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cy gold mining on methylmercury
cycling and microbial community structure in
northern freshwater lakes†

Mija Aždajić, Emmanuel Yumvihoze, Jules M. Blais and Alexandre J. Poulain *

Smelting activities at Giant Mine (Yellowknife, NWT, Canada) have resulted in high sulfate and arsenic

concentrations in nearby lakes. Here we tested whether historic smelting affects current mercury (Hg)

cycling in 35 freshwater lakes over a 2800 km2 area around the former gold mine. We sampled lake

water and sediment over three consecutive years (2015–2017) using a factorial sampling design that

accounted for different environmental variables known to affect the net methylmercury (MeHg) levels in

water. Stable Hg(II) and MeHg isotope tracers were used to quantify Hg methylation and demethylation

rate constants in sediments, and 16S rRNA gene amplicon sequencing was used to characterize

microbial community structure. This study reveals that the fraction of methylated total Hg (% MeHg)

found in surface water is positively correlated to the sulfate gradient, while the rate at which Hg is

methylated (Km) in sediments is negatively correlated with total arsenic, and positively correlated with

dissolved organic carbon, total phosphorous, and % MeHg in the water. Furthermore, 6 of the 28 lakes

that had detectable demethylation rate constants (Kd) also had significantly lower DOC concentrations

than lakes with non-detectable Kd. Our results also show that legacy pollution from smelting activities is

affecting the structure of microbial communities in lake sediments. This study reveals the complex

dynamics of Hg cycling in this northern environment, highlighting the importance of large-scale studies

in which the effect of multiple pollution gradients (e.g. arsenic and sulfate) must be taken into consideration.
Environmental signicance

Studies that have investigated the effect of mining activities on mercury cycling are mostly done on a small subset of lakes that cannot fully capture the range of
limnological characteristics in a landscape. Our study assessed the effect of multiple variables associated with goldmining and arsenopyrite roasting (e.g. sulfate
and arsenic concentrations) on mercury cycling on such a diverse set of lakes. Using stable mercury isotopes to measure methylation and demethylation rate
constants, our results show that the sulfate concentration is a predictor of the fraction of total mercury that is present as methylmercury in the water column (%
MeHg), while the rate at which microbes methylate mercury in sediments is correlated with total arsenic, dissolved organic carbon, total phosphorous, and %
MeHg in water. We also show that arsenic and sulfate concentrations are signicantly correlated with changes in microbial communities of sediments, along
with other environmental variables (total phosphorous, and dissolved organic matter composition). Our results highlight the complex interaction between
signature variables of mining activities and mercury transformations in heterogeneous landscapes.
Introduction

Mercury (Hg) is a toxic trace metal whose methylated form (i.e.
MeHg) is a primary concern due to its neurotoxicity and ability
to bioaccumulate and biomagnify in higher trophic level
organisms, resulting in high [MeHg] in some predatory sh.
Once in the body, MeHg can easily cross the blood–brain or
placenta barriers and affect either the neurological system of
a person or disrupt the normal development of a fetus.1 As
a result, understanding MeHg production and degradation in
a, 30 Marie-Curie, Ottawa, Ontario K1N
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the environment is vital to protecting wildlife and humans
whose diet exposes them to high levels of Hg.2

Whereas abiotic Hg methylation in natural environments
has been shown to be possible,3,4 Hg methylation by microor-
ganisms is the most probable pathway to produce MeHg.5 The
identication of genes (hgcAB) essential for microbial Hg
methylation,6 has shown that different guilds of microbes
possess the genetic potential to produce MeHg.7–9 However,
sulfate reducing microbes, which use sulfate as a terminal
electron acceptor, remain important Hg methylators in fresh-
water environments.10

Although [MeHg] and [total Hg] in environmental matrices
can provide information on how much Hg is methylated (e.g.%
MeHg), these values provide only a snapshot at a given moment
in time and do not address the dynamic cycling of Hg. In
This journal is © The Royal Society of Chemistry 2021
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particular, % MeHg does not reveal how fast the reactions
proceed in a given system. It is now well established that
complementing % MeHg data with methylation/demethylation
experiments can offer a more complete view of MeHg
dynamics,11,12 particularly to understand how perturbations to
systems (e.g. addition of sulfate) affect the fate of Hg.

For Hg(II) to be methylated, not only must microbes capable
of Hg methylation be metabolically active, but the environ-
mental conditions must also allow for Hg to be bioavailable to
microbial cells responsible for its transformation.13,14 Variables
that affect Hg methylation, either by affecting Hg bioavailability
or the activity of Hg methylating microbes, include factors such
as quantity and quality of dissolved organic matter (DOM), pH,
sulfate concentrations, lake productivity, iron concentrations,
and temperature.5 Multiple studies have investigated the effect
of various environmental variables on Hg methylation rate
constants,15–17 with some concentrating on sites contaminated
with Hg.18,19 However, no studies have investigated the
production of MeHg in a vast landscape that is greatly affected
by pollution (excluding Hg) resulting from smelting activity.

