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Abstract
Methylmercury concentrations [MeHg] in whole water were measured in 28 prairie wetland ponds in central Saskatchewan

between 2006 and 2012. Ponds fell into four land use categories (established grass, recent grass, traditional cultivated, and
certified organic cultivated) and two water level patterns (“Mainly Wet” ponds stayed wet at least until October and “Mainly
Dry” ponds dried up each summer). Despite similar atmospheric Hg deposition, average [MeHg] and proportion of total Hg that
was MeHg (%MeHg) were higher in water from ponds surrounded with established grass or organic farming; this trend may be
driven by high [MeHg] at one Organic site. A stronger relationship was observed with water level patterns. Average [MeHg] and
%MeHg were significantly higher in Mainly Wet ponds compared to Mainly Dry ponds. Higher [MeHg] in Mainly Wet ponds
were correlated with much higher dissolved organic carbon (DOC) and sulfate (SO4

−2) concentrations and higher specific UV
absorbance of DOC. We suggest that prairie wetland ponds may not fit the accepted paradigm that wetlands with high [SO4

−2]
show inhibition of Hg methylation. Our work suggests controls such as the chemical nature of DOC or redox fluctuations in
hydrologically dynamic systems may be important in determining net [MeHg] in these sites.
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Introduction
Mercury emitted into the atmosphere enters aquatic

ecosystems both as direct surface water deposition (either
wet or dry) and runoff from terrestrial areas (Obrist et al.
2018; Cooke et al. 2020). Once present in aquatic systems,
inorganic Hg (HgII) can be converted to methylmercury
(MeHg), a neurotoxin that is easily bioaccumulated by hu-
mans and wildlife that consume aquatic organisms such as
insects or fish (Eagles-Smith et al. 2018). The main source
of MeHg in aquatic systems is microbial methylation, most
often occurring at the oxic–anoxic interfaces in lake sedi-
ments and wetlands (Obrist et al. 2018). Historically, only
sulfur-reducing bacteria (SRB), iron-reducing bacteria, and
methanogens were identified methylators; more recently
many bacteria and archaea have been shown to possess the
gene pair (hgcAB) necessary for Hg methylation (Hamelin et al.
2011; Gilmour et al. 2013; Peterson et al. 2020). MeHg is also
demethylated to reactive HgII or elemental Hg via a diverse
suite of bacterial processes (Oremland et al. 1991; Huang
et al. 2022) or abiotically from sunlight exposure (Sellers et al.
1996) such that the MeHg available to biota is the net result
of these two processes.

Generally, the extent of MeHg production is controlled by
factors impacting the metabolic activity of organisms capable

of methylation and the inorganic Hg available for uptake for
methylators (“bioavailable Hg”) (Tang et al. 2020). Methylat-
ing organisms need adequate substrates and niche conditions
(temperature, redox, pH, among others) to be ecologically
successful and thus produce MeHg (Hsu-Kim et al. 2013). The
amount of bioavailable Hg is often controlled geochemically
and these controls tend to be complex. For example, we know
that systems high in dissolved organic carbon (DOC) concen-
trations facilitate Hg movement in aquatic systems (reviewed
in Shanley et al. 2022), across microbial membranes (Graham
et al. 2013), and into food webs (French et al. 2014). Less clear
is the impact of high DOC concentrations on rates of MeHg
production with studies showing both inhibition and facil-
itation may occur in the presence of high DOC concentra-
tions (Graham et al. 2013; Zhao et al. 2017; reviewed by He
et al. 2019). Additionally, it is becoming increasingly clear
that the chemical nature, or “quality” of DOC both in wa-
ter columns and in sediment porewaters exerts control on
the mobilization of Hg to methylating microbes and through-
out aquatic systems (Bravo et al. 2016; Poulin et al. 2017;
Janssen et al. 2022; Wang et al. 2022). Finally, the presence of
sulfate (SO4

−2) and sulfide (HS− or H2HS−) may exert impor-
tant methylation controls (Benoit et al. 1999; Yu and Barkay
2022) because the binding strength of Hg to HS− results in the
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reduction of some bioavailable Hg forms (Hammerschmidt
et al. 2008) and enhancement of others (Drott et al.
2007).

These geochemical controls vary significantly in prairie
wetland ponds which are typically small (<1 ha), shallow (typ-
ically <2 m), highly productive aquatic ecosystems scattered
throughout the Prairie Pothole Region (PPR) of the North
American Great Plains (van der Kamp et al. 2003). These wet-
land systems, under stress from intensive agricultural prac-
tices and vulnerable under projected climate change sce-
narios (Johnson et al. 2005), play vital roles in groundwater
aquifer recharge (Bam et al. 2020; Negm et al. 2021), flood
control, water quality (van der Valk 1989), and carbon and
nutrient sequestration (Cheng and Basu 2017). They are crit-
ical wildlife habitats, providing cover and nesting sites for
hundreds of game and nongame wildlife species and con-
tain some of the most important waterfowl breeding habi-
tats remaining in North America (Batt et al. 1989; Johnson
et al. 2005). These unique chemical and physical charac-
teristics offer prairie wetland ponds as ideal environments
to explore factors controlling the production of neurotoxic
MeHg.

