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• Methylmercury in formalin-preserved
copepods change over time.

• Abiotic transformations of mercury can
occur in formalin solutions.

• Formalin-preserved copepods cannot
reconstruct historical methylmercury
levels.
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Time-seriesmeasurements ofmethylmercury (MeHg) concentrations in short-lived planktic animals, such as co-
pepods, could allow for an evaluation ofmercury (Hg) inputs and transferability to organisms inmarine environ-
ments. If reliable, MeHg measurements in formalin-preserved marine animals could offer insights into past
environmental MeHg levels. In the present study, we examined whether the amount of MeHg changed over
time in formalin-preserved copepods for two species, Acartia tonsa, and Temora longicornis. Over a 51
(A. tonsa) and 7 (T. longicornis)week incubation,we found significant changes inMeHg content in both copepods,
while the timing of these changes differed between species. Furthermore,we investigated themechanismbehind
these temporal changes through a separate incubation experiment of formalin spiked with two levels of organic
matter (OM), and stable-isotope-enriched Hg tracers.We found that themethylation of an inorganic 199Hg tracer
was significantly higher in OM-enriched solutions in comparison to a control seawater-formalin solution. Our re-
sults suggest that formalin-preserved copepods are not fit for studies of past trends due to ongoing and unpre-
dictable abiotic transformations of Hg in chemically preserved animal tissue.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Mercury (Hg), particularly its organic formmethylmercury (MeHg),
is an acute neurotoxin that efficiently bioaccumulates in aquatic biota,
uffman).
reaching high concentrations in apex predators which pose a risk to
human health (Clayden et al., 2015; Harding et al., 2018; Lee and
Fisher, 2017; Lee et al., 2016; Morel et al., 1998; Schartup et al., 2019).
Mercury enters aquatic and terrestrial environments through direct at-
mospheric deposition, watershed inputs, or via point sources, where it
can be transformed to MeHg and accumulate in biota to harmful levels
(Fitzgerald et al., 2007). In response to legacy and emerging sources of
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Hgpollution, the 2013Minamata Convention onMercurywas signed by
over 140 countries to lower global Hg emissions and mitigate human
impacts (Saito, 2019). Globally, Hg emissions peaked in the 1970s and
have declined by ~20% since 1990, driven by substantial reductions in
emissions from North America and Europe (Zhang et al., 2016). Cou-
pling emissions to MeHg bioaccumulation must further consider the
various processes that in concert moderate the net conversion of inor-
ganic Hg to MeHg, and those impacting its bioaccumulation (Wang
et al., 2019; Driscoll et al., 2012).While measurements of direct sources
of Hg provide useful insight into the effectiveness of such treaties,
changes in MeHg bioaccumulation are what ultimately influence
human impacts and remain harder to quantify. Many of these processes
are not well understood, and knowledge gaps result primarily from lim-
ited experimental studies (Jonsson et al., 2017; Lee and Fisher, 2016;
Grieb et al., 2019).

Retroactive and current MeHg levels can be elucidated with the aid of
proper sentinel organisms. In the ocean, long-lived fish have been sug-
gested as sentinels of MeHg change over time (Drevnick et al., 2015;
Evers et al., 2008; Harris et al., 2007; Lee et al., 2016; Mason et al.,
2005). However, the coupling of Hg emissions and fish bioaccumulation
is highly variable and inconsistent, likely due to sparse sampling over a
wide size range of fish throughout multiple trophic levels (Grieb et al.,
2019; Wang et al., 2019). Organisms that do not undergo extensive mi-
gration, occupy lower trophic levels, and are short-lived, would enable
more meaningful inferences about shorter-term (weeks –months) feed-
backs between anthropogenic Hg emissions and the pool of bioavailable
MeHg that enters marine food webs (Evers et al., 2008; Mason et al.,
2005). Copepodsmay be an ideal candidate to be used as sentinels of bio-
available MeHg as they are short-lived (e.g., 8 days to 1–2 year), occupy a
low position in planktic food webs, and within their respective lifetimes
tend to remain within a narrow geographic range (Mauchline, 1998).
For example, the whole lake Hg isotope spike addition experiment in
Canada showed that therewas isotopically-labeledMeHgwithin the zoo-
plankton after only 1monthof adding an inorganicHg spike to the surface
of the lake (Harris et al., 2007).

