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ABSTRACT: Coastal wetlands are vulnerable to sea level rise with
unknown consequences for mercury (Hg) cycling, particularly the
potential for exacerbating neurotoxic methylmercury (MeHg)
production and bioaccumulation in food webs. Here, the effect of
sea level rise on MeHg formation in the Florida Everglades was
evaluated by incubating peat cores from a freshwater wetland for
0−20 days in the laboratory at five salinity conditions (0.16−6.0
parts-per-thousand; 0.20−454 mg L−1 sulfate (SO4

2−)) to simulate
the onset of sea level rise within coastal margins. Isotopically
enriched inorganic mercury (201Hg(II)) was used to track MeHg
formation and peat-porewater partitioning. In all five salinity
treatments, porewaters became anoxic within 1 day and became
progressively enriched in dissolved organic matter (DOM) of
greater aromatic composition over the 20 days compared to ambient conditions. In the four highest salinity treatments, SO4

2−

concentrations decreased and sulfide concentrations increased over time due to microbial dissimilatory SO4
2− reduction that was

concurrent with 201Hg(II) methylation. Importantly, elevated salinity resulted in a greater proportion of produced Me201Hg observed
in porewaters as opposed to bound to peat, interpreted to be due to the complexation of MeHg with aromatic DOM released from
peat. The findings highlight the potential for enhanced production and mobilization of MeHg in coastal wetlands of the Florida
Everglades due to the onset of saltwater intrusion.
KEYWORDS: sea level rise, methylmercury, Florida Everglades, peat soils, methylation, sulfate

■ INTRODUCTION
Mercury (Hg) is a ubiquitous environmental contaminant that
impacts the environment and humans globally.1 In aquatic
environments, inorganic divalent Hg (Hg(II)) can be trans-
formed by microorganisms to neurotoxic methylmercury
(MeHg),2,3 which bioaccumulates in food webs resulting in
deleterious health impacts to wildlife and humans.4 In
freshwater and coastal environments, where consumption of
fish and shellfish and corresponding exposure to MeHg are
known to be greater,5 perturbations to local biogeochemical
processes often control the environmental exposure of wildlife
and humans to Hg by mediating the production,6 fate,7,8 and
transport9 of MeHg. A body of research on the freshwater
Florida Everglades6,10−12 documents the universal controls of
dissolved organic matter (DOM) and sulfate (SO4

2−) on MeHg
formation and biological Hg burden.13 Coastal wetlands,
including those in the Florida Everglades, are recognized as
locations for DOM14 and MeHg export to coastal waters due to
tidal pumping9 that can exacerbate the uptake ofMeHg in fish.15

However, a major knowledge gap is the influence of saltwater
intrusion and subsequent increases in salinity and specifically
SO4

2− on MeHg formation and partitioning in coastal wetlands.
Under current projections, up to 97% of coastal wetlands in the

U.S. are vulnerable to saltwater intrusion in this century,16 and
seasonal fluctuations in hydrology (i.e., freshwater inputs)17 and
wind- and storm-driven surges18 can result in dynamic changes
in wetland salinity. Thus, there is an urgent need to better
understand how this climate-change related disturbance may
influence MeHg production and export to neighboring coastal
waters.
Sea level rise could have multidimensional effects on the

biogeochemical processes that control the formation ofMeHg in
aquatic environments. Broadly, MeHg formation is governed by
the synergy between (1) the potential of the microbial
community to methylate Hg(II), which requires the Hg-
methylation gene pair (hgcAB),19 and (2) the bioavailability of
Hg(II).2,3,6 Both of these processes are influenced by organic
matter composition and lability and SO4

2− concentrations, two
key environmental constituents that play many roles in Hg(II)
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methylation in diverse wetlands,10,20−23 estuaries,24 and fresh-
water portions of the Florida Everglades.6,10,23 Sulfate stimulates
SO4

2− reducing bacteria, which utilize SO4
2− as a terminal

electron acceptor in dissimilatory SO4
2− reduction, fueling

anaerobic respiration. The activity of SO4
2− reducing bacteria is

recognized as important for MeHg formation in the freshwater
Florida Everglades,10,11,25 despite recent surprising discovery
that these organisms do not carry the hgcAB gene pair
themselves in this ecosystem.6 Rather, SO4

2− is suspected to
stimulate overall microbial metabolism linked to MeHg
production through consumption of fermentative products26

and/or by stimulating methanogenic activity through syntrophy
in the Everglades.6,25,27

The biogeochemical cycling of SO4
2− is also linked to the

enhanced release and production of high molecular weight and
aromatic DOM from peat.28,29 DOM promotes Hg(II)
bioavailability for methylation through complexation with
DOM thiol moieties30 and by limiting the formation of
nanocolloidal metacinnabar (nano-β-HgS(s)) under mildly
sulfidic conditions, keeping Hg(II) poorly crystalline31,32 and
suspended in solution.6,33,34 SO4

2− reduction also increases the
concentration of thiol groups in DOM via sulfurization
reactions,35 which directly enhances Hg(II) bioavailability for
methylation.36 Across the freshwater Everglades ecosystem,
SO4

2− shows close correspondence with DOM aromaticity,23,29

quantified by the specific ultraviolet absorbance at 254 nm
(SUVA254).

