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Sammanfattning 

Mänsklig aktivitet har lett till förhöjda halter av kvicksilver (Hg) i atmosfären. Genom långväga 

transport och deposition har detta orsakat förhöjda halter i svensk natur. Den huvudsakliga 

exponeringsvägen av Hg för människan sker genom konsumtion av fisk. Halterna av Hg i svensk 

insjöfisk överstiger EU:s gränsvärden för god kemisk status samt Världshälsoorganisationens 

riktlinjer för konsumtion i majoriteten av svenska vatten. Ackumuleringen av Hg i biota sker främst 

i form av metylkvicksilver (MeHg) som är starkt neurotoxiskt. Avverkning av skog tros bidra till en 

ökad bildning av MeHg i skogsmark genom att skapa miljöer som gynnar etableringen och 

aktiviteten av de mikroorganismer som omvandlar icke-organiskt kvicksilver (Hg(II)) till organiskt 

kvicksilver (MeHg). Dessutom kan skogsbruk bidra till en ökad export av MeHg till följd av ändrade 

hydrologiska förhållanden samt markskador. En ökad bildning av MeHg är oönskad då mobilisering 

sedermera kan ske till vattendrag där MeHg kan ackumuleras i akvatisk biota. Dock är kunskapen 

om hur skogsbruk påverkar specifika processer som är av betydelse för metyleringen av Hg 

begränsad. Inom skogsbruk används avverkningsrester, bestående av till exempel grenar och 

toppar, i rishögar för att skydda marken mot körskador. Avverkningsrester som lämnas kvar på 

området efter avverkning tros bidra till en ökad metylering genom att utgöra en källa av hög-

kvalitativt organiskt material vilket kan stimulera bakteriell aktivitet. Dessutom kan 

avverkningsrester bidra till en ökad metylering av Hg genom att minska temperaturfluktuationerna 

i mark täckt med ris samt öka markens vattenhalt, vilket kan bidra till en ökad etablering samt att 

stimulera aktiviteten av Hg-metylerande mikroorganismer. För att utvärdera effekten av 

avverkningsrester på ackumuleringen av MeHg genomfördes en experimentell fältstudie där 

koncentrationen av MeHg jämfördes i mark täckt med ris och mark utan ris. Dessutom undersöktes 

huruvida en ökad metylering kan ske i den nedre delen av riset, vilket skulle kunna möjliggöras av 

bakterier i biofilmer kring ris under nedbrytning.  

Koncentrationen MeHg var högre i den nedre delen av rishögarna jämfört med den övre delen. I den 

nedre delen av riset var temperaturfluktuationerna lägre och vattenhalten högre än i den övre delen 

av riset. Ackumuleringen av MeHg kan ha skett via biofilmer i de nedre delarna av riset, där 

tillgången till hög kvalitativt organiskt material samt mer syrefria förhållanden kan ha gynnat 

etableringen och aktiviteten av de bakterier som utför metyleringen av Hg. Däremot hade typen av 

marktäcke, dvs mark täckt med ris och mark utan ris, inte någon påverkan på metyleringen av Hg. 

Karaktären av organiskt material i markvatten skiljde sig mellan typ av marktäcke, men visar inte 

på att avverkningsrester utgör en källa av högkvalitativt organiskt material. Vattenhalten i mark 

under rishögar skiljde sig inte jämfört med mark utan ris, men temperaturen var lägre med mindre 

variation i mark under rishögar. Därmed visar resultatet på att avverkningsrester kan bidra till en 

ökad bildning av MeHg. En potentiell mobilisering av MeHg som bildats i rishögarna skulle därför 

kunna bidra till en ökad export av MeHg från avverkade områden. Användningen av 

avverkningsrester, för att skydda marken vid körning med skogsmaskiner, anses ändå vara 

fördelaktig för att minimera utläckage av MeHg. Körskador kan skapa stående vattensamlingar där 

MeHg kan bildas samt kompaktera mark och skapa snabba ytliga flödesvägar i området. Däremot 

tyder resultatet på att användningen bör ske med hänsyn till att förhindra eventuell transport av 

MeHg till vattendrag. Ifall avverkningsrester inte används för att motverka markskador bör ett 

substitut användas, exempelvis stock-mattor, då körskador kan bidra till en ökad metylering och 

mobilisering av MeHg. Dock saknas kunskap om eventuell mobilisering av MeHg från rishögar till 

vattendrag och detta bör utvärderas i framtida studier.  



 
 

  



 
 

Abstract 

Forestry has been found to increase the accumulation of methyl mercury (MeHg), a highly 

neurotoxic compound, in forest soils. However, little is known about how forestry influences 

catchment processes that governs the mercury (Hg) methylation process. Logging residues are used 

in harvested catchments in stick roads to reduce soil disturbances caused by forestry machinery. 

Logging residues left on site after harvest have been suggested to act as a source of high-quality 

organic matter that stimulates the activity of the microorganisms that carry out the methylation of 

Hg. In addition, logging residues might influence the activity and abundance of methylating bacteria 

by reducing the temperature fluctuations in soils below residues and by increasing the soil moisture 

content. To evaluate the impact of logging residues on the accumulation of MeHg, an experimental 

field study was carried out in three sites, one in Uppland and two in Västerbotten. The 

concentration of MeHg was compared between soils covered with residues and soils without 

residues, and between the lower and upper parts residue piles. Logging residues were not found to 

influence the levels of MeHg in soils. However, an increased accumulation of MeHg was found in 

the lower part of residue piles. The accumulation of MeHg in the lower parts was accompanied by a 

reduced temperature amplitude and an increased water content compared to the upper part of the 

piles. The increased formation of MeHg might have been mediated by an increased water content in 

the lower part of the residue piles, possibly by increasing the abundance and activity of Hg-

methylating microorganisms due to suboxic/anoxic conditions within biofilms around decomposing 

needles. The dissolved organic matter composition in soil water differed in soils below residues 

compared to without residues, but the organic matter signature in soil water under residues was not 

found to be compliant with an elevated mercury methylation rate. As MeHg accumulated in the 

lower part of residue piles could become mobilized and transferred to surface water, the suitability 

of using logging residues in stick roads depends on the location within the catchment. The removal 

of logging residues could prevent the potential mobilization of MeHg from residue piles. Though, as 

soil disturbances may cause an increased Hg methylation rate and mediate MeHg export to surface 

waters, other form of protection, e.g. logging mats, should be used if logging residues are not used to 

protect soils.  

Keywords 

Mercury methylation, Forestry, Dissolved organic matter, Soil temperature, Soil water content.   
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Introduction 
Anthropogenic emissions of mercury (Hg) have exposed the Boreal region to an increased load 

of Hg which have contributed to the accumulation of Hg in aquatic biota (Bishop and Lee. 1997; 

Munthe et al. 2007b). Hg levels in Swedish freshwater fish exceeds the EU Environmental 

Quality Standard for good water chemistry (20 ng/g wet weight fish tissue) in almost all surface 

waters and the World Health organization (WHO) guideline (500 ng/g wet weight fish tissue) 

for safe human consumption of fish in more than half of Swedish waters (Åkerblom et al. 2014). 

In the aquatic food chain, Hg is accumulated as methyl mercury (MeHg) which is highly 

neurotoxic (Harris et al. 2003). The transformation of inorganic Hg to organic mercury (i.e. 

MeHg) is facilitated by a biotic methylation process under anoxic or suboxic conditions (Ullrich 

et al. 2001; Liu et al. 2011). Sulphate reducing bacteria (SBR), Iron reducing bacteria (FeRB) 

and methanogens among other groups have been found to facilitate the methylation process 

(Gilmour et al. 2013). Recently, the hgcAB gene cluster was identified among some known 

methylators (Parks et al. 2013). Forestry is one of the major anthropogenic activities that 

influences the natural state of the terrestrial environment in the boreal region (Kreutzweiser et 

al. 2008) and has been suggested to promote Hg methylation in forest soils (Bishop et al. 2009; 

Eklöf et al. 2016). Through an increased availability of high quality organic matter (OM) 

(Skyllberg et al. 2009), altered hydrological settings (Sörensen at al. 2009) and soil disturbances 

(Eklöf et al. 2016), forestry has been suggested to provide an environment favorable for 

methylating microorganisms that could lead to an increased accumulation of MeHg in forest 

soils. Accordingly, elevated MeHg levels have been observed in harvested catchments (Braaten 

and de Wit 2016; Kronberg et al. 2016a; Kronberg et al. 2016b; Eklöf et al. 2018). Forestry has 

also been found to influence the mobilization of Hg in stream runoff, though with varying 

degree of influence (Eklöf et al. 2016). Subsequently, the importance of managing forestry to 

mitigate formation and export of MeHg have been emphasized in previous studies (Bishop et al. 

