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Abstract

Legacy mercury (Hg) exists in Upper St. Lawrence River wetland hydric soils and is impacted by a new water level manage-
ment plan (established in 2017) implemented to restore biodiversity and reduce the monotypic nature of riparian wetlands,
currently dominated by Typha spp.. The distribution of Hg within the various components of a riparian wetland provides
insight into potential impacts of water level fluctuations. Hydric soil represents 83% of the wetland Hg burden while wetland
plant biomass contributed 17%, mostly due to organic detritus (13%). Although Typha roots had a bioconcentration factor
of 1.2 (relative to hydric soils) and had the highest total Hg among living tissues (25 +9.3 ng/g dry wt.), detritus had the
highest overall Hg content (110+53 ng/g dry wt.). While root tissue Hg correlated significantly with soil Hg (p =0.045),
it was determined here that Typha spp. has limited use as a biomonitor in wetlands with low levels of Hg contamination, as
in this ecosystem. Hg contained within the organic detritus contributed more to the overall Hg burden in these monotypic
Typha wetlands than any other tissue or biomass component analyzed. Consequently, shifts in the plant community that
are expected to result from a new water level management plan may alter Hg storage within these wetlands and affect its
mobility in this ecosystem.
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Introduction

The threat of environmental mercury (Hg) contamination
persists due to the ubiquity of Hg in the biosphere and the
compounding effects of other threats, such as climate change
(Chen et al. 2018). In northern New York State (US), Hg
is a legacy pollutant mostly originating from atmospheric
deposition (Driscoll et al. 2007), the majority of which is
from coal and oil combustion (Pirrone et al., 2010). Due to
recent regulations on atmospheric pollution, Hg deposition
to the Great Lakes basin has decreased over the last few
decades (Olsen et al. 2020). However, despite the decrease in
deposition rates, legacy Hg remains in Upper St. Lawrence
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River (USLR) wetland soils and is at risk of mobilization, in
light of recent changes to water level management protocols
in this large river (Brahmstedt et al. 2019).

Riparian wetlands in the USLR are primarily monotypic
Typha spp. stands. Stable water levels, regulated due to
the presence of a downstream hydroelectric dam, allowed
for Typha spp. to dominate riparian wetlands and decrease
overall wetland vegetation biodiversity due to the lack of
disturbance to the shoreline between the years 1958 and
2017 (Farrell et al. 2010; Wilcox et al. 2008). At present,
the Typha stands are still largely intact, but the goal of the
new water level management plan is to increase biodiversity
within wetland vegetation communities and the overall river
by allowing more natural water fluctuations to thus remove
or decrease Typha abundance.

Bioaccumulation of Hg has been observed in Typha spp.
(Anning and Akoto 2018; Bonanno and Cirelli 2017; Lomin-
char et al. 2015; Gomes et al. 2014). Willis et al. (2010)
observed that Typha spp. accumulated Hg more effectively
than other plant species, including Eleocharis parvula,
Saururus cernuus, Juncus effuses, and Panicum hemitomon,
although other studies, such as that done by Afrous et al.
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(2011), have found more effective Hg accumulation in other
plant species, Phragmites australis and Scirpus (bulrush),
respectively. Given the ability for Typha spp. to bioaccu-
mulate Hg, an assessment of their biomass Hg content is
necessary when estimating the Hg burden of a monotypic
cattail wetland. The monotypic nature of Typha marshes on
the USLR presents an opportunity to examine the contribu-
tion of Typha alone to Hg storage within riparian wetland
with legacy atmospheric Hg content; other herbaceous plant
biomass in the wetland is likely negligible to overall wet-
land Hg storage due to out competition. This study seeks
to quantify Hg burden in biomass compared to soil, assess
the relative capacity of Typha as a Hg biomonitor within an
USLR wetland, and to discuss potential implications of soil
and biomass total Hg burden under water level management
changes.

