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ABSTRACT

Mercury is a ubiquitous pollutant that accumulates in peatlands, an ecosystem highly sensitive to climate change.
We examined the effects of increasing temperature and elevated atmospheric carbon dioxide (CO,) on the
concentration of total mercury (THg) in peatland soil and porewater. This research was performed at the Spruce and
Peatland Responses Under Changing Environments (SPRUCE) experiment, an ecosystem-scale manipulation in an
ombrotrophic bog in northern Minnesota, USA, which includes five temperature levels (above- and below-ground
warming), with ambient or enhanced CO- concentration. Increasing temperature led to increased THgporewater
concentrations and these increases were correlated with physical (water table height) and chemical (pH, dissolved
sulfate, total dissolved iron, solid-state sulfur speciation) environmental factors. The ratio of THgpcar t0 THgporewater
decreased with warming, indicating that THg moved from the peat into porewater. In the top portion of the depth
profile (0 cm to -40 cm), a net movement of THg from peat to porewater was observed with elevated CO,. This

finding is likely due to indirect effects of elevated CO» such as the lowering of the water table and changes in the
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proportion of plant species. Porewaters had more detectable changes in THg than peat. Peat with higher proportions
of organic disulfide were observed to retain more THg in the solid phase than peat with higher proportions of
organic monosulfide (thiols). Overall, we observed that temperature and CO, had significant but subtle effects on
THg in porewater. Our findings indicate with projected climate change, we may see some enhanced concentrations
of THg available for export to surface waters. However, the first three years of temperature and CO, treatments

suggest that this could be a relatively small change to local surface water loadings.

1. INTRODUCTION

Mercury (Hg) is a persistent, global, atmospheric pollutant. Emissions of mercury arise from anthropogenic sources
such as coal burning, mining, and industrial activities. These human activities have increased the amount of
atmospheric mercury globally by 450 % to 660 % (Lindberg et al. 2007; Amos et al. 2013; Zhang et al. 2014; Outridge
etal. 2018). Inorganic mercury, in both gaseous and particulate forms, is emitted as an atmospheric pollutant (Lindberg
et al. 2007; Driscoll et al. 2013; Li et al. 2020). Depending on the form of mercury, it can be deposited locally,
regionally, or travel long distances from point sources before being deposited into terrestrial systems including
peatlands (Grigal 2003; Lindberg et al. 2007; Driscoll et al. 2013; Li et al. 2020). The accumulation rate of mercury
in peat bogs increased by a factor of ~26 between the pre-anthropogenic period and the 20" century peak (Outridge et
al. 2018). Peatlands contain large amounts of carbon and are a mercury sink because of the strong affinity between
mercury and organic matter (Meili 1991). In particular, Hg(II) binds to reduced sulfur species found in organic matter
(Skyllberg 2008; Nagy et al. 2011).

In peatlands, total mercury (THg) refers to the sum of all mercury species present: elemental mercury, inorganic
mercury, methylmercury (MeHg), among other organic mercury species. The mercury species of most concern is
MeHg due to its toxicity at environmentally relevant levels and ability to bioaccumulate and biomagnify in the food
web (Inskip et al. 1985; Clarkson and Magos 2006; Selin 2009; Driscoll et al. 2013). Methylmercury comprises
generally less than 5% of THg in ombrotrophic peat and is highly variable (0.2% to 60%) in porewater in peatlands
(Grigal 2003; Skyllberg et al. 2003; Mitchell et al. 2008a; Coleman Wasik et al. 2012; Haynes et al. 2017a; Hu et al.
2020; Wang et al. 2020, 2021). Peatlands are sources of MeHg to surface waters through the direct release of MeHg
(Benoit et al. 2003; Selin 2009; Xu et al. 2021) and the indirect release of mercury that is later transformed into MeHg
downstream. Mercury leaves the peatland system through surface and subsurface lateral flow, also called outflow

(Verry et al. 2011b; Sebestyen and Griffiths 2016). In aquatic systems, MeHg biomagnifies in the food web to top
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predatory fish which can then be consumed by wildlife and humans, ultimately resulting in health effects (Ullrich et
al. 2001). It has been shown that wetland area within a watershed is directly correlated to mercury concentration in
fish (Simonin et al. 2008; Gabriel et al. 2009; Driscoll et al. 2013; Osgood et al. 2022). Another route of mercury
emission is gaseous mercury evasion to the atmosphere (Haynes et al. 2017b; Osterwalder et al. 2017; O’Connor et
al. 2019). The evasion of mercury from peat to the atmosphere is estimated to be seven-times higher than the loss of
mercury through water (Osterwalder et al. 2017).

Boreal peatlands contain approximately 30 % of global terrestrial carbon and are important zones of element retention
and biogeochemical cycling (Gorham 1991; Urban et al. 2011; Yu 2012). Projected climate change of the northern
hemispheric boreal ecotone is likely to alter this biogeochemical cycling with consequences for environmental quality
at local, regional, and global scales (Hilbert et al. 2000; Ise et al. 2008; Shi et al. 2015). Increases of 1 °C - 5.7 °C in
global mean annual air temperature by the year 2100 are projected using global models with even larger increases at
higher latitudes, where most peatlands are located (IPCC 2021). Warmer temperatures, longer frost-free periods,
longer dry conditions in the summer, and more intense precipitation events are forecasted to occur along the southern
boreal—northern deciduous forest ecotone (Ma et al. 2012; Yu et al. 2016). Overall, precipitation is expected to
increase but it will be concentrated in more intense storms with longer and more frequent droughts in between (Yu et
al. 2016; IPCC 2021). Additionally, with higher temperatures, evapotranspiration is anticipated to increase which will
lead to a lowering of the water table in peatlands (Andersen et al. 2013; Shi et al. 2015). Research in Arctic permafrost
peatlands have shown that increasing temperatures have already caused an increase in the release of inorganic mercury
(Gordon et al. 2016). Boreal peatlands are projected to get drier and may therefore not respond in the same way as
Arctic peatlands which have thawing permafrost leading to wetter conditions (Hanson et al. 2020). Previous studies
in peatlands have measured the impact of climate change on the mobility and transport of mercury in porewaters by
altering the water table and plant functional groups (Haynes et al. 2017a). The effects of temperature and CO; on the
internal cycling and mobilization of THg to porewaters in peatlands have not yet been reported. To our knowledge,
there are no known direct effects of atmospheric CO, on terrestrial mercury cycling. However, there may be indirect
effects of increased atmospheric CO, on peatland mercury through changes in the productivity of plants and the height
of the water table (Norby et al. 2010; De Kauwe et al. 2013; Reyer et al. 2014; Xu et al. 2016).

