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Abstract

Since the beginning of industrialization, emissions of mercury (Hg)
from human activities in excess of natural levels have increased depo-
sition rates to ecosystems, storage in soils and loading to aquatic envi-
ronments. Toxicity to animals, subject to this accumulation, as well as
to humans consuming them, are the major concerns driving research
on this subject. Peatlands play a key role in Hg cycling as hotspots for
Hg methylation, methyl mercury (MeHg) being a particularly mobile,
bioavailable form of Hg that is prone to bioaccumulation. Underlying
geography is fundamental in shaping the hydrology of a given area and,
therefore, the locations of points of accumulation and methylation of
Hg.

In this study, potential relationships between geographic parame-
ters, elucidated via GIS analysis were investigated with the aim of iden-
tifying which parameters were relevant as explanatory variables in the
prediction of Hg concentrations in the study area. Elevation was ex-
pected to strongly predict MeHg concentrations due to the presence of
a local chronosequence, created by land rise. The land’s age since
emergence from the sea ranges from years to thousands of years within
a span of 10 km, enabled this investigation in an environment in which
climate is controlled for.

With 13 of the 15 watershed areas less than 1 ha and 9 less than
500m?, little of meaning could be concluded from statistical analysis
with certainty. Linear regression and PLS pointed to Elevation’s rela-
tionship with THg, PLS implicated Watershed Area as being associated
with MeHg, and PCA hinted at the relevance of Area as well as a clus-
ter of Slope, Downslope Index, Curvature, and % Forest for sample
sites with extreme values of Hg and other metals. Our results indicate
that elevation alone is not a strong predictor of MeHg concentration
along this peatland chronosequence.

Keywords: Methyl Mercury, GIS, Northern Peatland, Mire, Water-
shed, Elevation



Popular Summary

Industrialization has led to large emissions of mercury from human activities
to the atmosphere. Mercury can travel long distances in the atmosphere before
it is deposited to land, where it tends to accumulate in soil, vegetation, and
wildlife, which poses a threat to the environment and humans.

Virtually all soils are home to bacterial communities. In soils that are sat-

urated with water, anaerobic bacterial communities dominate and some of
these are able to convert the mercury that is deposited from the atmosphere
into a form called methyl mercury in a process called mercury methylation.
Methyl Mercury is considered the most dangerous form of mercury because
it is both toxic and tends to accumulate in animals, such as fish, more than
other forms.
Peatlands are a type of soil that is usually saturated with water, which makes
these soils common sites of mercury methylation. Peatlands are also common
in northern Sweden where mercury deposition has been high despite rela-
tively little release of mercury, again because mercury can travel long dis-
tances in the atmosphere.

Water that feeds into peatlands can travel over and through soils and take
with it mercury along the way. Mercury that is thinly deposited to a large
area, therefore can be concentrated in peatlands where methyl mercury can
be created at high levels. Once methyl mercury has been created it can be
transported further downstream to waterbodies where it can accumulate in
fish that humans might eat.

How water moves across a landscape, through peatlands to downstream
waterbodies is defined by the geography. This study area was special because
of the presence of a chronosequence created by land rise where, over a short
distance, the time since the emergence of land from the Baltic Sea is propor-
tional to elevation. The younger and lower the land, the more nutrients in the
soil, which should lead to more mercury methylation. The chronosequence
meant peatlands with different ages and nutrient levels could be studied all in
the same climate and background environment.

In this study, the relationships between geography and mercury concen-
trations at 15 sample peatlands were investigated to see if the geography itself
could explain what the mercury concentrations were at the different peatland
sample sites.

Because age, elevation. and nutrient status were so closely related, it was
first thought that elevation could explain most of the differences in mercury
concentration at the different study sites. But the relationships were not that
simple. Watershed area (the area of land from which water feeds into a peat-



land) for each peatland was then looked at along with other geographic pa-
rameters, including how much of the watershed was made up of peatland or
forest. Though no relationships were strong enough to fully explain why mer-
cury concentrations were what they were, watershed area was clearly an im-
portant factor and how much peatland vs. forest might be as well.
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Abbreviations

Hg

Hg(0)
Hg(ll)

THg

MeHg
MeHg: THg
SOM

SRB

IRB

VIP

Mercury

Elemental Mercury

Divalent Mercury Cation

Total Mercury

Methyl Mercury Cation

Methyl Mercury to Total Mercury ratio
Soil Organic Matter

Sulfate-Reducing Bacteria
Iron-Reducing Bacteria

Variable Importance Projection






1 Introduction

Since the beginning of industrialization, emissions of mercury (Hg) from human
activities in excess of natural levels have increased deposition rates to ecosystems,
storage in soils and loading to aquatic environments (Lindberg et al., 2007,
Swartzendruber and Jaffe, 2012; UNEP, 2013). Soils often act as a buffer by retain-
ing much of the deposited Hg but significantly elevated levels can still be present in
downstream aquatic ecosystems where Hg can accumulate as it climbs trophic levels
(Morel, Kraepiel and Amyot, 1999). Toxicity to animals, subject to this accumula-
tion, as well as to humans consuming them, are the major concerns driving research
on this subject (Amirbahman and Fernandez, 2012). Peatlands play a key role in Hg
cycling as hotspots for Hg methylation, methyl mercury being a particularly mobile,
bioavailable form of Hg that is prone to bioaccumulation (Grigal, 2003; Shanley
and Bishop, 2012).

Atmospheric deposition of Hg represents the main input of Hg into forested wa-
tersheds, which often contain peatlands, even affecting relatively pristine northern
ecosystems (Figure 1) (Lindgvist et al., 1991; Iverfeldt 1991; Mason, Fitzgerald and
Morel, 1994; Grigal 2003). While high latitude peatlands constitute approximately
3.4% of global land area (Kivinen and Pakarinen, 81), 15% of Sweden’s surface is
covered by peatlands, making the risk of dangerously high levels of MeHg produced
in peatlands and transported to downstream water bodies of particular concern in
Sweden (Rudd, 1995; Schoning, Sohlenius and Mikko, 2012).

The dominant forms of Hg in atmospheric deposition are elemental mercury
(Hg(0)), as a gas or dissolved in wet deposition (Slemr, Schuster, and Seiler, 1985);
and divalent mercury (Hg(Il)), dissolved, associated with particulate matter (HgP),
or as reactive gaseous mercury (RGM) (Ross and Vermette, 1995; Lindberg and
Stratton, 1998). Gaseous elemental mercury (GEM) is the most abundant form of
mercury in the atmosphere (Slemr, Schuster, and Seiler, 1985). Its relative stability
in the atmosphere, in part due to its low solubility in water, leads to a longer resi-
dence time than Hg(ll) (years vs. weeks) and enables atmospheric transport on a
hemispheric scale (Lin and Pehkonen, 1999); Hg(ll) tends to be deposited closer to
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its source of emission (Lindberg and Stratton, 1998). Conversion between these two
forms occurs in the atmosphere through redox reactions often extending residence
times (Holmes et al., 2010).