It is hypothesized that (a) Hg in Typha angustifolia bio-
mass constitutes a significant (>5%) fraction of the total Hg
contained in the wetland, due to their monotypic presence,

Fig. 1 Typha angustifolia plant
with each respective organ that
was analyzed for total mer-

cury content: the roots, stem
(rhizome), and sessile leaves
(not all the leaf structures are
depicted), as well as the root
core, as described by Lominchar
et al. (2015)
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and (b) Hg concentrations in Typha organs are positively
correlated with total Hg concentrations in the soil from
which the plant was harvested. In this study, we use the
botanical definitions of each of the three main organs of
Typha: the roots, stem (rhizome), and leaves, as well as the
root core (Fig. 1).

Materials & Methods
Site Description

A protected embayment located in Coles Creek State Park in
Waddington, New York, USA (44°53'24.7"N 75°08'16.1"W)
on fluvial Lake St. Lawrence was chosen as the study site
(Fig. 2). The wetland area was 13.2 hectares. The wetland
was created in 1958 with flooding caused by a newly cre-
ated hydropower dam. Wetland vegetation is dominated by
a monotypic stand of Typha angustifolia, commonly known

leaf

root core adventitious roots

stem
(rhizome)
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Fig.2 Map of study site on USLR in relationship to the Great Lakes
region; a) Eastern end of Great Lakes basin, b) downstream in Lake
St. Lawrence on the USLR with the Moses-Saunders power dam
indicated within the circle in the upper right, ¢) aerial imagery of a

as narrowleaf cattail. Typha is a rhizomatous emergent wet-
land plant. Each plant can produce numerous ramets con-
nected by rhizomes; here we refer to a plant (e.g., Fig. 1)
with all intact organs as a ramet. Nine sites were sampled
in a 3x 3 grid format that covered various water interfaces
within the wetland, i.e., had greater or less proximity to the
water channel or the terrestrial region. Two ramets from each
of the three middle sampling locations (#2, 5, and 8) were
measured for species identification. Mean leaf width was
1 cm, and the male and female flowers were separated by a
mean gap 1.3 cm in length. T. latifolia and the hybrid T. x
glauca have also been identified in USLR wetlands (Farrell
et al. 2010), but observations during this study indicated
that 7. angustifolia, the invasive non-native species, was the
only species present at the study wetland at Coles Creek
State Park.

protected embayment wetland on the St. Lawrence River showing the
sampling locations as points. Map was created in ArcGIS Pro 2.7.2
(Esri)

Sampling Description: Samples for Total Hg Analysis

Hydric soil, dry leaf (fallen off the ramet as well as dry leaf
still standing from the previous year), fresh green leaves on
the ramets, root core, rhizome (stem), and adventitious roots
were sampled in June 2018. Senesced leaves still attached to
plants were collected in November 2018, representing new
growth from the 2018 growing season that was no longer
chlorophyllous. Detritus was sampled in May 2019. Hydric
soil was sampled within a 1 m radius of the identified sam-
pling location point, using a procedure described elsewhere
(Brahmstedt et al. 2019) with alterations including the use
of an acrylic dowel. T. angustifolia was sampled within a
1 m radius of the identified sampling location point, using
a stainless-steel saw to remove the above-ground organs as
well as the below-ground organs intact as one unit. Four

@ Springer



119 Page4of11

Wetlands (2021) 41: 119

ramets (and directly attached rhizomes) were collected
within the 1-m radius at each sampling location. Each com-
plete ramet was placed in a food grade polyethylene bag,
rinsed in river water to remove loose soil and kept in the
food grade bag within a cooler until returned to the lab
where samples were refrigerated (4 °C) until processing.
Dry leaf material on the ground surface, as well as dry leaves
still standing, were also sampled within the 1 m radius, rep-
resenting last year’s growth. Dry leaf matter was placed in
a food grade bag, kept in a cooler until returning to the lab,
and placed in a cold room (4 °C) until processing. Detritus
was sampled in the field using the same method employed
for sampling soil and then placed in a cold room (4 °C) until
processing. Senesced leaves collected in November were
sampled by removing the leaves at the base of the ramet
where green photosynthetic cells ended, and the base turned
pale yellow. Four ramets were sampled at each of the 9 sam-
pling locations within the 1 m radius determined for Typha
sampling earlier in the season. Senesced leaves were placed
in food grade bags, rinsed in river water, placed in a cooler
and then in a cold room (4 °C) upon return to the lab.