The hydrology of these ecosystems has been studied exten-
sively (Winter 1989; van der Kamp and Hayashi 2009; Hayashi
et al. 2016). These systems are highly dependent on spring
melt for water supply, and the overall annual water balance
during the open water season is negative due to evapotran-
spiration exceeding precipitation (Woo and Rowsell 1993).
As a result, water levels in prairie wetlands fluctuate widely
in response to climatic cycles and in years with typical pre-
cipitation inputs, ponds generally dry up in the late sum-
mer and early fall months (Van der Valk 2005). Despite low
topographic complexity, prairie potholes are generally iso-
lated in terms of surface–water exchange, except in periods
of deluge, when surface connectivity results. Groundwater
exchange is complex and highly variable in space between
recharge ponds (that lose water to deep groundwater) and
discharge ponds (that gain water from deep groundwater),
as well as variable in time (Hayashi et al. 2016; Bam et al.
2020). This hydrological variability results in great diversity
in water chemistry (LaBaugh and Winter 1984; LaBaugh 1989)
(including large ranges in DOC concentrations (Curtis and
Adams 1995) and conductivity (Arts et al. 2000; Waiser 2006))
that may affect methylation rates. Variability in hydrology
and water chemistry may be significantly impacted by the ef-
fects of climate change, which is expected to cause increased
frequency of drought in the Great Plains region (Swain and
Hayhoe 2015; Fay et al. 2016). Climatic variables are not the
only control on hydrology in prairie wetlands; land use may
also play a role (Daniel et al. 2022). Due to the agricultural
development in the region, the majority of wetland ponds
are surrounded by a diversity of annual or perennial crops
and pastures. Few wetland ponds are surrounded by native
grassland. The uplands of wetland ponds surrounded by cul-
tivated areas in Saskatchewan tended to have decreased infil-
tration rates than grasslands due to small numbers and size
of soil macropores and decreased evapotranspiration due to
lower biomass of adjacent vegetation (van der Kamp et al.
2003).

While wetland ponds in the PPR are typically understudied,
there are a small number of investigations that inform us on
MeHg cycling in these systems. First, a survey of MeHg con-
centrations ([MeHg]) in whole water in wetlands across south-
ern Saskatchewan showed that [MeHg] can be high compared
to those in other aquatic habitats (Hall et al. 2009). In North
Dakota, Sando et al. (2007) determined that MeHg concentra-
tions varied in response to the hydrological definition of the
pond. Bates and Hall (2012) showed that Hg concentrations
in some aquatic insects are influenced by the type of land
use on areas adjacent to the ponds. Finally, Hoggarth et al.
(2015) determined that potential methylation rates in ponds
in the PPR did not explain high concentrations of MeHg in
surface waters. Therefore, the goal of the current study is to
further explore the factors that may be controlling MeHg pro-
duction in central Saskatchewan wetland ponds. We exam-
ined two possible factors that may influence [MeHg] in wa-
ter from these systems, the role of fluctuating water levels,
and the influence of the type of land use adjacent to wetland
ponds.

Methods

Study sites
Our three study sites were located within and near

the St. Denis National Wildlife Area (SDNWA; 52◦12.537′N,
106◦5.240′W; Fig. 1) (Government of Canada 2022), part of
the PPR of North America that extends from northwest-
ern Alberta to northwestern Iowa. This region is charac-
terized by hummocky glacial till, aspen parkland terrain
and contains numerous small, depressional mineral soil
wetlands. Annual precipitation at the site based on local
observations from precipitation gauges and snow surveys
(Bam et al. 2019) for the period 1994–2017 is approximately
360 mm·year−1, with around 80 mm·year−1 falling as snow.
The locally measured monthly mean air temperature for the
same period varies between −15.8 ◦C (in January) and 17.9 ◦C
(in July).

We sampled 28 ponds classified using the Circular 39 clas-
sification system of Shaw and Fredine (1956) as temporary
ponds with the duration of ponded water on the order of
weeks (Type III), months or seasons (Type IV), and permanent
sites with water year-round regardless of periods of drought
(Type V wetlands; Table S1). Although one pond (Pond 66) was
mesohaline (conductivity, which we used as a proxy for salin-
ity, = 11 mS·cm−1), the majority of ponds were either fresh-
water (<0.5 mS·cm−1; n = 10) or oligohaline (0.5–5 mS·cm−1;
n = 17; Table S2). Sixteen ponds sampled were located in
the eastern section of the SDNWA, which consists of a ring
of semipermanent ponds at low elevations and an upland
area that is 5–10 m higher in elevation. Low elevation ponds
(Ponds 1, 2, 3, 65, 66, 67, 88, 97, 125 N, 130, and 139) have
higher solute concentrations, whereas upland ponds (Ponds
100, 104, 110, 113, and 118) have lower solute concentrations
(Kiss and Bedard-Haughn 2021), likely due to lower ground-
water inputs. Three ponds were located in the western sec-
tion of SDNWA (Ponds 26, 50, and 60). Six of our wetland
ponds (Cultivated 1–3 and Grass 1–3) were located on private
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Fig. 1. Location of wetland ponds at the St. Denis National Wildlife Area that were sampled for methylmercury, total mer-
cury, and various water chemistry parameters in whole water. Coordinates for each site are provided in Table S1. Plate from
Government of Canada (2022). Six of our wetland ponds (Cultivated 1–3 and Grass 1–3) were located on private lands ∼2 km
west of the SDNWA. Three additional sites (Organic 1, 2, and 4) were located on private land east of Vonda, SK ∼7.0 km north
of the SDNWA. Source: https://www.canada.ca/en/environment-climate-change/services/national-wildlife-areas/locations/st-de
nis/management-plan.html.

1.   Saskatoon, SK

Saskatchewan

St. Denis National Wildlife Area

1

109

lands ∼2 km west of the SDNWA. Three additional sites (Or-
ganic 1, 2, and 4) were located on private land east of Vonda,
SK ∼7.0 km north of the SDNWA (Fig. 1).

