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ARTICLE INFO ABSTRACT

Editor: Dr. T Meiping Periphyton is ubiquitous in Florida Everglades and has a profound effect on mercury (Hg) cycling. Enhanced

methylmercury (MeHg) production in periphyton has been well documented, but the re-distribution of MeHg

Keywords: from periphyton remains unknown. In this study, periphyton, sediments, surface water, periphyton overlying
Periphyton water, and periphyton porewater were collected from Everglades for analyzing the distribution of MeHg and total
VMvzttlglmercury Hg (THg). Results showed that there were no significant differences in THg and MeHg in different types of
Food web periphyton, but they all displayed higher MeHg levels than sediments. MeHg distribution coefficients (logks) in
Everglades periphyton were lower than in sediments, suggesting that periphyton MeHg could be more labile entering

aquatic cycling and bioaccumulation. In water, the more the distance of water samples taken from periphyton,
the lower the MeHg and dissolved organic carbon concentrations were detected. In extracellular polymeric
substances of periphyton, MeHg in colloidal fractions was significantly higher than that in capsular fractions. It
was estimated that approximately 10% (or 1.35 kg) of periphyton MeHg were passed on to mosquitofish entering
the food web during wet season, contributing 73% of total Hg stocked in mosquitofish. These results revealed the

importance of periphyton on water MeHg distribution and MeHg bioaccumulation in Everglades.

1. Introduction

Methylmercury (MeHg) is a potent neurotoxin that bioaccumulates
through food chains, and highly toxic to humans and wildlife (Clayden
et al.,, 2013). Wetlands are hotspots for mercury (Hg) methylation
(Ackerman and Eagles-Smith, 2010), where sediments are generally
considered the primary zones for MeHg production (Benoit et al., 1999;
Drott et al., 2007; Graham et al., 2013). Recently, increasing attention
has drawn to periphyton for not only MeHg production, as higher net Hg
methylation potential in periphyton (up to 17% of added tracer) has
been shown in comparison to sediments (up to 10% of added tracer)
(Hamelin et al., 2015; Mauro et al., 2002), but also being a key route for
MeHg entering food chains, especially in tropical and temperate wet-
lands (Cleckner et al., 1999; Planas et al., 2004).

Periphyton is a complex aggregates of algae, bacteria, archaea, fungi,
protozoa, micrometazoa, and fine particulate detritus (Gaiser et al.,
2011; Mauro et al., 2002), which is commonly present in three forms in

aquatic ecosystems, including epiphyton, benthic mat, and floating mat,
according to the matrix it is attached to (Gaiser et al., 2011). Periphyton
is a distinct microcosm that contributes to MeHg production and the
subsequent bioaccumulation in food webs. In one aspect, algae and
bacteria within periphyton can directly take up Hg from the surrounding
environment, providing ample substrates for microbial methylation.
Meanwhile, the distinct redox potential gradient from the outside to
inside (Lazaro et al., 2018), as well as the abundant organic matter in
periphyton make Hg more bioavailable to methylators, in comparison to
soil and floc (Acha et al., 2011; Correia et al., 2012; Hamelin et al., 2011;
Leclerc et al., 2015; Li et al., 2012). Besides, extracellular polymeric
substances (EPS) exudated by phototrophic organisms serve as adhesive
agents enabling cellular attachment and maintains the structure stability
of periphyton (Fang et al., 2014; Laviale et al., 2009; Xiao and Zheng,
2016), which could enhance MeHg production since attached methyl-
ators display higher Hg methylation potential than the free-living ones
(Lin and Jay, 2007). Since periphyton is ubiquitous and can serve as a
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food web base in aquatic environments (Flemming and Wingender,
2010; Hagerthey et al., 2011; Ramanan et al., 2016; Rose and Cushing,
1970; Sanli et al., 2015), the enhanced MeHg production in periphyton
should have significant implications on understanding the biogeo-
chemical cycling and bioaccumulation of Hg.