Our objective was to investigate the impact of warming and elevated CO, on THg concentration in peatland soil and

porewater. We expected that increases in temperature would increase mercury release from peat to porewaters. The
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Spruce and Peatland Responses Under Changing Environments (SPRUCE) experiment (described in section 2.2) is a
unique, large-scale climate manipulation to study the impact of increasing temperature and elevated CO; on a boreal
peatland. In this study, we measured the porewater concentrations of THg, total organic carbon (TOC), sulfate, total
iron, and pH, as well as the peat concentrations of THg, percentages of carbon, nitrogen, and sulfur (by weight), and
the speciation of sulfur in peat. Associated environmental variables that were measured were the water table height
and soil temperature at multiple depths.

2. MATERIALS AND METHODS

2.1 Site Description

The research was conducted in the S1 bog, the site of the SPRUCE experiment, at the U.S. Department of Agriculture
(USDA) Forest Service Northern Research Station, Marcell Experimental Forest (MEF, Figure S1, Sebestyen et al.
2021). The site is located 40 km north of Grand Rapids, MN, USA, at 47.50515406 degrees N; 93.45398586 degrees
W. The S1 bog is an ombrotrophic peatland (i.e., a bog) dominated by trees: Picea mariana (black spruce) and Larix
laricina, ericaceous shrubs: Rhododendron groenlandicum, Chamaedaphne calyculata, and Vaccinium angustifolium;
a variety of sedges (Carex spp.); and Sphagnum spp. mosses (Hanson et al. 2017). The peatland soil is the Greenwood
series, a Typic Haplohemist, with average peat depths of 2 m - 3 m (Parsekian et al. 2012). The climate of MEF is
subhumid continental with strong diurnal and seasonal temperature fluctuations. The mean annual temperature from
1961 to 2019 was 3.5 °C with a minimum of -46 °C and a maximum of 38 °C (Sebestyen et al. 2021). Mean annual
precipitation over the same period was 787 mm with /3 occurring during the snow-free period (Sebestyen et al. 2011,
2021). From 1961 to 2009, average annual temperatures have increased about 0.4 °C each decade (Sebestyen et al.
2011).

Peatlands are permanently or semi-permanently saturated resulting in slow decomposition rates leading to an
accumulation of organic matter. Bogs lack inputs from groundwater which results in an ombrotrophic system. All
inputs are from atmospheric deposition (Bourbonniere 2009). The soil depth profile can be classified into two sections:
the acrotelm and catotelm. The acrotelm is the top layer and characterized by low density, comparatively high
hydraulic conductivity, transiently oxic conditions depending on water table fluctuations, and includes living plants
and the majority of roots (Nungesser 2003). The catotelm, below the acrotelm, is permanently saturated (during non-
drought years) and tends to have higher density and lower hydraulic conductivity (Verry et al. 2011a; Tfaily et al.

2014).
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2.2 Description of the SPRUCE Experiment

At SPRUCE, there are 10 open-topped enclosures, each with a different temperature and CO; level (Figure S2). The
experimental temperature levels in air and soil with respect to ambient temperature are +0 °C (control), +2.25 °C, +4.5
°C, +6.75 °C, and +9 °C and are maintained year-round (Hanson et al. 2017). Each temperature level has two
enclosures: one at ambient atmospheric CO; and another with elevated atmospheric CO concentrations (+500 ppm)
during the growing season (approximately early April through early November). The various warming levels are
maintained via above-ground and below-ground heating (except for the +0 °control ,Hanson et al. 2017). Treatments
were not initiated simultaneously (Table 1). Each open-topped enclosure is 7.0 m tall by 12.8 m diameter, with a 35°
frustum, and a surface area of 114.8 m? (Hanson et al. 2017). Each enclosure is surrounded underground by a corral
composed of interlocking vinyl sheet-pile walls that extend to the glacial till to hydrologically isolate the enclosure
from the surrounding bog (Sebestyen and Griffiths 2016; Hanson et al. 2017). Lateral outflow pipes were installed in
the near-surface peat of each enclosure, which allow for passive water drainage and water table fluctuations (Sebestyen
and Griffiths 2016). The above-ground walls of the enclosure are composed of structural aluminum and double-walled

transparent greenhouse panels (Hanson et al. 2017).

Table 1 Timeline of treatment initiation at the SPRUCE site. (Hanson et al. 2017)

Activity Description Date
Soil temperature treatment initiated July 2,2014
Air temperature treatment initiated August 13, 2015
Carbon dioxide treatment initiated June 15,2016

2.3 Sampling Method

Between 2017 and 2019, porewater was collected every two weeks, during the non-frozen period (typically April/May
to October/November) from a nest of four piezometers in each enclosure (depths of openings: 0 cm to -10 cm, -30 cm
to -40 cm, -50 cm to -60 cm, and -100 cm to -110 cm, a depth of 0 cm is equivalent to the peat surface). The
piezometers, made of polyvinyl chloride (PVC), were evacuated several hours before each sampling event to obtain
fresh porewater. An unfiltered water sample was pumped from each piezometer using a peristaltic pump connected
with a silicone sampling tube. Sample water was pumped into a clean 125 mL polyethylene terephthalate glycol
(PETG) bottle that was rinsed 3 times with sample water before being filled. The 125 mL sample was preserved with

0.5 mL trace metal hydrochloric acid and refrigerated before shipping to the lab for analysis.
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Once a year between 2017 and 2019, in mid-August, a peat core was collected from each enclosure. The peat cores
were composed of 11 depth increments to a depth of -200 cm resulting in a total of 110 samples per year. A 7.5 cm
stainless steel drill (rotary) corer was used to collect surface samples (0 cm to -30 cm, Iversen et al. 2014) and deeper
peat cores were collected with a Russian peat corer (Jowsey 1966). Depths 0 cm to -50 cm were divided in 10 cm
increments and depths -50 cm to -200 cm were divided in 25 cm increments (Iversen et al. 2014). Subsamples for
sulfur speciation were placed in 40 mL IChem glass vials (SB360040, Thermo Scientific, Rockwood TN, USA),
purged of ambient atmosphere, and the headspace was replaced with argon in the field. The samples were then placed
in mylar pouches containing Anaeropack oxygen scrubbers (R681001, Mitsubishi Gas Chemical Co., Tokyo, Japan)
and stored in a freezer. All samples for sulfur analyses were protected from ambient atmosphere during sample
shipping, storage, and analysis (Pierce et al. 2022). Subsamples for mercury analyses were placed in 40 mL
polypropylene specimen cups and stored frozen until freeze-dried for further analysis.

2.4 Mercury Sample Preparation and Analysis

Prior to THg analysis, freeze-dried peat samples were digested in concentrated nitric acid overnight at 70 °C (Bloom
and Crecelius 1983; Grigal et al. 2000).

