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Abstract

Mercury is a risk in aquatic ecosystems when the metal is converted to methylmercury (MeHg)
and subsequently bioaccumulates in aquatic food webs. This risk can be difficult to manage
because of the complexity of biogeochemical processes for mercury and the need for accessible
techniques to navigate this complexity. Here, we explored the use of diffusive gradient in thin-
film (DGT) passive samplers as a tool to simultaneously quantify the methylation potential of
inorganic Hg (IHg) and the bioaccumulation potential of MeHg in freshwater wetlands. Outdoor
freshwater wetland mesocosms were amended with four isotopically labelled and geochemically
relevant IHg forms that represent a range of methylation potentials (292Hg2*, 201Hg-humic acid,
199Hg-sorbed to FeS, 2°0HgS nanoparticles). Six weeks after the spikes, we deployed DGT
samplers in the mesocosm water and sediments, evaluated DG T-uptake rates of total Hg, MeHg,
and IHg (calculated by difference) for the Hg isotope spikes, and examined correlations with
total Hg, MeHg, and IHg concentrations in sediment, water, and micro- and macrofauna in

the ecosystem. In the sediments, we observed greater relative MeHg concentrations from the
initially dissolved IHg isotope spikes and lower MeHg levels from the initially particulate IHg
spikes. These trends were consistent with uptake flux of IHg into DGTs deployed in surface
sediments. Moreover, we observed correlations between total Hg-DGT uptake flux and MeHg
levels in periphyton biofilms, submergent plant stems, snails and mosquitofish in the ecosystem.
These correlations were better for DGTs deployed in the water column compared to DGTs in the
sediments, suggesting the importance of vertical distribution of bioavailable MeHg in relation to
food sources for macrofauna. Overall, these results demonstrate that DGT passive samplers are

"Corresponding Author: hsukim@duke.edu, +1(919) 660-5109.

Supporting Information:

Additional details of Methods including the preparation of Hg isotope stock solutions, establishment of the wetland mesocosm,
sample collection, and chemical analysis methods. Additional Results include general water quality characteristics of the wetlands,
statistical analyses of endmember distributions in sediment and DGT samplers, and mercury concentration values predicted by the
DGTs compared to measured soluble concentrations.

The authors declare no competing financial interest.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Neal-Walthall et al. Page 2

a relatively simple and efficient tool for predicting IHg methylation and MeHg bioaccumulation
potentials without the need to explicitly delineate IHg and MeHg speciation and partitioning in
complex ecosystems.
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INTRODUCTION

Mercury (Hg) is an aquatic contaminant of broad concern, particularly in ecosystems where
inorganic forms of Hg are converted to monomethylmercury (MeHg), a bioaccumulative
and neurotoxic form of the metal.: 2 MeHg biomagnifies in the aquatic food web, resulting
in MeHg levels in fish and other aquatic food sources that pose dietary exposure risks

for humans and wildlife.2 The chemical speciation of inorganic divalent Hg (IHg) is
important to environmental processes that drive the production of MeHg in the environment.
For example, methylation of IHg is largely mediated by anaerobic microorganisms that
frequently inhabit low oxygen environments such as aquatic sediments, saturated soils, and
anoxic microzones found within biofilms.#-8 In these habitats, the dominant forms of IHg
typically include Hg(l1) complexed with dissolved and particulate natural organic matter
(NOM) and Hg(11) associated with mineral phases (i.e., sulfides).” The bioavailability of IHg
for methylation depends on the chemical lability of IHg species in these habitats.8-10

The distribution and speciation of MeHg are also key factors for the bioaccumulation

of MeHg in the aquatic food web. MeHg concentrations in aquatic organisms can be

highly variable between different locations.11-14 While such differences are partly attributed
to localized ecosystem food web structure and dietary preferences, the bioavailability

of MeHg at key entry points of the food web is also an important driver.3: 1> MeHg

species are comprised of sorbed and aqueous complexes of CH3zHg*, which generally entail
coordination to thiolate moieties associated with NOM.16. 17

With the multiple interconnected processes that influence the speciation and distribution of
IHg and MeHg in aquatic ecosystems, better methods are needed to simplify the prediction
of IHg bioavailability for methylation and MeHg bioaccumulation potential in aquatic food
webs. Here, we studied diffusive gradient in thin film (DGT) passive samplers as a potential
tool for time-integrated sampling of IHg and MeHg bioavailability in freshwater ecosystems.
A DGT sampler for mercury consists of a plastic device that encase three layers: an outer
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filter (0.45 um nominal pore size) exposed to the sampling medium, a middle diffusion gel
layer, and the innermost metal-binding layer comprising a thiolated resin.18 Mercury uptake
rates in DGTSs are presumed to correspond to average soluble IHg and MeHg concentrations
during the sampling period; however, researchers have debated how to convert measured
mass uptake data to soluble concentrations.19-26 Instead, we posit that DGT data may be
more useful if they can directly relate to IHg biomethylation and MeHg biouptake potentials,
linkages that have been studied but yet to be firmly established.