The Florida Everglades is a typical subtropical wetland, where
periphyton contributes more than half of the primary production in this
ecosystem (100-10000 g m™2 yr™!) (Gaiser, 2009; Ewe et al., 2006;
Iwaniec et al., 2006). Previous studies have pointed to periphyton as an
important matrix for MeHg production in the Everglades (Bae et al.,
2019; Cleckner et al., 1999; Gilmour et al., 1998), and mass budget
estimations showed that the annual/seasonal produced MeHg from
deposited Hg in periphyton (3.5 g for dry season and 37 g for wet season)
was approximately 6 folds higher than the MeHg storage in water (0.6 g
for dry season and 6.6 g for wet season) in the Everglades (Li et al., 2010;
Liu et al., 2008a). However, it remains unresolved as for the relation of
the periphyton MeHg to the aquatic cycling and bioaccumulation of
MeHg in the Everglades. Using a double isotope technique, our previous
study suggested that the distribution of MeHg in Everglades water was
controlled by the methylation/demethylation in periphyton, not by soil
or floc (Li et al., 2012), resulting in high percentage of MeHg to THg (%
MeHg) in Everglades water (~11%) (Liu et al., 2008b). In addition,
previous studies highlighted the elevated Hg concentrations in food
webs (Cleckner et al., 1998; Gabriel et al., 2014; Julian and Gu, 2015;
Liu et al., 2008b; Loftus, 2000), suggesting that accumulation into food
webs should be another primary fate of periphyton MeHg, as periphyton
is an important food source for fish, crayfish and grass shrimp in the
Everglades (Gaiser, 2009). On these bases, our objective was to further
the understanding of the role of periphyton presence in MeHg distri-
bution in water and accumulation in food webs on the Everglades-field
scale, considering the occurrence of enhanced MeHg production in the
periphyton. By analyzing THg and MeHg concentrations and ancillary
geochemical parameters in different types of periphyton and relating
these periphyton data to the analysis of sediments and water samples
collected at different distances from the periphyton, this study reveals a
new understanding of aquatic Hg cycling, in particular through inte-
grating periphyton MeHg production, in wetland ecosystems.

2. Materials and methods
2.1. Collection of samples

Periphyton (mainly floating mat and epiphyton) were collected in 15
sites of the Florida Everglades (Fig. 1), using gloved hands and stored in
150 mL polycarbonate specimen cups. Water samples, including surface
water (SW), which had a depth of about 20-100 cm depth and 1-2 m
away from periphyton (not covered by periphyton), and periphyton
overlying water (POW), which covered on the surface of the periphyton,
were collected by filling pre-cleaned 2-L Teflon bottles with gloved
hands and then kept in a cooler. For sites that were completely covered
by periphyton, surface water could not be obtained. Surface soil/sedi-
ments were collected using a sediment gravity corer. Upon arrival at
laboratory, a subsample of periphyton were centrifuged at 3500 g for 30
min to collect periphyton porewater (PPW) upon returning to the lab. All
the liquid samples for Hg analysis were acidified with 0.5% (v/v) ul-
trapure HCI and analyzed within 1 week. To ensure that samples were
free of exogenous contamination, two bottles of ultrapure water were
put in the cooler during sampling, which were then stored under the
same condition as samples until analyses. Samples from S1 were
collected in April 2017 (dry season), and S2-S15 samples were collected
during May to November in 2017 (wet season, Table S1).

2.2. Extraction of extracellular fractions

The periphytic EPS were manually separated into colloidal and
capsular fractions (Bellinger et al., 2010), which were extracted
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Fig. 1. Study area and the locations of sampling sites in the Everglades.