Porewater samples were not filtered prior to analysis because no filtration (TOC) and 0.7 um filtration (dissolved
organic carbon, DOC) provide equivalent measures of organic carbon concentration at our field site and TOC had
strong explanatory power for THg in water (Sebestyen et al. 2011, 2020, 2021). For porewater samples, at least 25
mL of sample was transferred into a 125 mL Teflon bottle and 2 - 4 mL (1:1000 based on darkness of sample) of
bromine monochloride (BrCl) was added to digest the sample. The samples were placed in a 70 °C oven and digested
overnight. After digestion, the remaining BrCl in the sample was reduced by pipetting 0.4 - 0.8 mL of hydroxylamine
hydrochloride into the solution and mixed.

Peat and porewater samples were analyzed following U.S. Environmental Protection Agency (EPA) Method 1631 for
determination of THg by oxidation, purge, double gold amalgamation trap, desorption, and cold-vapor atomic
fluorescence spectrometry (CVAFS, U.S. Environmental Protection Agency 2002) on a Tekran Series 2600-IVS
analyzer. The method was modified by using unfiltered water samples.

Each digested and reduced sample was transferred to a 40 mL IChem glass vial. A quantity of 60 puL of stannous
chloride (SnCl,) was added, and the vial was immediately capped. The sample was allowed to react for 30 minutes,

prior to analysis, to allow time for the SnCl, to convert the Hg(II) to gaseous Hg(0).
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For quality assurance / quality control, ten percent of samples were analyzed in duplicate or spiked with known
amounts of mercury (Table S1). In addition, blanks and check standards were run approximately every 15 samples.
The detection limit was 0.03 ng g*! for peat and 0.2 ng L"! for porewaters.

2.5 Sulfur Speciation in Peatland Soil

Sample handling, processing, and storage followed published methods (Pierce et al. 2022). Briefly, peat samples were
dried in a Bel-art gas purge box (F42072-1009, Wayne NJ, USA) and flushed with nitrogen continuously for 7 - 8
days at room temperature. Dried peat was homogenized under liquid nitrogen using a ceramic mortar and pestle in a
glovebag, split for multiple analyses, and sealed in nitrogen-filled mylar pouches before further analyses.

Sulfur 1s X-ray absorption near edge structure (XANES) spectroscopy was used to acquire sulfur speciation data using
established and nondestructive methods (Manceau and Nagy 2012; Zeng et al. 2013; Cron et al. 2020; Pierce et al.
2022). The data were acquired on the 06B1-1 Soft X-ray Microcharacterization Beamline (SXRMB) at the Canadian
Light Source (CLS, Saskatoon, SK, Canada). At the CLS beamline, ground samples were applied on a low-sulfur
double-adhesive carbon tape and attached to a copper multi-sample plate in ambient air. Samples were exposed to
oxygen for 30 - 45 minutes. Sample splits prepared in a glove bag and on the benchtop have demonstrated no change
in the oxidative state of the sulfur for this duration of exposure (see supplemental text, “Assessment of XANES
Glovebag Preparation vs. Ambient Benchtop Preparation”). The prepared holders were sealed in a mylar bag with
argon until placed into the sample chamber under a vacuum for analysis by simultaneous total electron yield (TEY)
and fluorescence detection. Photon damage to the samples was not observed and each spectrum was the average of
two to three scans per sample. Energy calibration of the monochromator was performed using gypsum (CaSO4) with
the absorption maximum set to a value of 2482.74 eV (Cron et al. 2020; Pierce et al. 2022).

Sulfur XANES spectra were energy calibrated, averaged, pre-edge subtracted, and post-edge normalized in Athena
(Ravel and Newville 2005). Linear combination fitting (LCF) of the sample spectra with reference spectra was
performed using mrfitty (Nicholas et al. 2017) applying the published sulfur reference database in Pierce et al. (2022).
See the Supplemental Information for “Assessment of Error in Linear Combination Fitting”. The fitting of a reference,
for example: L-cystine (organic disulfide, R-S-S-R’), does not indicate that L-cystine is in the sample. It indicates that
the sulfur in the sample has a bonding and valance state similar to the sulfur in the reference material. Therefore, LCF
results are binned to translate from specific reference spectra (e.g., L-cystine) to the sulfur species it represents (e.g.,

organic disulfide). See Table S2 for a description of each sulfur reference compound and binning group.



194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

2.6 Peat Percent Total Carbon, Nitrogen, and Sulfur

Dried and ground samples were analyzed through combustion analysis of bulk peat samples (15.000 mg + 0.005 mg)
using an Elementar Pyrocube combustion analyzer (varioPYRO cube, Elementar Inc, New Jersey, US). Certified
standard material acetanilide (Elemental Microanalysis, item: B2114) was used for carbon (71.09%) and nitrogen
(10.36%) and certified standard material sulfanilamide was used for sulfur (18.62%, Elementar, item: 15.00-0062).
Correction values were calculated to adjust the measurement of the certified standard materials to the accurate
elemental values. These correction values were then applied to the experimental samples. The detection limit was
<0.1%.

2.7 Porewater Chemical Analysis

Porewater samples were analyzed at the USDA Forest Service Northern Research Station (Griffiths and Sebestyen
2016a).Total organic carbon (TOC) was selected as an independent variable because of the affinity between carbon
and mercury (Meili 1991). Total organic carbon was measured by Standard Method 5310B on a Shimadzu (Columbia
MD, USA) TOC-L (APHA 2017). Total organic carbon is essentially equivalent to DOC in this ecosystem due to
organic particles being less than 0.7 pm in diameter (Sebestyen et al. 2020). The independent variable pH was selected
because mercury desorption from soil has been observed with increasing pH (Yang et al. 2007; O’Connor et al. 2019).
pH was measured by Standard Method 4500-H+ B on a Mettler Toledo (Columbus OH, USA) DL53 Auto Titrator
(APHA 2017). Sulfate was selected as a variable because MeHg is produced as a byproduct of sulfate-reducing
bacteria (Benoit et al. 2003; Mitchell et al. 2008b). Sulfate and chloride were measured by Standard Method 4110-C
on a Thermo Scientific Dionex (Sunnyvale CA, USA) ICS-2100 (ion chromatography with suppressed conductivity
detection, APHA 2017). The detection limits are 0.3 mg sulfate L' and 0.2 mg chlorine L. Chloride is a
geochemically conservative species in peat and was measured to support the assessment of evaporative concentration
(Bottrell and Novak 1997). Iron was selected as a variable because MeHg is produced as a byproduct of iron-reducing
bacteria (Benoit et al. 2003; Bravo et al. 2018). Total iron was measured by Standard method 3120 on a Thermo
Scientific (Waltham MA, USA) ICAP 7600 Duo with an ASX-520 Autosampler and Qtegra Intelligent Scientific Data
Solution Software (APHA 2017).

