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ABSTRACT

The Influence of Anthropogenic Nitrogen and Sulfur on Mercury Methylation:
From Wetland Sediment to Upland Soil

Jeannette Isabella Calvin

Monomethylmercury (MeHg, CHsHg") is a neurotoxin that bioaccumulates in the food web.
Previous investigations have found eutrophication to be associated with both increases and
decreases in MeHg accumulation. We embarked on a time series study at Younger Lagoon
Reserve, adjacent to agricultural fields, to investigate the influence of anthropogenic nitrate
on MeHg production in a local lagoon. Our work hints at why it is possible for dichotomous
results to exist, and also again demonstrates that sulfur is an important control on MeHg
production. MeHg production in soils has received less attention than wetland and marine
environments, yet agricultural soils such as vineyards are of interest as they receive
elemental sulfur applications. Our research reveals the results of a first inquiry into the fate of

sulfur in vineyards and its implications for potential methylation.
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CHAPTER 1. Introduction

Mercury (Hg) can occur in the elemental form, Hg®, which is gaseous, as an ion,
inorganic Hg(ll), and also exists in organometallic forms. Combustion of fossil fuels is a
source of anthropogenic Hg to the atmosphere, as Hg stored in coal deposits is released.
Atmospheric wet and dry deposition of Hg(ll) and HgP are one source of total mercury (HgT)
to a given locale. Thus, processes such as litterfall from trees provide a source of Hg to
terrestrial soil and mobilization of terrigenous material delivers Hg to the sediments of lakes
and coastlines. In addition, a region may have elevated Hg as a consequence of historic or
recent processes such as effluent from chlor-alkali plants, ores from Hg mining, or release of
Hg? from artisanal Au mining.

When Hg(ll) becomes methylated, it is converted to organometallic forms,
monomethylmercury (MMHg") and dimethylmercury (DMHg), which collectively are often
referred to as MeHg. While all forms of Hg are toxic, MeHg poses a greater risk to humans
than the others because it most readily bioaccumulates in organisms and is biomagnified with
trophic transfer, which allows for concentrated Hg exposure when MeHg-enriched food is
consumed (Clarkson et al. 2003; Zhang et al. 2010; Karimi et al. 2012). Hg(ll) can become
methylated abiotically or biotically. While it has been given less research attention, the MeHg
degradation process, demethylation, also occurs by both abiotic and biotic mechanisms.
Some abiotic demethylation processes are photocatalyzed (Lehnerr et al. 2009) and some
occur under dark conditions (Kronberg et al. 2018; West et al. 2020). However, geochemical
influences on biotic processes are the focus of the work presented here.

Over the past three to four decades, biotic Hg methylation, a process thought to be
mediated exclusively by anaerobic microbes (Gilmour et al. 2013), has received research
attention focused on unraveling drivers of net MeHg production and elucidating which
organisms are involved. Locations of high MeHg production are typically anoxic or hypoxic
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environments, though there is mounting evidence that anoxic microsites within particulates in
the water column (Ortiz et al. 2015; Gascon Diez et al. 2016), periphyton (Hamelin et al.
2011), and soils (Huang and Mitchell, 2023) support methylation by anaerobic bacteria in
broadly oxic environments.

To date, a myriad of microbes, including sulfate-reducing and iron-reducing bacteria,
methanogens, and archaea have been confirmed to methylate mercury. Parks et al. (2013)
revealed that the ability to methylate was associated with possession of the gene pair hgcAB
and subsequent studies have focused on associating this gene and its abundance with
biogeochemical conditions and concentrations of analytes or microbial types in various
environments (Podar et al. 2015; Ma et al. 2017; Wang Y-L et al. 2024). The current
knowledge of organisms reported with hgcA, or similar sequences, along with the sequences
and identities with those who have been confirmed to methylate Hg has been expertly
summarized in a database called Hg-MATE (Gionfriddo et al. 2021). Like methylation, biotic
demethylation is also thought to be catalyzed by microbial enzymes, and three pathways
have been proposed: reductive demethylation (Spangler et al. 1973; Parks et al 2009) (also
called mer-dependent demethylation (Barkay and Gu, 2022), oxidative demethylation
(Oremland et al. 1991), and most recently, methanotrophic demethylation (Lu et al. 2017).

Microbial identity and possession of HgcA or a similar protein is only a limited part of
the story of unraveling environmental Hg methylation and demethylation dynamics.
Geochemical parameters are also at play, and accordingly, LOI (a proxy for organic carbon
content), salinity, pH, nitrogen species, sulfur species, and other variables have been
examined and implicated as influential in different environments. While an environment
would require Hg(ll) to be present to get methylated, once that condition is met there is a lack
of consensus as to which other geochemical variables control the process of MeHg
production, as results are frequently site specific.

The research presented here is on Hg cycling dynamics in both wetland and upland

environments, though the Hg story became inseparable from studying mercury’s near-
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constant companion, sulfur. Hg is a chalcophile and enters into complexation with sulfide to
form cinnabar, HgSs.iid, and other dissolved HgS species, and is known to have a high affinity
for organic matter likely as a consequence of reacting with S-containing cysteine residues.
Indeed, sulfur species come into play throughout this work, in Chapter 2 by contributing to a
hindering matrix effect requiring method development to overcome, in Chapter 3 as a fuel
(sulfate) and a byproduct (sulfide) of bacterial metabolism, and in Chapter 4, in the form of
elemental sulfur, S°, as an agricultural amendment. Sulfur (oxidized and reduced forms)
have been implicated in Hg methylation but can have bi-directional effects on the process.
Sulfate can stimulate MeHg production by sulfate-reducing bacteria, up to a threshold
concentration, but too much sulfide accumulation as a result of sulfate-reduction limits Hg
bioavailability to microbes. The process is summarized in Figure 1, which is based on the
work of Benoit and colleagues (Benoit et al. 1999a; Benoit et al. 1999b; Benoit et al. 2001a;
Benoit et al. 2001b).

Organic carbon fuels the metabolisms of heterotrophic organisms, and so their
metabolic activity depends on its availability. Studies have extensively examined how
microbial metabolisms respond to the quantity, structure, and bioavailability of organic matter.
Organic carbon has also been suggested to play a role in the bioavailability of Hg(ll) to
microbes (Chiasson-Gould et al. 2014), and a large amount of OM has been associated with
reducing accumulation of MeHg in the marine food web (Driscoll. et al. 2012). While Chapter
3 discussion goes into a more comprehensive discussion, nitrate and OM are both involved in
biotic Hg cycling. The free energy of available electron acceptors can induce competition for
OM by microbes (e.g., Bentzen, 1995), which affects who survives, and can impact Hg
cycling. Previous results have found stimulation of demethylation and suppression of
methylation under nitrate addition. (Hines et al., 2012; Todorova et al. 2009). Future work
will tell us what role, if any, nitrate-reducers (by denitrification or DNRA), ammonia-oxidizers,

and nitrite-oxidizers play in MeHg cycling.



As the influences of these variables, and others, cannot be easily isolated in the
environment, researchers have turned to microcosm studies to help to unravel the effects of
geochemical parameters. These are (usually) anoxic experiments conducted in vessels
containing environmental media (sediment, soil, periphyton, or seawater) in which the native
microbial community has been preserved to the extent possible. The media is amended with
enriched Hg-isotope spikes, in the forms of ***Hg(ll) for tracking MeHg formation and
XXXCH3sHg for tracking demethylation (Hintelmann and Evans, 1997). The pseudo-first-order
rate constants, kmeth and Kqemetr (day™"), can be determined by the calculations described in
Ourdane et al. (2009). While these studies provide a technique for isolating variables of
interest in a complex biogeochemical framework, they can have limited relationships to
observations in the environment and are typically described as methylation or demethylation
“potentials” (Mitchell and Gilmour, 2008). However, this type of study provides snapshots of
responses to perturbations, for example, in chemical transformations of Hg, N, S, or C by
microbes, and/or of the microbial community composition at points in time after chemical
amendments. Table 1 presents some of the findings specifically of the influences of N and S
amendments, though a much more elaborate variety of experiments has been performed with
other nutrients, microbial inhibitors, radiotracers, and genomic techniques.

The work presented in Chapter 3 began as a time series experiment at Younger
Lagoon Reserve, with an aim of tracking relationships between HgT concentrations, MeHg
concentrations, and nitrate concentrations in surface and porewaters, along with other
parameters, over the course of a whole year. The initial design called for one sampling event
per season, however a June time point was pushed to August due to the COVID-19
pandemic. Arrival of wildfires and ashfall in August precluded fieldwork and sampling was
pushed to October 2020, which then represented the Autumn time point. Autumn was the
season the sediment for the microcosm experiments was collected, though the original plan
was to sample in Summer when microbial load was anticipated to be highest. The Autumn

sampling was repeated in October 2022 for consistency in observations, though it is
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important to note that high sulfide conditions in October most likely had an effect on
methylation and demethylation potentials determined in the microcosms, and that samples
from a different season could have yielded a different result. Furthermore, after 2020, the
agricultural fields surrounding the lagoon were fallow, and did not receive N amendments as
they had in previous years. Therefore, the system examined in 2022 experienced a different
range of nitrate concentrations. At Beach Zone, December 2022-June 2023 had nitrate
concentrations ranging between 0-40 uM nitrate (K. Prelich,personal communication, June 2,
2024) whereas the range of nitrate concentrations from 2019-2020 was 0-163 uM between
December 2019-April 2020. It is possible that the response to amendments in 2022
microcosms is not directly comparable to those from 2020, as the microbial community
composition may have been different, and was not characterized in Autumn 2022.

It is worth noting that kmeth in the brackish estuarine sediment of Younger Lagoon, at
sandy Beach Zone, are on the order of ~1%/day, and in the further inland location of YL, East
Fork, anticipated to be more influenced by the agricultural fields surrounding the reserve, are
~0.1%/day. Rates within agricultural soils and upland soils are on the order of 0.01%/per day
and overlap with those at East Fork. It appears that East Fork sediment is composed
partially of the sandy, ocean-influenced wetland endmember and also from an organic-rich
and clay-rich agricultural and terrestrial soil endmember. Even though East Fork is saturated
and the upland forest soil site is not, the two sites had similar kmeth, HgT concentrations, and
organic matter percentages (w/w), with vineyards and grassland having lower Kmeth and lower
organic matter percentages and HgT concentrations. Beach Zone, with <1% (w/w) organic
matter and a smaller HgT concentration, had higher kmetn values, but lower MeHg
concentrations. If crude estimates of rates of MeHg production are calculated based on the
average kmeth (per day) multiplied by the average HgT concentration at each site, upland
forest sites and East Fork sediment have similar rates of ~0.19 ng g day' and ~0.18 ng g™
day, respectively. Estimated rates of MeHg production in wet vineyards would be lower, at

~ 0.065 ng g day' and at Beach Zone, higher, with a rate of ~ 0.36 ng g™ day’. Beach
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Zone is notable as it has the lowest organic matter content of the sites compared, and the
lowest HgT concentrations, but the highest kmeth values and the highest estimated rates of
production. An absence of high MeHg concentration at Beach Zone may be as a result of
limited amounts of organic matter to bind the MeHg, which allows it to enter porewater and
mobilize, rather than accumulating in the sediment.

Within the lagoon sediments and in the upland soils, reduced forms of sulfur and
ambient sulfate concentration respectively were associated with a suppression of kmeth. The
findings may have been due to limited bioavailability of Hg(ll) as a result of sulfide
accumulation, though more work would need to be done to confirm this hypothesis. Nitrate
was associated with a suppression of kgemeth at Beach Zone, while kmeth was unaffected. As
microbes expected to be outcompeted by nitrate reducers would be expected to impact both
methylation and demethylation potentials, why kmeth and kdemeth did not move in concert at YL
Beach Zone is unknown. Metabolic flexibility of heterotrophic SRB capable of switching to
nitrate-reduction was proposed as a speculative mechanism by which kmetn could go
unchanged while demethylation was suppressed under nitrate treatment. Such an argument
depends on the assumptions that SRB could still methylate Hg while performing nitrate
reduction and that heterotrophic denitrifiers would have contributed significantly to
demethylation were they not outcompeted for organic carbon by SRB utilizing nitrate.
Despite a lack of evidence for direct stimulation to Hg methylation by nitrate, the results of
microcosm assays indicate that nitrate from anthropogenic sources could lead to net Hg

methylation within a system through a mechanism of lessened demethylation.
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Figure 1. A cartoon depicting the biogeochemical controls on the production of MeHg.
The upper left wedge of the figure shows a generic, heterotrophic, sulfate-reducing
bacterium (SRB) operating under conditions of elevated sulfide (>10 uM). These
conditions favor the formation of charged HgS complexes, which do not diffuse readily
across bacteria cell membranes. Black X’s indicate processes which are suppressed
under this range of sulfide conditions. The lower right wedge of the figure shows SRB
behavior under conditions of lower sulfide, where uncharged HgS complex formation
is favored, Hg is bioavailable to SRB cells, and Hg methylation occurs.



Table 1. A comparison of methylation and demethylation potentials across studies
with nitrogen and sulfur amendments. Methylation and demethylation pseudo-first-
order rate constants were multiplied by 100 to report all in units of percent per day.
BD indicates below the limit of detection. ND indicates no data available and NA
indicates not applicable.
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Table 1. Continued: A comparison of methylation and demethylation potentials across
studies with nitrogen and sulfur amendments.
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Table 1. Continued: A comparison of methylation and demethylation potentials across
studies with nitrogen and sulfur amendments.
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Table 1. Continued: A comparison of methylation and demethylation potentials across
studies with nitrogen and sulfur amendments.
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CHAPTER 2. Improved Total Mercury Analysis in Estuarine Porewaters from Longer
Oxidation Times

Abstract

Quantification of aqueous total mercury (HgT) from environmental samples by Cold-Vapor
Atomic Fluorescence Spectroscopy (CVAFS) depends upon a complete oxidation of ligands
capable of coordinating Hg(ll) and preventing its reduction to Hg® prior to detection.
Dissolved organic matter (DOM) and sulfide are examples of ligands responsible for matrix
effects that can be eliminated with oxidative digestion. The standard method, EPA 1631,
employs bromine monochloride as an oxidant and recommends digestion durations on the
order of hours. However, during the course of research at an estuarine wetland, we found
some porewater samples failed to oxidize completely under the established conditions of 2%
BrCl and a 12-hour room-temperature digestion. The standard method recommends
increasing the amount of BrCl in such cases, however our samples suggest that there exists
a subset of brackish porewater samples which have low enough Hg to warrant avoiding the
increased Hg blank associated with 5% BrClI (v/v) but that have analytical interference due to
recalcitrant DOM. Here we present the results of oxidative digestion trials encompassing a
range of BrCI concentrations (0.25-5% v/v) and extended digestion periods (12-24 hours, 2-
24 days) designed to reveal conditions that would best support oxidation of organic ligands
while minimizing the reagent blank. A 24-day incubation treatment yielded larger observed
values of Hg when compared to a 14-day incubation or a heated water bath treatment during
the first set of trials (1-8). For subsequent trials 12-16, porewater was treated with 5% (v/v)
BrCl and again, a 24 day digestion yielded larger values of Hg compared to EPA Method
1631 or a heated water bath. Therefore, a 24-day room temperature digestion was identified
as the most appropriate condition to support complete oxidation of ligands within brackish
porewater samples. Furthermore, it was found that 5% (v/v) BrCl was required for complete

oxidation of Hg in lagoon porewater samples, which suggests that 5% (v/v) BrCl is
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appropriate for some natural waters, which may pose as complex of matrices as wastewater

effluent.

2.1 Introduction

Wetland and estuarine water samples frequently pose matrix effect obstacles for the
chemical analyst due to high concentrations of dissolved organic matter (DOM), salinity, and
sulfide, all potentially capable of interfering with the determination of an analyte of interest.
The detection of total mercury (HgT) in saline porewater is no exception. Room temperature
bromine monochloride (BrCl) addition is an established technique in routine use with both
freshwater and marine samples to both oxidize potential interferants and render organo-
mercury species into Hg(ll) prior to reduction with SnCl2 and purge-and-trap pre-
concentration (Gill and Fitzgerald 1987). The standard method, EPA 1631, employs this
approach, indicating that 0.5% (v/v) of stock BrClI reagent is appropriate for clear samples
and 1.0% (v/v) BrCl for brown or turbid samples to achieve full oxidation of organic matter
with a digestion period on the order of hours (USEPA 2002). In extreme cases, the method
suggests using as high as 5% (v/v) BrCl to digest highly organic matrices such as wastewater
effluent. Alternatively, the work of Lang et al. (2005) examined the efficacy of BrCl digestion
for total Hg in freshwater, under cold and microwave-assisted digestions. The results of the
study indicated that 2% (v/v) BrCl and a minimum 2-day cold digestion was optimal, with the
increase from 1% to 2% (v/v) BrCl being essential for complete oxidation of samples
containing >7.49 mg/L DOC. Furthermore, the results of Lang et al. indicated that heating the
samples via microwaves could cause unintended degradation of the analyte. We have found,
working in brackish waters with high dissolved organic carbon and sometimes sulfide, that
adherence to EPA protocols was insufficient for complete digestion of estuarine porewater
samples under the time periods investigated. This was indicated by some samples retaining
some of their original coloration or developing a haze following reduction of BrCl with NH.OH

prior to further analysis. The samples encountered during the current work suggest that there
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exists a subset of brackish porewater samples which have low enough Hg to warrant
avoiding the increased Hg blank associated with 5% (v/v) BrCl but that have analytical
interference due to recalcitrant DOM.

Thus, our study explores options for overcoming matrix effects when working with
brackish porewater samples that contain both elevated DOM and sulfide. The study aims to
provide an effective methodology when processing samples that cannot be subjected to 5%
(v/v) BrCl as the HgT concentration of the sample is insufficient to detect above the blank but
when the samples still contain complexing ligands that must be oxidized fully prior to HgT
determination. We compared the efficacy of 1) increased concentration of BrCl, 2) increased
digestion time, and 3) heating the sample after adding BrCl, or a combination. While some
authors found UV-oxidative pre-treatment before BrCl addition to be essential for complete
Hg recovery in aqueous samples (Olson et al. 1997), our initial study was designed with the
goals of eliminating the requirement of a UV-light producing apparatus and limiting the total
amount of BrCl used to 2% (v/v). However, it was later found that some natural water
samples require the use of 5% (v/v) BrCI to overcome the matrix interference.

A replicate experiment conducted in September-October 2023 was designed to
examine the reproducibility of the results from trials 1-8, with all four digestion treatments
compared on porewater of the same identity (same day and depth of collection). BZ and EF
samples, from 2 different depths each, were treated with 2% (v/v) BrCl and subjected to EPA
Standard Method 1631, a heated water bath, or a room-temperature 14-day or 24-day
digestion in trials 9-12. A following round of trials (13-16) included porewater from EF 2 cm
and 10 cm depths treated with 5% (v/v) BrCl, as 2% (v/v) BrCl was found to be insufficient to

fully oxidize the available Hg.
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2.2 Methods

Porewater and Surface Water Sample Collection

All samples were waters collected from Younger Lagoon Reserve (YL; 37° 57° 5” N,
122° 3’ 51”7 W; https://ucnrs.org/reserves/younger-lagoon-reserve/), which includes a 10.1-
hectare estuarine wetland in Santa Cruz, California. The Lagoon experiences a brief
connection to the ocean during the winter when waves and tides combine to erode its barrier
beach. Following this, the beach reforms and the Lagoon receives fresh groundwater and
rain that mixes with the entrained seawater, leading to a freshening through the winter and
spring. The dry summer and fall then lead to a gradual increase in salinity and lowering of
water level through evaporation and groundwater transport to the ocean.

Two sites within YL were selected for Hg biogeochemical studies due to their
dramatic differences. The Beach Zone (BZ) site at the southern end of the Lagoon represents
locations with sandy, low organic carbon sediments. In contrast, the East Fork (EF) site at the
northeast end of the Lagoon possesses clay- and organic matter-rich sediments and is
located further inland. Water depths during sampling were never greater than about 1.5 m,
and the sites were accessed with waders. At both sites, 1-L surface water grab samples were
collected in acid-cleaned Teflon bottles, with each vessel being rinsed 3x before collection.
Porewaters were collected through a %4” stainless steel push piezometer (MHE Products)
inserted into the sediment by hand and sampled in 2 cm increments down to 20 cm depth
(similar strategy to (Lutz et al. 2008). Acid-washed C-flex tubing was attached to the
piezometer and a peristaltic pump was used to draw porewater out of the sediment until
about 250 mL was collected. A mesh guard (MHE) was taped around the outside of the
piezometer inlet to prevent clogging by plant roots or particulates. Porewater samples were
capped and placed in amber bags inside a cooler until transported to the lab. In the lab, the
porewater and surface water samples were filtered with a 0.45 um groundwater capsule filter

(Millipore Sigma GWSC04501) and acidified to 0.1% (v/v) with 12 M HCI before storage
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double-bagged at 4 °C. The capsule filter was rinsed with 2 L of 18 MQ-cm water before any
samples were passed through and was rinsed with 0.5 L 18 MQ-cm water between each

sample.

Experimental Design & Success Criteria

Trials 1-8

The experiments described below were grouped into several different rounds which
coincided with seasonal sampling for our broader biogeochemical studies. Within a round,
different trials consisting of combinations of our primary variables (time, temperature, oxidant
amount) were conducted. For an oxidation trial to be considered an improvement relative to
the others in the same round, the concentration of Hg determined in porewater at each depth
within a porewater profile needed to be at least as large as the concurrent trials and the
sample needed to be clear (not cloudy or colored) upon addition of hydroxylamine
hydrochloride following BrCl digestion. Three rounds of trials were conducted to evaluate the
effects of BrCl concentration, digestion time, or heat treatment. Round 1, conducted using
porewaters collected in December included Trials 1-3, was designed to reveal the minimum
concentration of BrCl that supported complete oxidation of porewater for both locations within
the lagoon, Beach Zone (BZ) and East Fork (EF). Trial 1 samples were allowed to incubate
for a minimum of 12 hours. The dissolved HgT analysis was performed over 3 days which
meant that samples later in the analytical queue digested for >12 hours. It was observed that
longer incubation times had an effect on the amount of Hg recovered from the samples, thus,
the second round of trials (Trials 4 and 5, April porewater) focused on increasing the
digestion time to 4 days while comparing two different BrCl concentrations. For December
and April trials, samples with digestion periods > 12 hours were double bagged in zip-sealed
bags and incubated in a closed plastic chamber to minimize uptake of Hg® from laboratory air.
The third round of trials (Trials 6, 7 and 8) focused on samples only from EF collected in
October with the goal of achieving complete oxidation with a maximum BrCI concentration of
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2% (v/v). Samples were treated with 2% (v/v) BrCl and subjected to 14- or 24-day ambient
temperature digestions (Trials 6 and 8) in comparison with a 6-hour digestion in a 50 °C
water bath (Trial 7) as indicated by EPA Method 1631 for difficult-to-oxidize samples. Not all
depths had a representative sample for each of the three trials (i.e., insufficient volume from 2
cm depth for multiple trials), thus depths with missing observations were not available (NA)
and could not be included in paired statistical tests. This resulted in a final sample size of n=4
for EF October samples when comparisons were made between the three trial conditions.
October samples and associated reagent blanks were prepared in crimp-sealed glass
vessels to reduce gas permeability (rather than Teflon bottles as were used previously) in

preparation for longer oxidation periods on the order of weeks.

Trials 9-16

Crimp-sealed glass vessels were also used for all replicate trials. EF samples were
from 2 and 10 cm depth and BZ samples were from 2 and 20 cm depth. Porewater from 20
cm depth at EF could not be collected due to complete clogging of the piezometer. Trials 9-
12 treated EF and BZ porewaters with 2% (v/v) BrCl, and four replicates of each of four
treatment conditions (EPA Method 1631, 6-hour digestion in a 50 °C water bath, 14-day or
24-day ambient temperature digestions) were created and analyzed. In trials 13-16, samples
were treated with 5% (v/v) BrCl and underwent the same four treatments as for trials 9-12.
Trials 13-16 were conducted on EF porewater (n = 4) from each of two depths. A summary of
each of the treatment conditions for Trials 1-16 and the identity of the samples subjected to
each treatment is shown in Table 2. It was observed that porewaters transitioned from
having visible white, flocculated clumps (presumed to be polysulfide) suspended in the
porewater to transparent yellow solution after digestion for 24 days. The change in texture
and color was used as a qualitative indicator that sulfide had oxidized to sulfate (Hubert and

Vourdow, 2007).
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Statistical Analysis

Trials 1-8

As the data was not normally distributed and sample sizes were small (n < 30), non-
parametric tests were selected to compare trials 1-8. Statistical testing at the 95%
confidence level was conducted according to two different workflows depending on if 3 trials
were being compared (Workflow 1) or 2 trials were being compared (Workflow 2). Workflow
1 first applied a Friedman test, a rank-sum test for comparing the effect of different
treatments on grouped (blocked) data (Conover 1999). A Friedman test was appropriate
here because the samples were paired by depth (blocks), meaning water from a given depth
was subjected to each of the three treatments (trials) with a single observation (Hg
measurement) for each. The test was used to assess whether there were differences
between trials, not depths. When significant differences were found between trials, a post-
hoc multiple-comparison Nemenyi test, from the R package PMCMRplus (Pohlert and Pohlert
2018), was used to single-out which pair of trials was different (Hollander et al. 2013).

Workflow 2 utilized a Wilcoxon paired-sample signed-rank test, the non-parametric
equivalent to the Student’s t-test for matched pairs (Conover 1999). The null hypothesis of
the Wilcoxon signed-rank test states that the median of the differences between trials is equal
to zero while the alternative hypothesis asserts that it is not (King and Eckersley, 2019).
Since paired observations are used here, calculated values were included even if they were
below the daily LOD. There is a lack of agreement in the literature whether to substitute 0,
¥2*LOD, or the LOD itself for performing statistical tests when observations are below the
LOD, as each would be associated with a particular type of bias. Thus, all three scenarios
were tested with the case using values “as calculated,” including any negative values. This
was applicable to Trials 4 and 5 in April, as well as to October Trials 6 and 8 after
inconclusive results of LOD scenarios with Friedman testing. When Workflow 2 was used to

compare Trial 6 vs. Trial 8, overlying water was included as the test requires a minimum of
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n=5. The test was set up to consider if the median result of all Trial 6 - Trial 8 pairs = 0,
where rejection of the null hypothesis suggests differences between trials. The final step of
Workflow 2 was to calculate an estimate of effect size to assess the impact of LOD-
substitution choice on the magnitude of the difference in medians between trials. The effect
size estimate is defined as a correlation coefficient that assumes values from -1 to +1, and
when squared and multiplied by 100, represents the percentage of variance in the dependent
variable that can be explained by the independent variable. The estimate of effect size is an
equivalent metric to Pearson’s correlation coefficient (r) in a non-parametric setting (Tomczak
and Tomczak 2014) and can be directly compared. The formula for calculating the estimate
of effect size is: where Z is the Z-score from the Wilcoxon signed-rank test and n is the total
number of pairs of observations (Fritz et al. 2012). The effect size estimate was calculated
here using the R package rstatix (Kassambara 2021). In criteria outlined by Cohen and used

by others, r>= 0.5 is considered a large effect (Coolican 2017).

Trials 9-16

For trials 9-16, each treatment had four samples from a given water depth.
Therefore, non-NA sample values were averaged by treatment group and means were
compared, rather than being compared as individual paired values as was done in trials 1-8,
where a single measurement per treatment was available from a given depth. Dixon’s Q-test
was used to assess potential outliers and extreme values removed were replaced with NA.
Values that were below each daily LOD were replaced with 0 pM for calculating means and
performing statistical tests. HgT values were plotted by site and depth to determine
normality. When conditions for normal distribution were met (visual inspection, Shapiro-Wilk
test p-value > 0.05), one-way ANOVA was used to compare sample means by treatment
group (Workflow 3). Tukey’s Honest Significant Differences (Tukey’s HSD) was used as a
post-hoc test for multiple comparisons following ANOVA. For BZ 2 cm and 10 cm depth

samples, both sets of values were In-transformed prior to statistical testing with ANOVA so
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that conditions of normality were met. EF samples treated with 2% (v/v) BrCl from 2 cm
depth were also In-transformed prior to ANOVA. Means of EF samples treated with 2% BrClI
from 10 cm depth were compared with Workflow 4, using a Kruskal-Wallis test, the non-
parametric equivalent to a one-way ANOVA, as In-transformation did not result in normally
distributed data. Dunn’s test was used as a post-hoc test for multiple comparisons, with p-
value adjustment by the Bonferroni method. All statistical testing was conducted at the 95%

confidence level.

