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ABSTRACT: Permafrost thaw in peatlands risks increasing the
production and mobilization of methylmercury (MeHg), a
bioaccumulative neurotoxin that poses a health hazard to humans.
We studied 12 peatlands on a trophic gradient in northwestern
Canada, including permafrost peat plateaus and thawed bogs and
fens, to determine the effects of thaw on MeHg production from
measures of soil and porewater MeHg and in situ methylation
assays. The production of MeHg was greater in thawed peatlands,
especially rich fens, as indicated by higher potential rates of
microbial methylation of inorganic mercury (Hg) to MeHg and
higher soil %MeHg (MeHg:total Hg). Soil %MeHg was 0.1% in
permafrost peat plateaus, 0.7% in bogs, and 2.0% in fens. Microbial
analysis indicated three putative methylators (two methanogens
and one novel bacteria) as most influential to the community composition, although their abundances were not consistently highest
in fens. Fens had a greater range of porewater MeHg concentrations than bogs, potentially due to hydrological flushing, controls on
MeHg solubility, or redox disequilibria in fens. MeHg in porewater was strongly associated with dissolved organic matter that had a
low aromaticity and a low oxygen-to-carbon ratio. Regionally upscaling our results suggested that the expansion of bogs and fens due
to thawing may increase the landscape-scale potential for MeHg production by 65% by 2100, representing a substantial risk to
downstream aquatic ecosystems.
KEYWORDS: mercury, soil, porewater, thermokarst wetlands, microbial community, dissolved organic matter, climate change

■ INTRODUCTION
Permafrost thaw in northern peatlands causes drastic shifts in
land cover and environmental conditions, which may enhance
the microbial methylation of inorganic mercury (HgII) to the
neurotoxin methylmercury (MeHg).1,2 In the peatland-rich
Taiga Plains of northwestern Canada, recommendations to
limit fish consumption from specific species and locations are
in place due to elevated mercury (Hg) concentrations driven
by MeHg uptake in fish.3−5 Regional food web studies
observed higher concentrations and biomagnification rates of
Hg and MeHg in fish in low-relief forested catchments with
high dissolved organic matter (DOM) concentrations,6,7 which
are characteristics of peatland-influenced catchments.8 There-
fore, understanding changes in MeHg production and
transport in peatlands affected by permafrost thaw is essential
for northern Indigenous communities that rely on fish as a
healthy and culturally significant food source.9

Peatland permafrost thaw in ice-rich discontinuous perma-
frost causes land surface collapse of peat plateaus with dry

surface conditions, leading to the development of thermokarst
wetlands with waterlogged, anoxic conditions.10−12 However,
thermokarst wetlands fall on a trophic gradient of nutrient and
vegetation species richness, ranging from nutrient-poor bogs to
nutrient-poor fens and to nutrient-rich fens, each with varying
environmental and water chemistry characteristics that may
influence HgII methylation. While thermokarst bogs only
receive water and solutes from surrounding raised permafrost
peat plateaus and precipitation, fens have variable groundwater
connectivity, which leads to higher pH and dissolved ions,
depending on groundwater chemistry, and greater processing
of DOM than in bogs.8,13−16 The fens in the Taiga Plains
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discontinuous permafrost region are also hydrologically well-
connected to stream and river networks, while thermokarst
bogs are often surrounded by peat plateaus and thus
hydrologically isolated.17

HgII methylation is known to preferentially occur in anoxic
environments with bioavailable HgII and metabolically active
anaerobic microbial communities. Terminal electron acceptors
(TEAs, i.e., sulfate [SO42−] or ferric iron [FeIII]) and
bioavailable organic substrates18 are required for dissimilatory
SO42− reduction,

19 iron reduction,20 and methanogenesis.21,22

Microbes with hgcAB genes facilitate HgII methylation, since
hgcA is a methyl carrier and hgcB is an electron donor for
corrinoid cofactor reduction.23 However, specific HgII
methylators and their relative contribution to overall
methylation are poorly understood for northern peatlands.
By targeting hgcAB genes through DNA sequencing, it is
possible to identify putative HgII methylators within the larger
microbial community to understand their relative abundance
under various soil environmental conditions.18

DOM can both influence HgII methylation and act as a
vector for long-range aquatic transport of Hg species, where
the concentration and composition of DOM in peatland
porewater may act to facilitate or inhibit DOM-HgII complex-
ation, HgII bioavailability, and HgII methylation. High
concentrations of aromatic DOM derived from terrigenous
sources (i.e., plant matter) tend to be associated with strong
complexation and reduced HgII bioavailability.24−26 Organic-
matter-rich peatlands are dominant sources of DOM and
cotransported Hg species to streams in boreal regions,8,27 and
the hydrological connectivity between peatland and stream

networks increases with permafrost thaw, with thermokarst
fens acting as conduits of water and solutes.17,28,29 Examining
associations between HgII methylation and DOM composition
in peatlands with a range of trophic statuses and DOM
characteristics can determine the role of DOM as a microbial
substrate or a potential vector for MeHg into downstream
aquatic ecosystems.
The production and mobilization of MeHg can be inferred

using several independent approaches; however, prior studies
in Fennoscandia,10,12 Canada,11,30−33 and Alaska13 have
predominantly focused on individual lines of evidence to
examine different mechanisms and controls within northern
ecosystems. Porewater MeHg concentrations reflect MeHg
potentially available for transport to downstream ecosystems
and can be decoupled from MeHg production, depending on
factors that control solubility and transport.10,11,13,30 Potential
HgII methylation rates (km) are a snapshot assessment of short-
term MeHg formation30−32 that are helpful for site
comparisons, although km can vary seasonally