Copepods, themost abundant metazoans in the oceans, are a crucial
link connecting primary producers, phytoplankton, with secondary
consumers, particularly larval and juvenile fish (Mauchline, 1998). The
initial transfer of MeHg from seawater to primary producers largely de-
termines the magnitude of its bioaccumulation in apex predators
(Foster et al., 2012). As copepods are primary consumers and are
often the first heterotrophic link in a food web, they represent a critical
step for the transfer of MeHg to upper trophic levels. Previous studies
have investigated MeHg in copepods based on bulk plankton sorted
through sequential filtration into size bins (Clayden et al., 2015;
Gosnell et al., 2017; Hammerschmidt and Fitzgerald, 2006; Harding
et al., 2018). Such samples contain a taxonomic mix, which has limited
value in studies of MeHg bioaccumulation. Only a few studies have ex-
amined species or genus-level concentrations (Foster et al., 2012).
Therefore, there is a need for time series measurements of MeHg con-
centrations in isolated taxa of copepods,which can shed light on tempo-
ral patterns in bioavailable MeHg and aid in the evaluation of the
Minamata Convention (Krabbenhoft and Sunderland, 2013; Selin,
2014; Foster et al., 2012).

To assess the effectiveness of lowered human Hg emissions into the
environment, knowledge of the past and current levels of Hg in aquatic
ecosystemsworldwide is highly desirable. Previous studies have argued
for the adequacy of formalin-preserved fish to evaluate THg (total mer-
cury) concentrations (Hill et al., 2010; Kelly et al., 1975; Levengood
et al., 2013). These studies relied on the assumption that THg concentra-
tions in fish tissues were far higher than in formalin, resulting in negli-
gible contamination. Each of the studies demonstrated changes in fish
THg concentrations between fresh and preserved samples, with equilib-
ria in THg concentrations reached sometime between 40 days and
12 months (Hill et al., 2010; Kelly et al., 1975; Levengood et al., 2013).
The observed changes in THg were attributed to fluctuations in mass
during the preservation period (Hill et al., 2010; Kelly et al., 1975;
Levengood et al., 2013).

The validity of chemically preserved bivalves as indicators of his-
torical MeHg concentrations has also been explored (Luengen et al.,
2016). Based on a 90-day long experiment, Luengen et al. (2016) ar-
gued that MeHg concentrations in chemically preserved bivalves
were reliable indicators of MeHg conditions through three decades
in San Francisco Bay. Fish and bivalves both have higher %MeHg
(N95% for fish and 12–60% for bivalves) compared to copepods and
similarly size binned zooplankton (2.8–24%) (Foster et al., 2012;
Luengen et al., 2016; Hammerschmidt et al., 2013; Gosnell et al.,
2017). Thus, MeHg concentrations may be more stable in formalin-
preserved tissues that have higher %MeHg.

The present study testedwhether or not copepod samples preserved
in buffered formalin could be used to represent the MeHg concentra-
tions in these organisms at the time of their capture. Formalin preserva-
tion of copepods is widespread because organism structures remain
intact over long periods, allowing preservation of samples for decades
or longer (Mauchline, 1998). Formalin naturally diffuses into cellular
structures where it binds and stabilizes proteins, inhibiting decomposi-
tion (Thavarajah et al., 2012). Furthermore, the addition of phosphate
buffer to formalin minimizes fluctuations in pH during fixation and fur-
ther increases long term preservation (Thavarajah et al., 2012). The
prevalence of formalin preserved copepod samples held by diversemu-
seums, as well as marine research institutes globally, warrant an inves-
tigation into the feasibility of using these organisms for discerning past
MeHg concentrations.