Porewater BrCl Digestion

Trials 1-8

Following filtering and acidification, aliquots of each sample were prepared for BrCl
digestion in acid-cleaned Teflon bottles. We found that while a 20 mL sample was sufficient
for dissolved HgT analysis at East Fork, a 40 mL sample was required from Beach Zone to
provide enough Hg to be above the limit of detection. Less BrCl (0.25% (v/v); BZ Trial 1) was
used initially for BZ samples as the HgT concentration was anticipated to be lower than at EF
and there was concern an increased reagent blank could interfere with detection of the
sample. Therefore, the focus was to minimize the amount of BrCl added while fully oxidizing
organic ligands. Three associated method blanks were prepared for each trial with the
corresponding amount of BrCl used for a given trial added to 20 or 40 mL of MilliQ water in
either threaded-cap Teflon or crimp-sealed glass bottles. Blanks were incubated under the
same time and temperature conditions as the samples to control for the diffusion of Hg into or
out of the sample during storage.

The conditions tested within our study included 0.25-5 % (v/v) BrCl, as EPA Method
1631 recommends 0.5% (v/v) BrCl for clear samples and 1.0% (v/v) BrCl for colored or turbid
samples. EPA Method 1631 suggests using as high as 5% (v/v) BrCl for highly organic
matrices, or as low as 0.2% (v/v) BrCl when trying to lower the LOD. While 1.0% (v/v)
ultimately worked well for BZ samples when a minimum of 4-day digestion period was used,
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BrCl was increased to 2% (v/v) and 5% (v/v) for colored samples at EF in an attempt to
achieve complete oxidation. However, 0.5% (v/v) or less was an insufficient amount of BrCl
for BZ samples and less than 2% (v/v) BrCl was insufficient for EF samples, as indicated by
the retention of color or cloudiness following the digestion period. While the range of BrCl
concentrations tested was within the range suggested by EPA Method 1631, the oxidation
times were increased from the suggested 12 hour minimum to 2- and 4-day periods, followed

by 14- and 24-day periods.

Trials 9-16

Glass serum jars were acid-washed, rinsed, and pretreated with 1% (v/v) BrCl for 24
hours, which was then neutralized with 30% (w/v) NH20H. Jars were then rinsed, returned to
10% 12M HCI overnight, and finally rinsed 5x with 18 MQ-cm water. Filtered and acidified
porewater, collected as described for trials 1-8, was stored in Teflon bottles was kept double-
bagged and refrigerated until it was portioned into clean glass serum jars by weight with a
Mettler Toledo PB3002-S/FACT balance. BrCl (0.5% w/v solution) was added to reach 2% or
5% (v/v), then jars were capped with septa and crimp sealed before being placed in the dark
to incubate. Three method blanks (MB) were created for each treatment type, using 20 or 40
ml of MilliQ water. BrCl 0.5% (w/v) solution and 30% (w/v) NH2OH solution were added at
the same (v/v) percentage as the corresponding treatment, and MB’s were incubated along
with samples. The cleaning procedure for septa for trials 9-12 was 3 days in 1% (v/v) Solujet
and 3 days in 10% (v/v) 12M HCI, with each step followed by a 5x 18 MQ-cm water rinse, on
previously used septa. This protocol yielded septa with a non-zero and variable blank.

The heated water bath was especially susceptible to contamination compared to the
other treatment types, as this was the only condition where the formation of steam caused
the sample to contact the septa, thus contaminating the porewater in the serum jar after
condensing. For room temperature treatments, no steam was generated and serum jars

were stored upright for incubation, preventing contact of the porewater with the septa. For
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trials 13-16, the cleaning procedure was modified to 3 days in 1% (v/v) Solujet, 3 days in 10%
(v/v) 12M HCI, 24 hours in 5% (v/v) BrCl, followed by neutralization with NH2OH, with 5x 18
MQ-cm water rinsing after each step, as enough new septa could not be obtained. Septa
cleaning and reuse was done out of necessity, however, the BrCl treatment led to visible
degradation of the septa material, which may have compromised the gas-impermeability of

the serum jars.

Hg Determination
Following BrCl-oxidation, 50 pL (Trials 1-8) or 200 yL (Trials 9-16) of 30% (w/v)

NH20H was added to remove free halogens that could damage the pre-concentration
columns. The samples were mixed and allowed to react for at least 20 minutes. Then, a
sample (or subsample) was poured into a “UConn” bubbler that allows for continuous
headspace purging and 100 pL of 3% (w/v) SnCl2 solution was added to reduce all Hg
species to Hg®. The bubbler was then switched to purge mode and the liquid was degassed
with UHP N2 at 250 mL/min. for 5 minutes to concentrate the evolved Hg® onto the first gold
trap of a Tekran 2600 Mercury Analyzer. This first gold trap was then heated to desorb the
HgP in a stream of UHP Ar onto a second gold trap which in turn was heated and the Hg
determined by Cold-Vapor Atomic Fluorescence Spectrophotometry (CVAFS).

The instrument was calibrated with Hg® vapor standard and with Hg(ll) aqueous
standard each day of analysis. If the vapor curve and aqueous curve slopes were different
by more than 10%, the aqueous standard was remade and, in accordance with Method 1631,
another series of 5 non-zero standards were run to create the calibration curve. At least
three SnClz blanks were run each day of analysis, and the average peak area associated with
100 pl of the 3% (w/v) SnCl2 solution was subtracted from the average (n=3) peak area of the
reagent blank, to yield the peak area associated with only the amount of BrCl added plus 50
pl of 30% (w/v) NH20H. This peak area will be referred to as “adjusted reagent blank ”. The

average peak area associated with the 100 pl of SnCl2 solution was used as the zero point of
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the calibration curve and this area was not subtracted from the peak area of each of the
standards. MilliQ water alone used in creating reagent blanks was determined to have an
HgT concentration not quantifiable above the signal from BrCl and NH20OH + BrCl. Raw
sample peak areas were corrected by subtracting the adjusted reagent blank peak area
before using the calibration curve to solve for pmoles of HgT. The daily LOD was calculated
by solving for the pmoles of HgT in each reagent blank (using uncorrected peak area), taking
the mean of the daily reagent blanks in pmoles, multiplying the standard deviation by 3, and

dividing by 20 or 40 mL, as appropriate for the location.

Modifications for Trials 9-16
For trials 9-16, the entire porewater sample volume of 20 or 40 mL could not be

analyzed at once due to foaming in the bubbler, thus aliquots analyzed were smaller than the
total volume digested. Therefore, a “prorated” MB value was calculated for the three method
blanks by dividing the peak area from each MB by the volume analyzed. The mean of the
three MB’s was calculated and this value (peak area/mL) was multiplied by each sample
volume analyzed for that treatment to determine “prorated method blank peak area” per
sample. The average (n=3) daily Sn blank (from 100 uL of 3% (w/v) SnClz) was subtracted
from the prorated method blank peak area per sample to yield “corrected prorated method
blank peak area”. This value was used to solve for pmoles of methylmercury using the daily
calibration curve. The pmole value was then divided by the corrected sample volume to
determine HgT in pM. Corrected sample volume, to account for HgT coming from a volume
of porewater, but disincluding the increased volume coming from reagents) was calculated

using the following equation:

Corrected porewater sample volume = (sample volume analyzed/total sample volume with

BrCl and NH20OH)*(sample volume total - volume coming from BrCl and NH20H)
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LOD’s were calculated as described above,and are reported as both absolute detection limits
in pmoles and as concentration LOD’s in pM, by dividing the absolute LOD by the average

sample volume analyzed. The daily LODs are presented in Table 2.
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Table 2. Oxidation Trial Conditions,
Concentration

Sample Identity & Limit of Detection (LOD)

Trial # Location Date BrCl \slzmzl: BrCl % Oxidation | Oxidation |Concentration
Collected (uL) (mL) (viv) Temp Time LOD [pM]
variable (12
1 EF Dec. 2019 100 40 0.25 RT hours to 3 0.34
days)
2 EF Dec. 2019 200 20 1 RT 2 days 2.6
3 EF Dec. 2019 400 20 2 RT 4 days 4.6
4 EF Apr. 2020 400 20 2 RT 4 days 4.3
5 EF Apr. 2020 | 1000 20 5 RT 4 days 6.4
6 EF Oct. 2020 400 20 2 RT 14 days 0.88
Water bath
7 EF Oct. 2020 400 20 2 at 50 6 hours 3.7
degrees C
8 EF Oct. 2020 400 20 2 RT 21-24 days 3.8
variable (12
0 if:;:)“ BZ Dec. 2019 | 50 50 0.1 RT hours to( 3 3.1
days)
variable (12
1 Bz Dec. 2019 100 40 0.25 RT hours to 3 6
days)
2 BZ Dec. 2019 200 40 0.5 RT overnight 3.3
3 BZ Dec. 2019 400 20 2 RT 4 days 1.4
4 BZ Apr. 2020 400 20 2 RT 4 days 3.4
5 Bz Apr. 2020 400 40 1 RT 4 days 2.8
9 Bz Sept. 2023 | 800 40 2 RT 12-24 hours 0.29
9 EF Sept. 2023 | 800 17 2 RT 12-24 hours 0.68
Water bath
10 BZ Sept. 2023 | 800 40 2 at 50 6 hours 0.66
degrees C
Water bath
10 EF Sept. 2023 | 800 40 2 at 50 6 hours 1.5
degrees C
11 BZ Sept. 2023 | 800 40 2 RT 14 days 0.08
11 EF Sept. 2023 | 800 40 2 RT 14 days 0.19
12 Bz Sept. 2023 | 800 17 2 RT 24 days 1.4
12 EF Sept. 2023 | 800 10 2 RT 24 days 2.4
13 EF Sept. 2023 | 1000 8 5 RT 12-24 hours 1.2
Water bath
14 EF Sept. 2023 | 1000 8 5 at 50 6 hours 2.4
degrees C
15 EF Sept. 2023 | 1000 9 RT 14 days 0.77
16 EF Sept. 2023 | 1000 8 RT 24 days 0.67

29




2.3 Results
Trials 1-3. December 2019 Porewater

The results of Hg determinations on overlying water and porewater (through 20 cm
depth) for the first three trials are shown in Figure 2 as a function of depth. Regardless of
treatment, the results show that overlying water at both locations had similar HgT
concentrations and that East Fork porewaters were higher in concentration on average than
porewaters at Beach Zone. Furthermore, East Fork porewaters tended to increase in
concentration with depth while Beach Zone was relatively constant or even decreased with
depth. The results from Trials 1-3, shown as box and whisker plots including median values

for all December trials at EF and BZ (n=11 for both) are shown in Figure 3.

East Fork

When EF December Trials 1-3 were compared with Workflow 1, at least one of the
trials exerted an effect on the Hg measured (Friedman test, p = 0.02), with Trial 3 found to be
different than Trial 1 (Nemenyi test, p = 0.015). It was concluded that a higher median for
Trial 3 vs. Trial 1 (38.5 vs. 28.8 pM, respectively) demonstrated the relative success of the
trial (Figure 3). Therefore, 2% (v/v) BrCl with a 4-day digestion was selected for future trials
at EF. Trial 3 conditions allowed for more HgT to be detected in nine out of eleven samples
when compared to Trial 1. Trial 2 had intermediate performance with a median value of 34.9
pM, and this may have been due to insufficient BrCl, digestion time, or a combination. Some
Trial 2 samples had a colored or hazy appearance after NH2OH addition, suggesting that

DOC was not completely oxidized.
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Beach Zone

Workflow 1 was also used to compare HgT porewater observations from December
Trials 1-3 at Beach Zone. The trials compared were not equal (Friedman test, p = 0.02),
while post-hoc testing revealed that the effect occurred between Trials 2 and 3 (Nemenyi test,
p = 0.02). Trial 3 conditions of 2% (v/v) BrCl and 4-day digestion time were selected for use
with future BZ samples as the median HgT value measured under Trial 3 conditions was
greater than that of Trial 2 (22.4 vs. 12.6 pM), respectively). More HgT was measured in ten
out of eleven samples under Trial 3 conditions compared to Trial 2. Trial 1 had a median of
13.9 pM, which was similar to that of Trial 2, further supporting the conclusion that Trial 3

conditions were most effective amongst those compared.
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Figure 2. East Fork December samples (left) and Beach Zone December samples
(right) oxidized under the conditions of Trials 1, 2 and 3, and presented by depth. East
Fork LOD’s were 0.34, 2.6, and 4.6 pM for Trials 1, 2, and 3, respectively. Beach Zone
LOD’s were 3.3 (Trial 1), 1.4 (Trial 2), and 3.4 pM (Trial 3).

32



East Fork Beach Zone

70

60

50

40
1

30

20

Porewater Total Dissolved Hg [pM]

" '
' " '
| . ‘ :
i =
' '
' '

— —_
—

10

Trial1 Trial2 Trial 3 Trial1 Trial2 Trial 3

Figure 3. Boxplots of East Fork December samples (left) and Beach Zone December
samples (right) oxidized under the conditions of Trials 1, 2 and 3. The center line
within the box depicts the median observation from each trial, with the bar of each
whisker showing the 15t and 3™ interquartile ranges, and outliers plotted as circles
beyond the whiskers. The highest median concentrations of HgT were observed under
Trial 3 conditions at both locations.

Trials 4 & 5. April 2020 Porewater

During the April sampling for Trials 4 and 5, surface water concentrations were
substantially lower than they were in December, but still essentially the same as each other
(Figure 4). Porewater concentrations at EF were similar to those found in December but were

generally lower in April than in December at BZ. The vertical profiles were highly treatment
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dependent which illustrates the seasonal variability in the difficulty of getting successful HgT
digestions at this location.

Workflow 2 was applied to compare Trials 4 and 5, resulting in significant differences
between trials at both EF and BZ. The Friedman test p-values were 0.004 and 0.007 for EF
and BZ, respectively, for the case using values as calculated. All three LOD substitution
scenarios also resulted in significant p-values, indicating the statistical significance of results
was not dependent on how data that were below detection were handled. Thus, we are able
to conclude that the median HgT measured under Trial 4 conditions was significantly different
than that of Trial 5 for both locations (median values shown in Figure 5). The value of r was
0.85 at EF (confidence interval 0.73-0.89) and 0.78 (confidence interval 0.48-0.89) at BZ, for
the cases using values “as calculated”, both values are considered to be large. For EF and
BZ April LOD substitution scenarios, all effect sizes were large regardless of the value
substituted, with the range of effect sizes being (0.85-0.86) and (0.70-0.78) at EF and BZ,
respectively.

While Trial 5 (5% (v/v) BrCl) at EF yielded higher HgT concentrations than did Trial 4
(2% (v/v) BrCl), we were interested in whether changing the length of the incubation could
improve a trial's performance when using 2% (v/v) BrCl, as there was interest in keeping the
reagent blank low. Therefore, future trials with EF October porewater focused on 2% (v/v)
BrCl with varied digestion time and temperature. Overall, more HgT was measured in BZ
samples under Trial 5's 1% (v/v) BrCl conditions, with a median value of 8.7 pM vs. a median
of 2.0 pM for Trial 4, and so future trials at BZ used 1% (v/v) BrCl and >4-day digestion

periods.
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Figure 4. Barplots of April HgT concentrations for all depths (n=11 for both) at East
Fork (left) and Beach Zone (right). Values depicted are calculated values, including
any BLOD. The LOD for each trial is given by a dashed line for Trial 4 and a dotted line
for Trial 5. Trial 4 resulted in two BLOD samples (12 and 20 cm) at EF and six BLOD
samples at BZ (10 cm-20 cm). All samples subjected to Trial 5 conditions at either site
were quantifiable. East Fork LOD’s were 4.3 and 6.4 [pM] for Trials 4 and 5,
respectively. Beach Zone LOD’s were 2.8 pM (Trial 4) and 1.5 pM (Trial 5).
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Figure 5. Boxplots showing the median HgT concentration for April porewater samples
subjected to Trial 4 vs. Trial 5 conditions at East Fork (left) and Beach Zone (right).
The median concentration of Hg at both East Fork and Beach Zone was higher under
Trial 5 conditions, and no samples were BLOD. The higher median, along with the
results of Wilcoxon signed-rank testing, demonstrate that 1% (v/v) BrCl with a 4-day
digestion was a more effective oxidation treatment for BZ samples than was 2% (v/v)
BrCl with a 4-day digestion.

Trials 6-8. East Fork October 2020 Porewater

Overlying water HgT concentrations at EF in October were similar to April, and lower
than either location in December. There was no apparent trend with depth, as all samples
between 6 and 18 cm were < 20 pM (Figure 6). Samples at 4 and 20 cm had notably higher

HgT concentrations when compared against any other depth or season. The three trials for
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October used 2% (v/v) BrCl so that oxidation times could be compared. Workflow 1 was
applied to October “as calculated” values as well as the three LOD substitution scenarios.
However, unlike the April trials, each method of substitution did not lead to the same
conclusion as to whether the trials had a significant effect. Table 3 shows a summary of the

p-values and conclusions associated with each LOD substitution scenario.

Table 3. LOD substitution scenario results for East Fork October Friedman test
comparisons

p-value from
LOD Substitution p-value from post-hoc
Value Friedman Test Nemenyi test Conclusion
N/A (used
calculated Trial 8 is different than
values) 0.04 0.04 Trial 7
Trials not significantly
different, despite
significant p-value from
0 0.04 0.06 Friedman's test
Trial 8 is different than
1/2*LOD 0.02 0.01 Trial 6
Trial 8 is different than
LOD 0.02 0.01 Trial 6

For “as calculated” values, at least one of the treatments had an effect on Hg
measured (Friedman test, p-value 0.04), while post-hoc testing revealed that the effect
occurred between Trials 7 and 8 (Nemenyi test, p-value = 0.04). As Trial 7 had a median
concentration that was BLOD and Trial 8 had a median of 16 pM, Trial 8 conditions were
identified as the most appropriate for supporting oxidation of DOM in EF samples. Median
values (including any negative signs) are shown as boxplots in Figure 7 (n = 4 for each trial).
In the LOD scenarios where 2*LOD or full LOD were substituted in place of BLOD values,
the effect was found between Trials 6 and 8 (Nemenyi test, p-value = 0.01). During post-hoc
testing, no significant difference was found between trials when 0 was substituted for the

LOD (Nemenyi test, p-value = 0.06), despite the significant p-value of 0.04 from the
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Friedman’s test. As the results of the statistical testing were not in agreement depending on
the type of LOD substitution made, observations from Trial 6 and Trial 8 were compared
using Workflow 2. The results shown in Table 4 demonstrate that while there is
disagreement in significance if only the p-value is considered, likely due to the small sample
size, the effect size of each type of substitution yields a more consistent conclusion.
Regardless of the approach to handling BLOD data, the effect size was large for all LOD
scenarios, providing further support that Trial 8 resulted in significantly higher HgT

concentrations than Trial 6.

Table 4. LOD substitution scenario results for Trial 6 vs. Trial 8 Wilcoxon testing

Type of LOD
Substitution p-value Effect size (r) Confidence Interval of r
N/A (as calculated
values used) 0.03 0.91 0.90 - 0.95
0 0.06 0.78 0.18 - 0.93
¥%2*LOD 0.06 0.78 0.18 - 0.93
LOD 0.03 0.91 0.90 - 0.95

Furthermore, a qualitative conclusion as to the most effective October trial was made
by examining the median HgT concentration of each trial and considering the total number of
samples in the trial that were BLOD. By this determination, Trial 8 conditions were the most
effective, as Trial 8 contained only one BLOD sample (overlying water) and Trial 8 had the
higher median value of those compared. As less HgT than contained in the reagent blank
was detected in 3 out of 4 samples under Trial 7 conditions resulting in a median value that
was BLOD, a heated water bath was found to be the least practical oxidation method, as 75%
of the total samples compared were BLOD for this trial. This result suggests that either DOM
did not completely oxidize under Trial 7 conditions, or that Hg was lost from the vessel during
the heated incubation procedure. It is less likely that it was the latter as reagent blanks were
subjected to the same conditions as samples, and if Hg was able to diffuse out of crimp-

sealed glass vials under heating conditions, this would have happened to the blanks as well
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as the samples. As 2% (v/v) BrCl was used across October trials, digestion time was
identified as the variable responsible for an effect, with 24-day digestions providing higher
HgT measurements for most samples, as well as a greater median value when compared to
either Trial 6 or 7. Figure 6 provides HgT concentrations for all samples subjected to Trial 6-
8 conditions, from overlying water to 20 cm depth, at 2 cm increments. While only samples
from depths 6-10 cm were included in the Workflow 1 statistical analyses due to the paired
sample requirement, Figure 6 shows that under Trial 8 conditions, more HgT was measured

in samples from depths 4-20 cm, compared to Trial 6 or Trial 7 conditions.
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Figure 6. Barplot of HgT concentrations of East Fork samples from October using
digestion conditions of Trials 6-8. Note that some values are negative (6-10 cm), under
Trial 7 conditions, as less HgT was detected in these samples than the average
reagent blank.
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Figure 7. A comparison of trials 6, 7 and 8 for East Fork October samples, depicting
the relative success of the extended 24-day oxidation of Trial 8. Values depicted are
calculated values from depths 6-10 cm, including any BLOD, as were included in the
statistical analyses (n = 4 for each trial).
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Trials 9-12. September 2023 Porewater

Mean HgT concentrations at EF and BZ in September 2023 were quantified for two
depths at each location, Beach Zone and East Fork (Table 5 and Table 6, respectively). The
majority of samples at EF 10 cm were BLOD, indicating insufficient BrClI to oxidize the matrix
and prevent the formation of foam in the bubbler. HgT concentrations were greater for 20 cm
depth than at 2 cm depth at BZ (Figure 8), whereas the HgT concentrations were more
similar between depths at EF (Figure 9) when treated with 2% (v/v) BrCl. The HgT
concentration for BZ 2 cm samples was similar to that observed in April 2020 for samples
treated with 2% (v/v) BrCl, and lower than December 2019. For BZ 20 cm samples, the
September 2023 HgT concentration was greater than was observed previously for April or

December.
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Figure 8. Boxplots by treatment group at Beach Zone (BZ) under 2% (v/v) BrCl with
dark black line depicting the median HgT concentration (pM). Depth (cm) is plotted on
the y-axis and samples are from 2 and 20 cm depth. For BZ 2 cm samples, a heated
water bath was not significantly different from a 24-day digestion nor from EPA
Method 1631. For BZ 20 cm samples, the 24-day digestion and heated water bath
treatments performed similarly (Table 5) and were both significantly greater than the
14-day digestion, although only the 24-day digestion was significantly different from
EPA Method 1631.

Beach Zone, 2% (v/v) BrClI

Workflow 3 was applied to In-transformed BZ data for the 2 cm and 20 cm samples,
and for both there were significant differences between means (one-way ANOVA, p = 0.004
and p = 0.0002, respectively). Post-hoc testing showed that the mean of the 14-day digestion
(5.5 pM) was significantly lower than that of a heated water bath (10.2 pM) (Tukey’s HSD, p

=0.008) and of a 24-day digestion (10.0 pM) (p = 0.009) for BZ 2 cm samples. For the same
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samples, the heated water bath and the 24-day digestion performed similarly (p = 1.0). As the
EPA Method 1631 was not statistically different than any other treatment for the BZ 2 cm
matrix, either the EPA Method 1631 or a longer, 24-day oxidation could be used to achieve
similar results. It is unclear why a 14-day digestion was not as effective as either the 24-day
digestion or heat treatment.

For the BZ 20 cm matrix, heat treatment, with a mean of 13.6 +/- 1.9 pM, and a 24-
day digestion, with a mean of 19.5 +/- 7.1 pM, were not statistically different (Tukey’s HSD, p
= 0.3). While the mean of the heated water bath and that of the 24-day digestion were both
significantly greater than the 14-day digestion mean of 7.4 +/- 0.3 pM (p =0.007 and p =
0.0002, respectively), only the 24-day digestion was significantly different from EPA Method
1631 (p = 0.001). This result illustrates how an extended digestion time of 24-days allows for

more HgT to be detected than with EPA Method 1631.
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Table 5. Mean & standard deviation of HgT concentrations at Beach Zone by digestion
treatment with 2% (v/v) BrCl

Standard

Treatment Depth (cm) n Mean HgT (pM) Deviation
EPA Method 1631 2 4 7.0 0.1
Heated Water Bath 2 4 10.2 3.2
14 Day Digestion 2 4 5.5 0.2
24 Day Digestion 2 4 10.0 29
EPA Method 1631 20 4 9.3 0.4
Heated Water Bath 20 4 13.6 1.9
14 Day Digestion 20 3 7.4 0.3
24 Day Digestion 20 4 19.5 71

East Fork, 2% (v/v) BrClI

Ln-transformed data from EF 2 cm porewater had a significant difference between
means (one-way ANOVA, p = 0.03) when compared with Workflow 3. The mean of the 14-
day digestion (14.4 pM) was significantly different than that of the heated water bath (64.7
pM) (Tukey’s HSD), p = 0.02). The means of EPA Method 1631, a 14-day digestion, and a
24-day digestion were not significantly different from one another, and all three treatments
failed to fully oxidize available Hg, as the average HgT of these three treatments (18.9 +/- 4.0
pM) is lower than the average value of 48.0 +/- 1.9 pM revealed for EF 2 cm samples under
5% (v/v) BrCl (14-day and 24-day digestions). The results suggest that 2% (v/v) BrCl was
insufficient for complete oxidation of EF samples. The average HgT from the heated water
bath (64.7 +/- 16.6) was higher than the average (48.0 +/- 1.9 pM) from EF 2 cm under 5%
BrClI (14-day and 24-day digestions), suggesting that contamination of the septa caps may be
responsible for the higher values observed during heat treatment.

For the EF 2% (v/v) BrCl samples at 10 cm depth, Workflow 4 indicated there was a
significant difference between means (chi-squared = 11.6, p =0.009). The means of the 14-
day digestion and of the 24-day digestion were both BLOD, and significantly different than
that of the heated water bath (29.4 pM) when pairwise comparisons were made with Dunn’s

test (adjusted p = 0.009 for both comparisons). No other means were significantly different at
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alpha = 0.05. For EF 10 cm depth samples, the results of EPA Method 1631, 14-day and 24-
day digestions were complicated by values below the limit of detection (BLOD). Two
samples from the 14-day digestion could not be analyzed due to the amount of foam
generated in the bubbler, repeatedly wetting the soda lime trap and interfering with detection
of Hg, thus 2 observations are missing from 10 cm depth. Incomplete oxidation of the matrix
as a result of insufficient BrCl is likely responsible for this outcome. Under the heated water
bath treatment with 2% (v/v) BrCl, the mean HgT was 29.4 +/- 0.7 pM, which is very similar to
the mean of 29.8 +/- 2.7 pM from EF 10 cm with 5% (v/v) BrCl (EPA Method 1631, 14 Day
and 24 Day Digestions). It appears that the heated water bath was effective in completely
oxidizing Hg under the 2% (v/v) BrCl treatment for EF 10 cm samples, as a similar HgT value
was achieved under heat and 2% (v/v) BrCl as with room temperature and 5% (v/v) BrCl.
EPA Method 1631, 14-day and 24-day digestions were not effective as the majority of HgT

values from these treatments were BLOD or could not be analyzed.
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Figure 9. Boxplots of HgT concentrations by treatment group, with 2% (v/v) BrClI at
East Fork with dark black lines depicting the median HgT (pM) for each group. Depth
(cm) is plotted on the y-axis and porewater samples are from 2 and 10 cm depth. For 2
cm samples, EPA Method 1631 performed similarly to a 14-day digestion and a 24-day
digestion, though these values were lower than when 5% (v/v) was used, indicating
incomplete oxidation under 2% (v/v) BrCl. Higher HgT values for the heated water bath
treatment were likely a result of contamination. For EF 10 cm samples, a heated water
bath was found to be significantly different than the other three treatments, and the
mean of the 2% (v/v) BrCl heat treatment (Table 6) was in agreement with the mean
HgT concentrations for EF 10 cm samples treated with 5% (v/v) BrCl (Table 7).
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Table 6. Mean & standard deviation of HgT concentrations at East Fork by digestion
treatment with 2% (v/v) BrCl

Standard
Treatment Depth (cm) n Mean HgT (pM) Deviation
EPA Method 1631 2 4 21.9 6.3
Heated Water
Bath 2 4 64.7 16.6
14 Day Digestion 2 4 14.4 13.3
24 Day Digestion 2 4 20.5 16.5
EPA Method 1631 10 2 0.5 0.7
Heated Water
Bath 10 4 294 0.7
14 Day Digestion 10 4 BLOD NA
24 Day Digestion 10 4 BLOD NA

Trials 13-16. September 2023 Porewater

EF porewater HgT concentrations were greater at 2 cm depth than at 10 cm depth,
when samples were treated with 5% (v/v) BrClI (Figure 10). For EF 2 cm, the mean HgT
concentration was greater than it was under 5% (v/v) BrCl in April 2020. EF 10 cm samples

from September 2023 had a mean HgT concentration less than that observed in April 2020.

