsekvensbeskrivning av Skogsstyrelsens förslag till åtgärdsprogram för kalkning och vitalisering
1999:2 Internationella konventioner och andra instrument som behandlar internationella skogsfrågor
1999:3 Målklassificering i ”Gröna skogsbruksplaner” - betydelsen för produktion och ekonomi
1999:4 Scenarier och Analyser i SKA 99 - Förutsättningar



2000:1 Samordnade åtgärder mot försurning av mark och vatten - Underlagsdokument till Nationell plan för kalkning av sjöar 
och vattendrag

2000:2 Skogliga Konsekvens-Analyser 1999 - Skogens möjligheter på 2000-talet
2000:3 Ministerkonferens om skydd av Europas skogar - Resolutioner och deklarationer
2000:4 Skogsbruket i den lokala ekonomin
2000:5 Aska från biobränsle
2000:6 Skogsskadeinventering av bok och ek i Sydsverige 1999
2001:1 Landmolluskfaunans ekologi i sump- och myrskogar i mellersta Norrland, med jämförelser beträffande förhållandena i 

södra Sverige
2001:2 Arealförluster från skogliga avrinningsområden i Västra Götaland
2001:3 The proposals for action submitted by the Intergovernmental Panel on Forests (IPF) and the Intergovernmental Forum 

on Forests (IFF) - in the Swedish context
2001:4 Resultat från Skogsstyrelsens ekenkät 2000
2001:5 Effekter av kalkning i utströmningsområden med kalkkross 0 - 3 mm
2001:6 Biobränslen i Söderhamn
2001:7 Entreprenörer i skogsbruket 1993-1998
2001:8A Skogspolitisk historia
2001:8B Skogspolitiken idag - en beskrivning av den politik och övriga faktorer som påverkar skogen och skogsbruket
2001:8C Gröna planer
2001:8D Föryngring av skog
2001:8E Fornlämningar och kulturmiljöer i skogsmark
2001:8G Framtidens skog
2001:8H De skogliga aktörerna och skogspolitiken
2001:8I Skogsbilvägar
2001:8J Skogen sociala värden
2001:8K Arbetsmarknadspolitiska åtgärder i skogen
2001:8L Skogsvårdsorganisationens uppdragsverksamhet
2001:8M Skogsbruk och rennäring
2001:8O Skador på skog
2001:9 Projekterfarenheter av landskapsanalys i lokal samverkan – (LIFE 96 ENV S 367) Uthålligt skogsbruk byggt på land-

skapsanalys i lokal samverkan
2001:11A Strategier för åtgärder mot markförsurning
2001:11B Markförsurningsprocesser
2001:11C Effekter på biologisk mångfald av markförsurning och motåtgärder
2001:11D Urvalskriterier för bedömning av markförsurning
2001:11E Effekter på kvävedynamiken av markförsurning och motåtgärder
2001:11F Effekter på skogsproduktion av markförsurning och motåtgärder
2001:11G Effekter på tungmetallers och cesiums rörlighet av markförsurning och motåtgärder
2001:12 Forest Condition of Beech and Oek in southern Sweden 1999
2002:1 Ekskador i Europa
2002:2 Gröna Huset, slutrapport
2002:3 Project experiences of landscape analysis with local participation – (LIFE 96 ENV S 367) Local participation in sustaina

ble forest management based on landscape analysis
2002:4 Landskapsekologisk planering i Söderhamns kommun
2002:5 Miljöriktig vedeldning - Ett informationsprojekt i Söderhamn
2002:6 White backed woodpecker landscapes and new nature reserves
2002:7 ÄBIN Satellit
2002:8 Demonstration of Methods to monitor Sustainable Forestry, Final report Sweden
2002:9 Inventering av frötäktssbestånd av stjälkek, bergek och rödek under 2001 - Ekdöd, skötsel och naturvård
2002:10 A comparison between National Forest Programmes of some EU-member states
2002:11 Satellitbildsbaserade skattningar av skogliga variabler
2002:12 Skog & Miljö - Miljöbeskrivning av skogsmarken i Söderhamns kommun
2003:1 Övervakning av biologisk mångfald i skogen - En jämförelse av två metoder
2003:2 Fågelfaunan i olika skogsmiljöer - en studie på beståndsnivå
2003:3 Effektivare samråd mellan rennäring och skogsbruk -förbättrad dialog via ett utvecklat samrådsförfarande
2003:4 Projekt Nissadalen - En integrerad strategi för kalkning och askspridning i hela avrinningsområden
2003:5 Projekt Renbruksplan 2000-2002 Slutrapport, - ett planeringsverktyg för samebyarna
2003:6 Att mäta skogens biologiska mångfald - möjligheter och hinder för att följa upp skogspolitikens miljömål i Sverige
2003:7 Vilka botaniska naturvärden finns vid torplämningar i norra Uppland?
2003:8 Kalkgranskogar i Sverige och Norge – förslag till växtsociologisk klassificering
2003:9 Skogsägare på distans - Utvärdering av SVO:s riktade insatser för utbor
2003:10 The EU enlargement in 2004: analysis of the forestry situation and perspectives in relation to the present EU and 