2.8 Environmental Measurements

A TruTrack (Christchurch, New Zealand) WTVO-2000 sensor placed in a stainless steel well in the center of each

enclosure was used to measure the water table height every 30 minutes (Hanson et al. 2020). Water table data were
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expressed relative to the peat surface (0 cm) and are a daily average. Temperature probes were placed in the peat in
triplicate (depths: 0 cm, -10 cm, -20 cm, -30 cm, -40 cm, -50 cm, -100 cm, and -200 cm) and temperature was recorded
every 30 minutes (Hanson et al. 2020) resulting in 48 measurements per day at each depth per enclosure. The
temperature measurements for each of the 8 depths were averaged per day and this is referred to throughout the
manuscript as mean daily soil temperature. For porewater analyses, the temperature probes placed at depths 0 cm, -30
cm, -50 cm, and -100 cm were used.

2.9 Ratio of THg in Peat to THg in Porewater

The ratio of THgpear to THgZporewater (THZpeat: THZporewater) 1 calculated as shown in equation 1.

[THg] peat ( 1)
[THg]porewater

A caveat to this calculation is that peat and porewater were not sampled on the same day. The porewater sampling
date closest to the once-a-year peat sampling was chosen for the calculation. The difference between the porewater
sampling date and peat sampling date ranges from 3 to 5 days. We calculated the ratio of THgpear to THgporewater bY
matching peat and porewater samples at 0-10 cm, and 30-40cm. At two other depths, we paired the closest depth
increments. That is, 50-60 cm for porewater with 50-75 cm for peat, and 100-110 cm for porewater with 100-125 cm
for peat. Ratios were not averaged.

2.10 Statistics

A regression-based approach was used to assess the results of this study. This method, as opposed to an ANOVA-
based approach, generally offers more power and supports treatment levels without replication to describe the response
of variables to elevated temperature and CO, (Cottingham et al. 2005). The regression-based approach has been used
to examine the responses of other variables in SPRUCE (Norby et al. 2019; Hanson et al. 2020; McPartland et al.
2020; Wilson et al. 2021b; Curtinrich et al. 2022; Iversen et al. 2022).

Statistical analyses were performed in R 4.2.0 (R Core Team 2017) using base R and package ‘agricolae’ (v1.3.5;
function: LSD.test, de Mendiburu and Yaseen 2020), package ‘car’ (v3.0.13; functions: Anova and vif, Fox and
Weisberg 2019), and package ‘emmeans’ (v1.7.5; function: Istrends, Lenth 2022). When log-transformed, the THg
data met assumptions of normality based on visual assessments of histograms and quantile-quantile plots. The water
table data and THgpca: THEporewater data did not meet assumptions of normality based on visual assessment but the water
table data had a large sample size (n = 6,194) and by the central limit theorem, large samples sizes (n > 50) are well-

approximated by a normal distribution even if the data themselves are not normally distributed (Stevens 2013). The

9
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THgpeat to THgporewater ratio data did not have a large sample size (n = 30) and, therefore, were excluded from analyses
requiring a normal distribution. The response of THgpea: THZporewater Was assessed by using Spearman’s rank
correlation for non-linear and non-parametric data with a significance level of p < 0.05. The relationship between
THgpea: THEporewater and CO» level could not be assessed using Spearman’s correlation as CO, treatment was a
categorical variable and not continuous.

To examine the treatment effects on THg concentrations in both peat and porewater, we used analysis of covariance
(ANCOVA), with CO; level as the factor, mean daily soil temperature (averaged across depths) as the covariate, THg
concentration (averaged across depths) as the dependent variable, and a significance level of p <0.05. When analyzing
the full depth profile, the ANCOVA had a blocking factor of depth zone (acrotelm and catotelm, described in section
2.1). Mean THg concentration values across depths at each sampling timepoint were used in these ANCOVAs to
reduce pseudoreplication. An ANCOVA was also used to examine effects of mean daily soil temperature and CO,
level on the daily water table height during the growing season. Pseudoreplication was reduced but not eliminated by
averaging the water table data per day. Multiple comparisons were performed using pairwise t-tests and p-values were
adjusted using Holm’s correction method for multiple comparisons (Holm 1979).

Stepwise multiple linear regression (MLR) was used to evaluate the effect of experimental treatments and
environmental conditions on THg concentration for the full depth profile, the acrotelm, and the catotelm. For peat, the
full depth profile was 0 cm to -200 cm, acrotelm was 0 cm to -40 cm, and catotelm was -50 cm to -200 cm. For
porewater, the full depth profile was 0 cm to -110 cm, acrotelm was 0 cm to -40 cm, and catotelm was -50 cm to -110
cm. The following factors were used to determine their influence on the mercury concentrations within the porewater
samples (THgporewater): depth (D), CO» level, mean daily soil temperature measured at the sampling depth (T), mean
seasonal water table height (W), total organic carbon (TOC) concentration, pH, sulfate concentration (SO4%), and total
iron concentration (Fe). Even though the SPRUCE treatments were defined as discrete levels of warming, the
temperature is expressed and analyzed as the actual temperature measured because this is a biological system with
seasonality trends in temperature. Mean daily soil temperature and mean seasonal water table height were selected
based on the rationale presented in Feng et al. (2020) who identified daily soil temperature maximum and seasonal
water table elevation as the best performing models for predicting annual methane fluxes. Our own assessments of
goodness of fit for simple linear regressions between THg concentration and the means of daily, weekly, monthly,

annual, and seasonal measurements of soil temperature and water table height supported the selection of mean daily
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soil temperature and mean seasonal water table height. The regression equation that expresses these factors and how
they may influence mercury concentration in porewater is as follows:

Yy =PBo+ B1D + B,C0; + BT + W + BsTOC + BspH + B;S0;~ + PBgFe (2
Where y is the response variable [log(THgporewater cOncentration)], Po is the intercept, and PBis are the regression
coefficients. The best stepwise model was selected using R? values and Akaike’s information criterion (AIC). All
references to differences in the results section refer to statistically significant differences (p < 0.05). For the analysis
of the acrotelm and catotelm, the variable “depth” was excluded from the MLR.

