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Abstract

Environmental drivers of total mercury (TotHg) concentrations, methylmercury (MeHg)
concentrations, and MeHg fractions (a proxy for methylation potential, expressed as %MeHg) were
assessed in a synoptic study of 51 lakes in southeast (Boreal) and northeast (Subarctic) Norway.
Concentrations of TotHg and MeHg ranged between 0.5 — 6.6 ng/L and < 0.02 — 0.70 ng/L,
respectively. The lakes span wide ranges of explanatory environmental variables, including water
chemistry, catchment characteristics, climate conditions, and atmospheric deposition of Hg, sulphur
and nitrogen (N). Dissolved organic matter (DOM), measured as total organic carbon (TOC), was the
variable most strongly correlated with TotHg (r>= 0.76) and MeHg (r>= 0.64) concentrations. Lakes in
the Subarctic region had significantly lower TotHg and MeHg concentrations, and %MeHg than lakes
in the Boreal region (p < 0.01), implying a lower aquatic food web exposure of aqueous Hg species in
Subarctic Norway than in the Boreal lakes. Statistical modelling (partial least squares) using data from
the Boreal lakes produced models explaining 82%, 75% and 50% of the spatial variation of TotHg and
MeHg concentrations and %MeHg, respectively. After TOC, the most significant explanatory
variables were N availability, base cation status, and lake and catchment size. We conclude that a key
process driving TotHg concentrations is DOM as a transport vector, while the role of DOM for MeHg
and %MeHg is likely related to a combination of transport and DOM as a substrate for methylation.
Also, negative correlations between MeHg and catchment and lake size are consistent with in-lake and
in-stream de-methylation processes. The statistical relationship suggests that N availability exerts a

positive contribution on concentrations of MeHg and %MeHg.
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Highlights
e TotHg, MeHg and %MeHg were determined in 51 Subarctic and Boreal lakes in Norway
o Data indicate food webs in Subarctic lakes are exposed to Hg than Boreal lakes
e The key environmental factor explaining TotHg and MeHg concentrations was DOM

o N availability, base cation status, lake/catchment size also explained Hg variation



1. Introduction

Surface waters of Boreal lakes usually show low concentrations (ng/L) of mercury (Hg). In
such systems, long-range transported atmospheric Hg is the main source of Hg contamination and has
led to long-term accumulation of Hg in catchment soils (Fitzgerald et al., 1998). In catchment soils,
inorganic Hg can be methylated into toxic and bioaccumulative methylmercury (MeHg; Bloom, 1992)
and MeHg is accumulated in the aquatic food chain with potential harmful effects on organisms
(WHO, 1991). Improving the understanding of the fate of Hg in pristine catchments and exposure of
aquatic biota and other wildlife to inorganic Hg and MeHg is the primary concern for studying Hg
species in lake water in areas affected by Hg deposition.

Organic matter (OM) as dissolved organic carbon (DOC) is the main transport vector for Hg
and MeHg from catchment soils to surface waters (Grigal, 2002). Concentrations of total organic
carbon (TOC) and DOC correlate strongly with concentrations of Hg in lake surface water in
Scandinavia (Meili et al., 1991, Skyllberg et al., 2003, Eklof et al., 2012a) and North America
(Driscoll et al., 1995, Benoit et al., 2003, Shanley et al., 2008). Fluxes of Hg in lake outlets relative to
the catchment storage of Hg are usually small (Grigal, 2002, Grigal, 2003, Larssen et al., 2008),
suggesting that leaching of deposited Hg from soils to surface waters is likely to continue for decades
to centuries.

Processes of methylation and de-methylation in the catchment and lake determine the surface
water MeHg concentrations. Production of MeHg occurs primarily through methylation of inorganic
Hg by sulphur reducing bacteria (SRB) under anoxic conditions (Morel et al., 1998), but is also shown
to occur through other mechanisms (Gilmour et al., 2013). The production of MeHg can hence take
place in the catchment wetlands (St. Louis et al., 1994, Tjerngren et al., 2012a), the sediments (Benoit
et al., 2003, Gilmour et al., 1998), or the water phase itself (Xun et al., 1987). Parameters thought to
influence MeHg production mechanisms in lake systems include sulphur (S) chemistry, availability of
inorganic Hg and organic material, temperature and pH (Ullrich et al., 2001). In addition, new studies
show the importance of nutrient status on MeHg production rates in Boreal wetlands (Tjerngren et al.,
2012a, Tjerngren et al., 2012b). The dominant MeHg degradation process in a lake system is thought

to be photo de-methylation (Lehnherr and St. Louis, 2009).



Existing studies of Hg species in surface waters of natural Boreal catchments have mainly
focused on either a limited number of lakes (Larssen et al., 2008, Munthe et al., 1995, Fjeld et al.,
2010), or only measured total Hg (TotHg; Meili et al., 1991, Eklof et al., 2012a, Munthe et al., 1995).
Others have only used water chemistry (Meili et al., 1991) or physical factors (Shanley et al., 2005) as
explanatory variables for the Hg species. In this study we focus only on natural and semi-natural lakes,
i.e., lakes in catchments without local point sources of Hg from agriculture, human settlements or
industry. We include several environmental parameters to determine, describe and statistically test the
factors significantly controlling spatial variation of TotHg and MeHg concentrations in addition to the
MeHg fractions (as MeHg-to-TotHg ratios and presented as %MeHg) in lakes in Boreal (southeast)
and Subarctic (northeast) Norway (Figure 1). We use %MeHg as an indicator of the environment’s
capability to produce MeHg (cf. methylation potential; McClain et al., 2003, Mitchell et al., 2008a).
The 51 chosen lakes were selected because they represent areas where previous investigations indicate
substantial concentrations of Hg in fish (Fjeld et al., 2008, Fjeld et al., 2010), in some cases exceeding
Norwegian fish advisory limits(0.5 mg/kg, Norwegian Food Safety Authority, 2013).

Our main hypothesis was that TotHg concentrations in the surface waters are largely driven by
dissolved OM (DOM) as a transport vector and dependent on accumulated atmospheric deposition of
Hg stored in the catchments. To test and determine the environmental factors that strongly influence
MeHg concentrations, and %MeHg, we assessed lake chemistry, catchment characteristics, climate

conditions, and atmospheric deposition of Hg, S and nitrogen (N).

2. Materials and methods
2.1. Study area

The 51 lakes are located in southeast and northeast Norway (Figure 1). The northern lakes (n =
5; 1D 39 — 43) are located at a Subarctic tundra plain with little topographical differences. The area is
dominated by birch forest and wetlands, with average yearly air temperatures below zero (from -0.8 to
-3.2 °C). The lakes in the southeast are located within generally forested catchments, dominated by
coniferous tree species, with presence of wetland, and in the Boreal ecotone. The mean yearly air

temperature is above zero for all lakes (n = 46; ID 1 - 38; 44 - 51) in this area (from 1.3 to 5.8 °C).



The lakes represent a wide range of physical catchment characteristics (included are elevation,
lake and catchment area, lake-to-catchment ratio, wetland area and wetland-to-catchment ratio). The
surface areas of the studied lakes range from < 0.01 km? to 16.6 km? and the size of the catchment
areas span 4 orders of magnitude from 0.02 km? to 268.8 km? (Table 2). The lakes also represent a
wide elevation range, running from 56 m.a.s.l to 610 m.a.s.l. Seven of the southern lakes are located in
close proximity, i.e. within 5 km? (Figure 1 inset; ID 32 - 38). Six of these (ID 33 - 38) are small (<
0.02 km?) and are located upstream of number seven (ID 32; area 0.23 km?). The surface area of the
individual water bodies, and total wetland area, covers from less than 1 % to 32 %, and from 2 % to 29

% of the total catchment area, respectively.

2.2. Sampling

All sampling was conducted between March 2011 and June 2012, and each lake was sampled
once. Most lakes (n = 36) were sampled during the ice-covered winter period (between November and
April) with a water sampler (Ruttner, 1 L) at an approximate depth 1 m below ice cover. The water
sampler was cleaned with acid (1 % trace level grade hydrochloric acid, HCI) followed by rinses with
deionized water (DI). Concentrations of TotHg and MeHg were measured in DI water added to the
sampler after cleaning and the concentrations were found satisfactory (TotHg < method detection limit
(MDL), MeHg < MDL). We chose to collect most samples during the ice-covered winter period
(March, April) as conditions are shown to be stagnant between autumn and spring circulation, and
water chemistry are relatively constant (Henriksen and Wright, 1977). However, it was not practically
feasible to sample all lakes during winter, and water samples in northern Norway (n = 5) were
collected in September and 10 lakes in southeast Norway were collected after snowmelt in June. These
samples were collected 1 m below surface. Samples were collected using 250 mL fluoropolymere
(FLPE) bottles, following ultraclean sampling procedures to avoid contamination (USEPA, 1996). All
samples were collected at the centre of the lake.