37 Further, the effects of SO4
2− on DOM quality and

quantity may influence the partitioning of Hg(II) and MeHg
from peat sediments to surrounding porewaters,38 which
subsequently could influence MeHg diffusion from peat to the
water column and export within coastal regions through tidal
pumping.9 In the Everglades, MeHg enters the food web
through accumulation in periphyton and phytoplankton in the
water column,13,15,39,40 thus the solubilizing effects of DOM on
the partitioning41 and tidal export of MeHg9 are likely a key
driver of MeHg bioaccumulation in coastal systems.15 These
biogeochemical controls on MeHg production and fate are well-
documented and understood in freshwater andmarine wetlands;
however, MeHg formation under transient wetland biogeo-
chemical conditions due to sea level rise and the concurrent
delivery of seawater SO4

2− is unclear.
Here, we present results of the first microcosm-based

evaluation of the influence of saltwater intrusion on MeHg
formation in peat cores from freshwater Florida Everglades, an
ecosystem particularly susceptible to sea level rise,42,43 Hg
bioaccumulation in fish andmarine mammals,15,23,44 and human
Hg exposure.5 Changes in porewater biogeochemistry and
MeHg formation and peat-porewater partitioning were
evaluated in intact peat cores incubated at five moderate salinity
levels representative of the onset of saltwater intrusion (≤6.0
parts-per-thousand (ppt)). Incubations were conducted for 0−
20 days to simulate short-term and long-term shifts in salinity
(e.g., tidal cycles vs seasonal fluctuations).We hypothesize that a
moderate degree of saltwater intrusion into freshwater peat, and
hence intrusion of seawater SO4

2−, would result in increased net
MeHg formation due to the aforementioned role of SO4

2− in
Hg(II) methylation and bioavailability. These experimental
results will provide important context regarding the impacts of
sea level rise on MeHg formation, partitioning, and potential
export within the coastal Everglades and more broadly to coastal
ecosystems worldwide.

■ METHODS
The Supporting Information provides complete details on the
collection of peat cores (Section S1.1), composition of
porewater chemistry (Section S1.2), experimental design of
laboratory experiments to simulate sea level rise effects (Section
S1.3), analyses of water and peat (Section S1.4), and
thermodynamic speciation calculations in porewaters (Section
S1.5). In brief, peat cores (n = 105 replicates) were collected
from a historically low SO4

2− site in Water Conservation Area
3A (WCA-3A, Subsite H)45,46 of the Florida Everglades
(Supporting Information Figure S1) representative of saw-
grass-dominated Everglades wetlands currently experiencing sea
level rise.47 Field measurements of the site surface water and
porewater were performed (Supporting Information Table S1).
The southern Florida Everglades are a particularly at-risk region
for sea level rise as approximately half of Everglades National
Park lies within 0.6m ofmean sea level42 with a gradual elevation
slope of about 3 cm per lateral km, which poses significant risk
for the ecosystem to storm and sea level rise driven inundation.
By 2060, sea levels in South Florida are conservatively expected
to rise 0.6 mwhich will cause increases in salinity and inundation
in both brackish and freshwater areas of the southern Florida
coast.42

Laboratory experiments quantified the biogeochemical
responses of Hg(II) methylation to saltwater intrusion at
moderate salinities in intact Everglades peat between 0 and 20
days. Core flooding experiments were carried out at five
salinities (0.16, 0.25, 0.50, 1.0, 6.0 ppt; 0.20−454mg L−1 SO4

2−)
(Supporting Information Tables S2−S4), selected based on (1)
observed biogeochemical responses related to dissolved organic
carbon (DOC) and SO4

2− in previous peat incubations,48−50

(2) a decadal analysis of SO4
2− and MeHg trends in coastal

Everglades National Park,23 and (3) a temporal analysis of
salinity data measured at two sites in coastal Shark River and
Shark River Slough of Everglades National Park (Supporting
Information Figure S2).51,52 In the laboratory, peat cores were
inundated (Supporting Information Figure S3) with water of
uniform DOM chemistry (5.5 mg C L−1 Everglades F1 DOM)
and near uniform pH, with salinity being the only major
difference between treatment waters. Treatment waters of
varying salinity (0.16−6.0 ppt) were prepared by mixing
synthetic freshwater, designed to match the ionic background
of average surface water in the Everglades,46 and synthetic
seawater prepared to 12.0 ppt salinity using “Sea-Salt” ASTM D
1141-98, Formula A (Lake Products Company LLC, Florissant,
MO). DOM, previously purified by solid-phase extraction53 and
characterized for reduced S content35 from porewater at
Everglades Site F1 (3:1 mixture of the hydrophobic organic
acid and transphilic organic acid DOM fractions, mimicking the
natural distribution of the DOM in whole waters),53 was added
to each treatment water at a uniform concentration (final
concentration = 5.5 mg C L−1; Supporting Information Tables
S2−S4). Across all salinity treatments, isotopically enriched
201Hg(II) was pre-equilibrated with DOM for 24 h to establish
strong Hg(II)−DOM aqueous complexes and resemble the
speciation of aqueous Hg(II) in the native Everglades.30 The
DOM concentration was comparable to pristine marsh sites
within Everglades National Park23 and the molar concentration
of strong thiol binding sites of DOMwas estimated to exceed the
201Hg(II) concentration >4-fold,30 ensuring that the amended
201Hg(II) was provided in a bioavailable and environmentally
relevant aqueous species. Peat cores (n = 80, 16 × 5) were
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flooded with each of the equilibrated treatment waters (see
Supporting Information Figures S3, S4 and Section S1.3).
Additional cores at each salinity (n = 25, 5 × 5) were used to
track biogeochemical changes in DOM chemistry at finer
temporal resolution with no 201Hg(II) amendment. Once filled
with porewater, peat cores were covered with Parafilm (with
holes to allow for gas exchange), wrapped in foil to prevent
photochemical degradation of Hg species, and stored static on a
laboratory bench at 25± 2 °C for the duration of the incubation.
Duplicate cores were sacrificially sampled after 1, 2, 3, 10, 13,

and 15 days, and triplicate cores were sacrificially sampled after
0, 6, and 20 days. Profiles of dissolved O2(g) and redox potential
(Eh) were measured on one of the duplicate cores, or two of the
triplicate cores, for each treatment and time point, using a
vertical profiler and microsensors that are nondestructive, to a
depth of 6 cm into the peat (Supporting Information Figure S5).
Next, porewater was collected from duplicate and triplicate
cores by gently compressing the peat, filtered (0.45 μm), and
subsampled for measurement of total sulfide (S2−), pH, DOC
concentration, DOM decadic absorbance at 254 nm (α254) and
spectral slope ratio (SR, eqs S1 and S2),

54,55 total iron, inorganic
anions (SO4

2−, Cl−, NO3
−), total Hg, and MeHg; details on all

measurements are provided in Supporting Information Section
S1.4. The SUVA254 (L mg C−1 m−1)37 of DOM was calculated
by dividing α254 (m−1) by the DOC concentration (mg C L−1).
Peat samples collected from incubations were immediately
frozen and then freeze-dried, and subsequently analyzed for total
Hg and MeHg content. Distribution coefficients (Kd) were
determined for 201Hg(II) and Me201Hg (Kd