The following factors were used in the regression of mercury concentrations within the peat samples (THgpeat): depth
(D), COs level, mean daily soil temperature measured at the sampling depth (T), mean seasonal water table height
(W), ratio of carbon to nitrogen (C:N), percent sulfur by weight (%S), percent of ester sulfate out of total sulfur (ES),
sulfone/sulfonate (SS), sulfoxide (S), thiol/monosulfide/thiophene (TMT), and organic disulfide (OD). The regression
equation that expresses these factors and how they may influence mercury concentration in peat are as follows:
y=PBo+ 1D+ [0, + 3T + L, W + BsC:N + Bs%S + B,ES + [gSS + oS + B1oTMT + B1,0D

(€)

The carbon to nitrogen ratio was used because it is an indicator of the level of decomposition (Post et al. 1985;
Sanderman and Amundson 2003). Following the determination of a MLR, the model was checked for multicollinearity
using the variance inflation factor.
3. RESULTS
3.1 Effect of Temperature on THg Concentration
The following subsections will cover the effects of warming on THgpea concentration, THgporewaer cOncentration, and
THgpear: THEporewater-

3.1.1 THgpeat Concentration
The ANCOVA results demonstrated that log-transformed THg,..: concentration did not have a significant relationship
with mean daily soil temperature (Table 2). The MLR of log-transformed THgy.. concentration in the full depth profile
resulted in an R? value of 0.60 with a significant p-value (< 0.0001) but did not include temperature as an influential
variable (Table 3). When performing the MLR for the acrotelm (0 cm to -40 cm) and catotelm (-50 cm to -200 cm)
separately, the variable depth was removed and the R? values decreased (Table 3). Temperature was not an influential

variable in the acrotelm but it was in the catotelm and had a positive coefficient with log-transformed THg.
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Table 2 ANCOVA results for log-transformed THgpea: concentration, log-transformed THgporewarer cOncentration, and
non-transformed water table height. The factor variable was CO; level and the covariate was mean daily soil
temperature. The interaction of temperature and CO; level is indicated by “Temperature*CO:” The top panel has the
results for the full depth profile and the bottom two panels are subset into the acrotelm and catotelm depths. Zone
refers to the acrotelm and catotelm and was assessed as a blocking factor. For peat, the full depth profile was 0 cm
to -200 c¢m, acrotelm was 0 cm to -40 cm, catotelm was -50 cm to -200 cm. For porewater, the full depth profile was
0 cm to -110 cm, acrotelm was 0 cm to -40 cm, catotelm was -50 cm to -110 cm. A significant p-value was < 0.05.

Porewater n = 430, peat n = 30, and water table height n = 6,154.

Full Depth Profile
p-values
Peat LogTHg  Porewater LogTHg  Water Table Height
Mean daily soil temperature 0.94 0.09 <0.0001 *
CO; Treatment 0.84 0.07 <0.0001 *
Temperature*CO, 0.96 0.13 <0.01 *
Zone <0.0001 * <0.0001 *

Zone: Acrotelm
p-values
Peat LogTHg  Porewater LogTHg

Mean daily soil temperature 0.72 <0.001 *
CO; Treatment 0.62 0.04 *
Temperature*CO, 0.68 0.54

Zone: Catotelm
p-values
Peat LogTHg  Porewater LogTHg

Mean daily soil temperature 0.54 0.90
CO; Treatment 0.64 <0.01 *
Temperature*CO, 0.64 0.24
*a<0.05

12



315 Table 3 Stepwise multiple linear regression (MLR) coefficients for log-transformed THg concentration. For peat, the full depth profile was 0 cm to -200 cm,

316 acrotelm was 0 cm to -40 cm, catotelm was -50 cm to -200 cm. For porewater, the full depth profile was 0 cm to -110 cm, acrotelm was 0 cm to -40 cm, catotelm
317 was -50 cm to -110 cm. Coefficients (fi) and model performance from stepwise MLR analysis (Eq. 3) for peat with independent variables being depth (D),

318 elevated CO; (eCO;), mean daily soil temperature (T), mean seasonal water table height (W), ratio of carbon to nitrogen (C:N), percent sulfur (%S), percent of
319 ester sulfate out of total sulfur (ES), sulfone/sulfonate (SS), sulfoxide (S), thiol/monosulfide/thiophene (TMT), and organic disulfide (OD) and dependent variable
320 log-transformed total mercury concentration [logl 0(THgpea)]. Coefficients (i) and model performance from stepwise MLR analysis (Eq. 2) for porewater with
321 independent variables being depth (D), elevated CO; (eCO;), mean daily soil temperature (T), mean seasonal water table height (W), total organic carbon

322 concentration (TOC), pH, sulfate concentration (SOy), total iron concentration (Fe), and dependent variable log-transformed total mercury concentration

323 [1og10(THgporewater)]. Negative coefficients are indicated in red and positive coefficients are indicated in black. All linear regressions had a p-value < 0.0001. An

324 entry of “N/A” means the variable was not included in the equation as its addition either lowered the R’ value or did not lower the AIC value.

Peat Independent variables Model Summary &
Depth Zone D eCO2 T w C:N %S ES SS S T™T OD .
n R?>  RZ%adj
Bo B1 B2 B3 B4 Bs Be B7 Bs Bo Bio Bi1
Full Profile  0.869 0.002 -0.058 N/A  0.016 0.005 2505 0.014 0.017 -0.006 N/A 0.006 234 0.61 0.60
Acrotelm 1.653 -0.070  N/A  0.014 N/A 1.263 N/A  0.007 -0.012 N/A 0.007 146 042 040
Catotelm 0.523 -0.069 0.017 0.020 0.007 1.578 0.018 0.026 N/A N/A  N/A 88 0.52 048
Porewater Independent variables Model Summary &
D eCO2 T 4 TOC pH SO4 Fe ) R Readi
Po pi p2 Ps Pa Ps Po p7 Ps
Full Profile ~ 1.603 0.007 N/A  0.003 -0.002 N/A -0.189 0223 0.029 1533 0.65 0.64
Acrotelm 1.558 0.093  0.007 N/A -0.002  -0.216 0.235 0.083 758 0.28  0.28
Catotelm 1.093 -0.088  N/A N/A 0.004 -0.286 0.688 0.147 775 041 041

& Number of measurements (n), model coefficient of determination (R?), adjusted R? (R2-adj)

325
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3.1.2 THgporewater Concentration
The ANCOVA results indicated that log-transformed THgporewater concentration did not have a significant
relationship with mean daily soil temperature for the full depth profile or the catotelm (Table 2). Within the
acrotelm, log-transformed THgporewater did have a significant, positive relationship with mean daily soil temperature
(p <0.001, Table 2). When assessing individual depths (Figure 1), there was a significant relationship between mean
daily soil temperature and THgporewater cOncentration in the top two depths (0 cm to -10 cm and -30 cm to -40 cm)
which corresponds to the acrotelm. However, the R? values are low which indicates that temperature alone, while
statistically significant, is not a good predictor. The deeper two depths (-50 cm to -60 cm and -100 cm to -110 cm)

did not have a significant relationship between mean daily soil temperature and THgporewater cOncentration (Figure 1).

