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Abstract 
 
Spatial Variation of THg and MeHg Stream Concentrations and Its Relation to TOC  
Maria Tranvik 
 
Mercury (Hg) which originates from global emissions to the atmosphere can deposit far away from the 
source. There is often a weak correlation between Hg deposition and concentrations in runoff, 
therefore catchment specific parameters might be of importance in controlling the amount of Hg 
ending up in watercourses and fish. Total mercury (THg) and methylmercury (MeHg) concentrations 
in watercourses are correlated to organic matter (OM), and in this study total organic carbon (TOC) is 
used as a proxy for OM. This study covers data from 125 watercourses in Sweden, and investigates the 
impact of e.g. Topographic Wetness Index (TWI), forest type, soil and bedrock types, deforestation 
and catchment size on the THg and MeHg concentrations as well as on the residuals from the 
regression between THg and TOC. Previous studies have found strong correlations between THg and 
OM as well as MeHg and OM but few previous studies have studied influences of catchment specific 
factors on THg and MeHg runoff concentrations with data of this large spatial and temporal scale.  

The catchment characteristics were extracted through ArcMap and projection to latent structures 
(PLS) models were created to evaluate what characteristics had the strongest influence on the variation 
in THg and MeHg concentrations as well as on the THg/TOC residuals. A strong correlation was 
found between THg and TOC, but a weaker one between MeHg and TOC. The MeHg concentrations 
were found to be dependent on variables which co-vary with TOC, as well as on latitude. The negative 
impact of latitude on MeHg concentrations could be due to methylation being temperature dependent 
or reflecting a spatial variation in Hg deposition from north to south of Sweden. Amount of 
deforestation was found to have an impact on the THg concentrations, indicating that deforestation 
leads to larger THg fluxes from soil to stream. The fact that variables measuring OM content in the 
streams were strongly influencing THg and MeHg concentrations, and the fact that few catchment 
characteristics were of importance, indicate the high importance of OM in explaining THg and MeHg 
also at this large spatial and temporal scale.  
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Populärvetenskaplig sammanfattning 
 
Variationer av THg och MeHg koncentrationer i vattendrag och dess relation till 
organiskt material  
Maria Tranvik 
 
Studien sammanfattar hur halter av kvicksilver, och dess relation till organiskt material, i vattendrag 
påverkas av olika landskapsvariabler. Få tidigare studier har studerat hur kvicksilverhalten i vattendrag 
varierar beroende på avrinningsområdets karaktär i så stor skala, vad gäller antal områden och antal 
mätvärden, som i denna studie.  

Kvicksilver (Hg) är ett skadligt ämne för människor och natur, eftersom det i sin biotillgängliga 
form, metylkvicksilver (MeHg), är ett nervgift som kan orsaka stor skada på centrala nervsystemet. I 
de flesta vattendrag i Sverige är den uppmätta kvicksilverhalten i fisk högre än 
världshälsoorganisationens rekommenderade gränsvärden för fisk som föda. Kvicksilver härstammar 
från globala utsläpp till atmosfären som kan falla ned långt ifrån utsläppskällan. Då det ofta inte finns 
något rakt samband mellan kvicksilvernedfallet och de koncentrationer som återfinns i avrinnande 
vatten så kan områdesfaktorer och aktiviteter i de lokala avrinningsområdena ha stor betydelse för hur 
mycket kvicksilver som hamnar i våra ytvatten och sedan i fisken. Ett starkt samband har påvisats 
mellan mängden organiskt material i vattendrag och koncentrationen av totalkvicksilver (THg). 

I denna studie testas om sambandet mellan kvicksilver och organiskt material, mätt som total 
organiskt kol (TOC), kvarstår över lång tid (upp till 17 år) och hög rumslig upplösning (125 
avrinningsområden). Eftersom ett relativt starkt samband återfanns fokuserade den här studien på att 
vidare utreda hur sambandet mellan THg och TOC, samt koncentrationer av MeHg, påverkas av 
områdesfaktorer i de olika avrinningsområdena. Det undersöktes hur skogstyp, jordarts- och 
bergartstyper, skogsavverkning, avrinningsområdets storlek samt Topographic Wetness Index (TWI, 
ett mått på hur topografi och markfuktighet är fördelat inom ett avrinningsområde), påverkar 
koncentrationer av total- och metylkvicksilver samt relationen mellan totalkvicksilver och organiskt 
material. Information om avrinningsområdena togs fram i GIS och statistiska modeller för hur 
områdesfaktorer påverkar kvicksilverkoncentrationer skapades genom PLS analyser (Projection to 
Latent Structures).  

Latitud visade sig ha en negativ påverkan på MeHg koncentrationerna; desto högre latitud desto 
mindre MeHg, vilket kan bero på att metylering är temperaturdriven process och/eller att reflektera en 
variation i Hg deposition från norra till södra Sverige. Studien kan sammanfattningsvis säga att inget 
samband hittades mellan de övriga landskaps-variablerna som undersökts i studien och kvicksilver 
koncentrationer.  
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1 Introduction 

The toxic nature of mercury (Hg) makes it important to understand its spreading pathways into the 

landscape. Knowledge is needed on which factors impact these pathways, from emission, deposition, 

soil storage and catchment runoff, to better apply prevention measures and avert contamination. 

Deposition of Hg is often not linearly related to runoff concentration and catchment specific factors 

are therefore assumed to be important in controlling the amount of Hg ending up in runoff waters. 

Several factors have shown to be of significance for Hg mobility in water, and among these the most 

important one is organic matter (OM) (Ravichandran, 2004). Several previous studies have found a 

strong correlation between Hg and OM, but very few studies have evaluated what factors influence 

this relation. This study provides an attempt of investigating the importance of catchment 

characteristics from 125 Swedish catchments on Hg concentrations in runoff waters.  

The ultimate reason for Hg contamination in Swedish catchments is emissions from anthropogenic 

actions that travel long distances before depositing also in remote areas (Fitzgerald et al., 1998). 