201Hg(II) and Kd
Me201Hg, respectively; eqs S3 and S4). All data collected from
incubations are provided in the Supporting Information in an

Excel workbook (*xlsx file format) and as an associated data
release product.56

Thermodynamic Hg speciation calculations of porewaters
was performed in MINEQL+ 5.0 to assess the (1) influence of
ionic strength on Fe(II)-sulfide mineral solubility,57−60 (2)
Hg(II) speciation in porewaters in the presence of DOM and
varying levels of sulfide and Cl−,57,61,62 and (3) aqueous
speciation of MeHg in the presence of DOM and varying levels
of Cl− (specific conditions tabulated in Supporting Information
Tables S5−S7).63

■ RESULTS AND DISCUSSION
Porewater Chemistry of Peat Incubations. For each of

the five treatment salinities (0.16, 0.25, 0.5, 1.0, and 6.0 ppt),
porewater pH fluctuated between 6 and 7 from day 0 to day 20
(Supporting Information Figure S6A) with no statistical
difference between time at each salinity (p > 0.05, one-way
ANOVA, n = 105) and an observed statistical effect of salinity on
pHwith higher salinity treatments exhibitingmodestly lower pH
values (p < 0.05, one-way ANOVA, n = 105). The observed
circumneutral pH values of porewaters corresponded with other
measurements of Everglades porewater at modest salinity of 3.5
ppt (pH = 6.8),50 as well as field measurements of freshwater
Everglades wetlands,46 owing partly to the high buffering
capacity of the carbonate Floridan aquifer platform that
underlies the Everglades peat.46 Porewater conductivity and
chloride (Cl−) concentrations (Supporting Information Figure
S6B,C) of each salinity treatment were uniform through time,
which confirmed that evaporative loss during the 20 day
incubation was minimal.
The porewater chemistry data from peat incubations

exhibited consistent trends of more reducing conditions with

Figure 1. Porewater (A) redox potential (Eh) values at 6 cm depth from water surface compared to standard hydrogen electrode and porewater
concentrations of (B) total iron (Fe), (C) sulfate (SO4

2−), (D) total sulfide (S2−), and (E) DOC concentration, (F) DOM decadic absorbance at 254
nm (α254), (G) DOM specific ultraviolet absorbance at 254 nm (SUVA254), and (H) DOM spectral slope ratio (SR). In panel A, data points with no
error bars represent values of a single replicate (n = 1) and data points with error bars represent the average values of experimental replicates (n = 2) and
error bars represent the average deviation from the mean. ORP measurements for the 0.50 ppt treatment are not reported. In panels B−H, data points
at time points t = 1, 2, 3, 10, 13, and 15 and 0, 6, and 20 days present average values of experimental duplicates (n = 2) and triplicates (n = 3),
respectively, and error bars represent the average deviation from the mean. Outlier values in DOC concentration were removed (n ≤ 1 per salinity
treatment above 80 mg C L−1) for clarity.
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increased incubation time and notable differences in redox
conditions between the five salinities. Peat cores were incubated
with water saturated with dissolved O2(g), and all incubation
porewaters were completely anoxic by day 1 (O2(g) < 0.01 mg
L−1) (see Supporting Information xlsx file). Porewater Eh,
measured at 6 cm depth in the cores using the redox profiler
(Supporting Information Figure S5), averaged 389 ± 32.3 mV
(mean ± standard error, n = 6) across all salinities at day 0 and
decreased as the experiment progressed (Figure 1A). Between
10 and 20 days, the 2 highest salinity treatments (1.0 and 6.0
ppt) demonstrated statistically lower Eh values (−54.4 ± 18.9
and 0.00 ± 35.0 mV at day 20, respectively; mean ± average
deviation, n = 2) compared to the lowest two salinity treatments
(0.16 ppt: 92.1 ± 43.8 mV, and 0.25 ppt: 107 ± 16.8 mV at day
20; mean ± average deviation, n = 2) (Tukey, p < 0.05, n = 20).
Concentration trends in total iron (Fe) within porewater

varied with incubation time across the five salinity treatments
(Figure 1B). The total Fe concentration was below the limit of
detection in treatment waters used at the initiation of the
experiment to saturate the peat cores (<0.01 mg L−1) and <0.3
mg L−1 in porewaters for all salinities treatments at day 0. We
observed an increase in total Fe concentration over the course of
the incubation time frame with the highest concentrations
measured in the 6.0 ppt treatment (e.g., 5.96 mg L−1 by day 13).
By day 20, the 6.0 ppt treatment demonstrated the highest levels
of porewater total Fe (4.8 ± 0.1 mg L−1) (mean ± standard
error, n = 3) and the 1.0 ppt treatment demonstrated the lowest
Fe concentration (0.26 ± 0.05 mg L−1) (mean ± standard error,
n = 3), while the other treatments exhibited comparable and
intermediate total Fe concentrations between the 1.0 and 6.0 ppt
treatments. In the 0.25, 0.50, and 6.0 ppt treatments, there were
significant correlations between porewater total Fe and DOC
concentrations (Spearman’s correlation, p < 0.05; Supporting
Information Figure S7), whereas under 0.16 and 1.0 ppt
treatments, these parameters were not significantly correlated
(Spearman’s correlation, p > 0.05).
Dissimilatory SO4

2− reduction was evident at the four highest
salinity treatments (0.25−6.0 ppt). Initial SO4

2− concentrations
of the porewaters were primarily reflective of the SO4

2−

concentrations in the treatment waters (Supporting Information
Table S4) and established the hierarchy in SO4

2− levels in
porewaters at t = 0 days, which spanned from 7.0 ± 3.1 to 254 ±
29 mg L−1 (mean ± standard error, n = 3) in 0.16 and 6.0 ppt
salinity treatments, respectively (Figure 1C). Cores flooded with
0.16 ppt treatment water, which contained 0.3 mg L−1 SO4