Sweden
2004:1 Effektuppföljning skogsmarkskalkning tillväxt och trädvitalitet, 1990-2002
2004:2 Skogliga konsekvensanalyser 2003 - SKA 03
2004:3 Natur- och kulturinventeringen i Kronobergs län 1996 - 2001



2004:4 Naturlig föryngring av tall
2004:5 How Sweden meets the IPF requirements on nfp
2004:6 Synthesis of the model forest concept and its application to Vilhelmina model forest and Barents model forest network
2004:7 Vedlevande arters krav på substrat - sammanställning och analys av 3.600 arter
2004:8 EU-utvidgningen och skogsindustrin - En analys av skogsindustrins betydelse för de nya medlemsländernas ekonomier
2004:9 Nytt nummer se 2005:1
2004:10 Om virkesförrådets utveckling och dess påverkan på skogsbrukets lönsamhet under perioden 1980-2002
2004:11 Naturskydd och skogligt genbevarande
2004:12 Når vi skogspolitikens mångfaldsmål på artnivå? - Åtgärdsförslag för uppföljning och metodutveckling
2005:1 Access to the forests for disabled people
2005:2 Tillgång till naturen för människor med funktionshinder
2005:3 Besökarstudier i naturområden - en handbok
2005:4 Visitor studies in natureareas - a manual
2005:5 Skogshistoria år från år 1177-2005
2005:6 Vägar till ett effektivare samarbete i den privata tätortsnära skogen
2005:7 Planering för rekreation - Grön skogsbruksplan i privatägd tätortsnära skog
2005:8a-8c Report from Proceedings of ForestSAT 2005 in Borås May 31 - June 3
2005:9 Sammanställning av stormskador på skog i Sverige under de senaste 210 åren
2005:10 Frivilliga avsättningar - en del i Miljökvalitetsmålet Levande skogar
2005:11 Skogliga sektorsmål - förutsättningar och bakgrundsmaterial
2005:12 Målbilder för det skogliga sektorsmålet - hur går det med bevarandet av biologisk mångfald?
2005:13 Ekonomiska konsekvenser av de skogliga sektorsmålen
2005:14 Tio skogsägares erfarenheter av stormen
2005:15 Uppföljning av skador på fornlämningar och övriga kulturlämningar i skog
2005:16 Mykorrhizasvampar i örtrika granskogar - en metodstudie för att hitta värdefulla miljöer
2005:17 Forskningsseminarium skogsbruk - rennäring 11-12 augusti 2004
2005:18 Klassning av renbete med hjälp av ståndortsboniteringens vegetationstypsindelning
2005:19 Jämförelse av produktionspotential mellan tall, gran och björk på samma ståndort
2006:1 Kalkning och askspridning på skogsmark - redovisning av arealer som ingått i Skogsstyrelsens försöksverksamhet 1989-

2003
2006:2 Satellitbildsanalys av skogsbilvägar över våtmarker
2006:3 Myllrande Våtmarker - Förslag till nationell uppföljning av delmålet om byggande av skogsbilvägar över värdefulla våt-

marker
2006:4 Granbarkborren - en scenarioanalys för 2006-2009 
2006:5 Överensstämmer anmält och verkligt GROT-uttag?
2006:6 Klimathotet och skogens biologiska mångfald
2006:7 Arenor för hållbart brukande av landskapets alla värden - begreppet Model Forest som ett exempel
2006:8 Analys av riskfaktorer efter stormen Gudrun
2006:9 Stormskadad skog - föryngring, skador och skötsel
2006:10 Miljökonsekvenser för vattenkvalitet, Underlagsrapport inom projektet Stormanalys
2006:11 Miljökonsekvenser för biologisk mångfald - Underlagsrapport inom projekt Stormanalys
2006:12 Ekonomiska och sociala konsekvenser av stormen Gudrun ännu inte klar
2006:13 Hur drabbades enskilda skogsägare av stormen Gudrun - Resultat av en enkätundersökning
2006:14 Riskhantering i skogsbruket
2006:15 Granbarkborrens utnyttjande av vindfällen under första sommaren efter stormen Gudrun - (The spruce bark beetle in 