2009; Eklöf et al. 2016; Kronberg et al. 2016a). Although available research has established that 

forestry has an important role for the formation and mobilization of MeHg, there are still many 

unanswered questions. One knowledge gap that has been highlighted in previous research is the 

role of logging residues as a source of high quality OM for methylating bacteria (Sörensen et al. 

2009a; Eklöf et al. 2016). Logging residues are distributed in forested areas to reduce soil 

disturbance caused by machinery (Cambi et al. 2015). The degradation of residues could provide 

organic compounds which may be utilized as a source of energy by some methylating bacteria 

(Eklöf et al. 2016) and thereby stimulate the formation of MeHg (Tjerngren et al. 2012a). The 

molecular composition of OM was recently discovered to influence the Hg methylation rate in 

lake sediments (Bravo et al. 2017). It is also possible that logging residues, by acting as a soil 

cover, could reduce temperature fluctuations in soils (Jansson 2008; van Donk et al. 2010; Da 

Silva et al. 2018) and in the lower part of residue piles. Reduced temperature fluctuations could 

contribute to an increased soil and residue water content through a reduced evaporation (Unger 

et al. 1991; van Donk et al 2010). Soil and residue water content could also be influenced by an 

increased infiltration (Unger et al. 1991; van Donk et al. 2010). An increased water content 

provides a more suboxic/anoxic environment that could increase the abundance of Hg 

methylating microorganisms and thereby the formation of MeHg. Therefore, it is hypothesized 

that logging residues can increase the accumulation of MeHg in forests soils, by creating an 

environment favorable to Hg methylating microorganisms, by acting as a source of high quality 

OM, reducing temperature fluctuations and increase moisture content, both in soils covered 

with residues and in biofilms in the lower part of residue piles. The impact of logging residues 

on soil and residue MeHg levels was evaluated through a field experimental study, by comparing 

the accumulation of MeHg (1) in soils covered with logging residues to soils without residues 

and (2) in the upper and lower part of residue piles. Evaluating the impact of logging residues 

could aid in determining best practice for how to manage residues at the site of harvest, to 

mitigate the formation of MeHg which could be transferred to the aquatic environment. How to 
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manage logging residues is further complicated by the use of logging residues as biofuel, a 

practice which is thought to increase in the near future (The Swedish Energy Agency 2015). 

Aim and objectives 
To mitigate the formation and export of MeHg from harvested sites, further research is 

necessary to determine how forestry influences catchment processes. The effect of logging 

residues on the methylation of Hg has not yet been evaluated, despite being indicated in 

previous conducted research. Therefore, the aim of this study is to investigate the influence of 

logging residues left on site after harvest on the accumulation of MeHg in soils.  

The objectives of the study are:  

• To evaluate if logging residues influences the molecular composition of dissolved 

organic matter in through-fall water and soil water from soils covered with residues, 

compared to precipitation and soil water collected at sites without residues.  

• To evaluate if logging residues influences temperature fluctuations in soils below 

residues and in the lower part of residue piles, compared to sites without residues and 

the upper part of residue piles.  

• To evaluate if logging residues increases the water content in soils below residues and in 

the lower part of residue piles, compared to sites without residues and the upper part of 

residue piles.  

• To determine if logging residues influences the accumulation of MeHg in soils below 

residues and in the lower part of residue piles, compared to soils without residues and 

the upper part of residue piles.   

Delimitations 

The impact of logging residues on the accumulation of MeHg in soil, on soil and residue 

temperature fluctuations, soil moisture content and input of high quality OM was evaluated at a 

study area located in Tobo. These measurements were done between May and June 2018. The 

impact of logging residues on the accumulation of MeHg in soil was also evaluated in two 

additional study areas: Rotflakamyran and Trågalidsberget. Sampling at Rotflakamyran and 

Trågalidsberget had been carried out in 2016 and 2017 as a part of another study. This master 

thesis therefore only included lab analyses of the samples from Rotflakamyran and 

Trågalidsberget. The study areas are located in the central (Tobo) and northern (Rotflakamyran 

and Trågalidsberget) parts of Sweden. Since all study areas are located in Sweden, the outcome 

of this study is foremost applicable for Sweden and the Boreal region.  
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Background 
The following sections presents the general outline of the Hg-cycle, with emphasis on Hg 

methylation, silviculture in Sweden and the disturbance caused by forestry in the terrestrial 

environment. Insights on how forestry is considered to influence the formation of MeHg in 

harvested catchments and the mobilization of Hg (THg and MeHg) to the aquatic environment 

are summarized.    

The Hg cycle  

Hg is released to the atmosphere from natural and anthropogenic sources. Natural sources 

include surface waters, top soils and volcanic activity. Approximately 30 % of the global 

emissions of Hg has been estimated to originate from anthropogenic sources, where fossil fuel-

based power plants, small scale gold mining and various industries (e.g. cement production) are 

some of the major sources (Pirrone et al. 2010). Hg is mainly emitted to the atmosphere as 

gaseous elemental mercury [Hg(0), or GEM] (Fig. 1). Due to the relatively long life time of GEM 

in the atmosphere, around 0,5-1 years, long distance distribution of Hg is possible (Selin 2009; 

Liu et al. 2011). Accordingly, remote areas have been exposed to an increased load of Hg 

(Munthe et al. 2007a; Selin 2009; Liu et al. 2011).  

The atmospheric Hg pool constitutes of GEM (> 95 %), reactive gaseous mercury (RGM) and 

particulate mercury (PHg) (Fu et al. 2010; Lin et al. 2011). RGM and PHg has a considerably 

lower atmospheric life time than GEM and due to a high water solubility are readily deposited 

through wet deposition (Selin 2009; Lin et al. 2011). In forested areas, RGM and PHg are 

deposited onto vegetation due to their high surface affinity (St Louis et al. 2001; Fu et al. 2010). 

(Munthe et al. 1995; St Louis et al. 2001; Lin et al. 2011). Hg deposited onto vegetation surfaces 

reaches forest soils via throughfall and Hg attached to vegetation reaches soils through litterfall 

(St Louis et al. 2001; Lin et al. 2011). The atmospheric deposition of MeHg is low (St Louis et al. 

2001) and Hg is mainly deposited as divalent Hg [Hg(II)] (Lin et al. 2011).  

Hg deposited in the terrestrial environment is to a large extent retained in soils (Gabriel and 

Williamson 2004). In soils, Hg exists mainly as Hg(II) which has a strong tendency to form 

complexes with various ligands (Ravichandran 2004; Skyllberg et al. 2006; Liu et al. 2011). Hg 

(Hg(II) and MeHg) show affinity for reduced sulphur ligands associated with OM (thiol groups) 

(Ravichandran 2004; Lin et al. 2011). Due to the abundance of OM in forest soils, it is 

considered as the main adsorption surface (Gabriel and Williamson 2004) but inorganic 

sulphur ligands, such as metal sulphides, are also important adsorption surfaces (Lin et al. 2011; 

Heileen et al. 2013). Although Hg to a large extent is retained in soils, there is a constant 

exchange of Hg between soils and the atmosphere (St Louis et al. 2001). The re-transfer of Hg to 

the atmosphere is facilitated by the reduction of Hg(II) to Hg(0), e.g. through photochemical 

processes. Hg(0) can then be volatilized and re-distributed to the atmosphere (Ravichandran 

2004; Moore and Carpi 2005).  

Transformation of Hg 

All chemical forms of Hg can be toxic for humans and wildlife as Hg is a non-essential element 

(Barkay et al. 2011). Though the impact of Hg exposure is greatly influenced by speciation. 

MeHg is of specific importance due to its high toxicity and bioaccumulative properties (Ullrich 

et al. 2001). The levels of MeHg in the environment is a result of the net methylation rate. The 

net methylation rate is determined by the rate of methylation and the rate of demethylation 

(Ullrich et al. 2001). 

Hg methylation 

The methylation of Hg is mainly a biotic process (Ullrich et al. 2001; Barkay et al. 2011) and is 

foremost carried out by some groups of anaerobic bacteria: Sulfate reducing bacteria (SBR), 

Iron reducing bacteria (FeRB) and Methanogens among others (Gilmour et al. 2013). These 
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groups are generally present in most natural systems (Heileen et al. 2013) where the activity of 

SBR have been found to be of most importance in freshwater systems (Gilmour et al. 1992; 

Langer et al. 2001; Lambertsson and Nilsson 2006). Therefore, the Hg methylation rate is 

influenced by the activity of these bacterial groups (Ullrich et al. 2001; Drott et al. 2007). The 

Hg methylation process involves the transformation of inorganic Hg(II) species to MeHg and 

therefore, the bioavailability of inorganic Hg(II)-species also influences the methylation rate 

(Ullrich et al. 2001; Skyllberg 2008; Mazrui et al. 2016). Moreover, as most bacteria carrying out 

the transformation of Hg(II) to MeHg are anaerobic (Gilmour et al. 2013), the abundance of Hg 

methylating bacteria depends on the prevailing redox conditions (Ulrich et al. 2001). 