Canada's North has a long history of natural resource
extraction that contributes signicantly to its economic
sustainability20 and development.21 In recent years, a concerted
effort was made in expanding the natural extraction industry in
Canada's North, possibly affecting the landscape during and
aer operations, both directly (e.g. emission of pollutants) and
indirectly (e.g. increased nutrient loading to local waters due to
population increase).22,23

Here we examined factors affecting MeHg concentrations in
lake waters near Giant Mine; a gold mine located on the
outskirts of Yellowknife and one of Canada's largest mining
operations. The mine operated from 1948 to 1999, during which
time it extracted gold from arsenopyrite deposits.24 The arse-
nopyrite deposits found in the Yellowknife area consist of
a refractory ore that is resistant to normal extraction techniques
like cyanidation due to the presence of suldes. Thus the ore
was rst smelted to release sulfur, followed by cyanidation to
collect the gold.25 The smelting of metal ores released great
quantities of pollutants into the atmosphere that were later
deposited on the surrounding landscape, making this area one
the most polluted sites in Canada.26 Many studies in the last
decade have shown the extent of pollution far beyond the Giant
Mine lease boundaries.27–30 In particular, Houben et al. (2016)
showed that arsenic (2.0–136 mg L�1), antimony (0.1–2.0 mg L�1),
and sulfate (0.5–48 mg L�1) concentrations in lake water
decreased with distance from the roaster stack. These anthro-
pogenic stressors can potentially affect the biogeochemical
cycling of metals in the environment, particularly Hg.

Smelting operations have resulted in a ‘halo’ of high [sulfate]
(up to 115 mg L�1) in lakes near Giant Mine (<25 km). Although
[total Hg] in the lakes remain within concentrations typical of these
sub-Arctic environments (1–6 ng L�1),31 the ratio of MeHg relative
to total Hg (% MeHg) is higher close to the mine and decreases
with distance.27 These aquatic systems presented a great opportu-
nity to study the effect of sulfate loading on Hg methylation in
northern freshwater lakes. We hypothesized that enhanced sulfate
deposition from smelting affectedMeHg dynamics in sediments of
This journal is © The Royal Society of Chemistry 2021
lakes surrounding Giant Mine. Assuming that sulfate reducing
metabolism was the main variable limiting [MeHg] in the system
and not the amount or delivery rate of bioavailable mercury, we
predicted that [sulfate] would be positively correlated with both
rates of MeHg production and % MeHg.

We tested our hypothesis by (i) identifying which chemical
variables correlated with MeHg production in lakes around
Giant Mine, and (ii) quantifying Hg methylation/demethylation
rate potentials in lake sediments along the sulfate gradient
around Giant Mine using stable isotopes of Hg. We also
measured environmental variables that likely inuence micro-
bial Hg cycling. To further assess the response of the microbial
community, we characterized changes in microbial community
structure along the pollution gradient. We used these changes
as one integrative response to the geochemical variation present
across the spatial gradient sampled.
Materials and methods
Study sites

Sampling took place within a 30 km radius around the Giant Mine
roaster stack (Fig. 1). This radius of sampling was chosen to
include reference sites unaffected by the mining activity based on
studies that have shown the full extent of the roasting emissions
being within a 25 km radius.27 Lakes in the Yellowknife area were
sampled during three years (2015, 2016, and 2017) using a factorial
sampling design while attempting to account for variables that
may be important in directly or indirectly affecting [MeHg] in
freshwater ecosystems such as aqueous [sulfate], [DOC], [total
iron], [total phosphorus], and pH. Fig. 2, a principal component
analysis (PCA) of the water chemical variables, shows an orthog-
onal distribution of the concentration gradients for the environ-
mental variables mentioned above.

Both surface lake water and the top 5 cm of sediment were
sampled at each lake. The sampled surface water was acidied
and stored at 4 �C. Sediment was sampled in triplicate using
a Uwitec corer. The top 5 cm of each core was subsampled,
using an extruder, into a sterile bag and a small amount of
sediment was put into cryotubes using a sterile spatula. The
cryotubes were ash-frozen with dry ice and preserved at�80 �C
until further analyses. Due to logistical constrains, the rest of
the sediment was frozen and preserved at �20 �C until analysis.
Water chemistry

Triplicate surface water samples were analysed for total Hg as
described in EPA method 1631 using cold-vapor atomic uo-
rescence spectrometry (CV-AFS, Tekran Instrument Corp. Series
2600 spectrophotometer)32 (average recovery of laboratory
control sample: 97.66%). MeHg in water was extracted using the
method described in Cai et al. (1997) and analysed with capil-
lary gas chromatography-atomic uorescence spectrometry
(GC-AFS, Ai Cambridge Model 94 GC with a CTC Autosampler
and PSA Merlin Detector)33 (average recovery of laboratory
control sample: 88.51%).