Prior to 1968, the entire SDNWA area was cultivated
by local land owners. In 1977, land surrounding the wet-
lands in the low elevation area of the SDNWA was con-
verted to brome grass (Bromus inermis Leyss.), alfalfa (Med-
icago sativa L.) and yellow sweet clover (Melilotus officinalis
L.). Conversion to these grasses at the lower elevations
was complete by 1983 (Conly and van der Kamp 2001). In
May 2004, approximately half of the upland area (adjacent
to Ponds 100, 104, and 118) was converted to a mix of
perennials consisting mainly of intermediate wheatgrass (Ely-
mus intermedius M. Bieb) and meadow brome (Bromus bieber-
steinii Roem. and Scult.). The other half (adjacent to Ponds
110, 113, and 118) was cultivated land and planted with
flax (Linum usitatissimum; 2006), oats (Avena sp.; 2007), bar-
ley (Hordeum vulgare L.; 2008 and 2010), and canola (Brassica
campestris L.; 2009, 2011). In years not listed, the land was in
fallow.

For wetland ponds located on private lands immediately
outside of and adjacent to the SDNWA, three ponds (Culti-
vated 1–3) were surrounded by cultivated fields planted with
legumes in 2007 and a cereal crop in 2008 and 2009 and three
ponds (Grass 1–3) were surrounded by grassland previously
returned to fallow from cultivation practices in 1995 (Table
S1, Fig. 1). Flora surrounding ponds in the grassland area con-

sisted of aspen groves (Populus tremuloides Michx.), willows
(Salix spp.), Medicago sativa, white sweet-clover (Melilotus alba
Medic.), Canada thistle (Cirsium arvense (L.) Scop.), goldenrod
(Solidago canadensis L.), and mixed tame and native grasses.
The land adjacent to the three ponds north of the SDNWA
(Organic 1, 2, and 4; Fig. 1) was managed as certified organic
since 1985. Two Organic ponds (Organic 1 and 2) were adja-
cent to a crop of barley in 2007, plow down clover in 2008,
and red fife wheat (Triticum aestivum L.) in 2009. Our third Or-
ganic pond (Organic 4) was surrounded by a plow down pea
crop (Pisum sativum L.) in 2008 and red fife wheat in 2009. In
dry years, cultivation occurred in the depressions left by Or-
ganic 2 and 4. With a few exceptions (Organic 2 and 4), all
ponds were surrounded by some riparian vegetation, consist-
ing of mostly willows and grasses.

Samples were taken from ponds located in areas charac-
terized as falling into four land use categories——land con-
verted to a perennial grass cover in 1977 (Grassland) and 2004
(Recent Grassland), land cultivated using nonorganic meth-
ods (Cultivated), and land cultivated using certified organic
methods (Organic). Throughout this manuscript, land use cat-
egories refer to the type of land use on the watershed supply-
ing immediate runoff to the ponds. All Type IV and V ponds
(1, 26, 50, 65, 66, 67, 97, and 125 N) were surrounded by land
classified as both Grassland and Cultivated land, and as such
we used only Type III wetlands in our analysis of the impact
of land use (see below).
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Sampling took place between 2006 and 2012 (Table S3). In
2006, we performed an initial survey examining whole wa-
ter [MeHg] in 19 ponds throughout the SDNWA. Beginning in
2007, efforts were concentrated on the ponds with different
land use on private lands. From 2008 onwards, we focused on
Type III ponds in the SDNWA for which we had water level
data (see below). Private wetland ponds were not sampled af-
ter 2009.

Sample collection and analysis
Surface water sampled for Hg analysis was collected us-

ing trace metal-free techniques from open water areas of the
ponds beyond the fringe of riparian vegetation (St. Louis et al.
1994; Olson et al. 1997). Samples were taken by hand in shal-
low areas by wading into the open water area and avoiding
the plume or from a fibreglass canoe or inflatable boat in
deeper water. Samples were visually inspected for large parti-
cles and if present the sample was taken again. Total mercury
(THg; all forms of Hg) samples were collected in pre-cleaned
glass bottles and preserved using trace metal grade concen-
trated HCl to 1% of total sample volume. Until 2011, MeHg
samples were taken in sterile fluorocarbon polymer and, as
was standard in the early years of our sampling efforts, were
immediately placed on ice and frozen within 48 h. In 2010, we
switched to pre-cleaned glass bottles for collection and acid-
ification similar to THg samples. On two occasions in 2007,
MeHg and THg were obtained from dissolved and particulate
phase of samples from seven sites. After collection as out-
lined above, samples were filtered into clean bottles using
0.45 μm muffled quartz fibre filters and Teflon filter holders.
The filtrate was preserved in the same manner as whole water
samples. Filters loaded with particulate samples were imme-
diately frozen on dry ice.

Methylmercury concentrations were determined by cold
vapour atomic florescence spectrometry (CVAFS) after distil-
lation, ethylation, and separation (Bloom 1989; Horvat et al.
1993; Liang et al. 1994). Detection limits for MeHg in water
were between 0.01 and 0.05 ng·L−1. Matrix spike recoveries
for MeHg were generally >80% and >90%. Total Hg was ana-
lyzed by CVAFS after BrCl oxidation and SnCl2 reduction fol-
lowing EPA Method 1631 (U.S. EPA 2002). Recoveries of THg
from a certified standard reference material (National Re-
search Council DORM-3) run concurrent with samples were
between 100% and 102%. Average THg recoveries from sample
duplicates spiked with a known concentration of a Hg stan-
dard were 90%–113% with a mean of 99%. Detection limits
were 0.01–0.05 ng·L−1. Approximately 10%–15% of the sam-
ples were analyzed in duplicate and average relative differ-
ences among duplicates were 2.19% and 3.30% for THg and
MeHg, respectively.