The activity of Hg methylating bacteria increases by elevated temperature (Ullrich et al. 2001). 

The activity is further influenced by electron donor and electron acceptor availability. SBR 

(Compeau and Bartha 1985) and FeRB (Kerin 2006) utilize oxidation of OM as an energy 

source. Therefore, the availability of labile OM (acting as an electron donor) and sulphate/iron 

(acting as an electron acceptor) stimulate the activity of SBRs and FeRB (Drott et al. 2007; 

Skyllberg 2008; Klapstein and O’Driscoll 2017). Labile OM may be low molecular weight (LMW) 

organic acids or fatty acids (Bishop et al. 2009). The importance of the composition of OM for 

Hg methylation was recently discovered by Bravo et al (2017), where higher methylation rates 

were observed in systems with phytoplankton derived organic compounds compared to OM 

originating from terrestrial sources. Although sulphate usually is available in most soils, it is still 

commonly the limiting factor for Hg methylation (Lambertsson and Nilsson 2006; Bishop et al. 

2009).  

The bioavailability of dissolved Hg(II) compounds has been found to be influenced by the 

desorption and dissolution of solid-phase Hg(II)-species (Jonsson et al. 2012), DOM-

complexation and sulphide geochemistry (Ravichandran 2004). Hg(II)-DOC complexes tend to 

be too large to enter cells and thereby mitigate Hg methylation (Ravichandran 2004). However, 

LMW organic compounds have been found to mediate Hg(II) uptake (Skyllberg 2008; Schaefer 

et al. 2011; Schaefer et al. 2014). At high sulphide concentrations, complexation with hydrogen-

sulphide (HgS(s)) and/or formation of charged sulphide complexes could reduce the 

bioavailability of Hg(II) (Langer et al. 2001; Ullrich et al. 2001). On the other hand, the 

formation of uncharged Hg-sulphide species and polysulphides might increase bioavailability 

(Ullrich et al. 2001; Skyllberg 2008).  

Figure 1: An overview of the Hg cycle. From: Engstrom, D. (2007). Fish respond when the mercury rises. 
Proceedings of the National Academy of Sciences, USA. Vol. 104(42), pp. 16394-16395. Copyright 2007 National 
Academy of Sciences. 
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The specific mechanisms of Hg methylation remain unclear (Barkay et al. 2011; Heileen et al. 

2013). The process involves an accidental transfer of inorganic Hg-species across the cell 

membrane, followed by the transfer of a methyl group donor to the mercuric ion [Hg(II)] 

substrate (Ullrich et al. 2001; Barkay et al. 2011). The uptake of Hg(II)-species may be mediated 

by passive diffusion of uncharged mercury-sulphide (Barkay et al. 2011; Klapstein and 

O’Driscoll 2017) and mercury chloride complexes (Schaefer et al. 2014), by facilitated passive 

diffusion (via protein channels) or by active transport (via protein pumps) (Heileen et al. 2013). 

The recent discovery of the hgcAB system presents a consistent methylating pathway for some 

known methylators and facilitates Hg methylation by encoding an electron donor (hgcB) and a 

methyl carrier (hgcA) (Parks et al. 2013). The hgcAB gene pair has since been used to identify 

previously unknown methylators (Gilmour et al. 2013; Gilmour et al. 2018).  

Demethylation  

The demethylation of MeHg can either be an abiotic or biotic process (Ullrich et al. 2001). 

Abiotic degradation through photoreduction is considered an important process in most inland 

and estuarine surface water systems (Barkay et al. 2011; Fernandez-Gomez et al. 2013; Poste et 

al. 2015). The degradation of MeHg through photoreduction occurs via the formation of reactive 

oxygen species. The degradation process is influenced by DOM, where certain DOM-Hg species 

are prone to undergo photolysis, and by influencing the amount of light the system is exposed to 

(Fernandez-Gomez et al. 2013). Biotic degradation is of importance in environments where 

sunlight is limited, such as at greater depths of the water column (Heileen et al. 2013; Poste et 

al. 2015). Biotic demethylation is considered to mainly occur via an oxidative process where the 

end product is Hg(II) (Klapstein and O’Driscoll 2017) which could enter the methylation process 

again (Ullrich et al. 2001; Barkay et al. 2011). This oxidative process can be facilitated by both 

aerobic and anaerobic microbes, e.g. methanogens and SRB (Lambertsson and Nilsson 2006; 

Klapstein and O’Driscoll 2017). However, rather than the rate of degradation, the net 

methylation rate has been found to be governed mainly by the Hg methylation rate (Skyllberg et 

al. 2007; Barkay et al. 2011; Heileen et al. 2013).  

Mobilization from soils and bioaccumulation 

Due to the affinity of Hg for sulphur ligands, the solubility of Hg is mainly influenced by 

complexation with DOM (Ravichandran 2004) and inorganic sulphides (Skyllberg 2008) 

depending on the prevailing redox conditions (Bishop et al. 2009). Hg can thereby be mobilized 

with runoff and transferred to the groundwater phase (Lin et al. 2011). The terrestrial 

environment therefore acts as an important source of THg and MeHg to surface waters (Rudd 

1995; Bishop and Lee 1997). In addition to terrestrial input of MeHg, in-lake methylation 

increases availability of MeHg for biological uptake (Bishop and Lee 1997). MeHg can readily be 

transferred across cell membranes (Chan et al. 2003), where it is retained (Morel et al. 1998) 

and subsequently is biomagnified (Ullrich et al. 2001; Chan et al. 2003). Humans are mainly 

exposed to Hg through the consumption of fish which may lead to severe health effects (Chan et 

al. 2003). Hg exposure can also influence wildlife directly, e.g. interfere with reproduction 

abilities (Chan et al. 2003).  

Forestry in Sweden  

More than 70 % of Sweden’s total land area is covered by forests, of which about 60 % is 

productive forest land. Sweden is a large global exporter of forest products, such as pulp and 

paper as well as sawn-wood products (Royal Swedish Academy of Agriculture and Forestry 

2015). The management of forestry in Sweden is governed by the Forestry Act. The forestry act 

describes the responsibilities of forest owners to protect the interests of society, to ensure the 

utilization of forest ecosystem services to achieve both production and environmental goals 

(Swedish Forest Agency 2017). 
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Silvicultural methods  

The most common silvicultural practice in Sweden is even-aged forestry which involves four 

stages: Site preparation, Regeneration, Thinning and Final harvest (Royal Swedish Academy of 

Agriculture and Forestry 2015). Site preparation operations are carried out to promote seedling 

growth, e.g. through increased nutrients availability (Nilsson et al. 2010). The regeneration 

stage involves the introduction of new trees, either using natural or artificial (planting or 

seeding) methods. Thinning operations are then carried out in the growing forest to regulate the 

growth process. Final harvest is carried out using a harvester to fell the trees and a forwarder to 

transport the logs to a collection point (Royal Swedish Academy of Agriculture and Forestry 

2015). In addition to stem only harvest, residue (Olsson et al. 2017) and stump harvest 

(Walmsley and Godbold 2010) can be carried out to increase the harvested biomass for biofuel 

use. Stumps are removed using an excavator and are shaken to remove excess soil 

(Athanassiadis et al. 2011). Residues are gathered in piles during harvest and then transported 

to collection points by the roadside using a forwarder, awaiting further transport (Jacobson and 

Filipsson 2013). The major source of forest biomass for biofuel use is logging residues 

(Börjesson et al. 2017). Slash harvest is carried out at roughly 30 % of clear cut areas in Sweden 

(Olsson et al. 2017).  

Forestry induced disturbances in harvested catchments 

Forestry has the potential to create large disturbances in forest soils such as alter the 

hydrological conditions in the catchment, influence the leaching of nutrients and cause soil 

disturbances.  

Soil disturbance 

The use of heavy machinery during forestry operations may result in soil compaction (Cambi ei 

al. 2015). Soil compaction reduces the infiltration rate which can result in the formation of 

puddles of standing water (Lousier 1990; Mohr et al. 2013; Cambi et al. 2015). Depending on the 

terrain, compaction might therefore lead to increased superficial runoff, thereby promoting 

enhanced erosion (Mohr et al. 2013; Cambi et al. 2015). The mixing of soil carried out during 

site preparations can expose the mineral soil, which facilitates increased erosion (Lousier 1990). 