Terrestrial components of a watershed receive the largest proportion of atmos-
pheric Hg input due to the combination of their greater areal extent relative to that
of associated water bodies and the expansive surface area provided by the vegetative
canopy (St. Louis et al., 2001; Amirbahman and Fernandez, 2012). In forested wa-
tersheds, Gaseous Hg(0) tends to enter vegetation through leaf stomata and reach
the forest floor via litterfall (Figure 2) (Lindberg et al., 1992). Hg(l1) predominantly
adsorbs to leaf surfaces and makes up the major fraction of Hg that reaches the forest
floor via throughfall (Rea, Lindberg and Keeler, 2001). With respect to means of
input, litterfall usually dominates in deciduous forests and throughfall usually dom-
inates in coniferous forests, but due to the volatilization and reemission of large
portions of throughfall Hg following reduction from Hg(Il) to Hg(0), litterfall is
usually the dominant source of Hg that accumulates in soil in both types of forest
(Demers et al., 2007).

Hg(0) Litterfall and Throughfall Hg(ll)
Gaseous Dissolved or Particulate
Dissolved

Long-range Transport | Short- mid-range Transport

’ Adsorption ‘—I

-l‘ Hg(
. U tion in |
Apaiaion nd

Leaching

Figure 1. Hg deposition, cycling, and transport in forest and soil. Fluxes are not to scale

The affinity of Hg(Il) to bind reduced sulfur species and other functional groups
present in soil organic matter (SOM) explains the dependence of Hg storage and
transport on organic matter in soils following atmospheric deposition (Xia et al.,
1999; Qian et al., 2002). The downward transport of Hg from organic horizons to
mineral horizons also follows the movement of SOM (Hissler & Probst, 2006;
Amirbahman and Fernandez, 2012). Although soil Hg concentrations tend to be
highest in organic horizons (Nater and Grigal, 1992), the main terrestrial Hg pool is
the mineral soil due to larger total amounts of SOM and the larger number of avail-
able binding sites in the more humified mineral SOM (Grigal, 2003). It is this ability
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to store Hg, combined with the tendency of Hg to be transported from forest soils
that will make soils a source of so-called “legacy Hg” to downstream aquatic eco-
systems into the future despite recent decreases in Hg emissions (Mason, Fitzgerald
and Morel, 1994; Bishop et al., 1995; Demers et al., 2013).

Of importance in the study of Hg in nature is the production of monomethyl-
mercury(ll) cation (MeHg). While each species state of Hg presents its own forms
of toxicity (Guallar et al., 2002; Trasande, Landrigan and Schechter, 2005; Scheu-
hammer et al., 2007; Bernhoft, 2011), MeHg’s mobility in the environment and ten-
dency to bioaccumulate and biomagnify in food webs has made it a primary focus
of Hg ecotoxicology (Fischer et al., 1995; Schliiter, 1996; Patra & Sharma, 2000;
Mason, Laporte and Andres, 2000).

3‘3 1 %?Ba Biogeochemical Cycle :’.:‘Bh

Figure 2. The biogeochemical cycle of Hg (from Chrystall and Rumshy, 2008)

Atmospheric influxes of MeHg to watersheds in deposition are generally negli-
gible (Fitzgerald and Clarkson, 1991; Bishop et al., 1995). It is instead produced
within the watershed, mostly by sulfate-reducing bacteria (SRB), which use H,, or-
ganic acid substrates, formate, or short-chain alcohols as electron donors (Compeau
and Bartha, 1985; Keller et al., 2014). Iron-reducing bacteria (IRB) have also been
shown to methylate mercury but mostly at circumneutral pH, while excessively high
Fe concentrations negatively affect methylation rates due to complexation and thus
sequestration of Hg and sulfides (Mehrotra and Sedlak, 2005; Fleming et al., 2006;
Si et al., 2015). Limiting concentrations of these electron acceptors impede these
bacteria and thus mercury methylation (Keller et al., 2014; Fleming et al., 2006).

Abiotic production of MeHg can proceed via certain humic compounds but such
production usually represents less than 10% of total production (Nagase et al., 1984,
Compeau and Bartha, 1985). Because mercury methylation is carried out by anaer-
obic soil microorganisms, bioavailability of substrate but also anoxic conditions are
essential for this process.
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The requirement of suboxic conditions for methylation, then, underlies the status
of hydric soils and wetlands as methylation hotspots whereas well-drained soils of-
ten play host to the opposite reaction: demethylation (St. Louis et al., 1994; Grigal,
2003). These two processes tend to occur simultaneously in any context, but local
conditions define which dominates. For example, in many forest watersheds, upland
soils and wetlands act as counterweights regarding Hg methylation (St. Louis et al.,
1996). Relative areal extent of such soil types, along with type of wetland, and an-
nual water yield, therefore, often define whether a given catchment is a net source
or sink of MeHg (St. Louis et al., 1996). In cases where forest watersheds are
sources, the recipients of the wetland-produced MeHg are generally downstream
boreal aquatic ecosystems, with MeHg often transported via complexation with
DOM or associated with particulate matter dislodged via soil erosion (Rudd, 1995;
Bergman et al., 2012). Upon downstream transport, MeHg accumulates in compart-
ments ranging from stream sediment (Schuster et al., 2008) to plankton and micro-
algae in lakes (Morel, Kraepiel and Amyot, 1999), and up through increasing trophic
levels to the fat and muscle tissues of carnivorous birds, mammals, and fish (Driscoll
etal., 1994; Morel, Kraepiel and Amyot, 1999; Scheuhammer, 2007).

Beyond the presence of anthropogenic Hg in the environment, human activities
may also contribute to the production of MeHg. The digging of ditches and certain
forestry practices such as clear cutting have been shown to contribute to increased
rates of methylation, largely due to alterations to the local water balance and con-
nectivity (Kronberg et al., 2016). Even attempts to combat other environmental
threats such as recreating wetlands to promote biodiversity, and limit eutrophication
and flooding may have the unintended effect of creating potential methylation
hotspots (EEC, 1992; Morris et al., 2014).

The presence of a chronosequence in the study area, created by land rise and
along which the land’s age since emergence from the sea ranges from years to thou-
sands of years within a span of 10 km, enabled this investigation in an environment
in which climate is controlled for. While age is proportional to elevation, a gradient
of nutrient status, assumed to include Sulfur, is also present but inversely propor-
tional to elevation and age. As described above, a Sulfur gradient would be expected
to strongly contribute to any explanation of geographic trends in MeHg concentra-
tions.