2−,
exhibited higher SO4

2− concentrations in the porewater at t = 0
days (7.0± 3.1 mg L−1) (mean± standard error, n = 3) that also
exceeded field conditions at this site during core collection
(Supporting Information Table S1). We attribute this to the
oxidation of organic S from the peat64 during the flushing of
cores with oxic treatment water, as the WCA-3A wetland where
cores were collected likely experienced prior anthropogenic
SO4

2− inputs.11,45 Sulfate applications enrich peat in organic S65

that is susceptible to oxidation and release of SO4
2−.66 In general,

porewater SO4
2− concentration decreased over time across the

five salinity treatments (Figure 1C). In the four treatments of
0.16−1.0 ppt salinity, 66−87% of initial SO4

2− was depleted at
day 20, whereas only 20% of the initial SO4

2− was depleted in the
6.0 ppt treatment at day 20. Porewater total inorganic sulfide
concentrations (measured as S2− and representing the
summation of H2S(aq) and HS− under the range of experimental
pH) from both the 1.0 and 6.0 ppt treatments were significantly
elevated (e.g., 0.79 ± 0.13 and 0.26 ± 0.03 mg L−1 at day 20,

respectively; mean ± standard error, n = 3) compared to the
freshwater 0.16 ppt treatment (<detection limit at all time
points, n = 21) (p = 0.007 and p = 0.012 for 1.0 and 6.0 ppt,
respectively; Dunnett, n = 105; Figure 1D). The 0.25 and 0.5 ppt
salinity treatments showed decreasing SO4

2− concentrations and
subsequent increasing total sulfide concentrations with
increased incubation time, which were only modestly higher
than the 0.16 ppt treatment. Importantly, the measured total
sulfide concentration across the 20 day incubation could only
explain ≤1.5, 5, and 10% of the decrease of porewater SO4

2−

concentrations in the 6.0, 1.0, and 0.5 ppt treatments,
respectively, which we attribute to sulfide removal processes
discussed below.
DOC quantity and quality in the porewaters were highly

variable within and across salinity treatments. Incubation peat
cores were filled with treatment water containing 5.5 mg C L−1

Everglades F1 DOM. In comparison, day 0 porewater samples
across the five treatments exhibited higher DOC concentrations
(11.9−33.4 mg C L−1) than the treatment waters (Figure 1E).
Measurements of porewater DOC concentration at each
treatment through time varied an order of magnitude (10−
165 mg C L−1) and did not exhibit consistent trends with
increased incubation time across the five salinity treatments.
Although the DOC concentrations were elevated and exceeded
that of the typical observed porewater DOC concentration at
WCA site 3A-H (17−23 mg C L−1),46 these elevated DOC
concentrations are not atypical of porewaters from other
nutrient-enriched sites in the Florida Everglades35,46 and other
SO4

2−-rich peatlands.67 Furthermore, DOC concentrations
were highly variable both within salinity treatments and between
replicate cores for specific time points, interpreted to reflect
heterogeneity in the peat cores and the highly dynamic nature of
organic C in the incubations. Previous incubation68 and field
studies48 of sea level rise in the Florida Everglades demonstrated
that increasing porewater DOC coincided with declines in soil
bulk density as a function of increasing salinity, the latter
attributed to increased organic C mineralization to CO2.

48 In
other coastal wetlands soils, simulated sea level rise (at ∼5−10
ppt) increased organic C mineralization rates due to increased
availability of seawater SO4

2− as a terminal electron accept-
or,49,68−70 with dissimilatory SO4

2− reduction accounting for
>95% of the organic C mineralization.70 We can discount a
major effect of DOC flocculation71 at higher cation concen-
trations up to 6.0 ppt, as higher salinity treatments did not
exhibit statistically lower DOC concentrations than lower
salinity treatments. Thus, we interpret the observed changes in
DOC concentration measured in our cores to reflect the
cumulative effects of DOC removal by increased mineralization
rates and DOC production through organic peat decom-
position.71

In contrast to trends in DOC concentration, the composition
of porewater DOM in peat incubations, measured as DOM
SUVA254 and SR, exhibited discernible trends over the course of
the incubations. The treatment water that was infused into cores
had a DOM SUVA254 value of 4.24 L mg C−1 m−1, α254 value of
0.23 cm−1, and spectral slope ratio (SR) of 0.86, whereas
porewaters at day 0 exhibited a lower DOM SUVA254 (0.69−
2.41 L mg C−1 m−1), higher α254 (0.23−0.45 cm−1) and higher
SR values (1.01−2.71) (Figure 1F−H). We interpret these early
experimental changes in DOC character to have resulted from
displacement and mobilization of small, nonaromatic DOM into
porewaters due to initial filling of the cores with the experimental
fluids.37,55 The α254, a measurement influenced by both DOC
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concentration and DOM aromaticity, shows consistent
monotonic increases through time across all salinity treatments
(Figure 1F), with the 6.0 ppt treatment demonstrating
statistically higher mean α254 than all other salinity treatments
from day 10 onward (Tukey, p < 0.05, n = 35). DOM SUVA254
measurements generally increased with incubation time for each
treatment, indicating increasing aromaticity of the DOM pool
through time (Figure 1G).37 This trend was most evident in the
1.0 ppt treatment, where the DOM SUVA254 increased from
0.78± 0.05 to 2.0± 0.4 LmgC−1 m−1 (mean± standard error, n
= 3) from day 0 to day 20. In the 6.0 ppt salinity treatment, the
DOM SUVA254 values were elevated throughout the 20 day
experiment compared to other salinity treatments and were
statistically different from the freshwater 0.16 ppt treatment (p <
0.001, Dunnett, n = 105). Further, SR, an optical metric that
scales negatively with DOM molecular weight,55 showed a
consistent monotonic decrease with increased incubation time
across treatment salinities (Figure 1H). This wasmost evident in
the 0.25, 1.0, and 6.0 ppt treatments, indicating that the DOM
pool increased in molecular weight with increased incubation
time. Importantly, low molecular weight organic acids, which do
not absorb in the UV−vis of our measured range of wavelengths,
can exhibit unique dynamics in soil floodingmicrocosms72,73 but
were not measured and could have influenced trends in DOC
concentration (and thus SUVA254 values). Yet, taken together,
trends in DOMoptical indices suggest that, compared to the low
salinity treatment (0.16 ppt), the DOM pool in the four higher

salinity amendments becomes more enriched in higher
molecular weight molecules through time as aromatic DOM
molecules were mobilized from the peat and low molecular-
weight and aliphatic DOM molecules were preferentially
mineralized in porewaters.
We interpret that these biogeochemical dynamics (filter-

passing total Fe, SO4
2−, total sulfide, and DOC concentration

and DOM composition) in porewaters were driven by microbial
processes and potential iron sulfide (FeS), DOM, and peat
interactions. The observed rapid decreases in SO4

