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a b s t r a c t

The origin and composition of dissolved organic matter (DOM) in porewater of lake sediments is intricate
and decisive for fate of pollutants including mercury (Hg). While there are many reports on the rela-
tionship between dissolved organic carbon concentration (DOC) and mercury (Hg) concentrations in
aquatic systems, there are few in which DOM compositional properties, that may better explain the fate
of Hg, have been the focus. In this study, porewaters from sediments of three lakes, Caihai Lake (CH),
Hongfeng Lake (HF) and Wujiangdu Lake (WJD), all located in southwest China, were selected to test the
hypothesis that DOM optical properties control the fate of Hg in aquatic ecosystems. Porewater DOM was
extracted and characterized by UVeVis absorption and fluorescence spectroscopy. A two end-member
(autochthonous and allochthonous DOM) mixing model was used to unveil the origin of DOM in
porewaters of the three lakes. Our results show a higher input of terrestrial DOM in the pristine lake CH,
as compared to lakes HF and WJD lakes, which were both influenced by urban environments and
enriched in autochthonous DOM. While the relationships between the concentrations of DOC and the
different chemical forms of Hg forms were quite inconsistent, we found important links between specific
DOM components and the fate of Hg in the three lakes. In particular, our results suggest that allochth-
onous, terrestrial DOM inhibits Hg(II) availability for Hg methylating micro-organisms. In contrast,
autochthonous DOM seems to have been stimulated MeHg formation, likely by enhancing the activity of
microbial communities. Indeed, DOM biodegradation experiments revealed that differences in the mi-
crobial activity could explain the variation in the concentration of MeHg. While relationships between
concentrations of DOC and Hg vary among different sites and provide little information about Hg cycling,
we conclude that the transport and transformation of Hg (e.g. the methylation process) are more strongly
linked to DOM chemical composition and reactivity.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Dissolved organic matter (DOM) plays an important role in
many biogeochemical processes including the global carbon cycle
and fate of pollutants (e.g., trace heavy metals and organic con-
tainments) (Aiken et al., 2011a; b; Bolan et al., 2011; Nelson and
Siegel, 2013; Mopper et al., 2015). As an important fraction of
natural organic matter (Aiken et al., 2011b; Mostofa et al., 2013),
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DOM is widely recognized as a key environmental parameter,
influencing the ecology of both aquatic and terrestrial environ-
ments (Tranvik et al., 2009; Aiken et al., 2011a; b). Sediments may
function as a sink or source of natural organic matter and many
types of pollutants (F€orstner, 2004), including Hg (Isidorova et al.,
2016). Pollutants are released from sediment particles into its
porewater through desorption and dissolution processes, as well as
by biological decomposition of NOM. Linking sediments to over-
lying water, DOM has a key role in the transfer of pollutants from
sediments to the water column (Ziegelgruber et al., 2013; Abbott
et al., 2015). Determination of porewater DOM characteristics in
sediment and water is one of the fundamentals to improve our
understanding of how DOM structures and DOM reactivity influ-
ence the fate of pollutants in the aquatic environment (Chen and
Hur, 2015). The recent advancement of DOM characterization
(Leenheer and Crou�e, 2003), UVeVis and excitation-emission
matrices (EEMs) fluorescence spectroscopy provides convenient
and powerful tools to analyze DOM composition, widely used to
track sources of DOM (e.g., autochthonous versus allochthonous)
and DOM processing (Fellman et al., 2010; Coble et al., 2014).
Because spectral characteristics of DOM in porewater can be used to
track the composition and origin of DOM in the bulk sediment
(Bravo et al., 2017), and reflect the microbial activity by its
composition (Ziegelgruber et al., 2013), they have been proven
useful tools for explaining the environmental fates of contami-
nants, such as mercury (Herrero Ortega et al., 2017; Kim et al., 2017;
Lescord et al., 2018).

Mercury (Hg) contamination is a global environmental issue
stemming from the severe damage it may cause humans and
ecosystem health. Its methylated chemical form, methylmercury
(MeHg), is of special concern because it accumulates in aquatic food
webs through biomagnification processes (Lavoie et al., 2013;
Lehnherr, 2014). The methylation of inorganic Hg, henceforth
denoted Hg(II), to MeHg occurs under oxygen-limited conditions
such as those found in submerged soils (e.g. wetlands, (Tjerngren
et al., 2012a; b), lake sediments (Bravo et al., 2017), stratified wa-
ter columns (Eckley et al., 2005) and even inmicro-environments of
settling particles (Gasc�on Díez et al., 2016). The formation of MeHg
is ascribed to the activity of anaerobic microorganisms (e.g., iron- or
sulfate-reducing bacteria, archaea) (Zhang et al., 2012, 2014;
Hammerschmidt and Fitzgerald, 2004; Tjerngren et al., 2012a; b;
Parks et al., 2013). Indeed, Hg(II) methylation processes are gov-
erned by the activity of the microbial community (Bravo et al.,
2017), as well as the availability of Hg(II) to methylating microor-
ganisms, which in turn is dependent on the Hg(II) speciation
(Gerbig et al., 2011, 2012; Jonsson et al., 2012, 2014; Zhang et al.,
2012, 2014). The Hg mobilization, speciation, and methylation
have been widely studied across various environments (Skyllberg,
2008, 2012; Graham et al., 2012, 2013).