Underlying geography is fundamental in shaping the hydrology of a given area
and, therefore, the locations of points of accumulation and methylation of Hg. In
this study, potential relationships between geographic parameters, elucidated via
GIS analysis were investigated with the aim of identifying which parameters were
relevant as explanatory variables in the prediction of Hg concentrations in the study
area.
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1.1 Aim

The aim of this report was to investigate possible links between concentrations of
Hg and major ions, and a suite of GIS parameters, representing the geography and
hydrology of a peatland-rich area in northern Sweden.

1.2 Hypotheses

The primary hypothesis of the chronosequence study, from which data was obtained
for this study, was that Elevation at each of 15 sample sites would be able to explain
variation in Hg concentrations at the sample sites because of its correlation with age
and succession, which in turn shapes the biogeochemistry of peatlands.

A secondary hypothesis was that other characteristics of the catchment (termed
GIS parameters in this document) in which peatlands are situated also affect the
production of MeHg
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2  Materials and Methods

2.1 Study Area, Sampling, and Measurement

Study Area

The study area (63.884971, 20.677078), north (<50 km) of Umea in northern
Sweden, was chosen for its terrestrial ecosystem chronosequences that span ages of
~4000 years within <10 km from the coast, which were created by land rise follow-

ing the last ice age (Figure 3). Through

\ Sample Site Elevations (m)

® 0-10 A <)
o 11-20 34 N )
® 21.40 i

land rise, nutrient-rich soil constantly
emerges from the sea. Previously-
emerged soils increase in elevation
with continued rise, which is associated
with alterations in the availability of
electron acceptors (i.e. Sulfate). The
small size of the area meant climate and
geological setting were relatively uni-
form and differences in the state and bi-
ogeochemistry of the peatlands were
expected to be ascribable to differences
in watershed hydrogeochemistry and
the composition of plant and microbial
communities. The rarity of active land
rise and the resulting chronosequences
combined with the proximity to exist-
ing research infrastructure, makes this
study area a unique opportunity to
study different hypotheses.

Figure 3. Map of the study area with 15 Sample Sites (colour-coded by elevation, see legend).

(Oversiktskartan, vector © Lantméteriet)
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Sample Site Selection

Fifteen peatlands, comprising three groupings of five peatlands each, were chosen
as sample sites along a chronosequence created by post-glacial rebound. The three
groupings represent low (0-10 m, < 200 years old), mid (11-20 m, ~ 1500 years
old) and high (21-40 m, ~ 3500 years old) elevation (and age) with low-elevation
sites nearest the Baltic Sea and high-elevation sites farthest inland (Figure 4, Table
1). Of particular importance in this study was the expected presence of a geochem-
ical gradient, including sulfur, along the chronosequence, with high levels in the
most recently emerged soils at low elevations, and low levels in the older soils at
high elevations.

Table 1. Sample site locations and elevations

Sample Site N E Elevation (m)
S02 780736.116 7093002.623 0.9
S70 780463.883 7093132.526 1.5
S43 782371.035 7095258.481 3.3
S13 774557.424 7087933.121 3.5
S10 774341.74 7088864.381 4.8
552 782428.539 7104754.128 10.1
S14 777301.124 7092427.81 141
S16 781128.434 7096903.171 14.6
518 780017.315 7096175.554 14.6
S62 777031.307 7091847.384 15.6
S29 776508.839 7096007.211 27.2
526 770421.949 7093995.797 28.9
S33 778871.058 7098863.523 30.6
S24 769699.562 7092889.682 31.5
S65 777098.248 7096241.913 33.5
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50m

Sealevel 4500 B.P.

Sea level 2000 B.P.

Current sea level

Altitude (m.a.s.l)

10km 0 km
Distance from coast

Figure 4. Schematic graph showing relationships between peatland (mire) age, elevation and geochem-
istry status in the study area

Sample Collection, Storage and Transport

Peat core samples were taken in early (20160620-20160704) and late
(20160803-20160812) summer, from here on referred to as June and August sam-
pling, respectively. Replicate samples were taken at 5 subplots within each peatland
for a total of 75 sample subplot sites. A subplot consisted of a demarcated rectangle
with area, 210 cm x 70 cm, whereby one third (70x70cm) was designated the control
area, one third (70 cm x 70 cm) was designated the treatment area and a buffer area
of equal size (70 cm x 70 cm) was included to separate control and treatment areas
(Figure 5A). The result was 30 control samples (15 in June and 15 in August) and
15 treatment samples. In this report, only the 30 control samples will be considered.

In June, control samples were taken from 6 cmto 16 cm (i.e. 10 cm core samples)
below the groundwater level in June at each subplot, to coincide with the assumed
mean annual groundwater level (Figure 5, bottom left).
In August, control sampling was carried out in areas adjacent to but outside the
control sample subplots demarcated in early summer to avoid potential confounding
effects of the presence of the hole left by June sampling. To maintain the same sam-
pling depth relative to groundwater level used in June, the difference between the
groundwater depth in August and June was calculated. This difference was then
added to the groundwater depth of this adjacent-to-control sample site to determine
the depth for August sampling. The August control samples were taken from this
depth to 10 cm below this depth (i.e. 10 cm core sample) (Figure 5, bottom middle
and bottom right).

15



All 10 cm peat cores were divided in two (0-5 cm, referred to as L1, and 5-10
cm, referred to as L2). Each divided sample was placed in individual double airtight
(Ziplock) bags before storage in the dark in a cold box (4°C), in which samples were
transported to the laboratory for further preparation and analysis. From here on, the
sampling period will be abbreviated with either J (June) or A (August) and the sam-
pling depth with either L1 or L2. For example, JL1 will refer to peat core sampled
at the shallow depth in June.

5 replicative
plots: =5 m from
each other

Mire

Peat core (10x10 cm) Sticks
[] June2016 ®  wooden stick
. Aug 2016 @ plastic stick

—

Peat surface

Ground water level

wo ()L

2 san;ples at 0-5 210 cm |
and 5-10 cm ‘
August
June August Ad'g ¢
~.-..Surface ———— - Surface ﬂ-lacen ------ Surface
5 em (0 em) (0cm) (0cm)
e R GWL 15 cm
6cm 16 ch
4 cm -~ F Y
4 cm
I - GWL
i6'cm ! vl GWL
(Core) T o em
(Core)

Figure 5. Schematic representations of the sampling protocol. Top: Subplots and subplot divisions
in time and depth. Bottom: Determination of sampling depths, relative to groundwater level, at which
core samples were taken. Values presented are example values from site S10.
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Sample preparation and Hg, Major Soil lons, and C and N analysis

Peat core samples of the five plots within each peatland with corresponding
depth, treatment and sample period were homogenized prior to analysis. Pore water
was squeezed out of each sample for pH measurement and homogenized samples
were divided for the different analyses.