All bottles were previously unused and pre-tested for traces of TotHg (quality tested by
Brooks Rand Labs; mean TotHg concentrations = 0.02 ng/L). TotHg and MeHg were sampled in

individual bottles to avoid errors caused by loss of Hg during preservation (Parker and Bloom, 2005,



Braaten et al., 2013). Samples were stored cold and kept in double plastic bags. Preservation
techniques are based on United States Environmental Protection Agency (USEPA) method 1630 for
MeHg (USEPA, 1998) and method 1631 for TotHg (USEPA, 2002). Hydrochloric acid (concentrated
trace level grade, 1 mL) was added to yield a 0.4 % solution for the MeHg samples. All samples used
for TotHg analysis were oxidized with bromine monochloride (BrClI) within 48 hours after sampling.
Samples collected for general water chemistry were collected at the same time and depths as the Hg

samples, but in individual bottles (500 — 1000 mL).

2.3. Chemical analysis

The analytical method for MeHg was based on USEPA Method 1630 (USEPA, 1998) for
determining MeHg in water by distillation, aqueous ethylation, purge and trap, and cold vapor atomic
fluorescence spectrometry (CVAFS). The method for TotHg followed USEPA Method 1631 for
determining Hg in water by oxidation, purge and trap and CVAFS (USEPA, 2002). The MDL is 0.02
ng/L and 0.1 ng/L (3 standard deviations of method blanks) for MeHg and TotHg, respectively. For
both species automated systems were used for analysis (Brooks Rand Labs MERX automated systems
with Model 11l AFS Detector). Due to low concentrations of particulate matter all samples were
analysed unfiltered.

For every batch of Hg analysis (n = 24 individual samples) quality assurance and quality
control measures included method blanks (n = 5), blank spikes (n = 5), sample duplicates (n = 3) and
matrix spikes (n =3). The relative difference of sample duplicates was < 10 % and < 20 % for TotHg
and MeHg, respectively. Recovery of blank spikes and matrix spikes were 80 — 120 % for MeHg and
90 — 110 % for TotHg.

Samples for determination of general water chemistry were analysed according to Norwegian
Standard (NS) and European Standard (EN-1SO). pH was measured by potensiometry (NS4720);
conductivity was measured by electrometry (NS4721; 1SO7888); alkalinity was measured by titration
(NS-EN-1S09963); total N (Tot-N; NS4743), total phosphorous (Tot-P; NS-EN1189) and nitrate
(NS4745) was measured by spectrophotometry; chloride and sulphate was measured by liquid

chromatography (NS-EN-1SO10304-1); and calcium, potassium, magnesium and sodium was



measured by liquid chromatography (NS-EN ISO 14911). TOC was measured by infrared
spectrophotometry (NS-EN1484).

All chemical analysis was performed at the Norwegian Institute for Water research (NIVA).

2.4. Data sources

Catchment area and wetland area were determined using Geographical Information System
(GIS) software (ESRI ArcMap 10.0). The GIS software was used in combination with Web Map
Services (WMS) available from The Norwegian Geo Network. Background lake data (i.e. lake size,
lake identification number and elevation) were gathered from the National Lake Database of The
Norwegian Water Resources and Energy Directorate (NVE).

For 19 of 46 lakes in Boreal Norway, there was evidence of catchment disturbance by forest
management (Figure 1; ID 10 - 15, 17 - 26, 28, 29, 31). Their disturbance history was assessed using
historical aerial photographs (from the Hedmark County Governor, Forestry and Agricultural
Department), i.e., when and how much of the forest in the catchment was logged (Rognerud et al.,
2011). This resulted in three classes of catchment disturbance: logging in the last ten years (0 - 10),
between 10 and 20 years ago (10 - 20) and more than 20 years ago (> 20). Also, % forest harvest was
guantified. Data is not shown.

Deposition data for S and N were supplied by The Norwegian Institute for Air Research
(NILU). The data set is based on interpolated data from the period 2007 to 2011 (Aas et al., 2012;
samples collected on a daily or weekly basis). Top sediment (0 — 0.5 cm) TotHg concentrations were
interpolated by kriging, based on measurement of sediment TotHg in Norway during 2006 — 2008
(Skjelkvale et al., 2008). Investigations of lake sediments indicated considerable enrichment of Hg in
top sediments compared with preindustrial sediments, and good correlations between contents of moss
Hg and Hg in top sediments, indicate that the top sediment TotHg concentrations can be used as an
proxy for TotHg deposition (Fjeld et al., 1994). No quantification of TOC content of the sediments
was done.

Temperature and precipitation is presented as the yearly average value for each lake between

1961 and 1990, based on procedures described by World Meteorological Organisation (WMO, 1989).



We chose data from the last available standard reference period in climatology as it represents the
“normal” climate conditions in a specific area. The data is available from Norwegian Meteorological
Institute (Eklima, 2013). Run-off was estimated for each lake based on models from NVE (Beldring et

al., 2003) and show the annual average between 1961 and 1990 (NVE, 2013).

2.5. Statistical analysis

To avoid influence from non-normality and reduce heteroscedasticity in the statistical analysis,
all data variables were tested by the Shapiro-Wilks test. Variables that showed non-normality (MeHg,
%MeHg, pH, alkalinity, total P, chloride, sulphate, calcium, potassium, magnesium, lake area,
catchment area, lake-to-catchment ratio, wetland area, wetland ratio, S deposition) were transformed
to a logarithmic scale and again tested for normality.

For variables that did not show normality after a logarithmic transformation (conductivity,
nitrate, sodium, elevation, N deposition, Hg deposition, run-off, temperature and precipitation) the
Box and Cox transformation were used to find a power transformation that fitted the response best.
Because of the clear north-south gradient in the material, the variables top sediment Hg
concentrations, N deposition, sulphate, temperature and precipitation did not show normality after Box
and Cox transformations. These variables were however, normally distributed when the Subarctic
lakes were removed, and hence, included in the statistical analysis.

Multivariate correlations between selected variables (predictors) and responses (MeHg
concentrations, TotHg concentrations and %MeHg) were explored by Pearson’s correlation
coefficient, r. To avoid over-fitted models due to multi co-linearity between our predictors we chose
partial least squares (PLS) analysis to model and show the predictors that best can describe the spatial
variations of our responses in the studied lakes. The PLS method is designed to include co-linear
predictors by constructing new variables underlying the observed predictors. By doing this, most
variance in the observed predictors is concentrated in the first new variables and the number of
dimensions is effectively reduced (Dormann et al., 2013). We follow the notation of previous literature
(Wold et al., 2001). To avoid influence from different units of measurements and for numerical

stability in the PLS, both predictors and responses were centred and scaled to have mean 0 and



standard deviation 1. The predictors initially included in the PLS analysis are those presented in the
correlation matrix (Table 3; only variables with normal distribution). The variable influence on
projection (VIP) was used to evaluate the importance of the predictors in the model. Based on
previous procedures predictors with VIP > 1.0 were chosen (Eklof et al., 2012a, Sonesten, 2003) and
utilized in the final models, and are presented with coefficients of regression. The regression
coefficients give the direction and strength of the predictor influence. The number of extracted factors
was chosen on the basis of minimizing the prediction error (root mean square error; RMSE). The final
models are represented by the goodness of fit (r?) and the RMSE of the linear regression, in addition to
individual model coefficients for the selected predictors.

To test for differences in lake characteristics between Subarctic and Boreal catchments,
Student’s t-tests were used. All t-tests shown in this study were two-tailed and homogeneity of
variance was tested by F-tests.

All statistical analysis and calculations were done in JMP 9.0 (SAS) with a significance level a

= 0.05, unless otherwise mentioned.