30 and can be
influenced by the bioavailability of added tracers;34 thus, km
rates are suggested to be contextualized by soil MeHg
concentrations and soil MeHg to total Hg (THg) ratios (%
MeHg), which reflect longer-term net MeHg formation.12

Additionally, MeHg production is influenced by environmental
conditions, the presence of HgII methylators, and potential
microbial substrates of TEAs and DOM.18 Combining
methodological approaches is likely to provide synergistic
information that will further our understanding of the impacts
of permafrost thaw on MeHg production and mobilization in
the Taiga Plains, where MeHg dynamics in the region’s

Figure 1. Study sites and sampling design. (A) Study site locations within the Taiga Plains35 relative to permafrost zones,36 with mean annual air
temperature and total annual precipitation,37 (B) Taiga Plains region35 within Canada with an overlay of >25% peatland extent,38 photographic
examples of wetland subsites including (C) peat plateau (63°N), (D) poor fen (63°N), (E) bog (61°N), and (F) moderate-rich fen (59°N) (see
satellite imagery of study sites in Table S1), (G) sampling design across regions and wetlands, (H) site classification based on pH and calcium (Ca)
where the categories of Ca concentrations are based on a literature review of northern hemisphere peatlands and categories of pH are based on the
Alberta Wetland Classification System,8,39 and (I) principal component analysis (PCA) of vegetation composition. Fens are separated into poor (2)
and rich (4) fens, including two rich fens at 59°N, one of which had higher salinity (i.e., Ca, SO42−) and is indicated by a dashed border. MeHg =
methylmercury, THg = total mercury, FTICR-MS = Fourier transform ion cyclotron mass spectrometry, Fluor = fluorescence spectroscopy, DOC
= dissolved organic carbon, km = potential HgII methylation rates, chem = soil chemistry. Photos: L. Thompson.
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peatlands with variable trophic states have not been widely
studied.11,17

Our study aimed to comprehensively examine how MeHg
production is influenced by permafrost thaw, peatland type,
and trophic state, building on existing evidence that permafrost
thaw enhances MeHg production. We sampled intact
permafrost peat plateaus and thawed fens and bogs of the
Taiga Plains (>500 km latitudinal gradient, Figure 1) to
compare the MeHg and %MeHg of soil and porewater, hgcAB
genes, km, TEAs, and DOM composition and concentration.
We then utilized data sets of current and future land cover
composition in the Taiga Plains for the first effort to
quantitatively estimate how climate change will impact
landscape-scale HgII methylation potential.

■ MATERIALS AND METHODS
Study Sites. Samples were collected in July 2021 at three

regional peatland sites: Lutose (59°N), Scotty Creek (61°N),
and Smith Creek (63°N). The sites span sporadic to extensive
discontinuous permafrost zones36 of western Canada (Figure
1, Table S1) and are located in the homelands of Dene Tha’
First Nation, Łıı́d́lıı̨ ̨ Kųé ̨ ́ First Nation, and Pehdzeh Ki First
Nation, respectively. The study sites have a continental climate
with cold winters and short, warm summers, with mean annual
air temperatures between −4.7 and −1.8 °C and mean annual
precipitation between 350 and 415 mm.37 These conditions
are representative of the Taiga Plains region,17 which has a
mean annual air temperature ranging from −1.0 to −5.1 °C
and a mean annual precipitation ranging from 294 to 451 mm,
respectively. The study sites are peatland complexes typical of
the region,40,41 comprising a mosaic of intact permafrost peat
plateaus and thermokarst wetlands (see satellite imagery in
Table S1).
At each regional site, we sampled four wetlands, including

one peat plateau (permafrost present) and three permafrost-
free wetlands spanning a trophic gradient: one nutrient-poor
bog, one nutrient-poor fen, and one nutrient-rich fen (Figure
1). The trophic status of the wetlands (Figure 1) was
characterized using porewater pH and calcium (Ca)
concentrations.8,39 We additionally surveyed the presence
and percent cover of vegetation in 0.5 m quadrats at four-ten
randomly selected locations within each wetland (see Table
S2) as a supporting indicator of trophic status and hydrology.
Chemistry varied substantially along the trophic gradient
(Figure 1H, Figure S1), with the richest fens found at 59°N,
likely due to local groundwater discharge; water chemistry
classification showed that both fens sampled at 59°N were
nutrient-rich fens. Each wetland class had characteristic
vegetation composition (Figure 1H), with shrubs and lichen
in peat plateaus, bogs dominated by Sphagnum mosses, and
fens by brown mosses and graminoids (Table S2).
Our approach focused on near-surface peat and porewater to