Due to the use of additional machinery, slash and stump harvest may create a greater 

disturbance compared to conventional forestry operations (Olsson et al. 2017) e.g. through the 

formation of water logged cavities (Eklöf et al. 2016; Eklöf et al. 2018). 

Hydrological conditions 

The catchment water balance is influenced by the removal of trees, causing a reduced 

evapotranspiration (Bosch and Hewlett 1982; Pothier et al. 2003) and an increased 

accumulation of snow (Buttle and Murray 2003; Schelker et al. 2013). The reduced 

evapotranspiration generally leads to an elevated groundwater table (Bosch and Hewlett 1982; 

Pothier et al. 2003). Accordingly, forestry has also been found to increase runoff volume (Bosch 

and Hewlett 1982; Sörensen et al. 2009b).  

Nutrients cycle 

Forestry operations are linked to increased leaching of nutrients, e.g. DOC. The export of 

nutrients is more pronounced for whole-tree clear cutting compared to logged areas 

(Kreutzweiser et al. 2008). The increased export of DOC caused by forestry is considered partly 

related to groundwater fluctuations and mobilization of superficial soil storage of DOC (Bishop 

et al. 2009; Schelker et al. 2012) from the more conductive superficial soil horizon (Bishop et al. 

2004). The leaching at harvested sites can further be influenced by a reduced nutrients uptake 

by vegetation, increased degradation of logging residues as well as increased mineralization and 

nitrification (Palviainen et al. 2013). The degradation of OM can be enhanced by the increased 

exposure to sunlight as a result of the removal of the tree canopy (Munthe et al. 2007b).  
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Impacts of forestry on the Hg cycle 

Accumulation of MeHg in soil 

Forestry has been suggested to facilitate and increased Hg methylation in harvested catchments 

by creating favorable conditions for methylating bacteria, by providing (1) an elevated 

groundwater table, causing anoxic/suboxic conditions in soils (Munthe and Hultberg 2004; 

Munthe et al. 2007b; Bishop et al. 2009; Sörensen et al. 2009a; Kronberg et al. 2016b; 

Ukonmaanaho et al. 2016) and (2) an increased availability of high quality OM (Sörensen et al. 

2009a; Skyllberg et al. 2009: Eklöf et al. 2016). The availability of high quality organic matter 

(2) could be enhanced due to degradation of logging residues (Skyllberg et al. 2009; Sörensen et 

al. 2009a; Ukonmaanaho et al. 2016; Eklöf et al. 2016) and/or an increased degradation rate 

due to an elevated temperature (Munthe et al. 2007b; Sörensen et al. 2009a). Forestry could 

also influence formation of MeHg by creating methylating hot-spots. Standing water at 

harvested sites provides an anoxic environment with access to OM (Hall et al. 2005). Elevated 

MeHg levels have been found in such environments, e.g. waterlogged stump hollows, resulting 

from forest operations (Ukonmaanaho et al. 2016; Eklöf et al. 2018). These Hg methylation hot-

spots could increase the accumulation of MeHg in soils and has been suggested to act as a long-

term source of MeHg (Magnusson 2017). The activity of Hg methylators could further be 

enhanced by elevated soil temperatures as a result of clear-cutting (Eklöf et al. 2013; Olsson et 

al. 2017). Kronberg et al (2016a; 2016b) found significantly elevated MeHg levels, an average 

factor of seven, in O horizons in harvested catchments. Using incubation studies, Kronberg et al 

(2016a) concluded that the accumulation of MeHg was caused by an elevated rate of 

methylation, rather than a decreased methylation rate. Elevated MeHg levels was also observed 

by Eklöf et al (2018) when evaluating the impact of different forest operations. The enhanced 

levels were uniformly distributed in the catchment, though the largest impact was linked to 

water-logged areas caused by stump harvest operations (Eklöf et al. 2018). The disturbance 

caused by forestry machinery (wheel-tracks) was found to significantly influence the MeHg/THg 

ratio in the superficial soil horizon, compared to undisturbed soils (Braaten and de Wit 2016).  

In the search for alternative energy sources, forest harvest for biofuel purposes have increased 

and is predicted to continue to do so (Swedish Energy Agency 2015). This includes the removal 

of logging residues and stumps which requires further use of forestry machinery compared to 

stem only harvest, that may result in increased soil disturbance. Therefore, harvest of residues 

and stumps could influence Hg methylation (Olsson et al. 2017). In addition, logging residues 

has been suggested to act as a source of high quality OM which could influence Hg methylation 

(e.g. Eklöf et al. 2016). This has been indicated by elevated MeHg concentrations in ground 

water below stick roads (Eklöf et al. in prep.). The removal of slash could thereby potentially 

reduce the net Hg methylation rate (Eklöf et al. 2016).  

Mobilization of mercury  

Forestry has the potential to influence a number of catchment processes which are of 

importance for the mobilization of Hg (THg and MeHg) from forest soils. The export of OM 

from superficial soil horizons due to an elevated groundwater table facilitates the mobilization 

of Hg (Munte and Hultberg 2004; Munthe et al. 2007b; Ukonmaanaho et al. 2016; Olsson et al. 

2017). As OM has a strong affinity for Hg, more Hg is mobilized when OM concentrations in 

runoff are high (Dittman et al. 2010; Eklöf et al. 2012). The hydrological changes caused by 

forestry can result in an increased runoff volume (Sörensen et al. 2009b). With increased runoff, 

the load of Hg can subsequently also increase (Allan et al. 2009). Mobilization of Hg with 

increased runoff have been observed in a number of studies (e.g. Porvari et al. 2003; Munthe 

and Hultberg 2004; Munthe et al. 2007b; Sörensen et al. 2009a). The mobilization of Hg has 

also been found to correlate with the degree of soil disturbance in the catchment (Munthe et al. 

2007b). The impact of soil disturbance could appear as changes to hydrological flow-paths 

(Munthe and Hultberg 2004). Munthe and Hultberg (2004) suggested that new superficial 

hydrological pathways led to increased mobilization of MeHg from the existing soil pool. 
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However, the impact of forestry on the mobilization of Hg have been found to vary between 

studies, indicating a site-specific dependency (Eklöf et al. 2016). 

The mobilization of MeHg from Hg methylation hot-spots to surface waters depends on the 

presence of a hydrological pathway (Sörensen et al. 2009; Eklöf et al. 2016; Eklöf et al. 2018). 

The increased export of MeHg observed by Kronberg et al (2016b) (above the marine limit) was 

suggested to partly depend on the formation of Hg methylation hot-spots that were connected to 

stream runoff. The absence of hydrological connectivity between Hg methylation hot-spots and 

stream runoff was suggested by Braaten and de Wit (2016) to explain the lack of impact on 

stream water chemistry. Through soil compaction and soil disturbance in the form of driving 

tracks, the use of forestry machinery could create superficial and/or overland flow pathways 

between MeHg rich environments and surface waters (Eklöf et al. 2014). Overland flow paths 

might also mediate the export of particulate bound Hg through enhanced erosion (Eklöf et al. 

2016). The transfer of MeHg from Hg methylation hot-spots could therefore be mitigated by 

reducing hydrological connectivity to surface waters (Eklöf et al. 2016).  

Studies outside the boreal region 

Forest operations has heavily influenced the environment in some tropical regions, where the 

Brazilian (Beliveau et al. 2009) and Ecuadorian Amazon (Mainville et al. 2006) have been 

heavily exploited. In these regions, deforestation is commonly carried out using a slash- and- 

burn method. This practice has been found to increase leaching of Hg (Hacon et al. 1995; Roulet 

et al. 1998a,b, 1999, 2000; Fostier et al 2000; Farella et al. 2001; Mainville et al. 2006). The 

leaching has been linked to enhanced erosion and the following exposure of Hg rich soil 

horizons (Mainville et al. 2006), base cation enrichment (Farella et al. 2006, 2007; Beliveau et 

al. 2009), and increased output of OM (Farella et al. 2006). The slash-and-burn practice has 

also been found to promote the re-transfer of Hg to the atmosphere (Veiga et al. 1994; Lacerda 

1995) as a result of elevated soil temperature and sunlight exposure, mediating Hg volatilization 

(Margarelli and Fostier 2005; Carpi et al. 2014). In addition, Hg is emitted from the burning of 

vegetation (Michelazzo et al. 2010; Melendez-Perez et al. 2014) and through volatilization of soil 

bound Hg during the fire event (Melendez-Perez et al. 2014). Since deforestation increases Hg 

mobilization, forestry has been suggested to contribute to the elevated levels observed in fish 

(Mainville et al. 2006). The impact of other forestry practices (i.e. fire-free methods), with the 

potential to reduce Hg mobilization, are poorly understood (Comte et al. 2013).  