The aforementioned studies motivated us to experimentally deter-
mine whether chemically preserved copepods could infer formerly ac-
cumulated MeHg. We hypothesized that formalin preservation does
not influence MeHg concentrations in copepods over short (days or
weeks) or long (up to one year) periods. We tested this hypothesis
using two copepod species, i.e., Acartia tonsa and Temora longicornis,
which are ubiquitous in temperate estuarine ecosystems (Cervetto
et al., 1999; Dam and Peterson, 1991; Dam et al., 1994; Kane and
Prezioso, 2008). Furthermore, we conducted a set of experiments
using Hg stable isotopes to test the potential for abiotic transformations
of Hg within conditions similar to the preserved copepods using
protein-rich organic matter. The goal of these experiments was solely
to demonstrate that abiotic transformations could occur in these solu-
tions and was motivated by findings of Luengen et al. (2016), based
on an overtime-increase of MeHg concentrations in chemically pre-
served bivalves.

2. Materials and methods

2.1. Study species

Copepods Acartia tonsa and Temora longicornis were collected from
Esker Point Beach at the shore of Long Island Sound (LIS) in Connecticut,
US (41°19′N, 72°00′W) using a conical plankton net with a 200 μmmesh
size. Tows were performed in August 2015 (A. tonsa) and April 2016
(T. longicornis) per their occurrence in LIS (Dam and Peterson, 1991;
Dam et al., 1994). Copepods were also collected in January 2018 to mea-
sure THg and determine %MeHg (Eq. (1)), as discussed below. The de-
rived %MeHg value from 2018 was used to determine the inorganic Hg
content for A. tonsa and T. longicornis retroactively for the incubation ex-
periments. These two specieswere chosen based on their size differences.
T. longicornis is larger with average prosome length (PL) of 1.2 mm and
dry mass range of 11–44 μg (Dam and Peterson, 1991) and A. tonsa is
smaller with an average PL is 0.9 mm and dry mass range is 4–12 μg
(Dam et al., 1994). Copepods were hand-picked using a transfer pipette
under a dissecting microscope from the bulk plankton sample.

%MeHgcop ¼ 100�MMeHg;cop=MTHg;cop ð1Þ
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2.2. Incubation of copepods in formalin

Certified phosphate-buffered formalin (10% w/v; Fisher Scientific,
Toronto, Canada) was mixed with 0.2 μm-filtered seawater, reaching a
final volume-based concentration of 10%. Prior to the incubations, trip-
licates of 50 individual copepods from each species were frozen
(−20 °C) before analysis to determine their initial MeHg content.
Hand-picked copepodswere incubated in a seawater–formalin solution
for up to one year for A. tonsa and 7weeks for T. longicornis at room tem-
perature. Sampleswere stored in 15mL conical centrifuge tubes (Falcon
tubes; Fisher Scientific, Toronto, Canada), which were filled with 10 mL
of solution, sealedwith parafilm, and kept under ambient light and tem-
perature conditions in the lab. For A. tonsa, the incubations were termi-
nated at 4, 8, 12, 24, and 51 weeks, and for T. longicornis, they were
terminated at 1, 2, 4, and 7 weeks. The length of incubation periods
was selected to monitor short and long-term changes in MeHg concen-
trations. Incubations were terminated by passing the solution that held
the copepods through a 10 μmpolycarbonate filter to collect the organ-
isms, which were then stored at−20 °C before further processing.