Total arsenic and total phosphorous concentrations were
measured by inductively coupled plasma mass spectrometry
Environ. Sci.: Processes Impacts, 2021, 23, 1220–1230 | 1221
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Fig. 1 Map of sampling sites in Yellowknife, NWT, Canada. Each point represents a lake sampled during the study in 2015, 2016, and 2017.

Fig. 2 A principal coordinate analysis (PCA) plot showing the differ-
ences in water chemistry of each lakes sampled. Points represent the
sampled lakes and the arrows of water chemistry for each lake during
the three year.
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(ICP-MS) using EPA method 200.8 (ref. 34) (average recovery of
laboratory control sample: 102.30%).

SUVA254 (L mg�1 m�1) is the ratio of absorbance at UV254
and [DOC] in the water, this ratio can be used as a general
quantitative estimate of aromaticity of DOC in the sample.35 The
absorbance UV254 was measured with a spectrophotometer
(Cary 300 BIO UV-vis Spectrophotometer) and [DOC] were
measured using a modied OI Analytical model 1030 wet TOC
analyser, with a model 1051 autosampler.36

All other chemical analyses (i.e. total iron, pH, sulfate, and
total nitrogen) with water samples were done at Taiga
1222 | Environ. Sci.: Processes Impacts, 2021, 23, 1220–1230
Environmental Laboratory (Yellowknife, NWT, Canada), which
is certied by the Canadian Association for Laboratory Accred-
itation (CALA) (ISO/IEC 17025).
Incubation experiments

The lake sediments were thawed overnight at 4 �C. In each vial,
18 g of homogenized sediment was mixed with 54 mL of
anaerobic milliQ (1 : 3 slurry ratio) in the anaerobic chamber.
The slurry was prepared in a serum vial with a rubber stopper to
ensure no oxygen would penetrate into the slurry samples. The
slurry was rst le at 4 �C for 3 days, then overnight at room
temperature in the anaerobic chamber.

Two treatments, each in triplicate, were applied to each lake
sediment sample. The rst treatment was spiked with Me198Hg
and 199Hg solutions (prepared in milliQ and le to equilibrate
for 2 hours in a cool dark space), the second was le unspiked to
track the natural variation in isotope concentrations. The
spiked treatments had a nal concentration of 10 ng g�1 of
199Hg (inorganic) and 5 ng g�1 of Me198Hg, respectively repre-
senting on average 114% and 278% of the Hg andMeHg already
present in the system. 2.5 g of sediment were subsampled at
each time point (0 h, 6 h, 12 h, 24 h, 48 h) and ash frozen in
liquid nitrogen. Samples were stored at �20 �C, then freeze-
dried and stored in a cool dark place until analysis.

Several MeHg extraction methods were tested due the large
number of lakes with different chemical and geological proper-
ties. Ultimately, a modied Cai et al. (1997)37 extraction method
was found to yield the best results, as demonstrated by an average
92.50% recovery rate of Me198Hg isotope. Freeze-dried samples
were weighted out and placed into a glass vial, 5 mL of 4 M nitric
acid (HNO3) were added. An internal isotope standard (Me201Hg)
was added and samples were le in a dark cool place for 30
minutes. Following this, samples were placed in an oven at 55 �C
for 16 hours. Aer, 0.5 mL of 1.0 M copper sulfate (CuSO4) was
added to cooled samples along with 7 mL of dichloromethane
(DCM). The mixture was shaken for 3 hours, then centrifuged for
10 minutes at 3500 rpm. The overlying DCM was then extracted
This journal is © The Royal Society of Chemistry 2021
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into a second glass vial and 2 mL of 1 mM sodium thiosulfate
solution (Na2S2O3) was added. The mixture was then shaken for 1
hour and centrifuged for 10 minutes at 3500 rpm. Finally, the
overlying sodium thiosulfate was removed and placed into an
amber GC vial for analysis. Hg isotopes were then analyzed using
liquid chromatography inductively coupled plasma mass spec-
trometry (LC-ICP-MS) following the method described in Batista
et al. (2011)38 (Table S1 and Fig. S4†).

First, for each lake, a linear segment of the methylation and
demethylation gure (Fig. S4†) was visually assessed to nd the
best time point for maximummethylation/demethylation rates.
Next, a pseudo rst-order relationship for mercury species was
assumed, and both the rst-order methylation rate constant
(Km, eqn (1)) and the rst-order demethylation rate constant (Kd,
eqn (2)) were calculated based on Hintelmann et al. (2000).39–41

Considering that the Hg isotopes that are added to sediments
have been shown to be more bioavailable that ambient Hg,41 the
calculations henceforth will refer to the potential methylation/
demethylation rate constants of each lake sediment. Most of
the lakes for which we determined Kd (22 out of 28) did not show
clear demethylation, with Kd values either around zero or even
slightly positive (Fig. S4†). We did not setup “killed” experi-
ments for every lake sediment types to obtain control Kd values;
this was not logistically possible considering our eld
constraints. In absence of this dataset and to provide an esti-
mate of the variance associated with Kd, we used 3 times the
standard deviations around the average Kd for lakes that did not
show demethylation; we used this value as our limit of quanti-
cation (LOQ ¼ 0.304 d�1) to include lakes in our statistical
analyses. Note that raw data are provided in ESI.†