THg concentrations were determined by isotope dilution analysis by inductively
coupled plasma mass spectrometry (ICPMS) with 196Hgll as an internal standard.
Samples were filtered at 45 pm followed by oxidation to Hg(Il). Samples were then
sequentially reduced, first to destroy any free halogens, then fully to convert Hg(ll)
to volatile Hg(0). Hg(0) was purged from solution and collected onto a gold trap
then released and carried, via an inert gas, onto a second gold trap. After desorption
from the second trap, a gas stream carried the Hg into the mass spectrometer. MeHg
concentrations were determined by direct ethylation followed by a purge-trap step
and detected after thermal desportion to isotope dilution analysis by Gas Chroma-
tography-ICPMS (GC-ICPMS) analysis with Me196Hg as an internal standard. For
both THg and MeHg signal deconvolution (Qvarnstrom and French, 2002) was used
to calculate mass-bias corrected signals from the mass spectrometry results (Liem-
Nguyen et al., 2016).

Solid peat amples were analysed for concentrations of major soil ions (Al, B, Ca,
Fe, K, Mg, Mn, Na, P, S, Si, and Zn) by optical emission spectrophotometry with
inductively coupled plasma (ICP-OES) using a Spectro Ciros Vision with gas pres-
sure of > 7.5 bar argon (instrument quality) and plasma temperature 6000 - 8000 K
(Supp. Table 1, see Appendix).

Samples were dried at 70°C for 18 hours before being analyzed for the mass
fractions of C (wc) and N (on). An Elemental analyzer (Flash EA 2000, Thermo
Fisher Scientific, Bremen, Germany) was used in which C and N of the dried sample
material was converted to CO, and N2 by combustion and mass spectrometric meas-
urement on CO; and N yielded mass fractions. The results were corrected for drift
and sample size effect (non-linearity). Working standards were wheat and maize
flours calibrated against reference standards. For wn, atropine, cellulose, and NIST
1515 apple leaves. For wc, cyclohexanone, nicotinamide, and sucrose.
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2.2 Geographic Information Systems Analysis

Geographic Data

A raster grid of 2m resolution elevation data (GSD-Ho6jddata, grid 2+ ©
Lantmateriet?) of the study area was used as the basis for GIS analysis.
Oversiktskartan, vector; Terrangkartan, vector; and Fastighetskartan med granser,
vector (all © Lantméteriet) were used to identify land cover within the boundaries
of the delineated watersheds. Similarly, Jordart 1: 25 000 - 1:100 000 (vector, ©
SGU) was used to identify soil type within the watershed boundaries.

Hardware

A MacBook Pro (Retina, 15-inch, Mid 2015) with a 2.2 GHz Intel Core i7 processor
and 16 GB 1600 MHz DDR3 memory running OS X EI Capitan was used for the
majority the GIS analysis, except when ArcGis 10.4 was needed for which a Hewlet-
Packard HP EliteDesk 800 G1 TWR (2013) was used with 8 GB RAM and intel(R)
Core(TM) i7-4770 CPU @3.40GHz, 4 Cores running Microsoft Windows 10 Edu-
cation.

Software
The open-source GIS Whitebox GAT (Lindsay, 2016) was used for watershed de-
lineation and the subsequent calculation of area, slope, downslope index and curva-
ture.

Arcgis 10.4 (ESRI?) was used in preparation of watershed delineation and area
calculation, in particular, to transform coordinate systems when necessary as
Whitebox does not include the SWEREFTM projection by default.

GIS workflow
Watershed delineation (Figure 6):

To define the upslope area contributing flow through each sampling site (i.e.
watershed), the Watershed tool was used with inputs of a shapefile of points created
from the GPS coordinates of the 15 sample sites to be used as pour points (watershed
outlet points) and a breached 2m DEM of the study area (GSD-HG6jddata, grid 2+ ©
Lantmateriet). The breach depressions (Fast) tool was used to pre-process the DEM
to remove areas of impeded or stagnating flow. The Jenson Snap Pour Points tool
was used to align sample site points with the flow paths created with the D8 Flow
Accumulation tool. In some instances, further manual adjustment was necessary and
was done using the On-Screen Digitizing tool. All watersheds were carefully
checked for impeding roads or ditches that would artificially limit their size but no
such instances were observed.
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The Area tool was used to calculate area, in m?, of each of the 15 resulting wa-
tersheds (Supp. Fig. 1). For simplicity, watersheds will be referred to according to
the sample site to which they provide input. For example, the watershed feeding to
sample site S02 will be referred to as watershed S02.

Elevation Data
(2m resolution)

¥

Pre-process

(Breach)
Flow Accumulation Flow Direction
Sample Sites as Delineate
Outlet Points Watershed

Figure 6. Workflow schematic of watershed delineation.

Soil type and land cover identification:

Relevant vector grids, mentioned above, were used to define the soil type and land
cover type in the 15 watersheds. For instances where more than one type of soil
and/or vegetation were present in a given watershed, the Clip and Area tools, in
Whitebox, were used to calculate the areas of the different components of that wa-
tershed. Soil type and land cover data are presented as the ratio of component
area:total watershed area.

Other geographic parameters:

The means of each watershed’s Slope (Slope tool), Downslope Index (DSI)
(Downslope Index tool, 1m vertical drop, tangent output), and Curvature (Total Cur-
vature tool) were calculated to investigate their respective statistical relationships
with Hg concentrations in the study. The original 2m resolution DEM was also
resampled with the Aggregate tool to 10m, 20m, and 50m resolutions with the ex-
pectation that correlation between these three parameters and Hg concentrations
may improve at resolutions closer to that of the peatlands themselves.
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2.3 Statistical Analysis

The data from THg and MeHg, major ion, and C and N analyses were assembled
and a subset of data for each of the sample depths and time periods was produced
(i.e. one data subset for each of JL1, JL2, AL1, AL2). Statistical analysis was per-
formed using the statistical software Minitab 17 or JMP 13 (SAS). Univariate linear
regression was performed on each of the data subsets using Minitab. The four data
subsets were reassembled for Principle Component Analysis (PCA) (Row-Wise Es-
timation Method) and Partial Least Squares (PLS) analysis (NIPALS Specification
Method and Leave-One-Out Validation Method), using JMP 13. A significance
level of p < 0.05 was used throughout.
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3

Results

Watershed Delineation
Watersheds were defined by the upslope area contributing flow through the 15 sam-
ple sites, which were used as outlets for watershed delineation (Supp. Fig. 1). Po-
tentially impeding structures, such as roads or ditches were looked for, but none
were found that limited the extent of any of the delineated watersheds. Most of the
delineated watersheds were small (n = 9 <500 m?, n=13 <10,000 m? (1 ha)) (Table

2).