3. Results
3.1 Effects of season and catchment disturbance on water chemistry

We tested, where we could, if the seasonality of our sampling design (i.e. winter and summer
sampling events) had any influence on the interpretation of the lake chemistry. Three lakes (ID 1, ID
11 and ID 32) had temporal Hg chemistry data (seasonal sampling from August 2010 to June 2012)
available. The three lakes showed a minimal and not significant variation throughout the year of
TotHg (ID 1; 2.7 — 4.5 ng/L) and MeHg (ID 1; 0.06 — 0.09 ng/L) concentrations. For comparison, the
PLS regression modelling was tested with the lakes sampled in the summer season excluded (data not
shown). This modelling showed similar trends to the presented results with no significant differences.
Thus, we conclude that we can use lake samples from both seasons in our analysis.

Although we found no indications of influences from traditionally seasonally changing
explanatory variables (e.g. temperature and run-off), we acknowledge the fact that temporal variability

may influence Hg speciation in Boreal lake systems. However, based on the significant relationships



found for Hg speciation with particularly water chemistry parameters in the present study, we find this
spatial data set to be of importance when considering mechanisms responsible for changing Hg species
concentrations in surface waters of Boreal catchment systems.

We invested potential effects of forest management on water chemistry and Hg speciation
(data not shown). No relation was found between chemical water parameters (included TOC, nutrients,
TotHg concentrations, MeHg concentrations and %MeHg) and % catchment cover harvested or with
time period of harvesting. We concluded that forest management effect did not significantly affect

water chemistry and therefore this catchment characteristic was disregarded in the statistical analysis.

3.2. Spatial variations of Hg species

Distributions of TotHg and MeHg concentrations in the studied lakes ranged over more than
an order of magnitude (Table 1; Figure 2), with mean concentrations of 3.4 £ 1.6 ng/L (mean + 1
standard deviation) and 0.16 + 0.13 ng/L, respectively (all lakes included). All samples had TotHg
above the MDL (0.1 ng/L), while one sample had a MeHg concentration below MDL (0.02 ng/L). The
highest concentrations of both TotHg (maximum of 6.6 ng/L) and MeHg (maximum of 0.70 ng/L)
were found among the forested catchments close to the Swedish border in southeast Norway. The
lowest concentrations were found among the five lakes in the Subarctic region, with minimum
concentrations of 0.5 ng/L (TotHg) and < 0.02 ng/L (MeHg). The mean concentrations of TotHg and
MeHg in the Subarctic lakes were significantly lower than the mean concentrations in the southern
lakes located in the Boreal Ecoregion (p < 0.05).

Based on data collected in 2006-2008 there was a strong decline in top lake sediment Hg
concentrations from south to north in the studied lakes. The concentrations were below 0.21 pg/g for
all lakes in the Subarctic north, while the lakes in the Boreal southeast varied between 0.30 and 0.46
Mg/g (Table 2). The difference in top sediment concentrations between Subarctic lakes and Boreal
lakes was significant (p < 0.05). To avoid influence from the non-normality of some Subarctic lake
properties (top sediment Hg concentrations, N deposition, sulphate, temperature and precipitation), the

five lakes in the north were treated separately in the correlation matrix and statistical analysis. The best



predictor for Hg species in the Subarctic lakes was TOC concentration; r> = 0.97, r> = 0.99 and r? =
0.74 (all p < 0.01) for TotHg concentrations, MeHg concentrations and %MeHg, respectively.

In general, the %MeHg levels were low, the mean being 4.8 + 4.0 % (all lakes included).
Thirty-seven of the studied lakes had %MeHg less than 5 %. There were two outliers shown as lakes
having %MeHg higher than 10 % (outside the 1.5*interquartile range); 14.7 and 27.1 % respectively.
The two lakes are both located in southeast Norway (Figure 1; ID 21 and 36). Mean %MeHg was
lower in the Subarctic lakes (3.1 = 0.7 %) compared to the Boreal lakes in the south (5.0 = 4.1 %), but
not significantly (p = 0.29).

The correlation between TotHg and MeHg (Table 3; r = 0.52, p < 0.01), and MeHg and
%MeHg was significant and positive (r = 0.74, p < 0.01). There was no significant correlation between

TotHg and %MeHg (r = -0.17, p > 0.05).

3.3. Hg and OM

The mean TOC concentration in the Boreal and Subarctic lakes was 10.7 + 4.5 mg/L, with a
minimum and maximum of 2.8 mg/L and 20.1 mg/L, respectively (Table 1; Figure 2). The TOC
concentrations were significantly (p < 0.01) negatively correlated to pH, alkalinity and sulphate
concentrations, while there was a significant positive correlation between TOC and Tot-P (Table 3).
Both TotHg and MeHg were significantly correlated to TOC (r = 0.83, r> = 0.76 and r = 0.73, r? =
0.64, respectively, p < 0.01; Table 3; Figure 2; Figure 3). Total Organic Carbon concentrations were
not significantly correlated with %MeHg (r = 0.20, p > 0.05). Ratios of TotHg-to-TOC and MeHg-to-

TOC showed little variation (Table 1), in agreement with the strong correlations shown above.

3.4. Explanatory variables for Hg species in Boreal Norway

The PLS analysis and modelling explained the spatial variations of the responses TotHg
concentrations, MeHg concentrations and %MeHg in the lakes in southeast (Boreal) Norway (Figure 3
and Figure 4) from the parameters of water chemistry, catchment characteristics, deposition patterns

and climate variables included in Table 1 and 2.



The PLS model had three significant components that explained the variation of the response
variables. The first component explained 41 % of the variation, while 62 % and 69 % was explained
by the model that included two and three components. The loading plots (Figure 3; presented are the
loadings, i.e. the relative influence, of each environmental variable on the three components) and
individual model coefficients (Figure 4) showed that TOC (Figure 2) and Tot-P concentrations had
strong positive correlations with TotHg concentrations, while pH and alkalinity had a negative
influence. Total organic carbon and Tot-P had the strongest influence on the TotHg concentrations,
and the two parameters were strongly inter-correlated (Table 3; r = 0.60, p < 0.01). Additionally, lake
size and catchment area were weakly correlated to TotHg concentrations. The linear regression
explained 82 % of the spatial variation of TotHg concentrations (RMSE = 0.63).

For MeHg concentrations, the loading plots showed that in addition to TOC (Figure 2) and
Tot-P concentrations, also Tot-N had a strong positive influence. In addition, there was a negative
correlation with lake size and catchment area. The two catchment characteristics, lake size and
catchment area, were strongly positively correlated (r = 0.88, Table 3, Figure 3). Total organic carbon
and Tot-N had the strongest influence on the MeHg concentrations, but were not internally correlated
(Table 3; r = 0.03, p > 0.05). The linear regression explained 75 % of the spatial variation of MeHg
concentrations (RMSE = 0.33).

Similar to MeHg concentrations, TOC and Tot-N had a strong positive correlation with
%MeHg. Tot-N was the variable with the strongest influence for %MeHg in the PLS analysis (Figure
4). Lake size and catchment area had a negative influence on the %MeHg, while alkalinity and pH
were positively correlated. The linear regression explained 50 % of the spatial variation in %MeHg
(RMSE = 0.42).

The PLS modelling also indicated that Tot-N was a significant variable in describing
variations of both MeHg concentrations and %MeHg. For %MeHg, Tot-N was in fact the variable
with the strongest influence (Figure 4). The two lakes with %MeHg outside the 1.5*interquartile range

both showed intermediate concentrations of Tot-N (415 and 455 ug/L, respectively).

4, Discussion



4.1. Spatial variations of Hg species

Concentrations of TotHg represent what is previously documented for natural lake catchment
systems, minimally disturbed by direct anthropogenic influences. The range of TotHg concentrations
in our study is within the range previously reported for lakes in Scandinavia (2 — 10 ng/L (Meili et al.,
1991); 0.9 — 5.8 ng/L (Verta et al., 2010); 0.5 — 4.5 ng/L (EKlof et al., 2012a)) and North America (2 —
8 ng/L (Driscoll et al., 1995); 0.2 — 4.8 ng/L (Watras et al., 1995)). In our study, the Subarctic lakes
had lowest TotHg concentrations compared with the Boreal lakes, and the same was true for TOC
concentrations and sediment concentrations of Hg (Figure 2). Similar declines in environmental Hg
along a north-south gradient in Norway are substantiated by studies of Hg in mosses (Berg et al.,
2006) and monitoring studies of Hg in freshwater fish (perch; Fjeld et al., 2010).