following a modified procedure based on the previous literatures (Cyr
and Morton, 2006; Leclerc et al., 2015). Briefly, the colloidal fraction
was extracted by adding 20 mL of ultrapure water to 5 g (fresh mass) of
periphyton and mixed at room temperature on a shaker for 1 h. The
samples were then centrifuged at 20,000 g for 30 min, and the super-
natant was decanted in borosilicate vials. This ultrapure water extrac-
tion was repeated, and supernatants were mixed, gaining a colloidal
fraction for THg and MeHg analysis. The capsular fraction was extracted
by adding 20 mL of 10 mM ethylenediaminetetraacetic acid (EDTA,
Fisher Scientific) to the entire centrifugation pellets (Cyr and Morton,
2006; Leclerc et al., 2015). Samples were mixed at room temperature on
a shaker for 2 h, followed by a centrifugation at 20,000 g for 30 min to
get the supernatants. The EDTA extraction was repeated, and superna-
tants were pooled to gain a capsular fraction for THg and MeHg analysis.
In this study, THg and MeHg concentrations in EPS fractions were
normalized as the unit dry mass of periphyton.

2.3. Determination of MeHg, THg, and other ancillary parameters

THg concentrations were determined by cold vapor atomic fluores-
cence spectrometry (CVAFS) (Merlin 10.035, PS Analytical, UK)
following modified EPA method 1631E (USEPA, 2002). Briefly, THg in
liquid samples were treated with UV radiation in an ultraviolet cabinet
equipped with 15-watt UV lamp for 5-8 h and oxidized using 0.2 M
bromine monochloride (BrCl) solution (0.5% v/v) prior to CVAFS
analysis. THg in solid samples were determined following the standard
operating procedures modified from EPA method 7474 (EPA
904-R-98-002). Samples were digested with concentrated HNOj3 in
sealed ampoules at 105 °C for 1 h using an autoclave before cooling
down to room temperature for CVAFS analysis (Li et al., 2012; Liu et al.,
2008b). MeHg concentrations were determined by using a Brooks Rand
MeHg system following EPA method 1630 (USEPA, 2001) and litera-
tures (Liu et al., 2008a; Liu et al., 2008b). Briefly, MeHg in liquid
samples were distilled before ethylation, gas chromatographic (GC)
separation and CVAFS determination. MeHg in solid samples were
extracted by KBr/H2SO4/CuSO4 before ethylation and GC-CVAFS anal-
ysis. Quality assurance and controls (QA/QC) for THg and MeHg ana-
lyses include method blank, duplicates, and matrix spikes. Certified
1000 ppm Hg(NOs3), standard solution (Fish Scientific, USA) and
10 ppm MeHg standard solution (Brooks Rand Ltd, USA) were used for
quantification during THg and MeHg analysis, respectively. The



Y. Xiang et al.

recoveries of matrix spikes in solid and liquid samples were 105-118%
and 92-109% for THg, and 98-118% and 87-105% for MeHg,
respectively.

Total organic carbon (TOC) in periphyton was determined by loss on
ignition, which was reported as the percentage of ash-free dry weight
(AFDW) to dry weight (DW) (%TOC = AFDW/DWx100). Briefly, 10 g
(fresh weight) of periphyton was initially dried at 80 °C, weighted (dry
weight, DW), and then combusted at 450 °C for 2-3 h and re-weighted
(AFDW) to the nearest 0.001 g (AFDW = differences between DW and
weight of ash after combustion). Chlorophyll a (Chl-a, ug dry g™*) con-
centrations were determined after extraction with hot-ethanol (Moed
and Hallegraeff, 1978). The autotrophic index (AI) was applied to reflect
the ratio of heterotrophic to autotrophic communities in periphyton,
which was calculated by the ratio of AFDW to Chl-a (Biggs and Close,
1989; O’Brien and Wehr, 2010). Total (TOC) and dissolved organic
carbon (DOC) in water were measured following USGS SOP NU-062-1.8
on a Shimadzu TOC-5000.

2.4. Statistical analysis

All data processing and statistical analyses were conducted using
SPSS 19.0. Besides the sampling map which was conducted by Surfer
10.0, all the other figures were plotted by Origin 2018. All data were
tested for normality by the Lilliefors test, which is also called revised
Kolmogorov-Smirnov (K-S) test. Pearson correlation (r) and Spearman’s
rank correlation (r;) were conducted on normally and non-normally
distributed data, respectively, by SPSS 19.0. Analysis of variance
(ANOVA) and Mann-Whitney test were performed to test the differences
for normally and non-normally distributed data, respectively. Statistical
significances were defined at p < 0.05 and p < 0.01, indicating the
“significant” and “highly significant” differences, respectively.