2.2.1. Mass balance of inorganic Hg in the experimental vials with copepods
To account for the sources of inorganic Hg in the experimental vials

and the contribution that copepods had to the overall pool of inorganic
Hg, we relied on the following equations:

MHg IIð Þ;cop ¼ MMeHg;cop=%MeHgcop;Jan2018 ð2Þ

MHg IIð Þ;v ¼ MHg IIð Þ;cop þMHg IIð Þ;sw þMHg IIð Þ;form ð3Þ

%Hg IIð Þcop;v ¼ 100�MHg IIð Þ;cop=MHg IIð Þ;v ð4Þ

in addition to Eq. (1) as described above.
The inorganic Hg content in copepodswas calculated based on the %

MeHgcop,Jan2018, described below, and initial MeHg concentrations in co-
pepods as described in Eq. (2), where %MeHgcop, and MMeHg,cop are re-
spectively, the percentage and contents (pg) of MeHg in copepods
within the vial. Eq. (3) describes the distribution of inorganic Hg (pg)
within a single experimental vial. In this equation, MHg(II),v, MHg(II),cop,
MHg(II),sw, and MHg(II),form denote the content of inorganic Hg (pg) in
the entire vial, copepods, seawater, and formalin, respectively. We as-
sume that THg in seawater and formalin are adequate proxies of the in-
organic Hg, given the extremely low %MeHg in seawater, typically on
the order of 1%, and noMeHg present in formalin. The percentage of in-
organic Hg associatedwith copepods (%Hg(II)cop,v) in each of the exper-
imental vials was calculated based on Eq. (4), and the resulting data are
included in Fig. 1.

2.3. Copepod MeHg analysis

Filters containing 50 copepods were acid digested in 7 mL of 4.5 N
trace metal grade nitric acid (HNO3) at 60 °C for 12 h prior to analysis
following the methods described by Hammerschmidt and Fitzgerald
(2005). The entire volume of the acid digest was added to 20 mL of
MilliQ water. The pH of the solution was adjusted to 4.7–4.9 by adding
2 N acetate buffer and 8 N potassium hydroxide. This pH is required
for sodium tetraethyl borate (NaBET-4) to effectively ethylate the
MeHg present in the solution, thus forming ethylmethylmercury
(EtMeHg), a volatile Hg compound that can be sampled from the head-
space of the sample vial upon argon purging of the solution. EtMeHg can
then be detected using cold vapor atomic fluorescence spectroscopy by
a Tekran 2700 system. MeHg in copepods is reported as per vial, based
on the 50 individuals per replicate.
2.4. THg content in seawater, formalin, and copepods

Seawater, copepods, and formalin similar to those used in the incu-
bations were analyzed for THg. These measurements were required to
further account for sources of Hg not associated with the copepods
that may have influenced our experimental results. As the copepods in
the time series incubations were entirely digested for the MeHg analy-
sis, a different sample of the same species (A. tonsa) was used to deter-
mine both MeHg and THg content. Copepods used in this analysis were
collected during a cruise by the Connecticut Department of Energy and
Environmental Protection in western Long Island Sound (40° 55′N, 73°
38′W) in January 2018. Individuals were collected and picked out of
the bulk sample using the samemethods as described above. Copepods
were acid digested at 60 °C for 12 h in 7 mL of 4.5 N HNO3, then a sub-
sample of 1 mL was resuspended in 9 mL of MilliQ water and further
digestedwith brominemonochloride (BrCl; 0.33% v/v) at room temper-
ature. Solutions of seawater, mixedwith formalin but not additional an-
imal tissues, were digested for 12 h at room temperature using BrCl.
Hydroxylamine hydrochloride (NH2OH·HCl; 0.2% v/v) and lastly stan-
nous chloride (SnCl2; 0.2% v/v) were added to all digested vials holding
the aqueous digestate solution immediately prior to the analysis. THg
was reduced into elemental Hg (Hg0) and measured by cold vapor
atomic fluorescence via a Tekran 2600 system (EPA method 1631).