Table 2. GIS parameters of 15 delineated watersheds

Site ID Elevation  Area % % Slope DSl Curvature
(m) (m?) Peatland  Forest
S02 0.9 79,104.00 31% 69% 2.26 0.0121 11.6
S70 15 1,116.00 62% 38% 2.90 0.0218 10.6
S43 3.3 9,624.00 17% 83% 2.47 0.0305 10.8
S13 35 16 100% 0% 0.43 0.0011 1.2
S10 48 12 100% 0% 0.28 0.0011 0.5
S52 10.1 22,376.00 34% 66% 2,51 0.0272 9.3
Si4 14.1 356 100% 0% 0.25 0.0012 0.7
S18 14.6 16 100% 0% 0.76 0.0033 2.0
S16 14.6 4 100% 0% 0.59 0.0036 5.1
S62 15.6 36 100% 0% 0.39 0.0022 1.0
S29 27.2 1,132.00 100% 62% 1.10 0.0032 8.6
S26 28.9 5,336.00 100% 10% 1.31 0.0027 8.2
S33 30.6 464 100% 0% 0.58 0.0024 3.6
S24 315 328 100% 0% 0.66 0.0057 4.4
S65 335 104 100% 0% 0.52 0.0027 1.1
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Watershed area generally decreased with increasing elevation, which can largely be
explained by proximity of higher elevation sites to watershed divides and therefore
limited watershed area. A consequence of the overrepresentation of small water-
sheds was a constraint on the fraction of non-peatland land cover in the watersheds,
with the 9 highest-elevation watersheds consisting of 100% peatland. Similarly,
non-peatland land cover (i.e. Forest), was only present in the largest watersheds,
while large Slope, Downslope Index and Curvature values were also associated with
large watershed area.

GIS Parameters vs. Hg concentrations

Despite the limitations in the results of the GIS analysis, linear regression analysis
was carried out to compare the GIS parameters and the Hg data (Table 3, 4, 5; Figure
7, 8, 9). THg concentration (Table 3, Figure 7) and the MeHg:THg ratio (Table 5,
Figure 9) correlated significantly with Elevation, in particular in August (AL1,
AL2), but no significant correlation was found between MeHg concentration and
Elevation (Table 4, Figure 8). No significant correlations were found between Hg
and any of the other GIS parameters (Area, % Peatland, % Forest, Slope, Downslope
Index, or Curvature). The expectation that calculating Slope, Downslope Index, and
Curvature on a scale that would more accurately represent that of the study peatlands
would provide more meaningful results led to the resampling of the original DEM
to decrease grid cell resolution to 10 m, 20 m, and 50 m. These three GIS parameters
were recalculated at these new resolutions, but still no significant correlations be-
tween these parameters and Hg concentrations were observed (Data not shown).

Table 3. Linear regression analysis of THg concentrations and GIS Parameters

THg JL1 JL2 AL1 AL2
r P r P r P r P
Elevation 0.545 0.036 0.372 0.172 0.767 0.001 0.645 0.009
Area (m?) -0.005 0.985 0.043 0.879  -0.197 0.482  -0.223 0.423
% Peatland 0.215 0.441 0 1 0.39 0.151 0.316 0.251
% Forest -0.169 0.547  -0.089 0.753  -0.314 0.254  -0.326 0.235
Slope 0.204 0.467 0.143 0.612  -0.011 0.97 0.139 0.621
DSl 0.15 0.593 0.225 0.419 0.047 0.869 0.199 0.478
Curvature 0.204 0.467 0.179 0.524  -0.025 0.93 0.054 0.85

Significant correlation denoted by bold and italic text in all relevant tables.
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Figure 7. Correlations of elevation vs. THg for the different sampling dates and depths

Elevation vs. THg

Table 4. Linear regression analysis of MeHg concentrations and GIS Parameters

MeHg JL1 JL2 AL1 AL2
r P r P r P r P
Elevation -0.327 0.234 -0.173 0.537 -0.374 0.17 -0.206 0.462
Area (m?) -0.045 0.874 -0.354 0.196 0.155 0.58 -0.141 0.616
% Peatland -0.179 0.524 0 1 -0.353 0.197  -0.138 0.625
% Forest -0.113 0.689 -0.318 0.248 0.089 0.753 -0.141 0.616
Slope -0.082 0.771 0.2 0.475 0.082 0.771 -0.075 0.791
DSl 0.009 0.975 -0.066 0.815 0.163 0.562 0.136 0.629
Curvature -0.011 0.97 -0.25 0.369 0.186 0.508 0.029 0.919
Elevation vs. MeHg
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Figure 7. Correlations of elevation vs. THg for the different sampling dates and depths
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Table 5. Linear regression analysis of MeHg:THg ratios and GIS Parameters

MeHg:THg JL1 JL2 AL1 AL2
r P r P r P r P
Elevation -0.361 0229  -0.349 0.203  -0.647 0.009  -0.522 0.046
Area (m?) -0.132 0.638  -0.331 0.229 0.105 0.708 0.043 0.879
% Peatland -0.197 0.481 0.014 0.961 -0.394 0.146 -0.261 0.347
% Forest -0.093 0.743 -0.25 0.369 0.157 0.576 0.064 0.819
Slope -0.293 0.289  -0.364 0.182 0.036 0899  -0.182 0.516
DSl -0.197 0.482  -0.243 0.382 0.082 0.771 -0.05 0.859
Curvature -0.246 0376  -0.418 0.121 0.118 0676  -0.075 0.791

Elevation vs. MeHg:THg

Linear (AL2)

LR K XL WS-

Figure 9. Correlations of elevation vs. MeHg:THg for the different sampling dates and depths

Peat Core Major lon Concentrations vs. Hg concentrations
While significant correlation was absent between most GIS parameters and Hg con-
centrations, the roles of chemical compounds in the peat samples were investigated
and the relationships found can be said to conform to the findings of previous studies
(Hintelmann, Welbourn and Evans, 1995; Grigal, 2003; Fleming et al., 2006, Ding
et al., 2009, Demers et al., 2013). The soil ion chemistry of the two depths of sam-
pling at both time-points were each analysed independently for statistically signifi-
cant relationships with Hg concentrations (Table 6, 7, 8). Description of these rela-
tionships will be brief, however, as they are outside the main scope of this report.
Along with elevation, at JL1, THg concentrations showed significant correlation
with K, N, and C, whereas for JL2, significant correlations were found with Al, S,
N, and C:N (Table 6). The correlations with N, C, and S likely represent association
with soil organic matter as expected. In August, the relationship between THg and
S became non-significant but strong correlations with N and C continued.
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In contrast to THg, MeHg at JL1 more closely related to biologically relevant
factors such as high pH and S concentrations (and Fe concentrations although just
below significance), and low C:N (Table 7). High pH and low C:N tend to promote
microbial activity, while the correlations with S and Fe suggest the active presence
of SRBs and IRBs, which would act in Hg methylation.

At AL1, MeHg continued to correlate with compounds more associated with bi-
ological activity than THg. MeHg correlated significantly with pH, Ca, P, Si, Zn
and, importantly, S. Correlation between MeHg and Fe also increased to become
strongly significant, which was not the case in in June. With increasing temperatures
over the summer months, microbial activity tends to increase, which would include
Hg methylation. The associations discovered here in August are likely a conse-
guence of that.