East Fork, 5% (v/v) BrClI

Workflow 3 was applied to EF 2 cm samples, and at least one significant difference
between means was found (one-way ANOVA, p <0.001). The means of the 14-day digestion
(46.6 pM) and 24-day digestion (49.3 pM) were significantly greater than that of the heated
water bath (34.3 pM) (Tukey’s HSD, p = 0.006 and p = 0.001, respectively). The mean of
EPA Method 1631 (32.1 pM) was also significantly different than that of the 14-day and 24-
day digestions (p = 0.001 and p = 0.0004, respectively). There was no significant difference
between the mean of EPA Method 1631 and that of a heated water bath (p = 0.83) nor was
there a significant difference between a 14-day digestion and a 24-day Digestion (p = 0.77).
The results of trials 12-16 suggest that once sufficient BrCl has been added to oxidize a given

matrix, digestion times > 12-24 hours are beneficial in supporting complete oxidation.
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For EF 5% (v/v) BrCl samples from 10 cm depth, there was a significant difference between
means (ANOVA, p = 0.00004). Subsequent testing indicated that the mean of the heated
water bath treatment (16.6 pM) was significantly different from that of EPA Method 1631
(32.8 pM), 14-day (27.5 pM), and 24-day digestions (29.2 pM) (Tukey’s HSD, p = 0.00003, p
=0.002, and p = 0.0002, respectively). The 14-day and 24-day Digestions were not different
from one another (p = 0.85) nor from EPA Method 1631 (p = 0.12 and p = 0.31, respectively).
For this matrix, EPA Method 1631, 14-day, and 24-day digestions all resulted in similar
means. The heated water bath treatment had the lowest mean pM value, which was
significantly lower than the other three treatments, suggesting that Hg® may have been lost
from the sample under the heated condition, despite the use of glass serum jars. Therefore,
while a heated water bath appears to have merit under the EF 2% (v/v) BrCl condition (10 cm
samples), it resulted in apparent loss of Hg® under the 5% (v/v) BrCl condition (10 cm
samples). Additionally, a heated water bath was less effective than a 14-day or 24-day
digestion under 5% (v/v) BrCl for EF 2 cm samples. Therefore, the use of a heated water

bath for oxidation of porewaters is not recommended.
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Figure 10. Boxplots by treatment group under 5% (v/v) BrCl at East Fork (EF) with dark
black lines depicting the median HgT concentration (pM) for each group. Depth (cm) is
plotted on the y-axis and samples are from 2 and 10 cm depth. At EF 2 cm, the 14-day
and 24-day digestions performed similarly, and had significantly greater mean HgT
concentrations than did EPA Method 1631 or a heated water bath (Table 7). More Hg
detected after longer digestion times suggests incomplete oxidation under EPA
Method 1631. Incomplete oxidation or loss of Hg® are potentially responsible for less
Hg detected within the heated water bath. For EF 10 cm samples, the mean of the
heated water bath was lower than that of the other three treatments. For this matrix,
results were not significantly different for room temperature digestion periods from 12
hours to 24 days.
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Table 7. Mean & standard deviation of HgT concentrations at East Fork by digestion
treatment with 5% (v/v) BrCl

Mean HgT Standard
Treatment Depth (cm) n (pM) Deviation
EPA Method
1631 2 4 32.1 5.6
Heated Water
Bath 2 3 34.3 0.3
14 Day Digestion 2 3 46.6 0.5
24 Day Digestion 2 3 49.3 1.8
EPA Method
1631 10 4 32.8 4.3
Heated Water
Bath 10 4 16.6 24
14 Day Digestion 10 3 27.5 0.8
24 Day Digestion 10 4 29.2 2.0

2.4 Discussion

The results of our trials demonstrate that 2% (v/v) BrCl with a minimum of 24-days
digestion at ambient temperature was optimal for achieving DOM-oxidation prior to HgT
analysis. The work conducted here was not intended to suggest that the EPA 1631 method
is flawed. Instead, it was conducted to expand upon the oxidative digestion work with
freshwater samples conducted by Lang et al. and provide options for researchers attempting
to overcome analytical hurdles when working with brackish or seawater samples that may
possess a combination of characteristics (i.e., relatively high DOM and low HgT) limiting the
effectiveness of previously proposed oxidative digestion techniques. Trials 9-16 were
conducted as a means to address limitations of the initial investigation, including a lack of
replication within a given treatment, direct comparison of treatments with the same
concentration of BrCl on water of the same identity, and an evaluation of using 2% vs. 5%
(v/v) BrCl on water of the same identity. The follow-up trials supported the original finding
suggesting that a minimum of 24-days digestion is the most dependable method to achieve
DOM-oxidation prior to HgT analysis.

When conducting total Hg analyses on porewater, some general guidelines may be

helpful in achieving complete oxidation of interferences. First, use sufficient BrCl. Using 5%
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(v/v) BrCl was necessary for complete oxidation of Hg for natural lagoon water samples
containing OM and S. While EPA Method 1631 suggests increasing BrCl to 5% (v/v) for
“highly organic matrices such as sewage effluent”, the present study has indicated that some
natural lagoon waters may also require this concentration of BrCl. Creating a pilot test with
2%, 5%, and 10% (v/v) BrCl may be beneficial in targeting an appropriate concentration of
BrCl for a given matrix, prior to consideration of digestion time. Second, use a long (24-day)
oxidation time when possible. It may result in the same HgT concentration as EPA Standard
Method 1631 for some matrices, but for others, the longer oxidation time results in the
detection of more Hg. Thirdly, avoid heat treatment as a means of accelerating digestion. A
heated water bath invites apparent loss of Hg0, and can increase the risk of contamination
from the septa caps. Fourthly, use acid-washed, 18 MQ-cm water- rinsed septa that have not
been previously used for research, as neither cleaning procedure used in the present study
was entirely sufficient to ensure low-Hg septa while maintaining integrity of the septa
material. Lastly, use glass serum jars for incubations to avoid issues related to gas-
permeability. While glass jars did not prevent a loss of Hg0 under the heated water bath
condition (loss may have occurred through the septa), avoiding gas-permeable Teflon bottles
is a recommended precaution. Furthermore, it is advisable to prepare method blanks that
experience the same conditions as the samples, as a control on Hg invasion or evasion from
the sample, so that sample peak areas can be corrected for Hg gained or lost from the
method.

The results of the porewater digestions highlight how longer (24-day) digestions at
room temperature) can be beneficial in overcoming matrix effects for certain types of
interferences. Future work may consider analyzing the concentrations of DOM and total S
present in samples alongside HgT. For example, EF 2 cm samples had more brown pigment
than did EF 10 cm samples. While the EPA Method 1631 worked similarly to the 14-day and
24-day digestions for EF 10 cm, this was not true for EF 2 cm samples. For the same

amount of BrCl (5% (v/v)), samples at EF 2 cm only revealed higher HgT when incubated for
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14 or 24 days. Quantifying the concentration of DOM and S may allow for an understanding
of whether there is a threshold concentration of OM, S, or OM and S together, that is

indicative of the need to oxidize longer than 12-24 hours.
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CHAPTER 3. The Influence of Nitrogen and Reduced Sulfur on Microbial Mercury
Methylation at a Coastal Estuarine Wetland

Abstract

Methylation of mercury (Hg) by microbes is of critical concern, as the organometallic form of
this neurotoxic element, methylmercury (MeHg), more readily bioaccumulates within marine
food webs than does the inorganic form. Prior research on the impact of eutrophication on
microbial Hg methylation has provided inconsistent answers as to whether addition of
nutrients would have a positive or negative relationship with methylmercury production.
Thus, the impacts of nitrogen (nitrate and ammonium) and reduced sulfur on Hg
biogeochemistry were examined at an estuarine wetland (Younger Lagoon) in close proximity
to agricultural sites. Trends in MeHg production in the field were positively correlated with
nitrate across all seasons in the organic-rich sediments of the East Fork site (EF) but not at
the sandy Beach Zone site (BZ). Interestingly, addition of nitrate to sediment microcosms
stimulated the methylation of Hg(ll) at BZ yet had no effect at EF. Measured rates of
methylation were limited under molybdate addition. These two findings were interpreted as
reflective of a sulfate-reducing bacteria (SRB) dominated methylating community that is able
to switch terminal electron acceptors when available. This was borne out in finding
Proteobacteria and Chloroflexi to be the dominant bacterial phyla at both locations, and in
finding Desulfobacterota to be a top phylum at BZ. Members of iron-reducing Geobacter and
nitrite-oxidizing Nitrospina were notably absent from 16S sequences, though two sequences
from nitrate-reducing sulfide-oxidizing bacteria (NR-SOB) Sulfurospirillum were found at BZ.
While interactions between NR-SOB and SRB may be at least partially responsible for the
increase in methylation under nitrate amendment at BZ, it is more likely that the greater
prevalence of members of the Desulfovibrionaceae phylum are responsible, as the
percentage of sequences belonging to this phylum was roughly double at BZ compared to EF

(0.32% and 0.15%, respectively). A higher concentration of porewater acid-volatile sulfide
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(AVS) may have also contributed to the lack of increased methylation seen under nitrate
amendment at EF. Replicate methylation assays, investigating low and high nitrate
amendments at BZ only, revealed no change to Kmeth While K¢emeth Was suppressed in parallel
demethylation assays under both nitrate conditions. These results were hypothetically
attributed to facultative, heterotrophic SRB capable of respiring nitrate when available, and

competing with denitrifiers who may have otherwise contributed to demethylation.

3.1 Introduction

While all forms of mercury (Hg) are toxic, methylated mercury (MeHg) poses the
greatest health risk to humans, animals and ecosystems (Boening, 2000). This is due to the
propensity of this Hg species to bioaccumulate in terrestrial, freshwater and marine foodwebs
(Driscoll et al. 2007) and biomagnify with each trophic transfer (Chen et al. 2008). Mercury is
biotically methylated by microbes, though the reasons for this behavior are yet unknown.
Current hypotheses have established that methylation is formed as a metabolic side-product
(Choi et al. 19944, Choi et al. 1994b), hence, a general trend is to observe more methylation
under conditions that would stimulate microbial metabolic activity (i.e., increased
temperatures, availability of oxidizable substrates, and/or terminal electron acceptors; Bravo
and Cosio, 2020). Sulfate-reducing bacteria (SRB), microorganisms who oxidize organic
matter (OM) for electrons and use sulfate as a terminal electron acceptor, were first
implicated as methylators by Compeau and Bartha (1985) which led to a focus on obligate
anaerobes as responsible for Hg methylation. While SRB are indeed key players, more
recent work has revealed additional clades of microorganisms capable of contributing to the
production of MeHg.

Microbes with alternative metabolisms, such as iron-reducing bacteria (FeRB)
(Gilmour et al. 2013) and methanogens (Hamelin et al. 2011) have since been identified as
participants in the process. Furthermore, the identification of the hgcA and hgcB gene pair as

genes encoding two proteins which confer methylation capability (Parks et al. 2013) has
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allowed current researchers the ability to assess novel environments for the presence of
methylating genes through metagenome assemblies. Such work has revealed that the
environments in which methylation putatively occurs, as suggested by the presence of hgcA-
like genes in oxic marine water, may be more diverse than previously understood (Bowman
et al. 2019).

While neither hgcA nor hgeB have yet to be amplified from marine water column
samples (Podar et al. 2015) or sea ice, amplified sequences from these environments
revealed similarity to a conserved region of the protein encoded by the hgcA gene.
Translated sequences matching an HgcA-like protein have been found in the oxygen
minimum zone of the Equatorial North Pacific (Podar et al. 2015), in the North Atlantic, and in
Antarctic sea ice (Gionfriddo et al. 2016), and were aligned with hgcA-like sequences
belonging to the bacterial genus Nitrospina. This finding is notable in that Nitrospina are
microaerophilic bacteria,and are primarily responsible for nitrite oxidation in the ocean
(Levipan et al. 2014), while all confirmed mercury methylators are obligate anaerobes
(Gilmour et al. 2013), as are most known hgcA carriers. Nitrospina’s presence in
environments without other identifiable culprits contributing to methylmercury production
suggests that methylation capability may be more widespread than just hgcA-possessing
microbes or obligate anaerobes. The aforementioned studies provide justification for
expanding research into oxic or partially-oxic environments, as well as those anticipated to be
nitrogen impacted, so that the potential involvement of N-cycling microbes can be further
investigated.

Prior research on mercury methylation in environments with elevated nutrient
concentrations has revealed paradoxical results. For example, the “Driscoll hypothesis”, a
conceptual model, formulated upon observations from coastal ecosystem case studies,
suggests that increased nutrient loading may have unintended effects for Hg-cycling, namely
decreasing bioavailability and trophic transfer, which would in turn reduce methylmercury

production (Driscoll et al. 2012). Following this logic, efforts to reduce eutrophication would
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be expected to enhance methylmercury production via increased bioavailability of Hg(ll) and
lead to increased trophic transfer of MeHg. Work in the Great Sippewissett Marsh, a salt
marsh with a history of receiving sewage-sludge based fertilizer, found results consistent with
the Driscoll hypothesis. Control plots had the highest percentage of Hg in the form of MeHg
compared to plots receiving the highest dose of fertilizer which had the lowest percentage of
Hg as MeHg, as well as lowest sediment sulfide (Lamborg et al. 2019). Similarly, Todorova
et al. (2009) found that nitrate additions to eutrophic, freshwater Onondaga Lake reduced the
accumulation of MeHg in anoxic water and that MeHg concentrations were diminished when
nitrate was present above the sediment-water interface.

Conversely, work in fertilized agricultural wetlands and unfertilized non-agricultural
wetlands in Yolo County, CA revealed that the former exhibited higher MeHg concentrations
than the latter (Marvin-DiPasquale et al. 2014). Though calculations of methylmercury
potential production rate suggested that the system was dominated by SRB, the study
established that enhanced methylation was not due to stimulation by sulfate addition. Rather,
microbial activity, and therefore potential Hg methylation, was concluded to be controlled by
access to labile organic carbon (Marvin-DiPasquale et al. 2014). Agricultural plots received
fertilizer in the forms of ammonium sulfate and urea, and higher concentrations of MeHg were
observed in agricultural plots, though as the focus of the study was not on the effect of
nitrogen inputs, it is unclear whether ammonium or urea was directly influential on the
process of Hg methylation.

For studies that found a positive relationship between fertilizer loading and MeHg, the
question remains whether the fertilizer had an effect on microbial community composition or if
changes in MeHg come as a result of increased supply of OM for respiration, as increased
respiration by methylating microbes would be expected to correlate with increased MeHg.
Work conducted by Schartup et al. (2013) suggests that it is OM quality, not quantity, that has

the potential to influence methylation, findings further supported by Eckley et al. 2021). To
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further complicate matters, the influence of OM may be observed via coordination of Hg(ll),
impacting its bioavailability for methylation, which could ultimately limit MeHg production.

To address these interrelated questions, we designed incubation experiments to test
the impacts of the fertilizer species nitrate and ammonium, as well as molybdate (a sulfate-
reduction inhibitor), and molybdate + nitrate over a 48 hour period. In this way, we could
directly examine the effect of nitrate or ammonium on methylation without the interaction of
increased OM from additions or from photosynthetic production, as microcosms were
incubated in the dark. Seasonal monitoring was conducted to provide information on the in
situ relationships between MeHg, nitrate and ammonium, and sediment and porewater
sulfides (acid-volatile sulfide and chromium-reducible sulfide, AVS and CRS, respectively.)
Sequencing and classification of bacterial 16S rRNA sequences were used to characterize
the microbial community within Younger Lagoon (YL) sediment, and to confirm the presence

or absence of SRB and other relevant clades of bacteria.

3.2 Methods
Site Selection Rationale

Younger Lagoon Reserve (YL; 37° 57’ 5"N, 122° 3’ 51" W;
https://ucnrs.org/reserves/younger-lagoon-reserve/) was chosen as the wetland in which to
conduct seasonal monitoring and to collect sediment samples for laboratory incubation
experiments. The Lagoon experiences a brief connection to the ocean during the winter
when waves and tides combine to erode its barrier beach. Following this, the beach reforms
and the Lagoon receives fresh groundwater and rain that mixes with the entrained seawater,
leading to a freshening through the winter and spring. The dry summer and fall then lead to a
gradual increase in salinity and lowering of water level through evaporation and groundwater
transport to the ocean.

Two sites within YL were selected for Hg biogeochemical studies due to their

dramatic differences (Figure 11). The Beach Zone (BZ) site at the southern end of the
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Lagoon represents locations with sandy, low organic carbon sediments. In contrast, the East
Fork (EF) site at the northeast end of the Lagoon possesses clay- and organic matter-rich
sediments and is located further inland. The lagoon’s seasonal dynamics in salinity,
proximity to agricultural fields, partially oxic conditions, and the variability of sediment OM

concentrations within the site made YL an ideal location in which to conduct our investigation.
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Figure 11. Younger Lagoon Reserve site map with Beach Zone marked with a blue star
and East Fork marked with a teal star.

Acid-Washing of Equipment

All Teflon tubes, vessels and bottles, glass microcosm chambers, and C-flex tubing
were washed in accordance with a trace metals clean protocol. First, each container was
filled with 1% Solujet solution and allowed to sit for 3 days, before being rinsed 5x with MilliQ
(>18 MQ-cm resistivity) water. Bottles were then filled with 10% HCI and allowed to sit for 3
days, followed by three rinses with MilliQ water. For methylmercury sampling, the bottles

were then capped tightly and double-bagged for storage in zip-sealed bags. If containers
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were to be used for total mercury digestion only (during porewater oxidation) they were again
filled with MilliQ water and BrCl was added to create a 0.5% solution. Containers were
allowed to sit for 24 hours under BrCl oxidation to degrade any remaining OM and leach any
Hg adsorbed to the vessel walls. Next, 50 uL of hydroxylamine hydrochloride was added to
terminate the oxidation reaction by neutralizing any remaining bromine. The bottles were
then rinsed 5x with MilliQ and again filled with 10% HCI for 24 hours before being rinsed 3x

with MilliQ, then capped and double-bagged for storage.

Porewater Collection

Water depths during sampling were never greater than about 1.5 m, and the sites
were accessed with waders. At both sites, 1-L surface water grab samples were collected in
acid-cleaned Teflon bottles, with each vessel being rinsed 3x with ambient water before
collection. Porewaters were collected through a %4 stainless steel push piezometer (MHE
Products) inserted into the sediment by hand and sampled in 2 cm increments down to 20 cm
depth (similar strategy to Lutz et al. 2008). Acid-washed C-flex tubing was attached to the
piezometer and a peristaltic pump was used to draw porewater out of the sediment until
about 250 mL was collected. A mesh guard (MHE) was taped around the outside of the
piezometer inlet to prevent clogging by plant roots or particulates. Porewater samples were
capped and placed in amber bags inside a cooler until transported to the lab. In the lab, the
porewater and surface water samples were filtered with a 0.45 um groundwater capsule filter
(Millipore Sigma GWSC04501) and acidified to 0.1% (v/v) with 12 M HCI before storage
double-bagged at 4 °C. The capsule filter was rinsed with 2 L of 18 MQ-cm water before any
samples were passed through but used without further preparation. A handheld YSI water
quality meter (Yellow Springs Instruments, Yellow Springs, Ohio, USA) was used in the field
using a flow-through chamber to collect salinity, Oz, temperature, and pH measurements

during each of the three seasonal sampling events (December 2019, April 2020, and October
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2020). Dissolved oxygen values were corrected for oxygen diffusing through the tubing

during pumping by subtracting the lowest Oz value from each of the other values.

BrCl Digestion for Porewater Total Hg

Aliquots of each sample were prepared for BrCl digestion as detailed in EPA Method
1631 (US EPA, 2002). An exploration into the conditions that would support full oxidation of
the dissolved organic matter (DOM) matrix ensued, guided by the methods of Lang et al.
(2005). The conditions tested within our study included 0.25-5 % (v/v) BrCl. EPA Method
1631 suggests using as high as 5% (v/v) BrCl for highly organic matrices, or as low as 0.2%
(v/v) BrCl when trying to lower the limit of detection (LOD). While 1.0% (v/v) ultimately
worked well for BZ samples when a minimum of 4-day digestion period was used, BrCl was
increased to 2% (v/v) and 5% (v/v) for colored samples at EF in an attempt to achieve
complete oxidation. However, less than 2% (v/v) BrCl was insufficient for EF samples, as
indicated by the retention of color or cloudiness following the digestion period. While the
range of BrCl concentrations tested was within the range suggested by EPA Method 1631,
the oxidation times were increased from the suggested 12 hour minimum to 2- and 4-day
periods, followed by 14- and 24-day periods. The full details of the porewater digestion

method are available in Calvin et al. (in prep).

Hg Determination

Following BrCl-oxidation, 50 uL of 30% (w/v) NH20OH was added to remove free
halogens that could damage the pre-concentration columns. The samples were mixed and
allowed to react for at least 5 minutes. Then, a sample (or subsample) was poured into a
“UConn” bubbler that allows for continuous headspace purging and 100 pL of 3% (w/v) SnCl:
solution was added to reduce all Hg species to Hg®. The bubbler was then switched to purge
mode and the liquid was degassed with UHP N2 at 300 mL/min. for 5 minutes to concentrate

the evolved Hg® onto the first gold trap of a Tekran 2600 Mercury Analyzer (Tekran
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Corporation, Ontario, Canada). The first gold trap was then heated to desorb the Hg® in a
stream of UHP Ar onto a second gold trap which in turn was heated and the Hg determined
by Cold-Vapor Atomic Fluorescence Spectrophotometry (CVAFS). The instrument was
calibrated with Hg® vapor standard and with Hg(ll) aqueous standard each day of analysis. If
the vapor curve and aqueous curve slopes were different by more than 10%, the aqueous
standard was remade and, in accordance with Method 1631, another series of 5 non-zero
standards were run to create the calibration curve. At least three SnClz blanks were run each
day of analysis, and the average peak area associated with 100 pl of the 3% (w/v) SnCl:
solution was subtracted from the average (n=3) peak area of the reagent blank, to yield the
peak area associated with only the amount of BrCl added plus 50 pl of 30% (w/v) NH20H.
This peak area will be referred to as “adjusted reagent blank”. The average peak area
associated with the 100 pl of SnCl2 solution was used as the zero point of the calibration
curve and this area was not subtracted from the peak area of each of the standards. MilliQ
water alone used in creating reagent blanks was determined to have an HgT concentration
not quantifiable above the signal from BrCl and NH20H + BrCl. Raw sample peak areas
were corrected by subtracting the adjusted reagent blank peak area before using the
calibration curve to solve for fmoles of HgT. The daily LOD was calculated by solving for the
fmoles of HgT in each reagent blank (using uncorrected peak area), taking the mean of the
daily reagent blanks in fmoles, multiplying the standard deviation by 3, and dividing by 20 or

40 mL, as appropriate for the location. The daily LODs ranged from 0.34 to 6.4 pM.

Sediment Total Hg Quantification

Sediment cores were collected by hand in triplicate (at both locations) following the
December sampling event which did not yield sufficient sediment for all analyses from a
single core. Core tubes were stored in black plastic until they were brought back to the lab
following the sampling event and were processed the same day as collected. Sediment
cores were sectioned at 1 cm resolution and each depth segment was transferred to a 50 mL
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Falcon tube so that fractions from each replicate core could be pooled together. Samples
were vortexed, frozen away at -80°C until solid, and lyophilized on a Freezone 4.5L benchtop
freeze dry system (Labconco, Kansas City MO, USA) until completely dry (as determined by
constant weight), then stored in the dark until analysis. Samples were crushed by hand and
homogenized with a clean spatula after freeze drying. Aliquots of ~0.1 g of dry sediment
were accurately weighed into quartz boats (previously blanked through heating to 550°C in a
muffle furnace) using a Mettler Toledo analytical balance with a minimum of three replicates
for each depth. Samples were analyzed for total mercury on a DMA 80 Direct Mercury
Analyzer (Milestone Corporation, Shelton, CT, USA) with internal calibration. Reference
standard IAEA-158 was used to ensure concentration measurements were within 10% of the
reference standard. Measurements were averaged and two additional replicates were
performed for those with standard deviation >10% of the total concentration. For samples
with more than 3 replicates, Dixon’s Q-test was used to eliminate significant outliers before

the values were averaged.

Sediment and Porewater Methylmercury Distillations

Sediment

Lyophilized sediment samples (~0.3-1.0 g from East Fork and ~1.0-2.0 g from Beach
Zone) were distilled following the methods described in Hammerschmidt and Fitzgerald
(2006). The dry material was weighed into a tared Teflon distillation vial and ~40 mL of MilliQ
water was added atop the sediment followed by 400 uL of 2 M sulfuric acid, 400 pyL of 1 M
copper sulfate, and 200 pL of 20% (w/v) KCI solution. The distillation vessels were placed in
a hot block on a hot plate set at 140°C. A collection vessel for each distillation vessel was
prepared by adding ~5 mL of MilliQ water into a Teflon vessel and placing it in an ice bath.
Distillation caps and tubing were used to connect the distillation vessels within the hot block
to the receiving vessels in the ice bath. The tubing was placed below the water level and N2
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gas was bubbled into the distillation side samples for the duration of the distillation,
approximately 5 hours. Samples were distilled until ~60-70% of the liquid on the distillation
side had transferred. To distill past this point led to interference from the matrix during the
subsequent ethylation step and also increased the likelihood of the formation of artifact
methylmercury. Therefore, distillations were terminated when they had distilled to 70% or
had distilled for 5 hours, whichever came first. Samples were stored refrigerated and in the
dark for no longer than 48 hours prior to ethylation and analysis on Tekran 2700.

Two distillation reagent blanks were prepared along with each set of 6 environmental
samples. A reagent blank was prepared by adding ~40 mL of MilliQ water to a distillation
vessel, then adding 400 pL of 2M sulfuric acid, 400 uL of 1M copper sulfate, and 200 pL of
20% (w/v) KCI solution as was done for a sediment sample and subjecting the vessel to the
distillation procedure within the hot block. Two reagent blank peak areas were averaged
together for each day of analysis, and the average blank peak area was subtracted from the
sample peak area before the slope of a calibration curve (disincluding the y-intercept) was
used to solve for pg of MeHg in a 10 mL sample of distillate. The total amount of MeHg in the
whole volume of distillate for each sample was calculated based on the concentration of the
analyzed aliquot and the total volume of distillate produced for a given depth. The total mass
of sediment was used to calculate the concentration of MeHg in pg/gram dry sediment. For
days where one reagent blank had a peak area of zero, the reagent blank with a non-zero
value was used to correct the sample peak area. For days where an ethylation blank had a
peak area greater than or equal to the reagent blanks, or when both reagent blanks had peak
areas of zero, the peak area of the ethylation blank was used to correct the sample peak
area. A five-point standard curve, generally from 1.6-32 pg of MeHg (as Hg) or as was
appropriate to the concentration range of the samples, was prepared along with each set of
samples analyzed on the Tekran 2700. Acetate buffer was prepared fresh when the
ethylation blank was determined to have >1.9 pg MeHg per 10 mL sample. The limit of

detection was set at 3x the standard deviation of the reagent blank average, with all reagent
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blank peak areas converted to pg of MeHg by the curve pertaining to the day of analysis, and
the standard deviation of reagent blanks was calculated for pooled reagent blanks across all
days of sediment analysis. The concentration of reagent blanks (~10 ml volume) was 0.36
+/- 0.33 pg/ml when averaged across all days of analysis, which resulted in a limit of
detection (LOD) of 1.0 pg/ml. The average excluded reagent blank values that had peak

areas of zero.

Porewater

Porewaters were distilled following the method of Horvat et al. (1993). A minimum of
50 mL of porewater was needed to quantify MeHg following distillation. As the distillation
vessels had a maximum volume of 60 mL, adding the entire 50 mL sample led to
unacceptable foaming once heating and purging with N2 gas began. The foam caused
components of the porewater matrix to distill over to the collection side. Therefore, after 889
uL of 8 M sulfuric acid, 400 uL of 1 M copper sulfate, and 200 pL of 2 M potassium acetate
buffer was added, the sample was shaken to mix and ~25 mL volume of liquid was
transferred into the distillation vessel. Once the liquid level of the distillation vessel had
dropped to ~15 mL (approximately 2 -2.5 hours of distillation), the gas was left on but the
distillation vessel was removed from the hot block and placed in the ice bath until cool
enough to open. The remaining sample was transferred from the amber vial, the vessel
recapped and returned to the hot block, and the distillation continued. For porewaters, an
average reagent blank across all days of analysis was calculated to be 1.0 +/- 0.9 pg/ml

which resulted in a LOD of 0.3 pg/ml for a ~ 10 ml aliquot.