The differences between Subarctic and Boreal Norway were most striking for Hg in fish (Fjeld
et al., 2010) and in water (this study), suggesting that not only accumulated deposition (and thereby
ecosystem pools of Hg) is driving the lower Hg concentrations in Subarctic lakes but also transport of
Hg from soils to waters. This is substantiated by the low concentrations of TOC in Subarctic lakes
(Figure 2), as DOM is the main transport vector of Hg (Grigal, 2002). The fish and water Hg
concentrations are both consistent with the idea that exposure to Hg in Subarctic freshwater
environments is lower than in Boreal ecosystems. From this we conclude that lower Hg deposition and
lower TOC in Subarctic Norway are likely drivers of low Hg contamination in waters and aquatic food
webs.

MeHg concentrations were below 0.70 ng/L in all the lakes. Previous studies in Scandinavia
show similar concentration ranges; i.e. 0.04 — 0.58 ng/L (Rask et al., 2010) and 0.14 — 1.01 ng/L
(Verta et al., 2010). Other studies of Scandinavian stream and waters directly related to wetlands show
higher MeHg concentrations (Tjerngren et al., 2012a, Eklof et al., 2012b, Porvari and Verta, 2003).
Similar to TotHg concentrations, also the lowest MeHg concentrations are found in Subarctic Norway
(Table 1; Figure 2). As shown above, concentrations of inorganic Hg are lower in the Subarctic region,
which limits production of MeHg. Additionally, MeHg production is a microbial process and
temperature dependent (Ullrich et al., 2001). Probably, both climatic factors and deposition lead to

conditions less favourable for MeHg production in Subarctic lake catchment systems. With lower



concentrations of Hg in fish in the Subarctic regions compared to the southern areas of Norway (Fjeld
et al., 2010) this confirms previous studies where exposure to agueous MeHg is assumed to be a
controlling factor for bioaccumulation of MeHg in aquatic food webs (Chasar et al., 2009).

A biogeochemical MeHg hotspot is in the literature defined as an area with high reaction rates
of MeHg production compared to the surrounding areas (McClain et al., 2003, Mitchell et al., 2008a).
We follow these ideas here, suggesting that %MeHg can be used as an indirect measure of the
environment’s capability to produce MeHg. Percent MeHg in our study showed little variation (1.3 —
9.6 %) compared to a North American study (Watras et al., 1995; 2 — 48 %), but similar to other
Scandinavian surface water values (Rask et al., 2010; 4 — 15 %). But two lakes had %MeHg values
outside the 1.5*interquartile range. The two lakes had %MeHg of 14.7 (ID 36) and 27.1 % (ID 21).
These lakes are located in southern Norway; one in the forested south east (ID 21) and the other in a
mountainous region (ID 36). Because net production of MeHg is the difference between Hg
methylation and MeHg de-methylation, %MeHg of these two lakes indicates elevated net MeHg

production. A possible explanation for the elevated net MeHg production is provided further on.

4.2. Hg and OM

The variation of TOC concentrations (2.8 — 20.1 mg/L) in the lakes included in this study
reflects the west-to-east gradient of increasing TOC throughout Scandinavia (Henriksen et al., 1998).
Concentrations are similar to what is found in recent Swedish studies (Eklof et al., 2012a, Akerblom et
al., 2012). The range of TotHg-to-TOC ratios found in this study (0.12 — 0.53 ng Hg/mg C) was
slightly larger than what is seen in a recent study of Swedish Boreal lakes (0.20 — 0.43 ng Hg/mg C;
Eklof et al., 2012a). This is linked to the smaller range of both TotHg and TOC concentrations (1.3 —
14.9 mg/L) in the Swedish study. The mean values of TotHg-to-TOC ratios in the present study (0.31
ng Hg/mg C), and in the Swedish study (0.33 ng Hg/mg C; n = 19; Eklof et al., 2012a), were similar.

In most Boreal lakes, DOC is shown to be the largest pool of organic C (TOC consists of > 90
% DOC; Wetzel, 2001, Hessen, 2005, Kortelainen et al., 2006, de Wit et al., 2012) and TOC is in the
present study used as a measure of the concentrations of organic matter in the lake systems.

Additionally, the supply of allochthonous DOC in humic lakes is many times higher than the



production of autochthonous DOC (Hessen, 1992, Jonsson et al., 2001). The major part originates
from terrestrial catchment primary production (Jansson et al., 2008, Wilkinson et al., 2013). In the
present study, TotHg and MeHg concentrations both showed a strong positive relation with TOC
(Table 3; Figure 2). This relationship has also been shown elsewhere; both in Scandinavia (Meili et al.,
1991, Skyllberg et al., 2003, Eklof et al., 2012a) and North America (Driscoll et al., 1995, Benoit et
al., 2003, Shanley et al., 2003). The importance of this correlation is also shown by the PLS analysis
(Figure 3 and Figure 4), where TOC was the strongest positive explanatory variable for both species in
combination with Tot-P (for TotHg) and Tot-N (for MeHg). The significant relationship (p < 0.05)
between TOC concentrations and the Hg species (r? = 0.76 and r> = 0.64 for TotHg and MeHg,
respectively; Figure 2) when the complete data set was used (included the five Subarctic lakes),
indicates that the relationship exists independently of the other explanatory variables included in this
study. In other words; no matter the location (i.e. climate), deposition patterns and size of the lake-
catchment system, Hg species will be transported by DOM from the catchment soil to the surface
water of the receiving lake.

The simple linear regression revealed no significant correlation between %MeHg and TOC
concentrations (Table 3; r = 0.20, p > 0.05). The PLS analysis did however show that TOC had a
significant positive influence on the %MeHg, but the relationship was weaker than for both TotHg and
MeHg concentrations (Figure 4). The significant positive correlation for both TotHg and MeHg
concentrations and TOC concentrations is likely to be related to OM as a transport vector for Hg
species from the catchment to the surface water. However, OM is also a necessary factor in the
production of MeHg as a substrate for methylation (Ullrich et al., 2001). Possibly, this explains the
weaker, but still positive, influence of TOC concentrations on %MeHg.

Concentrations of DOC in surface waters are usually correlated positively with wetland-to-
catchment ratio (Watras et al., 1995, Eckhardt and Moore, 1990) and negatively with lake size
(Rasmussen et al., 1989). In the present study, a significant negative relationship was seen between
TOC and lake size, but the positive correlation between TOC and wetland-to-catchment ratio was not
significant (Table 3). This might be due to large areas of wetlands being located relatively far from the

lakes, thereby less effective in influencing lake water chemistry. With production of MeHg assumed to



occur primarily in catchment wetlands (St. Louis et al., 1994, Tjerngren et al., 2012a), we suggest that
the variations in wetland proximity to the lakes is an important reason for the weak correlation found

between MeHg concentrations and wetland-to-catchment ratio (r = 0.31, p < 0.05).

4.3. Explanatory variables for Hg species in Boreal Norway

In addition to TOC, both pH and alkalinity were shown to be significant explanatory variables
for TotHg concentrations, MeHg concentrations, and %MeHg in the PLS analysis (Figure 4). Total
organic carbon, pH, and alkalinity are strongly internally correlated (Table 3). Such internal
correlations could hamper an interpretation of independent effects of these variables on TotHg
concentrations, because they have opposite effects on TotHg (consistent with the sign of their internal
correlation). However, for MeHg and %MeHg, the correlations with TOC, pH and alkalinity are all
positive, which could imply that TOC and pH/alkalinity are separate controls for MeHg and %MeHg.
With lake water pH and alkalinity, and catchment base cation status being correlated (Pennanen, et al.,
1998), a possible interpretation is that microbial activity is stimulated in soils with lower acidity and
higher base cation status (Mulder et al., 2001, Qulehle et al., 2006). Higher MeHg production is a
possible side effect of this stimulation.

Together with TOC, Tot-P concentrations were the strongest explanatory variable of TotHg
concentrations. Tot-P concentrations were also positively correlated with MeHg concentrations, but
not with %MeHg. In humic oligotrophic lakes in Scandinavia, P is usually present only in its organic
form (Vidal et al., 2011) which is substantiated in our study by the significant positive correlation
between TOC and Tot-P concentrations (Table 3; r = 0.60, p < 0.01). The relation between Tot-P and
TotHg is most likely due to inter-correlation of Tot-P and TOC, and demonstrates the strong link
between Hg and DOM.