Of all the biogeochemical variables affecting Hg trans-
formations, DOM is one of the most important factors (Aiken et al.,
2011a; Ravichandran, 2004; Gerbig et al., 2012; Bravo et al., 2017;
Herrero Ortega et al., 2017). There are many reports on the in-
teractions and correlations between DOM and Hg, and compre-
hensive reviews are available elsewhere (Ravichandran, 2004;
Aiken et al., 2011a; b; Skyllberg, 2012; Gerbig et al., 2012; Hsu-
Kim et al., 2013). In field investigations, correlations between
concentrations of DOC and Hg have been established to indicate the
role of DOM (Mierle and Ingram, 1991; Driscoll et al., 1995; Hurley
et al., 1998; Dittman et al., 2009; Bergamaschi et al., 2012). How-
ever, across aquatic systems, influenced by diverse biogeochemical
processes and sources of DOM, the correlation between concen-
trations of Hg and DOC is not always consistent. Lab-scale experi-
ments have revealed a dual effect of DOM onMeHg net production,
by i) acting as a stimulatory electron donor, and by ii) modulating
the chemical speciation of Hg(II). DOM also serve as a substrate for
microorganisms and stimulate Hg methylation (Hsu-Kim et al.,
2013; Schartup et al., 2013; Gerbig et al., 2012; Kim et al., 2011).
Indeed, most groups of microbes containing phyla of Hg methyla-
tors are key anaerobic decomposers of organic materials (Gilmour
et al., 2013; Reddy and Delaune, 2008; Logue et al., 2016). Under
sulfidic conditions, a stimulatory effect of DOM on MeHg produc-
tion is attributed to the disintegration or dissolution of HgS-
minerals (Waples et al., 2005), resulting in enhanced Hg(II)
bioavailability to methylating bacteria (Gerbig et al., 2011; Graham
et al., 2012, 2013). In contrast, chemisorption to DOM functional
groups may limit Hg(II) bioavailability for methylating microor-
ganisms when the molecular size of DOM is too large to cross the
bacterial cell membranes (Hammerschmidt and Fitzgerald, 2004;
Hammerschmidt et al., 2008). Recent studies (Schartup et al., 2013;
Chiasson-Gould et al., 2014; Bravo et al., 2017; Herrero Ortega et al.,
2017; Lescord et al., 2018; Noh et al., 2018) demonstrate that dif-
ferences in the composition of DOM may largely explain the vari-
ability in Hg methylation. Indeed, it is known that specific DOM
components regulate speciation and dynamics of Hg through
numerous mechanisms, including chemical complex formation
(Ravichandran, 2004; Skyllberg, 2008, 2012), redox processes (Gu
et al., 2010) and microbial activity (Bravo et al., 2017). Thus, all
the mentioned studies underscore the complexity of the in-
teractions between Hg and DOM, and more importantly, highlight
the potential to perform comprehensive studies to identify the Hg
risk, especially the MeHg net production in the environment using
DOM composition.

Despite the recently highlighted importance of DOM composi-
tion and quantity, environmental biogeochemical studies of Hg still
poorly or incompletely take DOM characterization into account,
especially outside the boreal zone. Here we use the variability in
DOM characteristics to improve our understanding about how
concentrations of DOM and Hg may be related (or not related) at
different study sites in subtropical China. We hypothesize that,
beyond DOC concentration, DOM composition characteristic of
terrigenous and aquatic sources are important drivers behind Hg
concentration levels and the transformation of Hg to MeHg in
different types of lakes located at southern latitudes. Based on the
“structure-reactivity” concept of DOM biogeochemistry (Senesi
et al., 2009; Aiken et al., 2011a; b), we: 1) characterized the prop-
erties of porewater DOM in three lakes of southwest China, and 2)
tracked DOM sources to elucidate their influence on Hg concen-
tration levels and transformation to MeHg in lake porewaters. Our
results demonstrate optical characterization of DOM as a useful tool
to improve our understanding of the causality behind DOM-Hg
relationships established by field observations of three different
lakes.

2. Materials and methods

2.1. Study sites

On the Southwestern China Plateau, there are more than 30
lakes with a water depth of 10e50m. Three of these lakes, Caohai
Lake (CH), Hongfeng Lake (HF) and Wujiangdu Lake (WJD), were
selected for this study (Fig. 1). Caohai Lake (CH) (26�5005000N,
104�1402700E) is in southwestern Weining County of the Guizhou
Province. It is a pristine shallow lake located in the Caohai State
Nature Reserve. The catchment of CH includes evergreen broad-leaf
forests with riparian soils exporting terrestrial DOM into CH,
especially during high precipitation periods between May and
October (Qian et al., 2008). Established in the 1960s, Hongfeng Lake
(HF) (26�3300500N, 106�2502500E) is in the suburbs of Guiyang City,
Guizhou province, China. It is one of the main municipal drinking-



Fig. 1. Study area and the locations of Caohai Lake (CH), Hongfeng Lake (HF) and Wujiangdu Lake (WJD) in Guizhou province of China.
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water reservoirs. It is a lake with seasonally anoxic bottom waters,
having an average water depth of 10.5m. Wujiangdu reservoir
(WJD) (27�1901100N, 106�4504000E) is situated on the Wujiang River,
which is a branch of Yangtze River, Guizhou Province. This reservoir
was formed in 1979. Both HF and WJD are impacted by anthropo-
genic activities (e.g., urban development, cage aquaculture), in
contrast to CH which is a natural lake. Additionally, unlike WJD, HF
lake is influenced by terrestrial DOM inputs from adjacent dryland
runoff to a certain degree. More details are in Supporting Infor-
mation (Table S1).
2.2. Sample collection, DOM and Hg analysis

In July 2014, sediment cores were collected in the middle of the
three lakes (Fig. 1) using a sediment gravity corer. Nine cores were
sampled at 0e9 cm depth at CH and WJD and seven cores at HF.
Water quality parameters were measured in situ with a portable
multi-parameter water quality probe. Sediment cores were pro-
cessed within a few hours at the sampling site in oxygen-free glove
bags filled with nitrogen gas in the laboratory following centrifu-
gation (2000 g for 30min), the pore water was filtered using
0.45 mmMillipore PVDF filters in the glove bag and the supernatant
was divided for analysis of pore water Hg and DOM in an anoxic
atmosphere. Samples for dissolved Hg measurements were acidi-
fied by adding 0.5% (v/v) ultrapure HCl. All the liquid samples were
preserved at 0e4 �C prior to analysis and the solid sediment was
stored in a freezer prior to Hg analysis.

The DOM concentrationwas measured using a TOC analyzer (GE
Sievers InnovOx, USA), represented as dissolved organic carbon
(DOC) in mg L�1. The hydrophobic carbon fraction of DOM (HDOC)
was separated from hydrophilic fractions by an XAD-8 resin
(Supporting Information 2) and is expressed as DOC in mg L�1.
Additionally, we measured total nitrogen (TN), nitrate (NO3

�) and
ammonium (NH4

þ) to calculate the total dissolved organic nitrogen
(DON) by subtracting NO3

� and NH4
þ from TN in the DOM sample.