capture known hotspots of biogeochemical activity. The
lability of organic matter and the rate of soil organic matter
mineralization have been observed to decrease with depth in
peatlands,42 as does the saturated hydraulic conductivity.43 As
such, it can be expected that microbial activity and the mobility
of constituents at depth are reduced relative to the near-
surface.
Water Sampling and Analysis. We collected shallow

groundwater samples from three subsites per wetland. Soil
blocks (10 × 10 cm) were removed from microtopographic
hollows to ∼20 cm depth and allowed to fill with water and

settle from disturbance for ≥1 h. Water for THg and MeHg
comprising both dissolved and particulate forms was collected
in certified precleaned 125 and 250 mL glass amber bottles
(Environmental Supply Company, Inc., Richmond, VA, USA)
and preserved with 0.2% and 0.4% trace-metal grade
hydrochloric acid (HCl), respectively. THg and MeHg were
analyzed at the Canadian Association for Laboratory
Accreditation-certified Biogeochemical Analytical Service
Laboratory (BASL, University of Alberta) (see S1 in the
Supporting Information [SI]). Electrical conductivity (EC)
and pH were measured with a calibrated Elite PCTS sensor
(Thermo Fisher Scientific, Waltham, MA, USA). Water table
position was measured relative to the ground surface at
preinstalled wells with a pipe and bubbler at the peat plateaus
or measured in the depressions left from the soil blocks (i.e.,
soil pits) at the fens and bogs.
In each soil pit, we further collected two filtered (0.45 μm

polyethersulfone membrane; Sartorius AG, Göttingen, Ger-
many) 60 mL water samples in acid-washed amber glass
bottles. One sample was acidified with 0.6 mL of 2 M HCl and
analyzed for dissolved organic carbon (DOC) and total
dissolved nitrogen (TDN) concentrations with a TOC-L
combustion analyzer with a TNM-L module (Shimadzu,
Japan) at the Natural Resources Analytical Laboratory
(University of Alberta). Concentrations of sodium (Na),
potassium (K), calcium (Ca), manganese (Mn), iron (Fe),
copper (Cu), zinc (Zn), magnesium (Mg), phosphorus (P),
and sulfur (S) were also measured from the acidified samples
by inductively coupled plasma optical emission spectroscopy
(ICP-OES, iCAP6300, Duo, Thermo Fisher Scientific,
Waltham, MA, USA). Colorimetry (Thermo Gallery Plus
Beermaster Autoanalyzer, Thermo Fisher Scientific, USA)
determined the concentrations of chloride (Cl), nitrate-as-
nitrogen (NO3-N), nitrite-as-nitrogen (NO2-N), ammonium-
as-nitrogen (NH4-N), soluble reactive phosphorus (SRP), and
sulfate-as-sulfur (SO4-S) from the nonacidified samples.
Characterization of DOM composition through UV−vis and

fluorescence analysis included the specific UV absorbance at
254 nm (SUVA254), the fluorescence index (FI), the
humification index (HIX), and the biological index (BIX)
(S2, Table S3). We further collected 15 mL of filtered (0.45
μm) sample in an acid-washed glass vial, where 5 μL of
concentrated HCl was added. At the Trent University Water
Quality Center, these samples were analyzed for DOM
composition with Fourier transform ion cyclotron resonance
mass spectrometry (FTICR-MS, see S3). We calculated three
FTICR-MS indices,44,45 including the nominal oxidation state
of carbon (NOSC), the modified aromaticity index (AImod),
and the double bond equivalence index (DBE) (S3, Table S3).
Compounds were also assigned into seven putative classes
based on their elemental ratios46−49 (Table S3).
Water samples for the analysis of microbial communities in

porewater were collected by connecting a 0.22 μm Sterivex
filter (Millipore Sigma, Burlington, MA, USA) to a peristaltic
pump and running the pump until the filter was clogged,
filtering a minimum of 25 mL. The Sterivex unit was frozen in
the field, with analysis details in SI Text S4. A portable freezer
unit was kept at −20 °C and accessible within <30 min of
sample collection (i.e., in a nearby parked vehicle at 59°N and
63°N and at the research station at 61°N); samples were kept
at −20 °C and transferred −80 °C after returning from the
field excursion (i.e., within 1−3 weeks).
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Soil Sampling and Analysis. We collected soil cores for
soil chemistry analysis and microbial composition from
microtopographic hollows at each subsite using 5 cm diameter
Lexan core tubes to a depth of 12 cm. We sampled soils in
hollows adjacent to where the porewater was collected. Three
separate cores were extracted and segmented at 2 cm intervals,
and equivalent depths from each core were combined into
sterile Ziplock bags, homogenized, and frozen at −20 °C in the
field. In the lab, soil samples were dried for 24 h at 55 °C,
ground first through a 40-mesh sieve, and then ground to a fine
powder using a ball mill (tungsten carbide grinding tools;
MM400, Retsch, Germany).
We measured humification through Fourier-transform infra-

