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Abstract Dissolved organic matter (DOM) plays
an important role in promoting or suppressing meth-
ylmercury (MeHg) production in wetlands. However,
the effects of DOM spectral characteristics on MeHg
levels remain poorly understood in boreal peatlands
in Northeast China, where is undergoing remark-
able climate warming. In the present work, soil sam-
ples were collected from 22 peatlands in the Greater
Khingan Mountains (GKM) to test the hypothesis
that DOM spectral properties control MeHg levels.
DOM was characterized by UV-Vis absorption and
fluorescence spectroscopy; the three-dimensional
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fluorescence excitation-emission matrix (EEM) was
used to unveil the origin of DOM. The average total
mercury (THg) and MeHg contents were 112.76 pg/
kg and 12.43 pg/kg across all peatlands, respectively.
There was a significantly positive correlation between
MeHg and the longitude spanning the range from 120
to 123°E (p<0.05). Proportions of MeHg to THg
(%MeHg), 12.3% on average, were positively corre-
lated with DOM humification degree at p <0.05 level.
Protein-like components of DOM (P-like) were nega-
tively related to %MeHg. DOM had positive effects
on THg, and P-like components, HIX and BIX can
negatively affect THg as well as MeHg. Our findings
demonstrate that the spectral characteristics of DOM
in soil are crucial to the content of methyl mercury in
the GKM soil.

Keywords The Greater Khingan Mountains -
MeHg - DOM - Spectral characteristics

Introduction

Mercury (Hg) could be transformed by bacteria into
methylmercury, which is with strong lipophilicity,
high neurotoxicity and high bioaccumulation (Cor-
rales et al., 2011; Feng et al., 2009; Yang & Wang,
2006). Wetlands could trap Hg for a long time due to
the flooded, anaerobic, and carbon-rich soil environ-
ments (Bachand et al., 2014), and generally function
as Hg sinks (Gong et al., 2014). However, wetlands
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have high methylmercury (MeHg) and are MeHg
sources to the ambient (Jiang et al., 2018; Semeraro
et al., 2015). Globally, permafrost regions store 793
Gg Hg in the Northern Hemisphere (Schuster et al.,
2018). Previous studies confirmed that climate warm-
ing accelerated Hg methylation in soils and sediments
from Arctic lake (Hudelson et al., 2020; Yang et al.,
2016), permafrost (Mu et al., 2019), tundra (Vasi-
levich et al., 2014) and wetlands (Lehnherr et al.,
2012). MeHg production is usually primarily attrib-
uted to biological methylation that is mediated by
anaerobic microorganisms, sulfate-reducing bacteria,
iron-reducing bacteria, and methanogens. Also, the
abiotic methylation process cannot be neglected when
electron donors are abundant and present (Celo et al.,
2006; Liu & Ding, 2007). The dissolved organic mat-
ter (DOM) is one of the most important Hg meth-
ylators that could fuel the rapid synthesis of MeHg.
Especially, the microbial-derived DOM can stimulate
MeHg production in the temperature-sensitive boreal
wetlands and permafrost (Lescord et al., 2018), where
DOM increasing under climate warming is accom-
panying more Hg release initially trapped by frozen
soil (Barkay et al., 2011; MacMillan et al., 2015; St.
Pierre et al., 2014; Yang et al., 2016). Wilds in boreal
wetlands may be at risk from elevated MeHg.

Hg methylation is promoted by DOM as electron
donors for bacteria (Schaefer & Morel, 2009; Zhang
et al., 2011), MeHg variation was not well explained
just by DOM contents itself (Schartup et al., 2013),
though positive effects of DOM on MeHg were
observed in many reports (Graham et al., 2012; Klap-
stein et al., 2018; Wallschldger et al., 1996). DOM, in
addition to concentrations, with high highly aromatic
structures were particularly effective at enhancing Hg
methylation (Hill et al., 2009; Graham et al., 2012).
Fulvic acid is a powerful activator that reactive Hg
associated with iron and manganese oxides, thereby
stimulating MeHg production (Yao et al., 2004). As
a significant fraction of the organic metal-binding
ligands, the production of protein-like substances
by phytoplankton or microbes could effectively bind
with Hg, facilitate Hg utilization by microorganisms,
and accelerate MeHg synthesis (He et al., 2010). In
lake sediment, organic compounds originating from
fresh chlorophyll, proteins and phyto-derived cell
wall lipids were demonstrated to fruitfully acceler-
ate MeHg production (Bravo et al., 2017). Although
a large body of literature is now available on the
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interactions of MeHg production and DOM, to the
best of our knowledge, how DOM characters affect
MeHg production has rarely been examined in boreal
peatlands where are susceptible to remarkable climate
warming.