2.5. Testing for abiotic transformations of Hg(II) and MeHg

In order to investigate the potential of abiotic transformations in
conditions similar to the copepod incubations, spikes of isotopically
enriched 201Hg(II) andMe199Hgwere added to a seawater-formalin so-
lution enrichedwithmarine organic matter (OM). Freeze-dried and ho-
mogenized hard clam tissue at concentrations of 10 and 100mgL−1was
mixed with the seawater-formalin solution representing a range in OM
content that encompasses those estimated for the copepod incubations
(40 mg L−1 A. tonsa and 140 mg L−1 T. longicornis). Clam tissue was se-
lected from a single individual sourced from a local embayment (Mum-
ford Cove, Connecticut, US 41°32′N, 72°02′W) to represent a protein-
rich OM source to simulate preserved biota samples. Concentrations of
mercury in the clam tissue were measured at 0.1966 μg kg−1 and
0.094 μg kg−1 of THg and MeHg, respectively. The control treatment
was composed of solely filtered seawater and formalin (as described
above).

To test for potential abiotic methylation of Hg(II), 55 μL of the
1.18 nM solution of 199Hg(II)-enriched tracer (isotopic abundance of
199Hg: 91.95%) was added to each experimental vial (10 mL of liquid).
The degree of MeHg demethylation was tested by adding 55 μL of
1.42 nM Me201Hg tracer (isotopic abundance of 201Hg: 98.10%) into
each vial. Incubations were terminated by flash-freezing on dry ice on
days 0, 4, 14, and 29. Detection of Me199Hg in the solution indicated
an abiotic transformation of Hg(II) into MeHg, while a decline of
Me201Hg indicated its demethylation. Three acid-digested samples con-
taining seawater, formalin, and 100 mg OM L−1 were spiked as in the
experiment, but immediately prior to analysis. This was to account for
the possibility of instantaneous methylation of the added inorganic Hg
spike as an artifact of reagent addition before analysis. We refer to this
treatment as the “delayed spike”. The net % methylated 199Hg(II) was
calculated from a known amount of the tracer. Likewise, net %
demethylatedwas determined from the averaged initialMe201Hg tracer
in the delayed spike. Percent transformation (methylated or
demethylated) was calculated by dividing the amount of transformed
Hg from these tracers by either its initial concentration (methylation)
or averaged delayed spike concentration (demethylation). Due to its
high natural abundance (29.86%),Me202Hgwas also quantified to deter-
mine ambient concentrations of MeHg within each sample (Fig. S1,
Table S1). Analysis of samples from the abiotic transformation incuba-
tions made of formalin-seawater solution samples containing 199Hg(II)
and Me201Hg spikes, relied on Gas Chromatography - Inductively



Fig. 1. MeHg content per vial over time in 10% buffered formalin (A) A. tonsa and (B) T.
longicornis. Values are comprised of 50 individual copepods per experimental vial. The
secondary axis denotes a percent change in MeHg concentration from the initial time
point. Percentage values above each bar indicate % Hg as MeHg in copepods within each
experimental vial. Individual replicates and mean values are depicted by points and
bars, respectively, mean values ± 95% SE. Lower case letters indicate significant
differences based on Tukey HSD Post-Hoc test.
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Coupled PlasmaMass Spectrometry (GC-ICPMS; by combining a Tekran
2700 with a Perkin Elmer Elan DRC II, and using an internal standard of
0.68 nMMe200Hg).

2.6. Statistical data analyses

To test for time-dependent differences in copepod MeHg, and time/
OM-dependent changes in Me199Hg andMe201Hg in seawater-formalin
solutions, we conducted One and Two-Way ANOVA's and Tukey HSD
Post-Hoc tests (R software version 3.3.3). Data were transformed
using a log + 1 transformation to achieve normality and homogeneity
required for parametric statistical analysis. For Me202Hg, data were
transformed using a Tukey Ladder of Power transformation and ana-
lyzed with a Two-Way ANOVA and Tukey HSD Post-Hoc test. In the abi-
otic transformation experiments, values below the limit of detection for
all isotopes (N5%) were removed. To account for the unbalanced repli-
cate numbers (i.e., primarily n = 3 with occasional n = 2), we used
the type II Two-Way ANOVA after determining a non-significant inter-
action term.