red (FTIR) spectroscopic analysis at the University of
Münster, Institute of Landscape Ecology (see S5). We used
the R package irpeat50 to compute four humification indices
(Table S4). Soil concentrations of carbon (C) and nitrogen
(N) were analyzed by catalytic combustion using an elemental
analyzer (EA 3000, Eurovector, Italy). Concentrations of other
major elements (including Ca, Na, S, and Fe, see S5)51 were
analyzed using wavelength dispersive X-ray fluorescence
spectroscopy (WD-XRF; ZSX Primus II, Rigaku, Japan).
In Situ Methylation and Demethylation Assays. We

determined potential gross rates of HgII methylation (km) and
MeHg demethylation (kd) by conducting in situ assays of
enriched Hg stable-isotope tracers30,31 and minimizing
disturbances to microbial communities and environmental
conditions to the extent possible.30 Three intact soil cores were
collected adjacent to the water sampling and other soil
sampling sites from 0 to 12 cm depth with 5 cm diameter
Lexan core tubes which had silicone-filled injection ports every
1 cm. Following the protocols by Varty et al.,30 solutions of
enriched 198HgII and Me199Hg spike diluted in filtered
porewater (0.45 μm) and equilibrated for 1 h were injected
from the surface at 1 cm intervals from water table depth to 12
cm. Injections added 77.88 ng of 198HgII and 0.257 ng of
Me199Hg each at 1 cm interval (3.96 ng 198HgII cm−3; 0.013 ng
Me199Hg cm−3). After 5 h of incubation in the extraction hole,
2 cm soil sections were collected, stored in whirl-pack bags,
and frozen at −20 °C. A blank soil core was collected alongside
the assays, sectioned, bagged, amended with 198HgII and
Me199Hg spike, and immediately frozen until analysis at −20
°C. Analysis for soil Hg and MeHg is described in SI Text S6.
We used first-order kinetics to calculate km as the proportion

of added 198HgII methylated to Me198Hg, divided by incubation
time (5 h). kd was calculated by first-order decay kinetics (kd =
−1/t ln[MeHgt/MeHg0]), where t is the incubation duration,
MeHg0 is the starting concentration, and MeHgt is the ending
concentration. Detection limits for km and kd were calculated
following Hintelmann and Evans.52 Soil THg (inorganic +
organic Hg) and MeHg concentrations were calculated using
the isotopic signal from 202HgII and Me202Hg (ambient)
concentrations. In addition, a subset of nonspiked soil
chemistry samples was analyzed for MeHg concentrations at
Stockholm University with methods described by Tarbier et
al.12 Figure S2 shows a strong agreement between the
contrasting methods.
Microbial Analysis. We used long-read sequencing to

characterize the putative Hg-methylating microbes in each
subsite (SI Text S4). Sequences were processed according to
Thompson et al.27 Taxonomic classification and abundance
profiling were performed based on phylogenetic placements
into a gene tree built from curated reference sequences of hgcA

(n = 243)53 using GraftM.54 Using the Shannon index, we
estimated the diversity of Hg methylators in each sample.
Statistical Analyses and Data Visualization. Statistical

analyses, including principal component analysis (PCA),
redundancy analysis (RDA), analysis of variance (ANOVA,
Type II), permutational analysis of variance (permANOVA),
and similarity percentage analysis (SIMPER), were performed
in RStudio utilizing R version 4.2.055 and the R packages
vegan,56 car,57 emmeans,58 and phyloseq59 (see Table S5 for
details). Estimated marginal means (EMmeans) were calculated
from each ANOVA model. EMmeans are the empirical or
theoretical averages extracted from the statistical model for
each level of a categorical predictor, averaged across all levels
of other predictors (see predictors in Table S5), for example,
the means of the response variable (e.g., soil %MeHg) for a
specified predictor variable (e.g., Region) across all wetland
classes and depths. The results of ANOVA and permANOVA
are displayed in Table S6.
We used RDA to assess how wetland characteristics

(vegetation composition, water table depth, soil chemistry,
water chemistry, and DOM composition) related to km, soil
MeHg, and porewater MeHg. In the RDA, the DOM
composition was characterized by using the first components
in PCA, which included the optical and FTICR-MS indices
(Figure S6; Table S7). Where parameters fell below the
laboratory detection limits, the detection limit was utilized in
the RDA.
We used a van Krevelen diagram to plot the oxygen-to-

carbon (O/C) and hydrogen-to-carbon (H/C) ratios of
intensity-weighted FTICR-MS-derived molecular formulas,
which significantly (p < 0.05) correlated with porewater
MeHg concentrations (see SI Text S3).
Estimating Landscape-Scale Methylation in Current

and Future Conditions. To project how ongoing permafrost
thaw will impact the landscape-scale production of MeHg in
the Taiga Plains ecozone, we utilized the Boreal-Arctic
Wetland and Lake Data set (BAWLD).60 BAWLD is a land
cover product that differentiates between permafrost and
nonpermafrost boreal wetland classes, including current
wetland distribution. Scenarios of wetland distribution in
2100 have been projected based on the Shared Socio-
economic Pathway (SSP) SSP2−4.5, which includes scenarios
with low, mid, and high rates of thermokarst development.61