0cmto-10cm -30 cm to - 40cm -50 ¢m to -60 cm -100 cmto -110 cm

y =-0.001x+ 0.210

oy
)
£
o)
I
l—
]
(o]
t o ¥=0.008x + 1.084 .
R?= %.%126 y = 0.007x + 0.797
Pk R?>=0.018
p <0.01 y =0.003x + 0.595
R?=0.003
p=0.32

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Mean Daily Soil Temperature (°C)

Fig. 1 Linear regression of mean daily soil temperature with log-transformed THgporewaier cOncentration split by
depth increment. The depths 0 cm to -10 cm and -30 cm to -40 cm had significant p-values (< 0.05) and a positive
slope. The depths -50 cm to -60 cm and -100 c¢m to -110 cm did not have significant p-values.

The stepwise MLR of log-transformed THgporewater cOncentration resulted in an R? value of 0.64 with a significant p-
value (< 0.0001) and included depth (cm), mean daily soil temperature measured at depth (°C), mean seasonal water
table height (cm), pH, sulfate concentration (mg L), and total iron concentration (mg L!). Porewater sulfate, iron,
and acidity were all positively correlated with increased concentration of THgporewaer. For TOC concentrations, the
relationship with THgporewater depended on the depth interval in the soil; there was a negative correlation in the acrotelm
and a positive correlation in the catotelm. For the full depth profile, this analysis did not identify a simple relationship

between TOC and THgporewater- Temperature had a positive coefficient which indicates that as temperature increases,
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log-transformed THgporewater cOncentration also increases (Table 3). When performing separate MLRs for the acrotelm
and catotelm, temperature had a positive coefficient with log-transformed THgporewater in the acrotelm and was not an
influential variable in the catotelm.

3.1.3 Ratio of THgpeat to THgporewater
A negative relationship of -0.40 (Spearman’s correlation analysis) was observed between THgpear: THZporewater and the
mean daily soil temperature when considering the whole depth profile (p < 0.0001, Table S3 and Figure S3). When
analyzing the acrotelm (0 cm to -40 cm) only, the relationship was even stronger with a correlation coefficient of -
0.58 (Table S3). The catotelm (50 cm to -110 cm) did not show a significant relationship between mean daily soil
temperature and THgpear: THEporewater (Table S3). The THgpear to THEporewater ratio did not have a significant relationship
with pH in the acrotelm, but in the catotelm the relationship was positive (rho = 0.54, Table S3) indicating that as pH
decreased the partitioning of THg moved from the peat into the porewater. A negative relationship was observed
between THgpear: THEZporewater and aqueous sulfate, total dissolved iron, and TOC over the whole depth profile (tho = -
0.50, -0.42, and -0.37, respectively, Table S3). These relationships indicate that increases in these aqueous variables
were correlated with net partitioning of THg from the peat to the porewater. Curiously, the height of the water table
did not have a significant relationship with THgpea:: THgporewater.
3.2 Effect of Elevated Carbon Dioxide on THg Concentration
The following subsections will cover the effects of elevated CO2 on THgpca: concentration, THgporewater cOncentration,
and THgpea:: THEporewater-

3.2.1 THgpeat Concentration
The ANCOVA results demonstrated that log-transformed THg..: concentrations were not different between the CO,
levels (ambient and elevated, p = 0.84, Table 2). Additionally, ANCOVA analysis demonstrated that the interaction
of mean daily soil temperature and CO; treatment was not significant (p = 0.96, Table 2). The stepwise MLR of log-
transformed THgpea concentrations resulted in an R? value of 0.60 with a significant p-value (<0.0001) and included
depth (cm), CO, treatment, mean seasonal water table height (cm), C:N, percent sulfur by weight, percent of ester
sulfate out of total sulfur, percent of sulfone/sulfonate, percent of sulfoxide, and percent of organic disulfide (Table
3). The elevated CO, treatment had a negative coefficient which indicates that at elevated CO,, log-transformed
THgpea concentration is less than at ambient CO; (Table 3).

3.2.2 THgporewater Concentration
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Log-transformed THgporewater cOncentration was not different between the CO, levels when analyzing the full depth
profile (p = 0.07, Table 2). There were differences in log-transformed THgporewater cOncentration when split into the
acrotelm and catotelm (Table 2). In the acrotelm, the log-transformed THgporewater cOncentration was significantly
higher in the elevated CO; enclosures (p = 0.04, Table S4). However, in the catotelm, the log-transformed THgporewater
concentration was significantly higher in the ambient CO; enclosures (p < 0.01, Table S4). Assessing all four depth
increments using ANCOVA (Figure 2), the shallowest and deepest depths sampled (0 cm to -10 cm and -100 cm to -
110 cm) were not different between the CO; levels. The middle depths (-30 cm to -40 cm and -50 cm to -60 cm) were
different between the CO; levels and matched what was seen in the acrotelm/catotelm. At -30 cm to -40 cm, the
elevated CO; enclosures had significantly higher (p < 0.0001) THgporewater cOncentrations whereas at -50 cm to -60 cm,
the elevated CO; enclosures had significantly lower THgporewater concentrations (p < 0.0001). The interaction of mean

daily soil temperature and CO; level was not significant per an ANCOVA analysis (p = 0.13).

Ocmto-10 cm -30cmto-40cm -50cmto-60cm -100cmto- 110 cm
b
& L]
]
154 : H ]
L]
L[] ° Y
L L ]
= 1.0+
Ks)
B
4
F 057 o
g
=
L]
0.0+
i
]
-0.54

Ambient Elevated  Ambient Elevated  Ambient Elevated  Ambient Elevated
Carbon Dioxide Level

Fig. 2 Box plots of log-transformed THgporewater concentration by carbon dioxide level and depth increment.
Differences (p < 0.05) between CO; levels, determined from ANCOVA pairwise analyses, are shown by different
letters. Letters are compared across depths. Log-transformed THgporewaer cOncentrations were unaffected by elevated
CO; conditions at the depth increment 0 cm to -10 cm. In depth increment -30 cm to -40 cm log-transformed
THgporewater concentrations were enhanced in the elevated CO, enclosures. In the catotelm, log-transformed
THgporewater concentrations were reduced in the elevated CO; enclosures at the depth increment -50 cm to -60 cm and
log-transformed THgporewarer concentrations were unaffected by elevated CO, conditions at the depth increment -100

cm to -110 cm.
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The stepwise MLR of log-transformed THgporewater concentration did not include CO; treatment as an important
variable when assessing the full depth profile. However, when the depth profile is split into the acrotelm and catotelm,
the elevated CO, treatment had a positive coefficient in the acrotelm and a negative coefficient in the catotelm (Table
3) indicating that at elevated CO,, the log-transformed THgporewater cOncentration was higher in the acrotelm and lower
in the catotelm as compared to ambient CO,. The stepwise MLRs for the acrotelm and catotelm had significant p-
values (both <0.0001) and R? values were 0.28 and 0.41, respectively (Table 3).