The Greater Khingan Mountains (GKM) has the
second-largest permafrost area in China and peatlands
are widely distributed in the GKM. As the tempera-
ture continues to rise in the GKM, permafrost thaw-
ing is accelerated and Hg trapped in the frozen soils
is now being released (Bracho et al., 2016). DOM
contents and spectral characteristics would certainly
affect MeHg production in boreal peatlands, but cur-
rently, few are available about this topic in the GKM.
The objective of this study was to examine relations
between MeHg and DOM concentrations and spec-
tral features in peatlands of the GKM, aiming to bet-
ter our understanding of Hg cycle in boreal peatlands
under climate warming.

Materials and methods
Description of the GKM and field sampling

The GKM extends 1200 km from north to south,
involving Heilongjiang Province and Inner Mongolia
and spanning cold and moderate temperate continen-
tal monsoon climate zones (Gao et al., 2016). Wide-
spread wetlands here develop well on the permafrost
and seasonally frozen soil. Since 1707, the annual
average temperature increased significantly with the
tendency rate of 0.06 °C/10a, and the precipitation
increased at the rate of 0.79 mm/10a (Zhao et al.,
2016).

A total of 154 surface soil samples were collected
from 22 peatlands from 2017 to 2018 (Fig. 1). Sam-
ple sites were categorized into four groups, herb (Hc,
n=7), shrub (Sc, n=38), forest (Fc, n=>5), and moss
(Mc, n=2), according to the predominant vegeta-
tion. Soil samples were sealed in polyethylene bags,
brought back to the laboratory, air-dried, manually
ground with a quartz mortar, hand-sieved through a
100-mesh sieve, and preserved at — 4 °C before chem-
ical analysis.
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Fig. 1 The study area is in The Greater Khingan Mountains,
northeast China. For sample information, please refer to sup-
plementary table 1 (Table S1)

Chemical analysis

Total mercury (THg) was determined according to
Zhang et al. (Zheng et al., 2020). In brief, 0.200 g soil
samples was digested using 10.0 mL HNO; (32 N)
and 2.5 mL H,SO, (36 N). All Hg species were deter-
mined using an atomic fluorescence spectrometer
(AFS-8510, Haiguang Instrument, China).

For MeHg determination, 1.000 g soil sample was
soaked in 10 mL 6 N HCI solution overnight; MeHg
was then extracted with 5.0 mL dichloromethane
(CH,Cl,). The CH,Cl, was separated and transferred
into a heart-shaped bottle. After adding 5.0 mL of
deionized water, the heart-shaped bottle was con-
nected with a rotary evaporator at 60°C, and CH,Cl,
was removed while MeHg remained in the deionized
water. MeHg was oxidized into Hg?* by a 1.0 mL
brominating agent, and then transformed to Hg®
using hydroxylamine hydrochloride (0.2 g/mL), and
finally determined using an atomic fluorescence spec-
trometer (AFS-8510, Haiguang Instrument, China).
Detailed procedures were described in Zhang et al.
(Zhang et al., 2009).

The proportions of MeHg to THg (%MeHg) to
express the potential of Hg methylation (Weber,
1993) were calculated as the following formula.

MeH
%MeHg = Ti{ g
g

% 100%

Soil organic carbon (SOC), total nitrogen (TN),
and total sulfur (Sulfur) contents were analyzed by
dry combustion on a Vario EL elemental analyzer
(Elementary, Hanau, Germany). DOM was extracted
by deionized water at the rate of 1:5 (soil: water) and
determined by a total carbon analyzer (TOC-2000,
Gangdong, China).

For quality control, standard materials were used
to test the precision and accuracy of THg and MeHg
determination. The recovery ratios varied in the range
of 96~106%. Each sample was analyzed with three
replications. All the chemical reagents were guar-
anteed reagent, and all glass instruments need to be
soaked in 3 N HNOj; for more than 24 h.