We harmonized our observations with the BAWLD wetland
classes predominant within the Taiga Plains (consistent bog
class; fen = inclusion of poor fen and moderate-rich fen;
permafrost bog class = peat plateau). We then assessed the
current net HgII methylation potential of the landscape. We
calculated a representative range (first, second, and third
quartiles; Q1, Q2, and Q3) of %MeHg observed in the top 12
cm of soil for each wetland class. For each wetland class, we
multiplied the Q1, Q2, and Q3 %MeHg values by their
fractional distribution in peatland complexes across the Taiga
Plains (ecoregion area from the National Ecological Frame-
work for Canada62), both currently and in the future (low,
mid, and high thermokarst SSP2−4.5 scenarios). We then
summed up the resulting values across wetland classes to
produce ranges of landscape-scale estimates of %MeHg.

■ RESULTS AND DISCUSSION
MeHg Production Increases in Thermokarst Wet-

lands. The thermokarst wetlands (i.e., bogs and fens) had
higher soil %MeHg (a proxy for net methylation12,18), km, soil
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MeHg concentrations, and lower soil THg concentrations than
the peat plateaus (Figure 2; Figure S3A; Table S6A−D).
Methylation potential increased with trophic status (plateau <
bog < fen), as inferred from soil MeHg concentrations, %
MeHg, and km. The EMmeans across all depths and regions
showed the contrast between peat plateaus (0.09 ng MeHg
g−1; 0.06 %MeHg; ∼0.08% km d−1), bogs (0.44 ng MeHg g−1;
0.67 %MeHg; 0.40% km d−1), poor fens (1.46 ng MeHg g−1;
1.90 %MeHg; 5.90% km d−1), and rich fens (1.45 ng MeHg
g−1; 2.0 %MeHg; 14.62% km d−1).
We found that soil MeHg, %MeHg, and km varied

significantly among regions and wetland classes, while soil
THg varied among regions (Table S6A−D). The fens at 59°N
had the highest trophic status (Figure 1), and the highest soil
MeHg, %MeHg, and km (Figure 2), which likely drove the
differences among regions; the EMmeans at 59°N for those
parameters were two or more times higher than 61°N and
63°N (Table S6A,C,D). Only THg concentrations significantly
varied with depth in these near-surface samples, with a general
decline in concentrations (Figure S3A; mean −24% change
from surface [0−2 cm] to base [10−12 cm]). Potential kd
varied among wetland classes without a clear relation to
wetland trophic status (Figure S4A).

We found close agreement between the short-term MeHg
production potential (km) and the longer-term balance of net
methylation (%MeHg) in soil. Soil km was positively correlated
with both soil MeHg concentrations and %MeHg (Figure S5,
R2 = 0.54 and 0.58, respectively, p < 0.001). Although several
samples had no detected demethylation, km/kd patterns among
wetland classes also aligned with %MeHg (Figure S4B). Our
study showed that the one-time measurements of km using
enriched isotopes during the peak summer period (i.e., a
snapshot in time) effectively predicted longer-term methyl-
ation as indicated by soil %MeHg18 (Figure S5), despite
previous work that showed that km can vary seasonally

30,63 and
that bioavailability of added isotopes can differ from HgII that
is naturally present.34

Porewater MeHg concentrations differed significantly
among wetland classes (Figure 2E; Table S6E−G), with
higher variability and concentrations in thermokarst wetlands
than in the peat plateaus. Among thermokarst wetlands, fens
exhibited the greatest variability in porewater MeHg, %MeHg,
and THg concentrations (Figure 2E; Figure S3B,C).
Although our study did not directly examine the hydrology

of the wetlands, one potential driver of more variable
porewater MeHg and THg concentrations in fens than bogs
is the shorter water residence time and greater groundwater