In June, MeHg: THg correlated positively with pH, Ca, K, Mg, and Mn, as well
as negatively with Elevation, indicating Hg methylators were particularly active in
the ion-rich soils nearer to the coast/at low elevation (Table 8). These associations
continued to hold later in August along with the inclusion of a strong correlation
with Na, again implying a relationship between a large MeHg:THg ratio and prox-
imity to the coast where ion-rich, low elevation soils were present.

Table 6. Linear correlates of THg concentrations

THg JL1 JL2 ALl AL2
r P r P r P r P
pH -0.361 0.186  -0.023 0.934  -0.632 0.012  -0.432 0.108
MeHg -0.146 0.603 0.064 0.82 -0.2 0.475 0.032 0.909
MeHg:THg -0.443 0.098  -0.611 0.016 -0.611 0.016  -0.636 0.011
Al 0.014 0.96 0.568 0.027 0.386 0.156 0.229 0.413
B 0.062 0.827 0.371 0.173 * * * *
Ca -0.371 0.173  -0.179 0.524 -0.5 0.058  -0.425 0.114
Fe -0.018 0.95 0.304 0.271  -0.089 0.752  -0.164 0.558
K -0.686 0.005  -0.393 0.147  -0.689 0.004  -0.804 0
Mg -0.425 0.114  -0.332 0.226  -0.793 0 -0.664 0.007
Mn -0.496 0.06  -0.162 0.565 -0.6 0.018  -0.668 0.007
Na -0.264 0.341  -0.057 0.84  -0.439 0.101 -0.221 0.428
P 0.182 0.516 0.5 0.058  -0.225 0.42 0.257 0.355
S 0.304 0.271 0.536 0.04 0.104 0.713 0.443 0.098
Si -0.407 0.132  -0.073 0.795  -0.332 0.226  -0.068 0.81
Zn 0.218 0.435 0.206 0.461 0.418 0.121 0.036 0.899
N 0.544 0.036 0.811 0 0.22 0.431 0.699 0.004
C 0.518 0.048 0.182 0.516 0.746 0.001 0.679 0.005
C/N -0.496 0.06  -0.664 0.007  -0.196 0.483  -0.454 0.089
GW(Jun) 0.508 0.053 0.286 0.301 -0.104 0.713 0.25 0.368
GW(Aug) * * * * 0.369 0.177 0.369 0.177

*In tables 6, 7, and 8, * represents absence of dating (B below detection limit, (Supp. Table 1).)
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Table 7. Linear correlates of MeHg concentrations

MeHg JL1 JL2 AL1 AL2
r P r P r P r P
pH 0.646 0.009  0.496 006  0.774 0.001  0.608 0.016
THg -0.146 0.603  0.064 0.82 -0.2 0.475  0.032 0.909
MeHg:THg  -0.089 0.752  0.689 0.004  0.868 0 0718 0.003
Al 0.129 0.648  0.186 0508  0.375 0.168  0.557 0.031
B 0 1 -0.124 0.66 * * * *
Ca 0.746 0.001 0579 0.024  0.729 0.002 0614 0.015
Fe 0.493 0.062  0.396 0.143  0.779 0.001  0.543 0.037
K 0.221 0.428 0.35 0201  0.264 0341  0.254 0.362
Mg 0.525 0.044  0.454 0.089  0.579 0.024  0.364 0.182
Mn 0.568 0.027 0.41 0.129  0.582 0.023  0.443 0.098
Na -0.039 0.889  0.375 0.168  0.475 0074  0.725 0.002
P 05 0.058  0.261 0.348 0.65 0.009  0.486 0.066
S 0.679 0.005  0.543 0.037  0.746 0.001 0532 0.041
Si 0.707 0.003  0.309 0.262  0.746 0.001 0511 0.052
Zn -0.306 0.268  -0.226 0.418  -0.657 0.008 -05 0.058
N 0.369 0177  0.054 085 0512 0.051  0.306 0.268
C -0.343 0211  -0.343 0211  -0.489 0.064  -0.336 0.221
CIN -0.604 0.017  -0.357 0.191  -0.568 0.027  -0.289 0.296
GW(Jun) 0.016 0.955  0.208 0.458  -0.243 0.382  -0.004 0.99
GW(Aug) * * * * .0.107 0.703  0.106 0.708
Table 8. Linear correlates of MeHg:THg concentrations
MeHg: JL1 JL2 AL1 AL2
THg r P r P r P r P

pH 0.708 0.003  0.348 0.203  0.886 0 0762 0.001
THg -0.443 0.098  -0.611 0.016  -0.611 0.016  -0.636 0.011
MeHg -0.089 0.752  0.689 0.004  0.868 0 0718 0.003
Al -0.432 0.108  -0.161 0567  0.118 0676  0.211 0.451
B -0.371 0173  -0.371 0.173 * * * *
Ca 0.736 0.002  0.564 0.028  0.804 0 0.8 0
Fe -0.250 0.369  0.196 0483  0.618 0.014  0.525 0.044
K 0.714 0.003  0.604 0.017  0.557 0.031  0.739 0.002
Mg 0.686 0.005  0.496 0.06  0.793 0 0714 0.003
Mn 0.707 0.003  0.496 006  0.764 0.001  0.804 0
Na -0.350 0201  0.404 0.136  0.639 001  0.736 0.002
P -0.393 0.147  -0.068 081 0525 0.044 0211 0.451
S -0.500 0.058  -0.032 0.909  0.457 0.087  0.096 0.732
Si 0.700 0.004  0.365 0.181  0.643 001  0.496 0.06
Zn -0.49 0.064  -0.409 013  -0.743 0.002 -0471 0.076
N -0.508 0.053  -0.575 0.025  0.215 0.442  -0.225 0.42
c -0.536 0.04 -0.418 0.121  -0.743 0.002 -0.732 0.002
C/N 0.514 0.05 0.15 0594  -0.268 0.334  0.046 0.869
GW(Jun) -0.027 0.924  -0.186 0.507  -0.186 0.507 -0.186 0.507
GW(Aug) * * * * .0.195 0.486  -0.188 0.503
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Relative change in Hg

The change in THg and MeHg concentrations and MeHg:THg ratio were calculated
as the change in values from August relative to those in June. THg concentrations
decreased between sampling dates for the 6 lowest elevation sample sites (Figure
10, top). The opposite trend was not as clear as both increases and decreases were
seen in higher elevation sites. For most sites, changes in the same direction occurred
at both depths, but again more variation was present at higher elevations.

Nearly all sites experienced increases in MeHg concentrations, with 8 sites
having increases of >100% at least one depth (Figure 10, middle). Increases at S02
were especially strong. Sites S43, S13, S26, and S65 did not show large increases
over the summer. Instead, these sites showed no change or small decreases in MeHg
concentration. These four sites are separated evenly between the low- and high-ele-
vation classes and are distributed seemingly randomly across the study area (Supp.
Fig. 2), making it difficult to deduce explanations for these results.