Methodology 
The following sections provide a description of the study sites, the experimental design and the 

analytical procedures.  

Description of study areas and experimental design  

Three study areas were included in the study:  Tobo, Rotflakamyran and Trågalidsberget. The 

study areas have been grouped together based on soil type, where Tobo (1) is located at an old 

peat land and Rotflakamyran and Trågalidsberget (2) is located at podzol soils.  

Tobo  

The study area is an established field site located in Tobo, approximately 40 km north of the city 

Uppsala, Sweden. Logging was carried out at the site in September 2017. Norway spruce 

dominated the site prior to logging. The ground water level at the field site has been lowered 

through cleaning of old ditches. The soil type consists of peat and the soil conditions were 

considered homogenous between sample plots. The annual average temperature is 

approximately 5.6 C and the annual average precipitation is around 540 mm (for the period 

1961-1990) (Alexandersson and Eggertsson 2001). Logging residues had been distributed in 

residue piles prior to the study by the forest owners and had been used as a stick roads.  
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Six residue sites and six control sites were established at the study area (Fig. 2). The residue 

sites consisted of a part of a stick road (Fig. 3). The control sites were situated on soils without 

residues in proximity of the residue sites (Fig. 4). Lysimeters and throughfall collectors were 

installed at each plot to collect soil water and throughfall samples. Throughfall collectors and 

lysimeters were placed below the pile of residues at the center of the road (Fig. 2). The 

lysimeters were placed with a 45° angle in the soil at a depth of approximately 1-5 cm. Campbell 

Sci moisture (SC655) and temperature sensors (T107) were placed in soil below residues and at 

control sites at a depth of 9 cm. The SC655 sensors were placed at this depth as they measured 

the soil moisture in a radio of 7 cm from the sensors. Temperature sensors were placed in the 

upper and lower part of the residue piles. In the upper part, the sensors were placed at the 

highest possible location so that they were protected from direct sunlight. In the lower part, the 

sensors were placed within residues just above the ground level. The sensors were connected to 

a Campbell Sci data logger (CR1000X). The location of each plot was established using ongoing 

GWL measurements at the field site. Locations with a large depth to GWL were desirable, to 

reduce the impact of upwards transportation of OM, thereby increasing the impact of OM 

originating from logging residues. Each plot had a similar depth to the groundwater level. The 

location was also determined based on the structure of the stick roads (amount and type of 

residues) and suitable reference sites (clear of residues), to isolate the impact of logging residues 

on soil water DOM character.  

Solid samples were collected from: 1) logging residues from the upper part of the pile, 2) logging 

residues from the lower part of the pile, 3) soil under the pile and 4) soil at control sites. Soil and 

residue samples were collected from the center of the stick roads, to minimize the effect of 

compaction caused by vehicles. Samples to determine the soil volumetric water content (VWC) 

were collected at a separate occasion one week after the soil sampling. However, these samples 

were only used to determine the soil volumetric water content (VWC) in this thesis. Soil water 

samples (SW1, SW2) were collected at two occasions in late of May and beginning of June 2018 

using Prenart Super Quartz samplers. A vacuum (75 bars) was placed upon the lysimeters one 

day before the sampling occasion. Extracted soil water samples were placed in a cooling bag in 

field and then stored in a refrigerator. Soil and residue samples for THg and MeHg analysis were 

collected at one occasion in May 2018. A soil coring tube was used to collect soil samples (upper 

5 cm). Plastic gloves (single-use) were worn during sampling. Soil and residue samples for Hg 

(THg and MeHg) analysis were placed on dry ice in field. The samples were then stored in a 

freezer and then freeze-dried. Homogenizing was carried out prior to analysis using a mortar 

and pestle.   

 

Figure 2: Distribution of sampling sites and placement of measuring devices (seen from above). R represents 
Residue sites and C represents Control sites. The distances are approximations.   
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Rotflakamyran and Trågalidsberget  

The study areas are distributed over the two sites Rotflakamyran (RM) and Trågalidsberget 

(TB). Both sites are located approximately 50 km south-east of the city Skellefteå, Sweden. The 

soil type in both locations is (Haplic) podzol. Logging was carried out at RM in December 2011 

and at TB in February 2012. The site at TB was dominated by Norway spruce prior to logging, 

whereas Scots pine and Norway spruce dominated the site at RM. The annual precipitation and 

mean temperature are 600 mm and 2C respectively (for the period 1961-1990) (Hansson et al. 

2018).  

Logging residues were distributed as residue piles prior to the study by the forest owner and had 

been used as stick roads. The stick roads were situated along hill-slopes. A total of four hill-

slopes were included, two in each study area (i.e. two at RM and TB respectively). In each 

hillslope, sampling was conducted in transects with different surface covers. Two kinds of 

transects were used: 1) soils without residues and 2) soils covered with residues. The transects 

were positioned from a stream at the bottom of the hill and further along uphill (100-150 m). At 

each hill-slope, four sample plots, at a varying distance from the stream, were chosen along the 

transects. Sampling was carried out in the late summer of 2016 and 2017.  

Chemical analysis 

Dissolved organic matter 

Samples were filtered (glass microfiber filters, GF/F, Whatman (first sampling occasion) and 

0.45 µm (second sampling occasion)) prior to analysis with absorbance spectroscopy. Reference 

standards were used to evaluate the accuracy of the measurements. For samples with an 

absorbance above 1,5, a cell path length of 1 cm was used. Otherwise, a cell path length of 5 cm 

was used. Optical characterization of dissolved organic matter (DOM) has been extensively 

applied (Cory et al. 2011) and provides a simple approach of evaluating average DOC properties 

(Weishaar et al. 2003). The characterization of dissolved organic matter (DOM) was carried out 

using the absorption coefficient at 254 nm (a254) (Inamdar et al. 2011) and the spectral 

slope ratio (SR) (Helms et al. 2008). The a254 provides a good estimate of the aromaticity of 

DOM (Inamdar et al. 2011). The absorption coefficient, a254 (m-1), is calculated as: 

𝑎254 = 𝑈𝑉254 ∗
2.303

𝐿
   (𝑒𝑞. 1) 

where UV254 is the absorbance at 254 nm and L = cell path length (m) (Green and Blough 

1994). The composition of DOM was further evaluated using the spectral slope ratio (SR). 

By using wavelength intervals sensitive towards changes in molecular weight (MW), the SR is 

able to characterize DOM in varying aquatic systems (Helms et al. 2008). The slope ratio is 

Figure 3: Example of a residue site  Figure 4: Example of a control site  
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defined as the ratio between the spectral slope (S) of two wavelength regions, 275-295 nm (S275-

295) and 350-400 nm (S350-400), (Helmes et al. 2008) and is calculated as:  

𝑆𝑅  =
 𝑆275−295

𝑆350−400

    (𝑒𝑞. 2) 

The spectral slopes (S275-295 and S350-400) were calculated using linear regression for the log-

transformed absorption coefficient spectra, according to method by Helmes et al (2008). The 

log transformed absorption coefficient (∝) was calculated as:    

∝ = ln (
(2.303 ∗ 𝐴)

𝐿
)  (𝑒𝑞. 3) 

where A = absorbance and L = cell path length (m) (Helmes et al. 2008).   

THg and MeHg 

THg analysis was carried out according to the EPA 7473 method (SW-846), developed for THg 

analysis of solids and solutions (United States Environmental Protection Agency [U.S. EPA] 

1998), using a Perkin Elmer SMS 100 analyzer. The method utilizes thermal decomposition and 

catalytic oxidation, followed by amalgamation which traps Hg. The THg concentration is then 

determined using atomic absorption spectrophotometry (U.S. EPA 1998). Reference standards 

and replicate samples were used to evaluate accuracy of measurements. MeHg concentration 

were determined using gas chromatography- inductively coupled plasma mass spectrometry 

(GC-ICP-MS) developed by Lambertsson et al (2001). GC is commonly used for Hg speciation 

(Qvarnström et al. 2003). GC-ICPMS was used with MeHg ethylation and Hg extraction using a 

KBr–H2SO4–CuSO4 solution. Ethylation is required to form ethyl derivatives which are 

suitable (volatile, non-polar and thermally stable) for Hg species separation using GC 

(Qvarnström et al. 2003). The total concentration of Hg (THg) and the concentration of MeHg 

(MeHg) were used to calculate percent of THg that is MeHg (i.e. (MeHg/THg) * 100). This is 

referred to as % MeHg and provides an approximation of the long-term methylation rate (Drott 

et al. 2008).  