3.3 Effect of Temperature and Carbon Dioxide on Water Table Height

The ANCOVA analysis revealed that the height of the water table decreased with increasing temperature under both
CO; levels (Figure 3). The linear regression of mean daily soil temperature with daily water table height had negative
slopes for ambient CO, and elevated CO; (slope = -0.006 and -0.007, respectively, Figure 3). The ANCOVA analysis
demonstrated that the interaction of mean daily soil temperature and CO; level was significant (p <0.01, Table 2).
This finding indicates the negative trend between mean daily soil temperature and daily water table was significantly
enhanced under elevated CO, conditions as the linear regression of mean daily soil temperature with daily water table
height had a more negative slope than under ambient CO, conditions (Figure 3). The mean daily water table height

was higher under elevated CO, conditions (Table S5).
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Fig. 3 Linear regression of mean daily soil temperature with daily water table height. The interaction of mean daily

soil temperature and CO; level was significant (p <0.01, Table 2). The daily water table lowers in response to
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warming and this trend is enhanced at elevated CO,. The mean water table height is higher under elevated CO,

conditions than at ambient CO; conditions (Table S5)

A single linear regression of chloride concentration with mean daily soil temperature was significant (p < 0.05) but
had a low R? value of 0.06 (Figure S4) indicating that evaporative concentration was not an important factor affecting
THgporewater concentration. Chlorideporewaer cOncentration versus mean daily soil temperature relationships were
analyzed by temperature treatment, and the slopes of these relationships were not significantly different from one
another (p = 0.32, Figure S5). Total mercuryporewater cOncentration versus chloride concentration relationships were
analyzed by temperature treatment, and the slopes of these relationships were not significantly different from one
another (p = 0.92, Figure S6).

3.4 Effect of Water Table on Peat and Porewater THg Concentration

The relationship between water table height and THgpe.: concentration was positive (Table 3). In contrast, the
relationship between water table height and THgporewater cOncentration was negative (Table 3). Water table height and

THgpea: THEporewater Were not significantly correlated (p = 0.068, Table S3).

4. DISCUSSION

4.1 Effect of Temperature on THg Concentration

The THgpeat concentration did not show a response to temperature (Table 2 and Table 3). It is possibly too early in
the 10-year SPRUCE experiment to measure effects as the results of this study only cover the first 3 years of the
experiment. However, carbon, iron, and nitrogen cycling changes have been observed over that time period (Wilson
et al. 2016, 2021a, b; Hanson et al. 2020; Curtinrich et al. 2022; Iversen et al. 2022). The THgporewater cOncentration
increased with warming (Table 2 and Figure 1) likely because porewaters are more responsive to change than peat.
Porewaters have been reported to be a sensitive indicator of metal mobilization in peat and chemical components
can be more reactive in porewater than in peat (Bourbonniere 2009; Shotyk et al. 2016). Additionally, the mass of
mercury in peat is much larger than the mass of mercury in porewater so proportionally greater changes are needed
to observe an effect in the peat as compared to the porewater. In the top 100 ¢cm, there is approximately 107 ng m™
THg in peat and 10> ng m> THg in the porewater, a difference of 5 orders of magnitude (Supplemental Information,
“Mass Balance Calculations™).

The stepwise MLR of log-transformed THgyca: did not include the organic monosulfide group (“thiols, organic

monosulfides, and thiophenes” or TMT, Table 3) as an influential group which was surprising given that mercury
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has a demonstrated affinity with thiols (Skyllberg 2008; Nagy et al. 2011). However, organic disulfide (a reduced
sulfur species, R-S-S-R”) was included in the MLR and had a positive relationship (Table 3). Similar trends were
seen in the Spearman’s correlation analysis of THgpea: THZporewater- Int peat, as the proportion of organic monosulfide
species increased, THgpca:: THEporewater decreased (Table S3). This finding is consistent with the net movement of
THg from peat to porewater at depths where organic monosulfides are most abundant. This negative relationship
was also observed in the 2012 study of the initial conditions at the same site (Pierce et al. 2022). As the proportion
of organic disulfide species increased in peat, THgpca:: THEporewater increased (Table S3), indicating retention of
mercury where organic disulfide is present. Overall, the data indicate that peat with higher proportions of organic
disulfide retain more THg in the solid phase than peat with higher proportions of organic monosulfide.

In the SPRUCE experiment, the THgporewater cOncentration increased as the temperature increased, primarily in the
acrotelm (Table 3). Furthermore, the response of THgpea:: THEporewater to warming indicated that the partitioning of
mercury shifted from the peat into the porewater as the temperature increased. In addition to mercury, dissolved
sulfate, total dissolved iron, and acidity increased in porewaters. The increased concentration of THgporewater and
other solutes is likely a result of more rapid decomposition of the peat at elevated temperatures. At the SPRUCE
experiment, research has shown that in the first 3 years of the experiment, warming has caused a rate of carbon loss
of 31.3 g C'm 2-year !-°C™! and was associated with peat decomposition and declining peat elevation (Hanson et al.
2020). Previous studies have shown that decomposition of sedimentary organic matter in freshwater wetlands leads
to mobilization of mercury into porewaters (Myrbo et al. 2017). A negative relationship (Table S3) between TOC
and THgpea:: THEporewater Was observed. This indicates as TOC concentrations increased in porewater, there was a
partitioning of mercury from the peat into the porewater. Increased TOC concentrations in porewater is consistent
with peat decomposition and supports our interpretation that increased mercury in the porewaters is related to
decomposition. Using stepwise MLR analysis, we observed that within the acrotelm a positive relationship (Table 3)
was observed between THgporewater concentration and porewater TOC concentration. This finding is also consistent
with the interpretation that at depths where peat decomposes to release TOC to porewaters, there is also release of
mercury and other solutes to porewater.

Another source of mercury to the porewaters is atmospheric deposition but, given the close proximity of the
enclosures, deposition is likely equal across treatments (Figures S1 and S2). The annual open air THg atmospheric

wet deposition at the nearby (2.5 km) MEF Mercury Deposition Network site was 6.9 ug m2, 8.6 ugm?2, and 7.1 pg
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m for the years 2017, 2018, and 2019, respectively (National Atmospheric Deposition Program 2018, 2019, 2020).
Evaporative concentration is addressed in section 4.4 and determined not to be an influential factor on THgporewater
concentrations.