Ethylation and Analysis on Tekran 2700

Subsamples (~10 mL volumes) of distillates were placed in septum-sealed amber
vials, buffered with 40 uL of 2 M potassium acetate solution, treated with 20 L of 2.5% (w/v)
ascorbic acid and ethylated with 20 pL of 1% (w/v) sodium tetraethyl borate (NaTEB). An
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ethylation blank of 10 mL MilliQ water and the same quantities of reagents was prepared.
Upon incubating for a minimum of 17 minutes, samples were purged for 8 minutes with Ar
using a Tekran Model 2621 autosampler and the volatile methylethylmercury was collected
on a Tenax trap within a Tekran 2700 instrument. The Hg derivative was thermally desorbed

from the trap and determined as Hg® by CVAFS following in-line pyrolysis.

Loss-on-Ignition Organic Matter Quantification

Aliquots of dry sediment (~2 g) were added to tared ceramic crucibles in duplicate for
each depth. The samples were combusted at 550°C for 4 hours in a preheated muffle
furnace and allowed to cool inside the furnace until they could be handled for weighing
following the methods of Heiri et al. (2001) for determination of organic matter (OM) content.
Percentage of OM (w/w) in dry sediment was calculated as mass lost during combustion at
550°C as shown in the following equation: LOI = (DW - CW)/DW)*100. In the equation, LOI
represents the mass of organic matter lost via combustion as a percentage of total sediment
mass, DW represents the mass of lyophilized sediment, and CW represents the mass of
sediment after combustion at 550°C, the latter two values having units of grams. The
samples were not oven dried prior to combustion at 550°C and therefore could have
contained clay water or hygroscopic water that was also lost on ignition, which possibly
biased the LOI data high. Ex post facto drying tests constrained that bias to, at most, 14% of

total LOI at EF and 7% of total LOI at BZ .

Enriched Isotope Spiking Solution Preparation

Following the methods of Martin-Doimeadios et al. (2002) and Filipelli and Baldi
(1993), isotopically enriched Me'®®Hg and Me'®**Hg were synthesized for use in the 2022
microcosm experiments from '*®HgO and '®®*HgO sourced from Oak Ridge National Labs. A
solution of 2°°Hg(Il) in 0.1% HCI and deionized water was prepared using isotopically

enriched 2°°HgCl2 from Oak Ridge National Labs for both the 2020 and 2022 microcosm
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experiments. A Thermo Element XR Inductively Coupled Plasma Mass Spectrometer
(ICPMS; ThermoFisher Scientific, USA), hyphenated to a Tekran 2700 Methylmercury
Analyzer, was used to determine the isotopic composition of all three enriched-isotope
solutions. The Thermo Element XR was also used to determine the concentrations of the
isotopically enriched Me'®®Hg and Me'®*Hg solutions by reverse isotope dilution (Hintelmann

and Evans, 1997).

Microcosm Experimental Design, October 2020

At both BZ and EF in October 2020, sediment was collected from the upper 5 cm of
depth, sealed into separate clean plastic tubs, and immediately stored away in a dark cooler
until it was brought back to the lab and stored in a refrigerator. Every effort was made to
minimize exposure to the air. Overlying water (2 L) from each location was collected and
returned to the lab where a ~20 mL aliquot was spiked with isotopically enriched '®*MeHg
and 202Hg(Il) and allowed to equilibrate overnight at 4°C. The following day, sediment was
placed in a nitrogen-flushed glove bag, homogenized by stirring, and spiked with overlying
water that contained '%®MeHg and 2°2Hg(11) for final enriched concentrations of 1.4 pg
%8MeHg /g wet sediment and 3.4 ng 2°2Hg(ll) /g wet sediment. The spiked sediment was
stirred until homogeneous. The remaining overlying water (~1.5 L) was divided into 6
aliquots of ~250 mL each, and each 250 mL volume received either no treatment (two
controls), or spikes of nitrate, ammonium, molybdate, or molybdate and nitrate. The six
treatments and the corresponding concentration of amendments within the overlying water

are given in 81. N=3 for each condition at each location.
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Table 8. Location & concentrations of amendments for microcosms, October 2020

Treatment Concentration at EF (mM) | Concentration at BZ (mM)
Molybdate 39 37
Nitrate 117 106
Ammonium 107 99
Nitrate + Molybdate 107, 39 106, 37

48 hour control

Overlying water only

Overlying water only

Instantaneous control

Overlying water

Overlying water

*When two numbers are given, the first refers to the nitrate concentration and the
second to the molybdate concentration.

Within a nitrogen flushed glove bag, ~20 g of wet "®®MeHg- and 2°2Hg(Il)-spiked
sediment was added to each glass microcosm chamber through an acid-washed funnel.
Treatment and control overlying water solutions were bubbled with nitrogen for 30 minutes
within the glove bag to deoxygenate prior to 70 mL being added atop the sediment. The
headspace of each chamber was flushed with nitrogen gas before being crimp-sealed and
inverted to mix. Microcosm chambers were then removed from the glove bag and stored at
ambient laboratory temperature in the dark for 48 hours after which the reaction was
terminated by placing the chambers in the -80°C freezer until solid. At both EF and BZ,
three replicates of each of 4 treatment conditions were prepared. An instantaneous control
was prepared to determine changes in MeHg concentration that occurred as a result of
perturbing the system with Hg(ll) and MeHg spikes that increased the amount of available
HgT. The instantaneous control was prepared in triplicate. Vessels were crimp-sealed in the
glove bag and moved to the -80°C freezer immediately after preparation. Three replicates of
the 48-hour control were incubated for the same time period as the treatment conditions
before freezing. Following incubation and freezing, samples were lyophilized as was done for
environmental samples and (0.3-2.6 g) aliquots from each treatment replicate were distilled to
concentrate MeHg and release it from the matrix per the distillation methodology as

described above.
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Microcosm Experimental Design, October 2022

As initial microcosm had limited replication (n=3), additional microcosm experiments
were conducted in October 2022 at Beach Zone, with a 337 uM nitrate solution (“Low
Nitrate”), intended to simulate double the highest ambient concentration of nitrate observed at
YL, and a 106mM nitrate solution (“High Nitrate”), replicating the nitrate amendment used in
2020. Sediment and surface water from Beach Zone were field sampled in the same manner
as in 2020. Five microcosms of each condition were prepared, with the details presented in
Table 9. Samples were spiked with 2°°Hg(Il), used to track methylation, and '®®MeHg, used
to track demethylation. 2°°Hg(Il) and "®®MeHg enriched isotope solutions were added to
overlying water and bubbled with nitrogen gas for 30 minutes within a glove bag (COY Lab
Products) to deoxygenate. Final concentrations of 2°°Hg(Il) and '®®MeHg were 5.1 and 2.0

ng/g dry sediment, respectively.

Table 9. Concentrations of nitrate amendments for October 2022 microcosms

Concentration within BZ
Treatment Porewater
Low Nitrate (micromolar) 337
High Nitrate (millimolar) 106
48 hour control Overlying water only
Instantaneous control Overlying water only

ICPMS Analysis & Isotope Calculations

We measured the isotopic composition of MeHg in the incubations by connecting the
output gas from a Tekran 2700 to an Element XR (Thermo) ICPMS. Subsamples (~10 mL) of
the microcosm sediment distillate were ethylated and Hg was determined as described above
for native sediment samples.Prior separation of species by the GC column allowed for distinct
peaks corresponding to Hg0, MeHg, and Hg(ll). Peak areas were integrated within the
internal software of the Element XR for each Hg isotope and a curve specific to each of 2°°Hg

and 202Hg was created for each day based on calibration standards prepared from bulk MeHg
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standard with a concentration of 1.51 pg Hg/uL. The isotope-specific calibration curves were
applied to the integrated peak areas to solve for MeHg in pg of Hg for that isotope. The pg
values were used in the linear algebra matrix calculations of Ouerdane et al. (2009) following
the technique of Hintelman and Evans (1997) for separating the signal from Me?%?Hg
produced from the spike from that of the background pool of 2°2Hg(ll) in the sediment.

The bulk MeHg standard calibration curve consisted of 6 points, including an
ethylation blank, and 5 standards ranging from 5-300 pL of standard. The pg quantity from
each of the two sample replicates was corrected by subtracting the pg’s coming from the
daily average reagent blank (2 reagent blanks per day, with 2 technical replicates of each
measured). The resulting “corrected pg value” was used to calculate the average MeHg
concentration in pg/g dry sediment of a given sample. Next, pg/g concentrations were
averaged across all three replicates of the same treatment and standard deviation was
calculated. Following that, the resulting average concentration value was divided by the
spiked concentration for each site (4460 pg/g dry sediment at BZ and 8420 pg/g dry at EF),
as was the standard deviation calculated from the average of the three treatment replicates.
Finally, the proportion of the spike methylated was converted to a rate by dividing by the
number of days and multiplied by 100 to express as a percent. The error bars depict one
standard deviation of the mean of each group of replicates. Plots show the 48-hour control
specific methylation rate (as a percentage of the 2°?Hg(ll) spike methylated per day) so that
treatments’ specific methylation rates can be compared. Typical reagent blanks had a mean
of 5.8 +/- 4.6 for 10 mL of reagent blank distillate, and resulted in a limit of detection (LOD) of

1.4 pg/mL.

Modifications to ICPMS method & calculations for microcosm experiment, October

2022

%MeHg was used as an internal standard, with ~100 ul spiked into distillate vessels
prior to distillation, and used to track MeHg recovery and ethylation efficiency. The isotope-
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dilution method described in Hintelman and Ogrinc (2009), was used rather than the
calibration curve approach described above. The two techniques were compared, and found
to agree within 8% for final reported concentrations of isotopically enriched Hg(ll) converted
to MeHg. Peak areas by isotope were integrated using a Python script available at
https://github.com/chlamborg/HgICPPeaklintegration (Lamborg, 2023). Matrix algebra
(Ourdane et al., 2009) was used to resolve the signal from Me?*°Hg produced from the spike
from that of ambient 2°°Hg(ll) in the soil. Matrix output was used to calculate the ratio of the
peak areas of Me?°’Hg to Me'®*Hg. The ratio of Me?®°Hg/Me'%°*Hg was used to solve for the
final amount of excess Me?*°Hg by multiplying the ratio times the known amount of Me'*°Hg

spiked into the distillation.

Macronutrient Analysis

Sample Preparation

A 50 mL subsample of 0.45 um-filtered water (unacidified) from each sampling depth
was frozen at -80°C in preparation for nutrient analysis. Samples were removed from the
freezer and thawed at ambient temperature the day of analysis. To precipitate Fe(lll) that
could oxidize the Cd column, 5 pL of CaClz solution (40 g/L) was added to a 10 mL porewater
sample in a 15 mL Falcon tube, following the methods of F. Birgand (personal
communication, November 16, 2020). The tube was centrifuged for 15 min. to flocculate and
precipitate solid iron chloride. Care was taken to keep pump sampler tubing above the level
of precipitate during sample injection with a Gilson 222XL autosampler. Samples with
notable sulfidic odor or visible polysulfides at the surface were diluted 1/5 before introduction

into the instrument (E. Grande, personal communication, November 24, 2020).

NOx and Nitrite Analysis

NOx and nitrite were measured separately on a 1 channel Lachat 8000 FIA+ system

following method 10-107-04-1-C (Wendt, 2000). Sulfanilamide and N-(1-Naphthyl)

71



ethylenediamine (NED) were used to react with the sample prior to either determination,
though a Cd reducing column is placed in line for NOx analysis to reduce nitrate to nitrite.
Nitrite was determined from the same sample without the Cd column in line. Nitrate was then
determined by subtracting NO2 from NOx. The detection limit for the method was 5-50 pM
and samples were diluted 1/5 or 1/10 when they measured above this range. Samples with
visible red or yellow pigment were preemptively diluted 1/5 to avoid colorimetric interference
at 520 nm from the matrix (Fishman and Friedman, 1985), as were those with sulfide odor.
When October samples were diluted by 1/5, NOx was below the limit of detection (BLOD).

All nitrite data for all seasons was also BLOD.

Ammonium Analysis

Ammonium was determined on the Lachat 8000 FIA+ by method 11-107-06-2-A for
seawater (Lachat Group, 2015). The analyte detection limit was from 0.7-36 uM. Salicylate,
hypochlorite, and sodium nitroprusside (NaFeCN) were used to react with the sample to
produce an emerald green color that could be measured at 660 nm. The same practices for

diluting pigmented samples or those with sulfide odor were followed as above.

Color Interference Correction

An aliquot of each porewater was run through the instrument along with DI water in
place of reagents as an additional colorimetric blank technique. Any peak area that may
have resulted in absorbance from matrix pigment rather than analyte reacting with
colorimetric reagents could in this way be quantified and subtracted from the true absorbance
as a correction. However, none of the samples had quantifiable colorimetric interference
detected during this procedure and the original absorbance values were used along with a

calibration curve to solve for concentration.
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Sediment and Porewater Sulfide Analysis

The acid-volatile sulfur (AVS) and chromium reducible sulfur (CRS) fractions were
released from the sediment during a two-step distillation following the assay described by
Marvin-DiPasquale (2007) in the SOP USGS-MP #5 protocol. For this study, sediment cores
were processed outside of a glove bag and frozen at -80 °C without addition of ZnAc. No
radiotracing was used. All reagents and water were degassed with Nz for at least 30 minutes
before contacting sediment. All distillation steps took place under a continuous flow of N2 gas
at a rate of 130 +/- 5 ml/min. Lyophilized sediment (~1 g) was added to a round bottom flask
and 6 mL of anoxic water was used to rinse the sample tube and sides of the flask to ensure
all of the sample aggregated at the bottom of the flask. The sediment and water within the
flask were flushed with N2 gas for 5 minutes and then 20 mL of 0.35M TiCls in 8.4 M HCI was
added atop the water and sediment. The mixture was stirred magnetically without heating for
45 minutes to release the AVS fraction from the sediment matrix. Next, 20 mL of 0.6M CrCls
in 4M HCI solution (pre-reduced with Zn) was added to the same aliquot of sediment in the
round bottom flask and was stirred for 60 minutes while heating to release the CRS fraction.
The heat was set just hot enough so that steam formed but then quickly condensed on the
tubing on the way to the ZnAc trap. If Cr reagent began to enter the steam, as evidenced by
a greenish color in the condensed liquid within the tubing, the heat was reduced. Both AVS
and CRS fractions of distillate steam (sulfur as H2S gas) were trapped separately in aliquots
of 20 mL of 10% (w/v) ZnAc solution.

ZnAc traps were vortexed prior to subsampling, and a 0.1 to 1 mL aliquot (as
appropriate to the range of the curve) was transferred to a cuvette with 6 mL MilliQ water and
1 mL Cline’s reagent (Cline, 1969). Color was allowed to develop for 15 minutes before the
samples were analyzed with a Oceanlnsight FLAME miniature spectrophotometer connected
to an Oceanlnsight UV-Vis Sampling System light source set at 670 nm. A standard curve

(0.1 to 1.6 mmol/L) prepared from a stock solution of sodium sulfide and zinc acetate (final
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sulfide concentration ~8.6 mmol/L) was used to solve for the concentration of sulfide in the
distilled AVS and CRS fractions. A reagent blank was prepared by distilling reagents
(TiCl2/HCI for AVS and CrCls/HCI reduced with Zn metal for CRS) in 6 mL of MilliQ water
without sediment in the same glass distillation set-up as the sediment samples. The reagent
blank was associated with values of 0-0.1 absorbance (typical = 0.01), and for days with a
non-zero absorbance, the sample absorbance was corrected by subtracting the value of the
reagent blank before the curve was used to solve for the concentration within the sample

tube.

Porewater AVS Analysis

A 50 mL porewater sample was subsampled in the field into a 50 mL Falcon tube
prepared with 5 mL of 10% ZnAc solution to immediately precipitate dissolved sulfide as ZnS
solid. These tubes were transported to the lab in a cooler and frozen at -80 °C until they
were thawed on the benchtop the day of analysis. The thawed aliquot was vortexed and a 1
mL subsample was reacted with Cline’s reagent and porewater AVS was measured

spectrophotometrically as described for sediment AVS.

Genomic DNA Extraction

Sediment from the upper 4 cm of each location was collected in October 2020 during
the same sampling event as the sediment taken for microcosms. Sediment was scooped into
a plastic box while the box remained under the surface of the water such that the overlying
water served as a cap on exposure to air during the sampling. The plastic box was tightly
capped and placed in a dark cooler until transported to the lab. Once at the lab, the overlying
water and the top 2 cm of sediment was removed, and subsamples were placed in Falcon
tubes and stored at -80 °C for DNA extraction. Samples were thawed on ice and four
subsamples (0.36-0.81 g wet sediment) from BZ (BZ 1-4) and four subsamples (0.37-1.06 g

wet sediment) from EF (EF 1-4) were weighed out into the bead beating tubes of a Qiagen
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DNEasy PowerLyzer PowerSoil Kit. DNA was eluted into nuclease-free water rather than
buffer,and stored at -20 °C until amplification.

We were unable to successfully extract DNA from the frozen sediment from EF. The
sample was used up in the first attempt, and a second attempt to extract DNA at EF sampled
the microcosm instantaneous control as this was prepared from the same sediment on the
same day as the failed samples and was frozen immediately upon microcosm preparation.
Though not identical in sample handling as the sediment from BZ, the lyophilized sample was
the best representative available for the EF October sediment, after initial attempts to extract
DNA were unsuccessful. Lyophilized sediment was washed with "Poulain Magic Buffer” (0.5
M EDTA, 1 M Tris-HCI, 0.5 M sodium phosphate heptahydrate, pH=8) (Poulain et al. 2015) to
remove inhibiting substances and then centrifuged to separate the supernatant. This process
was to be repeated until the supernatant ran clear, however after 4 rounds the process was
terminated despite color still present in the supernatant. Wet washed sediment (0.12 - 0.3 g),
previously frozen and lyophilized, was used for the second round of extractions at EF, called
EF A-D. The second extraction used a modified version of the Qiagen kit which added a
proteinase K digestion step to the extraction procedure. Proteinase K (0.5 mg per sample)
was combined with solution C1 in step 2 prior to bead beating for 40 seconds at 4000 (M/s) in
a Fast Prep-24 bead beating system (MP Biomedicals, LLC. Irvine, CA, USA) and allowed to
incubate at 55 °C for 30 minutes. The regular protocol was resumed upon completion of the

incubation step.

Amplification with Polymerase Chain Reaction (PCR)

Three of the genomic DNA (gDNA) samples from BZ (samples 2-4) amplified
successfully using Bakt_341F and Bakt_805R primers for the hypervariable V3/V4 regions of
the 16S rRNA gene (Herlemann et al. 2011; Turk-Kubo et al. 2018). A Qiagen PowerClean
DNA Clean—Up Kit was used on Sample BZ-1 and following this procedure it amplified
successfully. The same kit was used on all four extracted gDNA samples from EF (samples
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A-D), but the target region failed to amplify even after cleaning. A dilution series was created
from cleaned gDNA to reduce the concentration of inhibitors and we found that EF gDNA
diluted 1/8 with nuclease-free water could be amplified. PCR reaction mixtures were run in a
Peltier Thermal Cycler PTC-200 (MJ Research, Quebec, Canada). The conditions used for
the PCR are shown in Table 10 and the reagent volumes used are given in Table 11 (Shilova
et al. 2017). All PCR products were cleaned using a Qiagen MinElute PCR Purification kit
before quality assessments with Nanodrop and Qubit. Sodium acetate (10 L, 3M, pH =5.2)
was added to each PCR product to adjust the pH as required by the kit to facilitate column
binding. Nanodrop 260/280 ratios should be ~1.8 for “pure” DNA and 260/230 ratios should
be between 2.0-2.2. Sample 260/280 ratios ranged from 1.76-1.90 and 260/230 ratios
ranged from 1.27-1.94. Sample EF-A was excluded from sequencing due to its low 260/230
ratio of 1.27 and as the final quantity was less than 500 ng which was the minimum required
by the sequencing service.

Table 10. PCR thermocycling program

Step Description Degrees Celcius  |Duration (seconds)
1 Initial denaturation 95 300
2 Denaturation 95 40
3* Anneal 53 40
4* Elongation 72 60
5 Final Elongation 72 7
6 Hold Temperature 4 hold

*Steps 2-4 are repeated for a total of 25 cycles.
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Table 11. Volumes of reagents used in PCR

Final Per Reaction

Reagent Initial Concentration | Concentration Units (uL)
Water - - 19.5
CoralLoad Buffer 10 1 X 2.5

MgCI2 In buffer 1.5 mM In buffer
dNTP Mix 10,000 200 uM 0.5
341 F 10 0.2 uM 0.5
805 R 10 0.2 uM 0.5

Invitrogen

Platinum Taq - - - 0.5
Template DNA |- - - 1.0

DNA Sequencing

Amplicons from the same gDNA template were pooled following repeated PCR
reactions until >500 ng of DNA was present in each sample as determined by Qubit or
Picogreen fluorescence assay. Concentrations were normalized to ~20 ng/uL and samples
were sent to Azenta Services for sequencing (Plainfield, NJ, USA). BZ samples 1-4 and EF
samples B-D were sent, as EF-A had an insufficient quantity even after the products from
four PCR reactions were pooled. Illumina MiSeq with 2x250 configuration was used to
sequence the PCR amplicons resulting in reads that had a ~20 bp overlapping region.
Primers and proprietary multiplexing adapters were trimmed from the sequences by the

commercial service.

Bioinformatic Analysis

Sequencing produced .fastq files that were loaded into RStudio running R statistical
computing language. The ‘dada2’ package (Callahan et al. 2016) was used to calculate the
sequencing error rate and remove sequences with a statistically high chance of existing due
to sequencing error, filter the reads to remove those shorter than 20 nt or longer than 475 nt,

and merge forward and reverse reads into “contigs”. Reads were not merged if the overlap
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region was less than 12 bases in length or if the reads failed to have 100% sequence identity
in the overlap region. Contigs were dereplicated with multiple instances of the same
sequence binned together as amplicon sequence variants (ASV’s), identical sequence reads.
Chimeras were removed from the final dataset leaving 59% of the prior ASV'’s. Finally, ASV'’s
<200 or >475 were removed, as these sequences were likely the result of nonspecific
priming. The remaining sequences (7924) were aligned to the SILVA NR training set
(v.138.1; McLaren et al. 2021) to assign taxonomy to the genus level (Quast et al. 2013;
Yilmaz et al., 2014). Species could not be assigned using 16S amplicon sequences due to
limitations described by Wright and Baum (2018).

The ‘phyloseq’ package (McMurdie and Holmes, 2013) was used for downstream
analysis of determining abundance by taxonomic level. ‘BiocManager’ (Morgan, 2021) was
used to access ‘Bioconductor’ (Gentleman et al., 2004) and the ‘DESeq2’ package. ‘DESEq2’
allows for the quantification of changes between experimental conditions while accounting for
variation that arises within a single treatment or control condition (Love et al. 2014). It has
been proposed as a superior tool for normalizing abundances of libraries of different sizes so
that statistically valid comparisons can be made (McMurdie and Holmes, 2014). An
alternative, but inferior technique is to "rarefy” data, which means to subsample randomly
from larger libraries to equalize them in size to smaller libraries. However, this procedure
potentially eliminates rare taxa of interest and introduces the possibility of not detecting a
difference between samples when one exists (Type |l errors). DESeq2 was used to estimate
dispersions based on a model of independent and dependent variables and to calculate log2
fold change between conditions. P-values were calculated within the DESeq2 algorithm,
based on the Wald test and were adjusted using the Benjamini-Hochberg method of
correction for multiple inferences (Love et al. 2014). A confidence level of 99% was used for
the creation of the model that is depicted in the log2 fold change plot. The log2 fold change
(LFC) is calculated using EF as the reference, such that LFC=log2(BZ/EF), with positive

values indicating that a sequence is more abundant at BZ and negative values indicating a
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less abundant sequence. Additional detail about all R package versions and the RStudio

environment in which they were used is provided in Appendix A: Supplementary Table S1.

Methods of Statistical Testing, 2020 Microcosms

Methylmercury production rates from the microcosm experiment were grouped by
site (n =18) and subjected to normality tests, including plotted histograms and a Shapiro-Wilk
test from the ‘stats’ package (R Core Team, 2023). Normality was assessed across all
samples by site (n=18), not by treatment replicate. The test results suggested the
methylmercury production rates at BZ had marked deviations from normality while EF did not
(p-value = 0.015 and 0.49 for BZ and EF, respectively, Shapiro-Wilk test). Therefore, an
analysis of variance (ANOVA) test was used for EF data and the equivalent non-parametric
test, Kruskal-Wallis, was used for BZ data. The tests allowed us to check for significant
differences among group means.

Following the ANOVA test, the residuals of the EF ANOVA fit model were checked
for independence, normal distribution, and homogeneity of variance, and none of the plots led
us to be suspicious about the normality of the distribution. A Shapiro-Wilk test and a
Kolmogorov-Smirnov test from the ‘stats’ package were applied to check for normality of the
residuals (R Core Team, 2023). For all statistical testing, the confidence level was 95%. A
Brown-Forsyth test from the ‘car’ package (Fox and Weisberg, 2019) is a test of differences
from the median of each group. The test was conducted to check homogeneity of variance
(homoskedasticity) as equal variances among groups compared is an assumption of an
ANOVA. The results gave no indication the residuals had unequal variances (p-value 0.59,
Brown-Forsyth test for EF). Finally, eta squared (n?), the effect size metric for an ANOVA,
was calculated using a function from the ‘Isr’ package (Navarro, 2015) and the effect size is
given in Table 13 along with the p-value and F-statistic. The effect size metric for the Kruskal-
Wallis test, epsilon squared (£2), was calculated as ¢2=H*(n +1)/(n? -1)) where H was the chi-
squared statistic from the Kruskall-Wallis test and n was the total number of observations
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(Tomczak and Tomczak, 2014). As the omnibus tests’ results did not indicate any means
were significantly different at either location, post-hoc testing was conducted only to reveal
which groups had the greatest likelihood of being different, as indicated by smallest p-values
within comparisons of means. A post-hoc Dunnett’s test from the ‘DescTools’ package
(Signorell et al. 2021) was used to reveal which group(s) had a mean significantly different
than that of the control following ANOVA at EF. A Dunn'’s test from the ‘FSA’ package (Ogle,
et al. 2022) was used for non-parametric BZ data after Kruskal-Wallis. The Dunnett’s test
only compares each treatment against the control whereas the Dunn’s test makes all possible

comparisons of means between all groups.