Atmospheric Hg emissions have been determined to be the most important Hg input on land and in 

freshwaters (O’Driscoll et al., 2006). The occurrence of anthropogenic emissions since the beginning 

of the industrial revolution has led to increased deposition of Hg across the globe (Fitzgerald et al., 

1998). Hg is a global pollutant as it is spread also in remote locations, but some places suffer from 

local point sources due to fibre banks with contaminated timber, chlor-alkali plants or industries 

(Lindqvist et al. 1991). In 1953 a neurologic disorder was recognized in Japan. The disorder was later 

found to be caused by Hg intoxication through eating large amounts of contaminated fish (Takeuchi et 

al., 1962). 

Because of the first discovery of Hg poisoning, in Japan, public health concerns on Hg were raised 

and elevated levels of Hg have since been detected in fish across the globe as a result of anthropogenic 

emissions (Fitzgerald and Clarkson, 1991). When looking at a Swedish perspective it can be 

concluded that accumulation of Hg within the food chain has contributed to Hg concentrations in fish 

exceeding the European Union threshold of 0.02 mg Hg kg-1 (Directive 2008/105/EC) in most of 

Sweden’s lakes (Åkerblom et al., 2012). Hg levels in fish tissue in southern  Sweden have risen 

fivefold since preindustrial time because of anthropogenic emissions (Johansson et al., 2001). 

According to health advisory guidelines for consumption, set by FAO/WHO, Hg levels in fish should 

not exceed 0.5-1.0 mg kg-1, a threshold which has been exceeded in 52.5 % of Swedish waters 

(Åkerblom et al., 2014). 

Several forms of Hg occur in nature; inorganic Hg (metallic Hg, Hg vapor, mercurous and mercuric 

salts) and organic Hg, where the compounds have a structure where Hg is bonding to complexes 

containing carbon atoms (methyl, ethyl phenyl, etc.) (Bernhoft, 2012). Among these Hg forms, a lot of 

focus is on methyl-Hg (MeHg) as this is a neurotoxin and is assumed to be the most bioaccumulative 

of all Hg species (Wang et al., 2004). MeHg formation takes place in anaerobic environments, in water 
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saturated soils or in sediments, by microorganisms, such as sulfate reducing bacteria or iron reducing 

bacteria (Bernhoft, 2012). Several factors influence this methylation process and the rate at which it 

occurs; such as temperature, biological activity, sulfur chemistry, nutrient availability, pH, redox 

potential as well as presence of inorganic and organic complexing agents (Ullrich et al., 2001). The 

relative influence of each of the different factors varies between catchments with changes in catchment 

characteristics. The way OM impacts the methylation process is not well understood as it is believed 

to stimulate both demethylation and methylation (Ullrich et al., 2001). MeHg is ingested by organisms 

in the base of the food-chain that in turn is consumed by greater ones, leading to higher Hg 

concentrations in fish tissue in secondary consumers and further up in the food chain (Bernhoft, 2012). 

In animals, MeHg is absorbed through the gut and deposited in many tissues. While the presence of 

Hg in streams and lakes leads to harmful effects on nature and wildlife, it also in turn leads to harmful 

effects for humans due to the increase in Hg concentration with every step of the food chain 

(Ravichandran, 2004). 

The aim of this study is to evaluate how different landscape parameters impact THg and MeHg 

concentrations in Swedish runoff water. It also aims to investigate the relation between THg and TOC 

and what factors are influencing this relation in a spatial scale.  
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2 Aim 
The purpose of this study is to evaluate what spatial landscape parameters influence the THg and 

MeHg concentrations in streams as well as the relation between THg and total organic carbon (TOC) 

in 125 Swedish catchments. The study aims to answer three main questions: 1) Will the commonly 

observed strong relation between TOC and THg/MeHg persist at the large spatial and temporal scale 

investigated in this study? 2) How do landscape parameters (bedrock, forest type, soil, topographic 

wetness index) of the different catchments explain the spatial variation of THg, MeHg and the 

residuals of the THg/TOC regression? 3) How are the variations in THg and MeHg concentrations as 

well as in the THg/TOC residuals influenced by forest harvest? 

A large amount of data, distributed both over time (up to 17 years) and space (125 catchments), is 

used to evaluate how the residuals from the THg/TOC regression and the THg and MeHg 

concentrations is influenced by catchment characteristics. Landscape parameters are analysed and 

extracted for each catchment using ArcGIS. Some of the study areas are subjects to forestry while 

others are not. Therefore a separate analysis is performed evaluating the impact of different exposure 

to forestry. 

The results are expected to support the theories of OM having a great impact on THg 

concentrations. In addition to OM, landscape parameters are also expected to be of importance when 

explaining variations in THg and MeHg concentrations. Forestry is also believed to increase the 

amount of THg and MeHg in streams and higher concentrations are expected when catchments subject 

to deforestation are compared to pristine areas. The results will be presented through statistical 

analysis of how Hg and OM are related as well as through statistical models explaining how the 

different variables included in this study control the THg/TOC residuals, and the THg and MeHg 

concentrations.  
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3 Background 
What parameters affect the mobilization of THg and MeHg from soils to waters and the accumulation 

of MeHg in the base of the food chain are still to some extent uncertain (Bishop and Lee, 1997). The 

following paragraphs give a background to the knowledge about the toxicity of Hg, identified as a 

result of the Minamata disease, as well as the relation between Hg and OM in catchment runoff. 