Trends in changes in the MeHg:THg ratio were similar to those described for
changes in MeHg concentration. The most striking finding was the exceptional in-
crease at site S02 at both depths but at the greater depth in particular (Figure 10,
bottom). Despite the fairly consistent trends of decreases in THg concentrations at
low-elevation sites and increases in MeHg concentrations at nearly all sites, no other
site approached the massive increases in MeHg:THg seen at S02. Several sites show
increases > 100% but none exceeded 200%.
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Multivariate analysis

PLS:

Partial Least Squares analysis of data from all sample depths and time periods
pointed to pH, Ca, Fe, Mg, Na, P, S, Si, and Watershed Area as the parameters with
the highest Variable Importance Projections (VIPs) in the fitted model for MeHg
(VIP>1, Figure 11).

For THg, the important variables were Elevation, Al, Mg, Mn, S, N, C, C:N and
Groundwater level in June. Despite the large regression coefficient of pH in the THg
model, its VIP was just below the cutoff (VIP = 0.982).

For the model fitted to the MeHg:THg ratio, the important variables were pH,
Fe, K, Mg, Na, C, and Watershed Area.

PLS regression Coefficients
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Figure 11. Partial Least Squares regression coefficients of all parameters as they contribute to variation
in THg (black and white angled stripes), MeHg (light gray dots), MeHg: THg (middle gray checkers).
Solid bars: VIP, Patterned bars: VIP<1

While results from the PLS analysis were generally similar to those of the uni-
variate linear regression, the importance of Watershed Area for MeHg and the
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MeHg: THg ratio was a new development. Although in support of associations be-
tween geographic characteristics of a watershed and Hg concentrations at its outlet,
this link points away from the simplistic initial hypothesis of Elevation as the major
explanatory variable.

PCA:

Principle component analysis revealed that the majority of sample sites were similar
as they grouped together in the centre of the plots comparing PC1 and PC2, and PC1
and PC3 (Figure 12, Top and Bottom, respectively). The exceptions were S02, S52,
and to a lesser extent, S43, and S70.

Concentrations of MeHg, pH, Al, Fe, Mg, Na, P, S, Si and N at S02 were regu-
larly the highest or among the highest compared to other sites while C and C:N were
often among the lowest (Supp. Table 1). MeHg concentration was extremely high
in August, with THg very high at JL2. S52 also showed consistently extreme values
for several parameters across depth and time. Of note were high values for pH, Ca,
Fe, K, Mg, Mn, P, S, Si, and N, and low values for C and C:N (Supp. Table 1). S02
and S52 had the two highest concentrations of S. Values at S43 and S70 were also
regularly high (Supp. Table 1).
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While extreme values for several parameters were common among the sampling
sites, S02, S52, S43 and S70, their associated Watershed Areas were also among the
largest (ranked 1%, 2", 3" and 6™, respectively). Thus, in both of the multivariate
analyses, watershed area is suggested as a key parameter that associates with Hg
concentrations, in particular, regarding extreme values, as in the PCA.

Although limitations in the distribution of the watershed area data limited the
potential for a more refined model for prediction of Hg in peatlands in the study
area, these results clearly point to a link between large watershed area and major ion
concentrations, including MeHg. Not only do these “extreme” value sample sites
receive input from larger watersheds, the larger watershed itself allows for a larger
proportion of forest in the watershed, with forest vegetation and soil more prone to
accumulation and therefore acting as an eventual source to peatlands.

Watersheds S26 and S29, for example, are both larger than S43 but they are
comprised entirely of peatland (Table 2). Forest is known to provide Hg to peatlands
where methylation more readily occurs, but the results of this study imply that the
% Forest in a watershed may be a good predictor of extreme concentrations. The
relationship, however, is complex: S43 has the 3" largest area and higher % Forest
than S02 or S52 but has generally the lowest major ion concentrations among the
“extreme” sites. S70 has the smallest watershed of the “extreme” sites and the low-
est % Forest but has generally higher ion concentrations than S43 though still lower
than S02 or S52.

While S02 and S52 likely have the highest major ion concentrations simply be-
cause they have by far the largest watershed, that their % Forest values lie between
those of the other “extreme” sites may indicate a goldilocks range for % Forest. For
such extreme values to be present, a balance may need to be struck between the
fraction of a watershed that is forested, which provides major ions to a peatland, and
the fraction that is peatland and receives that input. Too large a peatland:forest ratio
will lead to low “catchment” inputs to the peatland, whereas too high a ratio will
lead to overloading of the peatland. In the latter case, the ions may bypass the peat-
land in preferential flow paths without having a chance to accumulate. The veracity
and relevance of these dynamics cannot be assured, however, based on the limited
number of sites in which they are present in this study.

A second trend that can be observed when comparing PC1 and PC3, was the shift
of the four “extreme” sites towards the grouping of vectors describing % Forest,
Slope, DSI, and Curvature, and away from % Peatland. The relative proximity of
these extreme sites and these GIS parameters acts to reinforce the conclusion that
watersheds of sufficiently large size, and which therefore contain non-peatland land
cover types, are likely to have higher values of major ions, including MeHg.

31



Hypothetical Sample Sites
Because of the limitations of the GIS parameter data caused by the strong
skewedness of the distribution of watershed areas, an exercise in GIS was carried
out to try to identify a new series of 15 sample sites that might have provided enough
variation to enable more meaningful conclusions than the sites used in this study.
These new hypothetical sites were selected from the nearly 70 sample sites from
which this study’s actual sites were chosen and a watershed was delineated for each
of them. 15 sites were identified that would correspond to the 15 largest watersheds
(5 from each of the 3 previously defined elevation classes), excluding watersheds
nested within other watersheds (Table 9). Four of the sites used in this study were
present in the new list of sites, with one in each of the low- and mid-elevation class
and two in the high-elevation class. Two watersheds greater than approximately
20000 m? exist in each of the three elevation classes, whereas, in the original sites,
only two such watersheds were present (S02 and S52) among all 15 sites. In the
original sites, watersheds > 1000 m? were large enough to contain land cover other
than 100% peatlands. Among the new sites, only two sites less than 1000 m? exist,
one in each of the mid- and high-elevation classes and none in the low class. If
watersheds with area within the range of 1000 m? and 20000 m? (arbitrary thresh-
olds) can be considered mid-size, two such watersheds exist in each of the mid- and
high-elevation classes and three in the low class. A more robust distribution of wa-
tershed area as well as land cover type was achieved with these new sites.