For example in our recent work, we showed that methylation of IHg spiked into sediment
slurries correlated with IHg accumulation rate on DGTs.2” We hypothesized that the agarose
gel layer provides a size exclusion mechanism that might mimic transport of IHg across an
extracellular polymer network at the cell envelope of methylating microorganisms, limiting
the uptake to soluble, chemically labile IHg forms. While several studies have evaluated
DGTs for predicting IHg methylation potential?’ and bioaccumulation of Hg species (either
MeHg or IHg)?® 28-32 most of these studies involved laboratory observations (e.g., jar and
aquarium incubations). The utility of DGTs for evaluating IHg methylation potential has
yet to be firmly demonstrated in complex aquatic ecosystems where diel/seasonal cycles
and hydrological conditions influence mercury biogeochemical transformations.24 We also
note that while three of the studies evaluating DGTs for predicting Hg bioaccumulation in
aquatic organisms were conducted in natural environments26: 28. 32 a1l were conducted in
riverine ecosystems. To our knowledge, DGT prediction of Hg bioaccumulation in wetland
ecosystems has yet to be examined despite the fact that wetlands are often hotspots for
MeHg production and a source of MeHg to aquatic food webs.33: 34

The objective of this study was to evaluate the efficacy of DGT passive samplers for
monitoring IHg methylation potential and MeHg bioaccumulation potential in experimental
freshwater wetlands. In this work, we sought to test two overarching hypotheses: (1)

IHg accumulation rate into DGTSs deployed in surface sediments and surface water are
predictive of IHg methylation potential in wetland sediment and periphyton; and (2)

MeHg accumulation rate in DGTs deployed in sediment and/or surface water of the
wetland correlate with MeHg concentrations in macro- and microfauna (aquatic plants,
snails, fish, and periphyton biofilms). To test these hypotheses, we constructed 3 outdoor
freshwater wetland mesocosms that were amended with multiple isotopically labelled,
geochemically relevant IHg species: two soluble forms (29%2Hg?* and 201Hg(I1)-humic acid)
and two particulate forms (nanocrystalline 29°HgS aggregates and 19°Hg(l1) adsorbed to
FeS particles). These forms are expected to span a range of mobility and methylation
potential 27 35 36 Six weeks after IHg additions, we monitored each isotopically labelled Hg
endmember for: (1) total Hg (TotHg) and MeHg concentrations in sediment and water; (2)
bioaccumulation of MeHg in periphyton biofilms, snails, stem/leaves of submergent aquatic
plants, and adult mosquitofish in the mesocosm ecosystem; and (3) accumulation rate of
TotHg and MeHg on DGTSs deployed for a one week period in sediment and water. IHg
concentrations and uptake rate into DGTs were determined by difference of TotHg and
MeHg. The data were then used to evaluate the ability of mercury-DGT uptakes rate to
predict MeHg production and bioaccumulation.

Environ Sci Technol. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Neal-Walthall et al.

Page 4

MATERIALS AND METHODS

Freshwater Wetland Mesocosms - Design and Construction

The wetland mesocosms were located at the outdoor Duke Forest experimental facility
(Durham, North Carolina, USA). These mesocosms are based on the same design described
in previous research evaluating contaminant bioaccumulation37-39 and are described in
detail in the Supporting Information (SI). In brief, for this study we utilized six wetland
mesocosms, each comprising a slant bottom box (3.7 x 1.2 x 0.8 m3), lined with a polymer
fabric, and filled with a 25 cm layer of sandy loam soil (Sands and Soil, Durham, NC) and
water from a local groundwater well. A variety of emergent and submergent macrophytes
were planted in the soil. Notably, the permanently saturated aquatic zone (with water levels
ranging from 20-30 cm during the experiment) was populated with the submergent water
weed Egeria densa. The wetland was also colonized by associated microbial communities,
insects, locally prevalent freshwater snails (Physella sp. and Lymnaea sp.), and eastern
mosquitofish (Gambusia holbrookii). The mesocosms boxes were located in a fenced
clearing of the forest and were open to the atmosphere for the duration of this study. After
maturation, three randomly assigned mesocosms were dosed with Hg (Box 1-3) and three
were used as undosed controls (C1-3).