Statistical analysis 

The impact of logging residues on Hg methylation rate (% MeHg) and MeHg accumulation in 

soils and within residue piles was evaluated using one-way analysis of variance (ANOVA). One-

way ANOVA compares the mean of normally distributed numerical populations (Devore and 

Berk 2012). Normality of the data sets were evaluated using Shapiro-Wilk´s test (Alva and 

Estrada 2009). Non-normal datasets were log-transform to obtain a normal distribution. The 

dataset from RM and TB were evaluated separately based on sampling occasion to account for 

repeated measurements. One-way ANOVA was also applied for the analysis of DOM 

characterization of soil water and throughfall, temperature fluctuations in soils and within 

residue piles, and for evaluating the water content in the lower and upper part of residue piles. 

The analysis of DOM signature was carried out separately for the two sampling occasions. 

Temperature fluctuations in soils and within residue piles were evaluated using the standard 

deviation. As the residue water content was determined using manual measurements, outliers 

were detected and removed from the dataset (n =21) using a deviation of two times the standard 

deviation around (plus/minus) the mean (Rousseeuw and Croux 1993). Soil temperature, soil 

water content and the temperature in the lower and upper part of the residue piles were 

measured continuously throughout the experimental period. To account for the correlation 

between repeated measurements, linear mixed models (LMM) with an autoregressive 

covariance structure (AR(1)) were created. The correlation between measurements are thereby 

reduced with increased spacing in time (Seltman 2012). Multiple linear regression (MLR) 

models were created to evaluate the effect of soil cover (soils covered with residues and soils 
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without residues) in relation to other parameters that might have influenced % MeHg and the 

accumulation of at RM and TB. Due to the larger number of explanatory variables, forward 

stepwise regression was used to select which variables to include in the MLR models. The model 

selection was carried out using the Bayesian Information Criterion (BIC). Given a dataset, the 

BIC is commonly used to find the best model and applies a penalty with respect to the number 

of parameters (Fabozzi et al. 2014). The explanatory variables used for TB and RM were: “Study 

area”, “Hillslope”, “Soil cover”, “Year” and “Distance from stream”. “Soil cover” represents sites 

covered with residues (denoted 1 in the analysis) and sites without residues (denoted 0 in the 

analysis). The impact of repeated measurements was included in the model by using the year in 

which sampling was carried out as an explanatory variable (“Year”). “Study area”, “Hillslope” 

and “Distance from stream” were included to account for the spatial distribution of the samples. 

All statistical analyses were carried out in JMP Pro 14.0.0. p < 0.05 was considered significant.    

Results 
Soil and residue MeHg concentration  

The mean MeHg concentration was higher (p = 0,0003) within the lower part (0.94 ng/g dry 

weight) of the piles of residues compared to the upper part (0.27 ng/g dry weight) in Tobo 

(Table 1 and Fig. 5C). There was, however, no significant difference in the mean % MeHg 

between upper and lower part of the residue piles (Table 1 and Fig. 6C). The mean soil MeHg 

concentration was not found to significantly vary between soils covered with residues and soils 

without residues in either Tobo or RM/TB (Table 1 and Fig. 5A-B). % MeHg was also not 

significantly different between soils covered with residues and soils without residues in either of 

the study areas (Table 2 and Fig. 6A-B). As a higher concentration of MeHg was found in the 

lower part of the residue piles (compared to the upper part), % MeHg in the lower part of 

residue piles was compared to % MeHg in soils covered with residues. % MeHg in the lower part 

of the residue piles was significantly higher compared to soils covered with residues (p < 

0,0001).  

MLR models 

The variables “Study area”, “Hillslope” and “Distance from stream” were selected for the MLR 

model with soil MeHg concentration at RM/TB as the predicted variable. The variables “Year” 

and “Soil cover” did not meet the criteria (BIC) to be included in the model (Table 3). With the 

selected variables, the model explained 24 % of the variance (R- square adjusted). The variables 

“Study area”, “Hillslope”, “Year” and “Distance from stream” were selected as predictors with % 

MeHg at RM/TB as the dependent variable. The variable “Soil cover” did not to meet the criteria 

to be included in the model (Table 3). The model accounted for 36 % of the variance (R-square 

adjusted). 

Table 1: Analysis of variance (ANOVA)- MeHg concentration. Statistically significant differences between 
groups are expressed by rows with different letters (a, b). p < 0.05 was considered significant. Sampling of 
residues was not carried out at TB and RM, therefore, these positions in the table are marked with x.  

Dataset 

Soil MeHg concentration [ng/g] Residue MeHg 
concentration [ng/g] 

Residue site  Control site Bottom Top 

TB and RM: 2016 (n = 26) 2.28a 1.81a x x 

TB and RM: 2017 (n =32)  1.87a 1.74a x x 

Tobo 0.44a 0.52a 0,94a 0.27b 

 



 

13 
 

Table 2: Analysis of variance (ANOVA)- % MeHg. Statistically significant differences between groups are 
expressed by rows with different letters (a, b). p < 0.05 was considered significant. Sampling of residues was 
not carried out at TB and RM, therefore, these positions in the table are marked with x.  

Dataset 
% MeHg (Soil) % MeHg (Residues) 

Residue site Control site Bottom Top 

TB and RM: 2016 (n = 26) 0.77a 0.54a x x 

TB and RM: 2017 (n =32)  0.91a 1.09a x x 

Tobo 0.17a 0.21a 12.0a 11.0a 

 

A negative relationship was found between soil MeHg concentration and distance to stream, 

with a higher concentration found in closer proximity to the stream. % MeHg also had a 

negative relationship with distance to stream, with a higher value found in closer proximity to 

the stream (Table 3). The relationship (direction) between independent variables and 

categorical variables, i.e. “Hillslope” and “Study area”, were determined by evaluating the 

distribution of MeHg concentration and % MeHg with respect to study area (RM and TB) and 

the hillslope in which sampling had been carried out (TB1, TB2, RM1, RM2).  

DOM characterization  

Soil water 

A significant difference in slope ratio (SR) was found between soils covered with residues and 

soils without residues in Tobo during the first sampling occasion. The SR was lower at residue 

sites compared to control sites (p = 0,0054) (Table 4). 

Table 3: Selection of explanatory variables to be used in MLR models with MeHg concentration and % MeHg as 
predicted variables. The selection of explanatory variables was carried out with forward stepwise regression to 
minimize the Bayesian Information Criterion (BIC). p < 0.05 was considered significant.  

Predicted variables Explanatory variables Direction p value 

MeHg concentration  

Included variables 
Hillslope TB1>RM1>TB2>RM2 0.0013 

Distance from stream - 0.0035 

Study area TB > RM 0.015 

Not included Year  0.76 

Soil cover  0.67 

% MeHg  

Included variables 

Hillslope TB1>RM1>TB2>RM2 < 0.0001 

Distance from stream - 0.00024 

Study area TB > RM 0.0024 

Year + 0.023 

Not included Soil cover  0.84 
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Figure 5: Distribution of soil MeHg concentration at RM/TB (A) and Tobo (B), and distribution of residue MeHg concentration (C). The MeHg concentration is given in ng/g dry weight. 
The figures are presented using a quantile plot. Note that the scale differs between figures.   
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Figure 6: Distribution of % MeHg in soils at RM/TB (A) and Tobo (B), and distribution of % MeHg within residue piles at Tobo (C). The figures are presented 
using a quantile plot. Note that the scale differs between figures. 
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Table 4: Characterization of DOM in soil water (SW1, SW2) and throughfall, using the absorption coefficient 
(a254) and spectral slope ratio (SR). The SR was calculated for the spectral regions 275-295 nm and 350-400 nm. 
Statistically significant differences between groups are expressed by rows with different letters (a, b).  

Dataset 
SR a254 [m-1] 

Residue site Control site Residue site Control site 

SW1 0.12a 0.29b 514a 473a 

SW2 0.22a 0.58a 572a 514a 

Throughfall/Precipitation 0.095a 1.02b 615a 20b 

 

However, no difference was found between residue sites and control sites during the second 

sampling occasion (p = 0,067) (Table 4). The SR increased at both residue sites and control sites 

during the second sampling occasion. The absorption coefficient (a254) was however not found to 

significantly differ between sites at any of the two sampling occasions (Table 4, Fig. 7A-B). 