Table 9. Hypothetical sample sites

Current Site Elevation Area (m?) % Peatland % Forest
S07 0.7 6208 67% 33%
S02* 0.9 79104 31% 69%
S04¢ 15 2644 37% 64%
545 3.2 89416 16% 84%
S09 5.1 3400 24% 76%
S52* 10.1 22376 34% 66%
S15 139 628 100% 0%
520 145 38328 71% 80%
S19 14.6 4324 100% 0%
S63° 15.6 3972 3% 97%
S30' 26.6 85232 46% 54%
S58 27.9 1968 98% 2%
S26* 28.9 5336 100% 10%
S33* 30.6 464 100% 0%
556 36.0 25224 12% 88%

*Sites present in current study; °Large portions of forest cut down; Watershed impeded by road
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4  Discussion

The significant correlations between Elevation and both THg and MeHg:THg, re-
vealed by linear regression, can be considered an initial insight into the relationship
between Hg and mire age in the peatlands of these forested catchments in northern
Sweden. Elevation along the chronosequence, created by land rise where elevation
is proportional to time since emergence from the Baltic Sea, was the first inference
of validity for the hypothesis that underlying peatland age influences Hg concentra-
tions and mercury methylation across the study area, via effects on the accumulation
or loss of substances from the peat and the development of the peat ecosystem with
time.

Elevation alone, however, was far from able to adequately explain the patterns
in Hg concentration, the major failing being the lack of correlation with MeHg con-
centrations. Furthermore, the importance of THg in defining methylation rates has
been brought into question in previous studies (Bergman et al., 2012, Akerblom et
al., 2013).

For these reason, relationships with geographic parameters (Watershed area, %
wetland, % forest, slope, downslope index, curvature) in the catchment areas of the
study plots were investigated, starting with the delineation of watersheds for fun-
neling to these sites. Watershed Area was the only parameter in the catchment iden-
tified as contributing to a PLS model explaining trends in MeHg concentrations and
MeHg: THg ratio. None of the geographic parameters contributed to the model for
THg. Watershed area can therefore be said to provide more insight into MeHg con-
centrations than elevation alone.

The overrepresentation of small watersheds (n = 9 <500m?, n=13 <10,000m? (1
ha)) may have obscured a greater understanding of patterns in Hg concentrations
with respect to watershed area and other GIS parameters. However, the results of
this study do reveal that sites with watersheds large enough to contain land cover
other than 100% peatland (i.e. include forest) tended to have higher THg and MeHg
concentrations along with other major ions.

A further hindrance in this study’s attempt to explain trends in Hg was the
failure of a key assumption, namely the expected inverse relationship between Ele-
vation and Sulfur concentration. Both THg and MeHg are known to coincide spa-
tially with sulfur either by association sulfur in organic matter (Xia et al., 1999; Qian
et al., 2002) or during sulfate reduction by sulfate-reducing bacteria (Bartha and
Campeau 85; Demers et al., 2013). The presence of a Sulfate gradient may have
been overlooked, however due to insufficiently specific Sulfur and soil type data.
Hg methylation would be expected to correlate strongly with Sulfate concentrations
in the peat but not necessarily with other forms that would be included in the Total
Sulfur data used in this study. Meanwhile, sulfate reduction itself is known to
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closely associate with fine-grain sediment from what was once the sea floor
(Westrich, 1983). This type of sediment would be expected more in the low-eleva-
tion sites. A more detailed investigation into soil grain size and the relationship be-
tween fine-grain soil material, sulfur, and MeHg may reveal the presence of a gra-
dient of Sulfur in the watersheds, which may bring forward stronger relationships
with Hg concentrations.

Despite the absence of the expected S gradient with elevation, MeHg concentra-
tions did correlate with S concentrations, especially at the shallow sampling depth
(L1). This finding is in line with published literature as SRBs are considered the
dominant mediators of Hg methylation (Campeau and Bartha 85, Xia et al., 1999).

The absence of coincident Elevation and Sulfur gradients along the chronose-
guence was a hindrance to the full acceptance of a hypothesis of this study but the
greater threat to the analysis was indeed the distribution of the areas of the delineated
watersheds with sample sites as their outlets. With 13 of the 15 watershed areas less
than 1 haand 9 less than 500m?, little of meaning could be concluded from statistical
analysis with certainty. Linear regression and PLS pointed to Elevation’s relation-
ship with THg, PLS implicated Watershed Area as being associated with MeHg,
and PCA hinted at the relevance of Area as well as a cluster of Slope, Downslope
Index, Curvature, and % Forest for sample sites with extreme values of Hg and other
metals, but the multivariate analyses relied heavily on the chemical data as opposed
to the geographic.

Utilizing the powers of hindsight, a hypothetical rethink of the design of the ex-
periment that was the basis for this study was carried out with the aim to identify 15
sample sites that could have been used and may have avoided the drawbacks of the
current set of study sites. The limitations of the actual sites were several but most
lay in the overrepresentation of small watersheds, which consisted entirely of peat-
lands (without forest or other land cover types). These watersheds stunted analysis
due to a lack of variation between them. Most of the watersheds possessed similar
patterns of land cover, limiting their use as explanatory variables. Among water-
sheds with varying land cover, distribution across the 3 elevation classes was uneven
and further limited their use in the statistical analysis.

The delineation of Watershed Area is itself prone to uncertainty based on in-
accuracies in the DEM derived from satellite imagery as well as biases in the algo-
rithms used during delineation and subsequent watershed-scale calculations (Wood-
row, Lindsay and Berg, 2016). While the presence of uncertainty is important to
consider when interpreting the results of this study, its nature was not covered, as a
parallel study will be carried out on the subject.

It is my recommendation, therefore, that in similar, future projects, GIS analysis
should be performed during the initial phase of, and provide basis for, experimental
design rather than during post hoc analysis.
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5 Conclusions

Univariate linear regression seemed to indicate no relationship between eleva-
tion or any of the other geographic characteristics of watersheds and MeHg. How-
ever, the strongly skewed distributions of the GIS parameters, a result of the ex-
tremely small size of most watersheds, called into question the power and relevance
of univariate regression analysis in this context.

Multivariate analyses (Partial Least Squares and PCA) pointed to Watershed
Area as an important variable in the fitted models aiming to explain both MeHg
concentration and the MeHg: THg ratio. Unfortunately, the skewedness of the pa-
rameters again calls these findings into question as it cannot be known, without fur-
ther study, if the relationships between them and Hg concentrations are an artefact
of the skewedness or if the skewedness is, in contrast, masking stronger, potentially
significant relationships.

Hints of the potential of geographic characteristics to predict, or at least help to
explain, Hg concentrations and transformations appeared at certain instances
throughout the analyses of this study but given the limitations of the experimental
design, the significance of their roles cannot be fully gleaned in this study. Including
watershed delineation in the experimental design stage of this study may have ena-
bled more definitive conclusions. Our results indicate that elevation alone is not a
strong predictor of MeHg concentration, however.
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Appendix

Supplementary Table 1. Major ion chemistry data from the 15 sample sites
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Supplementary Figure 1. 15 delineated watersheds (GSD-Hgjddata, grid 2+ © Lantmateriet)
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