Addition of Isotopically Labelled Hg(ll) Species to Wetland Mesocosms

Stock solutions of the isotopically labelled Hg forms (or ‘endmembers”) were the following:
(1) Dissolved 202Hg2* in 5% nitric acid; (2) 2°2Hg(I1)-humic acid mixture formulated

with 103 nmol 201Hg per 1 mg organic C as Suwannee River NOM (International

Humic Substances Society Product# 2R101N); (3) Nanoparticulate 2°°HgS (26 nm average
hydrodynamic diameter); and (4) 199Hg(l1) adsorbed to FeS (Figure S1), synthesized with
179 pmol 199Hg per gram of freshly formed FeS particles. The Supporting Information
describes the isotopic composition of each enriched Hg isotope stock as well as their
synthesis and characterization.

In early August 2017 (3 months after mesocosm construction), surface sediment and water
from each mesocosm were collected for analysis of baseline TotHg contents. Then on
August 15, 2017, aliquots of each Hg stock solution (corresponding to 12 mg Hg of each
isotopically labelled ‘endmember’) were added to the overlying water of the aquatic zone
in the mesocosm box. This mass of Hg was selected for a target concentration of ~100 ng
Hg g~ per isotope endmember in the top 4 cm of sediment (assuming complete deposition
to this layer for each spike) across the submerged portion of the mesocosm. The rationale
for dosing is based on the following: 1) similar TotHg sediment levels have been observed
in urban ecosystems or near legacy industrial contamination?; 2) previous experiments

at this mesocosm facility demonstrated that spikes of nanoparticle suspensions primarily
accumulated in the surface sediments after several weeks38: 39 41: and 3) the need to
exceed measured ambient TotHg levels for isotope tracing. The average * standard deviation
pre-dosing levels were 16.7 + 3.2 ng g~2 for sediments and 11.4 + 9.8 ng L~1 for surface
water. Details for dosing procedure may be found in the SI.
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Note that while each Hg isotope spike initially comprised a well-defined Hg form (i.e.,
dissolved or particulate), upon addition to the mesocosm the speciation and distribution

of Hg from each spike was expected to change via biogeochemical transformations (e.g.,
sorption, settling, complexation, precipitation/dissolution, oxidation/reduction). The extent
of these transformations was expected to be different for each spike.2 35 36

Sample Collection and Processing

Circular piston-style DGTs were constructed (described in the SI) and deployed face down
in the surface sediment (n=6) and suspended in the water column (n=12) in each mesocosm
box at five weeks after the Hg dosing. The samplers were deployed for one week to
maximize exposure time without imparting great risk of biofouling, which has previously
been observed for deployment times of 10 days and greater.2 After samplers were retrieved,
surface water (n=6), sediment (n=3), and biota including mosquitofish (n=4), snails (n=6),
submerged E£. densa aquatic plant stems (n=4) and associated periphyton biofilms were
collected. Surface water was collected in acid cleaned glass vessels, stored on ice for
transport to the lab, then filtered with 0.2 pm poly(ether sulfone) filter (VWR), and frozen
for later chemical analyses (TotHg, MeHg, dissolved organic carbon, and major anion
concentrations).

In the lab, fish and snails were rinsed with deionized water. £. densa stems were submerged
and shaken with deionized water to remove biofilm material, and this material was
concentrated to a moist pellet by centrifugation. The remaining plant material was then
rinsed with deionized water and massaged with gloved hands to ensure thorough removal

of all residual biofilms. Plants, biofilm pellets, fish and snails were freeze-dried and stored
frozen until analysis for MeHg content. The DGT samplers that were deployed in sediments
were disassembled in the laboratory, and the resin layers were cut in two halves, weighed,
and stored separately for TotHg and MeHg analysis. For the DGT samplers deployed in
surface water, the resin layer from each sampler was saved as an intact sample for either
TotHg or MeHg analysis (resulting in n=6 samples for each analysis).