Km ¼
�
Me199Hg

�
t24

� �
Me199Hg

�
t0�

199Hg
�
spiked

� t
(1)

Kd ¼ �1 � ln
�
Me198Hg

�
t24

� ln
�
Me198 Hg

�
t0

t
(2)
Microbial community structure

Sediment DNA was extracted using the MoBio PowerSoil DNA
Extraction Kit following the manufacturer's instructions. The
quality of DNA extracted was tested ensuring that PCR targeting
16S rRNA and glnA genes yielded amplicons of the correct size
visible by gel electrophoresis. 16S rRNA gene amplicons were
sequenced using Illumina MiSeq with primers 341F
(CCTACGGGNGGCWGCAG) and 785R (GACTACHVGGGTATC-
TAATCC) targeting the V3–V4 region at the MR DNA sequencing
facility (Shallowater, Texas, USA).

16S rRNA gene amplicon sequencing results were analyzed
with a QIIME2 pipeline using DADA2 (ref. 42) to infer amplicon
sequences and the SILVA 138 database to assign taxonomy.43 All
statistical analyses found in this study pertaining to the
microbial community of the lakes were done in R with the
following packages: phyloseq,44 vegan,45 and ggvegan.46 The
details pertaining to the pipeline analysis can be found in
a github repository (mijaazdajic/ykn_QIIME_analysis).
This journal is © The Royal Society of Chemistry 2021
Statistical analyses

Three main statistical techniques were used to analyze the
results: general linear regression analyses, unconstrained
ordinations, and constrained ordinations. All statistical anal-
yses were done in R with the following packages: vegan45,
MASS47, lmtest,48 and car.49 The full analyses can be found in
a github repository (mijaazdajic/ykn_R_statistical_analyses).

To analyze which environmental variable best correlated
with % MeHg and Hg kinetics (Km and Kd), we used a stepwise
regression analysis to build the best regression model. All
residuals of models were tested for model assumptions (i.e.
linearity, homoscedasticity, and normality).

An unconstrained multivariate ordination was used to assess
the differences in chemical composition of water samples. Each
sampling site had four different environmental variables (i.e.
sulfate, pH, DOC, total iron) that were normalized and used to
make a Euclidean distance matrix. Then, this distance matrix
was used in a PCA.

Spatial distances between sampling sites were transformed
into rectangular vectors by principal coordinates of neighbour
matrices (PCNM).50 This transformation reects the spatial
relationships among sampling sites using vectored variables,
which are then directly included as covariates in constrained
ordinations, allowing to test if the geographic placement of sites
explained the changes in microbial community composition.

A UniFrac dissimilarity matrix was calculated to assess the
differences in microbial community structures of the sampled
lake sediments. UniFrac metrics rely on the phylogenetic
distances of microbial communities between samples. Here, we
report on the weighted UniFrac metric which considers both
phylogenetic relationship and differences in abundance between
sampling sites. Using the Unifrac distance matrix, we performed
distance based redundancy analysis (db-RDA) to test variability of
microbial communities against spatial, environmental, and
kinetic (Km/Kd) data. A db-RDA analysis implements classical
multidimensional scaling on a dissimilarity matrix and performs
a redundancy analysis on the ordination results to measure the
variation explained by a given set of explanatory variables. A db-
RDA was chosen because (i) it is a constrained analysis comple-
mentary to a principal coordinate analysis (PCoA), therefore
appropriate to use with non-Euclidean distance matrices such as
UniFrac, (ii) it has been shown to be more powerful than the
commonly used Mantel correlation test,51 and (iii) it does not
assume multi-normality in the response variables.52 We per-
formed a stepwise model selection in order to minimize the
number of variables in the analyses and used ANOVA-like
permutation tests to assess the signicance of coefficients. All
analyses were handled with the vegan package in R.45
Results and discussion

Giant Mine smelting operations created a gradient of sulfate (0–
115 mg L�1) in a wide area for which the levels of Hg in lakes
remain within natural concentrations (1–6 ng L�1).31 Based on
our current knowledge of MeHg production, we predicted that
increasing [sulfate] would stimulate sulfate-reducing microbial
Environ. Sci.: Processes Impacts, 2021, 23, 1220–1230 | 1223
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metabolism which would result in more MeHg (% MeHg) and
higher rate of MeHg production (Km).

We rst set out to choose lakes that were broadly represen-
tative of the geochemistry of the region surrounding Giant Mine
by sampling lakes in a large geographic area (Fig. 1 and Table 1),
which we sampled over three years (2015–2017). This spatial
variability allowed us to capture the effect of multiple environ-
mental variables on MeHg cycling namely in terms of pH,
[sulfate], [DOC], [total phosphorous], and [iron], which are
important variables known to affect MeHg production5 (Fig. 2).
We also explored the role of arsenic, a toxic metalloid, that
could possibly confound the results due to the strong gradient
that is present in the lakes studied (0.42–1327 mg L�1).