Methods of Statistical Testing, 2022 Microcosms

For the 2022 microcosm samples, the final number of analyzed samples for each
treatment was: instantaneous control (n=5), 48 hour control (n=4), Low Nitrate (n = 3), and
High Nitrate (n=5). Dixon’s outlier test was used to remove data from 48 hour control
microcosm E. kmeth and kdemeth Wwere examined using an unbalanced design (type = “IlI”), 1-
way ANOVA with treatment as a factor. Tukey’s Honest Significant Differences test (Tukey’s
HSD) was used as a post-hoc test of multiple comparisons. The ‘Anova’ function from the
‘car’ package and the ‘TukeyHSD’ function from the ‘stats’ package of R statistical computing
language were used (Fox and Weisberg, 2019; R Core Team, 2023). The ‘ggplot2’ package
(Wickham, 2016) was used along with the color palette package ‘wesanderson’ (Ram and

Wickham, 2018) to produce plots.
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3.3 Results

Seasonal Field Observations
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Figure 12. Depth profiles of HgT concentration, MeHg concentration, organic matter
percentage, and dissolved oxygen percent saturation for sampling conducted in April,
October, and December for Beach Zone (top row) and East Fork (bottom row). Error
bars depict standard deviation of mean values for data with replicates. Missing values
at BZ for methylmercury are NA for 16,18, and 20 cm and is BLOD for 8 cm depth.
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Figure 13. Depicts depth profiles for MeHg concentration, nitrate concentration,
ammonium concentration, AVS concentration and CRS concentration for sampling
conducted in April, October, and December. Data shown is for Beach Zone (top row)
and East Fork (bottom row). Error bars depict standard deviation of mean values for
data with replicates. Properties listed as per gram are sediment and per liter are
porewater. Missing values at BZ for methylmercury are NA for 16,18, and 20 cm and is
BLOD for 8 cm depth. Porewater AVS concentration is BLOD for April at BZ and for
both sites in December. Sediment AVS and sediment CRS concentrations are NA for
BZ December. Sediment AVS concentration is BLOD for BZ in April.
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Table 12. One-predictor models for East Fork and Beach Zone

Estimate of R2at EF Estimate of R2at BZ
Predictor Coefficient at EF Coefficient at BZ
Depth (cm) -0.46 0.21 -0.42 0.18
Sed. HgT (ng/g
dry) 0.06 0.00 0.04 0.00
LOIl % 0.31 0.09 0.11 0.01
Ammonium (uM) -0.46 0.21 -0.43 0.18
Porewater AVS
(mM) -0.32 0.11 -0.49 0.24
Porewater O2 %
saturation 0.50 0.25 0.28 0.08
Porewater HQT
(pM) -0.09 0.01 0.21 0.04
Nitrate (uM) 0.77 0.60 0.22 0.05
pH -0.03 0.00 -0.32 0.10
Salinity (ppt) -0.37 0.14 -0.20 0.04
Temp. (Celcius) -0.34 0.11 -0.27 0.07
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Figure 14. Sediment AVS concentration plotted against sediment MeHg concentration
for all seasons, at both EF and BZ. Regression lines shown in the same color as used
for group month. Sediment AVS and MeHg had a positive relationship until sediment
AVS reached ~50 pmol/g dry sediment. After this point, all observations of sediment
MeHg concentration measured <1000 pg/g. MeHg concentrations are generally limited
in October, when many sediment AVS values were >50 umol/g. The maximum MeHg
concentration was seen at EF in December, when sediment AVS were ~11 pmol/g.
Sediment AVS is NA for BZ in December and is BLOD for BZ in April. The regression
lines are not shown for December nor April at BZ.

84



4000 1

30001 Location
o ® Beach Zone
> _
- A East Fork
(o]
T
2 20001
- Date
o
£ -®- April
8 December
2 A

October
1000
/3
0 B= )
0 5000 10000 15000

Sediment Total Sulfide (AVS + CRS) (umol/g)

Figure 15. Sediment total sulfide (AVS + CRS) concentration plotted against MeHg
concentration for all seasons, at EF and BZ. Regression lines shown in the same color
as used for group month. Sediment total sulfide (as the sum of sediment AVS and
CRS) in ymol/g dry sediment, at concentrations >~2800 ymol/g were associated with
limited MeHg concentration. All of the observations above ~2800 pmol/g total S
concentration were from EF in October. Sediment total S was ~1500 umol/g when the
highest MeHg concentration was observed. Sediment AVS and sediment CRS
concentrations are NA for BZ December and sediment AVS concentration is BLOD for
BZ in April. The regression lines are not shown for December nor April at BZ.
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Figure 16. Porewater AVS concentration plotted against sediment MeHg concentration
for all seasons at EF and BZ. Regression lines shown in the same color as used for
group month. Porewater AVS concentration and MeHg concentration had a positive
association in April for EF data. In October, no such relationship was present at either
location. Porewater AVS concentrations >100 pymol/ml appeared to limit MeHg
concentration, with an October maximum MeHg concentration at EF of 2.18E+2 pg/g
compared to 1.20E+3 pg/g in April or 3.73E+3 pg/g in December. No regression lines
are shown for BZ in April nor at either site for December, as porewater AVS
concentrations were BLOD.
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Table 13. Results of Analysis of Variance (ANOVA) test at EF & Kruskal-Wallis test at
BZ

Degrees of
Location Test Test Statistic freedom p-value |Effect Size
Beach Zone |Kruskal-Wallis |7.47 chi-squared 4 0.1 0.57 €2
East Fork ANOVA 3.33 F-value 4,10 0.06 0.57 n?
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Figure 17. Boxplots of kmeth at Beach Zone (A) and East Fork (B) from microcosm
experiments amended with nitrate, ammonium, molybdate, and molybdate plus nitrate
in October 2020. Mean kmeth value for the 48 hour controls is depicted as a black line
within each box. 15t and 3™ quartiles from each of the microcosm experiment treatment
groups and the control are shown as box edges. Whisker edges portray the data’s
maximum and minimum for a given condition. Note the difference in scale of the y-
axis between locations. Horizontal black dotted lines indicate the median of each
control.
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Table 14. kmeth (percent per day) averaged by treatment group

Standard
Treatment Group Mean Kmeth Deviation Number of
Group Location (% per day) (% per day) replicates
Control Beach Zone 1.0 0.8 3
Nitrate Beach Zone 2.3 1.1 3
Ammonium Beach Zone 1.6 14 3
Molybdate Beach Zone 0.2 0.1 2*
Molybdate +
Nitrate Beach Zone 0.3 0.06 3
Control East Fork 0.2 0.1 3
Nitrate East Fork 0.2 0.01 3
Ammonium East Fork 0.2 0.08 3
Molybdate East Fork 0.07 0.06 3
Molybdate +
Nitrate East Fork 0.09 0.02 3

*One outlier was removed after Dixon’s Q-test.
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Figure 18. A log2 fold change plot used to reveal differences in bacterial genera
between BZ and EF from environmental sediment samples. A horizontal gray line
indicates the 0 point of the y-axis. Above the gray line (positive) log2 fold change
indicates more prevalence at BZ than EF, whereas negative values indicate less
prevalent sequences.
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Table 15. kmeth, MeHg concentrations, percent MeHg and salinity across studies,
freshwater lakes, rivers, and wetlands.

Ambient
. Kmeth Sediment Percent o
Location Source Substrate Type |(percent per| MeHg (pg/g MeHg Salinity
day) dry
sediment)
Freshwater
Lakes,
Rivers &
Wetlands
East Fork
Poplar . River sediment
+/-
Creek, Oak | CNistensen. | o reamofHg | 92 | 310 +1-11 |0.025:0.027]  Fresh
. etal., 2018. o 0.011
Ridge, contamination
Tennessee
East Fork
Poplar . River sediment
Christensen, 0.045 +/- 2,700 +/-
Creelk, Oak etal. 2018. downstrlean? of 0.007 250 0.07-0.09 Fresh
Ridge, contamination
Tennessee
Lake 658, Ambient
Experimental] Acha et al Water column of Porewater
P v a stratified 05-17 . NA Fresh
Lake Area, 2012. liaotronhic lak conc: 160 -
Canada cligotrophic fake 1300 pg/L
Fresh (0.17 -
Yolo Marvin- Agricultural f(; ilﬁ;e(zlillii
Bypass, DiPasquale Wetland 0.06 — 9.0 1800 -2980 0.5-1 .
o . ammonium
California | et al., 2014. Sediment
sulfate &
urea)
Everglades Fresh
Florida Gilmour et Nutrient Removal (contained
Area & Water 0-12 <100 - 5000 <0.2-2 .
Everglades | al, 1998. ) agricultural
Conservation runoff)
Areas Sediment
Yolo Marvin- Non-Agricultural
Bypass, | DiPasquale Wetland 7.0-43 |1300-2350] 0.9-1.42 Fresg 1(2')08
California |etal., 2014. Sediment ’
San Windham- | Yolo Bypass Ag.
Francisco | Myers et al., Wetland 1.4 -15.6 400 - 1400 0.1-0.9 Fresh
Bay Delta 2009. Sediment
Yolo Bypass
San Windham- |Non-Ag. Wetland
Francisco | Myers et al., or Cosumnes 0-51 400 - 9600 0.3-91 Fre_sra (704())06
Bay Delta 2009. River Floodplain '
Sediment
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Table 15. Continued: kmeth, MeHg concentrations, percent MeHg and salinity across
studies, estuarine and salt marsh sediment.

Ambient
_ Kmeth Sediment Percent N
Location Source Substrate Type |(percent per| MeHg (pg/g MeHg Salinity
day) dry
sediment)
Estuarine
and Salt
Marsh
Sediment
New Jersey Blum and Sediment Slurry
Salt Marsh Bartha, 1980. under N2 0.015 NA NA 30
. Muddy Estuarine
EF Nitrate o study Sediment, |0.17-0.19| 33-218 | 0.04-025 | 33.3-39.8
amended .
Nitrate amended
EFY M Estuari
ounger] s stugy |MuddyEstuaine) o o o5 | 33_3730 | 0.04-46 | 333308
Lagoon Sediment
BZYounger| . stuay | SandyEstuarinel o 45 | BLop-36 | BLOD-05 | 34.3-38.4
Lagoon Sediment
. Sandy Estuarine
BZ Nitrate | Lo study Sediment, 15-36 | BLOD-36 | BLOD-0.4 | 34.3-38.4
amended .
Nitrate amended
Ore River Liem-Nguyen et 5::17:"12?1?
Estuary, guy ’ 1.0-5.0 280-323 | 0.63-0.84 3.86
Swed al., 2016. amended with
weden N+ P
Kirkpatrick . .
Marsh, Mitchell and “} Estuarine Marsh | -, _ 7 o | 200-5000| 0.2-46 | 1.8-325
Gilmour, 2008. Soil
Maryland
San . Petaluma River
Francisco | ndnamMyers)  “ ico Marsh | 0.1 - 14.2 | 300 - 5200 | <0.1-19 | 17.2-334
et al., 2009. .
Bay Delta Sediment
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Table 15. Continued: kmeth, MeHg concentrations, percent MeHg and salinity across
studies, estuarine and salt marsh sediment.

Ambient
_ Kmeth Sediment Percent N
Location Source Substrate Type |(percent per| MeHg (pg/g MeHg Salinity
day) dry
sediment)
Marine
Sediment
Mid-Atlantic Hollwed et al
Continental 9 " |Marine Sediment] 0.2-5.3 8-96 09-1.4 31-35
2010.
Shelf
Long Island Hammerschmidt
9 and Fitzgerald, | Marine Sediment] 1.4 - 8.2 200 - 3200 0.5-1.1 53.7
Sound
2004.
EnNTemd Hammerschmidt
g. and Fitzgerald, | Marine Sediment] 2.0 — 21 11-334 0.4 -1 33.6-344
Continental
Shelf 2006.

*The tabled rates are ordered from lowest to highest within a given subsection (Fresh,
Estuarine, Marine). When a range is given, the maximum was used to order the values.
Entries are italicized when the site was either experimentally amended with nutrients
or if the site description indicated the presence of agricultural fertilizer. When salinity
values were given in ppm [CI], conversions to ppt were made by multiplying the ppm

value by 0.00187 (Mitchell and Gilmour, 2008). NA is for not available data.
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Figure 19. Boxplots of kmeth (A) and kdemeth (B) from microcosm experiments amended
with nitrate in October 2022. Low nitrate treatment corresponds to a nitrate
concentration of 337 uM and high nitrate treatment corresponds to a 106 mM nitrate
concentration. No significant difference was seen in methylation potential (kmeth) with
nitrate treatment, though demethylation potential (kdemeth) was significantly suppressed
by either nitrate amendment. Black dashed line indicates the median kmeth Or kdemeth Of
the control for each assay.
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Table 16. kmeth and kdemeth averaged by treatment group for Beach Zone October 2022
microcosms

Methylation Standard Demethylation Standard
Treatment Group Mean Deviation Group Mean Deviation  |[Number of
Group (% per day) (% per day) (% per day) (% per day) |replicates
Instantaneous
control BLOD NA 1.1 0.17 5
48 hour
control 3.4 0.81 37 3.7 4
Low Nitrate
(micromolar) 3.7 0.53 14 1.4 3
High Nitrate
(millimolar) 3.0 0.45 12 6.1 5

*Control Treatment E was removed as an outlier after Dixon’s Q-test.

Table 17. Results of Analysis of Variance (ANOVA) test for Beach Zone October 2022
demethylation assay microcosms

Degrees of
Location Test Test Statistic freedom p-value
Beach Zone ANOVA 35.924 (F) 2 p< 0.001
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3.4 Discussion

Ambient MeHg Concentrations at Younger Lagoon

The greatest concentrations of MeHg at YL were measured in the upper 0-5 cm of
sediments, which is consistent with the observations of others (Krabbenhoft et al. 1995;
Gilmour et al. 1998). MeHg as a percentage of HgT was on average 0.5% at EF and 0.13%
at BZ. MeHg as a percentage of HgT across all seasons ranged from 0.04 - 4.6% (w/w) at
EF and from BLOD - 0.5% (w/w) at BZ (Table 15). Ambient MeHg concentration ranged
from 33 - 218 pg/g at EF and from BLOD to 36 pg/g at BZ in October. Across all seasons,
ambient MeHg ranged from 33 - 3.73E+3 pg/g at EF and from BLOD to 36 pg/g at BZ. For
seasons when nitrate was above the LOD, the greatest MeHg concentrations were also

measured in the overlying water and within the top 4 cm of sediment.

Dissolved Oxygen

The upper 5 cm region was also the most oxygenated at YL, where dissolved oxygen
concentrations were >100% (w/w) at EF in December and October. EF was more oxic than
BZ in December and October. DO profiles were of similar shape and concentration at both

locations in April (Figure 12).

Organic Matter at Younger Lagoon

Driscoll et al. (2012) and Lamborg et al. (2019) found a negative association with
nutrient loading and MeHg, by way of nutrients stimulating increased production of organic
matter, which in turn reduced bioavailability of Hg(ll) to methylators. The results from YL
were in contrast to those studies. OM was not significantly correlated with MeHg at either YL
location for pooled data but was positively correlated with MeHg for October only at BZ (p =
0.004). The coefficient was 0.92 and OM explained 81% of the variability in MeHg for this

season. Attempts to explain limitation of MeHg production at YL by coordination with

93



particulate OM can be discounted, as increased OM would be anticipated to have a negative
relationship with MeHg and would be in contrast to the observed results. Thus, we can

consider the presence of sulfide in porewater or sediment as a possible alternative control.

Reduced Sulfur at Younger Lagoon

Porewater AVS was found to be the best predictor for explaining variability in MeHg
at BZ for pooled data, with an adjusted r? of 0.21 (p = 0.01; Table 12). The relationship
between the variables is negative, suggesting that as porewater AVS concentrations
increase, MeHg production is suppressed. A negative relationship between MeHg and
porewater or sediment sulfide has been found by other researchers (Craig and Moreton,
1983; Gilmour and Henry, 1991; Gilmour et al. 1998; Benoit et al. 2001a). Research in the
Everglades revealed that as porewater sulfide concentrations were increased from ambient
(~200 uM) to ~250 uM, methylation was limited in sediment microcosm experiments (Gilmour
et al. 1998). In comparison, the porewater sulfide at YL in October had concentrations higher
than 250 pM at both locations, with means of 335 +/- 48 mM and 146 +/- 39 mM for EF and
BZ, respectively. At both BZ and EF, elevated porewater AVS concentrations in October
(>100 mM) was associated with low sediment MeHg concentrations and no trend was
observed (Figure 16) for this season. A positive relationship between porewater AVS
concentration and sediment MeHg concentration was observed at EF in April when porewater
AVS concentrations were below ~100 mM.

A positive relationship also exists between sediment AVS concentration and
sediment MeHg concentration at EF in April and December, but no trend exists in October
when sediment AVS surpasses ~ 50 pmol/g (Figure 14). A similar positive relationship is
observed for sediment total sulfide (AVS + CRS) and MeHg concentration at EF in December
and April. Again, in October, when sediment sulfide concentrations exceed ~2800 umole/g,
sediment total sulfide concentration fails to have a trend with MeHg concentration (Figure
15). The Gilmour curve hypothesis states that while readily available sulfate stimulates SRB

94



and therefore methylation, an accumulation of sulfide from SRB metabolic activity limits
methylation (Gilmour and Henry, 1991). In fact, when sulfide was increased from uM to mM
concentrations in the water of a culture experiment, methylation of Hg decreased. (Benoit et
al. 2001a). This relationship was also observed in river sediment, where MeHg and sediment
sulfide had a positive relationship up to 1.8 mg sulfide/g sediment, whereas above that level
MeHg concentrations declined with increased sulfide (Craig and Moreton (1983). A proposed
mechanism for this relationship suggests that increased porewater sulfide concentrations
favor the formation of charged Hg-S complexes, rather than neutral complexes, which are
more likely to occur under lower sulfide conditions (<10 uM) (Benoit et al. 2001b ). Charged
complexes render the Hg biologically less available for methylation, as small and uncharged
species, such as HgS® more readily cross the cellular membranes of SRB (Benoit et al.,
2001a).

At YL in October, sediment sulfide as AVS was about 1.8 mg sulfide/g sediment (~56
pumol/g) at either location, with a mean of 55 +/- 50 ymol/g at BZ and a mean of 52 +/- 25
pmol/g at EF (Figure 13). However, when total sulfide was considered (sum of AVS and
CRS), the mean was and 591 +/- 301 ymol/g at BZ and 6603 +/- 3993 umol/g at EF. These
sediment sulfide concentrations are ~10x and ~100x those found to inhibit MeHg production
by Craig & Moreton (1983). The negative relationship between MeHg and porewater AVS
across all seasons at BZ and the maximum ambient MeHg concentration’s occurrence at EF
in December, when sediment AVS was about 11 ymol/g and porewater AVS was BLOD,
suggest that sulfide exerts control on MeHg production at YL. However, sulfide
concentrations from both locations are in the range expected to favor hinder methylation and
only go so far to help explain the difference observed in ambient MeHg concentrations and in

methylation potentials (Figure 17) between BZ and EF.
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Nitrogen Species at Younger Lagoon

Nitrate was BLOD in October at both EF and BZ. Nitrate was 11 uM at BZ in April at
2 cm depth and 5 pM at 4 cm, while the rest of the profile was BLOD. Nitrate ranged from 49-
59 uM at BZ in December. At EF, nitrate was BLOD in April and ranged from 5-51 uM in
December (Figure 13). Porewater ammonium was higher in October than in other seasons
with means of 9.9E+2+/- 3.5E+2 uyM and 5.43E+2 +/- 2.2E+2 uM, at EF and BZ respectively.
In April, mean concentrations of porewater ammonium were 3.4E+2 +/- 2.2E+2 yM at EF and
7.7E+1 +/- 2.8E+1 yM at BZ. In December, EF had a mean porewater ammonium
concentration of 1.3E+2 +/- 8.3E+1 and BZ had a mean of 4 +/- 2 yM.

Single-predictor linear regression models for pooled data revealed nitrate to explain
the most variability in MeHg concentration, ~58% at EF with a positive correlation, while
nitrate was not a significant predictor of MeHg at BZ for pooled data nor in any individual
season. Nitrate was also positively associated with MeHg at EF in December (p = 0.004)
with an adjusted r? of 0.68. While nitrate explained over half the variability of MeHg at EF,
and had a positive correlation with MeHg, the trend in field data is in contrast to that of the

microcosm results.

Acknowledgment of Limitations of Microbial Characterization Pilot Study at Younger
Lagoon

It is important to note that the microbial results reported are from a limited number of
DNA extraction replicates (n = 4) per YL site. It is best practice to consider the data and
interpretations as a pilot study characterization of the microbial community at YL and rely on
the findings only as qualitative descriptions. As only surface sediment was sampled (0-4
centimeters depth) and only in October 2020, the microbial community was not characterized
for deeper than 4 cm into the sediment nor in 2023. It is also important to note that the
microbial sequences identified and reported are from environmental sediment sampling and

do not represent shifts in the microbial community as a result of amendments within
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microcosms. Comprehensive analyses and descriptions of how chemical inputs shift
microbial community composition in regards to carbon amendment and hgcA expression are
reported in Christensen et al. (2018). Carrell et al. (2021) and Chen et al. (2023) provide data
on the effects of nitrate amendments on hgcA expression and the work of Li et al. (2022)
details the shifts in expression of genes related to nitrogen reduction under conditions of
varied forms of reduced sulfur species. Efforts to amplify and visualize an amplicon of hgcA
from DNA recovered at Younger Lagoon yielded results with DNA fragmentation that
obscured the ability to interpret the gel electrophoresis data. Characterization of the hgcA-
possessing community at YL will require method development to support sufficient
amplification of a gene product for sequencing to be successful, so that the identities of hgcA-

possessing microbes can be revealed.

Microbial Community Composition at Younger Lagoon

The most abundant microbial phyla at BZ included Chloroflexi, Desulfobacterota, and
Proteobacteria, while at EF the most abundant phyla were Chloroflexi and Proteobacteria. At
the family level of taxonomic classification, Anaerolinaceae, Desulfobacteraceae,
Desulfocapsaceae, Desulfosarcinaceae, and Rhodobacteraceae were most abundant at BZ.
Anaerolinaceae, Hydrogenophilaceae, and Rhodobacteraceae were the most abundant
families at EF. When the communities were compared using the DESeq2 algorithm, genera
that had a positive log2 fold change at BZ compared to EF included three members of
Proteobacteria and one of Firmicutes (Figure 18). Curiously, three members of the
Desulfobacterota phyla were more abundant at EF than BZ, despite Desulfobacterota being a

top phylum at BZ though not at EF.

Effect of Amendments on Microcosm Methylation Rates Constants October 2020

Kmeth values at Beach Zone under nitrate treatment were approximately double that of

the control. However, at the 95% confidence level, no significant differences were found
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among means of methylation rate between experimental groups at BZ nor at EF. The
ANOVA and Kruskal-Wallis test results are shown in Table 13. Box and whisker plots
depicting the mean and interquartile range of microcosm kmeth values for each treatment show
the spread of the data for each group and allow for visual comparison of groups (Figure 17).
As the omnibus tests’ results did not indicate any means were significantly different at
either location, post-hoc testing was conducted only to reveal which groups had the greatest
likelihood of being different. A complete table of results from the Dunnett’s test at EF and the
Dunn’s test at BZ is provided in Appendix D: Supplementary Table S4. These results show
that at BZ, the control and the nitrate treatment mean methylation rates were most different of
the comparisons made against controls, with the nitrate treatment having the higher mean
methylation rate. At EF, the molybdate treatment was the most different from the control,
with the molybdate treatment having a lower mean methylation rate. The mean kmeth values
and standard deviation from all controls and treatments from 2020 microcosm assays are
presented in Table 14. A small sample size (n=3) for each treatment likely contributed to the
lack of significance despite mean methylation rates differences detectable by visual
inspection of the box plots. Indeed, calculations verified that if the experiment were to be
repeated with an n of 4 for each group, and had the additional replicates been in the same
range as was observed for each group, the results of the Kruskal-Wallis test at BZ and the
ANOVA at EF would have both been significant at the 95% confidence level. H or F test
statistic values calculated with n = 3 are presented in Appendix E: Supplementary Table S5
along with the relevant critical values and H or F statistic values recalculated with a
theoretical n = 4 for each group. Demethylation potential could not be determined as the

Me'®®Hg spike was too low and resulting MeHg concentrations were BLOD.

Effects of Nitrate on Hg Transformation within Microcosm Assays

When nitrate was added to BZ October 2020 sediment in microcosm experiments,
the specific methylation rate increased roughly two times relative to the control, though
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changes were not statistically significant at alpha = 0.05. In follow up work with microcosm
experiments of Beach Zone October 2022 sediment, where both potential methylation and
demethylation were tracked (Table 16), nitrate treatments resulted in no statistically
significant change in methylation potential relative to the control (one-way ANOVA, type “llI”,
p = 0.05) (Figure 19). However, nitrate addition of 106 mM or 337 uM significantly
suppressed demethylation (one-way ANOVA, p < 0.001, Tukey’s HSD, p <0.001 for both)
(Table 17). Provided a similar effect were to happen at EF, the 2023 microcosm results could
help to explain positive correlations between nitrate and ambient methylmercury
concentrations at EF, as sustained conditions of nitrate enrichment could lead to unabated

methylation and lessened demethylation allowing MeHg to accumulate.

SRB Abundance May Explain Differences in Methylation Potentials at YL

When the bacterial communities at EF and BZ were compared, three members of the
SRB Desulfobacterota phyla were less prevalent at BZ than EF, which was unexpected given
that Desulfobacterota was in the top ten most abundant phyla at BZ but not at EF. However,
the abundance of certain genera of Desulfobacterota being more prevalent at EF does not
preclude the presence of any Desulfobacterota at BZ, nor does it suggest members of this
phylum are not abundant when grouped collectively. In fact, when sequences belonging to
the Desulfovibrionaceae family were quantified, they were found to represent 0.32% of total
unique sequences and 0.52% of classifiable (family level) unique sequences at BZ. At EF,
Desulfovibrionaceae represented 0.15% of total unique sequences and 0.25% of classifiable
(family level) unique sequences. Members of the Desulfovibrionaceae family were noted by
Carrell et al. (2021) as having a strong relationship with methylation in their study of
methylation rates in periphyton, and were mentioned by Acha et al. (2012) as important
methylators in the water column. When 16S rRNA sequences from two main families of SRB
were extracted from oligotrophic Lake 658 and quantified with gPCR, researchers found
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Desulfovibrionaceae represented < 0.01 — 1.12 % of gene copies and that
Desulfobacteraceae represented 0.05 - 33% of gene copies (Acha et al. 2012). It appears
that while SRB from the Desulfovibrionaceae family are associated with methylation and
appear at both EF and BZ, these sequences are roughly twice as abundant at BZ as EF.
Relative abundance of Desulfovibrionaceae being greater at BZ than EF is one reasonable
explanation for why a higher methylation rate was observed at BZ in microcosm control

experiments than at EF.

Comparison of Potential Methylation Rate Constants (Kmet:) Across Studies

Other incubation experiments with Hg(Il) spikes to sediment or overlying water have
been conducted both in situ and in laboratory microcosms (Table 15). Kmeth values for spiking
experiments tend to be higher than those expected to naturally occur, as adding Hg(ll) spikes
increases Hg(ll) concentrations above ambient levels, and therefore the amount of
bioavailable mercury to be methylated. Freshwater rivers and lakes had the lowest potential
methylation, while freshwater wetlands included the highest kmeth values amongst the studies
compared. Marine systems had potential methylation as high as 21% day™', which is greater
than the maximum kmeth Of 14.2% day ' observed at estuarine systems though lower than the
51% day™' maximum seen within a freshwater system. Potential methylation at EF, including
those amended with nitrate, were amongst the lowest kmeth values observed for estuarine
systems. Kmeth values at BZ were within the range from estuarine systems, and even when
increased by nitrate amendment, were still lower than the maximum Kkmeth values observed at
estuarine locations Kirkpatrick Marsh, Petaluma River or Aviso Marsh.

BZ nitrate treatment kmetn values of 1.5 - 3.6% day™' (Table 15) were similar to those
for nitrate (and phosphate) amended sediment at Ore River Estuary, Sweden, which had kmetn
values of 1.0 - 5.0% day™ (Liem-Nguyen et al. 2016). For locations which received ambient
fertilizer due to agricultural applications, kmeth values ranged from 0-12% day™ in the
Everglades, from 0-15.6% day™' in the SF Bay Delta, and from 0.06 - 9% day™" in Yolo Bypass
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agricultural wetlands. Interestingly, Yolo Bypass agricultural sites had lower potential
methylation (0.06 — 9.0% day') than non-agricultural sites (7.0 — 43% day™), while MeHg
accumulation at the former was greater (1800 - 2980 pg/g dry sediment) than at the latter
(1300 - 2350 pg/ g dry sediment). A similar phenomenon was observed at YL, where
methylation rates at BZ were higher (0.2 — 1.8% day™') than at EF (0.1 — 0.3% day"), though
EF had higher ambient MeHg concentrations (33 — 218 pg/g dry sediment) than did BZ
(BLOD - 36 pg/g dry sediment). Such findings highlight the inherent risk of using MeHg
concentration as a proxy for methylation rate, as MeHg concentrations depend both on rates
of methylation and demethylation. Thus, percent MeHg (MeHg/HgT*100) was calculated as
an index of how much of the total Hg in a system is being stored as MeHg, to provide an
estimate of MeHg residence time for a given system (Table 15).

In general, the locations evaluated contained ~1-2% total Hg as MeHg, similar to the
average values of ~0.5-2% MeHg given in Hollweg et al. (2010). Notable exceptions include
9.1% MeHg at Cosumnes River Floodplain in the San Francisco Bay Delta, the maximum
%MeHg value observed here, and 4.6% MeHg at both Kirkpatrick Marsh, Rhode River, MD,
and at Younger Lagoon site EF. In contrast, at BZ, the maximum value was 0.5% MeHg.
Ambient concentrations of MeHg at BZ were some of the lowest observed amongst the
studies compared, and % MeHg values were generally lower than average, though its
maximum value was not atypical when compared to other systems. Values of %MeHg were
lower in October at YL (the season sediment was collected for microcosms) in comparison to
other seasons. In October, the maximum value of 0.4% MeHg was found at BZ, whereas the

highest value at EF was 0.2% MeHg.