Sediment was collected from predetermined locations (Figure S2) as intact cores in acid
clean plastic tubes. The top 2 cm was removed, homogenized, and frozen as separate
aliquots for later analysis of TotHg, MeHg content, wet/dry ratio, and loss on ignition (LOI)
as described in Sl. In addition, the surface water depth, temperature, specific conductance,
pH, and dissolved O, content were assessed /n situ at multiple times over the 6-week period
after Hg dosing.

Chemical Analyses

Details for all chemical analyses are available in the S section. In brief, the resin layer

of the DGT samplers and sediment samples were processed for TotHg analysis by room
temperature aqua regia digestion for a minimum of 24 hour. Surface water samples for
TotHg analysis were preserved with 0.5% BrCl. The samples were then analyzed for
isotope specific TotHg content by stannous chloride reduction, amalgamation (BrooksRand
T-MERX) coupled with inductively coupled plasma mass spectrometry (ICP-MS, Agilent
Technologies 7700 series).
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For MeHg analyses, biological samples were extracted with 4 M nitric acid heated to

55 °C for 16 hours.*3 Water samples were processed by distillation.#4 DGT resin layer

and sediment samples were processed by acidified potassium bromide /dichloromethane
extraction.*® Extracts were analyzed for isotope-specific MeHg by ethylation, purge-and-
trap gas chromatography (BrooksRand M-MERX) followed by ICP-MS. TotHg and MeHg
contents from each isotopically-labelled Hg spike was calculated by matrix deconvolution
based on the known isotopic compositions of the four Hg spikes and the measured isotopic
composition in the sample.#® TotHg and MeHg contents in biological and sediment samples
are reported in units of ng (as Hg) per dry sample mass.

The DGT data are reported as a mass flux (ng Hg cm™2 d=1) by taking the TotHg and

MeHg mass measured on the DGT resin layer and normalizing to the exposed DGT sampler
surface (3.14 cm?), the weight of the resin layer sample fragment relative to the total resin
layer weight (for sediment-deployed DGTSs), and deployment time (7 days). IHg content was
determined by difference between TotHg and MeHg contents in the sample. Metal uptake
flux into DGT samplers is influenced by the soluble metal concentration and diffusion rate
as well as resupply of soluble metal in the water through desorption/dissolution reactions
during the DGT deployment period.18: 47, 48 20,49 Thys, we interpret this flux value to
represent the amount of chemically-labile Hg (originating from both aqueous and particulate
forms) at the DGT sampling surface.

Major anions (CI~, SO4%, Br~, NO3~) concentrations in filtered surface water samples

were quantified by ion chromatography (Dionex 1CS-2000). Dissolved organic carbon was
analyzed by combustion catalytic oxidation/non-dispersive infrared spectroscopy (Shimadzu
TOC-V).

Data Analyses

Sediment IHg and MeHg contents from each isotope endmember were compared by
calculating, for each sediment replicate sample, the fraction of each endmember contributing
to the total IHg and MeHg (based on the sum of all four endmembers). The fraction

from each endmember was also calculated for DGT-IHg and DGT-MeHg flux for samplers
deployed in sediments. The fractions were compared by analysis of variance (ANOVA)

with a post-hoc Tukey’s Honestly Significant Difference Test to determine if the fractions
contributed by the isotope endmembers were significantly difference from each other
(defined at a.=0.05).

Relationships between continuous variables (i.e., DGT flux, mercury concentrations in
sediment and biological samples) were assessed by linear least squares regression. For
data groups that did not meet normal distribution requirements for regression, logsg
transformations of the data were applied prior to regression analyses. Regressions were
performed to compare sediment MeHg content from each isotope spiked to both sediment
IHg content and DGT-IHg uptake flux. In addition, linear regressions were performed to
compare MeHg concentrations in biota (biofilms, E. densa, snails, and fish) to DGT-TotHg
and DGT-MeHg uptake fluxes in water and DGT-MeHg in sediment. Data analysis and
figure production were performed in R (Version 1.2.5001).%0
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RESULTS AND DISCUSSION
IHg and MeHg Concentration and DGT-Uptake Flux in Sediment

Upon addition of the 4 isotopically labelled IHg species to the wetland mesocosms (labelled
as Box 1, 2 and 3 in Figure 1), a large portion of the added mercury from each endmember
was observed in the surface sediment layer six weeks after the spike addition. The average
sediment IHg content (calculated by different between measured TotHg and MeHg values)
for each isotope endmember in each mesocosm box ranged from 50 to 594 ng/g (Figure
1a). We observed substantial variability of sediment IHg contents (and TotHg) in triplicate
samples collected from the same mesocosm box, as shown by the error bars representing 1
standard error of the average.