The N/C molar ratio was calculated by DON/DOC. TN analysis was
conducted by the potassium persulfate oxidation-UV colorimetric
method. Nitrate and ammonium were measured by ion-selective
electrodes (Bante Instrument Shanghai, China). UVeVis and fluo-
rescence measurements were conducted in a 10mm quartz cuvette
using Aqualog® (Horiba, Japan) absorption-fluorescence spectros-
copy equipped with a 150W ozone-free xenon lamp at constant
20 �C temperature. Milli-Q water was used as blank to be sub-
tracted from sample EEMs to remove the interferences of water
Raman peaks. Using the parallel absorbancemeasurement from the
same sample and blank (Yang and Hur, 2014), EEMs were corrected
for inner-filter effect by Aqualog® EEMs data processing software
automatically, which also adjusted the instrument specific excita-
tion and emission effects. These corrections were also manually
double-checked in OriginPro® 2015. The UVeVis scan ranged from
230 to 800 nm with 1 nm interval. The Naperian absorption coef-
ficient was calculated as a(l) ¼ 2.303*A/l, where a(l) is the DOM
absorption coefficients at wavelength l (nm), A is the absorbance,
and l is the cuvette path length (m) (Coble, 2007; Helms et al.,
2008). The absorption coefficient at 355 nm (a355) was chosen to
represent the quantity of chromophoric DOM (CDOM) (Rochelle-
Newall and Fisher, 2002; Zhang et al., 2005). Because of the pore-
water DOM samples is highly concentrated in DOC, the diluted
(DOC<10mg L�1) samples were used for all spectra (including ab-
sorption and fluorescence) to avoid inner-filtration effects. The
original CDOM (i.e., a355) (m�1) reported in this study was calcu-
lated by the measured values multiplied by the dilution factor.
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Additionally, EEMs fluorescence spectra were collected. The emis-
sion spectral range was 250e620 nm in 3.18 nm steps and the
excitation spectral range was 230e450 nm in steps of 5 nm. The
scan integration time was 3s.

Porewater concentrations of dissolved Hg and MeHg were
determined at the Institute of Geochemistry of CAS, Guiyang. Two
dissolved Hg species including total Hg (DTHg) andMeHg (DMeHg)
in 0.45 mm filtered water samples were measured in this study. In
this paper, DTHg and DMeHg represent the dissolved species of Hg,
unless otherwise specified. They were determined based on the
strict procedure of pre-cleaning, purging, trapping and cold vapor
atomic fluorescence spectroscopy (CVAFS). Concentrations of THg
in porewater were measured using dual stage gold amalgamation
and cold vapor atomic fluorescence spectrometry (CVAFS, Tekran®,
model 2500, Canada), following sample pre-oxidation by 0.5% v/v
BrCl, reduction by 0.2% v/v NH2OH$HCl and SnCl2, and pre-
concentration of Hg0 onto a gold trap with an aspirator. MeHg
was measured using GC-CVAFS (Model III, Brooksrand®, USA) after
distillation and ethylation following EPA method 1630. To help
explain dissolved Hg in porewater, total Hg and total MeHg in
sediment were also measured by thermal combustion method
(AMA 254, Leco®, USA) and HNO3 leaching/CH2Cl2 extraction-
ethylation-GC-CVAFS detection (Tekran® model 2500, Canada),
respectively. For QA/QC, methods were conducted with field
blanks, method blanks, matrix spikes, duplicate samples, and sta-
tistical analysis of the resulting analytical data. For water samples,
the detection limits obtained from the method blanks (blank± 3
standard deviations) for THg and MeHg were 0.09 and 0.03 ng L�1,
respectively. Additionally, recovery was controlled with matrix
spikes because the MeHg measurements required an extraction
procedure. The MeHg spike recovery was in the range of
85.4e98.2%. The detailed descriptions of sample collection, prep-
aration and measurement are referred to in Yan et al. (2013) and
Zhao et al. (2017).

2.3. DOM spectral parameters

Specific UV absorbance at 254 nm (SUVA254), associated with
DOM aromaticity and humification, was calculated as A254
normalized for DOC concentration and corrected for Fe (Weishaar
et al., 2003). In both the wavelength ranges of 275e295 nm and
350e400 nm, the spectral slope of DOM absorption curvewas fitted
by nonlinear regression by the function: a(l)¼ a(lr)*exp[-S(l-lr)],
where lr is a reference wavelength. However, S275-295 and S350-400
showed little compositional variations in our DOM samples.
Importantly, previous studies demonstrated SR to be a more
appropriate characteristic of DOM in samples sets with a large
variability in chemical properties (Helms et al., 2008; Spencer et al.,
2012). Thus, we calculated the spectral slope ratio by SR¼S275-295/
S350-400 (Helms et al., 2008). Additionally, parallel factor analysis
(PARAFAC) was not included in this study because the limited
number of samples originating from quite diverse sources. Instead,
a classic “peak-pick” method was used to identify the fluorescent
peaks (Coble, 1996, 2007; Coble et al., 2014). We identified four
fluorescent components including: (1) two humic-like components
represented by A (Ex/Em¼ 250e260nm/380-480 nm), C (Ex/
Em¼ 330e350nm/420-480 nm), and (2) two protein-like compo-
nent tryptophan-like T (Ex/Em¼ 270e280nm/320-350 nm) and
tyrosine-like peak B (Ex/Em¼ 270e280nm/300-320 nm). For dis-
tinguishing DOM sources, fluorescence index (FI) was calculated as
the ratio of the fluorescence intensities at the emission wavelength
of 450 and 500 nm (excitation wavelength was kept at 370 nm)
(McKnight et al., 2001; Huguet et al., 2009). Additionally, as an
indicator for reflecting the recent microbial-production of DOM
(i.e., autochthonous inputs), BIX, also called freshness index, was
calculated using the ratio of emission intensity at 380 nm divided
by the emission intensity of the maximum value in the range of
420e435 nm at the excitation of 310 nm (Wilson and Xenopoulos,
2009; Fellman et al., 2010).
2.4. Two end-member mixing model of DOM

We used the nitrogen/carbon (N/C) molar ratio to estimate the
fractions of allochthonous and autochthonous contributions to
DOM (Perdue and Koprivnjak, 2007) based on two-member mix-
ing. We used equation (1) to calculate the contribution of the two
fractions:

N
C
¼ fauto �

�
N
C

�
auto

þ fallo �
�
N
C

�
allo

(1)

where fauto and fallo represent organic matter from autochthonous
and allochthonous origins, respectively. The ratios (N/C)auto and (N/
C)allo are typical values of the two end-member, gathered from the
literature. Eq. (1) can further be arranged to Eqs. (2) and (3):
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2.5. DOM biodegradation test