3.1 Minamata disease 
The toxicity of Hg was first recognized in the Minamata bay, Japan, in late 1953. The outbreak of a 

mysterious illness shook a whole village and its residents (Takeuchi et al., 1962). As this illness spread 

and took on epidemic proportions, staff members at Kumamoto University of Japan started 

investigating the reason for the illness. It was named Minamata disease, after the Minamata Bay where 

it first was discovered. Autopsies of deceased showed that the illness was a neurologic disorder which 

was caused by eating large amounts of fish and shellfish contaminated by effluent from the close-by, 

recently launched, industrial plant (Takeuchi et al., 1962). After the discovery of Minamata disease in 

1953 several other cases of large-scale of Hg poisoning occurred in Niigata, Japan (Harada, 1976 in 

Harada, 1978); in New Mexico (Snyder, 1971) and in Iraq (Amin-Zaki et al., 1974). Several studies 

followed the first outbreak of the Minamata disease, in 1953, but it was not until 1960 the first report 

came on MeHg being the plausible cause (Kurland et al., 1960). Since the discovery of the Minamata 

disease several studies have shown that Hg, and especially MeHg, is very toxic to the human body and 

especially embryos and fetuses (Grandjean et al., 2010; Wang et al., 2004). This has led to that 

awareness has been raised on the dangers of Hg and the importance of understanding its toxicity and 

pathways (Wang et al., 2004; Wolfe et al., 1998). It has also resulted in that guidelines has been set for 

consumption of Hg polluted fish and shellfish, to protect humans and especially fetuses (Grandjean et 

al., 2010). 

As MeHg enters the human body it interacts with sulfhydryl groups and is possibly interfering with 

cellular or subcellular structures. It is also believed to disturb DNA transcription, protein synthesis and 

fetal brain development, as it concentrates in the brain, liver, kidneys, placenta, peripheral nerves, 

bone marrow and fetus (Bernhoft, 2012). The discovery of the Minamata disease and the knowledge 

on the dangers of Hg have led to a treaty called the Minamata Convention on Mercury which aims to 

control the health and environmental impact of Hg (Mackey et al., 2014). 

3.2 Impact of organic material 
The concentrations of OM in water have been identified to be strongly correlated with THg 

concentrations in earlier studies as the THg/OM ratios were similar between different catchments 

(Dittman et al., 2010; Ravichandran, 2004; Stoken et al., 2016). OM interacts with several trace metals 

and is known to create strong bonds with Hg (Ravichandran, 2004). The strong ionic bonds between 

Hg and sulfur sites in OM control the transport of Hg from soils into streams, lakes and groundwater 
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(Ravichandran, 2004). These strong bonds are known to facilitate the transport of Hg as OM acts as a 

“carrier” within the streams (Driscoll et al., 2013). The high bioaccumulation rate of MeHg is related 

to its affinity to bind to sulfur sites as it binds to sulfur-containing proteins within living organisms 

(Dittman et al., 2010; Ravichandran, 2004; Stoken et al., 2016). The complexation of OM and Hg 

leads to less Hg being available for methylation and hence it decreases the bioaccumulation of MeHg 

(Ravichandran, 2004). OM contains fulvic and humic acid fractions which are capable of reducing 

ionic Hg to the volatile elemental Hg; increasing the Hg flux from ground to atmosphere 

(Ravichandran, 2004).  

Hydrophobic organic acids (HPOA) are an aromatic component of the OM which contain a high 

amount of reduced sulfur and hence they play an important role in the occurrence of Hg-sulfur bonds. 

The aromatic carbon content is measured through Specific Ultraviolet Absorbance (absorbance at 254 

nm related to DOC concentration) and is commonly used as a quality measure of OM and is of 

importance to further consider when analysing the THg/TOC residuals (Stoken et al., 2016). 

Increasing OM concentrations have been detected in lakes during the past 30 years, possible driven 

by increases in soil solubility due to decreases in atmospheric sulfur emissions (Bragée, 2013). There 

is a risk that increases in OM also will mean increased Hg concentrations in surface waters. However, 

studies have found that some fractions of OM are more capable of mobilizing Hg than other fractions 

(Eklöf et al. 2012). Ongoing and future climate change is believed to affect the Hg/OM ratio in 

watersheds and the Hg mobility in streams is expected to increase (Stoken et al., 2016). 
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4 Methodology 

4.1 Water chemistry 
Data on water chemistry in the different catchments was downloaded from the SLU service for 

environmental data (SLU, 2017) or delivered from project leaders of the different projects. Data was 

downloaded for all sites were Hg concentrations have been frequently measured for a longer period.  

Although the water chemistry sampling has been conducted by different people over time and 

between sites, the sampling methods used have followed the same procedure and should not have had 

any influence on the quality of the data. In all datasets sampling for all water chemical variables 

included the following common steps; 1) sampling have been done using single use plastic gloves, 2) 

bottles are fabric new and/or pre-washed in acid (bottles for THg always acid-washed), 3) bottles are 

rinsed in stream water before the sample is collected, and 4) samples are stored in a cool box during 

transportation to the lab. Analyses of the THg samples have been done at the department of 

environmental science and analytical chemistry at Stockholm University or at the Swedish 

Environmental Research (IVL). Analyses of MeHg were done at the department of forest ecology and 

management at the Swedish University of Agricultural Sciences (SLU) or at IVL. Analyses of general 

chemistry were done at the department of aquatic science and assessment at SLU and at the 

department of forest ecology and management at SLU. Samples were stored in a fridge before and 

after analysis.  

4.2 Quality check of Hg data 
Unreasonably high concentrations of Hg were assumed to be contaminated and were removed from 

further analysis. As waters with high TOC concentrations usually are high in THg and MeHg, 

THg/TOC and MeHg/TOC regressions were created for each of the catchments to visually evaluate 

the data. Only 40 obviously contaminated samples were excluded out of a total of 11 278 

measurements.  

4.3 Catchment properties 

4.3.1 Study sites 
The data used in this study is covering 125 catchments and the characteristics of the catchments vary 

significantly. Catchment size, ranged from 0.07 km2 to 200 km2. 

4.3.2 Characteristics of the land 
Bedrock type, soil type, forest type, latitude, catchment size, discharge and amount of deforestation are 

all different variables which are assumed to have an impact on the Hg concentrations in the different 
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catchments. These variables were therefore estimated to obtain percentages of the different 

characteristics of each catchment.  