wind-felled trees in the first summer following the storm Gudrun)
2006:16 Skogliga sektorsmål i ett internationellt sammanhang
2006:17 Skogen och ekosystemansatsen i Sverige
2006:18 Strategi för hantering av skogliga naturvärden i Norrtälje kommun (”Norrtäljeprojektet”)
2006:19 Kantzonens ekologiska roll i skogliga vattendrag - en litteraturöversikt
2006:20 Ägoslag i skogen - Förslag till indelning, begrepp och definitioner för skogsrelaterade ägoslag
2006:21 Regional produktionsanalys - Konsekvenser av olika miljöambitioner i länen Dalarna och Gävleborg
2006:22 Regional skoglig Produktionsanalys - Konsekvenser av olika skötselregimer
2006:23 Biomassaflöden i svensk skogsnäring 2004
2006:24 Trädbränslestatistik i Sverige - en förstudie
2006:25 Tillväxtstudie på Skogsstyrelsens obsytor
2006:26 Regional produktionsanalys - Uppskattning av tillgängligt trädbränsle i Dalarnas och Gävleborgs län
2006:27 Referenshägn som ett verktyg i vilt- och skogsförvaltning
2007:1 Utvärdering av ÄBIN
2007:2 Trädslagets betydelse för markens syra-basstatus - resultat från Ståndortskarteringen
2007:3 Älg- och rådjursstammarnas kostnader och värden
2007:4 Virkesbalanser för år 2004
2007:5 Life Forests for water - summary from the final seminar in Lycksele 22-24 August 2006
2007:6 Renskador i plant- och ungskog - en litteraturöversikt och analys av en taxeringsmetod
2007:7 Övervakning och klassificering av skogsvattendrag i enlighet med EU:s ramdirektiv för vatten - exempel från Emån och 

Öreälven



2007:8 Svenskt skogsbruk möter klimatförändringar
2007:9 Uppföljning av skador på fornlämningar i skogsmark
2007:10 Utgör kvävegödsling av skog en risk för Östersjön? Slutsatser från ett seminarium anordnat av Baltic Sea 2020 i samarbe-

te med Skogsstyrelsen
2008:1 Arenas for Sustainable Use of All Values in the Landscape - the Model Forest concept as an example
2008:2 Samhällsekonomisk konsekvensanalys av skogsmarks- och ytvattenkalkning
2008:3 Mercury Loading from forest to surface waters: The effects of forest harvest and liming



Av Skogsstyrelsen publicerade Meddelanden:

1991:2 Vägplan -90
1991:3 Skogsvårdsorganisationens uppdragsverksamhet 

– Efterfrågade tjänster på en öppen marknad
1991:4 Naturvårdshänsyn – Tagen hänsyn vid slutavverkning 1989–1991
1991:5 Ekologiska effekter av skogsbränsleuttag
1992:1 Svanahuvudsvägen
1992:2 Transportformer i väglöst land
1992:3 Utvärdering av samråden 1989-1990 /skogsbruk – rennäring
1993:2 Virkesbalanser 1992
1993:3 Uppföljning av 1991 års lövträdsplantering på åker
1993:4 Återväxttaxeringarna 1990-1992
1994:1 Plantinventering 89
1995:2 Gallringsundersökning 92
1995:3 Kontrolltaxering av nyckelbiotoper
1996:1 Skogsstyrelsens anslag för tillämpad skogsproduktionsforskning
1997:1 Naturskydd och naturhänsyn i skogen
1997:2 Skogsvårdsorganisationens årskonferens 1996
1998:1 Skogsvårdsorganisationens Utvärdering av Skogspolitiken
1998:2 Skogliga aktörer och den nya skogspolitiken
1998:3 Föryngringsavverkning och skogsbilvägar
1998:4 Miljöhänsyn vid föryngringsavverkning - Delresultat från Polytax
1998:5 Beståndsanläggning
1998:6 Naturskydd och miljöarbete
1998:7 Röjningsundersökning 1997
1998:8 Gallringsundersökning 1997
1998:9 Skadebilden beträffande fasta fornlämningar och övriga kulturmiljövärden
1998:10 Produktionskonsekvenser av den nya skogspolitiken
1998:11 SMILE - Uppföljning av sumpskogsskötsel
1998:12 Sköter vi ädellövskogen? - Ett projekt inom SMILE
1998:13 Riksdagens skogspolitiska intentioner. Om mål som uppdrag till en myndighet
1998:14 Swedish forest policy in an international perspective. (Utfört av FAO)
1998:15 Produktion eller miljö. (En mediaundersökning utförd av Göteborgs universitet)
1998:16 De trädbevuxna impedimentens betydelse som livsmiljöer för skogslevande växt- och djurarter
1998:17 Verksamhet inom Skogsvårdsorganisationen som kan utnyttjas i den nationella miljöövervakningen
1998:18 Auswertung der schwedischen Forstpolitik 1997
1998:19 Skogsvårdsorganisationens årskonferens 1998
1999:1 Nyckelbiotopsinventeringen 1993-1998. Slutrapport
1999:2 Nyckelbiotopsinventering inom större skogsbolag. En jämförelse mellan SVOs och bolagens inventeringsmetodik
1999:3 Sveriges sumpskogar. Resultat av sumpskogsinventeringen 1990-1998
2001:1 Skogsvårdsorganisationens Årskonferens 2000
2001:2 Rekommendationer vid uttag av skogsbränsle och kompensationsgödsling
2001:3 Kontrollinventering av nyckelbiotoper år 2000
2001:4 Åtgärder mot markförsurning och för ett uthålligt brukande av skogsmarken
2001:5 Miljöövervakning av Biologisk mångfald i Nyckelbiotoper
2001:6 Utvärdering av samråden 1998 Skogsbruk - rennäring
2002:1 Skogsvårdsorganisationens utvärdering av skogspolitikens effekter - SUS 2001
2002:2 Skog för naturvårdsändamål – uppföljning av områdesskydd, frivilliga avsättningar, samt miljöhänsyn vid föryngringsav-

verkning
2002:3 Recommendations for the extraction of forest fuel and compensation fertilising
2002:4 Action plan to counteract soil acidification and to promote sustainable use of forestland
2002:5 Blir er av
2002:6 Skogsmarksgödsling - effekter på skogshushållning, ekonomi, sysselsättning och miljön
2003:1 Skogsvårdsorganisationens Årskonferens 2002
2003:2 Konsekvenser av ett förbud mot permetrinbehandling av skogsplantor
2004:1 Kontinuitetsskogar - en förstudie
2004:2 Landskapsekologiska kärnområden - LEKO, Redovisning av ett projekt 1999-2003
2004:3 Skogens sociala värden
2004:4 Inventering av nyckelbiotoper - Resultat 2003
2006:1 Stormen 2005 - en skoglig analys
2007:1 Övervakning av insektsangrepp - Slutrapport från Skogsstyrelsens regeringsuppdrag
2007:2 Kvävegödsling av skogsmark
2007:3 Skogsstyrelsens inventering av nyckelbiotoper - Resultat till och med 2006



Beställning av Rapporter och Meddelanden

Skogsstyrelsen,
Förlaget
551 83 JÖNKÖPING 
Telefon: 036 – 35 93 40
vx 036 – 35 93 00
fax 036 – 19 06 22
e-post: forlaget@skogsstyrelsen.se
www.skogsstyrelsen.se

I Skogsstyrelsens författningssamling (SKSFS) publiceras myndighetens föreskrifter och allmänna råd. Föreskrifterna är av tvingande natur.
De allmänna råden är generella rekommendationer som anger hur någon kan eller bör handla i visst hänseende.

I Skogsstyrelsens Meddelande-serie publiceras redogörelser, utredningar m.m. av officiell karaktär. Innehållet överensstämmer med myndighe-
tens policy.

I Skogsstyrelsens Rapport-serie publiceras redogörelser och utredningar m.m. för vars innehåll författaren/författarna själva ansvarar.

Skogsstyrelsen publicerar dessutom fortlöpande: Foldrar, broschyrer, böcker m.m. inom skilda skogliga ämnesområden.

Skogsstyrelsen är också utgivare av tidningen Skogseko.



Liming may affect flora and fauna. Ectomycorrhizal
fungi have been found to be particularly sensitive.
In the present report, a study aiming at 1) a review
of results from previous studies of lime and ash
addition effects and 2) an additional field study to
monitor if three tonnes of lime per hectare have
caused any significant effects 17 years after liming is
presented
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