2.7. QA/QC

2.7.1. Copepods incubations
Within the copepod incubations,MeHg concentrations in the sample

vials were determined based on a calibration of MeHg standard solu-
tions prepared from the Alfa Aesar standard traceable to a standard pre-
pared by the National Institute of Standards and Technology (NIST).
Working standards were compared with secondary standards prepared
by JT Baker andwere traceable to NIST to ensure accuracy. Vials contain-
ing standard additions and reagent blanksweremade in the samplema-
trix to ensure consistency throughout the run. Standard solutions of
MeHg were also tested throughout the run, at least every tenth sample,
with their recoveries averaging 97± 6%. As the entire volume of the di-
gestwas used for the analysis of a single sample, the recovery from sam-
ples spikedwith a knownamount ofMeHgwasnot possible. The limit of
MeHg detection during copepod analyses was calculated at
0.016 ng L−1, based on a threefold blank concentration. Concentrations
of THg were determined based on comparison to a standard solution
prepared by JT Baker and were traceable to NIST. Standard recoveries
of Hg(II) were performed at least every 10 samples and averaged
126 ± 4%. The calculated limit of detection for this analysis was
0.025 ng L−1.

2.7.2. Abiotic Hg experiments
To determineMeHg concentrations in the abiotic incubations exper-

iments, 55 μL of 0.68 nMMe200Hgwas used as an internal standard (iso-
topic abundance of 200Hg: 96.4%). A solution of 4.5 HNO3 digested
sample was equilibrated for 1 h prior to analysis. To correct for possible
mass bias during the GC-ICP MSmeasurement, an ambient MeHg stan-
dard of known isotopic composition was analyzed in triplicate and
found to be negligible. The assumed limit of detection for isotopes
within the MeHg tracers was set for 5% of the total isotope signal in all
MeHg that was detected (Jonsson et al., 2017). All isotopes were de-
tected with an average efficiency of 76 ± 21%. Isotopic signals were
deconvoluted based on known Hg isotopic ratios in the tracers
(Jonsson et al., 2017).

3. Results

3.1. Hg in copepods

The initial amount of MeHg in the formalin-incubation experiment
was 10.05 ± 1.53 pg and 14.72 ± 2.58 pg per vial for A. tonsa and
T. longicornis, respectively (mean± SE; Fig. 1). In both cases,MeHg con-
centration changed significantly with time increasing to 97.30 ±
22.82 pg per vial for A. tonsa and 107.25 ± 6.47 pg per vial for
T. longicornis (One-Way ANOVA, p b 0.001) with relatively similar pat-
terns for both species (Fig. 1). In A. tonsa, MeHg per vial decreased
slightly during the first 13 weeks, but increased sharply by 900%
(week 29) and 300% (week 51). Likewise, MeHg decreased slightly dur-
ing the first 4 weeks in T. longicornis but increased by 350% by week 4
and 600% by the end of the 7thweek.MeHg andTHg inA. tonsa collected
in January 2018 from WLIS, was 5.50 ± 1.50 and 105.50 ± 2.00 pg per
vial (50 individuals per sample) respectively, with a derived %MeHg of
5.3 ± 2.5%. THg content in the seawater and the formalin solution was
4.52 and 1.97 pg per vial respectively. Assuming that %MeHg in the
WLIS A. tonsa was comparable to that of copepods used in the incuba-
tion experiments, most (N 96.4%) of the inorganic Hg in the experimen-
tal vials was accounted for by the copepods, as calculated based on
Eqs. (2)–(4). Increases in MeHg content throughout the incubations
track with a higher percent of methylated mercury within the entire
vial, reaching as high as 59 ± 3% (Fig. 1).
3.2. Abiotic Hg transformations

Incubation of 199Hg(II) and Me201Hg in the control (not enriched
with OM) and OM-enriched formalin solutions revealed that under
these experimental conditions, net methylation of 199Hg(II) to MeHg
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could occur rapidly (Fig. 2). Within the delayed spike treatment, 1.7% of
the 199Hg(II) tracer was methylated immediately after the spike addi-
tion (Fig. 2). There was significantly less methylation of 199Hg(II) in
seawater-formalin solution (control) compared to the OM-enriched
treatments (Two-Way ANOVA, Tukey (HSD) Post-Hoc, p b 0.001; Fig. 2).