Sampling Description: Samples for Biomass
Estimation

Fresh green leaf and dry leaf biomass was collected in
August 2018, and below-ground biomass was collected in
November 2018. To estimate cattail biomass per unit area,
three 1 m? quadrants were sampled. All living shoots from
within the quadrat area were counted, cut, and put into food
grade bags. The same was repeated for dry leaf since some
dead plants were still standing, with the addition of collect-
ing all dry material on the ground surface resulting from last
year’s cattail stand. To measure detritus biomass, defined as
organic matter >2 mm, and below-ground organ biomass, a
7-cm dia. PVC corer was used to collect 4 cores from within
each of the 3 quadrat locations. Cores were placed in food
grade bags and kept in a cooler until returned to the lab
where they were subsequently placed in a cold room until
further processing.

Sample Processing

Hydric soil samples were homogenized and processed
using the methods described by Brahmstedt et al. (2019).
The organs of each ramet were separated cleanly. The
fresh green leaves were removed from the ramet by cut-
ting with a stainless-steel scalpel at the base where the leaf
transitioned from green to a pale yellow, i.e., where the
photosynthesizing cells and above-ground organs ended.
The green leaves were rinsed with tap water, sliced into
roughly 5 cm pieces, and rinsed with deionized water three
times. The dry leaves were also rinsed with tap water,
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sliced into~5 cm pieces using a stainless-steel scalpel,
and rinsed three times with deionized water. To remove
the roots from the stem and root mass, the entire mass
was rinsed with tap water to remove loose soil. Clean
forceps were then used to remove individual adventitious
roots, which were rinsed in deionized water and simultane-
ously brushed gently with an acid-cleaned toothbrush to
remove soil from the root surface. Only intact roots were
removed and cleaned for further processing. The rhizome
was cleaned by rinsing with tap water to remove any soil
and remaining debris, including old decomposing root
masses. A clean scalpel was used to remove any remaining
adventitious roots from the stem surface. An acid-cleaned
toothbrush was used to brush soil from the stem surface
while simultaneously rinsing in deionized water. The stem
was removed from the root core using a clean scalpel and
an additional clean slice was made at the end of the stem
to ensure no soil remained on or within the stem material.
The root core was cleaned last with similar techniques,
by rinsing with tap water as needed, using a scalpel to
remove fibrous roots and slicing off any soiled broken ends
so only the central transition area of the plant remained.
The root core was rinsed with deionized water before the
next step of processing. The detritus was separated from
the soil core by rinsing with tap water on a 2 mm sieve
until the water running from the sieve was clear, with the
exception of some detritus particles getting broken off into
the rinse water. The detritus was then rinsed three times
with deionized water. Senesced leaves were cleaned and
processed with the same protocol used for the fresh green
leaf collected in June, with the exception of using a clean
scalpel to make a new clean cut at the base of the leaves to
remove any possible contamination from soil. Organ mate-
rials from each site were then shredded using a stainless-
steel grater and a stainless-steel (Cuisinart Grind Central;
Stamford, CT) coffee grinder to obtain biomass resembling
consistency of saw dust, thick pesto, ginger root paste, or
combination (below ground organs contain greater sugar
content and water content, making them both fibrous and
starchy). Each sample was sub-sampled and dried at 60 °C
until a constant dry weight was obtained and then recorded
to calculate percent moisture. Wet samples were frozen
(-20 °C) until analysis.