Indigenous population of microbial communities in the sedi-
mentwas used in themethod, following the literature (Peretyazhko
and Sposito, 2006; Kappler et al., 2004). No further microbial
identifications were done. Sediments were weighed and mixed
with DI water to form aqueous sediment suspensions (15mg L�1)
with 10mM sodium acetate added as an electron donor. Suspen-
sions were horizontally oscillated (200 rpm) at 25 �C in the anoxic
glovebox for 72 h. After which, they were filtered through 0.22 mm
Millipore filters to retain the microorganisms. Filters were rinsed
with a 50ml bicarbonate buffer (pH¼ 7.0) and collected. After that,
sterile-filtered (0.22 mm Millipore filters) IHSS standard DOM
samples (IHSS 1R105F Nordic Reservoir fulvic acid sample,
30mg.L�1) were inoculated with the indigenous microbial com-
munity solution in 100ml blue-cap bottles with 25ml headspace
with N2 (99.99%). During the 16-day batch incubations, the DOM
samples were collected at time intervals of 3, 6, 10 and 16 days,
respectively, for DOC measurement.
2.6. Statistical analyses

All results were reported as mean values of, at minimum, du-
plicates and statistical analyses were done in OriginPro® 2015 and
SPSS® 24. All data were tested for normality by the Lilliefors test
(Supporting Information 3). Pearson correlation (r) and Spearman's
rank correlation (rs) were conducted on normally or non-normally
distributed data, respectively. Additionally, analysis of variance
(ANOVA) and Kruskal-Wallis test were conducted to test the dif-
ferences for normal or non-normal distributed data-set, respec-
tively, by SPSS® Statistics 24. Statistical significances were defined
at p< 0.05 and p< 0.01 indicating “significant” and “highly signif-
icant” differences, respectively. The actual p values are given in the
text with three decimals.
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3. Results and discussion

3.1. DOC and CDOM

The porewater DOC concentration ranged from 30.3 to 90.4mg.
L�1 (Supporting Information 4, Table S3). By the one-way ANOVA,
the difference in DOC concentration between CH and the other two
lakes was significant (p¼ 0.031), but no significant difference was
observed between HF and WJD. The lowest DOC concentration was
observed in CH (Fig. 2-a). The CDOM/DOC ratio was calculated to
estimate the relative contribution of CDOM to the bulk DOC. In the
three lakes, the average CDOM/DOC (L mg-C�1m�1) was 0.34 (CH),
0.27 (HF) and 0.30 (WJD) (Fig. 2-a), respectively, showing the
relative contribution of CDOM was greater in CH. The CDOM has
been used as a proxy to predict the DOC by linear regression
(Spencer et al., 2012; Asmala et al., 2012; Jiang et al., 2017a). The
linear regressions between CDOM and DOC is improved when the
light-absorption components of DOM are more predominant.
(Fig. 2-b). The weaker relationship between CDOM and DOC in HF
and WJD, may indicate a higher contribution from non-
chromophoric DOM in this lake, which is known to have a larger
urban (human) influence.

3.2. UVeVis absorption spectral characteristic

The average SUVA254 in the CH lake (3.9 Lmg C�1 m�1) was
significantly higher than in other two lakes (average 2.8 for HF; 3.2
for WJD) (p¼ 0.035), indicating the highest aromaticity of DOM
was in CH. Hydrophobic carbon covaried with SUVA254 (Fig. 3-a).
When normalized to DOC, the percentage of HDOC and %(HDOC/
DOC) was highest in lake CH (Fig. 3-b), having approximately 50% of
DOC in the form of hydrophobic carbon. Although DOC concen-
trations were higher in HF and WJD, the contributions of non-
aromatic (i.e., low hydrophobic) moieties (e.g., sugar and protein)
were important as indicated by the lower %HDOC.

The spectral slope ratio (SR¼S275-295/S350-400) (Helms et al.,
2008) ranged from 0.79 to 1.89 (Fig. 3-c), was higher than the
values reported for a bog and fen (Tfaily et al., 2013) but similar to
marshes (Clark et al., 2014), streams/rivers (He et al., 2016) and
coastal sediments (Dang et al., 2014) with anthropogenic in-
fluences. The SR seems to correlate negatively with DOMmolecular
weight (Fichot and Benner, 2012; Fichot et al., 2013). In this study,
the lowest SR values (range of 0.79e1.18) were observed in CH. In
CH, SR also showed a significant, negative correlation with SUVA254
(Fig. 3-c), indicating that aromatic components contribute to the
Fig. 2. (a) Quantities of DOC (mg. L�1) and CDOM (m�1), and the CDOM/DOC ratio (L mg
sediments. In plot (a), the left y-axis represent DOC (blue-small dot bar) and CDOM (purple-
the references to color in this figure legend, the reader is referred to the Web version of th
DOM molecular weight in this pristine natural lake. Higher SR
values and lower SUVA254 in HF andWJD lakes, as compared to CH,
indicate an enrichment in low molecular weight compounds (e.g.
some proteins or polysaccharide) and less aromaticity. This may
suggest an important contribution from microbial/algal sources to
the DOM signature in the sediments at HF and WJD, which was
validated by further fluorescence spectral analysis and the
biodegradation assay reported below. Additionally, the significantly
inverse correlation between DOC and SUVA254 (r¼�0.89,
p¼ 0.001) was only observed in WJD, further supporting this
explanation and indicating the importance of the autochthonous
contribution for DOC increases (Kothawala et al., 2014; Jiang et al.,
2018a; b).

3.3. Fluorescence spectral characteristic

Examples of the DOM EEMs spectra of the collected porewater
are shown in Fig. 4. Protein-like components, Peak B and T, are
readily linked to DOM lability (Fellman et al., 2009), anthropogenic
interferences (Baker, 2001, 2002) and microbial activities (Fasching
et al., 2014). After normalization by DOC, to remove the
concentration-dependence, the lower peak B/DOC and peak T/DOC
in CH suggest relatively less microbial material contribution to the
DOM composition. Recently, some researchers proposed using Peak
T alone to assess the water quality, because of its significant cor-
relation with microbial activities (e.g., microbial number) (Baker
et al., 2015; Sorensen et al., 2018a; b; Nowicki et al., 2019). A
higher protein peak signatures, especially the Peak T, observed in
samples of HF and WJD, may therefore may indicate a larger
contribution from microbial-derived DOM driven by greater mi-
crobial activities than suggested by the optical signature in the
porewater of CH.