Our rst objective was to identify which environmental
variables (sulfate, arsenic, iron, DOC, pH, phosphorous) were
correlated with % MeHg observed in lakes. Using a step-wise
regression model, [sulfate] in water was the only environ-
mental variable that was signicantly correlated with % MeHg
in the water column (p-value < 0.05). The relationship between
% MeHg and [sulfate] was nonlinear (log(y) ¼ log(x) + a) and
reached a plateau at ca. [sulfate] ¼ 40 mg L�1 (Fig. 3a). Most
Table 1 Information of lakes sampled including sampling spatial coordina
constants. (LOQ ¼ limit of quantification)

Lake Latitude Longitude Area (m2)

BC14 62� 310 30.5700 N 114� 250 07.4800 W 193 952
BC17 62� 290 59.4500 N 114� 250 14.9000 W 156 331
BC18 62� 310 04.5700 N 114� 230 40.9200 W 155 789
BC20 62� 300 19.5000 N 114� 230 16.0300 W 437 109
BC21 62� 290 16.6100 N 114� 260 23.8500 W 92 916
BC22 62� 320 27.3100 N 114� 500 24.6400 W 8301
BC24 62� 320 48.0500 N 114� 440 43.2700 W 11 384
BC30 62� 310 08.1100 N 114� 360 43.5100 W 622 416
BC31 62� 320 50.1600 N 114� 340 57.9800 W 349 068
BC32 62� 300 26.0400 N 114� 320 07.4400 W 118 138
BC36 62� 320 27.1200 N 113� 550 51.0500 W 132 511
BC43 62� 300 30.6500 N 114� 100 30.0400 W 358 987
BCR07 62� 320 34.6200 N 114� 210 09.8300 W 14 069
David 62� 320 36.4600 N 114� 220 37.3100 W 132 815
Frame 62� 270 38.1900 N 114� 230 02.5300 W 881 244
Icing 62� 390 18.7500 N 114� 230 08.2300 W 1 210 000
Martin 62� 310 49.4900 N 114� 260 26.4900 W 2 929 991
BCR-Mija 62� 310 55.4500 N 114� 210 21.6200 W 15 016
Niven 62� 270 41.3600 N 114� 220 04.5200 W 107 463
Pocket 62� 300 32.3000 N 114� 220 25.6000 W 48 000
Pontoon 62� 320 46.3100 N 114� 010 28.7900 W 3 534 190
Prosperous 62� 320 47.9200 N 114� 110 10.8400 W 160 930 0
Rat 62� 260 45.2200 N 114� 210 48.9500 W 38 213
Vee 62� 330 04.0100 N 114� 210 12.9400 W 697 807
YK11 62� 290 05.4300 N 114� 250 03.5300 W 548 597
YK12 62� 290 09.1900 N 114� 250 30.3300 W 64 225
YK40 62� 210 59.6300 N 114� 080 01.5000 W 340 232
YK42 62� 290 31.5700 N 114� 230 46.5200 W 212 361
YK60 62� 300 18.1500 N 114� 270 11.9400 W 393 444
YK67 62� 290 31.2400 N 114� 180 06.5800 W 87 674
YKE1 62� 310 54.7700 N 113� 220 23.7600 W 227 031
YKN1 62� 480 48.5000 N 114� 220 13.9500 W 260 633
YKS1 62� 170 37.9200 N 113� 570 06.3600 W 202 589
YKS2 62� 180 14.6400 N 113� 570 04.7400 W 2 347 017
YKW1 62� 380 06.8700 N 115� 010 08.6200 W 928 750

1224 | Environ. Sci.: Processes Impacts, 2021, 23, 1220–1230
studies show signicant non-linear relationships between
[sulfate] and [MeHg]53,54 or methylation rate constants,17 and
most systems do reach a level at which addition of sulfate does
not stimulate production of MeHg.11,55 This phenomenon is
mostly attributed to the relationship between Hg and sulde,
a by-product of sulfate reduction. At low [sulfate], the additions
of sulfate stimulate sulfate-reducing microbial metabolism,
leading to an increase in the production of MeHg.10 As sulde
concentrations increase, mercury sulde complexes form
aggregates that are less bioavailable. Therefore, less Hg is
methylated in the system due to decreased bioavailability to Hg
methylating microbes.56,57

However, the bioavailability of Hg species is not the only
variable that can affect the nal concentrations of MeHg in the
surface water. Limnologic characteristics, such as lake and
catchment size, have been shown to affect the concentrations of
total Hg and MeHg in water.58 The relationship between the
production (Km) and degradation (Kd) of MeHg in the system is
also important to consider. Net [MeHg] (and % MeHg) is the
result of both MeHg production and MeHg degradation;59 hence
identifying the environmental variables that affect the rate of
tes, aqueous Hg andMeHg concentrations, and Hg transformation rate