We estimated the percentage of the added Hg spikes that partitioned to sediments assuming
the following: 1) the added mercury was distributed across the submerged aquatic zone (1.68
m?2) with a penetration depth of 4 cm (based on previous studies of nanomaterial addition
to similar wetland mesocosms38; and 2) the 7 situ bulk density was 1.6 g cm™ for loosely
consolidated sediment (based on previous observations®1). With these assumptions and the
measured sediment concentrations of TotHg, we estimated that 46% to 550% of the initial
Hg spikes were present in this compartment. This result suggests substantial accumulation
of the Hg spikes in the aquatic zone sediments, which is consistent with previous work
involving other metal species spiked into similarly designed wetland mesocosms.38: 39 In
this study as in previous work, the Hg isotope spikes were heterogeneously distributed in
sediments. Thus, we recognize that more precise estimates for the fraction of added Hg in
the surface sediments were not possible.

Despite the variability of IHg contents across the aquatic zone sediments, the relative
abundance of IHg originating from each isotope spike at 6 weeks post-dosing was generally
the same in each mesocosm, regardless of overall IHg concentration, as shown in Figure 1a,
Figure S3, and supported by an analysis of variance of the data (SI Section 6). Although
the IHg isotope spikes were added to the mesocosms as separate solutions, they were each
injected at the same points immediately below the surface water. Thus, the sediment IHg
results suggest that the method of IHg application did not result in substantial concentration
variation between the isotope spikes at a single sediment location. However, the method

of Hg introduction resulted in substantial horizontal variation for the total added Hg (i.e.,
the sum of all 4 Hg endmembers). The amount of spatial heterogeneity in the sediments

is consistent with similar mesocosm experiments at this facility involving the addition of
nanomaterials.38

In contrast to the isotope endmember distribution of sediment IHg, MeHg concentrations in
sediment were greater for the mercury originating from the dissolved endmembers (292Hg2*,
201Hg-humic acid complex) than the initially particulate endmembers (nanoparticulate
200Hgs and 199Hg adsorbed to FeS) (Figure 1b and Figure S3). This trend was also observed
in accumulation rates of both IHg and MeHg into DGTs deployed in the sediments: DGT
flux of IHg and MeHg was greater for dissolved endmembers than particulate endmembers
(Figures 1c, 1d, and S4). These trends between DGT uptake flux of IHg and methylation
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potential are similar to results observed in previous laboratory experiments performed with
sediment slurries.27: 36

Note that the average sediment IHg concentration was greater in Box 1 than in the other
mesocosms boxes while the DGT-flux of IHg was relatively similar between boxes. We
attribute this disparity to the large heterogeneity of the surface sediments and the relatively
small number of replicate samples (n=3) collected for TotHg sediment analysis compared to
more replicate DGT samplers (n=6) deployed in the sediment zone.

TotHg and MeHg Concentrations and DGT-Uptake Flux in Surface Water

Concentrations of both TotHg and MeHg in filtered surface water were greater for the
mercury originating from the dissolved endmembers (202Hg2*, 201Hg-humic acid complex)
than the initially particulate endmembers (nanoparticulate 20°HgS and 19°Hg adsorbed to
FeS) (Figure 2a and 2b). MeHg was approximately 5% of TotHg, indicating that most of
the TotHg was IHg in filtered surface water. With the relatively low amount of MeHg in
the surface water, here we report TotHg-DGT flux rather than the calculated IHg-DGT
flux for the surface water DGTSs, with the understanding that most of this is IHg and also
that field applications of DGTs more frequently quantify TotHg and not IHg. The results
showed that the relative contribution from each isotope endmember to the surface water
TotHg (Figure 2a) is consistent with the trends observed in DGT flux of TotHg for the four
isotope endmembers (Figure 2¢). This trend is different than observed in sediments, where
DGT-uptake flux of IHg was greater for the dissolved than the particulate endmembers even
though sediment IHg concentrations was roughly equal for all endmembers (Figures 1, S3
and S4).

These observations highlight that TotHg concentration in surface water is a more reliable
measure of the mobile or chemically labile form of the metal than concentrations in
sediment. However, we note that MeHg concentrations in water obtained from Box 2 were
significantly higher (almost double) than measured concentrations in Boxes 1 and 3. This
trend was not observed in sediment MeHg concentrations, but was observed in periphyton
biofilms (described in the next section), suggesting that biofilms rather than sediments were
the source of MeHg in surface water. Such difference between boxes were not observed in
MeHg accumulated in water-deployed DGTSs.