2− concen-
tration and Eh concomitant with increases in sulfide concen-
tration across the incubations demonstrate that the microbial
communities in the peat cores quickly deplete dissolved O2(g)
and switch to dissimilatory SO4

2− reduction to drive anaerobic
respiration. Sulfate reduction was likely responsible for the
observed increase in high molecular weight DOM due to
increased peat degradation by SO4

2− reducing bacteria,28,29,35

and the overall shift in DOM composition toward more
aromatic molecules is consistent with microbial processing.72,74

The sulfur mass balance analysis, which showed that the
majority of SO4

2− reduced was not present as total sulfide, is
likely due to a combination of sulfide removal processes
including the sulfurization of peat64,65 and DOM,35,67 H2S(g)
evasion, and FeS(s) precipitation.We interpret the concentration
dynamics of porewater total Fe to be linked to the net effect of
the comobilization of Fe(II) from peat with DOM (Supporting
Information Figure S7) and reassociation of Fe(II) with peat via

Figure 2. (A) Percentage of total 201Hg as porewaterMe201Hg relative to the entire 201Hg pool and (B) percentage of all Hg species relative to the entire
201Hg pool (porewater and peat) vs incubation time from peat core experiments. Hashed bars represent porewater 201Hg species and solid bars
represent peat 201Hg species. Yellow and orange bars represent Me201Hg and green and blue bars represent 201Hg(II). Data points present average
values of experimental replicates (n = 2) and error bars represent the average deviation from the mean.
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the formation of FeS(s), the latter linked to the activity of SO4
2−

reducing bacteria. The removal of Fe(II) through FeS(s)
formation would be influenced by the rate of SO4

2− reduction,
which could explain why porewater total Fe was low in the 1.0
ppt salinity at high sulfide (Figure 1D) yet higher and correlated
to DOC concentration at both lower (0.5 ppt) and higher
salinity (6.0 ppt) (Supporting Information Figure S7). However,
we cannot discount the possibility of Fe(II) release via microbial
reductive dissolution of Fe(III) oxyhydroxides. DOM likely
stabilized Fe(II) via aqueous complex formation.75 Further,
thermodynamic speciation calculations confirms a negligible
impact of ionic strength on Fe solubility from FeS(s) (Supporting
Information Figure S8). Thus, we attribute differences between
the five salinities in total Fe release dynamics to varying levels of
SO4

2− reduction and DOC release dynamics. In summary,
higher salinity water, which had higher SO4

2− concentration,
stimulated the metabolism of SO4

2− reducing bacteria leading to
elevated concentrations of sulfide and Fe, lower Eh, and the
accumulation of more aromatic DOM in porewater.
Mercury Methylation in Peat Incubations. The mass of

total 201Hg in each core was determined for each treatment
salinity and each time point (Supporting Information Figure
S9). On average, cores received 302 ± 30 ng 201Hg(II) (mean ±
standard error, n = 80) at the start of the experiment and were
not statistically different between the five salinities (one-way
ANOVA, p > 0.1, n = 80); the added 201Hg(II) represented 4.1±
3.4% (mean ± standard error, n = 80) of total ambient Hg.
However, the total amount of 201Hg(II) tracer added to each
core was variable due to how the cores were filled. Within each
salinity treatment, cores that were filled first received higher total

201Hg(II) levels, while cores that were filled last received lower
total 201Hg(II) levels. We hypothesize this is due to the peat
scavenging of aqueous 201Hg(II), likely as Hg(II)-thiol
complexes,76 while the cores were being flushed with the
reservoir of treatment water. In Supporting Information Section
S2 we discuss how the differences inmass 201Hg(II) hadminimal
effect on the study interpretations. Accordingly, to account for
differences in the 201Hg(II) tracer added to each core, 201Hg(II)
methylation results are relativized to the total 201Hg tracer within
each core.
The influence of salinity on 201Hg(II) methylation in core

incubation experiments was evaluated in porewater and peat.
Figure 2 presents the abundance of porewater and peat 201Hg, as
Me201Hg and 201Hg(II), as a percentage of the total 201Hg tracer
over the 20 day incubation (concentration results are presented
in Supporting Information Figure S10). From day 0 to day 1,
porewater 201Hg(II) concentrations dramatically declined in
each of the five salinity treatments, concurrent with increases in
peat 201Hg(II) concentration; these results indicate rapid but
incomplete partitioning of the 201Hg(II) tracer to the peat within
the first day of the experiment. Me201Hg in the peat and
porewater was near or below the detection limit at t = 0 days, as
the treatment water contained exclusively 201Hg(II). At day 1,
Me201Hg production was detectable and variable across the five
treatments (net methylation rate over 1 day = 1.4−7.9%), which
is comparable to the reported range of Hg(II) methylation
observed in Everglades peat soils (typically 1−8% over 24
h).6,10,66 Notably, at day 1, Me201Hg production was higher in
the three lower salinity treatments (0.16, 0.25, and 0.5 ppt)
compared to the two higher salinity treatments (1.0 and 6.0