The catchment and discharge data was downloaded from the Swedish Meteorological and 

Hydrological Institute (SMHI). The catchment data has been produced by the Swedish Water Archive 

(SMHI, 2016) through use of the general map (översiktskartan), the terrain map (terrängkartan) and 

the road map (vägkartan) provided by the Swedish Land Survey (Lantmäteriet). The watersheds 

obtained are subcatchments which are the finest classification available on watersheds across Sweden, 

and the original file contained 52 778 polygons representing sub catchments across Sweden and from 

this data the relevant catchments for this study were localized (Fig. 1). The water chemistry sampling 

points were through this classification not set as catchment outlet, while the discharge data is sampled 

at catchment outlet. This is a rough method of defining watersheds which had to be used due to the 

great amount of catchments that were treated during a limited time.  

The discharge data is based on model estimations of discharge within the stream at the outlet of the 

catchment and of the local discharge from ground surface to surface water within the catchment. The 

variables used to estimate discharge are soil type and land use and the model provides data which 

typically contain errors of ±10% (SMHI, 2016). The medians were found for the discharge data to 

obtain one value of the contribution of runoff water from ground surface to surface water within each 

catchment. The catchment data was used to extract latitude and catchment size for each of the 

catchments to investigate how this might impact the Hg data.  

Data on soil and bedrock type was downloaded from the Swedish Geological Survey (SGU) 

through the SLU service for distribution of geographical data. These layers are describing the 

variations in the top soil layers and in bedrock types underlying the catchments. The data is 

constructed based on combinations of geologic field observations and interpretation of geophysical 

data. The soil and bedrock layers were intersected with the catchment data and the area for each of the 

soil and bedrock types were calculated to obtain percentages of soil and bedrock types within each 

catchment. The bedrock and soil data obtained was classified as more than 50 different types 

respectively, and had to be reclassified into groups to simplify the analysis and avoid 

overparameterization. The different soil and bedrock types were grouped according to organic content 

and grain size since these are the variables which are believed to impact Hg. This was done personal 

communication with geologist Börje Dahrén and area percentages were calculated for each soil and 

bedrock group (Appendix A). Area percentages were calculated for each of the different soil and 

bedrock types (Fig. 2 & 3). 

Land cover data was obtained from the Swedish EPA and is based on satellite data collected 

between years 1999 and 2001. This data was processed in a similar way as to the bedrock and soil data 

to exclude irrelevant data. Forest type was extracted as area percentages per catchment (Fig. 4). 
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Figure 1. Distribution of the catchments surveyed in this study, black areas indicate catchments, T53 indicates 
where the example catchment for which all the following maps are presented. (Source: GSD-Översiktskartan 
vektor, GSD-Administrativ indelning 1:250 000, GSD-Höjdkurvor 25m, © Lantmäteriet). 
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4.3.3 Deforestation 
The clear cutting data was downloaded through the map service of the Swedish Forest Agency 

(Skogsstyrelsen, 2017) and is produced based on satellite images with a starting date in 2003. The 

deforestation data was combined with the catchment data using the Intersect tool to keep only the data 

relevant for the catchments in this study.  

As amount of deforested area increases over time the total amount of deforestation recorded in the 

data cannot be used to investigate its impact on Hg. Therefore all the deforestation which occurred 

from the beginning of 1998 to end of 2006 was calculated as an area percentage per catchment (Fig. 

5). To obtain relevant chemistry data to be related to the deforestation data, this was done in a separate 

PLS analysis where catchment medians were found for the water chemistry variables based on data 

obtained between the beginning of 2007 to the end of 2016. 

4.3.4 Topographic Wetness Index 
The Topographic Wetness Index (TWI) is commonly used as a definition of the impact of topography 

on the hydrological processes in a catchment (Sørensen et al., 2006). The concept of TWI was 

developed by Beven and Kirkby (1979) and is defined as ln(a/tanβ) where a is the local upslope area 

draining through a certain point per unit contour length and tanβ is the local slope (Beven and Kirkby, 

1979). A high TWI indicate areas which saturate quickly when water enters the catchment while a low 

TWI indicates generally dry areas (Lin et al., 2006).  

It has been concluded that the resolution of the digital elevation model (DEM) has an impact on the 

accuracy of the estimated hydrological features, such as TWI (Vaze et al., 2010). Even though DEMs 

with a resolution of 2×2 m2 were available the ones used in this study have a cell size of 50×50 m2. 

This is because when the model was run with the higher resolution DEMs it was too time consuming 

for this study.  

There are several ways to estimate TWI. Differences in the way of calculating upslope contributing 

area can lead to differences in the estimations of TWI (Sørensen et al., 2006). Hjerdt et al. (2004) 

suggested an alternative way of defining slope, where it was defined as the slope to the closest point 

that is d meters below the point of interest; tan(αd). The original way of determining the slope is only 

considering in which direction the elevation difference is greatest from the cell of interest to its closest 

neighbors. This definition, the local slope (tan(β)), was found to be best for estimating hydrological 

variables, such as soil moisture and wetness degree (Sørensen et al., 2006). As these hydrological 

variables are expected to be important when investigating the mobility of Hg the local slope is used in 

this study.  
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4.3.4.1 TWI model 
In this study TWI was obtained for the catchments through processing of the elevation data, obtained 

from the Swedish Land Survey. As the elevation data covers many parts of Sweden a model was 

constructed with the model builder in ArcGIS to ease processing of the great amount of data.  

The model used for estimating TWI followed the scheme which can be seen in Appendix 2. The 

elevation data along with the defined watersheds were used as inputs. The sinks of the DEM were 

filled as it has been concluded that this action would not significantly influence the results obtained 

(Sørensen et al., 2006). The flow direction and the flow accumulation were estimated through the tools 

available in ArcMap. The flow direction was then reclassified to define whether the flow was diagonal 

across the cell or if it occurred perpendicular to the cell borders. The tool (Reclassify) used for this 

conversion cannot handle decimals and hence values for orthogonal flow were set to 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ ×

1000 and diagonal flow was set to �(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ)2 + (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ)2 × 1000. The Specific Catchment 

Area (SCA) was calculated within the Raster Calculator according to the following formula: 

 