3. Results and discussion

3.1. Periphyton is a heterotroph-dominated algae-bacteria microhabitat in
the Everglades

Chl-a concentrations (unit dry wet) of periphyton varied by one
order of magnitude among 15 sampling sites (range 0.22-1.71 mg g
dw, mean 0.70 + 0.41 mg g dw), which did not show obvious spatial
distribution in the Everglades (Fig. S1A). In periphyton community, Chl-
a can best represent the total active algae, which is frequently used as an
indicator of periphyton biomass. As primary producers, algae provide
rich nutrients for microorganisms in periphyton microcosm, since it can
convert inorganic carbon into organic carbon. In the Everglades, the
total organic carbon (%TOC) of periphyton also varied widely (range
14-63%, mean 39 + 16%) (Fig. S1B), displaying a significant positive
correlation with Chl-a concentrations (r = 0.66, p < 0.01; Table S2).
Besides, autotrophic index of periphyton ranged from 232 to 1399
(mean 669 + 296, Fig. S1C), with 78% higher than 400, indicated that
periphyton in the Everglades should be considered as the a community
dominated by heterotroph rather than autotroph (Biggs and Close, 1989;
O’Brien and Wehr, 2010).

3.2. High levels of MeHg are present in periphyton probably due to
synergism of bacteria and algae

THg concentrations in periphyton ranged from 10.8 to 68.9 ng g™
dw (mean 29.5+18.8ngg” dw). MeHg was in the range of
2.19-9.70 ng g' dw (mean 4.90 + 2.36 ng g dw), which accounted
for 9.8-49% (mean 20 +11%) of THg (%MeHg) in periphyton
(Table S1). These results are consistent with other studies in Boreal
Shield Lakes, where 2-36% of the THg found in periphyton was in the
form of MeHg (Desrosiers et al., 2006). Among different sampling sites,
no obvious spatial distribution patterns in THg (Fig. S2A) and MeHg
(Fig. S2B) were observed in periphyton, with the exception of S5-6 and
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S$10-12 where the THg concentrations in periphyton were significantly
higher. These were consistent with the characteristics of soil THg con-
centrations in the Everglades (Stober et al., 2001). At the same location,
THg and MeHg in different types of periphyton, including floating mat,
epiphyton and benthic mat, displayed no significant differences
(Fig. S3A). However, the MeHg concentrations were significantly higher
in periphyton than in sediment (Fig. S3A), while higher THg were
observed in sediments. Similar distribution patterns were observed in
porewater of different compartments (Fig. S3B).

In environmental matrices, MeHg concentration is regulated by a
number of factors, particularly by the activity of Hg methylators and
MeHg demethylators, the availability of inorganic Hg, as well as the
uptake/release of MeHg from/into surrounding environments (Ullrich
et al., 2001). In this study, THg concentration significantly positively
correlated with MeHg (Fig. 2A) but negatively correlated with %MeHg
(Fig. 2B) in periphyton, likely indicating that only a fraction of the THg
in periphyton is available for methylators (Hsu-Kim et al., 2013; Tang
et al., 2020). The higher MeHg and %MeHg in periphyton than in sed-
iments suggests that periphyton has higher Hg methylation potentials
than sediments in the Everglades, probably owing to synergism between
bacteria and algae inside the periphyton for cohabitation and utilization
of materials and energy (Cleckner et al., 1999; Liu et al., 2008b). Similar
results were reported by former work, which found that periphyton and
flocculant materials (floc) were important compartments contributing to
MeHg production in the Everglades, displaying higher MeHg levels than
soil in this systems (Bae et al., 2019). A positive correlation between %
MeHg and AI was found in periphyton (Table S2), suggesting the sig-
nificant role of heterotrophic microorganisms in Hg methylation within
periphyton. Meanwhile, THg and MeHg displayed significant positive
correlations with Chl-a (THg: r; = 0.77, p < 0.01, MeHg: r = 0.54,
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Fig. 2. The correlations of THg versus MeHg (A), THg versus %MeHg (B), Chl-a
versus MeHg (C), Chl-a versus THg (D), %TOC versus MeHg (E), and %TOC
versus THg (F) in periphyton.
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p < 0.05) and total organic matter (THg: rs = 0.51, p < 0.05, MeHg:
r = 0.48, p < 0.05) in periphyton (Fig. 2C-F), suggesting the important
role of phototrophs (e.g. algae, cyanobacteria and diatoms) on Hg
bioavailability and/or bacterial growth in periphyton. Typically, the
phototrophs are the backbones of periphyton, which serve as a substrate
for cellular attachment and excrete organic substrates to support the
growth of the heterotrophs (Fang et al., 2014; Ramanan et al., 2016).
Moreover, the extracellular exudates released by phototrophs contain
multiple functional groups (e.g. low molecular weight thiols), which
might enhance the bioavailability of Hg in periphyton matrices (Leclerc
et al., 2015). Overall, these results highlighted the cooperation of bac-
teria and algae on MeHg production in periphyton.