Figure 3. (A.) Porewater methylation efficiency presented as the percent of total porewater 201Hg asMe201Hg and distribution coefficients (log(Kd); L
kg−1) of (B) 201Hg(II) and (C) Me201Hg as a function of incubation time. Data points present average values of experimental replicates (n = 2) and
error bars represent the average deviation from the mean.
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ppt), suggesting a faster response to MeHg formation at the
early onset of saltwater intrusion. The 0.16 and 0.5 ppt
treatments reached maximum levels of methylation across all
treatments, with total methylation of 49−64% at 10−15 days in
the 0.5 ppt treatment and 57% at day 15 in the 0.16 ppt
treatment. The 6.0 ppt treatment demonstrated the lowest
Me201Hg production by day 15, with a mean total methylation
percentage of 21%.
Importantly, notable differences were observed in the timing

and magnitude of Me201Hg production and accumulation in
porewaters. In each of the elevated salinity treatments (0.25−6.0
ppt), a greater proportion of newly formed Me201Hg was
observed to accumulate in porewaters relative to the 0.16 ppt
treatment, as indicated by yellow hashed bars in Figure 2 (and
Me201Hg concentration in Supporting Information Figure
S10A). The mean fraction of total 201Hg as porewater
Me201Hg in the 0.16 ppt treatment was low in the first 6 days
(≤0.17%), eventually reaching a maximum of 0.94% on day 15.
Conversely, in the 1.0 ppt treatment, the fraction of total 201Hg
as porewater Me201Hg increased to 0.55% by day 2 and 3.1% by
day 15. Similar results were observed for the 6.0 ppt treatment,
with the fraction of total 201Hg as porewater Me201Hg increased
to 0.53% on day 6, and reached a maximum of 2.9% on day 10.
The net efficiency of 201Hg(II) methylation and/or

accumulation in the porewater (described hereafter as
“methylation efficiency”) was determined by quantifying the
percentage of total porewater 201Hg tracer converted to
porewater Me201Hg at each time point (Figure 3A). Because
the experiment design did not permit us to account for the
demethylation of Me201Hg to 201Hg(II),77 the observations
solely reflect net methylation efficiency at each time point. For
the 0.16 ppt treatment, the methylation efficiency was low from
0 to 10 days, increased from 10 to 15 days, and plateaued to a
maximum of 50 ± 7.4% (mean ± standard error, n = 4) between
15 and 20 days. In contrast, the 0.25, 0.5, 1.0, and 6.0 ppt
treatments exhibited methylation efficiencies that increased
dramatically from days 0−10 and plateaued from days 10−20
between 72 and 85%. At time points beyond 3 days, each
elevated salinity treatment (0.25−6.0 ppt) had statistically
higher methylation efficiency compared to the 0.16 ppt
freshwater treatment (Dunnett, p < 0.05, n = 40) but did not
differ significantly from one another (Tukey, p > 0.05, n = 40).
Taken together, these results demonstrate that the accumulation
of new Me201Hg in porewaters was higher at elevated salinity
compared to the 0.16 ppt treatment, both at short time intervals
(3−10 days) and at 20 days.
Distribution coefficients (Kd) of 201Hg(II) and Me201Hg were

quantified across each treatment through time (Figure 3B,C) to
determine salinity effects on the partitioning of Hg species
between peat and porewater. Across all salinity treatments, Kd
values of 201Hg(II) (Figure 3B) increase rapidly from day 0
onward (with no statistical differences observed between
salinities), governed by the rapid binding of Hg(II) with peat
likely via organic and inorganic reduced S.76 For Me201Hg
(Figure 3C), however, Kd values decreased with increased
incubation time for each salinity, most drastically in the elevated
salinity treatments of 0.5, 1.0, and 6.0 ppt. By day 15, each of
those treatments reached meanMe201Hg log Kd values of 2.28 ±
0.17, 2.18 ± 0.14, and 2.26 ± 0.08 respectively, compared to
3.00 ± 0.19 and 2.92 ± 0.01 (mean ± average deviation, n = 2)
for the 0.16 and 0.25 ppt treatments. By days 15 and 20, the 1.0
ppt treatment reached the lowest mean log Kd values of all
treatments (2.18 ± 0.14 and 2.14 ± 0.02, respectively; mean ±

average deviation, n = 2). Significant differences were observed
in log Kd values at time points >3 days between the 0.16 ppt
treatment and three elevated salinity treatments (0.5, 1.0, and
6.0 ppt; Dunnet, p < 0.01, n = 40). These results demonstrate
that at elevated salinity, newly formed MeHg in inundated peat
soil has a greater distribution in porewaters, with evidence of
moderate saltwater intrusion of 0.5 ppt having the largest effect
(Figure 3C).
We further evaluated the effect of salinity on Hg fate by

evaluating if the ambient Hg pool in the peat and porewaters
displayed increased Hg(II) methylation and accumulation of
MeHg in porewaters in response to modest salinity increases
(Supporting Information Figure S11). Consistent with the
201Hg(II) spike (Figure 3), the ambient porewater % MeHg (1)
was significantly elevated in the four highest salinity treatments
compared to the 0.16 ppt treatment, (2) steadily increased with
incubation time, and (3) was a substantial proportion of the
ambient porewater total Hg (36−85% at day 20; Supporting
Information Figure S11A). The distribution coefficient of
ambient Hg(II) was uniform over the course of the experiment
(Supporting Information Figure S11B), which was anticipated
because the reservoir of peat Hg(II) is expected to primarily be
unavailable to remobilization. For ambient MeHg, in contrast,
the log Kd was ∼5.0 at the start of the incubations, which is
similar to ambient conditions measured across Everglades
wetlands,78 and decreased to <3.0 with increased incubation
time at the four higher salinities (Supporting Information Figure
S11C). Thus, modest increases in salinity resulted in an increase
in the formation and accumulation of ambient MeHg in
porewaters. In summary, the methylation of ambient Hg(II) in
the cores was highly consistent in magnitude, timing, and extent
as the 201Hg(II) spike over a 20 day incubation, providing clear
evidence that the 201Hg(II) tracer was representative of ambient
Hg(II) and responsive to biogeochemical processes observa-
tions in cores over the 20 day incubation.
Biogeochemical Effects of Salinity Increases on