𝑆𝑆𝑆𝑆𝑆𝑆 = �(𝐹𝐹𝑐𝑐𝐹𝐹𝑤𝑤 𝑆𝑆𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝐴𝐴𝑤𝑤𝑤𝑤𝐹𝐹𝐴𝐴) + 1� × 50 × 50 × (
𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝐴𝐴𝑅𝑅𝑅𝑅𝑤𝑤𝑅𝑅𝑤𝑤𝑐𝑐𝑤𝑤 𝐹𝐹𝑐𝑐𝐹𝐹𝑤𝑤 𝑤𝑤𝑤𝑤𝑑𝑑𝑐𝑐𝑐𝑐𝑤𝑤𝑤𝑤𝐹𝐹𝐴𝐴

1000
) 

 

where the +1 is added to avoid the 0-values which otherwise would have been obtained for ridges 

where flow accumulation does not occur (and hence would have resulted in a catchment area which 

would constantly have been one grid cell size to small), 50 × 50 refers to the cell size and the 

𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝐴𝐴𝑅𝑅𝑅𝑅𝑤𝑤𝑅𝑅𝑤𝑤𝑐𝑐𝑤𝑤 𝐹𝐹𝑐𝑐𝐹𝐹𝑤𝑤 𝑤𝑤𝑤𝑤𝑑𝑑𝑐𝑐𝑐𝑐𝑤𝑤𝑤𝑤𝐹𝐹𝐴𝐴 is divided by 1000 to cancel out the multiplication in the previous 

step.  

The slope was estimated using the Slope tool in ArcGIS, which uses the concept of the local slope 

and drains every cell to its surrounding neighbor, and was then inserted into the Raster Calculator 

together with the SCA to obtain a first estimation of TWI. As some values for SCA/tan(β) were less 

than 0 this had to be corrected for using a conditional statement in the Raster Calculator stating that if 

the values for TWI were less than 0 they would be converted to 0. The following steps for slope and 

TWI (Int, Raster to Polygon) were used to convert the file types to shapefiles to ease spatial joining 

with the original watershed files to combine the different data files and obtain TWI values for each cell 

of the catchment (Fig. 6). Median values of TWI from each catchment were used in the PLS analyses.  
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Figure 2. Distribution of the soil types within catchment T53. Soil_2 = Clay-like sediments, Soil_3 = Organic 
sediments, Soil_4 = Other soil types, Soil_5 = Sand-like sediments (Table A1). (Source: Jordarter 1:25 000-
1:100 0000, © SGU). 

Figure 3. Distribution of the bedrock types within catchment T53. Bedrock_3 = Felsic granitoids, vulcanites and 
metamorphic bedrock types, Bedrock_1 = Psammites and Rudites (Table A2). (Source: Berggrund 1:50 000-
1:250 000, © SGU). 

SWEREF 99 TM: N 6507359, E 290679 

SWEREF 99 TM: N 6507359, E 290679 
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Figure 4. Distribution of the forest types within catchment T53 (Source: Svenska Marktäckedata,  
© Naturvårdsverket). 

Figure 5. Deforestation which occurred between 1998-2007 within catchment T53 (© Skogsstyrelsen). 

SWEREF 99 TM: N 6507359, E 290679 

SWEREF 99 TM: N 6507359, E 290679 
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4.4 OM and Hg 
As Hg and OM are expected to be strongly correlated, regression analyses were made to investigate 

how this relationship persists over the large spatial and temporal range of catchments and sampling 

periods. The regression analyses include data sampled over a large timespan (~17 years) and the 

variables used as proxies for OM in this study are TOC and UV-absorbance at 254 nm and 420 nm. 

4.5 Projection to Latent Structures (PLS) 
Projection to Latent Structures (PLS) is used in this study to evaluate the importance of catchment 

characteristics and median values of water chemistry (X) to explain the variation in THg, MeHg or 

THg/TOC (Y). The software SIMCA 14.0 was used to perform the PLS analyses. How well the 

models fit the data is shown through the R2 and Q2 values, presented in results. The R2 represents a 

good model fit with high values (close to 1) while the Q2 reflects how well the model predicts new 

data (a value above 0.5 indicates good predictivity) (Wold et al., 1993).  

In general, the water chemistry variables were not normally distributed and median values for each 

catchment were used for the PLS-analyses (Table 1 & 2).  To avoid skewness and 

overparameterization of the PLS models chemical variables that were irrelevant for explaining Hg 

concentrations and/or variables that were missing from many catchments were excluded from further 

analyses. 

  

Figure 6. Distribution of the TWI classes within catchment T53 (Source: GSD-Höjddata, grid 50+ nh,  
© Lantmäteriet). 

SWEREF 99 TM: N 6507359, E 290679 
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Table 1. Variables included in the PLS analyses. 
Catchment characteristics Catchment size [m2] 

Discharge [m3/s]  
Latitude [ᴼ] 
TWI [class] 
Deciduous, Coniferous & Mixed Forest [%] 
Deforestation [%] 
Bedrock type [%] 
Soil type [%] 

Water chemistry variables Absorbance (Abs 420 nm & Abs 254 nm), Aluminium (Al), 
Alkalinity, Calcium (Ca), Cadmium (Cd), Chloride (Cl), Fluoride 
(F), Iron (Fe), Total mercury (THg), Potassium (K), Conductivity 
(Kond), Methylmercury (MeHg), Magnesium (Mg), Manganese 
(Mn), Sodium (Na), Ammonium-nitrogen (NH4-N), Nitrite + 
Nitrate- nitrogen (NO2+NO3-N), Lead (Pb), pH, Silicon (Si), Total 
Suspended Solids (TSS), Sulphate (SO4), Total Organic Carbon 
(TOC), Total Nitrogen (Tot-N), Total Phosphorous (Tot-P) 

 
Table 2. The different PLS analyses performed. The deforestation dataset uses deforestation data from the 
years1998-2006 and median water chemistry concentrations from 2007-2016. 