The UV-Vis and fluorescence spectrum of DOM

The UV-Vis spectrum and fluorescence spectrum
were conducted to characterize DOM source and
potential composition. Absorbance measures, ana-
lyzed from 190 to 800 nm on a Shimadzu UV-Vis
spectrophotometer (UV-2550, Shimadzu, Japan),
were used to investigate DOM source, structure,
and composition (Table S2). DOM fluorescence was
measured on a Hitachi Fluorescence spectrophotom-
eter (F—4700, Hitachi, Japan). Three-dimensional
scans were performed at 5 nm excitation steps from
200 to 500 nm, reading emissions at 2 nm steps from
250 to 600 nm, generating excitation-emission matri-
ces (EEMs) for each sample. All spectral corrections
were performed using parallel factor analysis (PARA-
FAC) in the MATLAB software environment.

Three fluorescence indexes were used to judge
DOM source and humification degree. The fluo-
rescence index (FI), as the ratio of excitation wave-
length (Ex) at 370 nm and emission wavelength (Em)
at 470 nm and 520 nm, is used to differentiate DOM
sources (Cory et al., 2007). The humification index
(HIX) refers to the ratio of integral values of Em at
435~480 nm and 300~ 345 nm when Ex is 254 nm,
with higher values indicative of a stronger humifica-
tion degree (Zsolnay et al., 1999). When HIX <4,
implies that DOM is mainly derived from micro-
bial metabolism. When HIX corresponds 10~ 16 for
DOM of high levels of humification and DOM is
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mainly exogenous input (Ohno, 2002). The biologi-
cal index (BIX) is the ratio of fluorescence intensity
of Em at 380 nm and 430 nm when Ex is 310 nm,
it can be used to characterize the autogenic property
of DOM (Birdwell & Engel, 2010). When BIX <0.8,
the autogenic property of DOM is not obvious. When
BIX > 0.8, the autogenic property of DOM is obvious
(Huguet et al., 2009).

The UV-Vis absorbance indicated humification
degree (represented by SUVA254), the hydrophobic
component (represented by SUVA260), and the com-
plexity of soil DOM (represented by A253/A203)
varied greatly across different wetlands (Table S3).

Data statistical analysis

All data were standardized to satisfy the normal dis-
tribution before analysis. All statistical analysis was
carried out using the R software. Principal component
analysis was used to test the potential relationship
between environmental factors, DOM spectral param-
eters, THg and MeHg contents. Multiple regres-
sion models were implemented to assess the relative
importance of each variable for explaining variation
in THg, MeHg and %MeHg. All data were standard-
ized before performing the regression analysis. We
compared the importance of the different variables
using standardized regression coefficients. Statistical
significance was tested at 0.05 level.

Results
THg and MeHg contents in wetland soils of the GKM

Overall, THg and MeHg ranged between 27.62 and
347.58 pg/kg, between 2.06 and 31.81 pg/kg, with
average values of 112.76 pg/kg and 12.43 pg/kg,
respectively. %MeHg varied greatly across sampling
sites, ranging from 1.61 to 23.3% with an average of
12.3%.

Forest peatlands had the highest MeHg contents,
and moss peatlands had the lowest %MeHg val-
ues. THg, MeHg, and %MeHg differed significantly
among different groups. THg significantly differed
among groups in pairs (p <0.01), besides forest ver-
sus moss categories. MeHg in the forest group was
significantly higher than the others. %MeHg in the
moss group was significantly lower than the others
(Fig. 2).

The variation coefficients of THg and MeHg
were 44.5% and 42.8% on average, respectively, and
showed considerable variation in spatial (Fig. S1). A
longitudinal occurrence of MeHg was observed span-
ning the range of 120-123°E (p <0.05, Fig. 3), indi-
cating that MeHg increased with the increasing lon-
gitude. However, no similar trend was observed for
THg.

Spectral characteristics of DOM

Overall, moss peatlands had the highest SUVA254,
SUVA260, A240/A420, A250/A365, A465/A664,
and A253/A203 values of DOM. A250/A365 values
were greater than 3.5 in all sites, meaning that DOM
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Fig. 2 Comparison of THg, MeHg, and %MeHg among different wetlands
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was dominated by fulvic acid with relatively low
molecular weight.