Concentrations of TotHg were related significantly to neither lake size nor catchment area (p >
0.05; Table 3). However, there is a significant negative relationship between TotHg and lake-
catchment ratio (r = -0.41, p < 0.01). This is consistent with the idea that catchment loading of Hg
dominate over direct on-lake Hg deposition (Lee et al., 1998, Lee et al., 2000). The larger the

catchment compared to the lake area, the larger this effect is. MeHg concentrations and %MeHg were



significantly negatively influenced by both lake size and catchment area (Table 3 and Figure 4), but
not by the lake-to-catchment ratio (Table 3). We suggest that the effect of lake size and catchment area
could be related to the amount of surface water in the catchment, both streamwater and lakes, where
loss of MeHg by photo de-methylation (Lehnherr and St. Louis, 2009) contributes to decrease MeHg
leached from catchment soils and wetlands.

The main difference between significant explanatory variables for TotHg and MeHg
concentrations was Tot-N. Tot-N concentration was strongly positively correlated with both
concentrations of MeHg (r = 0.34, p < 0.01) and %MeHg (r = 0.40, p < 0.01), but not with TotHg. We
tested other indicators of lake nutrient status (i.e. nitrate concentrations, nitrate-to-Tot-N ratios and
nitrate-to-Tot-P ratios; Bergstrom et al., 2008, in addition to C/N ratios) without finding similar
relations with MeHg and %MeHg. Still, Tot-N is an indicator of total N availability, and therefore we
suggest that methylation is stimulated by N availability. To our knowledge, no previous study has
shown a similar influence of N on methylation of Hg in Boreal lakes.

A recent study of Hg methylation in wetlands from Sweden (Tjerngren et al., 2012a) indicated
that intermediate levels of nutrient status (measured as C/N ratios in the soil and nitrate in outlet
stream waters) give the highest MeHg production rates. This is consistent with the two lakes that had
ratios of %MeHg outside the 1.5*interquartile range (14.7 and 27.1 %) in the present study. Both lakes
had intermediate concentrations of Tot-N (415 and 455 pg/L) and nitrate (43 and 57 ug/L). We did not
find support for a relation between concentrations of nitrate and MeHg elsewhere in our dataset,
however.

Opposite to our study, negative relations were found between nitrate and MeHg concentrations
in studies of the water column (Todorova et al., 2009) and the sediments (Matthews et al., 2013) of a
seasonally stratified, but contaminated lake in North America. The authors show that high
concentrations of nitrate suppress MeHg accumulation and interpret this as an effect of nitrate
outcompeting sulphate as electron acceptor for nitrate-reducing microorganisms. Further, the authors
hypothesize that a negative nitrate control of MeHg production could occur in remote areas impacted

by atmospheric Hg and N deposition.



In a study from the marine environment, nutrient loading (of mainly N) affected Hg
contamination by reducing bioavailability and trophic transfer (Driscoll et al., 2012). The authors
conclude that a better understanding of the linkages between nutrient loading and Hg contamination is
needed. Another marine study (Zhang et al., 2013) indicates significant relationships of both N and P
with MeHg and TotHg concentrations in surface sediments. The authors do not however, provide an

explanation other than a link to the OM of the sediments.

5. Conclusions

Based on present data of humic lake TotHg and MeHg concentrations we conclude that DOM
drives TotHg concentrations as a transport vector, while the role of DOM for MeHg and %MeHg is
likely to be related to a combination of transport and DOM as a substrate for methylation. Low TotHg
and MeHg water concentrations in combination with low top sediment Hg concentrations demonstrate
that exposure to Hg in Subarctic freshwater environments is lower than in Boreal ecosystems. From
this we conclude that lower deposition and low DOM in Subarctic Norway are likely drivers of low
Hg contamination in waters and aquatic food webs.

Our statistical modelling suggest that factors determining variation in lake TotHg and MeHg
concentration, and %MeHg are, in addition to DOM, N availability, base cation status and lake and
catchment size. The statistical relations indicate that N availability exerts a positive contribution on
concentrations of MeHg and %MeHg. Relationships between methylation and nutrient status are

poorly understood and deserve more attention.

Acknowledgements
This study was supported by The Norwegian Research Council (Grant number 196295).
Several NIVA colleagues contributed to this study: a special thanks to Kate Hawley, Yan Lin and

Espen Lund.



References
AKERBLOM, S., NILSSON, M., YU, J,, RANNEBY, B., JOHANSSON, K. Temporal change
estimation of mercury concentrations in northern pike (Esox lucius L.) in Swedish lakes.
Chemosphere, 2012, 86, 439-445.
BELDRING, S., ENGELAND, K., ROALD, L. A., SAELTHUN, N. R., VOKSO, A. Estimation of
parameters in a distributed precipitation-runoff model for Norway. Hydrology and Earth System
Sciences, 2003, 7, 304-316.
BENOIT, J. M., GILMOUR, C. C., HEYES, A., MASON, R. P., MILLER, C. L. Geochemical and
biological controls over methylmercury production and degradation in aquatic ecosystems. In:
Biogeochemistry of Environmentally Important Trace Elements. CAl, Y., BRAIDS, O. C. (eds.)
2003, chapter 19, 262 — 297.
BERG, T., FJELD, E., STEINNES, E. Atmospheric mercury in Norway: Contributions from different
sources. Science of the Total Environment, 2006, 368, 3-9.
BERGMAN, I., BISHOP, K., TU, Q., FRECH, W., AKERBLOM, S., NILSSON, M. The Influence of
Sulphate Deposition on the Seasonal Variation of Peat Pore Water Methyl Hg in a Boreal Mire.
Plos One, 2012, 7.
BERGSTROM, A. K., JONSSON, A., JANSSON, M. Phytoplankton responses to nitrogen and
phosphorus enrichment in unproductive Swedish lakes along a gradient of atmospheric nitrogen
deposition. Aquatic Biology, 2008, 4, 55-64.
BISHOP, K., ALLAN, C., BRINGMARK, L., GARCIA, E., HELLSTEN, S., HOGBOM, L.,
JOHANSSON, K., LOMANDER, A., MEILI, M., MUNTHE, J., NILSSON, M., PORVARI,
P., SKYLLBERG, U., SORENSEN, R., ZETTERBERG, T., AKERBLOM, S. The Effects of
Forestry on Hg Bioaccumulation in Nemoral/Boreal Waters and Recommendations for Good
Silvicultural Practice. Ambio, 2009, 38, 373-380.

BLOOM, N. S. On the chemical form of mercury in edible fish and marine invertebrate tissue.

Canadian Journal of Fisheries and Aquatic Sciences, 1992, 49, 1010-1017.



BRAATEN, H.F.V., DE WIT, HA., HARMAN, C., HAGESTROM, U., LARSSEN, T. Effects of
sample preservation and storage on mercury speciation in natural stream water. International
Journal of Environmental Analytical Chemistry. 2013 (In print).

BRANFIREUN, B. A., ROULET, N. T., KELLY, C. A., RUDD, J. W. M. In situ sulphate stimulation
of mercury methylation in a boreal peatland: Toward a link between acid rain and methylmercury
contamination in remote environments. Global Biogeochemical Cycles, 1999, 13.

BRANFIREUN, B. A. & ROULET, N. T. Controls on the fate and transport of methylmercury in a
boreal headwater catchment, northwestern Ontario, Canada. Hydrology and Earth System
Sciences. 2002, 6, 783-794.

CHASAR, L. C., SCUDDER, B. C., STEWART, A. R., BELL, A. H., AIKEN, G. R. Mercury
Cycling in Stream Ecosystems. 3. Trophic Dynamics and Methylmercury Bioaccumulation.
Environmental Science & Technology, 2009, 43, 2733-2739.

DE WIT, H. A., KAINZ, M. J., LINDHOLM, M. Methylmercury bioaccumulation in invertebrates of
boreal streams in Norway: Effects of aqueous methylmercury and diet retention.
Environmental Pollution, 2012, 164, 235-241.

DORMANN, C. F.,, ELITH, J.,, BACHER, S., BUCHMANN, C., CARL, G., CARRE, G,
MARQUEZ, J. R. G., GRUBER, B., LAFOURCADE, B., LEITAO, P.J., MUNKEMULLER, T,
MCCLEAN, C., OSBORNE, P. E., REINEKING, B., SCHRODER, B., SKIDMORE, A. K,
ZURELL, D., LAUTENBACH, S. Collinearity: a review of methods to deal with it and a
simulation study evaluating their performance. Ecography, 2013, 36, 27-46.

DRISCOLL, C. T., BLETTE, V., YAN, C., SCHOFIELD, C. L., MUNSON, R., HOLSAPPLE, J. The
role of dissolved organic-carbon in the chemistry and bioavailability of mercury in remote
Adirondack lakes. Water Air and Soil Pollution, 1995, 80, 499-508.