Ponds were sampled for temperature, dissolved oxygen
concentrations, conductivity, and pH using a YSI probe. Sam-
ples for DOC and SO4

−2 concentrations were taken from wa-
ter filtered through 47 mm glass fibre filters and analyzed
using standard methods (Stainton et al. 1977). Specific ultra-
violet absorbance (SUVA) at λ = 254 nm (an indication of aro-
matic moieties in a sample and thus of the quality of the DOC)
was determined as described in Hall et al. (2008).

Characterization of hydro-status
Water levels in ponds at the SDNWA have been monitored

from 1968 using an approach presented in Conly et al. (2004).
Briefly, a rod was inserted at the lowest point of the wetland
pond to be used as a consistent point of reference for sub-
sequent measurements. During the open water season (typ-
ically April–October), a measuring rod with a small circular
metal base and graduated to 1 mm accuracy was used to mea-
sure the water level from the bottom of the pond. Measure-
ments were typically taken monthly, although in some years
measurements were taken only on a few occasions and in oth-
ers as often as biweekly (Conly and van der Kamp 2001). To
assess the impact of water levels, we narrowed our data set
to only Type III wetlands at the SDNWA (Table 1) and exam-
ined water levels over the period 2000–2012. We chose this
time period because it contained both a period of drought in
the early part of the decade (2000–2004; Hanesiak et al. 2011)
with subsequent wetter conditions (2005–2012). During the
drought, the vast majority of Type III ponds held no water
over the entire ice-free period (Table 1, Fig. S1). In 2005, a
heavy spring melt resulting from larger than normal snow
fall over the preceding winter (Pennock et al. 2010) increased
water levels in most ponds and allowed us to sample these
sites. Wet conditions due to greater than average spring pre-
cipitation persisted in the latter part of the decade and from
2006 to 2012, all ponds, with the exception of Pond 104 in
2008, contained water for some portion of each ice-free sea-
son. Based on the water level data, we categorized two types
of ponds: (i) “Mainly Wet” ponds (Ponds 2, 3, 60, 88, 130, and
139; Fig. S1a) which either did not dry up at all over the course
of each summer or stayed wet until October of each year from
2005 to 2012 and (ii) “Mainly Dry” ponds (Ponds 100, 104, 110,
113, and 118; Fig. S1b) which dried up in the earlier parts of
each summer during 2005–2009 (Table 1). There were a few
exceptions with Ponds 100, 110, and 118 tending to be wetter
longer into the season in 2010–2012. Water level data were
not available for the ponds located on private lands, and as
such were not included in the statistical analysis on the im-
pact of water levels. All of the ponds in the Mainly Wet cate-
gory, with the exception of Ponds 60 and 88, were classified as
Grassland sites (Table 1). In the Mainly Dry category, all of the
sites were either Recent grass or Cultivated sites. We note that
even during our “wet” periods, fill and spill conditions were
still relatively isolated to freshet and/or large storm events.
Finally, we do not have water level data for ponds outside the
SDNWA; as such ponds in the Mainly Dry and Mainly Wet cat-
egories do not include Organic ponds.

Statistical procedures
Average concentrations of MeHg, THg, DOC, and SO4

−2

and the proportion of THg that was MeHg (%MeHg) were
calculated for each site by combining pond data from dif-
ferent sampling dates, thus, ponds were our experimental
units. Forward multiple linear regressions were performed
on data to determine which variables predicted [MeHg]. Vari-
ables included temperature, pH, conductivity, dissolved oxy-
gen, SO4

−2 and DOC concentrations, SUVA values, land use,
wetland type, and hydrological status. Conductivity, MeHg,
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Table 1. Water level data from wetland ponds in the St. Denis National Wildlife Area.

Water level status 2000–2012

Pond name Land use 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Mainly wet

Pond 60 Cultivated Dry Dry Dry Dry Dry Wet Wet Wet Oct Wet Wet Wet Wet

Pond 88 Cultivated Dry Dry Dry Dry Sept Wet Wet Wet Oct Oct Wet – –

Pond 2 Grass Dry Dry Dry Dry Dry Dry Wet Wet Wet Wet Wet Wet Wet

Pond 3 Grass Dry Dry Dry Dry Dry Dry Wet Wet Wet Wet Wet Wet Wet

Pond 130 Grass Dry Dry Dry Dry Dry Dry Wet Wet Wet July Wet Wet Wet

Pond 139 Grass Dry Dry Dry Dry Dry Wet Wet Wet Oct Oct Wet Wet Wet

Mainly dry

Pond 100 Recent Grass – Dry – – Dry July Aug Aug July July Wet Wet Wet

Pond 104 Recent Grass – Dry – Dry May1 July Aug July Dry – – – Wet

Pond 110 Cultivated Dry Dry Dry Dry May Aug Aug Oct July July Wet Wet Wet

Pond 113 Cultivated Dry Dry Dry Dry May Dry Aug Oct July July Wet Oct Oct

Pond 118 Recent Grass Dry Dry Dry Dry May July Aug Oct July July Wet Wet Wet

Note: Dry, water absent from May to October; Wet, water present from May to October. Month indicates time when pond level went to zero (dry). Dashes represent years
with no data. Blue shading represents years in which sampling took place.
1“May” had spring water levels only.

and SO4
−2 concentrations were log transformed to meet re-

quirements of normality, and to address the large range in
conductivity and [SO4

−2] (correlations’ comparisons of both
original and log variable are presented in Table S4). Smallest
Akaike Information Criteria (AIC) and Bayesian Information
Criteria were used for best-fit model selection. Data analysis
was performed using R statistical software (R Development
Core Team 2013), with the dplyr (Wickham et al. 2021) and
Mu-MIn (Barton 2009) packages. t tests and one-way analyses
of variance were used to test differences in DOC and log SO4

−2

concentrations and SUVA with land use category and hydro-
status.