Figure 2. Higher methylmercury (MeHg) in soils and porewaters of thermokarst wetlands compared to that in permafrost peat plateaus. Soil
profiles from 0−12 cm depth for (A) concentrations of MeHg, (B) %MeHg (MeHg to total mercury concentration ratio, [MeHg]/[THg]), (C)
potential methylation rate (km), and (D) Shannon diversity index of microbes with hgcAB genes in soils. Soil values are the mean of triplicate
samples grouped by the wetland classification. Porewater values of (E) MeHg concentrations and (F) Shannon diversity index of microbes with
hgcAB genes in porewater; values are triplicate samples of shallow groundwater, grouped by wetland classification. Fens are separated into poor (2)
and rich (4) fens, including two rich fens at 59°N, one of which had higher salinity (i.e., Ca, SO42−) and is indicated by a dashed border. The p-
values from testing the region and wetland class variability with ANOVA are displayed beside each plot. For the soil plots, boxplots of the median,
first, and third quartiles, whiskers of 1.5 times the interquartile range, and outliers grouped by wetland classification are above each plot. Detailed
statistical test results are listed in Table S6.
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connectivity in fens.64,65 While fens support higher soil
methylation efficiency (discussed above), porewater MeHg
and THg concentrations may be flushed as fens convey water
and solutes in their function as the drainage network of
peatland complexes (see site imagery in Table S1). The role of
fens as conduits for water and solutes was highlighted in a
peatland complex in northern Sweden, which identified the
lowest DOC concentrations but the highest relative export of
DOC in fens compared to palsas (peat mounds underlain by
permafrost) and bogs.29 Flow networks of fens also feed into
and out of small peatland lakes or beaver ponds (see site
imagery in Table S1), where MeHg photodemethylation, HgII
photoreduction, or sedimentation can reduce concentra-
tions.27,32 Due to the low hydrological connectivity of
thermokarst bogs (i.e., many being isolated by surrounding
peat plateaus),17 water has a longer residence time, potentially
explaining the greater accumulation of aqueous MeHg and
THg. Water in bogs may be stored until removal via
evaporation or groundwater recharge; near-surface porewater
of bogs only infrequently discharges into channel fens during
high flow events.64 Additional hypotheses for drivers of
porewater MeHg variability in thermokarst fens are discussed
below.
Geochemical Drivers Related to Trophic Status

Control Methylation. Trophic status effectively indicated
overall methylation potential as shown in the RDA in Figure
3A, increasing toward the RDA’s first axis. Fens were
associated with higher concentrations of TEAs, higher pH
due to the buffering capacity of carbonate bedrock,8 greater
vegetation species richness, and graminoid cover that supports
larger pools of labile DOM66 (Figure 3A). Peat plateaus had
lower pH and lower TEA concentrations, higher soil carbon-
to-nitrogen ratios, and higher concentrations of DOC with
more aromatic quality. Bogs fell between the fens and plateaus.
Higher potential km was associated with higher concen-

trations of SO4-S and Fe in porewater (Figure 3A). The
presence of SO42− and Fe can control HgII methylation as fuel
for methylating microbes18 and can influence MeHg
solubility.18,68 We observed the highest km values at the
59°N rich fens (Figure 2C), which had distinct water
chemistry driven by groundwater inputs due to surrounding
high-elevation areas and sporadic permafrost cover that
permits subsurface flow paths. One fen had the highest
porewater SO42− (13.7 mg SO4-S L−1) and soil S (7.4 mg S
g−1), and the other fen had the highest porewater and soil iron
(0.56 mg Fe L−1; 5.6 mg Fe g−1) but nondetectable porewater
SO42−. The conditions of the high SO42− rich fen were an
outlier with positive RDA1 and RDA2 loadings, while the low
SO42− rich fen was more representative and clustered with the
rich fens at 61°N and 63°N with positive RDA1 loadings and
negative RDA2 loadings (Figure 3A). Although both rich fens
at 59°N had high km values and soil MeHg concentrations
(Figure 2C; Figure 2A), the high SO42− rich fen had relatively
high porewater MeHg concentrations, while the low SO42−
rich fen had among the lowest porewater MeHg concen-
trations (Figure 2E). We suggest that controls on MeHg
solubility are another potential driver of the variability in
porewater MeHg concentrations in thermokarst fens. For
example, additions of SO42− in peatlands have been associated
with enhanced MeHg production from increased bioavail-
ability of HgII due to the formation of neutral Hg-sulfides
produced by SO42− reduction, as well as enhanced MeHg
solubility.18,68 This solubility influence may explain the

coherence in high km and high soil and porewater MeHg
concentrations at the high SO42− rich fen and the disconnect
between soil MeHg and porewater MeHg at the low SO42−
rich fen.
Wetlands with higher porewater and soil MeHg concen-

trations also had higher methane emissions (measured
concurrently via chamber fluxes at each wetland;67 Table S8;
Figure 3A). The activity of methanogens and syntrophs (i.e.,
between secondary fermenters and methanogens) is a pathway
of mineralizing organic matter via fermentation products and
can mediate MeHg production under reducing conditions with
depletion of more energetically favorable TEAs.69 The link
between MeHg production and methane emissions has also
been observed in Arctic ponds,31 rivers,70 and soils.71

However, high methane emissions were not universally
associated with high soil and porewater MeHg concentrations;
the high SO42− fen at 59°N had relatively low methane

Figure 3. Influence of wetland biogeochemistry and dissolved organic
matter (DOM) composition on methylmercury (MeHg) concen-
trations and the inorganic mercury (HgII) methylation potential. (A)
Redundancy analysis (RDA) ordination for MeHg concentrations in
soil and porewater, as well as potential methylation rates (km) in soil.
Predictors include water table depth (WTD), dissolved organic
carbon (DOC), PC1 scores from a PCA of dissolved organic matter
indices (DOMPC1; Figure S6), total mercury (THg), methane flux
(CH4; Table S8; Harris et al.