Throughfall 

The SR and the a254 was found to significantly differ between throughfall (collected from within 

residue piles) and rain water (Fig. 7C and Table 4). The mean SR in throughfall was lower (p < 

0,0001) compared to rain water, whereas the mean a254 in throughfall was higher (p < 0,0001) 

compared to rain water. As MeHg was found to be accumulated in the lower part of residue piles 

and the levels of MeHg in soil did not differ between residue sites with and without residues, the 

DOM signature in thorughfall was compared to the DOM signature in soil water. A significant 

difference was found between soil water (SW2) and throughfall for the a254, with a higher value 

in throughfall (p = 0,0002). No difference was found for the SR in soil water and throughfall. 

Soil and residue water content 

The volumetric water content (VWC) was higher in the lower part of the residue piles (70 %) 

compared to the upper parts (8,5 %) (p < 0,0001) (Table 5). However, soil moisture content, 

measured by soil water sensors at 9 cm depth (SM1), was not found to be influenced by soil cover 

type (residues and no residues). The soil moisture content was further evaluated by manual 

measurements of soil at 0-5 cm at two different occasions, SM2 (n = 23) and SM3 (n = 56). No 

difference in VWC was found between soils covered in residues and soils without residues in any 

of the two datasets (SM2, SM3) (Table 5).   

Table 5: Volumetric water content (VWC) in soils and in residue piles. Statistically significant differences 
between groups are expressed by rows with different letters (a, b). p < 0.05 was considered significant. The soil 
moisture content was measured by soil water sensors at 9 cm (SM1) and by manual measurements at a depth of 
0-5 cm at two occasions (SM2, SM3). The soil sensors (SM1) had not been calibrated for the prevailing soil 
conditions and therefore, no values are presented.  

 VWC [%] 

 Soil Residues 

Residue site Control site Bottom Top 

 x x 70a  8,5b  

SM1 xa xa x x 

SM2 (n = 56) 71a 70a x x 

SM3 (n = 23) 68a 69a x x 
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Soil and residue temperature 

Soil cover type was found to influence the temperature in soils for the studied time period (May-

June), where the mean temperature was lower in soils covered with residues compared to soils 

without residues (p < 0,0001). The soil temperature amplitude, expressed by the standard 

deviation, was lower at residue sites compared to control sites (p = 0,0063) (Table 6 and Fig. 8). 

The temperature in the lower part of the residue piles was lower compared to the upper part (p 

< 0,0001). The temperature fluctuations (standard deviation) in the lower part of the residue 

piles were reduced compared to the upper part (p < 0,0001) (Table 6 and Fig. 9).  

Table 6: Temperature and temperature fluctuations in soils below residues (Residue site) and soils without 
residues (Control site), and in the lower and upper parts of the residue pile. Statistically significant differences 
between groups are expressed by rows with different letters (a, b). The soil and residue temperature were 
measured between May - June 2018.  

 

Variable 
Soil Residues  

Residue site Control site Lower part Upper part 

Temperature [C] 10.25a 13.25b 17,45a 
 

11.46b 

Standard deviation 0.90 a 1.39 b 7.92a  1.96b 

file:///C:/Users/acke_/Downloads/Draft%205_KE.docx%23Table6
file:///C:/Users/acke_/Downloads/Draft%205_KE.docx%23Fig8
file:///C:/Users/acke_/Downloads/Draft%205_KE.docx%23Table6
file:///C:/Users/acke_/Downloads/Draft%205_KE.docx%23Fig9
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Figure 7: Absorption spectra for soil water during the first (A) and second (B) sampling occasion, and for throughfall/precipitation (C). The figures have been modified to 
better show the point where the absorbance is equal to zero (right tale).  
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Figure 9: Temperature in within the upper and lower part of the residue piles. The 
temperature within stick roads was measured in May-June 2018.  

Figure 8: Temperature in soils covered with residues (“Residue site”) and without 
residues (“Control site”). The soil temperature was measured in May-June 2018.  
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Discussion  
Accumulation of MeHg in soil and residues 

Logging residues were not found to influence the accumulation of MeHg in soils covered with residues 

at any of the two study areas (Tobo and RM/TB). Previous studies have suggested that logging residues 

could mediate an increased Hg methylation rate by acting as a source of high quality OM (e.g. 

Tjerngren et al. 2012a; Eklöf et al. 2016). A possible impact of logging residues on soil water DOM 

character was observed for the spectral slope ratio (SR). A higher SR was determined for residue sites 

compared to control sites during the first sampling occasion (Table 4). The SR has been found to be 

inversely related to DOM MW (Helms et al. 2008), indicating that the DOM at control sites consisted 

out of lower MW compounds. The a254, however, was found not to significantly differ between soil 

cover type (residues and no residues) (Table 4). The observed effect on SR during the first sampling 

occasion indicates that logging residues can influence the DOM signature in soil water at residue sites. 

The result is however not compliant with logging residues acting as a source of high quality matter to 

soils covered with residues. On the contrary, larger organic compounds could contribute to a decreased 

Hg methylation rate, as a result of a reduced bioavailability of inorganic Hg-species (Ravichandran 

2004; Lescord et al. 2018).  

DOM in throughfall was found to have a higher a254 compared to the DOM in soil water (SW1), 

indicating that the DOM in thorughfall is more aromatic. As aromatic organic compounds are less 

biodegradable (Marschner and Kalbitz 2003; McKnight et al. 2003), the DOM in throughfall may be of 

lower quality compared to the DOM in soil water. Although the DOM in soil water may be of higher 

quality to that in throughfall, the level of MeHg in soils was not found to be influenced by soil cover 

type, whereas a higher concentration of MeHg was found in the lower part of the residue piles. It is 

possible that, through the degradation of residues in the lower parts, Hg methylating bacteria in 

biofilms are exposed to a high quality DOM signature that leads to an increased microbial activity. The 

higher water content in the lower part of residue piles, compared to upper parts, may also have 

contributed to creating more suboxic conditions within biofilms, conditions which are favoured by 

most Hg methylating bacteria. However, the % MeHg was not found to be higher in the lower part of 

residue piles compared to the upper part. A decreased demethylation rate in the lower part, or an 

increased demethylation rate in the upper part, therefore cannot be ruled out to have influenced the 

levels of MeHg. A decreased demethylation rate in the lower part is possible due to the lower 

temperature. Similarly, an increased demethylation rate is possible in the upper parts as a result of the 

increased temperature (Table 6). As the net Hg methylation rate is governed by the Hg methylation 

rate (e.g. Skyllberg et al. 2007), an increased Hg methylation rate is considered to be the more likely 

explanation for the accumulation of MeHg in the lower part of the residue piles. The comparison of % 

MeHg in the lower part of residue piles to soils covered with residues found % MeHg to be significantly 

higher in the lower part. This further indicates that a favourable environment for an elevated % MeHg 

is primarily created within residue piles rather than in soils below residues.  

The mean temperature in soils covered with residues was found to be lower compared to soils without 

residues during the experimental period (May-June). The temperature fluctuations, expressed by the 

standard deviation, was lower in soils covered with residues (Table 6). The lower temperature and 

reduced temperature amplitude in soils with soil cover are compliant with the findings of previous 

studies (e.g. Flerchinger et al. 2003; Jansson 2008; Da Silva et al. 2018). The temperature in the lower 

and upper part of the residue piles followed a similar pattern to soils with and without residues, where 

the upper part was found to have a higher temperature and a larger temperature amplitude compared 

to the lower part. As the upper parts of the residue pile is more exposed to sunlight during daytime, 

this facilitates a higher temperature compared to the lower parts. The lower parts are not exposed to 

direct sunlight, resulting in a lower temperature compared to the upper parts, but the fluctuation in 

temperature are reduced due to the isolating layer of residues. The observed temperature and 

temperature fluctuations within residue piles are considered to explain the difference in water content 

found between the lower and upper parts, as a higher temperature facilitates an increased evaporation. 

The soil VWC was, however, found not to be influenced by soil cover type during the experimental 
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period (Table 5). The sensor moisture (SM1) and temperature datasets may have been influenced by 

the depth at which the sensors were placed. The sensors were placed at a depth of 9 cm whereas the 

measurement radius was 7 cm. This was done to ensure that the sensors only measured within the soil 

profile. The sensors may therefore not to have capture the impact of logging residues on soil VWC and 

soil temperature in the most superficial soil horizon. However, the soil VWC calculated from manual 

measurements at a depth of 0-5 cm (SM2, SM3), also found logging residues not to influence soil VWC 

(Table 5). As a result of reduced evaporation and increased filtration, residue cover crops are generally 

considered to increase soil moisture content (Unger et al. 1991; Flerchinger et al. 2003; van Donk et al 

2010; Da Silva et al. 2018), an effect that also have been observed for logging residues (Jansson 2008). 

However, most of these studies compared the soil VWC in soils covered with residues with bare soils. 