MeHg (ng L�1) THg (ng L�1) Km (d�1) Kd (d�1)

0.79 2.92
0.29 1.97 0.194 <LOQ
0.15 1.41 0.038 <LOQ
1.15 2.32 0.263 <LOQ
0.07 0.96 0.085 <LOQ
0.28 1.63
0.08 0.99 0.013 <LOQ
0.04 0.33 0.167 <LOQ
0.09 1.35
0.30 1.26
0.37 5.80 0.137 <LOQ
0.09 0.55 0.147 <LOQ
0.21 0.93 0.237 <LOQ
0.15 0.69 0.084 <LOQ
0.18 0.70 0.021 0.483
0.10 0.77 0.010 1.166
0.13 0.42
0.18 0.80 0.398 <LOQ
0.98 2.19 0.743 <LOQ
0.75 2.50
0.07 0.26 0.313 <LOQ

00 0.02 0.22 0.073 0.318
0.60 1.08 0.192 <LOQ
0.22 0.52
0.27 0.71 0.088 <LOQ
0.30 3.03 0.325 <LOQ
0.05 0.74 0.170 <LOQ
0.14 0.95 0.058 0.522
0.03 0.28 0.013 0.972
0.10 2.16 0.068 <LOQ
0.10 0.52 0.083 <LOQ
0.04 0.41 0.086 <LOQ
0.12 0.65 0.171 0.432
0.02 0.32 0.156 <LOQ
0.13 0.93 0.250 <LOQ

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Results from chemical and incubation experiments. Panel A
shows % MeHg with respect to sulfate concentrations in the water
column of all lakes from the study. Panel B shows the methylation rate
constant (d�1) in the sediments with respect to sulfate concentration in
the water column.

Table 2 Results from the step-wise regression model selection.
Regression model (R2 ¼ 0.329, F(5, 22) ¼ 3.653, p-value ¼ 0.0148)
below was chosen to best explain the changes in Hg methylation rate
constants (Km) in sediments

Variable Estimate St. dev T p-Value

(Intercept) �7.1855 1.3081 �5.493 <0.0001**
ln(SUVA) 0.7195 0.4030 1.785 0.0880
ln(Total arsenic) �0.2915 0.1077 �2.706 0.0129*
ln(DOC) 0.7049 0.3344 2.108 0.0467.
ln(Phosphorous + 1) 0.4263 0.1839 2.318 0.0301*
ln(% MeHg) 0.9230 0.2862 3.225 0.0039**
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MeHg transformations will help better identify how emissions
from Giant Mine affected the nal % MeHg in the systems.

The potential rate constants of Hg methylation in our study
ranged from 0.010 d�1 to 0.743 d�1 with an average of 0.163 d�1,
which is comparable to rate constants found in other lake
sediments40,60,61 wetland systems.11,17,62–65 We used stepwise
regression to identify which of the environmental variables
collected in the water column (sulfate, arsenic, pH, DOC, SUVA,
total iron, total phosphorus, and % MeHg) best explained
changes in Km in the studied lakes sediments. Our statistical
analysis (Table 2 and Fig. S1†) revealed that four environmental
variables were signicantly correlated with Km; total arsenic (p-
value ¼ 0.0129), DOC (p-value ¼ 0.0467), total phosphorous (p-
value ¼ 0.0301), and % MeHg (p-value ¼ 0.0039).

Total arsenic concentration was negatively correlated with
Km. The literature seldom refers to the interplay between arsenic
and Hg, and we could not nd any studies that addressed this
possible relationship over large spatial scales. Our results show
that the historical arsenic pollution gradient does have an effect
on the production of MeHg in lakes around Giant Mine,
possibly limiting methylation due to the toxic nature of
arsenic.66,67

DOC had a positive and signicant relationship with Km. The
role of dissolved organic matter (DOM), for which we measured
[DOC] as a proxy, is complex. DOM can affect Hg bioavailability,
both increasing and decreasing it.60,68–70 First, DOM can help
stabilize Hg–sulde complexes71,72 and can increase the
This journal is © The Royal Society of Chemistry 2021
bioavailability of these complexes to Hg methylating microbes,73

however aged DOM can decrease the bioavailability of Hg.68

Secondly, DOC can also stimulate microbial metabolism acting
as carbon and energy sources.69,74 Additionally, studies have
shown that the origin (i.e. composition) of the DOM can affect
the nal production of MeHg in freshwater systems.60 In fact,
SUVA was also identied during the model selection; however, in
the selected model, the relationship between SUVA and Km fell
marginally short of signicance (p-value ¼ 0.088).