4.5.1 Variable selection 
Variable selection is used to select the most relevant predictor variables (X) which are explaining the 

variation of the response variable (Y). One concept of variable selection was proposed in 1993 by 

Wold et al. as Variable Importance on Projection (VIP) scores. VIP scores are useful when explaining 

how x-variables best explain y variance as they explain the influence of individual x-variables on the 

PLS model (Farrés et al., 2015). VIP scores are calculated as the weighted sum of squares of the PLS 

weights, w*, which each take into account the amount of explained y variance in each extracted latent 

variable.  

Another measure of variable importance is the coefficient plot obtained from the PLS analysis. The 

coefficient plot shows regression coefficients to the scaled and centred X-variables. The magnitudes of 

the coefficients represent the changes in Y-variable (THg) when the X-variable varies from 0 to 1. 

Thus these coefficients reflect how strongly Y is related to each of the X-variables. However since 

plenty of X-variables are used in the model this results in coefficients which are not independent; Y 

cannot be expected to actually change the amount indicated by the coefficient value. The coefficient 

Model Dataset Y-variable 

M1 All data THg 

M2 All data MeHg 

M3 All data Residuals THg/TOC 

M4 Deforestation dataset THg 

M5 Deforestation dataset MeHg 

M6 Deforestation dataset Residuals THg/TOC 
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plot includes confidence intervals, which if not including 0 indicates that the specific variable is of 

importance. 

The VIP scores higher than 1 along with the confidence intervals for the coefficients that were not 

including 0 were in this study used as a definition of significant X variables explaining the variation in 

the Y data. The final loading plots included in this report only include significant X variables.  
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5 Results 

5.1 Relation between Hg, Absorbance and TOC 
The regression analyses performed showed that there was a significant correlation between THg and 

TOC (Fig. 7, R2=0.63, p<0.0001). The correlation between MeHg and TOC (Fig. 8, R2=0.17, 

p<0.0001) was found to be much weaker. There was a strong correlation between Abs 420 nm and 

THg (Fig. 9, R2=0.67, p<0.0001) as well as for Abs 254 nm and THg (Fig. 10, R2=0.45, p<0.0001). 

The data from the catchments including MeHg concentrations only contained measurements on Abs 

420 and showed a weak correlation between Abs 420 nm and MeHg (Fig. 11, R2=0.29, p<0.0001). In 

summary, the absorbance measurements at 420 nm explained more of the variation in THg and MeHg 

than the measurements of TOC. 

 
 

  

Figure 7. Regression analysis between THg and TOC.  

R2=0.63 
p<0.0001  

Figure 8. Regression analysis between MeHg and 
TOC. 

R2=0.17 
p<0.0001 

Figure 9. Regression analysis between THg and Abs 
420. 

R2=0.67 
p<0.0001  

Figure 10. Regression analysis between THg and Abs 
254. 

R2=0.45 
p<0.0001  
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5.2 Spatial variability of THg 
The catchment median runoff concentrations of THg ranged from a minimum of 0.3 ng/L to a 

maximum of 27.4 ng/L.  

The PLS models, using median values of catchment characteristics and chemistry to explain the 

spatial variability of THg had a strong fit with three components explaining the variability. The first 

component explains 77% of the variability and the final model with three components explains 90% of 

the variations (Table 3 & Fig. 12). The PLS analysis of THg showed that it is strongly dependent on 

TOC (VIP=2.53) as expected through the strong correlation between THg and TOC (Fig. 7). 

Significant variables explaining the variation in THg were: TOC, absorbance at 420 nm, aluminium 

(Al), iron (Fe), total suspended solids (TSS) and pH.  

The PLS model made for the THg/TOC residuals differed much from the initial THg model in 

goodness of fit with three components together explaining 34% of the variability (Fig. 13 & Table 3). 

The lower R2- and Q2-values were expected as the TOC concentrations explain that much of the THg 

variation. Significant variables explaining the variation in residuals from the THg/TOC regression 

were: alkalinity, calcium (Ca), conductivity and TSS. 

 

 

  

Figure 11. Regression analysis between MeHg and Abs 
420. 

R2=0.29 
p<0.0001 
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Figure 12. Projection of THg and the different predictor variables on the first two latent vectors obtained in the 
PLS analysis. 

Figure 13. Projection of the residuals from the THg/TOC regression and the different predictor variables on the 
first two latent vectors obtained in the PLS analysis. 
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Table 3. Cumulative R2- and Q2-values for the different components of the different PLS-analyses. 

Y-variable 

Number of 
components 
in the final 
PLS-model 

1st component 2nd component 3rd component 

Cumulative 
R2 

Cumulative 
Q2 

Cumulative 
R2 

Cumulative 
Q2 

Cumulative 
R2 

Cumulative 
Q2 

THg 3 0.770 0.720 0.846 0.798 0.902 0.838 

Residuals 
THg/TOC 3 0.l33 0.0524 0.260 0.0929 0.344 0.0968 

MeHg 1 0.732 0.595 - - - - 

THg 
(deforestation 

analysis) 
3 0.791 0.746 0.853 0.805 0.898 0.833 

 

5.2.1 Spatial variability of MeHg 
The MeHg median concentrations also varied greatly across the catchments from a minimum of 0.01 

ng/L to a maximum of 9.27 ng/L. 

The PLS model explaining the variability in MeHg concentrations showed a strong fit with one 

single component explaining 73 % of the variations (Fig. 14 & Table 3). Latitude (VIP=1.32) has a 

strong negative relation to MeHg, meaning that the further north the less MeHg. Other significant 

variables are TOC (VIP=2.08), Al, Fe, THg, sodium (Na), ammonium-nitrogen (NH4-N), pH, TSS and 

total nitrogen (Tot-N). 

 
Figure 14. Projection of MeHg and the different predictor variables on the first two latent vectors obtained in the 
PLS analysis. 
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5.2.2 Deforestation impact on Hg 
The PLS model, using deforestation data (1998-2006) and median water chemistry concentrations 

(2007-2016) together with catchment characteristics, to explain the spatial variability of THg, had a 

strong fit with three components explaining the variability. The first component explains 79% of the 

variability and the final model with three components explains 90% (Fig. 15 & Table 3). The 

deforestation variable is significant in this model (VIP=1.26) and shows to have a positive impact, 

meaning that more deforestation within the catchment leads to higher THg concentrations (Fig. 15). 