67), carbon to nitrogen ratio (C/N),
nitrate-as-nitrogen (NO3-N), sulfate-as-sulfur (SO4-S), iron (Fe), pH,
vegetation species richness, and percent graminoid cover (grami-
noids). Subscripts indicate whether the parameter was measured in
soil or porewater (H2O). Fens are separated into poor (2) and rich
(4) fens, including two rich fens at 59°N, one of which had higher
salinity (i.e., Ca, SO42−) and is indicated by a dashed border. (B)
Relationships between putative DOM compound classes (denoted by
boxed regions46) and MeHg concentrations in wetland porewaters.
Van Krevelen plot of oxygen/carbon (O/C) and hydrogen/carbon
(H/C) wherein each data point represents the strength of significant
correlations (Spearman’s Rank, p < 0.05 after 999 permutations)
between the relative intensity of a specific DOM formula and
porewater MeHg concentrations in each sample.
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emissions (Table S8), likely due to SO42−-reducing bacteria
outcompeting methanogens.72 Higher porewater and soil
MeHg concentrations were also associated with abundant
graminoid vegetation species, greater vegetation species
richness, and a shallower water table depth (Figure 3A).
However, the presence of vascular plants and associated
oxygen shuttling in aerenchyma tissues can result in
heterogeneous redox conditions in wetlands66,73,74 and
regeneration of TEAs, potentially enhancing MeHg production
through pathways other than methanogenesis (i.e., SO42−
reduction or iron reduction). These heterogeneous redox
conditions may contribute to the local variability of porewater
MeHg concentrations in the rich fens. In the drier peat
plateaus, homogeneous oxygen availability was a likely factor in
dampening the activity of methylating microbes,18 and we
observed lower porewater MeHg concentrations, soil MeHg
concentrations, and km relative to the thermokarst wetlands
(Figures 2 and 3A).
Porewater MeHg concentrations increased with the relative

abundance of nonaromatic and higher H/C DOM, suggesting
that bioavailable DOM may have facilitated HgII methylation
(Figure 3B). Characteristic of peatlands, DOC concentrations
were generally high (Figure S1, range: 26 to 93 mg DOC L−1).
We found that higher porewater MeHg concentrations were
associated with lower DOC concentrations but also lower
DOC aromaticity (Figure 3A). From the van Krevelen diagram
(Figure 3B), we found generally positive correlations between
MeHg concentrations and the relative abundance of formulas
with high H/C and low O/C and negative correlations
between MeHg concentrations and the relative abundance of
formulas with lower H/C and higher O/C formulas (Figure
3B). We observed rich fens to have relatively more fresher and
microbially derived DOM (Figure S1, Figure S6), potentially
more labile and thus fueling MeHg production and enhancing
HgII bioavailability.24,25,75 Greater DOM processing typically
occurs in fens,8,29,76 and vascular plants such as graminoids can
deliver labile DOM through root exudates.66 MeHg
production was previously observed to associate with
bioavailable DOM in boreal lakes25,75,77 and peatlands.74 The
strong correlation between MeHg and fresh, microbially
derived, and nonaromatic DOM in this study contrasts with
observations from streams and rivers, where MeHg has more
often been associated with aromatic DOM. This discrepancy is
likely driven by aromatic DOM acting as a vector to facilitate
the cotransport of MeHg as shown in streams draining the
studied wetlands27,78 and in other boreal streams.26,79

The striking association between MeHg concentrations in
porewater and DOM likely to be bioavailable could also be
driven by the generally anoxic conditions in the fens,
independently enhancing methylation and enriching labile
DOM. Under reducing conditions, anaerobic microbes
preferentially consume compounds with high NOSC values,
leading to the enrichment of low NOSC substrates.80,81 The
DOM compounds in the higher H/C and lower O/C regions
had lower NOSC values, as did richer fens (Figure S7).
Therefore, the DOM may not solely represent a substrate for
HgII methylation, with a low NOSC DOM potentially
reflecting the result of processing under reducing conditions.
The correlation between porewater MeHg concentrations and
DOM representative of processing under reducing conditions
in these regions could instead suggest that the predominantly
reducing conditions are the driver of higher overall MeHg
production and solubility in wetlands.