Results and discussion

Mercury in water
Average MeHg and total Hg concentrations (all forms of Hg,

[THg]) in unfiltered water from individual ponds ranged from
0.123 to 9.947 ng·L−1 and 0.57 to 7.32 ng·L−1, respectively
(Figs. 2A and S2, Table S5). The %MeHg values ranged from
3.2% to 64.5% (Fig. 2B, Table S5). All of these measurements
were similar to values observed in other Saskatchewan ponds
in 2006–2007 (Hall et al. 2009) and in North Dakota in 2003–
2004 (Sando et al. 2007), with the exception of Organic 2,
where average [MeHg] in water was significantly higher than
all other ponds in this study (9.947 ± 5.054 ng·L−1). Total Hg
concentrations in Organic 2 (7.31 ± 2.15 ng·L−1) were also el-
evated compared to other sites; however, the difference was
not as striking as with [MeHg].

Shallow ponds in this area are often turbid due to shallow
depths, loose sediments, and constant mixing due to wind (de
la Cruz 1979; cited in Murkin 1989). Since we did not filter the
majority of our samples, and although we made every effort
to exclude particulates when sampling, the amount of par-
ticulate matter in some samples was substantial, potentially
leading to %MeHg values that were greater than 100%. To as-

sess the general contributions of particles to overall whole
water concentrations, MeHg and THg in both the dissolved
and particulate phases were examined from seven sites on
two occasions in 2007 (Table S6). In six out of seven sites, the
percentage of MeHg and THg in the dissolved phase ranged
from 73.0% to 98.4% and 85.7% to 99.7%, respectively. These
results are similar to ponds in North Dakota where the ma-
jority of MeHg was found in the dissolved phase (Sando et al.
2007) or in the colloidal phase that may pass through 0.45 μm
filters (Hsu Kim et al. 2013). In Organic 2, 53% of MeHg and
62% of THg was in the particulate phase (Table S6). This site
was shallow with extremely fine and flocculate sediments
and it was impossible to avoid large particulates in the sam-
ple and, as such, increased particulate matter in Organic 2
may explain high whole water concentrations at that site.
Variability within whole water samples in Organic 2 was large
and %MeHg values ranged from 13.5% to 177.3%. Concentra-
tions of MeHg and THg in insects were also high at this site
compared to others (Bates and Hall 2012), suggesting bioac-
cumulation in the invertebrate food chain was occurring in
that pond. We reiterate a conclusion presented in Hoggarth
et al. (2015) that, from a management perspective, measur-
ing MeHg concentrations, as well as the %MeHg, in surface
water may be sufficient to predict and assess MeHg risks to
biota.

What is controlling MeHg in Type III wetland
ponds?

Forward multiple linear regression on data from Type III
ponds determined period of inundation (hydro-status), SO4

−2

and DOC concentrations, SUVA values, conductivity, pH, tem-
perature, and Organic and Grassland land use to be sig-
nificant variables predicting MeHg concentrations (Table 2).
Model selection was based on AIC values (Table S7) and
Quantile–Quantile plots of residuals support appropriate fit-
ting of the model. Coefficients were as follows: log [MeHg] in
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Fig. 2. (A) Methylmercury concentrations ([MeHg]; ng·L−1) and (B) proportion of total Hg that is MeHg (%MeHg) in whole water
samples taken from prairie wetland ponds in Saskatchewan. Locations of sites can be found in Table 1. The boundary of the
box closest to zero indicates the 25th percentile, a line within the box marks the median, and the boundary of the box farthest
from zero indicates the 75th percentile. Whiskers (error bars) above and below the box indicate the 90th and 10th percentiles.
Outliers are included as dots.
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Table 2. Analysis of variance table for the response variable log transformed methylmercury concen-
trations.

Variable df Sum sq Mean Sq F value Pr (>F) Significance

Temperature 1 5.062 5.062 5.048 0.026 0.05

log conductivity 1 18.252 18.252 18.202 3.401e-05 <0.001

pH 1 3.124 3.124 3.116 0.079 0.1

log [SO4
−2] 1 15.690 15.690 15.646 0.0001 0.001

[DOC] 1 2.056 2.056 2.051 0.154 0.27

SUVA 1 9.049 9.049 9.0233 0.003 0.01

Hydro-status 3 8.531 2.844 2.836 0.034 0.05

Land use 4 36.29 9.072 9.047 1.310e-06 <0.001

Residuals 159 159.44 1.003

Note: All samples are included. Sulfate concentrations = [SO4
−2]; mg·L−1, dissolved organic carbon concentrations = [DOC]; mg·L−1,

specific UV absorbance values = SUVA; L mg·C−1·cm−1.

whole water (ng·L−1) = −0.821 – (0.558∗Mainly Wet) + (0.040∗
temperature (◦C) − (0.647∗log conductivity (mS·cm−1)) −
(0.435∗pH) + (0.364∗log SO4

−2 (mg·L−1)) + (0.007∗DOC
(mg·L−1)) + (0.288∗SUVA (L mg·C−1·cm−1)) + (0.825∗Organic
land use) + (1.016∗Grassland use) + ε.