In addition to TotHg and MeHg concentrations in surface water, we observed other general
water quality characteristics that were similar to previous experiments at this facility (Table
S2 and S3). Water temperature measured weekly at the 9 to 11 am period was between 17—
26 °C, and water depth (between 23.5 — 29 cm) was consistent between replicate mesocosm
boxes. Measured dissolved organic carbon (DOC) was between 5.3-33.5 mg/L while the pH
during this time of day was 8.5 to 9.3. Sulfate, which can enhance MeHg levels in freshwater
ecosystems,®2 was slightly lower in concentration in Box 2 (2.9-4 mg/L) compared to Boxes
1 and 3 (3.6-5.4 mg/L). This observation does not explain the greater level of surface water
MeHg in Box 2 compared to the other boxes.

With this understanding of general water quality characteristics, we calculated concentration
values for soluble MeHg and TotHg from the DGT flux data by using a previously
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described8 solute diffusive uptake equation (SI Section 7). The results were consistent
for measured TotHg in filtered surface water but tended to underpredict measured MeHg
concentrations (average predicted values were 59% + 15% of measured) (Figure S5).
These inconsistencies highlight the challenges of using DGT flux data for predicting
soluble concentrations of mercury. The calculations involved diffusion coefficients measured
for surrogate IHg- and MeHg-humic species that are presumed to represent soluble IHg
and MeHg species in our system. These predictions also require assumptions that solute
transport into the DGTs occur under constant temperature, which may not be relevant
given diel fluctuations that could influence temperatures in the relatively shallow wetland
mesocosms. Our prior work also showed that colloidal sulfide particles can deposit on the
filter or gel layer of the DGT and decrease uptake rate of soluble Hg(ll) on the DGT resin
layer.>3 We could not rule out a similar process occurring with suspended colloids (such
as colloidal organic matter) in the mesocosms. Because of these uncertainties, we did not
utilize the calculated soluble TotHg and MeHg concentrations for further analysis. Instead,
we used the DGT uptake flux values for subsequent comparisons to mercury levels in
biological specimens.

Distribution of MeHg in Wetland Fauna

MeHg contents in all biota (periphyton biofilms, £. densa stems/leaves, snails, and

adult mosquitofish) were greater for mercury originating from initially dissolved isotope
endmembers compared to the initial particulate endmembers (Figure 3). In addition,
bioaccumulation followed expected trends in that measured concentrations of MeHg in
higher trophic level organisms (fish and snails) were greater than MeHg concentrations in
lower trophic level organisms (periphyton biofilms and aquatic plants).

Although we managed and sampled the replicate mesocosm boxes with the same methods,
we observed differences between boxes, indicating variability between replicate ecosystems.
While this study was a Hg-spike experiment in a constructed wetland ecosystem, MeHg
levels in the biological specimens are comparable to those observed in studies of natural
systems. MeHg concentrations in periphyton (~75 to 250 ng/g) were similar to or higher
than previously observed values (1 to 300 ng/g dw) for periphyton obtained from a variety
of freshwater ecosystems (e.g., streams, rivers, lakes, wetlands).26: 54-57 TotHg and MeHg
concentrations in surface water samples of our mesocosms were higher than observed in all
but one of these prior studies. Regardless, MeHg concentrations in snails and mosquitofish
in our mesocosms are similar to other experimental dosing studies and in freshwater
ecosystems near an industrial point source of mercury26 58. 59 However, Hg concentrations
in mosquitofish are higher in our study than in wetland ecosystems without a known
mercury point source.>*

Correlations between MeHg/IHg Levels and Uptake Flux in DGTs

In the sediments, MeHg contents for each endmember did not correlate with sediment IHg
content (p = 0.23) (Figure 4). Instead, IHg flux into DGTs was moderately predictive of
sediment MeHg contents (p = 0.021, r2 = 0.43). We observed similar trends previously

in laboratory sediment slurries2’, although the correlations were stronger in the lab study
compared to this study. Key differences with the prior work are the shorter period (7 days)
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and the experimental design that enabled relatively homogenous replicate slurries. In the
present study, we evaluated three distinct wetland ecosystems, each with heterogeneous
distribution of Hg in the sediment. Despite the complexities of the wetland ecosystem
structure, our results showed that IHg-DGT flux correlated with sediment MeHg content,
indicating that the DGT samplers were probing the IHg forms that were bioavailable to
methylating microorganisms in sediments.