3.3. Periphyton MeHg release affects MeHg distribution in water

To explore the role of periphyton on Hg cycling in the Everglades,
THg and MeHg concentrations in water column with varying distances
(SW, POW, and PPW) from periphyton were investigated. Results found
that THg concentrations (Figs. 3A and S4A) ranged from 1.30 to
3.70 ng L1 (mean  2.56 + 0.66 ng L’l) in surface  water,
1.07-6.73 ng L' (mean 3.73 + 1.47 ng L'Y) in periphyton overlying
water, and 8.67-52.6 ng L™ (mean 22.7 + 11.5 ng L™!) in periphyton
porewater, respectively. Overall, THg concentrations in periphyton
porewater was the highest, followed by overlying and surface water, as
revealed by Mann-Whitney test (p < 0.01 or p < 0.05).

Distribution of MeHg in water surrounding the periphyton was
similar with THg (Figs. 3B and S4B). Periphyton porewater contained
the highest MeHg, which ranged from 0.39 to 2.65ngL! (mean
1.18 + 0.52 ng L'Y). Overlying water contained the moderate level of
MeHg, ranging from 0.15 to 0.91 ng L' (mean 0.49 + 0.20 ng L'1).
Surface water displayed the lowest MeHg with a range of
0.11-0.27 ng L1 (mean 0.21 + 0.04 ng L'l). Two possible reasons could
explain this phenomenon that MeHg levels in water decreased with
increasing distance from periphyton. One is that MeHg produced in
periphyton will release from this matrix, which thus controls MeHg
levels in water. The other is that periphyton takes up or adsorbs MeHg
from water column, thus affecting the distribution of MeHg in water.
The former explanation may be more reasonable in the Everglades, since
our previous isotope study have already confirmed the significant in-
fluence of periphyton methylation/demethylation on MeHg levels in
Everglades water (Li et al., 2012).

The distribution patterns of %MeHg were quite different from that of
either MeHg or THg (Figs. 3C and S4C), which were highest in periph-
yton overlying water (range 3-25%, mean 14 + 6%), followed by sur-
face water (range 4-16%, mean 9 + 3%) and porewater (range 3-14%,
mean 6 £ 3%). This phenomenon probably indicated that periphyton
takes up inorganic Hg from the surrounding water, but only a small
fraction of the inorganic Hg in the periphyton was methylated into
MeHg, thus resulting in the lower %MeHg in periphyton porewater
despite higher MeHg and THg concentrations there. Meanwhile, the THg

(A) ®) ©

é* &¥
T T T T T T T T T
PPW POW SW PPW POW SW PPW POW SW
I 25%~75% ] Range within 1.5IQR — Median Line ® Mean - Outliers