Total phosphorous, which we used as a proxy for lake
productivity,75,76 was also positively and signicantly correlated
with Km. It is reasonable to expect methylation rate constants to
increase with increasing productivity of the lakes, as shown by
other studies, possibly providing labile carbon sources to
microbes.16,77

Finally, our analysis revealed that % MeHg in water was
positively correlated with Km measured in sediments, which is
in agreement with other studies.12,62 Indeed, MeHg that is
produced in the sediments is one of the largest contributors of
MeHg in the water column.40

Although sulfate was signicantly correlated with % MeHg,
our analysis did not show sulfate in water as being a signicant
predictor of Km in sediments (Fig. 3b). This is not unexpected as
sulfate levels in water do not necessarily reect sediment
porewater sulfate levels, due to the rapid cycling of sulfate in
lacustrine sediments.78 However, examination of the relation-
ship between Km and [sulfate] (Fig. 3b) clearly shows that four
lakes with the highest sulfate concentrations clustered together,
possibly standing as outliers. These lakes all have [sulfate] >
40 mg L�1, which is also the threshold above which we observed
a plateau in the relationship between % MeHg and [sulfate]
(Fig. 3a). We decided to run an analysis without these four lakes
on the basis of their high [sulfate], above the threshold at which
evidence suggested methylation is hampered (here, ca.
40 mg.L�1). Two regression models were found to best explain
the changes in Km in sediments (Fig. S2†). The rst regression
model identied sulfate as signicantly and positively corre-
lated with Km (p-value ¼ 0.03, R2 ¼ 0.15), while the second
regression model identied % MeHg as being signicantly and
positively correlated with Km (p-value ¼ 0.04, R2 ¼ 0.15).
Considering that the Akaike information criterions (AIC) for
both regression models were very similar (71.74 and 71.95
respectively) and that there was no statistically signicant
difference between the two models (p-value > 0.05), we conclude
Environ. Sci.: Processes Impacts, 2021, 23, 1220–1230 | 1225
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Fig. 4 Distance based redundancy analysis (db-RDA) plot of microbial
community based on the chemical and spatial variables. This analysis
was done on all lakes sampled during the study.

Table 3 Results from stepwise model (ordistep) for the constrained
ordination method (db-RDA). This analysis was done on all lakes
sampled during the study

Variable Sum of squares Pseudo F p-Value

ln(Total arsenic) 0.4482 3.1209 0.001**
ln(Sulfate) 0.2954 2.0566 0.004**
sqrt(Total phospohorous) 0.2320 1.6153 0.045
SUVA 0.2405 1.6748 0.040*
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that both variables are equally good predictors of Km in the
system. Therefore, for this subset of lakes (with only 4 lakes with
very high [SO4

2�] that were excluded), we can infer that Km is
signicantly correlated to the pollution gradient (i.e. [sulfate] in
the water column) as well as % MeHg in the water column. This
suggests that the activity of Hg methylators (e.g., sulfate
reducers) is likely affected by the pollution gradient and that
this effect could result in the gradient of % MeHg we have
observed. However, it should be highlighted that 4/28 lakes
(ca.15% of samples) were not included in this subset of lakes,
suggesting that this predictive model may only be applicable to
lakes with [sulfate] # 40 mg.L�1, a threshold above which
additional variables are needed to explain Km ¼ f([sulfate]).

Mercury methylation is a microbially mediated process. We
used 16S rRNA gene amplicon sequencing as a means to test
whether the pollution gradient affected the microbial commu-
nity structure, and explored how these changes might be asso-
ciated with variations in MeHg transformation rate constants.

Variables that could possibly be related to microbial commu-
nity structure were divided into three categories: spatial variation
(spatial relationships among sampling sites using vectored vari-
ables, PCNM), water chemistry (i.e. [DOC], pH, [sulfate], [total Fe],
[total phosphorous], [total arsenic], and SUVA), and Hg trans-
formation rate constants (i.e., Km and Kd). Following a stepwise
regression, our results indicated that two of the major pollutants
emitted from Giant Mine smelting, namely sulfate (p-value 0.004)
and arsenic (p-value ¼ 0.001), were signicantly correlated with
changes in microbial community structure together with total
phosphorous (p-value ¼ 0.045) and SUVA (p-value ¼ 0.040). The
constrained ordination (db-RDA) showed that 28.42% of the total
variation of microbial community structure was explained by
these variables with each axis explaining 42.67%, 28.75%,
16.98%, and 11.60% of the tted variation. Using a partial db-
RDA analysis we showed that 10.50% of variation could be
attributed to [total arsenic], 6.65% to [sulfate], 5.68% to SUVA,
and 5.59% to [total phosphorous] (Fig. 4 and Table 3). Admittedly,
the variability explained within microbial community structure
can be considered small. This reects the complex interplay of
variables affecting microbial community structure in environ-
mental samples and to the fact that we likely have not measured
all possible explanatory variables.