DRISCOLL, C. T., CHEN, C. Y., HAMMERSCHMIDT, C. R., MASON, R. P., GILMOUR, C. C,,

SUNDERLAND, E. M., GREENFIELD, B. K., BUCKMAN, K. L. & LAMBORG, C. H.
Nutrient supply and mercury dynamics in marine ecosystems: A conceptual model.

Environmental Research, 2012, 119, 118-131.



ECKHARDT, B. W., MOORE, T. R. Controls on dissolved organic-carbon concentrations in streams,
southern Quebec. Canadian Journal of Fisheries and Aquatic Sciences, 1990, 47, 1537-1544.
EKLIMA. Weather and climate data from the Norwegian Meteorological Institute [Online].

Available: http://eklima.no. [Accessed 15 Jan 2013]. 2013.

EKLOF, K., FOLSTER, J., SONESTEN, L., BISHOP, K. Spatial and temporal variation of THg
concentrations in run-off water from 19 boreal catchments, 2000-2010. Environmental Pollution,
2012a, 164, 102-109.

EKLOF, K., KRAUS, A, WEYHENMEYER, G. A., MEILI, M., BISHOP, K. Forestry Influence by
Stump Harvest and Site Preparation on Methylmercury, Total Mercury and Other Stream Water
Chemistry Parameters Across a Boreal Landscape. Ecosystems, 2012b, 15, 1308-1320.

FITZGERALD, W. F., ENGSTROM, D. R., MASON, R. P., NATER, E. A. The case for atmospheric
mercury contamination in remote areas. Environmental Science & Technology, 1998, 32, 1-7.

FJELD, E., ROGNERUD, S., STEINNES, E. Influence of Environmental factors on heavy metal

concentration in lake sediments in Southern Norway indicated by path-analysis. Canadian
Journal of Fisheries and Aquatic Sciences, 1994, 51, 1708-1720.

FJELD, E., ROGNERUD, S. Contaminants in freshwater fish, 2008. Mercury in perch and organic
contaminants in trout (In Norwegian). Norwegian Institute for Water Research. 2008, OR5851-
2008, pp. 66.

FJELD, E., ROGNERUD, S., CHRISTENSEN, G., DAHL-HANSSEN, G., BRAATEN, H.F.V.
Environmental survey of mercury in perch (In Norwegian). Norwegian Institute for Water
Research. 2010, TA2737-2010, pp. 30.

GILMOUR, C. C., RIEDEL, G. S., EDERINGTON, M. C., BELL, J. T., BENOIT, J. M., GILL, G.
A., STORDAL, M. C. Methylmercury concentrations and production rates across a trophic
gradient in the northern Everglades. Biogeochemistry, 1998, 40, 327-345.

GILMOUR, C. C., PODAR, M., BULLOCK, A. L., GRAHAM, A. M., BROWN, S. D,

SOMENAHALLY, A. C., JOHS, A., HURT, R. A, BAILEY, K. L. & ELIAS, D. A. Mercury
Methylation by Novel Microorganisms from New Environments. Environmental Science &

Technology, 2013, 47, 11810-11820.



GRIGAL, D. F. Inputs and outputs of mercury from terrestrial watersheds: a review. Environmental
reviews. 2002, 10 (1), 1-39.

GRIGAL, D. F. Mercury sequestration in forests and peatlands: A review. Journal of Environmental

Quality. 2003, 32, 393-405.

HENRIKSEN, A. & WRIGHT, R. Effects of acid precipitation on a small lake in southern Norway.
Nordic Hydrology. 1977, 8, 1-10.

HENRIKSEN, A., SKIELKVALE, B. L., MANNIO, J., WILANDER, A., HARRIMAN, R., CURTIS,
C., JENSEN, J. P, FJELD, E., MOISEENKO, T. Northern European Lake Survey, 1995 -
Finland, Norway, Sweden, Denmark, Russian Kola, Russian Karelia, Scotland and Wales. Ambio,
1998, 27, 80-91.

HESSEN, D. Dissolved organic-carbon in a humic lake — effects on bacterial production and

respiration. Hydrobiologia. 1992, 229, 115-123.

HESSEN, D. Aquatic food webs: stoichiometric regulation of flux and fate of carbon. In: International
association of Theoretical and Applied Limnology (ed Jones J). 2005.

JANSSON, M., HICKLER, T., JONSSON, A. & KARLSSON, J. Links between terrestrial primary
production and bacterial production and respiration in lakes in a climate gradient in subarctic
Sweden. Ecosystems. 2008, 11, 367-376.

JONSSON, A., MEILI, M., BERGSTROM, A. K. & JANSSON, M. Whole-lake mineralization of
allochthonous and autochthonous organic carbon in a large humic lake (Ortrasket, N.
Sweden). Limnology and Oceanography. 2001, 46, 1691-1700.

KORTELAINEN, P., RANTAKARI, M., HUTTUNEN, J. T., MATTSSON, T., ALM, J,
JUUTINEN, S., LARMOLA, T., SILVOLA, J. & MARTIKAINEN, P. J. Sediment respiration
and lake trophic state are important predictors of large CO2 evasion from small boreal lakes.
Global Change Biology. 2006, 12, 1554-1567.

KREUTZWEISER, D. P., HAZLETT, P. W., GUNN, J. M. Logging impacts on the biogeochemistry
of boreal forest soils and nutrient export to aquatic systems: A review. Environmental

Reviews, 2008, 16, 157-179.



LARSSEN, T., DE WIT, H. A., WIKER, M., HALSE, K. Mercury budget of a small forested boreal
catchment in southeast Norway. Science of the Total Environment, 2008, 404, 290-296.

LEE, Y. H., BISHOP, K. H. & MUNTHE, J. Do concepts about catchment cycling of methylmercury

and mercury in boreal catchments stand the test of time? Six years of atmospheric inputs and
runoff export at Svartberget, northern Sweden. Science of the Total Environment. 2000, 260,
11-20.

LEE, Y. H., BISHOP, K. H.,, MUNTHE, J., IVERFELDT, A., VERTA, M., PARKMAN, H. &
HULTBERG, H. An examination of current Hg deposition and export in Fenno-Scandian
catchments. Biogeochemistry. 1998, 40, 125-135.

LEHNHERR, 1., LOUIS, V. L. S. Importance of Ultraviolet Radiation in the Photodemethylation of
Methylmercury in Freshwater Ecosystems. Environmental Science & Technology, 2009, 43,
5692-5698.

MATTHEWS, D. A., BABCOCK, D. B., NOLAN, J. G, PRESTIGIACOMO, A. R, EFFLER, S. W.,
DRISCOLL, C. T., TODOROVA, S. G. & KUHR, K. M. Whole-lake nitrate addition for
control of methylmercury in mercury-contaminated Onondaga Lake, NY. Environmental
Research, 2013, 125, 52-60.

MCCLAIN, M. E., BOYER, E. W., DENT, C. L., GERGEL, S. E., GRIMM, N. B., GROFFMAN, P.
M., HART, S. C., HARVEY, J. W., JOHNSTON, C. A.,, MAYORGA, E., MCDOWELL, W. H,,
PINAY, G. Biogeochemical hot spots and hot moments at the interface of terrestrial and aquatic
ecosystems. Ecosystems, 2003, 6, 301-312.

MEILI, M., IVERFELDT, A., HAKANSON, L. Mercury in the surface-water of Swedish forest lakes
— concentrations, speciation and controlling factors. Water Air and Soil Pollution, 1991, 56, 439-
453.

MITCHELL, C. P. J, BRANFIREUN, B. A., KOLKA, R. K. Spatial characteristics of net
methylmercury production hot spots in peatlands. Environmental Science & Technology, 2008a,

42,1010-1016.



MITCHELL, C. P. J.,, BRANFIREUN, B. A., KOLKA, R. K. Assessing sulfate and carbon controls on
net methylmercury production in peatlands: An in situ mesocosm approach. Applied
Geochemistry, 2008b, 23.

MOREL, F. M. M., KRAEPIEL, A. M. L., AMYOT, M. The chemical cycle and bioaccumulation of
mercury. Annual Review of Ecology and Systematics, 1998, 29, 543-566.

MULDER, J., DE WIT, H. A., BOONEN, H. W. J. & BAKKEN, L. R. Increased levels of aluminium

in forest soils: Effects on the stores of soil organic carbon. Water Air and Soil Pollution. 2001,
130, 989-994.