Mercury Methylation in Peat Soils. This study presents
the first detailed laboratory assessment of the response of Hg(II)
methylation to moderate salinity increases in coastal peat soils.
Our findings suggest that the inundation of peat by moderate
salinity water, common at the onset of saltwater intrusion,
results in rapid and enhanced MeHg accumulation in pore-
waters, as evidenced by distribution coefficients (Kd) and
methylation efficiencies of the 201Hg(II) tracer (Figure 3) and
ambient Hg(II) (Supporting Information Figure S11). Although
under the conditions of the experiment, a similar magnitude of
net MeHg formation was observed in the peat across the five
salinities over 20 days (Figure 2) the accumulation of MeHg in
porewaters was strictly observed at higher salinities (≥0.25 ppt;
SO4

2− = 7.2 mg L−1). Concomitant with overall MeHg
production and porewater MeHg accumulation, we observed
increases in porewater DOM α254 and SUVA254 and decreases in
DOM SR (Figure 1F−H), indicating increases in the
concentration of aromatic DOM with time during the 20 day
incubations.37,55 Further, at higher salinity treatments (0.25−6.0
ppt), MeHg production was observed concurrent with increases
in porewater sulfide concentrations due to dissimilatory SO4

2−

reduction (Figure 1C,D). The biogeochemical processes
governing the production and partitioning of MeHg in response
to salinity increases, with an emphasis on aqueous ligands of
201Hg(II) and MeHg (DOM, inorganic sulfide, Cl−) and
microbial processes, are evaluated below.
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Linear regression and Spearman’s rank correlation analyses
between porewater methylation efficiency and pertinent
parameters of geochemical ligands (total sulfide concentration,
DOC concentration, DOM SUVA254, and α254) provide
evidence of the underlying drivers of increasing formation and
accumulation of MeHg in porewater in higher salinity
treatments (Figure 4). First, at each elevated salinity treatment
(0.25−6.0 ppt), there were strong positive correlations between
sulfide concentrations and both porewater methylation
efficiency (Spearman’s rank, p < 0.05) and porewater Me201Hg
concentrations (Spearman’s rank, p < 0.002). The 1.0 ppt
treatment displays the strongest positive trends between sulfide
and MeHg and methylation efficiency (Figure 4D). Second,
DOM concentration and composition were also controlling
factors in influencing the lability of aqueous Hg(II) to
methylation. Across all five salinities, the DOM α254, which
encompasses both DOC concentration and DOM aromaticity,
correlated positively with porewater methylation efficiency.
Speciation calculations of Hg(II) in porewaters (detailed in
Section 1.5 of the Supporting Information, Figure S13) at
experimental DOM and sulfide concentrations supports the
predicted presence of β-HgS(s) under most conditions in this
experiment (sulfide >0.03 mg L−1). When sulfide was below the
limit of detection (<5 μg L−1), aqueous Hg(II)−DOM
complexes were predicted to dominate Hg(II) speciation even
in the presence of Cl− at brackish concentrations.
DOM and SO4

2− also had a significant impact on the
distribution coefficient ofMe201Hg. The distribution coefficients
ofMe201Hgwere significantly lower at higher salinity treatments,
indicating a higher proportion of MeHg in porewater compared

to peat. The Spearman’s rank correlation analysis shows that, for
salinity 0.50 to 6.0 ppt, the log Kd for Me201Hg was significantly
negatively correlated with DOM α254 (Figures 4C−E and 5).We
interpret this result to reflect the strong binding of MeHg to
DOM in porewaters (stability constants for MeHg−DOM
ranging from 1012 to 1016.5 via thiol groups);63,79 salinity induced
release and microbial processing of DOM in pore waters (Figure
1) increased the concentration of DOM to complex MeHg, as
observed for both Me201Hg (Figures 3 and 5) and ambient
MeHg (Supporting Information Figure S11). Aqueous Cl−, an
important aqueous ligand for MeHg in estuarine waters,7 was at
a higher concentration in elevated salinity treatments (Support-
ing Information Table S4). However, geochemical speciation
calculations for MeHg in porewaters, conducted at an average
DOC concentration of porewaters across the range of Cl− of the
five salinities, showed that ≥97.6% of the MeHg was present as
MeHg−DOM complexes between 0.25 and 6.0 ppt (detailed in
Section S1.5 and Figure S14 of the Supporting Information).
Thus, we can discount the effect of Cl− as an aqueous ligand
influencing MeHg speciation and distribution coefficients up to
6.0 ppt salinity under the high DOC concentration here. Taken
together, these observations support a conceptual under-
standing that that elevated SO4

2− at higher salinities results in
increased concentrations of aqueous ligands (DOM, sulfide)
that enhance the production and stabilization of MeHg in
porewaters.
Greater SO4

2− concentrations due to elevated salinity also
govern Hg biogeochemistry by influencing microbial processes
linked to MeHg formation. Dissimilatory SO4

2− reduction was
evident based on the formation of sulfide as early as 2−3 days

Figure 4. Spearman’s rank correlation matrices for porewaters from treatment salinities (A) 0.16, (B) 0.25, (C) 0.50, (D) 1.0, and (E) 6.0 ppt. Darker
red boxes at the intersection between two parameters indicate a stronger positive correlation; darker blue boxes represent a stronger negative
correlation. Boxes at intersections between two significantly statistically correlated parameters (Spearman’s rank, p < 0.05) are represented as an open
box. Boxes at intersections between two insignificantly statistically correlated parameters (Spearman’s rank, p > 0.05) are represented by a box with a
black X symbol. S2− concentration correlations are omitted from panel A due to S2− being below the detection limit in all but one core at 0.16 ppt.
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following inundation in 0.25−6.0 ppt treatments and, as noted
above, sulfide concentration correlates to MeHg formation
across a range of salinities. Experimental studies in the
Everglades highlight the stimulation of MeHg production by
SO4

2−.10,25 However, in freshwater portions of the Everglades
that have similar SO4

2− concentrations (from agricultural
sources)35,45,46 as the experimental conditions used in this
study (0.20−454 mg L−1), microorganisms with the dissim-
ilatory SO4

2− reduction genes (e.g., dsrA) did not possess the
prerequisite genes for Hg(II) methylation (hgcAB).6 In other
freshwater aquatic environments with elevated SO4

2−, micro-
organisms with the dissimilatory SO4

2− reduction genes (dsrA)
do possess the hgcAB gene pair.80−82 This observation highlights
the need for further research to better understand the exact role
of SO4