Fig. 3. THg(A), MeHg (B) and %MeHg (C) concentrations in water at different
distances away from periphyton. PPW, POW and SW stand for periphyton
porewater, periphyton overlying water and surface water, respectively.
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in periphyton overlying and surface water was low, and the release of
the MeHg from periphyton into porewater and then to the surrounding
water elevated the MeHg concentrations in overlying and surface water,
thus leading to higher %MeHg in periphyton overlying and surface
water than in porewater. This distribution of water %MeHg around
periphyton could be different from that around normal sediments
(without periphyton). For instance, in stream ecosystems in Oregon,
Wisconsin and Florida, %MeHg in sediment porewater could reach up to
~16% and ~9% in nonurban and urban areas, respectively (Marvin--
Dipasquale et al., 2009), usually higher than in surface water. This is
probably because the normal sediments are generally composed of bulk
solid particles (mineral and organic) and under anaerobic conditions,
where the produced MeHg could be readily retained. These results
suggest that the MeHg produced in the periphyton tends to be released
from the microcosms, either through microbial and algal exudates or
after the decaying of periphyton, influencing the distribution of MeHg in
the periphyton and surrounding water.

3.4. EPS acts as an important route for periphyton MeHg release into
water

To further explore the effect of periphyton on Hg distribution in the
Everglades, sampling sites S1-S6 were taken as examples and the
characteristics of THg and MeHg in the extracellular fractions of
periphyton were analyzed. After normalizing the extracted EPS fractions
to the per gram dry weight of periphyton, THg contents were
1.39-4.68 ng g'! dw (mean 2.55 + 1.53 ng g'* dw) in colloidal EPS and
1.56-7.96 ng g} dw (mean 4.16 + 2.75ng g dw) in capsular EPS,
respectively (Figs. 4A and S5A). The higher THg concentrations in
capsular EPS than in colloidal EPS (p < 0.05, Mann Whitney Test)
indicated that THg (mainly as inorganic Hg(II)) should bind closely to
the biofilm of periphyton (Leclerc et al., 2015). The EPS fractions only
consisted 11-27% (mean 20 + 5.8%) of the total Hg in periphyton,
which further suggested that live periphyton absorbs THg from the
surrounding water and retain it inside the periphyton matrix.

In contrast to THg, MeHg in EPS fractions of periphyton showed a
different tendency (Figs. 4B and S5B). In colloidal EPS, MeHg were in
the range of 0.40-0.69 ng g* dw (mean 0.56 + 0.11 ng g dw), signif-
icantly higher than in capsular EPS (0.14-0.51 ng g'1 dw, mean
0.36 = 0.20 ng g! dw) (p < 0.05, Mann Whitney Test). The EPS frac-
tions accounted for 13-52% (mean 29 + 14%) of the total MeHg in
periphyton, a relatively higher proportion (p = 0.131, Independent
samples T-Test) than that of THg (mean 20 + 5.8%), which probably
indicated that EPS played an important role in the re-distribution of
periphyton MeHg. In one aspect, EPS serves as an adhesive agent
enabling cellular attachment and forms a complex three dimensional
biofilm matrix embedding the cells, which stimulates the growth of
periphyton and enhance MeHg production (Fang et al., 2014; Laviale
et al., 2009; Xiao and Zheng, 2016). Moreover, EPS is a complex high
molecular weight (HMW) mixture of polymers, consisting of poly-
saccharides, proteins (enzymes and structural proteins), nucleic acid,
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Fig. 4. THg (A), MeHg (B) and %MeHg (C) concentrations in EPS fractions of
periphyton in the Everglades.
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lipids, humic substances (HS), uronic acid, and inorganic components
(Mishra et al., 2011; Xiao and Zheng, 2016). These components may
bind MeHg when being excreted and thus affect the migration of MeHg
from living organisms to the microhabitat of periphyton matrix and
further to the surrounding water (Zhang et al., 2010). It was observed
that the values of %MeHg (Fig. 4C) in colloidal EPS (range 10-61%,
mean 29 + 14%) were significantly higher than in capsular EPS (range
1.6-36%, mean 13 + 10%) and periphyton (range 8-13%, mean
11 £+ 2%) (p < 0.01, Mann Whitney Test), further suggesting the po-
tential transport of periphyton MeHg to the surrounding water via EPS
pathway.