Diversity and Composition of Putative Methylators.
Our results implicated a small number of putative HgII
methylators as primary contributors to the differences in
community composition. Using permANOVA, we found that
the composition of putative methylators varied significantly
among wetland classes in porewaters (R2 = 0.56, p = 0.001,
Table S6I) and soils (R2 = 0.16, p = 0.001, Table S6H) and
among regional sites in soil (R2 = 0.08, p = 0.010, Table S6H).
With SIMPER analysis, we specifically identified three taxa that
had the greatest cumulative contributions to differences in the
community composition of methylators in soils (39%): one
resolved to the genus Methanoregula, one novel bacteria (i.e.,
was not resolved past classification of bacteria, a common issue
when identifying putative methylators18), and one resolved to
the genusMethanocella. In porewater, two taxa (from the genus
Methanoregula and the novel bacteria) had the greatest
cumulative contributions in porewater (29%). Both metha-
nogen genera (Methanoregula, Methanocella) were identified
previously as putative methylators, with in-culture methylation
ability confirmed inMethanocella paludicolaSANAE.82 With
methanogens present as key putative methylators and MeHg
concentrations linked with methane emissions within the RDA,
the consequence of permafrost thaw leading to anoxic and
reducing conditions has the potential to synergistically enhance
both methane emissions and MeHg production in the region.
Abundances of the three taxa that are important for

explaining methylator community composition were generally
congruent in soils and porewater. Methanoregula abundance
varied among wetland classes and regional sites in soils (p <
0.001 and p = 0.01, respectively, Table S6L) and among
wetland classes in porewater (p < 0.001, Table S6M);
Methanoregula had the highest abundance in poor fens for
both soils and porewater (see EMmeans in Table S6L, Table
S6M). The abundance of the novel bacteria likewise varied
among wetland classes and regional sites in soils (p = 0.05 and
p = 0.001, respectively, Table S6N) and among wetland classes
in porewater (p = 0.002, Table S6O). Rich fens and plateaus
had the highest abundances of the novel bacteria in soils and
porewater (Table S6O, Table S6N). Abundances of Meth-
anocella in soils varied by wetland class and regional sites (p =
0.04 and p < 0.001, respectively, Table S6P), with the highest
abundances in bogs and rich fens (Table S6P). Overall, the
highest abundances of influential taxa were not consistently
found in the fens, which we identified as having the highest
HgII methylation potential. Additionally, a higher diversity of
putative methylators was not observed in porewaters or soil of
thermokarst wetlands relative to plateaus (Figure 2D; Figure
2F; Table S6K; Table S6J). Our results align with previous
studies that found that the presence of putative methylators
does not necessarily reflect their activity due to factors such as
HgII bioavailability or the availability of electron donors and
acceptors.18,83

Effects of Continued Permafrost Thaw on Near-
Surface HgII Methylation Capacity at a Landscape
Scale. The landscape composition of the Taiga Plains is
expected to undergo continued changes due to permafrost
thawing, which may lead to an enhanced production of MeHg
on a landscape scale. In the Taiga Plains, fens are the
predominant wetland type that form after permafrost thaw,
enhancing hydrological connectivity within catchments and
transporting water and solutes to downstream aquatic
systems.64,65 Additionally, the thawing of peat plateaus can
reduce subsurface hydrogeological barriers, leading to the
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drainage of previously isolated bogs and activating subsurface
pathways for nutrient and ion delivery through groundwater
discharge.17 Our data indicate that thermokarst bogs and fens
are sites of higher MeHg production compared with intact
permafrost peat plateaus within the Taiga Plains of northwest-
ern Canada. The highest concentrations of MeHg and
potential HgII methylation rates were associated with fens
that were enriched in nutrients and labile DOM, located within
the southernmost regional sites.
Landcover composition served as the foundation for

estimating current and future landscape HgII methylation
potential (i.e., representative %MeHg per soil class multiplied
by its fractional distribution in peatland complexes across the
Taiga Plains; see methods). In the BAWLD land cover
product,60 peatland complexes across the Taiga Plains are
currently composed of 61% peat plateaus, 17% bogs, and 23%
fens (Table S9). By 2100, with continued permafrost thaw, the
distribution of peatland complexes is expected to shift due to
widespread losses of peat plateaus (reduced to 28% cover) and
subsequent expansion of bogs (increased to 35% cover) and
fens (increased to 37% cover) under a SSP2−4.5 mid-
thermokarst scenario61 (Table S9). While our upscaling
considers shifts in the relative composition of plateaus, bogs,
and fens in the Taiga Plains, we acknowledge that MeHg
production is likely to be further affected by additional
environmental factors, such as soil temperature,71 water table
fluctuations,66 and wildfire activity.84

Given the projected thaw of permafrost peat plateaus and
expansion of bogs and fens across the Taiga Plains, we
anticipate increases of 65% (range: 47−80%) in the average
peatland landscape %MeHg of near-surface soils (Table S9;
percent change from Q2 of current %MeHg versus low, mid,
high scenarios). The %MeHg decreases in peat plateaus
(−50%, −75% to −25%) and increases in bogs (+118%, +80%
to +145%) and fens (+62%, +47 to +78%). By taking %MeHg
as a proxy for landscape-scale net methylation, we see an
apparent effect of permafrost thaw leading to enhanced HgII
methylation potential across the landscape of northwestern
Canada by 2100. Increased HgII methylation, coupled with
greater landscape connectivity due to thaw, may further lead to
enhanced cotransport of DOM with MeHg in downstream
environments, increasing risks to human well-being.
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