MUNTHE, J.,, HULTBERG, H., LEE, Y. H.,, PARKMAN, H., IVERFELDT, A., RENBERG, I.
Trends of mercury and methylmercury in deposition, runoff water and sediments in relation to
experimental manipulations and acidification. Water Air and Soil Pollution, 1995, 85, 743-748.

NORWEGIAN FOOD SAFETY AUTHORITY. Freshwater fish and mercury contamination (In

Norwegian) [Online]. Available:
http://www.matportalen.no/matvaregrupper/tema/fisk_og_skalldyr/ferskvannsfisk_og_kvikkso
Ivforurensing [Accessed 06.01.2013 2013]. 2013.

NVE. NVE Atlas - yearly runoff [Online]. Available:
http://arcus.nve.no/website/geoc3/tema/nve_avrenn_p.html. [Accessed 15 Jan 2013]. 2013.

OULEHLE, F., HOFMEISTER, J., CUDLIN, P. & HRUSKA, J. The effect of reduced atmospheric

deposition on soil and soil solution chemistry at a site subjected to long-term acidification,
Nacetin, Czech Republic. Science of the Total Environment. 2006, 370, 532-544.

PARKER, J. L., BLOOM, N. S. Preservation and storage techniques for low-level agueous mercury
speciation. Science of the Total Environment, 2005, 337, 253-263.

PENNANEN, T., FRITZE, H., VANHALA, P., KIIKKILA, O., NEUVONEN, S., BAATH, E.
Structure of a microbial community in soil after prolonged addition of low levels of simulated
acid rain. Applied and Environmental Microbiology, 1998, 64, 2173-2180.

PORVARI, P., VERTA, M. Total and methyl mercury concentrations and fluxes from small boreal

forest catchments in Finland. Environmental Pollution, 2003, 123, 181-191.



RASK, M., VERTA, M., KORHONEN, M., SALO, S., FORSIUS, M., ARVOLA, L., JONES, R. I,
KILJUNEN, M. Does lake thermocline depth affect methyl mercury concentrations in fish?
Biogeochemistry, 2010, 101, 311-322.

RASMUSSEN, J. B., GODBOUT, L., SCHALLENBERG, M. The humic content of lake water and its
relationship to watershed and lake morphometry. Limnology and Oceanography, 1989, 34, 1336-
1343.

ROGNERUD, S., FJELD, E. & KJZAR, R. Impact of clear-cutting on mercury concentrations in perch

(Perca Fluviatilis) from Norwegian boreal lakes. 10th International Conference on Mercury as
a Global Pollutant (ICMGP), Halifax, Nova Scotia, Canada. Poster. 2011.

SELLERS, P., KELLY, C. A,, RUDD, J. W. M. Fluxes of methylmercury to the water column of a
drainage lake: The relative importance of internal and external sources. Limnology and
Oceanography, 2001, 46, 623-631.

SHANLEY, J. B., KAMMAN, N. C., CLAIR, T. A, CHALMERS, A. Physical controls on total and

methylmercury concentrations in streams and lakes of the northeastern USA. Ecotoxicology,
2005, 14, 125-134.

SHANLEY, J. B.,, MAST, M. A, CAMPBELL, D. H., AIKEN, G. R.,, KRABBENHOFT, D. P.,
HUNT, R. J.,, WALKER, J. F., SCHUSTER, P. F., CHALMERS, A., AULENBACH, B. T,
PETERS, N. E., MARVIN-DIPASQUALE, M., CLOW, D. W., SHAFER, M. M. Comparison of
total mercury and methylmercury cycling at five sites using the small watershed approach.
Environmental Pollution, 2008, 154, 143-154.

SKJELKVALE, B.L., CHRISTENSEN, G.N., RGYSET, O., ROGNERUD, S., FJELD, E. National
lake survey, 2004-2006, part 2:Sediments. Pollution of metals, PAH and PCB. The Norwegian
Institute for Water research. 2008, 2362-2008.

SKYLLBERG, U., QIAN, J., FRECH, W., XIA, K., BLEAM, W. F. Distribution of mercury, methyl
mercury and organic sulphur species in soil, soil solution and stream of a boreal forest catchment.

Biogeochemistry, 2003, 64, 53-76.



SONESTEN, L. Catchment area composition and water chemistry heavily affects mercury levels in
perch (Perca fluviatilis L.) in circumneutral lakes. Water Air and Soil Pollution, 2003, 144, 117-
139.

ST. LOUIS, V. L., RUDD, J. W. M., KELLY, C. A, BEATY, K. G,, BLOOM, N. S., FLETT, R. J.
Importance of wetlands as sources of methyl mercury to boreal forest ecosystems. Canadian
Journal of Fisheries and Aquatic Sciences, 1994, 51, 1065-1076.

TJERNGREN, I., KARLSSON, T., BJORN, E., SKYLLBERG, U. Potential Hg methylation and
MeHg demethylation rates related to the nutrient status of different boreal wetlands.
Biogeochemistry, 2012a, 108, 335-350.

TJERNGREN, I., MEILI, M., BJORN, E. & SKYLLBERG, U. Eight Boreal Wetlands as Sources and
Sinks for Methyl Mercury in Relation to Soil Acidity, C/N Ratio, and Small-Scale Flooding.
Environmental Science & Technology. 2012b, 46, 8052-8060.

TODOROVA, S. G., DRISCOLL, C. T., MATTHEWS, D. A., EFFLER, S. W., HINES, M. E. &
HENRY, E. A. Evidence for Regulation of Monomethyl Mercury by Nitrate in a Seasonally
Stratified, Eutrophic Lake. Environmental Science & Technology, 2009, 43, 6572-6578.

ULLRICH, S. M., TANTON, T. W., ABDRASHITOVA, S. A. Mercury in the aquatic environment:
A review of factors affecting methylation. Critical Reviews in Environmental Science and
Technology, 2001, 31, 241-293.

USEPA. Method 1630 Methylmercury in Water by Distillation, Aqueous Ethylation, Purge and Trap,
and Cold Vapor Atomic Fluorescence Spectrometry. USEPA, Office of Water. 1998.

USEPA. Method 1631, Revision E: Mercury in Water by Oxidation, Purge and Trap, and Cold Vapor
Atomic Fluorescence Spectrometry. USEPA, Office of Water, 2002.

USEPA. Method 1669: Sampling Ambient Water for Trace Metals at EPA Water Quality Criteria
Level. USEPA, Office of Water. 1996, pp. 39.

VERTA, M., SALO, S., KORHONEN, M., PORVARI, P., PALOHEIMO, A., MUNTHE, J. Climate
induced thermocline change has an effect on the methyl mercury cycle in small boreal lakes.

Science of the Total Environment, 2010, 408, 3639-3647.



VIDAL, L. O., GRANELI, W., DANIEL, C. B., HEIBERG, L. & ROLAND, F. Carbon and
phosphorus regulating bacterial metabolism in oligotrophic boreal lakes. Journal of Plankton
Research. 2011, 33, 1747-1756.

WATRAS, C. J.,, MORRISON, K. A., HOST, J. S., BLOOM, N. S. Concentration of mercury species
in relationship to other site-specific factors in the surface waters of northern Wisconsin lakes.
Limnology and Oceanography, 1995, 40, 556-565.

WETZEL, R. Limnology: Lake and River Ecosystems, Academic Press, San Diego. 2001.

WHO. Environmental Health criteria 101, Methyl Mercury. International Programme on Chemical
Safety. 1991, WHO, Geneva, Switzerland.

WILKINSON, G. M., PACE, M. L. & COLE, J. J. Terrestrial dominance of organic matter in north

temperate lakes. Global Biogeochemical Cycles. 2013, 27, 43-51.

WMO. Calculation of Monthly and Annual 30-Year Standard Normals. World Meteorological
Organization. 1989. LV-4098.

WOLD, S., SJOSTROM, M., ERIKSSON, L. PLS-regression: a basic tool of chemometrics.
Chemometrics and Intelligent Laboratory Systems, 2001, 58, 109-130.

XUN, L., CAMPBELL, N. E. R., RUDD, J. W. M. Measurements of specific rates of net methyl
mercury production in the water column and surface sediments of acidified and circumneutral
lakes. Canadian Journal of Fisheries and Aquatic Sciences, 1987, 44, 750-757.

ZHANG, Y. B., HUO, Y. L., LIU, X. Y., KUANG, W. M., YUAN, D. X. & JI, W. D. Environmental

impact factors and mercury speciation in the sediment along Fujian and eastern Guangdong
coasts. Acta Oceanologica Sinica, 2013, 32, 76-80.
AAS, W., HIELLBREKKE, A.-G., TORSETH, K. Deposition of major inorganic compounds in

Norway 2007-2011. Norwegian Institute for Air Research. 2012, TA 2992-2012.