Both HF and WJD lakes were formed artificially to establish
hydroelectric power generation and have a different degree of
eutrophication caused by the accumulation of nutrients (Shang
et al., 2011; Zhao et al., 2017), which induce the proliferation of
algae and phytoplankton (Shang et al., 2011; Zhao et al., 2017) that
also could heavily influence the abundance of protein-like com-
ponents in the DOM (Zhou et al., 2015, 2017). Local long-term cage
aquaculture activities are also key factors for the high protein-like
signatures caused by the high primary production at the two
sites (He et al., 2010; Feng et al., 2012). Thus, DOM optical signa-
tures of HF and WJD indicate important contributions from
anthropogenic effluences, active microbial metabolism and algae/
phytoplankton blooms.
-C�1m�1); (b) Relationship between DOC and CDOM in samples from the three lake
medium dot bar) levels. The organe dash line is CDOM/DOC ratio. (For interpretation of
is article.)



Fig. 3. Correlation between SUVA254 and (a) hydrophobic carbon (HDOC), (b) HODC and HDOC proportions, and (c) SR in porewater samples from the three lake sediments. Only
significant relationships are shown. In WJD, no significant correlation between SUVA254 and SR was observed (p > 0.05).

Fig. 4. Typical excitation-emission matrices (EEMs) of sediment porewater DOM collected from the three lakes CH (a), HF (b) and WJD (c). Fluorescence intensities (z-axis) have in
arbitrary units (A.U). Peaks A and C are humic-like fluorescence components (proxies for relatively recalcitrant DOM, assumed to be allochthonous) and peaks B and T are protein-
like fluorescence components (proxies for labile DOM, assumed to be autochthonous).
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3.4. Fluorescence indices and two end-member mixing model of
DOM

Fluorescence indices (e.g., FI, BIX and r(T/C)) are useful tools to
characterize DOM. There are several studies in which these indices
has been used and interpreted in pristine and anthropogenically
impacted surface waters (McKnight et al., 2001; Baker, 2001, 2002;
Huguet et al., 2009; Kothawala et al., 2012; Gabor et al., 2014).
Furthermore, they are extensively used to characterize DOM from
other sources, such as organic aerosols (Fu et al., 2015), fogwater
(Birdwell and Valsaraj, 2010), cave and spring water (Birdwell and
Engel, 2010) and sediment porewater (Burdige et al., 2004; He
et al., 2016; Guillemette et al., 2017).

Autochthonous (i.e., microbial/algae) and allochthonous (i.e.,
terrestrial) sources can be identified by a FI higher than 1.9 or lower
than 1.4, respectively (McKnight et al., 2001; Huguet et al., 2009).
Accordingly, while CH had FI values lower than 1.4, suggesting a
predominant allochthonous source, FI values for HF and WJD
indicated a combination of autochthonous and allochthonous
sources, with WJD more influenced by autochthonous (i.e., micro-
bial/algal/anthropogenic effluent) sources than by allochthonous
(i.e., terrestrial) sources (Fig. 5-a). The BIX at HF and WJD was both
exceeding 0.8, and in particularWJD had significantly higher values
than CH and HF. This is good agreement with the results at FI,
confirming the contribution of biologically-derived autochthonous
DOM in lake WJD (Fig. 5-a).

Two intensity ratios of fluorescent peaks, r(A/C) and r(T/C), were
calculated (Fig. 5-b). The r(A/C) peak is used to reflect the relative
proportion of the two humic-like components in DOM and to
distinguish relatively “less processed” humic material from themore
“processed” pool. One rationale for this is the observed increase in
the r(A/C) ratio due to a preferential loss of peak C in relation to peak
A in photo- or bio-degradation processes (Kothawala et al., 2012).
Lower average r(A/C) value in CH (2.76) as compared to 3.37 in HF
and 6.47 in WJD indicates a possible enrichment of non-processed
humic substances in CH. As an important indicator of water qual-
ity, r(T/C) is also used to track influences of wastewater and
anthropogenic interferences (Baker, 2001, 2002; Galapate et al.,
1998). This empirically, r(T/C) higher than approximately 2.0 in-
dicates significant influence of anthropogenic effluences (Baker,
2001, 2002; Old et al., 2012; Carstea et al., 2016). In HF and WJD
most DOM samples showed r(T/C) higher than 2.0. Also, r(T/C) was
significantly higher in HF and WJD than in CH (p¼ 0.016), but
without significant difference between them (p¼ 0.21). This higher
microbial activity indicated by r(T/C) in HF andWJD also agrees with
the peak T observed as abovementioned.

As shown in Fig. 6, the contributions from allochthonous DOM
sources, as calculated by the two-member mixing model, were
largest in lake CH porewater and lowest in WJD. Based on previous
studies of typical algae/bacterial and terrestrial/humic OM sources,
we used typical N/C molar ratios values of 0.1 and 0.02 for
autochthonous and allochthonous DOM, respectively (Perdue and
Koprivnjak, 2007). The mixture of allochthonous and autochtho-
nous sources of DOM showed a great consistency among the 7e9
sediment samples within each lake (Fig. 6). The trend among the
three lakes was that the CH lake had the highest terrestrial source
contribution (66e83%), followed by HF (40e75%) and the WJD lake
had the smallest contribution from terrestrial/humic sources
(11e45%). This trend is well in agreement with the reported
SUVA254 and FI values and relationships of each of those with DOM
in the three lakes (Figs. 3 and 5). Thus, these mixing model results
in further agreement with the spectral results, that the different
characteristics of DOM are heavily dependent on the sources and
anthropogenic activity.