4.2 Effect of Carbon Dioxide on THg Concentration

Elevated CO, did not affect THgco concentration in the ANCOVA analysis (Table 2). However, the stepwise MLR
showed a negative relationship between elevated CO, and THgpea: concentration (Table 3). To our knowledge there
are no previous investigations in which a negative relationship between CO, and THg concentration has been
observed. Within the acrotelm, elevated CO, concentration led to increased THgporewater cONcentration whereas in the
catotelm it led to decreased THgporewater concentration (Table 3 and Figure 2). The positive relationship in the acrotelm
was due primarily to the -30 cm to -40 cm depth increment (Figure 2) which is in the typical zone of water table
fluctuation

Past studies have shown that elevated CO, had a positive effect on the growth of certain vegetation types, such as
sedges, in peatlands (Fenner et al. 2007; Dieleman et al. 2015). Sedges, a vascular plant, have been observed to
increase peat mercury accumulation because of mercury translocation from the plant to the soil (Haynes et al. 2017b).
The increase in sedge vegetation or changes in root exudates could be related to the increase in THgporewater
concentration seen in the acrotelm. However, published research from the SPRUCE experiment have only shown
limited effects of elevated CO, on the plant community and physiology (Hanson et al. 2020; Malhotra et al. 2020;
McPartland et al. 2020; Iversen et al. 2022). For THg concentrations in porewaters, the overall effect of CO, is subtle
and likely indirect through effects on plant evapotranspiration and water table height.

4.3 Effect of Temperature and Carbon Dioxide on the Water Table Height

In an ecosystem, such as a peatland, where water is not limiting, increased temperature will cause an increase in the
rate of evapotranspiration, an important part of the water cycle (Macek et al. 2018; Zhang and Wang 2021).
Increased evapotranspiration leads to a lowering of the water table in peatlands. A recent SPRUCE modeling study
demonstrated evaporation and transpiration to be important drivers of the water table height in peatlands (Yuan et al.
2021). As expected, water table height in the SPRUCE experiment decreased as temperature increased (Figure 3,
Hanson et al. 2020). This relationship has been demonstrated in other experiments in peatlands (Roulet et al. 1992;
Moore et al. 1998). There was a significant interaction effect (Table 2) between mean daily soil temperature and

CO; level on water table height. Both CO; levels had a negative relationship between mean daily soil temperature
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and daily water table height (Figure 3). Under elevated CO, conditions this negative relationship was amplified as
compared to ambient CO, conditions (Figure 3). A caveat to this data is that we suspect that the enclosure with +9
°C treatment and ambient CO; had external water ingress (when water levels outside of the enclosure were high) due
to a persistent mechanical challenge in sealing the below-ground corral. It is possible that the +9 °C treatment with
ambient CO; had an artificially high water table. In contrast, the corresponding +9 °C treatment with elevated CO,
did not have perceptible leakage.

We expected that elevated CO, would cause increased primary productivity in plants which would lower the water
table (Norby et al. 2010; Reyer et al. 2014). However, the elevated CO» treatment had a higher mean daily water table
than the ambient CO, level (Table S5). This finding was more pronounced at lower temperatures and less pronounced
at warmer temperatures (Figure 3). Higher water tables could be caused by plant stomata closing as a response to
elevated CO; and limiting transpiration. Studies in vascular plants found that elevated CO, caused reductions in
stomatal density, stomatal conductance, leaf transpiration, and ecosystem evapotranspiration (De Kauwe et al. 2013;
Xu et al. 2016). However, in the SPRUCE experiment, only minimal effects of CO, were observed on vascular plants
(McPartland et al. 2020). Sphagnum moss, which is not a vascular plant and does not have stomata, had lower
productivity in the elevated CO, treatment likely due to increased shading by shrubs (Shi et al. 2015; Norby et al.
2019). At the SPRUCE site, warming was associated with an increase in above-ground vascular plant biomass and a
decrease in Sphagnum moss cover (Norby et al. 2019; McPartland et al. 2020). With an increase in vascular plant
coverage and a decrease Sphagnum moss cover, stomatal regulation by CO, may become more important in this

system with potential effects on water table height.

4.4 Effect of Water table on THg Concentration

For the SPRUCE experiment, a lower water table was associated with increased THgporewater COncentration and
decreased THgpea: concentration (Table 3). Decreased water table heights associated with increased temperature,
exposes more peat to oxic conditions which likely leads to more rapid decomposition and release of THgpca: to
porewater. A mesocosm study found that lowering the water table resulted in mercury mobilization from peat into
porewaters due to increased peat decomposition (Haynes et al. 2017a, 2019).

It is unlikely that THgporewater cOncentration increased due to evaporative concentration because chlorideporewater
concentration was not related to water table height (Figure S4), the slopes of the simple linear regression of

chlorideporewater concentration with mean daily soil temperature did not vary among temperature treatments (Figure
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S5), and the slopes of the simple linear regression of THgporewater concentration and chlorideporewaer concentration did
not vary among the temperature treatments (Figure S6). These findings indicate that warming did not affect the
relationship of THgporewater to chlorideporewater. Evaporative concentration has been found to be minimally important in
this and other bogs (Griffiths and Sebestyen 2016b; Haynes et al. 2017a; Curtinrich et al. 2022). It is possible that
evaporative concentration is relevant on the scale of hundreds of years but in the scope of this relatively short-term
study (3 years), evaporative concentration does not appear to be affecting porewater solute concentrations due to the

temperature treatment.

CONCLUSION

At the outset of this study, we expected that increases in temperature (soil and air) in the northern boreal ecotone
would increase mercury release from peat to porewaters. After three years of experimental treatment, our findings
have shown that increased temperature was correlated with a lower water table height and increased THg in peatland
porewaters. We also observed that porewaters are more likely to have measurable changes in THg than peat. The
response of THg to temperature and CO, changed with depth in the peatland. Elevated atmospheric CO, concentrations
were correlated with a decrease in THgpea: concentration and an increase in THgporewater cOncentration in the surface
layer of peat (acrotelm). Increased mercury concentration in porewaters may be available for export to surface water
where it may be methylated and biomagnify in the aquatic food web. Peatlands have historically been sinks of
atmospherically derived mercury but also sources to downstream water bodies. Further investigation of mercury fluxes
to the atmosphere and in outflow waters is needed to assess if the balance is shifting from a net sink to a net source
under climate change. In the first three years of this 10-year study with elevated temperature and CO; treatments, the
response was significant but subtle. This is an overall positive result for the local aquatic environment as the increases
in mercury related to warming and CO, are small.
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