Water chemistry controls on MeHg
concentrations

Considering that our ponds were all within 3 km of each
other, the variation of water chemistry parameters (Table
S2) may be surprising if unfamiliar with the high tempo-
ral and spatial variability of these prairie wetland systems
(Euliss and Mushet 1996; Nachson et al. 2014). Concentrations
of DOC and SO4

−2 (range = 10.06–188.20 mg·L−1 and 0.04–
8168 mg·L−1 for DOC and SO4

−2, respectively), conductivity
(range = 0.168–11.220 mS·cm−1), and pH (range = 6.1–9.4)
varied widely among ponds over the course of our sampling
period. Similarly water temperature varied (range = 7.64 ◦C–
32.11 ◦C) likely as a function of the difference in depth and
climatic conditions over the open water season. Despite the
variability, forward multiple linear regression on data from
Type III ponds identified SO4

−2 and DOC concentrations,
SUVA values, conductivity, pH, and temperature to be sig-
nificant variables predicting MeHg concentrations (Table 2).
Predictive relationships between [MeHg] in whole water and
both SO4

−2 and DOC concentrations and SUVA is not surpris-
ing because previous studies have demonstrated that these
parameters may control MeHg production by providing nec-
essary substrates to methylating communities (Benoit et al.
1999; Aiken et al. 2003; Gorski et al. 2008; Hall et al. 2008;
Janssen et al. 2022) (see below). A positive relationship be-
tween conductivity and MeHg reflects the fact that most of
our systems are SO4

−2 dominated. As methylation is by in
large a microbially mediated process, we are also not sur-
prised that temperature predicated [MeHg]. Finally, expecta-
tions on the processes in which pH may influence [MeHg] are
less clear with early work showing inverse relationships be-
tween pH and Hg concentrations in fish (Winfrey and Rudd
1990) and that increasing concentrations of H+ facilitates the
uptake of Hg by methylating organisms (Kelly et al. 2003).
We note, however, that these findings were made in low pH

lakes. Studies on the impact of pH in less acidic lakes are
rare.

Controls of land use on MeHg concentrations
Average MeHg concentrations in water were higher in Type

III wetland ponds surrounded by organic farming (p < 0.001)
and grasslands (p < 0.001) compared to those surrounded by
cultivated lands or lands that had been recently converted to
grass (Fig. 3). The significant difference in [MeHg] and %MeHg
in the Organic land use group could have been driven by data
from Organic 2, which had high concentrations due to high
particle loads (see above). Concentrations of THg in ponds sur-
rounded by cultivated land were significantly lower than in
ponds with other land use (p = 0.002; Fig. S3).

We present two explanations for why land use might in-
directly influence [MeHg] in these environments; both are
based on the finding that DOC concentrations were signif-
icantly lower in Cultivated ponds (Fig. S4A). First, because
organic matter may influence rates of Hg methylation, im-
pacts of land use on DOC mobilization to ponds may increase
net MeHg concentrations in waters. For example, ponds with
grassland riparian areas may have increased organic mat-
ter inputs due to heavily vegetated shorelines compared to
ponds where the riparian vegetation is removed in an an-
nual harvest. Ponds surrounded by organic farms may have
increased organic matter inputs due to the use of green ma-
nures as fertilizers (Lundquist et al. 1999).

Second, ponds surrounded by grasslands tend to have in-
creased hydraulic conductivity due to increased infiltration
rates, macroporosity, and evapotranspiration in the riparian
zone (Conly and van der Kamp 2001; Bodhinayake and Si
2004). As a result, infiltration of summer precipitation and
snowmelt is likely to be higher and runoff smaller in undis-
turbed grasslands compared to cultivated lands. Increased
upland infiltration may result in increased input of porewa-
ters with high MeHg and DOC concentrations, or DOC that
is more chemically complex. However, in very wet periods,
water fluctuations tend to be smaller for grasslands wetlands
compared to cultivated wetlands (Euliss and Mushet 1996). In
fact, the conversion of cultivated lands at the SDNWA to grass
in the 1980s resulted in a decrease in water levels in grassland
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Fig. 3. (A) Average methylmercury concentrations ([MeHg];
ng·L−1) and (B) proportion of total Hg that is MeHg (%MeHg)
in whole water from Type III ponds surrounded by different
land use types. Means with same lowercase letters do not dif-
fer significantly (at α = 0.05). The boundary of the box closest
to zero indicates the 25th percentile, the solid line within the
box marks the median, the dashed line marks the mean, and
the boundary of the box farthest from zero indicates the 75th
percentile. Whiskers (error bars) above and below the box in-
dicate the 90th and 10th percentiles. Outliers are included as
dots.
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ponds compared to cultivated ponds in subsequent years (van
der Kamp et al. 1999, 2003).

Controls of period of inundation on MeHg
concentrations

Ideally, we would have liked to examine differences in
[MeHg] among Type III, IV, and V ponds to determine if length
of hydroperiod controlled concentrations. However, samples
numbers in the more permanent ponds (Type IV and V) were
small and thus we restricted our analysis to Type III ponds. Av-
erage [MeHg] and %MeHg in ponds classified into the Mainly
Wet category were significantly higher than ponds classi-
fied to the Mainly Dry category (t test, [MeHg] p < 0.001 and
%MeHg p < 0.001; Fig. 4). There was no significant differ-
ence in average [THg] in ponds with different hydro-status
(p = 0.479; Fig. S5).