Fig. 5. Comparison plots of FI versus BIX (a), and r(A/C) versus r(T/C) (b) for porewater DOM from the three lake sediments. In plot (a), the light blue shadow region indicates
significant autochthonous origins, areas above it reflects predominant biological (i.e. microbial/algae) origins, as outlined by (Huguet et al., 2009). Additionally, the region to the left
of the dashed line at FI¼ 1.4 indicates terrestrial-dominated CDOM; the region to the right of the dashed line at FI¼ 1.9 indicates microbially-dominated CDOM (McKnight et al.,
2001); and the region between the two dashed lines represents mixed signatures. In plot (b), r(T/C)> 2.0 indicates an obvious influence of anthropogenic effluences. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Two end-member contributions from allochthonous and autochthonous OM
sources to sediment porewater DOM from the three lake sediments. From left to right
follows 9 sediment cores from Caihai Lake (CH Lake), 7 sediment cores from Hongfeng
Lake (HF Lake) and 9 sediment cores from Wujiangdu lake (WJD Lake). Blue (fallo)
represents allochthonous red (fauto) represents autochthonous OM contribution. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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In conclusion, our results show strong signs that DOM in the
sediment porewaters of all three lakes is a mixture of allochthonous
and autochthonous sources. Porewater in CH lake sediment is
clearly controlled by terrestrial inputs, showing a distinctly higher
humic character as compared to the other two lakes. In contrast,
samples from HF and WJD were more inclined to be influenced by
autochthonous algal/bacterial organic matter production.

3.5. Concentrations of mercury in porewater and sediment

Concentrations of DTHg and DMeHg ranged over more than one
order of magnitude (1.8e17.3 and 0.002e9.4 ng. L�1, respectively).
Lake HF and WJD showed higher concentrations of DTHg
(p¼ 0.026) than CH lake (mean 3.1 ng. L�1), but the highest DMeHg
concentration was found in WJD (mean 2.1 ng.L�1) (Fig. 7-a). A
significant relationship between DMeHg and DTHg (Fig. 7-a)
(p¼ 0.013) was only observed in lake WJD. To resolve the under-
lying processes behind relationships between total Hg and MeHg
concentrations in sediment and porewater we need to consider
several factors and processes (Skyllberg, 2008; Drott et al., 2008;
Jonsson et al., 2012, 2014). The porewater Hg concentration is
controlled by two factors: (1) inorganic Hg storage, and (2) the
partition of Hg between aqueous and solid phases. The concen-
tration of MeHg in porewater is similarly dependent on the total
concentration of MeHg in the sediment and its partitioning into the
aqueous phase but is also affected by the rate of MeHg net for-
mation by methylating bacteria and subsequent demethylation.
The bacteria in turn require electron-donors (labile OM), electron-
acceptors (e.g. H2, sulfate, Fe(III)) and inorganic Hg, which serves as
a substrate for the MeHg formations. Based on this thinking, the
ratio of MeHg/THg (%MeHg) in sediment (Skyllberg, 2008; Drott
et al., 2008) has been shown to be a relevant proxy for the net Hg
methylation efficiency at a specific site. Like the analysis of pore-
waters, WJD showed the highest %MeHg and absolute MeHg con-
centration in sediments (Fig. 7-b, and Fig. S1), indicating the
greatest methylation potential of the three lakes.

The average distribution (partition) coefficient (Kd, L.kg�1),
calculated as Kd¼ Cs/Cw, where Cs (mg.kg�1) and Cw (mg. L�1) are
the concentrations in the solid and aqueous phases, respectively,
did not show any significant differences among the three lake
sediments (Fig. 7-b-b). Thus, the partition of THg, commonly
caused by differences in solid phase composition of Hg or in con-
centrations of high-affinity ligands (thiols and inorganic sulfides)
did not differ among the three lakes. The concentration of MeHg,
both in sediment and porewater, differed substantially among the
three lakes (Figs. S1ea), being most concentrated in WJD lake
sediments and least concentrated in CH.
3.6. Environmental implication of porewater DOM properties:
associations with Hg

A strong positive correlation between Hg and DOC concentra-
tion is often reported in studies of boreal and temperate forest



Fig. 7. Mercury concentrations in the porewater and sediment showing (a) the relationship between dissolved MeHg and dissolved THg in sediment porewaters of the three lakes,
with data from WJD lake plotted on the right y-axis, and (b) the distribution (partition) coefficient (Kd, L.kg�1) for THg and MeHg, calculated as Kd¼ Cs/Cw, where Cs (mg.kg�1) and
Cw (mg.L�1) are the Hg or MeHg concentrations in the solid and aqueous phases, respectively. For convenience, Kd is often logarithmically expressed as log Kd. Error bars represent
±SD.
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streams, suggesting that Hg fate in aquatic systems is linked with
DOM (Mierle and Ingram, 1991; Driscoll et al., 1995; Hurley et al.,
1998; Dittman et al., 2009; Bergamaschi et al., 2012). In this
study (Supporting Information 6, Fig. S2), only CH lake showed a
significant, positive correlation between DOC andDTHg (p¼ 0.033).
The fact that DTHg was positively correlated also with SUVA254
(Fig. 8-a), BIX (Figs. S3ea) and FI (Figs. S3eb) (Supporting
Information 7, Fig. S3), indicates that DOM was enriched in
terrestrial DOM and points at terrestrial inputs being the major
source of Hg in lake CH. Terrestrial inputs has been highlighted as
important sources of THg for streams (Ekl€of et al., 2012; Bravo et al.,
2018). In comparison to the other two lakes, the lack of correlation
between DTHg and protein parameters (e.g., peak T and r(T/C)) is
consistent with CH being a natural pristine lake highly influenced
by terrestrial soil runoff. The negative relationship between DTHg
and SR (Figs. S3ec) further supports the notion that DTHg vari-
ability is heavily dependent on DOM molecular mass distribution.
Yet, significant correlations between DMeHg and BIX (Fig. 8-b) and
FI (Figs. S3ed) suggest that MeHg levels in porewater were
Fig. 8. Typical correlations between dissolved Hg species and the releva
associated with microbial activities in lake CH. This is supported by
the negative relationship found between of dissolved DMeHg and
SR (Figs. S3ee) which indicates high DMeHg concentrations linked
to the presence of low molecular mass DOM. Microbial DOM pro-
cessing could result in high optical signatures of low molecular
mass protein-like components (Helms et al., 2008) and enhance
Hg(II) methylation (Bravo et al., 2017; Noh et al., 2018; Herrero
Ortega et al., 2017).

Lake HF presented a contrasting DOM signature compared to
CH. For example, DTHg and DMeHg did not show any significant
correlation with neither DOC nor CDOM (Fig. S2). In this lake,
autochthonous DOM seemed to be a predominant factor respon-
sible for Hg variability in porewater, as indicated by the significant
negative correlation of DTHg (p¼ 0.003) and DMeHg (p¼ 0.030)
with FI (Fig. 8 c and d). Additionally, the correlation between
DMeHg and BIX (Supporting Information 8, Fig. S4-a), and between
MeHg and protein-like peak T (Figs. S4eb) reveals a link between
microbial activities and MeHg concentration. Yet, DMeHg was
negatively correlated to r(T/C) (Figs. S4ec) in HF, possibly indicative
nt DOM optical parameters in the three lake sediment porewaters.