Besides, the soluble products originated from EPS constitute of the
majority of dissolved organic matter (DOM) derived from periphyton
(Zhang et al., 2017). The excretion of EPS might result in elevated DOM
concentrations in water, which could decrease the transmittance of UV
through water and thus reduce the photo-demethylation of MeHg
(Klapstein et al., 2016; Li et al., 2010). In this work, it was found that the
further distances of water samples from periphyton, the lower the MeHg
and DOC concentrations (Fig. S6), probably owing to the reduced
photo-demethylation of MeHg in water closer periphyton matrix. The
similar distribution patterns of MeHg and DOC in water also suggested
the migration of periphyton MeHg into surrounding water with the
release of EPS (Carlson et al., 1998; Muscatine, 1965; Lu et al., 2003).

3.5. Periphyton as a source of MeHg in Everglades water

The previously reported %MeHg in Everglades water may be, at least
partially, attributed to MeHg production in periphyton and subsequent
release (Liu et al., 2008b), as Everglades water itself seems not to have
the ability to methylate inorganic Hg (Li et al., 2012; Mauro et al.,
2002). Living organisms (bacteria and algae) in periphyton could exude
MeHg (e.g., via EPS excretion) into the environment, as discussed above.
Periphyton dies off and decays regularly, which will release MeHg from
periphyton to the water column where MeHg could undergo further
transport (e.g., sedimentation) and transformation (e.g., photo-
degradation). The distribution coefficient (logkq) (Eq. 1) was used to
characterize the overall partitioning behavior of Hg between periphyton
and water (Eckley et al., 2017; Liu et al., 2008a).

logk, = log,, [Hg in solid matrix]/[Hg in (pore — )water] 1)

In this study, the logarithms of partitioning coefficients of THg
(range 2.22-4.46, mean 3.55 + 0.49) and MeHg (range 2.32-3.94, mean
3.19 + 0.38) for periphyton were lower than or similar to those reported
for soil (THg: range 4.51-5.05, mean 4.73 + 0.14; MeHg: range
2.32-4.00, mean 3.27 +0.51) and floc (THg: 2.90-4.74, mean
4.21 + 0.69; MeHg: range 3.42-4.60, mean 3.90 + 0.35) in Everglades
(Table S3) (Julian et al., 2016b; Liu et al., 2008a; Liu et al., 2011),
suggesting lability of Hg in periphyton matrix and contribution of
periphyton MeHg to water, as indicated by a line of evidence. For
instance, enhanced Hg methylation in periphyton than sediment (or
soil) has been found in the Everglades (Bae et al., 2019; Mauro et al.,
2002). Our results showed MeHg and DOC concentrations in water
decreased with the increasing distance away from periphyton (Fig. S6),
probably due to periphyton MeHg migration into surrounding water
with the release of DOC (Carlson et al., 1998; Lu et al., 2003). As we
observed in this study, the outer-layer colloidal EPS had higher MeHg
and %MeHg than the inner capsular EPS, indicating the higher
re-distribution potential of MeHg from periphyton.

3.6. Periphyton as a food base contributing to food web MeHg
bioaccumulation in the Everglades

Enhanced Hg methylation in periphyton has been well documented
in numerous studies, but the re-distribution of MeHg from periphyton
remains unknown. Through isotope analysis, it was found that §'°N and
84S of mosquitofish and periphyton were significantly correlated,
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suggesting that periphyton may serve as an important food source in
aquatic environments (Kendall and Bemis, 2005). It was reported that
THg concentrations in mosquitofish (predominantly 95% as MeHg)
displayed positive correlations with periphyton MeHg (Liu et al., 2008b)
or THg (Julian and Gu, 2016a), suggesting that periphyton might be an
important source of MeHg in the food webs (Bell and Scudder, 2005;
Buckman et al., 2015; Desrosiers et al., 2006).

In this study, a model was developed to estimate the fraction of
periphyton MeHg integrated into food webs via the diet uptake by using
mosquitofish as an example (Eq. 2).