In the present study, the soil at control sites was covered with layer of moss, around 1-2 cm, that may 

have provided insulation. This might have influenced the soil temperature amplitude and thereby the 

soil VWC. A positive correlation was found between the VWC and MeHg concentration within residue 

piles (p = 0,0066). The results therefore indicate that the accumulation of MeHg, in addition to the 

possibility of access to high quality DOM, is mediated by a more suboxic/anoxic environment in 

biofilms of the needles in the lower part of residue piles. The reduced temperature fluctuations in the 

lower part of the stick road, compared to the upper parts, could also have contributed to the 

accumulation of MeHg (Table 6 and Fig. 9). However, a similar pattern (reduced fluctuations and 

lower temperature) was observed in soils covered with residues. Here, logging residues were not found 

to influence the accumulation of MeHg.  

MLR models 

Neither the soil concentration of MeHg or % MeHg was found to be influenced by logging residues at 

RM and TB, as indicated by the selection of variables to be included in the MLR models, where the 

variable “Soil cover” was excluded. Instead, both the MeHg concentration and % MeHg were 

influenced by geographical location, i.e. study area and the sampling location within the study area 

(Table 2). As the soil conditions at RM and TB are likely to have varied between sampling sites, it is 

reasonable that the accumulation of MeHg in forest soils was influenced by geographical location. 

Possible variations among sampling sites regarding soil chemical and physical conditions might also 

have been captured as sampling was conducted along a transect from stream and further uphill. Such 

natural variations may include the soil moisture content, which is expected to have been the highest in 

soils in closest proximity to the stream (depending on topography). Both the concentration of MeHg 

and % MeHg were found to have a negative relationship with the distance to stream, where the highest 

MeHg levels (and highest % MeHg) were found in closest proximity to the stream. As an elevated soil 

moisture content promotes anoxic/suboxic conditions, the elevated MeHg levels found closest to the 

stream are reasonable. Increased soil VWC in harvested catchments have been linked with increased 

accumulation of MeHg (Kronberg et al. 2016a; Kronberg et al. 2016b). Other than moisture content, 

other soil physical parameters, e.g. soil density (Eklöf et al. 2016), and/or soil chemical parameters, 

e.g. electron acceptor availability (Drott et al. 2007) and soil nutrient status (C/N ratio) (Eklöf et al. 

2018), might have influenced % MeHg between sites and along hillslopes. Such variations are also 

thought to have been present between study areas (Tobo and RM/TB). It therefore seems like the 

impact of logging residues on % MeHg is not influenced by the variations in soil physical and chemical 

parameters that might have existed between podzols (RM/TB) and old peat soils at RM/TB and Tobo 

respectively.  

Managing logging residues  

In contrast to previous belief, logging residues were not found to influence the accumulation of MeHg 

in soils covered with residues. Instead, the accumulation of MeHg occurred in the lower parts of the 

pile of residues, indicating the possibility of an increased accumulation of MeHg in biofilms around 

decomposing needles in the lower parts of the stick road. As the soil levels of MeHg were not 

influenced in soils covered in residues, the MeHg accumulated in the lower parts of the stick road 

might have been transformed back to inorganic Hg species before reaching the soil. The very dry 

conditions during the experimental period (in Tobo), i.e. no rain event, might have influenced the 

mobilization of MeHg from the residues to the soil. These conditions could also have influenced the 



 

22 
 

net methylation rate in soils below the residues and within residue piles. As residue cover crops 

increases infiltration (Flerchinger et al. 2003), rainfall might increase soil VWC at residue sites and in 

the lower part of residue piles. The impact on stream water chemistry as a result of MeHg 

accumulation within residue piles is however unclear. Large variations regarding the export of MeHg 

from harvested areas is evident in previous studies, indicating a site specific dependency (Eklöf et al. 

2016). This might also be the case for the transfer of MeHg from within residue piles to surface waters. 

There might be little effect seen on stream water MeHg levels if there is no hydrological connectivity 

between locations with elevated soil MeHg concentrations and surface waters. The location of the 

residue piles within the catchment might therefore influence the export of MeHg from stick roads. The 

location could also influence the degradation of MeHg by providing enough time for the demethylation 

process to occur before reaching surface waters. The longer time it takes for the water to be 

transported from where MeHg is produced, the more likely it is that MeHg is demethylated to 

inorganic Hg before reaching surface waters. Although the process is not well understood, the 

accumulation of MeHg within residue piles could act as a source of MeHg and contribute to the 

leaching of MeHg from forest soils. Removing residues from harvested catchments could therefore 

reduce the export of MeHg from harvested catchments. However, logging residues are used to protect 

the soils in harvested catchments against soil disturbances caused by forest machinery, which have the 

potential to mediate and increased Hg methylation by creating cavities of standing water with access to 

organic matter (Eklöf et al. 2016). Elevated MeHg levels have been observed in such environments, 

resulting from the use of forest machinery (Eklöf et al. 2018) and water filled cavities resulting from 

stump harvest (Ukonmaanaho et al. 2016; Eklöf et al. 2018). The soil disturbances caused by forest 

machinery could also create hydrological pathways that facilitates the export of MeHg from Hg 

methylating hot-spots (Eklöf et al. 2016) and from the existing soil pool (Munthe and Hultberg 2004). 

Soil disturbances have also been found to increase the accumulation of MeHg in soils (Braaten and de 

Wit 2016). The use of logging residues therefore aids in reducing the impacts of soil disturbances that 

potentially could cause an increased Hg methylation and mobilization of MeHg. The removal of 

logging residues from harvested catchments might therefore have an overall negative effect on the 

export of MeHg from harvested catchments. Logging mats could be a good substitute for logging 

residues in close proximity of surface waters where a possible transfer of MeHg from residue piles 

more easily could happen. Further research is however necessary to evaluate the transfer of MeHg 

from logging residues to surface waters. The predicted increase in the use of logging residues as a 

source of biofuel (Swedish Energy Agency 2015) could aid in reducing the possible formation of MeHg 

within residue piles. Though, if logging residues were to be removed from harvested catchments, a 

substitute soil cover should be used to ensure minimal soil disturbances.      

Limitations of the study 

The experimental setup meant that it was not possible to isolate the impact of logging residues on 

MeHg accumulation with respect to singular environmental parameters (temperature, VWC and DOM 

signature). Therefore, determining the specific impact of logging residues that contributes to an 

increased accumulation of MeHg was not possible. The short experimental period (May – June) meant 

that how seasonal variations influences the impact of logging residues on soil and residue temperature 

fluctuations, VWC and soil water DOM composition was not evaluated. As the reduced temperature 

fluctuations could contribute to a higher soil and residue temperature during the winter months, in 

soils covered with residues and lower part of residue piles, this could potentially result in an increased 

accumulation of MeHg compared to the effect observed in this thesis. Extending the experimental 

period over the year is therefore is necessary in future research. This could also aid in determining the 

duration for which logging residues provides conditions that promotes and increased Hg methylation 

rate. The extreme weather conditions during the experimental period, with no rain fall and high air 

temperatures, might also have influenced the effects of logging residues on VWC, temperature 

amplitude and DOM character and thereby % MeHg, both within residues and in soils below residues. 

Extending the experimental period would also aid in reducing the sensitivity of the results with respect 

to specific weather conditions.    
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Conclusions 
MeHg was found to be accumulated in lower parts of residue piles. The increased formation of MeHg 

might have been mediated by an increased water content in the lower part of the residue piles, possibly 

by increasing the abundance and activity of Hg methylating microorganisms due to suboxic/anoxic 

conditions within biofilms around decomposing needles. The decomposition of logging residues might 

have provided high quality OM to biofilms that contributed to an increased microbial activity, whereas 

suboxic/anoxic conditions are favoured by most Hg methylating bacteria. Logging residues were, 

however, not found to influence the accumulation of MeHg in soils below residues. DOM in soils 

covered with residues consisted of higher MW organic compounds compared to DOM in soils without 

residues and therefore, in contrast to previous belief, logging residues might not act as a source of high 

quality organic matter to soils covered with residues. The impact of MeHg accumulation within residue 

piles on stream water chemistry is, however, unclear. As the MeHg accumulated in the lower part of 

the stick roads could become mobilized, the suitability of using stick roads depends on the location 

within the catchment. Locations that could facilitate an easy transfer to surface waters are perhaps not 

suitable to distribute logging residues within, such as in close proximity to surface waters. As logging 

residues reduces soil disturbances that potentially could cause an increased Hg methylation and 

mobilization of MeHg, if logging residues were to be removed from harvested catchments, a suitable 

substitute should be used instead, e.g. logging mats.  
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