Fig. 9. Biodegradation kinetic curve of the porewater DOM from the three lake sedi-
ments. Black dash lines are the kinetic fitting curve of the first-order equation. Bio-
degraded DOM (%) was 0% at initial time (t0).
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of an inhibitory effect on MeHg net production caused by a change
from more humic-like to protein-like components. Yet, as afore-
mentioned, protein-like components in porewater DOM in lake HF
may not originate only from autochthonous production but also
from anthropogenic effluents (Fig. 5-b). Thus, this negative corre-
lation may be the effect of the dilution of protein-like characteris-
tics by elevated anthropogenic wastewater inputs, instead of
merely a consequence of microbial/algae production. A similar
“dilution effect” may also explain the negative correlation between
DTHg and FI (Fig. 8-c), and between DMeHg and FI (Fig. 8-d). Other
possible reason may be that the Hg associated with autochthonous
DOM could deposit in sediments of relative stagnant water bodies
such as lake HF. This explanation is also supported by the large Kd
value (Fig. 7-b), indicating that solid phase partitioning was an
important factor behind the relationship between Hg and DOM in
lake HF porewater.

In WJD, DTHg was inversely correlated with DOC (Supporting
Information 9, Figs. S5ea) and BIX (Figs. S5eb), suggesting that
high DOC concentrations with microbial/algae signatures could be
associated with a decrease in DTHg. These relations could be
explained by two processes: (1) biodilution (Pickhardt et al., 2002)
and/or, (2) abiotic reduction of Hg(II) by DOM. The first process is
enhanced by bacterial uptake and/or adsorption of Hg onto biomass
surfaces during high algal and bacterial production, which results
in high DOC concentrations and BIX values. The latter process,
abiotic reduction of Hg(II) by natural organic matter is ubiquitous in
aquatic systems (Gu et al., 2010; Jiang et al., 2015) and highly
enhanced by solar radiation (Zheng and Hintelmann, 2009). How-
ever, this process is not likely to account for data observed in WJD
due to the structure-specific reduction process of Hg(II) complexed
by weakly bonding RO/N (e.g., carboxyl and amino) groups and the
much stronger bonding RSH (e.g., thiol) group in DOM with time-
dependent structural rearrangement (Jiang et al., 2015). Esti-
mating the concentration of RSH to be equal to 0.15%�DOC mass
(Skyllberg, 2008), or 0.5 mM of RSH at 10mg. L�1 DOC, the highest
RSH concentrations at the WJD site would be slightly greater than
1.3 mM, which indicates the RSH groups are not saturated by Hg(II).
The Hg(II)/RSH ratio is much less than the optimum molar ratios
(approximately 0.2� 10�3) of dark, Hg(II) abiotic reduction (Gu
et al., 2010; Jiang et al., 2015). Thus, dark reduction processes can
likely be discarded as being of major importance. Although MeHg
microbial-degradation could be a contributor to the inverse cor-
relation betweenMeHg andmicrobial-optical parameters (e.g., BIX)
(Figs. S5ec), the relatively small log Kd (Fig. 7) may suggest that the
negative relationship is more likely induced by bio-adsorption or
accumulation resulting from the vigorous autochthonous activity
(Machado et al., 2016). In WJD, the concentration of DTHg was
positively correlated with both SUVA254 (Fig. 8-e) and peak T
(Figs. S5ed), suggesting that the DTHg variability was significantly
related with DOM at WJD. DMeHg followed a similar pattern and
was positively correlated with SUVA254 (Figs. S5ee) but also with
peak T (Fig. 8-f) and r(T/C) (Figs. S5ef). The correlation of DMeHg
with SUVA254 (Figs. S5ee) might denote on one hand an import of
MeHg from the catchment to the lake (Herrero Ortega et al., 2017)
and on the other hand the fact that specific terrestrial compounds
might have also contributed to an enhanced MeHg production.

Previous works (Gerbig et al., 2011; Graham, 2013; Zhang et al.,
2012, 2014) have demonstrated that highly aromatic DOM can
stabilize the aggregation of HgS nano-particles, which in turn could
be utilized by methylating bacteria. Also, higher aromaticity of
DOM could enhance DMeHg released from the solid phase,
lowering Kd, as observed in Fig. 7-d. HighMeHg levels could be also
explained by a higher MeHg production in WJD (Meng et al., 2010,
2016). Additionally, the possibility of DMeHg transported by DOM
from allochthonous sources could be negligible. Because the
sampling sites in this lake were far from the adjacent lands, and the
land-use is mostly dryland, often in an oxic condition, the resulting
relations between DMeHg and DOM is more likely explained by the
within-lake (i.e., internal) process rather than runoff transportation
(i.e., external). This explanation is also supported by the lack of
positive correlation between DMeHg and DOM concentrations in
this study (Fig. S2-c and S2-d). Therefore, the influences of DOM on
Hg inWJDwere more complicated than in CH and HF lake, with the
mixture of both allochthonous and autochthonous DOM sources
causing possible offsetting effects on solubility and net formation of
MeHg.