Five components were extracted from the EEMs
dataset using the PARAFAC analysis. The C1 (Ex/
Em =240/434) and C2 (Ex/Em =270/482) belonged
to UV fulvic-like fluorescence (peak A) and repre-
sented an external source input (He & Hur, 2015).
The C3 (Ex/Em =280/402) belonged to fulvic acid-
like in visible light fluorescence (peak C) (He et al.,

Em.(nm)

2015). The C4 (Ex/Em =220, 280/ 338) and C5 (Ex/
Em=220/314) were fluorescence peak B (tyros-
ines) and peak T (tryptophans) and represented the
metabolites of microorganisms (Chen et al., 2003;
Wang et al., 2020). Therefore, there were three ful-
vic acid-like (F-like) and two protein-like (P-like)
substances, which accounted for 35-90%
10-65% of the total variances (Figs. 4 and S2).
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Fig. 4 Excitation-emission matrices (EEMs) of soil DOM from the GKM
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The FI values exceeded 1.9 in peatlands
(Table S4), indicating that endogenous products from
microbial metabolism contribute most DOM in the
GKM. The HIX values in herb and forest peatlands
were no more than 4, confirming that DOM mainly
was microbial-derived. BIX values in moss peatlands
were significantly lower than those in herb and shrub
groups (p <0.05) because low pH and phenolic sub-
stance suppress microbial activity in Sphagnum peat-
lands and yield low biological DOM (Pedersen &
Calvert, 1990; Van Breemen, 1995).

Correlation analysis

THg positively related to TN, SOC, DOM, and A240/
A420, while negatively related to A2/Al, A3/A2, A3/
Al, BIX, HIX, and F-like components at p <0.05.
MeHg positively related to SOC, DOM, and A240/
A420, while negatively related to A2/A1 and P-like
components at p <0.05. %MeHg positively related to
BIX, HIX, and F-like components while negatively
related to TN, SOC, DOM, and P-like components at
p<0.05 (Fig. 5).

Discussion

THg contents in the present work were threefold of
the background value, 40 pg/kg, confirming that
Hg was accumulating effectively in peatlands of the
GKM (Zhang et al., 2015). THg and MeHg in the
GKM were much higher than those in peatlands, fens,
and permafrost at similar latitudes (Table S5). For
example, THg and MeHg in Ontario peatland soils
were no more than 99 pg/kg and 3 pg/kg, respectively
(Heyes et al., 2000). MeHg contents changed from
1.8 to 10.1 pg/kg in beaver ponds (Herrero Ortega
et al., 2018), which was relatively high levels but still
lower than those in the GKM peatlands. THg enrich-
ment in the GKM is probably attributed to industrial
emission in Heilongjiang and Jilin Province, the
heavy industry base of China. In addition, Hg release
from coal consumption and deposition might also
contribute Hg accumulation in peatlands (Wang et al.,
2000). %MeHg values in the GKM region, 12.3% on
average, were much higher than those, no more than
3%, in Alaska (Olson et al., 2018), Norwegian Arctic
(Halbach et al., 2017; Liu et al., 2015), and Ontario
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(Heyes et al., 2000). It implied that Hg methylation
was effective in peatlands because of the reducing
environment that favors Hg accumulation and stimu-
lates Hg methylating microorganisms like sulfate-
reducing bacteria and methanogens (Liu et al., 2002).

Vegetation absorption was the prominent Hg
source in remote areas (Olson et al., 2018). Hg
enters into the soil with litter and could be effectively
retained by organic matter. Forest ecosystems repre-
sent strong Hg sinks globally and could capture about
1180 Mg/yr of Hg through a huge amount of litterfall
(Wang et al., 2016). The present work matched this
conclusion well, showing that forest peatlands had
high THg and MeHg. Climate warming has intro-
duced shrub or forest inhabitation into peatlands and
caused slow expansion northward of forest in the
Northern Hemisphere (Liess et al., 2012). The suc-
cession of plant under future climate warming scenar-
ios, from herb or moss to shrub or forest, might yield
more biomass returned to soils and this brought us
particularly noteworthy concern that Hg enrichment
and MeHg production were predicted to be acceler-
ated in the GKM regions in the future.