Contrasting Beach Zone with Nitrate Amendment in Other Sediments

Previous work has found suppression of Hg methylation under nitrate addition
(Gilmour 1998, Todorova et al., 2009; Hines et al., 2012; Chen et al., 2023) and also
suppression of demethylation with nitrate (Marvin-DiPasquale and Oremland, 1998; Chen et
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al., 2023). What was seen at Beach Zone was in contrast to what was seen in freshwater
lake sediment, where methylation was suppressed and demethylation enhanced under nitrate
treatment (Todorova et al., 2009). It was also in contrast to the work in rice paddies where
both potentials were suppressed with nitrate (Chen et al., 2023). Furthermore, the results at
BZ are unlike those at Marado and Grado lagoons, where nitrate addition suppressed
methylation potential, and stimulated demethylation potential (Hines et al., 2012). The results
at BZ possibly help to explain unresolved trends observed in fertilized agricultural fields, with
higher MeHg burdens than unfertilized fields. To interpret the results at Beach Zone is
challenging because no change to methylation potential was observed, yet demethylation
potential was suppressed. To invoke an argument of SRB and/or methanogens getting
outcompeted by NRB would require that both methylation and demethylation potentials move
in concert. Invoking an argument of abiotic control on demethylation would help explain a
disconnect between the potentials, but the argument put forth by Todorova et al., enhanced
MeHg degradation under increased nitrate concentration via an abiotic mechanism described
by Zepp (1987), only helps to explain increased demethylation potential. Three potential
mechanisms are presented, with caveats, to guide future work on the topic. If we consider
that SRB and methanogens can both methylate and demethylate, and that both would be
expected to be outcompeted for carbon sources by NRB, we would have also expected
suppressed methylation potential. The fact that we did not suggests that one of the following
may be possible:

1) Nitrate-cycling microbes may also be contributing to methylation, although

Mo treatments conducted in Oct. 2020 showed that SRB were the primary

methylators at BZ. No difference was seen between Mo alone and Nitrate + Mo,

indicating that a group of organisms other than SRB was not poised to utilize nitrate

and also methylate.

2) Some evidence exists that sulfur-reducing organisms are capable of utilizing

nitrate (Greene, 2003) and while it is possible that methylation could continue
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unabated under this alternate metabolic pathway, the Oct. 2020 results do not
suggest this is so.

3) The result of lessened demethylation could come about due to SRB and
methanogens being outcompeted for carbon, which would also lead to
methanotrophic bacteria being robbed of CHa, their required substrate from which to

gain electrons.

Methanotrophs have been implicated in a type of demethylation, methanotrophic
demethylation (MD), different than oxidative demethylation that is performed by SRB and
methanogens. Methanotrophic demethylation occurs once a ligand, methanobactin, helps
import MeHg into the cell (Yu and Barkay, 2022). Methanotrophic microbes confirmed to be
involved in this type of demethylation are, thus far, anaerobic (Lu et al. (2017) and Kang-Yun
et al. (2022). Sequences classified as Methylarcula, a facultative methylotrophic organism
(Doronina et al. 2000), were present at BZ, but no sequences associated with
methanotrophic bacteria were identified. Under this scenario, we would have to assume that
SRB and methanogens were only partly responsible for demethylation, along with a large
contribution by methanotrophs. These organisms would be unable to contribute to
demethylation if their CH4 source was absent, as methanogens would produce CH4 for
methanotrophs from longer carbon chains. However, this explanation still fails to address a
lack of suppression in methylation potential, which would be expected if SRB and
methanogens were indeed outcompeted.

If changes under nitrate addition came about as a result of microbial community
changes not dependent on carbon competition, we might anticipate that nitrogen-cycling
chemotrophs would be relevant players. For example, if nitrite-oxidizing Nitrospira, whose
presence was detected at BZ, were to methylate, but not demethylate, the behavior of this
organism (or others like it) could explain the results observed at BZ with nitrate addition.

Another mechanism that could lead to metabolic shifts in microbes or in community
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composition might involve the dynamics of nitrate reduction under sulfidic conditions.
Sulfur/sulfide oxidizers that reduce nitrate could become active under nitrate treatments,
while not activated in the control, and if such organisms contribute to a larger portion of

demethylation than methylation at BZ, results like those seen in 2023 could be observed.

The Effects of Nitrate on Sulfate-Reducing Bacteria

If it is indeed SRB who are primarily responsible for methylating Hg at BZ, as
suggested by low production of methylmercury (0.2 +/- 0.1% day') when molybdate was
added to the microcosms, the results suggest that some subset of SRB organisms may be
capable of using nitrate as a terminal electron acceptor, or that other microbial clades are
active in Hg methylation, though at lower rates than SRB. This finding is contrary to the
expectation that SRB are obligate anaerobes as the addition of nitrate increases redox
potential, which inhibits the growth of strictly anaerobic SRB’s (Widdel, 1988). Furthermore,
dissolved oxygen had a significant positive relationship with MeHg at EF when all
observations were pooled (p = 0.01), though the trend was fairly weak (r? = 0.22). As most
methylators, and all known hgcA carriers, are obligate anaerobes (Gilmour et al. 2013),
finding dissolved oxygen to be positively correlated with MeHg is somewhat surprising. The
results suggest there may be micro-environments within the sediment that allow for SRB and
other anaerobic microbes to be active even when overall porewater oxygen concentrations
are greater than zero, and/or that some SRB have flexible metabolisms and can utilize
alternative electron acceptors.

As the addition of nitrate and molybdate did not result in rates greater than that of
molybdate alone, it is possible that it was still sulfate-reducers who utilized the nitrate at BZ,
rather than a different clade of organisms. Indeed, some SRB are capable of dissimilatory
reduction of nitrate or nitrite to ammonia (Widdel and Pfennig, 1982) and the work of Seitz
and Cypionka (1986) suggests the use of nitrate as a terminal electron acceptor, rather than
sulfate, results in a higher growth yield. SRB with facultative metabolisms can yield higher
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biomass in the presence of nitrate (Marietou et al. 2009), and as MeHg is a metabolic side
product, more growth by methylating organisms might lead to more MeHg. Furthermore, a
review of the literature by Cypionka (2000) suggests that not only are some species within
the SRB genus Desulfovibrio tolerant of oxic conditions, others even respire oxygen! This is
consistent with our results where methylmercury appears to be produced by SRB but in a
partially-oxic system. It seems broadly anoxic conditions are not required for the presence of
SRB nor does the presence of oxygen prevent methylation of Hg. However, it is unknown

whether SRB methylate Hg when using nitrate as an electron acceptor.

NHZ
A

Fermentative DNRA
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Figure 20. From Giblin et al.( 2013). Steps of different nitrogen cycling pathways are
shown with colored arrows. Three processes, denitrification, DNRA, and Annamox
contribute to nitrate reduction to nitrite. Key enzymes known to be involved in the

process of DNRA are in yellow ellipses. Nap = Periplasmic nitrate reductase. Nrf =
Cytochrome C nitrite reductase. NosZ = Nitrous oxide reductase.

Nitrogen-Reducing Bacteria and Sulfate-Reducing Bacteria: Interactions

As the microbial consortium could be anticipated to have both methylating and

demethylating members, the identity and abundance of specific microbes, as well as their
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metabolic rates, would collectively contribute to or subtract from MeHg accumulation.
Additionally, metabolites from one organism may feed another, or organisms may compete
for the same substrate such as OM, allowing for availability of electron acceptors and donors
to control the relative abundance of clades within microbial populations. Denitrifying bacteria
reduce nitrate or nitrite to nitrous oxide or nitrogen gas, removing it from a system (Figure
20). Nitrate-reduction can be coupled to oxidation of other substrates, limited to OM and
sulfur species for the discussion here. Heterotrophic nitrate reducing bacteria (hNRB)
compete with SRB, as they both require OM as an electron donor (Bentzen, 1995; Hubert
and Voordouw, 2007; De Gusseme et al. 2009). SRB consume organic matter and utilize
sulfate as a terminal electron acceptor (Muyzer and Stams, 2008), a process energetically
favorable where sulfate is in ample supply (Widdel and Hansen, 1991; Okabe, 2007) and
where more energetically efficient nitrate reduction is unfavorable as a competing process
(Laverman et al. 2012). Nitrite reducing sulfur oxidizing bacteria (NR-SOB) would be
expected to help SRB, by alleviating accumulated sulfide (Nica, 2000; Greene et al. 2003),
which can lead to SRB toxicity. Assisting SRB, through more favorable conditions, and
through HgS bioavailability, as previously discussed, would be supportive of methylation.
Nitrate addition has been found to stimulate growth of NR-SOB organisms (Garcia-
de-Lomas, 2006) and the presence of NR-SOB has been demonstrated to inhibit SRB in co-
culture, even though these organisms may rely on one another in anaerobic environments
(Greene et al. 2003). The Sulfurospirillum genus contains organisms that oxidize carbon or
sulfur, coupled to nitrate reduction, and some Sulfurospirillum species even have flexible
metabolisms Hubert and Vourdow, 2007). Two sequences classifiable within Sulfurospirillum
were found, only at BZ. We do not know if these were heterotrophic or sulfur-oxidizers, so
cannot say whether they would negatively or positively influence SRB. Organisms confirmed
to oxidize sulfur coupled to nitrate reduction (NR-SOB) include two genera found at BZ,
Thioalkalimicrobium (now reclassified to Thiomicrospira) and Thioalkavibrio (Hubert and

Voordouw, 2007; Tikhonova et al., 2006), though it is not known if these microbes
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participates in Hg transformations. Organisms with genes related to nitrate-reduction via
denitrification, from genera Burkholderiaceae and Sulfurovum, were also at BZ.

Sulfur-oxidizing organisms with functional genes for dissimilatory nitrate reduction to
ammonia (DNRA) were present at BZ, as sequences from the genera Lentimicrobium,
Hydrogenophaga, and Nocardioides were found. DRNA is a process that keeps nitrogen
within a system. DRNA organisms can be hetrotrophic or chemotrophic also, and accordingly
would have the ability to compete with or assist SRB, were they to oxize OM or sulfur,
respectively. No DRNA-performing microbes have been conformed to methylate, though
Sonke et al. (2023) report that 11% of organisms with a complete set of genes for conducting
Hg methylation (termed hgc+ microbes) also are capable of performing dissimilatory nitrate
reduction to ammonia (DNRA). Denitrification would be expected to be the dominant nitrogen
reduction process (as opposed to DNRA) under conditions of higher nitrate availability and
relatively lower availability of electron donors (organic carbon at BZ) ((Kraft et al., 2014; Yoon
et al., 2015). However, experiments with different forms of sulfur addition revealed that
DNRA becomes the primary nitrogen-reduction pathway when sulfide concentrations are
enhanced (Li et al., 2022).

Microcosms from BZ 2023 can be assumed to have enhanced sulfide concentrations,
based on porewater and sediment sulfide data from the previous round of experimentation in
Oct. 2020, along with the qualitative observations of characteristic sulfide odor during field
sampling in 2023. The presence of sequences with functional genes for DRNA, along with
evidence that ammonia accumulates (Figure 13), especially deeper in the sediment where
reduced sulfur concentrations are greatest, were found at BZ, suggesting that the DRNA
process is happening at YL. Sequences from ammonia oxidizing Nitrosopumilus were

identified at BZ, suggesting that this is one way ammonia is transformed within the system.
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SRB Metabolic Flexibility and Speculative Mechanisms to Explain Suppressed Kdemeth

Results of the 2022 microcosm assays show that kmeth decreased with nitrate
addition, however kdemeth was unchanged. If SRB were responsible for both Hg methylation
and demethylation, we would anticipate kmeth and Kdemeth to move in concert were SRB
outcompeted by nitrate reducers. So what can help explain a disconnect between the
methylation and demethylation potentials? One possibility could be that SRB switch to respire
nitrate when it is available, via participation in a portion of the DNRA pathway. The work of
Bourceau et al. (2023) has shown that under fluctuating redox conditions with pulses of
nitrate availability, microbes traditionally classified as sulfate reducers switch to nitrate
reduction when nitrate is available, and that SRB may even become more abundant under
conditions of intermittent nitrate. A marker gene for DNRA (nrfA) was found to be associated
with the transcripts of sulfur reducing microbes, rather than sulfur oxidizing microbes, as was
hypothesized (Bourceau et al. 2023). While we cannot say with certainty that SRB at YL have
flexible metabolisms, evidence in support of the presence of SRB, such as sulfide
accumulation and DNA sequences classifiable within the Desulfovibrionaceae phylum, exists.
An accumulation of ammonium at YL also suggests that some microbes there are capable of
DNRA. SRB employing a different metabolic strategy is one possible mechanism to help
explain the results observed in the 2022 microcosm assay.

It is possible that MeHg is both produced and degraded by SRB, and that MeHg is
also demethylated by denitrifiers. Within the microcosms, methylation observed in the control
may have arisen due to SRB activity, as did methylation observed in the nitrate treatments.
Even if SRB are not capable of performing all steps of DNRA, the 2022 microcosm results
suggest that SRB may be poised to utilize nitrate and would still be able to methylate Hg
while utilizing an alternate terminal electron acceptor. Under this condition, heterotrophic

denitrifiers could be outcompeted by SRB for organic carbon, which would suppress their
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contribution to demethylation. Correspondingly, we can see an effect within the
demethylation assay that may be due to competition between microbes.

One plausible explanation is that denitrifiers and SRB contribute to demethylation at
YL. With added nitrate, an increase in denitrification would be expected along with an
increase in demethylation, based on the work of Hines et al. (2012). What was seen was a
decrease in demethylation under nitrate treatment. If SRB switched to nitrate-reduction and
were, or became, more abundant in the sediment than denitrifiers, the anticipated effect
would align with what was seen in the demethylation essay. If heterotrophic DNRA-
performers who are not sulfate reducers were the ones in competition with denitrifiers for
organic carbon, we would have expected to see the effect of competition in both the
methylation and demethylation assays, assuming heterotrophic DNRA performers also do not
methylate. However, in the methylation assay, no decrease in MeHg production was
observed, suggesting it was not heterotrophic DNRA performers who accessed the carbon,
as there was a lack of evidence for methylating SRB being outcompeted. This speculative
conclusion depends on the assumptions that: 1) SRB are the main methylators at YL; 2)
heterotrophic DNRA-performers who are not sulfate reducers are also not capable of Hg
methylation; and 3) heterotrophic denitrifiers demethylate, but do not methylate.

An explanation for why SRB could not benefit from the nitrate plus molybdate
treatment in the 2020 microcosms was because the mechanism of action of molybdate
causes sulfate reducers to get stuck in the first step of sulfate reduction, leak ATP from the
cell, and eventually lyse (Kogler, 2021). Therefore we could see no evidence of a switch in
respiratory strategy as the molybdate addition likely killed sulfate reducers, disallowing them
to take advantage of any metabolic flexibility. Finally, it must be noted that the molybdate
treatment was not combined with the demethylation assay in the 2022 microcosms.
Therefore, the assumption that SRB are the primary methylators at YL may be invalid and a
portion of the methylation observed in 2022 could have been attributable to a different clade

of microbes. The work presented here would be best interpreted as preliminary findings that
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warrant further exploration into whether or not sulfate reducers at YL participate in one or
more steps of the DNRA pathway, and whether sulfate reducers still participate in Hg
methylation, were they to switch respiratory strategy. Furthermore, identifying a genetic basis
that directly confers demethylation capability to denitrifiers would be beneficial to the study of

Hg cycling.

Comparing the Demethylation Assay At YL to Nitrate Amendments in Rice Paddies

Under conditions that inhibited sulfate reduction, such as nitrate addition,
methanogenesis would also be expected to be unfavorable (Kdgel-Knabner et al. 2021).
Indeed, Drake et al. (1996), found that demethylation by methanogens was suppressed with
nitrate addition, and work in rice paddies found similar results (Chidthaisong and Conrad,
2000). Thus, an effort to explain the finding of suppressed demethylation in paddy soils by
way of a microbial mechanism relied on inhibition of the role of methanogens in
demethylation (Chen et al. 2023). The work of Yu et al. (2013) confirms methanogens as Hg
demethylators and a role for competition between types of methanogens that have
implications for net methylation or demethylation have been suggested (Hao et al. 2024).
However, stimulation of demethylation has also been demonstrated (Hines et al., 2012) with
nitrate addition to lagoon sediment, with the effect ascribed to nitrate-reducing bacteria. Why
then, if SRB and methanogens were outcompeted in favor of nitrate-reducers in rice paddies,
was demethylation not stimulated by denitrifiers? One possibility is that the type of N-
reducers present in rice paddies did not have a contribution to demethylation as was seen in

lagoon sediment, whereas the methanogens in rice paddies did participate in demethylation.

N-Cycling Microbes and Demethylation

While there is evidence that denitrifiers participate in demethylation (Hines et al.
2012), less is known about the role of organisms capable of DRNA in demethylation. Further

complicating an understanding of how these pathways may affect demethylation is the fact
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that denitrification can be based on sulfur oxidation (chemotrophic) or organic matter
oxidation (heterotrophic). If organic matter is the substrate getting oxidized, competition
between microbes can be induced, ultimately affecting demethylation potentials. However, if
sulfide is getting oxidized, it is less clear how a removal of reduced sulfur species would
affect MeHg demethylation. Though the topic of how reduced sulfur phases and OM affect
MeHg solubility has received preliminary research attention (Skyllberg et al. 2021:
Barrouilhet, 2021), open questions remain in modeling these interactions, and how MeHg
solubility influences demethylation remains a knowledge gap. Until these processes have
been better characterized, it is not possible to speculate on how sulfur oxidation would affect

demethylation.

Fe-Reducing Bacteria at Younger Lagoon

The putative presence of FERB was also investigated via taxonomic classification of
16S rRNA sequences, as some members of this clade are capable of methylating Hg.
Geobacter metallireducens, an FeRB that can also use nitrate as a terminal electron acceptor
(Kerin et al. 2006) and a confirmed methylator (Fleming et al. 2006) is one such bacterium,
but the 16S rRNA sequencing results gave no indication that any members classifiable within
the Geobacter genus were present at YL. It does not appear that FeRB are a notable part of

the methylating community at YL.

Future Work at Younger Lagoon

Future work at Younger Lagoon could include BES and Mo along with demethylation
assays, in attempt to reveal contributions to Hg transformation mediated by methanogens, or
by syntrophy between SRB and methanogens. Studies could also track transformations of N
and S species along with Hg cycling within microcosms, and pair this data with how the
microbial community composition has changed along time points. In this way, the threshold

concentrations of nutrients or metabolites that lead to the regulation of microbial processes
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could be better understood. Investigations could pursue whether methanogens are sensitive
to nitrite that results from N-reduction coupled to S-oxidation, and if this limits their ability to
perform demethylation. The presence of Sulfurospirillum sequences at BZ along reinforce
the need for more research on NR-SOB in situ interactions with SRB, along with an
investigation into putative NR-SOB methylation capabilities. These questions deserve
attention in the future, as it is likely that both denitrifiers and organisms performing DRNA
affect ecological niches which in turn affect the metabolisms of methylators and

demethylators.

Single-Predictor Models

Linear models with single predictor variables were constructed for each variable of
interest with MeHg as the dependent variable, and applied to pooled seasonal data.
Multivariate models were examined, but problems with overfitting arose and the general “rule
of thumb” for the number of observations needed per predictor variable was estimated by the
“mi15 rule” as discussed in Harrell (2015), where m represents the number of observations
required for a reliable model. With 27 observations, we lacked the data to include more than
one predictor. Thus, the p-values and r? (Table 12) values from single predictor models were
inspected and used to identify models of interest.

Nitrate explained 58% of the variability in MeHg at EF (p = 2.2E-6), the most of any
predictor, and had a positive coefficient of 0.77 , indicating a positive relationship between
nitrate and MeHg. A limitation of EF models is that none had residuals that were normally
distributed (p-values of models and of residuals are given in Appendix B: Supplementary
Table 2 (EF) and Appendix C: Supplementary Table 3 (BZ)). In contrast to the positive
relationship between nitrate and MeHg found at EF, the greatest amount of variability in
MeHg at BZ was explained by porewater AVS, at 24% (p = 0.01). The coefficient of the slope
was -0.49 indicating an inverse relationship between MeHg and porewater AVS. However,

here also the residuals of the model were not normally distributed (p = 0.04, Shapiro-Wilk
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test). Porewater AVS was not a significant predictor of MeHg at EF (p = 0.1) and nitrate was
not significant at BZ (p = 0.27). Oxygen saturation explained about 25% of the variability in
MeHg at EF, and was significantly positively correlated at EF (p = 0.01) though not at BZ (p =
0.16). Ammonium had a significant negative correlation with MeHg at both sites for pooled
seasonal data (p = 0.03 BZ; 0.02 EF). The percentage of variability explained was fairly low,
18% and 21% at BZ and EF respectively, and the residuals were not normally distributed for
either site. Depth explained a similar amount of variability in MeHg, 18% at BZ and 21% at
EF, and was significantly negatively correlated with MeHg at both sites, p = 0.03 and 0.01,
respectively. Temperature was found to have a negative relationship with MeHg at both
locations, though p-values were insignificant for both sites (0.09 and 0.18 for EF and BZ,
respectively). Models with significant p-values (p < 0.05) are in bold text. For the Shapiro-

Wilk test of residuals, p-value > 0.05 indicates no marked deviations from normal distribution.

Conclusion

Nitrate addition led to no change to kmeth and significant suppression of Kdemeth within
anaerobic microcosms and therefore suggests that eutrophication has the potential to
increase net methylmercury production in coastal estuaries, though the conditions under
which this occurs may be additionally influenced by dissolved oxygen, sulfide, or the
presence of certain microbes, and has spatial variability that contrasts greatly within a single
site. The positive association observed between ambient MeHg concentrations and ambient
nitrate concentrations is concluded to be as a result of the combination of these conditions
under sustained nitrate allowing for MeHg to accumulate. In previous studies, nitrate
amendments have been shown to suppress both methylation and demethylation potentials by
SRB, due to competition for OM by nitrate reducers. Why Kmeth and kdemeth did not vary
together with nitrate addition at YL is unknown, though findings were hypothetically attributed
to heterotrophic SRB capable of respiring nitrate when available, and competing with
denitrifiers who may have otherwise contributed to demethylation.
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CHAPTER 4. Geochemical Controls on Mercury Methylation Rates in Sulfur-Enriched
Agricultural Soils

Abstract

Agricultural cropland receives sulfur (S) applications for a variety of functions, as a
soil conditioner, pH regulator, fertilizer, and fungicide. To investigate the effect of fungicidal
elemental S applications on the production of the toxic and bioaccumulative
monomethylmercury (MeHg) species from mercuric ion (Hg(ll)) in upland soils, we measured
the potential rate of methylation and demethylation in agricultural and non-agricultural site
types of the Napa River Watershed. Soils cores were collected from forests, grasslands, and
vineyards in the dry and wet seasons. Methylmercury (MeHg) production does occur in
upland soils, though not rapidly, with potential, pseudo-first order methylation rate constants
(kmeth) ranging from below detection (BD) to 0.56 %/day in forests, BD to 0.37 %/day in
grasslands, and BD to 0.62 %/ day in vineyards. These rate constants were of similar
magnitude to those of upland boreal forest soil (0.011 %/day). kmeth values in the wet season
were higher on average at all site types compared to the dry season, with the most dramatic
increase in kmeth Occurring between dry and wet season vineyards (p < 0.001), with average
kmeth values of 0.02 +/- 0.03 %/day and 0.13 +/-0.17 %/day, respectively. Sulfate
concentration was significantly higher in dry vineyards than in non-agricultural sites, though
kmeth Values at vineyards were not higher than forests in either season. Elevated sulfate was
not associated with enhanced kmeth, instead, similar to previously investigated aquatic
systems, concentrations of sulfate exceeding 20 mg/L (0.2mM) were found to suppress
potential methylation. LOI (as a proxy for % organic matter) was not significantly correlated
with kmeth (p =0.3). Other geochemical variables were investigated as possible controls on
MeHg production in upland soils, and while HgT concentration and percent moisture (w/w)
content were useful in explaining some of the variability in kmeth across all site types, these

variables had low adjusted r? values of 0.44 and 0.11, respectively. Another biogeochemical
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factor not investigated in this study may be responsible for the larger kmeth values observed in

forests.

4.1 Introduction

Hg is a toxic element that is naturally present in the Earth’s crust and atmosphere,
though the amount of Hg in the global cycle has increased due to anthropogenic activities
(Mason et al. 1994). Inorganic mercury, Hg(ll), can become methylated abiotically (Celo et
al. 2006) or, more commonly, biotically via a microbially mediated process, converting Hg into
an organo-metallic form, methylmercury (MeHg) (Jensen and Jerneldv, 1969). Once
methylated, MeHg has the propensity to enter food webs in the terrestrial (Weiss-Penzias et
al. 2019; Cristol et al. 2008), freshwater (Watras et al. 1998) and marine (Zhang et al. 2020)
environments, where biomagnification (Chen et al. 2008) and bioaccumulation (Driscoll et al.
2007) occur (Gentes et al. 2021; Mason et al. 1996) leading to adverse human and
environmental health (Crump et al. 2000; Tan et al. 2009; Wu et al. 2024). Understanding
the geochemical processes that lead to the production of MeHg warrant attention.

Hg deposition, sulfur, and dissolved organic matter (DOM) have previously been
identified as controls on MeHg production in wetland systems (Aiken, 2004). Research
supporting a connection between sulfate-enrichment of sediments and enhanced MeHg
production has been conducted in the Florida Everglades Agricultural Area (EAA) (Orem et
al. 2019; Pollman, 2015; Gilmour et al. 1998). In these water-saturated, lowland soils and
sediments, sulfate was found to be the primary control on MeHg-production (Corrales et al.
2011). Agricultural crops receive S as a soil conditioner, pH regulator, fertilizer, or fungicide,
and sulfate is known to stimulate Hg-methylation by stimulating the metabolisms of
heterotrophic sulfate-reducing bacteria (SRB) (Griffith et al. 2015). When SRB grow and
divide MeHg is produced as a metabolic side product (Choi et al. 1994b). While not the only
microbes capable of Hg-methylation, SRB were the first specific clade to be implicated in the

process (e.g., Compeau and Bartha, 1985) and are primarily responsible for MeHg
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production in most anoxic sediments (Heyes et al. 2006). Brackish and marine systems have
ample sulfate available to support SRB metabolisms, while freshwater systems, like the
Everglades, only have sufficient sulfate when it is introduced by anthropogenic activities such
as agricultural applications. Thus, anthropogenic sulfate has the potential to stimulate MeHg
production by SRB in locations that would otherwise be sulfate limited.

Sulfate reduction by SRB in the presence of bioavailable Hg(ll) leads to both MeHg
production (Choi et al. 1994a) and an accumulation of sulfide (Benoit et al. 1999. Sulfate has
a stimulatory effect on Hg-methylation, in concentrations from 0.01 mM - 0.2 mM (Orem et al.
2019), whereas greater concentrations have been shown to lead to an accumulation of
sulfide sufficient to inhibit MeHg production. Sulfide has been found to suppress MeHg
production at concentrations >10 uM in porewater (Benoit et al. 2001binfluence) or >1.8 mg
sulfide/g sediment (Craig and Moreton, 1983). However, more recent work has shown that
maximum MeHg production in cultures occurred when the culture medium had a range of
sulfide concentrations from 0.1 to 0.5 mM, regardless of the form of sulfur added initially
(Barrouihet et al. 2022). It seems that higher sulfide concentrations than have been
previously reported can lead to different effects on kmeth values in a culture experiment with a
single model organism than were observed for environmental samples. The lack of
consensus for a sulfide concentration threshhold at which MeHg production is suppressed
suggests results may have limited applicability across site types or experimental conditions
and thus require site specific investigation.

Vineyards are another system, like the Everglades, that receive agricultural S
applications. Wine grapes receive elemental S to prevent powdery mildew disease (CDPR,
2018). Atmospheric deposition of S would otherwise be the sole source to this region which
would leave it sulfate-limited for SRB activity. Wine grapes grown in Napa receive an
average of 80 kg/hectacre/year of elemental sulfur applications and this crop type covers

over 45,000 acres of the Napa River Watershed (Napa Valley Vintners, 2024). Applied
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elemental S is oxidized to sulfate in dry fields, leaving the soil enriched in the substrate
known to stimulate SRB metabolism.