3.7. Composition and bioavailability of DOM interplays with Hg
speciation

The relationships between different DOM properties and Hg
overall suggested that MeHg net formation in the lake sediments
(i.e., HF and WJD) of this study, especially in WJD, is mainly driven
by the activity of methylating microbes (Fig. 8-f, Fig. S4-a, b and
Fig. S5-f). While other studies have reached similar conclusions
(Kim et al., 2011; Mazrui et al., 2016), to our knowledge, only one
study has measured, and thus linked, the bacterial activity to Hg
methylation processes in sediments (Bravo et al., 2017). Bioavail-
ability of DOM is dependent on DOM composition, the microbial
community, and abundance (Yang et al., 2017). Thus, to confirm the
role of the microbial activity, as indicated by DOM optical signa-
tures and Hg methylation in sediments, we conducted a biodeg-
radation incubation test for 16 days. To fit the kinetic process of
biodegradation (Fig. 9), we assumed that the biodegradability of
DOM in the collected sediment porewaters was decided by two
distinct pools with different biodegradation rates, represented by
labile and recalcitrant DOM fractions. The degradation was
described by the following first-order kinetic model (Kalbitz et al.,
2003; Wickland et al., 2007):

Biodegraded DOM (% of the original DOC)¼ fA(1-e-K1�t)þfB(1-e-
K2�t) (4)

Where t is time (day), fA is the percentage of labile DOM; fB is the
percentage of recalcitrant DOM, and K1 and K2 are the biodegra-
dation rate constants for the two fractions of DOM, respectively.
The sum of fA and fB is constrained to 1.0. We determined the half-



Table 1
Biodegradation parameters of DOM in porewaters during a 16-day incubation experiment.a

Microbial
source

Biodegradation
capacity (%)b

fA (%) fB (%) K1 (day�1) K2 (day�1) Half-life
of fA (day)

Half-life
of fB (year)

Residence time (RT) of fA (day) Residence time (RT) of fB (year)

CH 29.96 0.30 0.70 0.37 0.0012 1.87 1.64 2.70 2.36
HF 46.39 0.43 0.57 0.46 0.0036 1.51 0.53 2.17 1.67
WJD 58.91 0.51 0.49 0.60 0.0061 1.16 0.31 0.76 0.45

a Values reported in this table represent the means of at least duplicates. Sterile-filtered (0.22 mm Millipore filters) IHSS standard DOM samples (IHSS 1R105F Nordic
Reservoir fulvic acid sample, 30mg.L�1) were inoculatedwith the indigenousmicrobial community solution in 100ml blue-cap bottles with 25ml headspacewith N2 (99.99%).

b Biodegradation capacity (%) is represented by the biodegraded DOM (% of the original DOC) calculated after a 16-day incubation.
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life (Ln2/Ki) and average residence time (1/Ki) of the two pools, as
reported in Table 1. Theoretically, for a given microbial community,
labile (fA) and recalcitrant (fB) fractions of a DOM sample from a
given site should be the constant. The different f values for different
sampling sites (Table 1) may suggest that the microbial commu-
nities and their abilities to degrade DOM are totally different in the
three studied reservoirs.

For a given DOM sample (i.e., the same sample), the microbial
capacity to utilize DOM was greatest in WJD, with WJD>HF> CH
(Table 1). The fastest biodegradation rate was likewise in WJD,
while CH samples were slowest (Fig. 10). The highest microbial
degradation capacity found in WJD is further evidenced by the
microbial DOM optical signatures. As differences of microbial
degradation capacities are generally attributed to the differences of
microbial activities including either microbial composition/di-
versity or abundance (Reimers et al., 2013), a higher net Hg
methylation observed in WJD could be attributed to enhanced
microbial activity compared to CH and HF.

3.8. Limits and significances

Finally, the limitations of this study need to be emphasized. As a
field investigation based on a limited number of samples, we hes-
itate to establish a general model for describing the variations of
dissolved Hg species influenced by the DOM dynamics in lakes. The
Hg cycling in aquatic systems is such a complex process controlled
by many biogeochemical factors, in addition to DOM. We also
recognize that lab-scale experiments designed to study mecha-
nisms proposed here, as well as and larger-scale spatial-temporal
field investigations are needed in order to develop such more
generalized models. It also should be noted that DOM optical
characterization can be influenced by concentration effects such as
inner-filter effects (Gabor et al., 2014). Thus optical indices should
be used with caution and similarly diluted DOM samples are rec-
ommended to be used when comparisons are made between
Fig. 10. Comparison of MeHg with DOM degradation parameters. WJD showed the highest
The K1 and K2 are the biodegradation rate constants for the two fractions (i.e., labile vs. rec
waters of different regions.
With that stated, this study has demonstrated the importance of

spectroscopic characteristics of DOM and we recommend these
optical measurements be routinely incorporated into future envi-
ronmental studies when assessing water quality and/or predicting
potential risks of pollutants associated with DOM. Obviously, not all
spectral parameters are informative in relation to the Hg cycle. This
can in part be explained by the structural complexity of DOM
resulting in a non-consistent pattern for some optical parameters
(Kothawala et al., 2014; Hansen et al., 2016; Jiang et al., 2017a; b;
Lescord et al., 2018). Because of this and the inherent heterogeneity
of DOM, a combination of multiple methods (e.g., UVeVis absorp-
tion plus fluorescence) is recommended for adequately assessing
the role of DOM in the cycle of contaminants (Leenheer and Crou�e,
2003; Aiken et al., 2011a; b; Jiang et al., 2017b; Lescord et al., 2018).

4. Conclusion

Based on the spectral analysis of DOM, a mixing model con-
sisting of two end-members of terrestrial and aquatic origins
showed that porewater DOM characteristics in three Chinese lakes
varied, from predominantly a terrestrial origin in the pristine lake
(CH) to more algal- and microbial-derived DOM in the HF and WJD
lakes. Our results highlight that while the relationships between
DOC and Hg were inconsistent among lakes, DOM optical proper-
ties were useful in elucidating the sources of DOM and Hg.
Furthermore, the often-reported correlations between DOC and Hg
is concluded to be more likely observed in natural rather than
anthropogenically influenced lakes. In the pristine CH lake,
allochthonous DOM was more likely to bind Hg(II) but it was less
able to provide energy for Hg methylating microorganisms. Labile
DOM, from either autochthonous biological production or anthro-
pogenic sources, seemed to drive microbial activity and resulted in
high MeHg concentrations in the two most urban impacted reser-
voirs (WJD and HF). Three important highlights can be derived from
MeHg level and net production (a), which also had the greatest microbial activities (b).
alcitrant) of DOM, respectively.
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this study (1) microbial activity reflected from fluorescence and
absorption spectra of porewater DOM could help explain, in part,
the variation in MeHg concentration in sediments and porewaters;
(2) characterization of DOM composition could help explain the
fate of Hg in environmental systems; (3) depending on the DOM
composition, an increased DOM concentration might either result
in high MeHg levels, transfer, and partitionwhen DOM has a strong
autochthonous signature or low MeHg levels when having terres-
trial and recalcitrant signatures. Our results showed that beyond
DOC concentrations, DOM properties helped to explain Hg cycling
in the lake sediments and analyses of DOM composition should be
considered in studies of Hg cycling in aquatic systems.
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