Interestingly, the two variables that signicantly correlated
with Km (Table 2) were also signicantly correlated with changes
in microbial community: arsenic and phosphorous concentra-
tions. Some studies have found that arsenic can alter microbial
community structure and diversity,79 while other studies have
found no signicant effect.67 Total phosphorous has also been
found to inuence microbial community structure80 and phos-
phate has specically been shown to increase the activity of
heterotrophic microbes.81 The correlation between arsenic and
total phosphorous with both changes in microbial community
structure and Km indicate that variation in the structure of the
microbial community due to changes in nutrients or toxicant
concentrations possibly affect Hg methylation. When a db-RDA
was performed for the subset of lakes for which incubation data
was available (Table 4 and Fig. 5), only [total arsenic] was signif-
icantly correlated with changes in microbial community (p-value
1226 | Environ. Sci.: Processes Impacts, 2021, 23, 1220–1230
¼ 0.002) explaining 16.20% of the tted variability. Obtaining
additional information on the genetic potential of thesemicrobial
communities to methylate Hg, such as hgcAB genes, diversity, and
abundance would allow to better constrain this variability.6,9

Our results also indicate that DOM origin (characterized by
SUVA) was a signicant contributor to the microbial community
structure of these northern lakes. SUVA can be used as a proxy
for DOC origins, samples with high SUVA ($4 Lmg�1 m�1) tend
to have more complex and heterogenous organic compounds
that are rich in aromatics, while samples with lower SUVA (<3 L
mg�1 m�1) tend to have more homogenous and low-molecular
weight molecules that are low in aromatics.82 This value
provides information on the source of the DOM in the water
column; water samples with high SUVA indicate a large pres-
ence of allochthonous DOM in the water column, while lower
values are indicative of autochthonous sources of DOM.83 SUVA
in the lakes ranged from 0.029 L mg�1 m�1 to 2.400 L mg�1

m�1, with an average of 0.846 L mg�1 m�1 which is comparable
to other northern Canadian lakes.84 The SUVA between the lakes
spans two orders of magnitude indicating that certain lakes
were possibly receiving more allochthonous DOM than others,
although all samples seem to indicate a larger presence of
This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Distance based redundancy analysis (db-RDA) plot of microbial
community based on the chemical, spatial, and kinetic variables. This
analysis was done on all lakes for which incubation data was available.

Table 4 Results from stepwise model (ordistep) for the constrained
ordination method (db-RDA) for the subset of lakes for which incu-
bation data was available

Variable Sum of squares Pseudo F p-Value

ln(Total arsenic) 0.3710 2.3432 0.002*
ln(Sulfate) 0.2371 1.5571 0.050
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homogenous and low-molecular weight molecules. Autochto-
nous organic matter has been shown to enhance methylation
rates in boreal lake sediments by increasing overall microbial
activity,60 however SUVA was not identied as an signicant
predictor of % MeHg nor Km in the set of lake studied here.
Therefore, our results show that carbon substrate (i.e. DOC)
availability is associated with both the assemblage of microbes
in sediment and the activity of Hg methylating microbes,
although only the microbial community structure seems to be
signicantly affected the by the nature of this carbon substrate.

MeHg demethylation rate constants (Kd) ranged between
below the limit of quantication (LOQ ¼ 0.304) to 1.166 d�1

which is comparable to other studies both in lakes60,61 and
wetlands.55,62,65 Note that 22 out of 28 lakes sampled had Kd

below LOQ during incubations (Fig. S4†). Considering the large
number of values below LOQ in our dataset, we could not meet
normality nor linearity assumptions of residuals for a general
linear regression model. However, we separated the lakes into
two groups: lakes for which Kd > LOQ and those for which Kd <
LOQ, and tested whether environmental variables were signi-
cantly different between the two groups using a non-parametric
test (Fig. S3†). DOC was the only variable that was signicantly
different between the two groups of lakes (p-value < 0.01) with
the lakes that exhibited demethylation having signicantly
lower [DOC], which could be linked to decreasing bioavailability
of MeHg.85 This contrasts with studies that have shown that
This journal is © The Royal Society of Chemistry 2021
demethylation increases with increasing organic carbon
concentrations in the system,86 and others that have not found
any signicant correlation between Kd and DOC.19,87

To conclude, Hg cycling in lakes around Giant Mine is
affected by several variables associated with historical mining
activities. The fraction of total Hg found as MeHg (% MeHg) in
these Yellowknife lakes is signicantly correlated with the
historical deposition of sulfate from Giant Mine. The rate at
which MeHg is formed in the sediments (i.e. Km) is negatively
correlated with total arsenic, and positively correlated with DOC,
total phosphorous, and % MeHg in the water. However, only
a subset of lakes has a signicant correlation between Hg cycling
kinetics (i.e. Km) and the sulfate concentration gradient in this
landscape. These results speak to the complexity of Hg cycling in
a heterogeneous landscape. The majority of studies that inves-
tigate Hg cycling in the environment usually concentrate on
a few lakes or sampling sites, mostly along Hg pollution gradi-
ents.12,17,19,62,63,88 This limits the environmental variables that can
be controlled for, and might ultimately affect the conclusions
that are drawn from these results. Our results, collected over 3
years and covering 2800 km2 highlight the importance of con-
ducting larger scale landscape studies in which we can investi-
gate the effect of coincident pollution gradients (e.g. arsenic and
sulfate) affecting Hg cycling.
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