The soils of this upland region provide a contrasting study region to the previously
investigated, water saturated soils of the Everglades Agricultural Area (EAA), and to the more
recently studied agricultural soils of rice paddies as vineyards have aspects of both of these
systems. Vineyards receive S applications, as did sites in the Everglades, though vineyard
soils are not continuously saturated. Vineyard soils experience alternating wet and dry
(AWD) periods, akin to rice paddies, as California has a dry season (May-September) and a
wet season (October-April). AWD has been shown to select for SRB (Guan et al. 2023) in
rice paddies and has also been shown to lead to spikes in soil MeHg levels following
reflooding, as opposed to continuous flooding management practices (Rothenberg et al.
2014). While oxygenated vineyard soils may seem an implausible location for harboring
microbes who thrive in anoxic conditions, the work of Angle et al. (2017) suggests that oxic
soils can host microsites (soil aggregates) capable of supporting anaerobic processes.

Unlike other agricultural crops, wine grapes do not typically receive N fertilizer, providing a
unique environment to study the effects of S on MeHg-production without the confounding
variable of nitrogen addition that could favor nitrate-reduction. Furthermore, terrestrial Hg
could be enriched in the Napa River watershed as a result of historic Au mining (Smith et al.
2008), fossil fuel combustion (Conaway et al. 2005), and wet (Weiss-Penzias et al. 2016) and
dry (Wright et al. 2014) deposition.

Thus, as conditions of sulfate-enrichment, zones of anoxia, and Hg-deposition are
met, it is hypothesized that agricultural soils of the Napa River watershed could be locations
of enhanced MeHg production which could potentially affect the water quality and wetland
ecosystems of San Pablo Bay and San Francisco Bay. To test this hypothesis, we measured
the specific Hg methylation rates in S-amended vineyard soils and nearby unamended forest
and grassland soils in wet and dry seasons, as well as other geochemical variables, to

assess whether land-use and S-amendment drives changes in the production of MeHg.
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Primary goals of the study are to answer whether upland soils that undergo periods of wetting
and drying are zones of MeHg production, to examine whether sulfate-enriched soils have
different potential methylation rates than unamended soils, and to detail the geochemical
characteristics that support enhanced potential methylation rates in agricultural and non-

agricultural soils of the Napa River Watershed.

4.2 Methods

Site Description

Location i

Sampling locations:
A Vineyard
4 Woodland
3 Vineyard-wetland transition

Land use/Land cover:
= Napa River and tributaries
== Wetlands
= Cultivated crops (vineyards)
== Forest
Shrubland/grassland
Urban development
Pasture/hay

Other:
® Rain gages

Figure 21. A map of the Napa River Watershed from Hermes et al. (2022) (left) and a
schematic diagram of the arrangement of the four “nodes” sampled within each site
type (right). On the map, vineyards are shown in brown, forests in green, and
grasslands in tan. The hydrologic connection to San Pablo Bay is illustrated with dark
blue lines representing the Napa River and its tributaries entering the wetlands of the
bay illustrated in light blue. On the schematic diagram, the locations of 4 sampling
nodes within each site type were spaced ~40-50 m apart in a diamond shape.

The Napa River Watershed (NRW) is 1103 km? and experiences a Mediterranean
climate with distinct dry (April through September) and wet (October through March) seasons.
Wine grapes, grown in the dry season and dormant in the wet season, are the primary crop
grown in this region (Figure 21). During the growing season, wine grapes receive weekly to

biweekly applications of elemental S as a fungicide. The NRW receives more annual
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precipitation to the north, with 931 mm in St. Helena, than to the south, with 518 mm in Napa
(Arguez et al. 2012). During the wet season, fields can become saturated to 20.5 m depth

below the soil surface (Hinckley et al. 2008). The range of elevation for sampled sites was 36
— 564 m above sea level and included grasslands and vineyards at both the low and high end

of the range. The range of elevations for forested sites was 101-131 m.

Field Sampling

Field sampling was conducted in October 2022 (dry season) and February 2023 (wet
season) in Napa, CA at 4 vineyards, 2 grasslands, and 2 forested sites. Soil was sampled
from four locations, or “nodes”, at each site (Figure 21), with each node ~40-50 meters apart.
The arrangement of the nodes across a site was designed to provide spatial representation of
the location. Two soil cores (0-10 cm depth) were sampled at each node in both the dry and
wet seasons using a hand-operated corer or bulb-planting trowels. One core was used to
prepare microcosms (described in detail below) and a “companion core” was for bulk
geochemical analyses. Leaves and debris were cleared away from the soil before cores
were taken. Cores were bagged in zip-sealed bags and placed in mylar bags with oxygen-
scrubbers for transport to the lab. Samples were kept on ice packs during transport and were

stored on ice in coolers in the lab until microcosm preparation (~24 hr after collection).

Isotope-Enriched Standard Solutions

Following the methods of Martin-Doimeadios et al. (2002) and Filipelli and Baldi
(1993), isotopically enriched Me'®®Hg and Me'®*Hg were synthesized for use in the
microcosm experiments from '*®HgO and '*®*HgO sourced from Oak Ridge National Labs.
Me'®®Hg and Me'®*Hg had final concentrations of 2.97 ug/ml and 115 ng/ml, respectively. A
solution of 2°°Hg(Il) in 0.1% HCI and deionized water was prepared using isotopically
enriched 2°°HgCl. from Oak Ridge National Labs and had a final concentration of 165 ug/ml.

A Thermo Element XR Inductively Coupled Plasma Mass Spectrometer (ICPMS;
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ThermoFisher Scientific, USA), hyphenated to a Tekran 2700 Methylmercury Analyzer, was
used to determine the isotopic composition of all three enriched-isotope solutions. The
Thermo Element XR was also used to determine the concentration of the isotopically
enriched Me'®°Hg solutions by reverse isotope dilution (Hintelmann and Evans, 1997).

To prepare the final spike solution added to microcosms 2°°Hg(ll) and Me'%8Hg
enriched isotopes were added to one liter of deionized water and bubbled with nitrogen gas
for 30 minutes within a glove bag to deoxygenate the solution. Within the dry season spike
the 20°Hg(ll) concentration was 23.1 ng/ml and the Me'*®Hg was 0.101 ng/ml For the dry
season, the average concentration of '®®MeHg within the dry microcosm soil was 0.057+/-
0.002 ng/g and the average 2°°Hg(ll) concentration was 12.9 +/- 0.48 ng/g dry soil. The
1%MeHg spike in the dry season was too low for demethylation to be quantified above
background MeHg and the amount of '*MeHg in the spike solution for the wet season was
increased to yield a final concentration of ~0.6 ng/g dry soil and the 2°°Hg(ll) concentration
was kept the same as the dry season (~13 ng/g dry soil), allowing for both potential
methylation (kmeth) and demethylation (kdemetn) rate constants to be calculated. A final version
of the data presented here will be available in a forthcoming publication. Readers are
encouraged to refer to the published manuscript for the most up to date information, as
concentrations of spike solutions are being reanalyzed and reported kmeth and kdemeth Values

may shift after recalculation.

Isotope-Spiked Microcosm Preparation

Microcosms were prepared with soil sampled from four vineyards and four non-
agricultural sites, two forests and two grasslands, so that potential methylation (kmetn) and
demethylation (kdemetn) rate constants (assuming pseudo-first order kinetics) derived from the
conversion of stable Hg-isotope tracers (Hintelmann et al. 2000) could be compared between
site types. Soil from a single node was homogenized and subsampled to prepare three
microcosms, one each to be incubated for 0 h, 24 h, and 48 h. A homogenized subsample of
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a soil core (~20 g) was added to a glass serum jar in a glove bag filled with N2 gas to maintain
anoxic conditions. A spike solution (~10 mL; consisting of 2°°Hg(ll) to track methylation and
%8MeHg to track demethylation) was added to the soil in each serum jar before being capped
with a butyl rubber septa and crimp sealed. Duplicate microcosms of each of the 3 time
points (0 h, 24 h, 48 h) were prepared from one vineyard and one non-vineyard location for
both wet and dry season to reveal biological variability within soil from a single location.
Microcosm jars were placed in boxes and allowed to incubate in the dark at room
temperature for periods of 24 or 48 h. The t=0 replicates were “killed” by freezing promptly
(6-22 min) after the spike solution with enriched isotope standards was added. All samples
were frozen at -80°C until solid, and lyophilized to a constant weight and then homogenized

by hand with a clean spatula.

Microcosm Sample Distillation

Lyophilized soil subsamples (~0.24-0.37 grams) from microcosms were distilled
following the methods described in Hammerschmidt and Fitzgerald (2006) and consistent
with EPA Standard Method 1630. In summary, the dry material was weighed into a tared
Teflon distillation vial and ~45 mL of MilliQ water was added atop the sediment followed by
450 pL of 2 M sulfuric acid, 450 L of 1 M copper sulfate, and 212 pL of 20% (w/v) KCI
solution. Approximately 100 pg (as "®*Hg) of '®*MeHg spike was added as an internal
standard to allow for quantification by species-specific stable isotope dilution following
established techniques described in Hintelmann and Ogrinc (2009). The samples were then
steam distilled under constant N2 flow using an all Teflon system at 110°C into collection
vessels pre-filled with 5 mL of MilliQ water and placed in an ice bath for 2.75-3.5 hours.
Samples were distilled until ~75% (35 ml) of the liquid on the distillation side had transferred.
A 35 ml volume allowed for technical replicates to be analyzed in duplicate. Samples were
stored refrigerated and in the dark for approximately 24 hours prior to ethylation and analysis.
A distillation reagent blank and a soil certified reference material (CRM) (IAEA-456) were
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distilled along with each set of 6 soil subsamples. A reagent blank was prepared by adding
~45 mL of MilliQ water to a distillation vessel, then adding 450 pL of 2M sulfuric acid, 450 uL
of 1M copper sulfate, 212 pL of 20% (w/v) KClI solution, and a '**MeHg spike, as was done

for a soil sample, and subjecting the vessel to the distillation procedure within the hot block.

ICPMS Analysis

Subsamples (~10-12 mL volumes) of distillates were placed in septum-sealed amber
vials, buffered with 40 uL of 2 M potassium acetate solution, treated with 20 uL of 2.5% (w/v)
ascorbic acid and ethylated with 25 pL of 1% (w/v) sodium tetraethyl borate (NaTEB) and
allowed to react for a minimum of 2 h. The derived methylethylmercury was then quantified
as Hg by cold-vapor atomic fluorescence spectroscopy (CVAFS) following isothermal gas
chromatography using a Tekran 2700 methylmercury analyzer (5 min purge, 60 mL/min
carrier gas flow, 70 °C oven temperature, 700 °C pyrolysis temperature). The Tekran 2700
was used to provide GC-separation of Hg species prior to their introduction into the ICPMS,
allowing for detection of peaks corresponding to Hg0, MeHg, and Hg(ll). Isotope-specific
peak areas were integrated using a Python script available at

https://github.com/chlamborg/HglICPPeakintegration (Lamborg, 2023). Peak areas were

used in the matrix algebra calculations of Ouerdane et al. (2009) following the technique of
Hintelman and Ogrinc (2009) for separating the signal from Me?°°Hg produced from the spike
from that of the background pool of 2°°Hg(ll) in the soil. Peak areas modified by the
calculations were used to calculate the ratio of the peak areas of Me?*°Hg to Me'®*Hg. The
ratio of Me?®°Hg/Me'%°*Hg was used to solve for the final amount of “excess Me?°°Hg” by
multiplying the ratio times the known amount of Me'**Hg spiked into the distillation. The
quantity of excess Me?°Hg from each sample replicate was blank corrected by subtracting
the quantity of Me?®°Hg coming from the daily average reagent blank (one distillation blank
per day, with 2 technical replicates analyzed). Tabulated values of isotopic abundance were
used to determine the portion of MeHg coming from any isotope other than measured
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Me?°Hg. The resulting “corrected value” was used to calculate the average concentration in

pg/g dry soil of a given sample.

Calculation of Potential Methylation Rate Constants

Potential methylation rate constants (kmeth) were calculated using a modified version
of the equation reported in Hintelmann et al. (2000). Pseudo-first order rate constants are
described as “potential rate constants” or “methylation/demethylation potentials” as the
isotope-enriched spikes may be more bioavailable than native Hg(Il) (Mitchell and Gilmour,
2008). The modification was to subtract the concentration of Me?*®°Hg from t = 0 h
microcosms from that of the t = 24 h or 48 h microcosms to remove a contribution from
“initial” methylation. Munson (2014) describes the importance of making this correction.
Following that, the “time-zero corrected” concentration value was divided by the calculated
spiked concentration of 2%°Hg(ll) for each t = 0 h microcosm. This ratio was subtracted from
1, and the natural log taken. Finally, the proportion of the spike methylated was converted to
a rate constant by multiplying by negative 1, dividing by the number of days (2), and
multiplying by 100 to express as a percent. The following equation was used to calculate

potential methylation rate constants with units of percent per day:

Kmeth = ( -In(1-[Me?°Hg]ime - [Me?®°Hg]o )/[?°°Hg]o)/time)*100

[Me?%°Hg]sime is the amount of excess Me?®°Hg measured in the sample of microcosm soil in
ng/g at the final time of incubation, either 24 or 48 hours. [Me?°°Hg]o is the amount of excess
Me?°°Hg measured in the sample of microcosm soil in ng/g from the instantaneous control
(time = 0). [?°°Hg]o is the amount of 2°°Hg(Il) spiked into the instantaneous microcosm in ng/g
and time is the amount of time incubated in days. Multiplying by 100 gives units of percent

per day.
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Calculation of Potential Demethylation Rate Constants

Potential demethylation rate constants (kdemetn) were calculated from a modified form

of the following equation:

Kdemeth = (-|n([Me198Hg]time /[Memng]O )/tlme)*1 00

[Me'®8Hg]sime is the amount of excess Me'®Hg measured in the sample of microcosm soil in
ng/g at the final time of incubation, either 24 or 48 hours. [Me'®Hg]o is the amount of excess
Me'%®Hg measured in the sample of microcosm soil in ng/g from the instantaneous control
(time = 0). Time is the amount of time incubated in days. Multiplying by 100 gives units of
percent per day. As some t = 48 h microcosms had higher Me'®®Hg concentrations than did
corresponding t = 0 h microcosms, suggesting that “remethylation” of demethylated Me'%®Hg
took place, a modification to the rate constant calculation was made. Rather than dividing the
t = 48 h Me'®Hg concentration by that of the t = 0 h, the t = 48 h Me'®®Hg concentration was
divided by the calculated spike amount of Me'®®Hg in the t = 48 h condition. In doing so, we
no longer have a snapshot of instantaneous demethylation, and instead are making the
(potentially erroneous) assumption that the amount of demethylation occurring between 0
and 48 h is representative of the potential demethylation happening in the field. Not all
microcosms had a t = 48 h that was lower than that of the t = 0 h. However, dividing by the
calculated spike amount of Me'%®Hg in the t = 48 h microcosm was done for all samples for
consistency in reporting and comparing potential demethylation rate constants between

locations.

Companion Core Processing

The companion cores described above, were sampled, transported and lyophilized

according to the methods described for the microcosm core. Companion core soils were
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sieved at 2 mm prior to subsampling for analysis with DMA-80 (HgT) or Tekran 2700 analysis

(MeHg).

Companion Core HgT Analysis

A Direct Mercury Analyzer (DMA-80) was used to analyze HgT concentrations from
~0.1 g subsamples of the companion cores. Three to five replicates were analyzed for each
sample, and the final concentration for each sample was determined as an average of the
replicates having RSD within 15%. The DMA-80 was calibrated with serial dilutions of a
NIST-3133 HgClz standard and liquid standards were analyzed in acid-cleaned and heated
(550 °C) quartz sample boats. Boat blanks produced < 0.003 ng of Hg, the limit of detection.
For a 0.1 g sample this gives a method limit of 0.03 ppb. Liquid standards and certified
reference materials (CRMs) were run on the DMA-80 at the beginning and end of the run
sequence and between every 20 samples. Samples were considered valid if the % recovery
of the CRMs was between 90-110% of the accepted values. CRMs used were IAEA BCR-

320R (Channel Sediment) and IAEA-456 (Marine Sediment).

Companion Core MeHg Analysis

Distillation and ethylation were carried out as described previously, without the use
of Me'®®Hg as an internal standard. MeHg concentrations in soil were determined using a
calibration curve prepared from bulk MeHg working standard solution (~1 pg/uL), diluted from
a 10 pug/mL primary standard obtained from Brooks Rand Inc.. A range of standards
bracketing the sample concentrations was run on Tekran 2700 each day of analysis along
with a distillation CRM (IAEA-456) and blank. The CRM distillation and analysis yielded an
overall recovery of 99 + 11% and for each day, the data were considered valid if the %
recovery was between 80-120%. The lowest standard run on any day was 10 pg MeHg which
was lower than all samples. The method detection limit as determined by 3 x the standard

deviation of the reagent blanks was 0.27 pg.
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Companion Core Sulfate, LOI, and pH Analysis

Soil sulfate concentrations were determined from subsamples of a lyophilized and
homogenized companion soil core. Soil anions from a ~10 g sample were extracted with
calcium dihydrogen phosphate. Extracts were analyzed on a Metrohm lon Chromatograph.
The average blank concentration was 0.46 +/- 0.03 mg/L sulfate and the LOD was 0.08 mg/L.
Loss-on-ignition was used to determine percentage (w/w) of organic carbon (ash-free carbon
content) in soils after the methods described in Heiri et al. (2001). Briefly, lyophilized soil
sieved at 2mm was crushed in a rolling mill for 24 hrs. Two subsamples (~10 g each) were
weighed into tared tins, and dried in a muffle furnace overnight at 105°C. Dry mass was
recorded and then samples were combusted for 4 hours at 550 °C in a muffle furnace.
Percent organic matter (w/w) was determined gravimetrically by mass lost during combustion.

LOI was calculated with the following equation:

LOI = ((DW105 — DW550)/DW105)*100

DW105 is the dry weight of soil after 24 hours of drying at 105 °C and DW550 is the dry
weight of soil after 4 hours of combustion at 550 °C.

Soil pH was determined by preparing a suspension of soil (~10 g) in an electrolyte
buffer solution (0.01 M CaCl.) with a 1:2 soil-to-liquid mixture (1:4 for organic soils) following
the methods of Schofield and Taylor (1955), McKeague (1978), and Davey and Conyers
(1988). Soil pH was measured potentiometrically in the supernatant liquid of the soil/buffer
suspension after soil was allowed to flocculate and settle. For organic soils the following
modifications were used: 5 g of soil and a 1:4 soil-to-liquid mixture. Soil pH was only

determined in the dry season as pH has previously been found to be stable across seasons.
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Quality Assurance, Quality Control

CRM (IAEA-456) recovery was 111 +/- 34 % (n = 96) across all days of analysis. The
variability of data from multiple soil subsamples, each distilled and analyzed separately, was
investigated. These technical replicates were found to give answers ranging from 20.2 -
44.7% RSD. A comparison of replicate soil subsamples from vineyard and forest
microcosms were used to determine these metrics (Figure 22). The relative standard
deviation (%RSD) varies by site type and node (Table 18), but despite variability within a
given location, the difference in kmeth values between forest and vineyards can still be
detected.

Table 18. Percent relative standard deviation for technical replicates analyzed at
FOR_1& VYD 2

Site and Node ID %RSD Number of Replicates
FOR_1_1 24.2 n=4
FOR_1_2 20.7 n=4
FOR_1_4 31.8 n=4
VYD_2_1 33.9 n=4
VYD_2_2 20.2 n=4
VYD_2_3 374 n=4
VYD_2_4 447 n=3
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Figure 22. The results of repeated determination of kmeth values for wet season surface
soils at one forested (FOR) site (3 nodes: _1, _2, 4) and one vineyard (VYD) site (4
nodes: _1, _2, 3, 4)). Each box is composed of 3 or 4 replicate measurements so that
the full variability (from microcosm construction to analysis) of these measurements
can be captured. Data from FOR_1_3 is not shown as samples were destroyed in
transport and could not be analyzed.

Data Analysis

The parameters kmeth, sulfate concentration, HgT concentration, MeHg concentration,
and percent MeHg in surface samples were examined using an unbalanced design (type =
“I”), 2-way ANOVA with site type, season, and their interaction as factors. Tukey’s Honest
Significant Differences test (Tukey’s HSD) was used as a post-hoc test of multiple
comparisons. Values for kmeth, MeHg concentration and sulfate concentration were log1o-
transformed to ensure that residuals met expectations of normal distribution. An unbalanced
design (type = “llI”), 1-way ANOVA was used to determine if kdemeth in surface samples was

statistically significantly different by site type. Kdemeth values were not log1o-transformed.
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Site Type Characterization with Principal Component Analysis

Variables of kmeth, HJT concentration, MeHg concentration, organic matter (w/w),
sulfate concentration, pH, percent moisture (w/w), and percent MeHg (w/w) data from dry
season soils were included in a principle component analysis (PCA) to visualize how
variables clustered by each of three site types. For wet season soils, kmeth, kdemeth, HgT
concentration, MeHg concentration, organic matter (w/w), sulfate concentration, percent
moisture (w/w), and percent MeHg (w/w) were included in a PCA model of three site types.
All variables were z-scored before inclusion in the model. The ‘prcomp’ function from the R
package ‘stats’ was used to produce the model and plots were prepared with the ‘ggbiplot’
function from the package of the same name (R Core Team, 2023; Vu, 2011). Results were
used to confirm that the assigned site type categories contained samples with geochemical
characteristics like others of the same type. PCA was also used to guide selection of

variables for linear regression modeling with Kmeth .

Linear Regression Models

HgT concentration, sulfate concentration, percent moisture (w/w), pH, and LOI (as
a proxy for % organic matter) were investigated as explanatory variables with kmeth as the
dependent variable. All variables examined for correlation, with the exception of percent
moisture, were log1o-transformed prior to modeling. Linear models were constructed between
each variable and kmeth with data grouped in three ways: all site types and both seasons,
vineyards only both seasons, and non-agricultural site types (forests and grasslands) both
seasons. All statistical analyses were conducted in RStudio Version 2023.12.1 + 402, using
the ‘stats’, ‘car’, ‘ggplot2’, and ‘dplyr’ packages (R Core Team, 2023; Fox and Weisberg,

2019; Wickham, 2016; Wickham et al. 2023). The significance level was 0.05.
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4.3 Results & Discussion

4.3.1 Ambient HgT & MeHg Concentrations of Upland Soils in Two Seasons
4.3.1.1 HgT Concentrations
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Figure 23. Box plots showing HgT concentrations at three site types in dry (A) and wet
(B) seasons. HgT concentrations were higher in forests than in grasslands or
vineyards. Grasslands and vineyards had similar HgT concentrations. HgT
concentrations were not different between dry and wet seasons.

Forests had higher concentrations of HgT than did grasslands or vineyards (p
<0.001), while HgT concentrations between grasslands and vineyards were not significantly
different (p = 0.2). The HgT concentration at wet season grasslands and vineyards was
similar, with concentrations of 56 +/- 10 and 50 +/- 12 ng/g, respectively, while the HgT
concentration in wet forests was greater (117 +/- 34 ng/g) than the other two site types
(Figure 23). This may be due to wet and dry deposition onto foliage which then delivers HgT

to the soil in forested locations through litterfall. Dry and wet season HgT concentrations

were not significantly different (p = 0.4) (Table 19).
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Table 19. HgT concentration selected ANOVA contrasts & adjusted p-values with site
type and season as factors

Group and/or Interaction Compared Adjusted p-value
Grassland-Forest <0.001
Vineyard-Forest <0.001

Vineyard-Grassland 0.2
Wet-Dry 04

4.3.1.2 MeHg Concentrations
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Figure 24. Box plots showing MeHg concentrations at three site types and in dry (A)
and wet (B) seasons. MeHg concentrations were highest in forests in both the dry and
wet seasons. The MeHg concentrations of grasslands and vineyards did not differ
from one another in either season. At each of the three site types, wet season MeHg
concentrations were lesser than in the dry season.
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Table 20. MeHg concentration selected ANOVA contrasts & adjusted p-values with site
type and season as factors

Group and/or Interaction Compared Adjusted p-value
Grassland-Forest <0.001
Vineyard-Forest <0.001

Vineyard-Grassland 04
Wet-Dry 0.002

Similar to HgT concentrations, MeHg concentrations were greater at forests (Figure
24) than at the other two site types (p < 0.001 for both), while MeHg concentrations at
vineyards and grasslands were not significantly different (p = 0.4) (Table 20). The average
MeHg concentration in wet forests was 0.76 +/- 0.90 ng/g, whereas at grasslands it was 0.10
+/- 0.07 ng/g and at vineyards 0.11 +/- 0.05 ng/g. Unlike HgT concentrations, there was a
significant difference between MeHg concentrations in the wet and dry seasons (p = 0.002).
The difference in MeHg concentrations in the dry vs. wet seasons at each site type were
significant; p = 0.03 for forests, p = 0.01 for grasslands, and p < 0.001 for vineyards. The
average MeHg concentration at each of the three site types was lesser in the wet season
than in the dry season (Table 21). The lower MeHg concentrations measured in the wet

season may reflect removal of MeHg from the soil by mobilization into waterways.
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Table 21. Average Kmeth and kdemeth Values, HgT concentrations, MeHg concentrations,

and sulfate concentrations for 3 site types of the Napa River Watershed.

DRY 48khour 4k8 hour THg MeHg % MeH Sulfate
SEASON (perc:::per (perseenr;etthper Concentration | Concentration o(w;‘-:;v)g Concentration
SURFACE day) day) ng/g nglg (mglL)

Mza;ofecsr?sss 0.13 NA 123 1.3 1.1 0.89
Standard

DAec\:ziaasﬁsO; 0.11 NA 35.6 0.73 0.38 0.19
Forests

Mean Across

2 0.094 NA 54.3 0.26 0.48 1.1
Grasslands
Standard
poevl IRTCIN IO ST RS NS
Grasslands

I\cﬂte\ii:\g:?dss 0.021 NA 39.5 0.32 0.82 6.6
Standard
i:izoj 0.028 NA 5.69 0.09 0.25 11
Vineyards

WET 4i|3(hour 4: hour THg MeHg % MeH Sulfate
SEASON (perc::::per (per:ee"r]:hper Concentration | concentration o(wlsv)g Concentration
SURFACE day) day) ng/g nglg (mglL)

Mzalgo?ecsr?sss 0.16 30 117 0.76 0.55 0.8
Standard
Forests

Mean Across

2 0.11 23 55.5 0.1 0.19 2.6
Grasslands
Standard
Grasslands

,\z/lte\?irr]wggsdsss 0.13 19 50 0.11 0.24 1.3
Standard
hooss | o | et [ | s fess | os
Vineyards
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4.3.2 Correlation Analysis of HgT Concentration, MeHg Concentration, Kmetn, and Ratio
of MeHg/HgT vs. Kmeth/Kdemeth
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Figure 25. Linear regression models between HgT concentration and kmeth (A), HgT and
MeHg concentration (B), and kmeth and MeHg concentration (C). Site types are
indicated by circles for vineyards, triangles for forests, and diamonds for grasslands.
Regression lines are for all site types grouped. The ratio of MeHg/HgT plotted against
the ratio of kmeth/kdemeth With a 1:1 line in black (D).
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Table 22. Correlations between HgT concentration and kmeth, HT and MeHg
concentration, & Kmeth and MeHg

Independent Dependent
Variable (x) Variable (y) Adjusted r? p-value
kmeth
HgT (ng/qg) 0.2 <0.001
HgT (ng/qg) MeHg (ng/g) 0.19 <0.001
kmeth
MeHg (ng/g) -0.02 1.0

A correlation between HgT concentration and kmeth was explored, as microbes at
locations with elevated HgT could be reasonably expected to be primed for performing Hg
cycling. The statistically significant, positive linear relationship between HgT and kmeth across
both seasons and all site types (Figure 25 (A); Table 22) suggests that locations with more
Hg are indeed primed to methylate faster and this effect is captured in the kmeth value.
Forested sites had the highest HgT concentrations and had some of the highest potential
methylation rate constants observed. HgT concentrations and MeHg concentrations across
all sites and seasons also have a statistically significant positive correlation (Figure 25 (B))
meaning that sites with more HgT also have the propensity to methylate the Hg that is
present. Both of the aforementioned relationships share the same sign (positive), which tells
us that the microcosms and resulting kmeth values are reasonably representative of the
processes taking place in the field.