There were no significant differences in the degree of the Me201Hg
tracer demethylation between the two OM-enriched formalin solution
treatments among time points (Two-Way ANOVA, Tukey HSD Post-Hoc,
p = 0.31; Fig. 2). With only a significant difference found between the
control and OM-enriched treatments at 29 days (Two-Way ANOVA,
Tukey HSD Post-Hoc, p b 0.05; Fig. 2). However, there was a significant
difference in the amount of demethylated Me201Hg tracer between
the delayed spike (see above) and the other samples that were incu-
bated for a longer time (Two-Way ANOVA, Tukey HSD Post-Hoc,
p b 0.05; Fig. 2).

Additionally, ambientMeHg, calculated based on theMe202Hg signal
obtained from the ICP-MS analysis, also significantly increased with the
level of OM (Two-Way ANOVA, Tukey HSD Post-Hoc, p b 0.001; Fig. S1),
reinforcing the notion that its presence enhances net methylation over
time. Percent MeHg followed a negative relationship with OM, i.e., the
highest fraction of MeHg was in the control, and the lowest in the
high OM-solutions (Fig. S1).
Fig. 2. (A) Methylation: Amount (left Y-axis) and percent (right Y-axis) of 199Hg(II) that
was transformed into Me199Hg during the up to a 29-day incubation of 10% buffered-
seawater-formalin OM solutions. (B) Demethylation: Amount (left Y-axis) of Me201Hg
tracer that was detected and percent (right Y-axis) of Me201Hg demethylated based on
initial “delayed spike” concentration in the three 10% buffered-seawater-formalin OM
solutions. Colors indicate OM treatments: no additional organic matter (white;
“Control”), 10 mg L−1 (gray; “Low”), and 100 mg L−1 (black; “High”). Error bars
represent ± SE on mean values. N = 3.
4. Discussion

In this study, the concentration of MeHg detected in formalin-
preserved copepods initially declined and later increased in both
species that were tested, however, the specific timing of the change
was species-dependent. A steady-state concentration of MeHg in
the formalin preserved copepods was not reached for either of the
tested species. The changes over time indicate that both methylation
and demethylation are occurring, and the factors controlling each
transformation are different. Furthermore, in the incubation of the
OM and formalin solution, we also detected that abiotic transforma-
tions of Hg(II) and MeHg via methylation and demethylation could
occur in these solutions. However, more work is required to quantify
and determine the exact mechanism behind these transformations.
These results provide additional levels of confidence in our overall
conclusion that long-term formalin preservation of copepods, and
possibly other invertebrates that contain lower fractions of MeHg,
are not suitable for measurements of MeHg.

The question of whether chemically preserved animal tissue sam-
ples can accurately document natural levels of MeHg in aquatic eco-
systems has been previously discussed in the literature (Luengen
et al., 2016). Our observation of the initial change in MeHg content
in the preserved bivalve tissues was similarly observed by Luengen
et al. (2016). These authors, however, argued that the MeHg content
stabilized during the 90-day incubation period of their experiments,
and therefore provide a valid proxy for the initial concentration.
Based on our results, we argue, however, that the steady-state of
MeHg in animal tissue, particularly in tissues with a lower %MeHg,
may not be reachable during storage in chemical preservative solu-
tion as various chemical compounds continue reacting with Hg(II)
and MeHg via complex pathways. Previous studies have already
demonstrated the possibility of abiotic MeHg formation in the pres-
ence of high levels of inorganic Hg and OM (Fitzgerald et al., 2007;
Hammerschmidt et al., 2007; Weber, 1993). Moreover, recent publi-
cations suggested a possible role of proteins in forming
dimethylmercury, a supposed intermediate to monomethylmercury
under experimental conditions (Jonsson et al., 2017; Kanzler et al.,
2018). Buffered formalin also contains methyl alcohol as a stabilizer,
which may act as a suitable methyl group donor for abiotic methyla-
tion of inorganic Hg. Therefore, in view of these findings, our results
showing that these transformations can occur are not surprising and
indicate a need for further investigating these processes.