TSpe = Cpe X MEg x AEg (2)

where TS, stands for the total amount of periphyton MeHg that is
transferred into fish. Cp, is the concentration of periphyton MeHg in the
Everglades. AEg represents for the assimilation efficiency of MeHg in
dietary exposure of mosquitofish. MEs means the total mass of periph-
yton eaten by mosquitofish seasonally, which can be calculated from the
daily ingestion of fish (Eq. 3).

MEg = Mg x INg x Py (3)

where Mg; is the total weight of mosquitofish in Everglades, INf; is the
seasonal ingestion by mosquitofish (Newman and Doubet, 1989), and Py
represents the proportions of periphyton to the total mosquitofish diet.
All the related parameters were presented in Supporting Information
(Table S4).

Based on this model, approximately 1.35kg of MeHg within
periphyton matrix is estimated to be passed on to mosquitofish in our
sampling areas during the wet season (May-November) of the Ever-
glades, which accounted for about 73% of the total Hg stock in mos-
quitofish. Apart from periphyton, some small insects, such as
Chironomid, Cladocera and P. pahitloMis, were also important preys to
mosquitofish, which might contribute to the rest Hg burdens in mos-
quitofish (Loftus, 2000). Besides, a small fraction (0.7-0.8%) of Hg
burdens in mosquitofish could directly attribute to the aqueous exposure
route (Pickhardt et al., 2006). It should be noted that the amounts of
periphyton MeHg transferred into mosquitofish only account for 10% of
the total MeHg in periphyton in the wet season. Besides mosquitofish,
periphyton is also an important food source for other herbivorous and
omnivorous fish, as well as macroinvertebrate infauna in the Everglades
(Gaiser, 2009), and the fraction of periphyton MeHg integrated into the
whole food web is expected to be higher. These results underscore the
important contribution of periphyton on MeHg accumulation in the food
web in the Everglades.

4. Conclusions

This work demonstrated the potential that periphyton MeHg can be
accumulated from periphyton being a food base and MeHg released from
periphyton to water column is readily available for further bio-
accumulation in Everglades aquatic food webs at a 10% transfer effi-
ciency (Lindeman, 1942). In this subtropical wetland, periphyton is
considered as an algae-bacteria microhabitat dominating by hetero-
troph. Probably owing to the synergism between bacteria and algae,
periphyton displayed significantly higher levels of MeHg and %MeHg
than sediments, suggesting that periphyton is an important microhabitat
producing MeHg in the Everglades. The different distribution patterns of
%MeHg compared to THg and MeHg in surrounding waters of periph-
yton may suggested that MeHg produced in periphyton tends to be
released from the microcosms, which may affect the distribution of
MeHg in surrounding water of the Everglades. A line of evidences could
support this observation, for instance: (1) the lability of Hg in periph-
yton, as evidenced by the lower or similar distribution coefficient (logky)
of THg and MeHg for periphyton to those reported for soil and floc in
Everglades; (2) the high re-distribution potential of MeHg from
periphyton, as evidenced by the significantly higher levels of MeHg and
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%MeHg in the outer-layer colloidal EPS than those in the inner capsular
EPS.

Periphyton act as an important food base in the Everglades, thus a
model was developed to estimate the fraction of MeHg integrated into
food webs through the diet uptake by using mosquitofish as an example.
The modeling results clearly indicated that periphyton is an important
contributor to the fish Hg burdens in the Everglades, which accounted
for 73% of the total Hg stock in mosquitofish in the wet season. There are
still some drawbacks for improvement in this work. For instance, we
only estimated the contribution of periphyton MeHg to mosquitofish Hg
during the wet season, owing to the limitation of sampling in dry season.
However, this did not affect the judgement of the overall importance of
periphyton to the Hg burdens in the food webs of the Everglades. Further
research is also needed to address the dynamic process of periphyton
affecting the distribution of water MeHg, to gain a more comprehensive
picture of the effects of periphyton presence on Hg cycling in aqueous
ecosystems.
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