Because sediments were an important source of MeHg in the wetland mesocosms, we
hypothesized that MeHg concentrations in macrofauna would depend on the labile fraction
of MeHg in surface sediment (as indicated by MeHg flux into DGTSs). The sediment DGT
data was positively correlated with MeHg in fish (p=0.013) and aquatic plants (p=0.031).
However, we observed poor correlations between sediment DGT data and MeHg in snails
(p=0.63) and periphyton biofilms (p=0.27) (Figure 5 A-D). A relationship was not expected
in the case of biofilms given the potential for in situ MeHg production in the biofilms.6: 60-63

While the MeHg-DGT flux in sediments showed mixed results for correlations with

MeHg levels in the biological specimens, the surface water DGT data showed improved
correlations. MeHg-DGT flux correlated strongly with MeHg contents in periphyton
biofilms, aquatic plants, snails, and fish (p <0.05 for all) (Figure 5 E-H). Other studies

in estuaries and streams have shown similar results in that MeHg concentrations in fish and
other pelagic species correlated with MeHg levels in surface water rather than MeHg in
sediments, which are typically the MeHg hotspots.43 6465 Our results demonstrate that even
for a relatively shallow wetland environment, the vertical distribution of MeHg is important
for controlling bioavailability for micro- and macrofauna in the ecosystem.

Finally, DGT uptake flux of TotHg from surface water was generally the best predictor

for MeHg levels in biota (p < 0.01 for all) (Figure 5 I-L). The strong correlation with
periphyton biofilms could indicate that TotHg-DGT uptake flux is a measure of both labile
MeHg available for direct accumulation and labile IHg available for /n situ methylation

in the biofilm. The strong correlations observed between TotHg uptake in water deployed
DGTs and MeHg concentration in plants, snails, and fish were not expected. These results
could reflect the pathways in which MeHg accumulate in these macrofauna and highlight
the importance of periphyton biofilms for this process. For example, MeHg in the biofilms
could partition into the £. densatissue via leaf pores, as shown to occur with gold ion
complexes in prior studies.3”: 86 Likewise, the periphyton biofilms in the mesocosms could
be the major source of food for snails and mosquitofish in the ecosystem. This has been
previously observed for both organisms.26: 54 55 Thus, the DGT parameter to best correlate
with MeHg in the biofilms (i.e., the surface water TotHg-DGT flux) also produced the
strongest correlations with MeHg in other macrofauna.

Environmental Relevance

The results of this study support the use of DGT passive samplers for monitoring IHg
methylation potential and MeHg bioaccumulation potential in freshwater wetlands. When
IHg is introduced into an ecosystem, a myriad of biogeochemical transformations and
transport processes control the accumulation of MeHg in sediment and wetland fauna.
The extent of these processes is particularly relevant for ecosystems that receive multiple

Environ Sci Technol. Author manuscript; available in PMC 2022 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Neal-Walthall et al.

Page 11

IHg inputs of varying speciation, mobility, and chemical lability (e.g., soluble, weakly
complexed IHg species from recent atmospheric deposition; chemically inert IHg associated
with sulfides in mobilized soil particles). Despite the complexity of these processes, we
observed that IHg-DGT flux could be used to predict methylation potential of multiple IHg
sources to a wetland, and TotHg-DGT flux could be predictive of MeHg bioaccumulation
potential in wetland organisms without the need to explicitly delineate IHg and MeHg
speciation and partitioning in complex ecosystems. We also showed that the vertical
placement of the DGTs (i.e., sediment versus surface water) influenced the quality of

the correlations, suggesting that the location of sampling should consider whether MeHg
bioaccumulation is primarily of benthic or pelagic origin.

Several previous studies have attempted to correlate TotHg or MeHg DGT data with MeHg
levels in biological specimens. Many of these studies, however, involved benthic organisms
and sediment deployed DGTs.29: 67. 68 Moreover, previous studies generally involved lab
experiments or ecosystems where differences between surface water and sediment for
sampler deployment were not examined.26: 29-31.67.68 Here our study enabled a direct
comparison of locations for DGT deployment and demonstrated the importance of sampling
in surface water instead of sediment. A recent study in a stream ecosystem by Xu et

al28 reported correlations between surface water DGTs and periphyton, similar to our
study here. A key difference, however, is that we observed much greater periphyton MeHg
levels relative to surface water TotHg/MeHg concentrations in our wetland mesocosms than
observed in the Xu et a/. study. Such differences likely stem from contrasting hydrological
and biogeochemical conditions in lotic and lentic aquatic ecosystems that influence solute
transport, physical structure, and community composition within biofilms. The application
of DGT data for prediction of mercury bioaccumulation potential will need to consider such
conditions.