2− reducing microorganisms inMeHg production across a
range of environmental conditions. SO4

2− reducing bacteria may
operate in syntrophy withmethanogens to produceMeHg;6,25,27

thus, it is unclear if SO4
2− reducing bacteria are directly or

indirectly involved in Hg(II) methylation in this system. While
Fe reducing bacteria are also known to produce MeHg, there
was no evidence of hgcAB in metagenomes of iron-reducing
bacteria within freshwater environments of the Everglades6

further suggesting that these organisms do not play an important
role in MeHg production in this study. Ultimately, future
microbial studies would fill a key knowledge gap on the
importance of SO4

2− reducing bacteria on MeHg formation in
coastal environments experiencing sea level rise.
Together, these results highlight the complex influence of

SO4
2− on MeHg formation and partitioning. Dissimilatory

SO4
2− reduction indirectly influenced Hg(II) methylation by

increasing Hg(II) bioavailability via the formation of nano-β-
HgS(s), enhancing DOM sulfurization,35 and/or increasing
DOC concentration and aromaticity of DOM.32,33 The
stimulation of SO4

2− reduction at elevated salinities is expected
to increase the rates of anaerobic respiration and organic C

mineralization of peat organic matter and DOM.28,49,69,70,83

This increase in organic C mineralization is evident in both the
1.0 and 6.0 ppt treatments, where significant increases in DOM
SUVA254 (Figure 1G) and α254 (Figure 1F) were observed with
increased incubation time. We interpret these observations to
reflect a DOM pool becoming more aromatic at longer
incubation times due to preferential microbial mineralization
of lower molecular weight DOM and release of high molecular
weight, aromatic DOM from peat. These processes are expected
to enhance porewater Hg(II) concentrations (via complexation
with DOM)30 and bioavailability to methylating microbes, as
has been shown in the field with complex microbial consortium6

and the laboratory with pure cultured organisms.33,34,36 Further,
DOM released at higher salinities is expected to stabilize the
produced MeHg in porewaters compared to low salinity, SO4

2−

free treatment. The multifaceted role of SO4
2− on Hg

biogeochemistry observed in our microcosm peat cores agrees
with previous observations of the stimulation of Hg(II)
methylation by SO4

2− in the freshwater6,10,11 and coastal Florida
Everglades,23 and other freshwater wetlands.20−22 Further, the
observed production and mobilization of MeHg from peat as a
result of saltwater intrusion in this study aligns with field
observations of the redistribution of MeHg between peat and
porewater in responses to increases38 and decreases84 in SO4

2−

loading.
This study supports a conceptual model whereby the onset of

saltwater intrusion could have profound impacts on the cycling
of Hg in the Florida Everglades and other coastal peatlands on
both short- and long-term time scales. Due to the gentle
elevation gradient of the Shark River Slough and the southern
Florida Everglades,42 extensive areas of coastal wetlands can be
inundated by wind- and storm-driven surges18 and seasonal
hydrologic fluctuations17 attributed to the freshwater delivery to
wetlands. These events will be exacerbated by rising sea levels
due to climate change.17 Our work further suggests that even a
brief influx of seawater SO4

2− from storm events or tidal cycles to
freshwater peat with as little as 0.25 ppt (∼10 s mg L−1 SO4

2−)
could exacerbate net methylation of Hg(II) in porewaters, as
these conditions are observed as ideal for maximum MeHg
production in many environments with intermediate levels of
sulfide.10,85 Under tidal conditions, produced MeHg that is
complexed to DOM and stabilized in porewaters (i.e., lower log
Kd values) (Figures 3C and 5) is available to be transported to
coastal waters through tidal pumping, a phenomenon observed
in coastal Everglades sites with MeHg mobilized with high
aromatic DOM.9 Storm surges can often result in the ponding of
high salinity waters far inland,18 and may have a similar effect.
Further, as these ponded conditions recede, the draining waters
would carry with them elevated levels of mobilized MeHg. Our
findings further suggest that MeHg formation rate in response to
SO4

2− inputs may be slower at higher salinities compared to
lower salinities, as the accumulation of MeHg and sulfide in
porewater was demonstrably slower at 6.0 ppt than at lower
salinities (0.25−1.0 ppt) (Figures 1D and 2). The underlying
reasons for this observation require more investigation but may
be due to osmotic stress on microbial communities at higher
salinities.86 Our results contrast an evaluation of coastal
wetlands at three salinities in South Carolina (<0.30, <5.0, and
2−10 ppt), which reports lower ambientMeHg concentration at
higher salinities up to 10 ppt in wetlands that had undergone
transformations due to prolonged salinity increases.87 This
discrepancy may reflect the long-term versus short-term MeHg
response to sea level rise, with the former resulting in wetland

Figure 5. Linear correlation between the distribution coefficient of
Me201Hg (log(Kd); L kg−1) and the DOM absorbance at 254 nm (α254,
cm−1) for the four highest salinity treatments. Statistical outliers for
distribution coefficient ofMe201Hg (log(Kd); L kg−1) (n = 4 at 0.25 ppt)
were identified and removed from the regression.
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transformations that decrease organic C stocks in soils83 over a
time frame greater than those evaluated in this study.
The implications of elevated rates of MeHg production due to

salinity increases may enhance MeHg export9 and uptake in the
aquatic food web.13,15,44 This may explain why a survey of game
fish from coastal Everglades National Park observed the highest
concentrations of MeHg at the intersection of marine and
freshwaters,15 which could have implications for humans5 and
marine mammals.44 Coastal communities historically have the
highest exposure of MeHg through consumption of fish and
shell-fish,5 which could be exacerbated by biogeochemical
changes to coastal wetlands as a result of sea level rise. Future
field-based research would aid in filling key knowledge gaps on
the linkages between saltwater intrusion and the biogeochem-
istry of MeHg formation in coastal wetlands vulnerable to sea
level rise16 under different hydrologic regimes (e.g., tidal cycles,
storm surges, or changes in seasonal freshwater delivery),
ecological impacts to coastal environments (e.g., mangrove
dieback), and consequent changes in the DOM pool, peat
integrity, and microbial community governingMeHg formation.
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