The relationship between kmeth and MeHg concentration is not significant (Figure 25
(C)), though one might expect it to be, as locations with the potential to methylate faster
(higher kmetn) would be anticipated to have more MeHg. This means that the microcosms
may not have captured all aspects of the processes taking place in the field that can affect Hg
methylation. This finding is unsurprising as microcosms only provide short term “snapshots”
of variables’ effects on Hg cycling, though in the field, processes affecting concentrations of

MeHg may be approaching equilibrium on time scales longer than two days. The
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bioavailability of Hg(ll) added to microcosms is another reason why kmeth derived from
microcosms may not be significantly correlated with MeHg concentrations, and previous work
has also noted a disconnect between kmeth values and ambient MeHg concentrations
(Hoggarth et al. 2015). Another possibility for the lack of a significant relationship between
kmethand MeHg concentration is the effect of demethylation. This leads to the plot comparing
the ratio of MeHg/HgT concentrations to the ratio of kmeth/kdemeth potential rate constants
(Figure 25 (D)). If a data point falls to the right side of the 1:1 line it means the site has more
MeHg than would be expected based on the ratio of kmeth/kdemeth and is approaching
equilibrium by experiencing net demethylation. Conversely, if a data point falls to the left side
of the 1:1 line, it means that the location has less MeHg than expected based on the ratio of
the potential rate constants, and that the system would approach equilibrium through net
demethylation. Here, solely grasslands plot either on the 1:1 line or to the right side,
indicating this site type has more MeHg than predicted by the ratio of the rate constants.

Forest and vineyards plot to either side of the 1:1 line.

4.3.3 MeHg Production in Upland Soils

4.3.3.1 Potential Methylation Rates

Upland soils that experience dry and wet seasons do produce MeHg (Figure 26), and
methylation potentials in vineyards in the dry season (0.02+/-0.03 percent per day) are low
and similar to those in boreal forests (0.011 %/day) (Huang and Mitchell, 2023). Dry season
methylation potential rate constants at vineyards were statistically significantly lower than
forests (0.13+/- 0.11%/ day) (p <0.001). Kmeth values were generally higher in the wet season
and season was a significant factor (p <0.001; Table 23). Wet season kmeth values were more
similar across site types (Figure 26). Kmeth values in wet season vineyards were higher (0.13
+/- 0.17 %/day) (p <0.001) than for dry season vineyards, but not statistically different than
those found at wet forests (0.16 +/- 0.09 %/day) (p =0.8) or wet grasslands (0.11+/-0.12
%lday) (p =1.0).
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Figure 26. Box plots showing potential methylation rate constants (kmeth) across three
site types in the dry (A) and wet (B) seasons. The variability of kmeth values observed in
vineyard soil was greater in the wet season than the dry, and kmeth values were more
similar across wet season site types than in the dry season, where dry vineyards were
different from dry grasslands or dry forests.

Table 23. kmeth selected ANOVA contrasts & adjusted p-values with site type & season
as factors

Group and/or Interaction Compared Adjusted p-value
Vineyard-Forest <0.001
Wet-Dry <0.001
Vineyard:Dry-Forest:Dry <0.001
Forest:Wet-Vineyard:Dry <0.001
Grassland:Wet-Vineyard:Dry 0.002
Vineyard:Wet-Vineyard:Dry <0.001
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4.3.3.2 Potential Demethylation Rates
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Figure 27. Potential demethylation rate constants (kdemetn) across three site types in the
wet season. kdemeth values were examined as a function of site type and were only
determined in the wet season. The most different mean potential demethylation rates
were between forests and vineyards, though this difference was not statistically
significant.

Demethylation potentials in upland soils ranged from 5 - 43 %/day, which were
similar to kdemeth values measured in boreal forests (2 - 48%/day) and in brackish sediment in
San Pablo Bay (2 - 33%/day) (Huang and Mitchell, 2023; Marvin-DiPasquale et al. 2003).
Kdemeth Values in upland soils were less than those found in rice paddy soil (Chen et al. 2023)

and overlapped with demethylation potentials in Mediterranean lagoon sediment (Hines et al.

2012) (Table 24). Hg demethylation potential was compared across site types in the wet
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season (Figure 27), and while kqemeth Values were highest at forests (30 +/- 9.1 %/day), there
were no significant differences across site types (p = 0.07). No significant differences in wet
season kmeth NOr Kdemeth Values leaves observed differences in MeHg concentrations across

site types to be explained by alternative variables.
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Table 24. A comparison of kmeth and/or kdemeth Values across a selection of study sites

kmeth kelemeth
(percent per|(percent per
Source Environment | Description day) day)
Napa Valley
Watershed, Freshwater, | BD (0.005)-
This Study | California, USA | Upland Soil 0.62 5.4-43
Boreal Soil,
Huang and | Northwestern
Mitchell, Ontario, Freshwater,
2023 Canada Upland Soil 0.011 Feb-48
Marsh and
Open Water
Marvin- Sediment, San
DiPasquale Pablo Bay, Brackish,
et al., 2003 | California, USA | Sediment <0.03-1.4 1.7-33
Rice Paddy
Fields, Guizhou
Province,
Chen et al., Southwest Freshwater,
2023 China Soil 0.03-2.5 60-160
Marano and
Hines et al., Grado Brackish,
2012 Lagoons, ltaly | Sediment ~0-5.4 ~1-60
Subarctic
Roth et al., | Peatlands Fen, | Freshwater,
2021 Alaska, USA Peat Soil 9.3 ND
Florida Freshwater,
Gilmour et Everglades, Surficial
al., 1998 USA Sediment 0-12 23-Mar
Prairie Pothole
Ponds,
Hoggarth et | Saskatchewan, | Freshwater,
al., 2015 Canada Sediment 217 ND

*BD indicates below limit of detection and ND indicates no data available. Kdemeth
values provided for the FL Everglades are from Marvin-DiPasquale et. al., 2000.
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4.3.4 Linking Sulfate Concentration and Hg Methylation Potential

4.3.4.1 Sulfate Concentration Characterization of Upland Soils in Two Seasons
Characterization of sulfate concentration by site type, to establish if sites receiving
elemental S applications (vineyards) had significantly higher sulfate concentrations, was
necessary to address the question of whether sulfate-enriched upland soils have different
methylation potentials than unamended soils. Mean concentrations of sulfate in the dry
season were significantly enriched in vineyards (6.6 +/- 11 mg/L) compared to forests (0.89
+/-0.19 mg/L) (p = 0.02) though were not significantly different than dry grasslands (1.1 +/-
0.29 mg/L) (p = 0.07). Sulfate concentrations were also highly variable in vineyards as
indicated by relative standard deviation (RSD) of 168% (n = 16) in the dry season. Inspection
of the temporal aspect of the sulfate concentrations reveals that wet vineyards are not
elevated compared to wet forests or wet grasslands (p = 0.9 for vineyards vs. forests; p = 0.7
for grasslands vs. forests; p = 1.0 for vineyards vs. grasslands); Figure 28; Table 21. Wet
vineyards have significantly lower sulfate concentrations (1.3 +/- 0.61 mg/L) than dry
vineyards (p = 0.03) and this speaks to the solubility of sulfate and how it is known to enter

the watershed (Hermes et al. 2022).

A B

w
o
W
o

N
o
N
o

s
o

sulfate concentration (mg/L)
)

sulfate concentration (mg/L)

—
Forest Grassland Vineyard Forest Grassland Vineyard
site type site type

Figure 28. Sulfate concentrations across three site types from the dry (A) and wet (B)
seasons.
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Table 25. Sulfate concentration ANOVA contrasts & adjusted p-values with site type
and season as factors

Group and/or Interaction Compared Adjusted p-value
Vineyard-Forest 0.008
Wet-Dry 0.05
Vineyard:Dry-Forest:Dry 0.02
Forest:Wet-Vineyard:Dry 0.007
Vineyard:Wet-Vineyard:Dry 0.03

4.3.4.2 Sulfate Enrichment’s Relationship with Kmetn

Vineyards were associated with elevated sulfate concentrations in the dry season
(Figure 28). Locations with elevated sulfate concentrations ultimately had, in general, lower
potential methylation rate constants (Figure 29), yielding a weak, negative trend between
sulfate concentration and kmeth across all site types (adjusted r?>= 0.08, p-value = 0.01; Figure
3.4.2). Vineyard soils in the dry season are sulfate enriched relative to dry forests (p = 0.02;
Table 25), however, dry vineyards have lower Kmeth values than dry forests (p<0.001). This
finding, along with no significant differences between sulfate concentrations across site types
in the wet season paired with no significant differences across site types in the wet season
for kmeth (p = 0.8 for vineyards vs. forests; p = 0.9 for grasslands vs. forests; p = 1.0 for
vineyards vs. grasslands; Figure 28) suggest that variables other than sulfate may be
responsible for controlling MeHg production in upland soils.

Sulfate concentrations did not have a statistically significant relationship with kmeth for
a subset of forests and grasslands only (non-agricultural sites) (p-value = 0.7) when wet and
dry season data is combined. For vineyards only across both seasons, the relationship
between sulfate and kmeth was not significant (p = 0.06). When all sites have more similar
sulfate concentrations, they also all have more similar kmeth values, as seen in the wet
season. When differences in sulfate across site types are significant, as in the dry season,
sites with highest sulfate concentrations (vineyards) have the lowest kmeth values. As sulfate
did not explain much of the variability in kmetn (adjusted r? = 0.06) and was weakly negatively

correlated, we turn to other variables for consideration as controls on Hg methylation.
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Figure 29. Kmeth as a function of sulfate concentration. Regression is for all sites
combined. Across all site types and both dry and wet season surface samples, a
significant though weak trend exists between sulfate concentration and kmetn.

4.3.5 Principal Component Analysis (PCA) Plots

The results of the principal component analyses provide support for the site type
categorizations. The colored ellipses surround data points with shared characteristics, and
data points from given locations of forests, grasslands, and vineyards tend to group similarly
to others within the same site type. Forests are unlike vineyards and grasslands in the dry
season (Figure 30), whereas vineyards and grasslands are more similar to one another. In
the wet season (Figure 31), all three site type categorizations overlap to some extent, but it
can be seen that forests are less like vineyards and grasslands, where again, grasslands and

vineyards group more similarly. Sulfate and pH cluster with vineyards in the dry season
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whereas moisture content and organic matter cluster with forests. As relationships between
sulfate and kmeth were explored with linear regression models, we now turn to investigating
the relationships between kmeth and pH, percent moisture (w/w) and percent organic matter

(w/w) across all site types and at vineyards only, in an effort to reveal biogeochemical

controls on Kmeth.
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Figure 30. A principal component analysis for dry season biogeochemical variables,
grouped by three site types. When clustered by site type, forested sites were
associated with higher amounts of HgT, MeHg, organic matter, and percent moisture,
along with higher kmeth values. Vineyards were associated with conditions of elevated
sulfate concentrations and pH, and grasslands exhibited characteristics that were

similar to that of vineyards.
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Figure 31. A principal component analysis for wet season biogeochemical variables,
grouped by three site types. When clustered by site type, forested sites were
associated with higher amounts of HgT, MeHg, percent MeHg, and organic matter,
along with higher kdemeth values. Vineyards overlapped with both other site types, and

clustered somewhat more similarly to grasslands. Grasslands were associated with
higher sulfate concentrations and higher kmeth values.

4.3.6 Geochemical Variables and Correlations with Kmet

Sulfate concentration and HgT only go so far to explain the variability in Kmeth, as HgT
concentration and kmeth had a statistically significant relationship across all sites and both
seasons (Figure 25 (A); p <0.001), and within vineyards only (p = 0.01), but the relationship
was not significant for non-agricultural sites (p = 0.2). Thus, an increased concentration of
HgT alone is insufficient to explain higher potential rates of Hg methylation. In an effort to
identify a geochemical control on Hg methylation in upland soils, percent moisture (w/w), pH,
and LOI (as a proxy for % organic matter) were investigated as explanatory variables with
kmeth as the dependent variable.

Akin to HgT, percent moisture (w/w) was a significant predictor of kmeth across all site
types (Figure 32) and for vineyards only (p = 0.006; p<0.001, respectively), yet failed to be a
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significant predictor of kmeth within non-agricultural sites (p = 0.8). A linear relationship
between LOI and kmeth across both seasons was not statistically significant across all site
types (p = 0.3), vineyards only (p = 0.06), nor for non-agricultural sites (p = 0.7). This finding
is inconsistent with the expectation that higher percentages of organic matter mean that
microbes have more carbon to oxidize, and that this in turn leads to higher kmeth values. A
lack of significance between LOI and kmeth suggests that 1) carbon limitation is not the
variable controlling Hg methylation and therefore having more OM does not lead to more Hg
methylation and/or 2) organic matter as a bulk property has a limited relationship with
bioavailable carbon capable of supporting microbial metabolisms. Linear models of pH vs.
kmeth across both seasons did not yield any significant relationships across all site types (p =
0.09), vineyards only (p = 0.6), nor non-agricultural sites only (p = 0.4). However, for a linear
model of dry season pH vs. wet season kmetn in vineyards only, the correlation is negative and

statistically significant (p = 0.006), explaining 41% of the variability in kmeth (Figure 33).
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Figure 32. A linear regression model of percent moisture vs. kmeth across all site types
and both seasons. More moisture is associated with faster potential methylation rates,
though the trend is weak as only 11% of the variability in kmeth is explained.
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Figure 33. Wet season kmeth as a function of dry season soil pH. For a linear model of
vineyards only, pH and potential methylation rate constant have a statistically
significant negative relationship. More acidic sites were associated with higher kmetn
values in the wet season.

4.3.7 Comparing High Sulfate and Low Sulfate Vineyards & Hypothetical Influence of
pPH

Figure 34 summarizes the results of sulfate concentrations, HgT concentrations, and
processes potentially affecting kmeth in the dry and wet seasons. Elemental S applied during
the growing season has accumulated and has converted to sulfate in vineyards during the dry
season. Wet season sulfate concentrations in vineyards (1.3 +/- 0.61 mg/L) are lower than in
the dry season (6.6 +/- 11 mg/L) (p =0.03), suggesting that other processes affecting its

removal are at work. One possible explanation for this finding is mobilization of sulfate during
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the rainy season, documented by Hermes et al. (2022) which is additionally supported by the
lack of statistically significant difference between sulfate concentrations in wet vineyards
compared to wet grasslands (2.6 +/- 3.8 mg/L) (p = 1.0). Another possible outcome is that
sulfate is lower in wet season vineyards because it has been converted to sulfide by sulfate-
reducing bacteria. The negative relationship observed between sulfate concentration and
kmeth suggests that the presence of sulfate may have exerted an influence on reduced
sulfur/sulfide concentrations in turn affecting methylation potential due to changes in Hg(ll)
availability to microbes (Benoit et al. 2001; Gilmour and Henry, 1991). The presence of
sulfide or reduced sulfur species, though not measured in this study, would be anticipated to
occur as a result of microbial sulfate reduction if SRB are active in upland soils.

Orem et al. (2019) identified a range of sulfate concentrations, ~1-20 mg/L (0.01 - 0.2
mM), that were found to enhance Hg methylation in the Everglades, whereas sulfate
concentrations surpassing this threshold suppressed Hg methylation by favoring sulfide
accumulation. Whether this concentration range was applicable to the processes taking
place in upland soils was investigated and some supporting evidence exists. For example, in
the dry season, VYD_1 had sulfate concentrations ranging from 1.2 -1.9 mg/L (0.012 - 0.020
mM) while VYD_2 had a sulfate concentration range of 1.2-34 mg/L (0.012 -0.35 mM), and
these results were significantly different (p=0.04). Correspondingly, kmeth values in the wet
season were also significantly different (p =0.04), with kmeth values of 0.06 - 0.62 %/day for
VYD_1 compared to 0.02-0.05 %/day for VYD_2. At VYD_1, sulfate may have played a role
in stimulating Hg methylation, as kmeth values were higher in the wet season than in the dry,
though the enhancement of kmetn could have been partially due to another factor such as
increased moisture content. For VYD_2, it is possible that sulfate concentrations >20 mg/L
(0.20 mM) led to sulfide accumulation that limited Hg bioavailability, as kmetn values in the wet
season were of a similar range (0.02-0.05 %/day) to those in the dry season (0.005-0.05
%lday). pH was also significantly negatively correlated with wet season methylation potential

in vineyards (Figure 33; p = 0.006) and, though speculative, may have an influence on the
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fate of sulfide generation or preservation. Higher pH vineyards had lower potential
methylation than lower pH vineyards in microcosm experiments, and results were significant
(p = 0.02). However, for multiple comparisons, only one of the higher pH vineyards was
significantly different than a lower pH vineyard (p= 0.04). At higher pH vineyards, one of
which also had sulfate concentrations surpassing 20 mg/L (0.20 mM), lower methylation
potential suggests that Hg may not have been bioavailable to microbes, as has been
observed when charged HgS complexes are formed under conditions of elevated sulfide.
Future work may further explore whether pH conditions, in conjunction with sulfate
concentrations surpassing a threshold of 20 mg/L (~0.2mM), play a role in the effects of

sulfate on Kmetn.

.9

Figure 34. Schematic showing dry (left) and wet (right) season conditions in upland
soils. The size of the sulfate circles depict the relative magnitude of concentrations at
vineyards. The red pH label indicates dry season conditions less than 6.5, while the
blue pH label represents conditions above 6.5. The size of HgT circles indicates the
relative magnitude of concentrations of total Hg measured in the dry season soils.

The yellow arrows show possible fates of sulfate in the wet season, where sulfate in
low pH vineyards could stimulate MeHg production and also mobilize to a nearby
grassland. Higher pH vineyards had lower potential methylation than lower pH
vineyards in microcosm experiments, and results were significant (p = 0.02). At higher
pH vineyards, one of which also had sulfate concentrations surpassing 20 mg/L, lower
methylation potential suggests that Hg may not have been bioavailable to microbes, as
has been observed when charged HgS complexes are formed under conditions of
elevated sulfide.
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4.3.8 Comparison of kmeth in Upland Soils to Other Sulfate-Impacted Sites

A comparison of kmeth Values and sulfate concentrations across a variety of sulfate-
impacted sites show that the potential methylation rate constants in upland soils are lesser
than comparison sites (Table 26), even when sulfate concentrations overlap as they do for
upland sites and locations within the EAA. kmeth values in upland soils (0.005 - 0.62 %/day)
were similar to those found in rice paddies (0.03-2.5 %/day), despite a higher range of sulfate
concentrations for rice paddy soil 12-140 mg/L (0.12-1.5 mM) than for upland soil 0.5 - 34
mg/L (0.005 - 0.35 mM). Kmeth values in upland soils were less than in sulfate-impacted
freshwater prairie potholes (2-17 %/day (Hoggarth et al. 2015)) or sulfate-impacted, saturated
agricultural soils of the Everglades (0-12 %/day (Gilmour et al. 1998)). The range of sulfate
concentrations in upland soils 0.5 - 34 mg/L (0.005 - 0.35 mM) does extend beyond the 0.01 -
0.2 mM range found to stimulate MeHg production (Orem et al. 2019), suggesting that at
some vineyards, sulfate concentrations may be high enough to suppress Hg methylation via

accumulation of sulfide.

Table 26. Sulfate concentrations and kmeth across a selection of sulfate-impacted

locations
Location Sulfate Concentration (MM)] ket (%/day) Source
Upland Soils, Napa
CA, USA 0.005-0.35 BD(0.005)-0.62 This Study
Everglades
Agricultural Area, Gilmour et al.
Florida, USA 0-0.40 0-12 1998
Rice Paddies,
Guizhou Province,
China 0.12-1.5 0.03-2.5 Chen et al. 2023
Prairie Pothole
Ponds,
Saskatchewan, Hoggarth et al.
Canada 0.10-33 217 2015

*BD indicates below limit of detection.

150



4.3.9 Conclusion

Sites receiving agricultural S applications (vineyards) had higher sulfate
concentrations relative to reference sites in the dry season, though vineyards had lower Kmeth
values. Therefore, sulfate is associated with an effect on Hg cycling, though this effect is not
stimulatory to the production of MeHg. Sulfate concentration was weakly correlated with Kmeth
across all site types, with a negative relationship, further supporting the conclusion that
elevated sulfate concentration does not lead to enhanced kmeth. There were not significant
differences in sulfate concentration across site types in the wet season, nor were differences
in kmeth significant for the wet season. Sulfate failed to have a significant correlation with
kmeth at vineyards only and non-agricultural sites only. It is possible that sulfur
transformations led to accumulated sulfide in vineyard soils. The presence of sulfide or
reduced sulfur moieties may have formed HgS complexes with Hg(ll) in the microcosms,
rendering it not bioavailable to microbes, which could help explain the low kmeth values in very
high sulfate concentration 20 mg/L (>0.2 mM) vineyards. However, microcosms had added
Hg(ll) in excess, and it is difficult to say whether there was sufficient sulfide to convert the
majority of the Hg(ll) spike to HgS complexes. Linear regression models with kmeth vs. other
geochemical variables revealed that higher concentrations of HgT are significantly correlated
with greater kmeth values, though this relationship only holds up for models of all site types
and vineyards only, and not for a model of non-agricultural sites. Like HgT, percent moisture
had a significant relationship across all site types and for vineyards only, but was not
correlated with kmeth for non-agricultural sites. LOI was not correlated with kmetn within any of
the data groupings. While the data suggests that MeHg is indeed produced in upland soils,
the process does not appear to be stimulated by sulfur and occurs at potential rates greater
than that of boreal soils and similar to rice paddies.

MeHg production in upland soils proceeds at low potential rates and this finding could

be due to one of several possible mechanisms. First, the soils of the Napa River Watershed
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are broadly oxic, and sulfate reduction and Hg methylation would be expected to happen
within anoxic microsites, providing only limited amounts of MeHg per unit of soil when
compared with anoxic locations such as wetlands. Methylation potential rates determined in
Napa vineyards are smaller than those found by Gilmour et al. (1998) in the Everglades,
despite having a similar range of sulfate concentrations (Table 26). This finding provides
support for the hypothesis that upland soils are a unique regime in regards to Hg methylation
when compared to the sulfate-impacted, inundated agricultural soils of the EAA. Second, it is
possible that sulfate was utilized by SRB within microsites, drawing down sulfate
concentrations by conversion to sulfide, which in turn formed HgS complexes. Under this
scenario, limited potential methylation in vineyards would come as a result of Hg(ll) not being
bioavailable. Thirdly, it is worth considering that sulfate was not found to be associated with
increased Hg methylation potential due to low abundance of SRB to utilize sulfate as a
terminal electron acceptor. Therefore, kmeth does not respond to added sulfate because
another clade of bacteria is responsible for methylation. This conclusion is further supported
by dry forests having the highest kmeth values across site types in the dry season, while not
having elevated sulfate concentrations, which suggests that the Hg methylating community in
upland soils, or at least in forests, may consist of microbes other than SRB, such as Fe-
reducers or methanogens.

While no clear overarching control on Hg methylation in upland soils has been
revealed, HgT and percent moisture are the most useful in explaining variability in Kmetn
across all site types. It is possible that geochemical variables not measured in this study
could be responsible for controlling MeHg production in the Napa River Watershed. With that
in mind, future work might consider assessing nitrate concentrations, sulfide/reduced sulfur
concentrations, and microbial identity and abundance as potential variables exerting control
on MeHg production in upland soils. Additionally, the question as to whether pH influences
sulfur speciation at vineyards with sulfate concentrations > 0.2 mM could be investigated with

regard to bioavailability of Hg(ll).
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APPENDIX A. Chapter 3 Supplementary Data Table S1. R Package version, RStudio
version & R language version used.

Package Version RStudio Version R Language Version
dada2 1.22.0 1.4.1717 41.2
phyloseq 1.38.0 1.4.1717 411
BiocManager 1.30.16 1.3.1093 41.3
Bioconductor 3.14 1.3.1093 41.3
DESeq2 1.34.0 1.31093 41.3
stats 411 1.4.1717 411
car 3.0.13 1.4.1717 411
Isr 0.5.2 1.4.1717 411
DescTools 0.99.44 141717 4.1.1
FSA 0.9.3 1.4.1717 411
ggplot2 3.35 1.4.1717 411
wesanderson 0.3.6 141717 411
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APPENDIX B. Chapter 3 Supplementary Data Table S2. Extended table of results from
one-predictor models at East Fork.

EF Residual EF Shapiro-
EF Estimate Sum of EF F- Wilk Test
Predictor |of Coefficient| EF p-value EF R? Squares statistic p-value
Depth (cm) -0.46 0.01* 0.21 20.42 6.83 4.90E-06
Sed. HgT
(ng/g dry) 0.06 0.77 0 25.91 0.08 4.00E-08
LOIl % 0.31 0.12 0.09 23.57 2.58 3.80E-07
Ammonium
(LM) -0.46 0.02* 0.21 20.5 6.7 3.50E-07
Porewater
AVS (mM) -0.32 0.1 0.11 23.26 2.95 2.10E-07
Porewater
02 %
saturation 0.5 0.01* 0.25 19.41 8.49 4.70E-04
Porewater
HgT (pM) -0.09 0.65 0.01 25.78 0.21 8.00E-08
Nitrate (M) 0.77 2.2E-6* 0.6 10.43 37.31 9.60E-04
pH -0.03 0.9 0 25.98 0.02 5.20E-08
Salinity (ppt) -0.37 0.06 0.14 22.46 3.94 8.00E-09
Temp.
(Celcius) -0.34 0.09 0.1 23.07 3.18 1.00E-06
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APPENDIX C. Chapter 3 Supplementary Data Table S3. Extended table of results from
one-predictor models at Beach Zone.

BZ Residual BZ Shapiro-
BZ Estimate Sum of BZ F- Wilk Test
Predictor |of Coefficient| BZ p-value BZ R? Squares statistic p-value
Depth (cm) -0.42 0.03* 0.18 21.32 5.49 0.32
Sed. HgT
(ng/g dry) 0.04 0.84 0 25.95 0.04 0.30
LOIl % 0.11 0.57 0.01 25.66 0.33 0.19
Ammonium
(LM) -0.43 0.03* 0.18 21.29 5.53 0.07
Porewater
AVS (mM) -0.49 0.01* 0.24 19.76 7.9 0.04
Porewater
Dissolved
02 %
saturation 0.28 0.16 0.08 24 2.09 0.15
Porewater
HgT (pM) 0.21 0.29 0.04 24.84 1.17 0.96
Nitrate (M) 0.22 0.27 0.05 24.72 1.29 0.20
pH -0.32 0.1 0.1 23.36 2.83 0.21
Salinity (ppt) -0.2 0.33 0.04 25 1 0.14
Temp.
(Celcius) -0.27 0.18 0.07 2417 1.89 0.04
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APPENDIX D. Chapter 3 Supplementary Data Table S4. Results of post-hoc tests after
Kruskal-Wallis & ANOVA for 2020 microcosm assay.

Site Post-hoc Test Comparison p-value
Dunn's after Kruskal- 48 hour Control -
Beach Zone Wallis Ammonium 0.49
Dunn's after Kruskal- 48 hour Control -
Beach Zone Wallis Molybdate 0.30
Dunn's after Kruskal- 48 hour Control -
Beach Zone Wallis Molybdate + Nitrate 0.43
Dunn's after Kruskal-| 48 hour Control -
Beach Zone Wallis Nitrate 0.18
Dunn's after Kruskal- Ammonium -
Beach Zone Wallis Molybdate 0.10
Dunn's after Kruskal- Ammonium -
Beach Zone Wallis Molybdate + Nitrate 0.14
Dunn's after Kruskal- |Molybdate - Molybdate
Beach Zone Wallis + Nitrate 0.74
Dunn's after Kruskal-
Beach Zone Wallis Ammonium - Nitrate 0.52
Dunn's after Kruskal-
Beach Zone Wallis Molybdate - Nitrate 0.03
Dunn's after Kruskal- | Molybdate + Nitrate -
Beach Zone Wallis Nitrate 0.03
Dunnett's after
East Fork ANOVA Nitrate-48 hour Control 0.91
Dunnett's after Ammonium-48 hour
East Fork ANOVA Control 1.0
Dunnett's after Molybdate-48 hour
East Fork ANOVA Control 0.07
Dunnett's after Molybdate + Nitrate-48
East Fork ANOVA hour Control 0.12

156




APPENDIX E. Chapter 3 Supplementary Data Table S5. Table of omnibus test critical
value comparisons for 2020 microcosm assay.

Total Number of Calculated Test chi or F
Test Samples Statistic (H or F) Critical value
Kruskal-Wallis with
df =4 14 H=7.49 chi?=9.49
Kruskal-Wallis with
df =4 19 H=12.6 chi?=9.49
ANOVA with numerator df
=4 and denominator df =
10 15 F=3.33 F=3.48
ANOVA with numerator df
=4 and denominator df =
15 20 F=3.33 F =3.06
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