Fig. 6 Analysis of DOM

spectral index and principal 1.0-
components such as mer-

cury in soil

0.5-

PC2 (18.6%)

A240/A420

-1.0 -0.5

() SOV RN ve—— '

PCA analysis indicated that two principal com-
ponents were extracted and explained 42.4% of the
total variance (Fig. 6). The first principal component
(PC1, 23.8% of total variance) represented the humi-
fication degree of DOM. Indeed, SUVA254, A3/Al,
A3/A2, A2/A1, and SUVA260 were indices of DOM
humification and they all had positive loadings on
PC1. The second principal component (PC2, 18.6%
of total variance) separated plant-derived DOM from
endogenous source; this was confirmed by negative
loadings of BIX and positive loadings of SUVA254
on PC2. Both THg and MeHg had positive load-
ing on PC2, while %MeHg had positive loadings on
PC1. SUVA254, as proxies of terrigenous organic
compounds, had positive loading on PC1 and PC2,
showing that terrigenous DOM had great impacts
on Hg sources (Ouellet et al., 2009), and indicating
that the humification degree of DOM could support
Hg methylation. Hg(II) is more available for methyla-
tion in the presence of high molecular weight DOM
(Mitchell & Gilmour, 2008). One potential mecha-
nism is hydrophobic acid fractions of DOM (which
includes the humic and fulvic acid fractions) had

SUVA260

contrib

)

0.5 10

0.0
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significantly higher reduced sulfur content (defined as
the sum of polysulfide, sulfide, and thiol groups) than
the low molecular weight hydrophilic acid fractions
(Ravichandran, 2004). It promotes Hg methylation in
the presence of stronger complexing thiols (Schaefer
et al., 2011). Compared to oxygen ligands, thiols and
disulfides are preferred complexation points of Hg to
DOM (Mitchell & Gilmour, 2008). The other reason
is an additional effect of aromatic carbon, is its poten-
tial to enhance the release of Hg from insoluble cin-
nabar (Waples et al., 2005), which can promote and
enhance Hg methylation (Paranjape et al., 2017). The
small included angle between %MeHg and A3/A2 in
Fig. 6 indicates that the aromatic degree of DOM can
promote the ability of mercury methylation potential.

The multiple regression models showed that P-like
components (negative), HIX (negative), BIX (nega-
tive) and DOM (positive) explained most variations
of THg to a significant level. THg was the only factor
that has significant positive effects on MeHg, while
TN, P-like component, and HIX had significantly neg-
ative effects on MeHg (Fig. 7). DOM could improve
THg and MeHg effectively due to the strong adsorp-
tion of DOM on THg and MeHg in soil (Fig. 5). HIX
was negatively correlated with Hg and MeHg. This is
likely due to Hg and MeHg preferentially associated
with low molecular weight dissolved organic matter
in wetland environments (Hill et al., 2009). THg was
inversely correlated with BIX and P-like component,
and P-like substances significantly reduced MeHg
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Fig.7 Results of multiple regressions involving standardized
mean coefficients referring importance of all variables on THg,
and MeHg. The solid squares meant variable importance to the
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(Fig. 7), suggesting that DOC with microbial sig-
natures could be associated with a decrease in THg
and MeHg (Jiang et al., 2018). This might because of
the much larger rate of Hg(II) reduction when com-
plexed by the weaker, but more abundant RO/N (e.g.,
carboxyl and amino) functional groups in DOM in
dark Hg(Il) reduction (Rocha et al., 2000; Zheng &
Hintelmann, 2010). The above results emphasize the
important influence of DOM spectral characteristics
on mercury methylation.

Conclusions

Unexpected high THg and MeHg contents, 112.76 pg/
kg and 12.43 pg/kg, suggested that wetlands served as
Hg sinks and MeHg sources in the GKM. Meanwhile,
higher THg in forest wetlands implied Hg accumula-
tion would be accelerated by climate change, which
favor forest expansion into herb peatlands in these
regions. DOM and its spectral characteristics play
important roles in controlling Hg methylation. On the
whole, DOM positively related to THg while P-like
components negatively related to THg and MeHg. Hg
and MeHg pollution were speculated to be aggravated
by more DOM derived from permafrost thawing with
current climate warming in the GKM regions.
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