Tables and figures

0° 10°E
70°N

Norwegian
Sea

66°33'44"N

Be

Poal

8e

4o

Skagerak

460

30e 45¢ \

11.

10 ) 48

20\ 24°23.°
317415 21,
17, 1320° 28
: . /26

14,
22 25 45
190
440 ¢

Te

Figure 1. Geographical location of the 51 lakes included in the present study. Numbers on the map refers to

lake ID used throughout the study.
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Figure 2. Scatter plots of TotHg (left) and MeHg (right) versus TOC. Solid lines represent the linear regression
models (TotHg = 0.11 + 0.31*TOC, r? = 0.76; MeHg = -0.06 + 0.02*TOC, r? = 0.50). The shaded area represent
the confidence curve for the linear line and the broken lines the confidence curve for the individual values. All

data is included (n = 51 lakes). Lakes from the Subarctic are shown as triangles; lakes from the Boreal Ecoregion

as circles; and filled data points indicate lakes with > 10% MeHg.
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Figure 3. Loadings plots shown for the three significant factors in the PLS analysis. The loadings show the

relative influence of each environmental predictor on the three components. The variable influence on projection

(VIP) indicates the importance of the predictors in the model and the predictors shown have VIP > 1.0; alkalinity

(VIP = 1.3), catchment area (1.6), lake size (1.8), pH (1.4), TOC (2.1), Tot-N (1.8) and Tot-P (1.7).
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Figure 4. Individual model coefficients for each selected predictor for the responses: TotHg concentrations (top

left), MeHg concentrations (left) and %MeHg (right).




Table 1. Minimum, mean and maximum concentrations for all water chemistry parameters included in the

study. Data from all lakes (n = 51) are included and separated into lakes located in the north (n = 5) and located

in the south (n = 46).

Mean value (minimum, maximum)

Specification Unit Subarctic lakes (n = 5) | Boreal lakes (n = 46)

Water chemistry
TotHg ng/L 1.0 (0.5, 1.6) 3.7(1.2,6.6)
MeHg ng/L 0.03 (< MDL, 0.06) 0.17 (0.04, 0.70)
MeHg-to-TotHg ratio % 3.1(2.5,4.2) 5.0(1.3,27.1)
TotHg-to-TOC ratio ng/mg 0.22 (0.18, 0.25) 0.33(0.12, 0.53)
MeHg-to-TOC ratio ng/mg 0.007 (0.005, 0.009) 0.015 (0.005, 0.039)
pH - 7.4(7.0,7.8) 5.6 (4.7, 6.8)
Alkalinity mmol/L 0.41(0.17,0.74) 0.06 (0.01, 0.21)
TOC mg/L 4.3(2.8,6.3) 11.4(3.4,20.1)
Total P pa/L 6 (2, 12) 8(3,21)
Total N pg/L 221 (155, 290) 404 (245, 620)
Sulphate pa/L 3.3(2.0,5.5) 1.7(0.9,4.1)
Nitrate pg/L 7.1 (0.5, 24) 72.4 (9.0, 235.0)

Table 2. Minimum, mean and maximum levels for all catchment characteristics, deposition patterns and climate

variables included in the study. Data from all lakes (n = 51) are included and separated into lakes located in the

north (n = 5) and located in the south (n = 46).

Mean value (minimum, maximum)

Specification Unit Subarctic lakes (n = 5) | Boreal lakes (n = 46)
Catchment characteristics
Lake size km? 0.93 (0.20, 3.37) 0.88 (<0.01, 16.56)
Catchment size km? 26.67 (0.93, 60.51) 15.42 (0.02, 268.84)
Lake-to-catchment ratio % 8.3(0.5,21.5) 7.4 (0.7, 31.6)
Wetland area km? 4.50 (0.03, 15.30) 1.14 (<0.01, 18.37)
yg’t?(t)'a“d'to'cat‘:hme”t % 11.4 (3.0, 25.3) 12.0 (1.7, 28.9)
Elevation m.a.s.| 246 (56, 371) 307 (60, 610)
Deposition patterns
Top sediment Hg ug/g 0.16 (0.14,0.21) 0.36 (0.30, 0.46)
N deposition mEg/m2/yr 10.5 (9.9, 11.9) 43.2 (33.7, 63.4)
S deposition mEg/m2/yr 8.0 (6.2,10.7) 13.0(10.3, 20.8)
Climate variables
Run-off mm/yr 316 (312, 324) 489 (230, 944)
Mean annual temperature °C -2.3(-3.2,-0.8) 3.6 (1.3,5.8)
Precipitation mm/yr 372 (329, 453) 816 (653, 1182)




Table 3. Pearson's correlation matrix with the linear correlation coefficient r given for selected variables. Nominal significance levels are: poos = 0.29; poo1 = 0.37 (n = 46;

data from the Subarctic lakes (n = 5) is excluded). Variables transformed for normality are shown in bold.

MeHg- | TotHg- | MeHg- Catch- | Laketo- W?g)a}nd s Hg -
TotHg MeHg T;(t)liig tor—;l;gc to;;%c pH aﬁ\r:li(;y TOC Tot-P Tot-N | Sulphate | Nitrate I;?lee r;w:er;t Cr?]?r?t- Cri‘]t::t- Nsi(ifgr?- (sji?i)oor; (sji?oor; Run-off ;ZE’?,; Ptraet?(')’?]"
ratio ratio ratio
TotHg 1
MeHg 0.52 1
"\I'Aoet:%-;;io -0.17 0.74 1
TogtoTOC | 034 | 028 | -0.58 1
MEHOtoTOC | 000 | 077 | 090 | -0.19 1
pH -0.66 | -0.40 | 004 | -0.14 | -0.05 1
Alkalinity 056 | -028 | 011 | -0.16 | 0.01 0.92 1
TOC 0.83 0.73 020 | -021 | 016 | -062 | -051 1
Tot-P 0.74 043 | -007 | 027 007 | -037 | -024 | 0.60 1
Tot-N 003 | 034 040 | -0.06 | 046 0.15 0.19 0.03 0.07 1
Sulphate 031 | -023 | -0.01 | -0.07 | -0.09 | 062 0.64 | -030 | -0.03 | 043 1
Nitrate 005 | -010 | -0.14 | 021 | -0.09 | 051 046 | -014 | 014 0.33 0.62 1
Lake size 017 | -058 | -054 | 024 | -055 | 0.49 040 | -034 | 007 | -012 | 041 0.51 1
gfet;hme”t 003 | -044 | -051 | 022 | -052 | 030 026 | -012 | 023 | -0.16 | 0.29 0.32 0.88 1
Lake-to-
catchment 041 | -024 | -001 | 003 | -001 | -037 | 026 | -043 | -0.35 | 0.09 0.23 0.35 017 | -0.32 1
\r/{algt(:and—to—
tr::::::ment 0.19 0.31 018 | -014 | 017 | -059 | -053 | 0.27 000 | -0.18 | -066 | -0.61 | -058 | -0.46 | -0.21 1
N deposition 029 | -030 | -0.06 | 010 | -0.03 | 0.06 0.08 | -0.40 | -0.18 | 0.35 038 | -020 | 0.04 0.05 | -0.02 | -0.09 1
S deposition 034 | -029 | -0.02 | 0.06 0.01 0.08 010 | -0.44 | -024 | 037 032 | -026 | -001 | -001 | 000 | -0.04 | 098 1
Hg deposition | -0.22 | -0.12 | 0.06 0.03 010 | -010 | -0.07 | -027 | -035 | -004 | 032 | 046 | 030 | 022 | 014 | 025 0.36 0.45 1
Run-off 0.00 0.13 0.19 0.03 025 | -032 | -027 | -004 | -016 | 000 | -038 | -053 | -059 | -054 | -0.07 | 043 0.35 0.42 0.63 1
Temperature 018 | -028 | -0.14 | 012 | -012 | 0.28 031 | -0.31 | 0.08 0.42 0.64 0.16 0.39 0.35 005 | -041 | 081 0.76 005 | -0.11 1
Precipitation 045 | -029 | 0.05 0.02 0.08 0.11 010 | -051 | -0.38 | 0.26 002 | -038 | -012 | -010 | -0.02 | 0.1 0.74 0.84 0.65 0.62 0.41 1
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