While this study demonstrates the efficacy of DGT samplers for monitoring mercury

in aquatic ecosystems, DGT data alone provide an incomplete picture. The methylation
potential of IHg depends not only on the bioavailability of IHg (as the DGTs might help
quantify), but also on the composition and activity of microbial methylators. This study
examined MeHg levels at a single time point, but over longer time scales and seasonal cycles
the abundance and activity of microbial methylators is likely to change in the wetlands. In
addition, the decomposition of MeHg needs to be considered.

For the accumulation of MeHg in the periphyton biofilms and other wetland fauna, the
DGT data might be useful in the development of bioaccumulation models. For example,

if the MeHg-DGT flux data are converted to soluble MeHg concentrations, the parameter
could be useful for calculation of bioaccumulation factors or MeHg trophic transfer. This
approach would require assumptions regarding diffusive uptake of soluble MeHg species in
the DGT samplers, potentially introducing unnecessary error as noted above. An alternative
approach could directly link mercury-DGT flux with bioaccumulation rate in a biodynamic
model that is calibrated to local food web dynamics and feeding patterns. Altogether, our
work highlights promising applications of DGT samplers for indicating IHg methylation
and MeHg bioaccumulation potentials. An ecosystem model for mercury bioaccumulation
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potential could help the long-standing challenge of evaluating the key factors controlling
MeHg levels in the aquatic environment.
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Diffusive gradient in thin-film passive samplers can effectively quantify bioaccumulative
forms of mercury in aquatic ecosystem and assist the mitigation of environmental

mercury pollution.

Non-technical Synopsis:
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Figure 1.

(a) Sediment inorganic Hg (IHg) and (b) Sediment methylmercury (MeHg) contents from
each Hg isotope spike added to triplicate wetland mesocosms (Box 1, Box 2, and Box 3) and
quantified 6 weeks after the initial Hg isotope dosing. (c) and (d) Uptake rate into sediment
deployed DGTs. Each bar represents the average * standard error.
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Figure 2.
Filtered surface water concentrations of (a) Total Hg in water (TotHg) and (b)

Methylmercury in water (MeHg) from each Hg isotope spike added to each wetland
mesocosm box and quantified at 6 weeks after the initial Hg isotope dosing. (c) and (d)
Uptake rate into surface water deployed DGTs. Each bar represents the average + standard
error.
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Figure 3.
MeHg content from each Hg isotope spike in fauna of the wetland mesocosms: (a)

Periphyton biofilms; (b) £. densaplant stem and leaves; (c) Snails; (d) Mosquitofish
(Gambusia sp.). Each bar represents the average + standard error.
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Figure 4.

Correlations between sediment MeHg content from each Hg isotope spike with respective
IHg parameters: (left) sediment IHg content and (right) IHg flux into sediment-deployed
DGT samplers. Each data point represents the average of n=3 sediments and n=6 DGT
samplers for each box.
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Figure5.
Correlations between MeHg contents in Periphyton biofilms (column 1), £. densa plant stem

and leaves (column 2), Snails (column 3), and Mosquitofish (Gambusia sp.) (column 4).
Each row shows correlations with respective DGT parameters: (A-D) MeHg uptake flux in
sediment deployed DGTs; (E-H) MeHg uptake flux in water deployed DGTSs; (I-L) TotHg
uptake flux into water deployed DGTs. Each data point represents the average of n=6 DGTs
per box and n=4 macrofaunal specimen per box.

Environ Sci Technol. Author manuscript; available in PMC 2022 November 03.



	Abstract
	Graphical Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Freshwater Wetland Mesocosms - Design and Construction
	Addition of Isotopically Labelled Hg(II) Species to Wetland Mesocosms
	Sample Collection and Processing
	Chemical Analyses
	Data Analyses

	RESULTS AND DISCUSSION
	IHg and MeHg Concentration and DGT-Uptake Flux in Sediment
	TotHg and MeHg Concentrations and DGT-Uptake Flux in Surface Water
	Distribution of MeHg in Wetland Fauna
	Correlations between MeHg/IHg Levels and Uptake Flux in DGTs
	Environmental Relevance

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