The high variability of hydrologic cycles that result in the
alternation of wet–dry conditions of prairie wetlands may re-
sult in unusually high rates of MeHg production. We identify
two strong possibilities to explain higher [MeHg] in ponds
that had significant periods of flooding following years of
drought conditions (Mainly Wet ponds). First, rewetting sedi-
ments increases the amount of labile DOC due to decomposi-
tion of flooded soils and vegetation growth in dried wetlands
during periods of drought (Lundquist et al. 1999; Graham
et al. 2013). We observed higher DOC in our Mainly Wet
ponds (range = 15.0–181.8, mean = 63.9) than in the Mainly
Dry ponds (range = 10.6–158.0 mg·L−1, mean = 50.0 mg·L−1;
p = 0.030) and this correlated with [MeHg] (Figs. 4 and 5A).
As well, infrequent, yet major, hydrological events (includ-
ing snow melt and intense precipitation events) may result
in temporary flooding of soils and terrestrial or riparian veg-
etation leading to increased DOC concentrations (cited in
Brothers et al. 2014; Raymond et al. 2016; Pang et al. 2021).
As such, because flooding of organic matter stimulates MeHg
methylation (Hall et al. 2005; Windham-Myers et al. 2014;
Eckley et al. 2015; Herrero Ortega et al. 2018), this high-
quality, labile DOC can support increased microbial activity
and Hg bioavailability to cells (Kelly et al. 1997; Hall and St.
Louis 2004; St. Louis et al. 2004; Bravo and Cosio 2020). In a
study examining the impact of the length of hydroperiod on
[MeHg] on similar types of prairie ponds at Lostwood Reserve
in North Dakota, Sando et al. (2007) found that whole water
[MeHg] and %MeHg values were generally higher in seasonal
and semipermanent wetlands compared to those from tem-
porary and permanent wetlands. This was attributed to in-
creased methylation due to the stimulation of the anaerobic
microbial community following reflooding of dried ponds.
Similar studies in the Everglades have also shown increases
in [MeHg] in response elevated oxidized S due to wet–dry cy-
cles (Krabbenhoft and Fink 2000; Janssen et al. 2022).

Second, water-level declines expose anoxic wetland sedi-
ments or inundated soils to oxygen, thereby changing redox
conditions (Coleman Wasik et al. 2015) resulting in the oxida-
tion of sulfide to SO4

−2, a required substrate for SRB methy-
lators. After such, rewetting and re-establishment of anoxic
conditions, may stimulate MeHg production rates (Eckley
et al. 2015). At the SDNWA, Hoggarth et al. (2015) found that
ponds with elevated SO4

−2 concentrations had elevated MeHg
concentrations compared to ponds with lower SO4

−2 con-
centrations, but found no significant difference in potential
rates of MeHg production with the use of stable Hg isotope
sediment incubations. The elevated SO4

−2 sites in Hoggarth
et al. (2015) correspond to our Mainly Wet ponds which had
SO4

−2 concentrations ranges that were an order of magnitude
higher than those in the Mainly Dry ponds (range = 0.19–
2184 and 0.04–176 mg·L−1 and mean = 703.5 and 25.9 mg·L−1,
respectively, Fig. 5B; p < 0.0001 for log [SO4

−2]). A number
of studies (Benoit et al. 1999; Li and Cai 2012; Poulin et al.
2017; Jones et al. 2020; Huang et al. 2022; Janssen et al. 2022)
have led to the development of a general paradigm that lakes
or wetlands with lower concentrations of SO4

−2 have lower
SRB activity, and therefore less MeHg production, whereas
those with higher SO4

−2 concentrations result in inhibition
of methylation due to formation of insoluble Hg–sulfide com-
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Fig. 4. (A) Methylmercury concentrations ([MeHg]; ng·L−1) and (B) proportion of total Hg that is MeHg (%MeHg) in whole water
samples from Type III wetland ponds classified as Mainly Wet (Ponds 2, 3, 60, 88, 130, and 139) and Mainly Dry (Ponds 100, 104,
110, 113, and 118). The boundary of the box closest to zero indicates the 25th percentile, the solid line within the box marks
the median, the dashed line marks the mean, and the boundary of the box farthest from zero indicates the 75th percentile.
Whiskers (error bars) above and below the box indicate the 90th and 10th percentiles. Mean is indicated by a dashed line.
Outliers are included as dots. Asterisks (∗) denote significant differences within each panel.

plexes not bioavailable to methylating organisms (Gilmour
et al. 1998). Although we suspect high sulfide concentrations
may have been present based on occasional H2S odours and
visual observation of black sediments, our data suggest that
our sites may not fit this paradigm because Hoggarth et al.
(2015) did not observe inhibition of potential methylation
rates, and [MeHg] in sites with elevated SO4

−2 were high com-
pared to those in sites with lower SO4

−2 concentrations. Pro-
longed flooding of the saline ring formed around the typical
pond margin could also release SO4

−2 into the pond while wa-
ter levels are high (Mushet et al. 2018). Rates of SO4

−2 reduc-
tion can be rapid in prairie wetland sediment with turnover
of the porewater SO4

−2 pool in hours to days (Dalcin Martins
et al. 2017).

To further investigate the impact of S species on MeHg con-
centrations in our ponds, we used traditional geochemical
speciation modelling. In the absence of details on DOC char-
acterization, historic data from 18 ponds at SDNWA (Bam
et al. 2019) were input into the geochemical modeling soft-
ware Visual MINTEQ ver. 3.1 (Gustafsson 2014) to determine
the dominant S species in anoxic bottom waters of our ponds.
At pH = 8, models suggest that Hg species were dominated by
small, ionic S containing species such as HgSH2

− and HgS2
−2

(Fig. S6). Under the assumption that bioavailable Hg enters
methylating cells passively (which may or may not be the
case; Hsu-Kim et al. 2013), ionic Hg species tend to be less
bioavailable, and if our sites fit the accepted paradigm of in-
hibition of methylation in high S systems, we would have ex-
pected to see lower concentrations of MeHg in high SO4

−2

sites. Higher MeHg concentrations in high SO4
−2 sites suggest

that the formation of HgS complexes are not rate limiting for
MeHg production. It is possible that DOC is outcompeting sul-
fide species for Hg binding and facilitating MeHg production
in high DOC, high SO4

−2 sites.