The PLS model for the THg/TOC residuals resulted in a model with three components explaining 

37 % of the variability (R2=0.37, Q2=0.13), where the first component explains 15 % of the variability 

while component 1 and 2 together explain 30%. This model showed no significant relation to 

deforestation as the confidence interval for the variable included 0 (VIP=1.68). 

The PLS model for the MeHg concentrations showed a strong fit (R2=0.73, Q2=0.58) with one 

single component explaining the variations. However, this PLS model showed that deforestation was 

no significant variable in explaining the MeHg concentrations (VIP=0.52). 

  

Figure 15. Projection of THg and the different predictor variables on the first two latent vectors obtained in the 
PLS analysis, investigating the impact of deforestation. 
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6 Discussion 

6.1 Spatial variations of THg, MeHg and THg/TOC residuals 
The PLS model explaining the variation of the THg concentrations has a very good fit (Table 3), 

explaining much of the variability of the THg concentrations. The very strong impact of OM on Hg 

(seen through the relations between Hg and the two proxies for OM used in this study, TOC and 

absorbance) indicate that other significant variables in the models explaining THg and MeHg in fact 

could be co-varying with OM and not being primary drivers to Hg concentrations. One variable that 

may co-vary with OM is pH, as acidic functional groups in the OM have a large impact on the pH 

(Oliver et al., 1983). Other variables which are known to co-vary with Hg are Fe and Al, as these also 

form complexes with OM similar to Hg (Ravichandran, 2004). TSS might also co-vary with TOC; the 

more TOC the more suspended solids in the water.  

One of the water chemistry variables which best describes the THg concentrations is absorbance. 

The regressions between THg/MeHg and absorbance (Abs254 and Abs420) were stronger than when 

these variables were related to TOC. This indicates that absorbance is a better proxy for Hg variations 

than TOC, as suggested also in previous studies (Eklöf et al., 2012). Abs 254 has been concluded to be 

the best measurement of absorbance to explain Hg variations (Dittman et al., 2010). However, only 

data on absorbance at 420 nm, not at 254 nm, was available for the catchments where MeHg 

concentrations have been measured. Only the Abs 420 showed to be a significant variably in the PLS 

analyses explaining the variation of THg, probably because of few measurements (n=58) of Abs 254 

compared to Abs 420 (n=123).  

Among the catchment characteristics, no variables stand out as significant in the PLS analyses 

performed in this study. However, previous studies have found correlation between amount of 

coniferous forest cover (Eagles-Smith et al., 2016), possible as a result of conifers are better at 

absorbing Hg than deciduous trees, due to the conifers higher leaf area index, surface roughness and 

density of leaf hair (Drenner et al., 2013). Even though previous studies have indicated that catchment 

size is of importance in Hg mobility (Bishop and Lee, 1997; Stoken et al., 2016) no relation was found 

in this study. 

The very strong relationship between THg and TOC means that TOC explains a lot of the variation 

of the THg concentrations. Once TOC concentrations are accounted for by evaluating the residuals 

from the THg versus TOC regression, the PLS-model shows a poorer fit (R2=0.27, Q2=0.12) compared 

to the model explaining the THg concentrations (R2=0.90, Q2=0.84). 

As the strong influence of TOC is removed other variables are shown to be of significance for the 

THg/TOC residuals. The prevailing negative impact of TSS on the residuals might indicate that THg 

not only binds to organic particles but to inorganic particles as well. The negative impact of Ca, 

alkalinity and conductivity on the THg/TOC residuals (Fig. 13) may indicate a spatial variation in 
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catchment specific factors not included in this study. Such factors could for example be agricultural 

activities, but further research is needed to fully understand the importance of these variables and/or 

the activities or characteristics they signifies.  

The correlation found between MeHg and TOC is not as strong as the one between THg and TOC 

although significant. The PLS analysis for MeHg show that TOC, and variables that co-vary with TOC 

(Al, Fe, pH, TSS, NH4-N, Tot-N) are significant for the MeHg concentrations. The weaker 

significance of TOC for MeHg, than for THg, may be because the methylation of Hg is controlled by a 

number of factors, such as temperature, sulfur chemistry and presence of anaerobic environments. 

Latitude, reflecting differences in temperature from north to south, is a significant variable controlling 

the MeHg concentrations. The negative impact of latitude on MeHg may be related to the fact that less 

methylation occurs at lower temperatures towards the north of Sweden. The importance of latitude on 

MeHg may also reflect a spatial variation in Hg deposition from the north to the south. Wetlands 

usually supply favourable conditions for methylation to occur. Wetlands also lead to lower pH in 

adjacent stream waters. The covariation between MeHg and pH (Fig. 14)  may indicate that wetlands 

are important in determining MeHg concentrations in streams (Branfireun et al., 2005). 

A positive influence of deforestation on THg concentrations was found in this study (Fig. 15), 

meaning that more deforestation within the catchment resulted in higher THg concentrations in 

streams. This is in agreement with Eklöf et al. (2016) who conclude that forestry can lead to increased 

Hg fluxes from soil to watercourse, resulting in elevated Hg concentrations in streams. Previous 

studies have also found higher concentrations of MeHg in runoff water after forest harvest (Eklöf et 

al., 2016). However, deforestation had no significant influence on the MeHg concentrations in this 

study. Eklöf et al. (2016) reviewed the published papers on forestry effects on Hg and found a large 

variation in forestry effects between catchments, varying from no response up to manifold increases in 

THg and MeHg runoff concentrations. However no other study has been performed at such a large 

scale as the present one.  

6.2 Chemical and catchment data 
The strength of this study lies within the many catchments studied and the large amount of temporal 

data which has been summarized and included in the analyses. The large amount of data has however 

led to simplifications which had to be made to ease the methods and make processing of data less time 

consuming. 