The inconsistency in temporal changes of MeHg between the two
copepod species remains unexplained, but likely reflects differences in
the relative rates of methylation and demethylation occurring in the
preservation solutions. Again, abiotic demethylation ofMeHg is possible
in the presence of biological organic matter (Asaduzzaman and
Schreckenbach, 2011; Khan and Wang, 2010). The temporal variation
in MeHg content in copepods incubated for different periods in a buff-
ered formalin solutionmay have been due in part to these abiotic trans-
formations. The additional inconsistencies between replicates could be
due to the biological variability of the accumulated MeHg. The increase
of MeHg occurred sooner in the incubation of the larger copepod,
T. longicornis, than in the smaller, A. tonsa, suggesting the possibility
that the larger pool of protein in T. longicornis available to react with
Hg facilitated a more rapid increase of MeHg. To address the potential
for rapid methylation, we showed that in animal tissue, which is rich
with proteins, inorganic Hg could be methylated abiotically, however,
via what mechanism remains a question for future studies (Fig. 2).

MeHg formation in copepod tissue requires a sufficient amount of
available Hg. Results from our THg measurements representing the
experimental vials indicate that newly formed MeHg in the copepod
incubations could be derived from the inorganic Hg that was present
within the copepods. As %MeHg decreased with MeHg content, THg
within the vials remained constant over the incubation period. Con-
sequently, when MeHg increased, so did %MeHg. Therefore, the
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inorganic fraction of THg contained in copepod bodies could serve as
a methylation substrate. Other Hg pools, such as seawater or forma-
lin, contained negligible Hg in comparison to copepod associated Hg.

Aside from the new insights on the non-reliability of chemically
preserved zooplankton for MeHg determination, the present study
further demonstrates that Hg transformations can occur rapidly
and do not require microbial activity, which is consistent with the re-
sults of early studies (Weber, 1993). This further motivates consider-
ation for an abiotic route of net MeHg formation in diverse
environments, including the ocean, although the limitation may be
the levels of organic material which serves as the methyl donor.
The possibility of abiotic formation of MeHg has been recently sup-
ported by experimental series of seawater incubations with stable
isotope enriched Hg tracers (Munson et al., 2018) and builds on pre-
vious studies showing abiotic pathways of MeHg formation
(Gårdfeldt et al., 2003; Hammerschmidt et al., 2007). Furthermore,
the magnitude of Hg methylation in the present study is comparable
with other environmental media, such as sediments and seawater
(Hammerschmidt and Fitzgerald, 2004; Lehnherr et al., 2011;
Monperrus et al., 2007).

5. Conclusions

As the climate and Hg inputs continue to change, substantial al-
terations across ecosystems in response to various natural and
human-induced perturbations are expected. These, in turn, will af-
fect Hg and MeHg concentrations and their fluctuations in seawater
and biota. Given these changing environmental conditions and our
limited knowledge of mechanisms ruling MeHg bioaccumulation at
low trophic levels in marine food webs, there is a need for more re-
search efforts in this area (Grieb et al., 2019; Wang et al., 2019).
Based on the results in this study, we urge caution in the use of
formalin-preserved organisms to study historic MeHg changes in
aquatic biota. Instead, approaches such as freezing should be used
in order to determine temporal changes in MeHg bioaccumulation
in aquatic biota.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.139803.
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