The chemical composition of DOC also influences MeHg cy-
cling in aquatic systems, in part because DOC and S species
compete for Hg binding and thus controlling the ability of Hg
to enter methylating cells (Miller et al. 2007). Highly complex
aromatic moieties in DOC measured using SUVA mobilizes
both inorganic and organic Hg facilitating increased inor-
ganic Hg methylation and increased MeHg mobilization from
sediments into other components of aquatic systems (Aiken
et al. 2003, 2011). In our sites, SUVA ranged from 0.43 to 4.9 L
mg·C−1·cm−1 and were not significantly different in Mainly
Wet compared to Mainly Dry ponds (t test, p = 0.404 for SUVA;
Fig. 5A). The range in SUVA values in our sites was similar to
those in dark water systems that had significant relationships
between MeHg concentrations and SUVA values (Louisiana
wetlands range = 2.6–4.0 L mg·C−1·cm−1 (Hall et al. 2008),
boreal lakes = 1.4–4.8 L mg·C−1·cm−1 (Bravo et al. 2016), and
European lotic systems = 2.4–5.2 L mg·C−1·cm−1). The high-
est SUVA values in our sites were higher than those in North
Dakota (1.2–2.1 L mg·C−1·cm−1 (Holloway et al. 2011)). Prairie
wetland ponds typically experience intense irradiation due to
long summer days, lower cloud cover, and reduced overhang-
ing riparian or floating vegetation. As a result, due to intense
photodegradation and despite high DOC concentrations, wa-
ters in many prairie ponds are not highly coloured and con-
tain less aromatic and labile DOC (Waiser and Robarts 2004);
however, some of our ponds do not follow this trend. Finally,
more complex DOC (more complex DOC could be more aro-
matic, have more complicated active side groups, and be less
bio- or photodegraded) in our Mainly Wet ponds may inhibit
photolytic demethylation to a greater extent compared to less
complex DOC in our Mainly Dry ponds, facilitating increased
net MeHg concentrations in the water.

Investigating possible explanations on why prairie wetland
ponds may not fit the accepted model is on-going in our
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Fig. 5. (A) Sulfate concentrations (SO4
−2; mg·L−1; note differences in y-axes), (B) dissolved organic carbon concentrations (DOC;

mg·L−1), and (C) specific UV absorbance values (SUVA; L mg·C−1·cm−1) in whole water samples from Type III wetland ponds
classified as Mainly Wet (Ponds 2, 3, 60, 88 109, 130, 139) and Mainly Dry (Ponds 100, 104, 110, 113, and 118). The boundary of
the box closest to zero indicates the 25th percentile, the solid line within the box marks the median, the dashed line marks
the mean, and the boundary of the box farthest from zero indicates the 75th percentile. Whiskers (error bars) above and below
the box indicate the 90th and 10th percentiles. Outliers are included as dots. Asterisks (∗) denote significant differences within
each panel. Note sulfate concentrations are presented on log scale.
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lab, including the identification of putative methylating and
demethylating microbes in ponds with differing MeHg prop-
erties and on-going studies investigating how DOC with dif-
ferent in optical characteristics may clarify the role of DOC
composition in Hg cycling in SDNWA ponds.

Conclusion
Wetland ponds in the SDNWA region exhibit a large

amount of hydrological and geochemical diversity. Due to
the regional nature of our study sites, we assume that our
sites receive similar amounts of atmospheric Hg deposition.
Despite this, MeHg concentrations and %MeHg in whole wa-
ter differed among our sites (Fig. 2). Average MeHg concen-
trations and %MeHg were higher in water from ponds sur-
rounded with established grass or organic farming (Fig. 3). A
stronger relationship was observed with water level patterns
where average [MeHg] and %MeHg were significantly higher
in the Mainly Wet ponds compared to the Mainly Dry ponds
(Fig. 4). Higher [MeHg] in Mainly Wet ponds were correlated
with much higher DOC and SO4

−2 concentrations and higher
SUVA of DOC (Fig. 5).

The majority of studies examining Hg cycling in freshwa-
ter systems have led to a widely accepted conceptual model
of Hg cycling in temperature-stratified lakes in the Boreal re-
gion. In this model, there is clear evidence of the importance
of atmospheric and catchment inputs of inorganic mercury
which lead to the production of MeHg by SRB in the anoxic
sediments. Recently, Branfireun et al. (2020) has suggested
that this paradigm may not adequately explain important
processes controlling MeHg production in the systems not
defined as temperate, stratified lakes. We suggest that prairie
wetland systems may lie outside the accepted paradigm. Our
lab is currently exploring the microbial communities with
the goal of identifying and comparing putative methylating
and demethylating organisms in our Mainly Wet and Mainly
Dry ponds. There may also be redox situations that are pre-
venting the formation of insoluble complexes which may be
impacting the bioavailability of Hg to methylating organisms.
Finally, we suspect that photosynthetic biofilms may play an
important role in MeHg production possibly due to anaerobic
niches within habitats that are rich in microbial resources.

This work is also important because our work shows that
hydrologically induced changes in SO4

−2 and DOC substrates
may lead to increases in net MeHg available to biota in
aquatic systems. In the North American Great Plains, pro-
jected climate change scenarios will be spatiotemporally het-
erogeneous (Zhang et al. 2021), and include increased tem-
peratures and intensified hydrological cycles (anticipated to
increase the frequency of both drought and deluge (Millett
et al. 2009), changes to UV exposure (Van Meter and Basu
2015), and plant community shifts (Dieleman et al. 2015))
all of which have the potential to change the geochemical
parameters influencing net methylation. Land management,
such as consolidation drainage, may favour wetlands of the
mainly wet type with relatively stable water levels and loss
of wetlands of the mainly dry type (McCauley et al. 2015;
Anteau et al. 2016). Examining environmental factors regulat-
ing MeHg production in prairie wetlands is vital to addressing
fundamental gaps in understanding of environmental con-

trols on the production of MeHg in general, and specifically,
in prairie wetlands, and will provide information necessary
to protect wildlife populations inhabiting these vulnerable
habitats.
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