One major issue in this study is that the catchments used might be overestimations of the catchment 

size. It might also lead to errors in the estimations of other catchment characteristics when comparing 

them to the water chemistry variables which by this catchment definition were not sampled at the 

catchment outlet. This catchment definition was used because the catchments were taken from SMHI’s 

finest catchment division. This leads to uncertainties in the determination of all of the catchment 

characteristics and another way of catchment definition would have been preferred if there had been 
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more time to perform this study. The issue of the catchment definition is important to consider when 

evaluating the results of this study. 

The grouping of soil and bedrock types was based on grain size and organic content as this was 

estimated to be the best solution available to avoid overparameterization in the PLS analyses. This 

type of grouping might influence the relationship as other characteristics of the different bedrock/soil 

types are hidden within the groups and the impact of these characteristics is hence not included in the 

analyses. 

The data used to investigate how deforestation impacts the THg and MeHg concentrations as well 

as the THg/TOC residuals did not show any strong impact of deforestation on MeHg. This might be 

because the medians of water chemistry could include data from when more deforestation had 

occurred or the harvested areas already had recovered and hence might not be a good representation of 

the relation between deforestation and Hg concentrations. A temporal evaluation studying the 

influence of deforestation over time would have been a good method to test the influence of 

deforestation. This was, however, not manageable in the time-frame of this thesis. 
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7 Conclusions 
Similar to earlier studies, this study concludes that THg and TOC are strongly related and TOC 

explains much of the variations in THg concentrations. However, measurements of absorbance are 

suggested to be a better predictor for THg than TOC. TOC is also explaining much of the variation in 

MeHg concentrations, although this relation is weaker than for THg. The poorer model fit of the 

MeHg PLS model is assumed to be caused by there being other explanatory factors which have not 

been included in this study.  

Latitude is found to have an impact on the MeHg concentrations, in accordance with methylation 

being a temperature driven process and/or as the latitude variable reflects a spatial variation in Hg 

deposition from north to south of Sweden. Catchment size is found to have no significant impact on 

Hg concentrations, neither on THg nor on MeHg. None of the other catchment characteristics 

investigated in this study are found to have an impact on THg, MeHg or the residuals from the 

THg/TOC regression. 

Amount of deforestation in the catchment were a significant variable increasing the THg 

concentrations in streams. However, deforestation was not significantly influencing the MeHg 

concentrations. The lack of a forestry response on MeHg is probably due to this study not covering the 

temporal aspects and further studies should aim at studying forestry changes over time.  
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Appendix A: Soil and bedrock classes  
Table A1.  Soil classes. 
Soil class  Characteristics Soil types (SGU classification) 

Soil_1 Partly organic 

sediments 

Bleke och kalkgyttja, Gyttja, Gyttjelera (eller lergyttja) 

Soil_2 Clay-like sediments Glacial finlera, Glacial grovlera, Glacial lera, Lera, Lera--silt, 

Lera--silt (tidvis under vatten), Moränfinlera, Morängrovlera, 

Moränlera, Moränlera eller lerig morän, Postglacial finlera, 

Postglacial grovlera, Postglacial lera, Svämsediment (ler--silt), 

Älvsediment (ler--silt) 

Soil_3 Organic sediments Kärrtorv, Mossetorv, Torv, Torv (tidvis under vatten) 

Soil_4 Other soil types 

(assumed not to 

have an impact on 

mercury, not 

included in PLS 

analyses) 

Berg, Blockmark, Fyllning, Grusig morän, Isälvssediment, 

Isälvssediment (grus), Klapper, Lerig morän, Morän, Morän 

(omväxlande med sorterade sediment), Oklassat område, 

Sedimentärt berg, Skaljord, Svallsediment (grus), 

Svämsediment, Svämsediment (grus), Talus (rasmassor), 

Urberg, Vatten, Vittringsjord, Älvsediment, Sandig morän, 

Sandig-siltig morän 

Soil_5 Sand-like sediments Flygsand, Glacial grovsilt--finsand, Glacial silt, Isälvssediment 

(sand), Postglacial finsand, Postglacial grovsilt-finsand, 

Postglacial sand, Postglacial silt, Silt, Svämsediment (grovsilt--

finsand), Svämsediment (sand), Älvsediment (grovsilt--

finsand), Älvsediment (sand) 
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Table A2. Bedrock classes  
Bedrock class Characteristics  Lithologies (SGU classification) 

Bedrock_1 Psammites and 

Rudites 

Arenit, Arkos, Konglomerat, Kvartsarenit, Sandsten, 

Vacka, Sedimentär Bergart 

Bedrock_2 Clay-like bedrock 

types (including 

metamorphic) 

Diatexitisk migmatit, Glimmerskiffer, Paragnejs, Skiffer, 

Slamsten, Lersten, Siltsten 

Bedrock_3 Felsic granitoids, 

vulcanites and 

metamorphic 

bedrock types 

Metamorf bergart, Dacit-ryolit, Fyllit, Gnejs, Grafitisk 

Fyllit, Granit, Granitisk gnejs, Granitoid-syenitoid, 

Granodiorit-granit, Granodioritisk-granitisk gnejs, 

Granofels, Leukogranitisk gnejs, Monzodiorit-granodiorit, 

Monzodiorit-granodioritisk gnejs, Ryolit, Syenitoid-granit, 

Tonalit-granodiorit, Tonalitisk-granodioritisk gnejs, 

Ögongnejs 

Bedrock_4 Mafic bedrock types Amfibolit, Grönsten, Anortosit, Basalt-andesit, Basisk eller 

mafisk bergart, Diabas, Gabbroid-dioritoid, 

Granatamfibolit, Ultrabasisk intrusivbergart 

Bedrock_5 Carbonates Biohermkalksten, Dolomit, Fragmentkalksten (medel till 

grovkornig), Kalksilikatbergart, Kalksten, Karbonatsten, 

Marmor, Märgel 

Bedrock_6 Other bedrock types 

(assumed not to 

have an impact on 

mercury, not 

included in PLS 

analyses) 

Trakytoid-ryolit, Intrusiv bergart, Ytbergart 
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Appendix B: TWI model 

 
 Figure B1. Flow chart of the TWI model built in ArcGIS. 
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