For the determination of biomass dry weight, biomass
samples were washed with tap water and separated into
respective biomass materials (detritus, root, stem, and root
core). Determination of what constitutes as each organ
was consistent with that in detailed in the clean protocol
outlined above. Each plot biomass material was dried at
60 °C, weighed and averaged to estimate dry material mass
per m?. Soil Hg per unit volume was estimated with the
same methods as Brahmstedt et al. (2019).
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Total Mercury Analysis

Total mercury was analyzed using a Milestone Direct Mer-
cury Analyzer (DMA-80, Sorisole, Italy) in the CAARES
laboratory at Clarkson University. Replicates of ~0.1 g of
wet sample were run until either a relative standard devia-
tion (RSD) of < 10% was achieved or until 5 replicates were
analyzed. A maximum of 5 replicates was determined as
acceptable due to the low concentrations of many samples,
making low RSD difficult to achieve. RSD ranged from
0.17—178%. Initially, a sediment standard (3,400 ng Hg/g
dry wt) (1944—New York/New Jersey Waterway) from the
National Institute of Standards and Technology (Gaithers-
burg, MD) was used per batch in duplicate (106% recov-
ered; 3602 + 181.5 ng Hg/g dry wt), but Apple leaf SRM
(43.2 ng Hg/g dry wt) from the National Institute of Stand-
ards and Technology (Gaithersburg, MD) was used for the
remaining analyses in duplicate because concentration was
more comparable to those of the samples (93.2% recov-
ered; 40.28 +2.82 ng Hg/g dry wt). System blanks and boat
blank samples were run to check system background Hg
concentrations. For samples with low Hg concentrations,
particularly the living cattail tissues other than the roots,
the system background Hg was often >20% of the sample
Hg. To correct for this, the system background Hg was sub-
tracted from all sample concentrations using the Hg read in
the system blanks.

Data Analysis

All statistical analyses were completed using R Studio (R
project; R ver. 1.0.153). A Shapiro—Wilk normality test was
used to assess normality among the total Hg concentrations
(W=0.57, p<0.001). Total Hg concentrations were log
(base 10) transformed to normalize the skewed distribution
among concentrations prior to completing correlations, an
ANOVA, and Tukey test comparing the materials and bio-
mass types.

Bioconcentration factors (Eq. 1) and translocation factors
(Eq. 2) were calculated to assess accumulation into Typha

organs relative to the soil as well as within the plant, with
the assumption that a value > 1.0 indicated bioaccumulation
of total Hg, [Hg], into the numerator organ (Bonanno and
Cirelli 2017). Translocation factors were used to compare
Hg accumulation in the roots to upper organs.

Bioconcentrationfactor(BCF) = organ[Hglrd.w./soil[Hg];d.w.
(1)
Translocationfactor(TF) = upper—organ[Hglrd.w./root[Hg] d.w.
(2)

Results

Among the living tissue types of T. angustifolia, root bio-
mass had significantly higher [Hg]; dry wt. compared to
the rhizome, root core, fresh green leaf, and dry leaf bio-
mass (p <0.001, Fig. 3). Detritus had significantly higher
[Hg] relative to all other materials analyzed (p <0.001,
Table 1, 110+ 53 ng/g d.w.). Root biomass had higher aver-
age [Hg] than soil, 25+9.3 ng/g d.w. and 22 + 11 ng/g d.w.
respectively, but not at a statistically significant difference
(p=0.99, Table 1). Dry leaf biomass had significantly higher
[Hg]; compared to fresh green leaf biomass (p <0.001,
Table 1), 8.4+1.5ng/gd.w. and 1.8+0.73 ng/g d.w. respec-
tively. A post-hoc hypothesis explained the higher dry leaf
biomass concentrations. It was predicted that senesced leaf
collected at the end of the growing season (November),
would have a greater Hg burden (per unit dry weight) than
that collected earlier in the season due to translocation to
the leaf over time. Results indicated that senesced leaf tis-
sue collected in November was significantly higher in [Hg]
(6.4+1.9 ng/g d.w.) than the fresh green leaf collected in
June (p <0.001, Fig. 3).

The BCF for [Hg] in root relative to that of the soil was
1.2, whereas BCFs comparing soil concentrations to other
organ concentrations remained below 1.0 (Table 1). TFs
comparing upper organ [Hg]; to root [Hg] were all below
1.0, indicating a lack of translocation of Hg among organs
(Table 1). The greater TF for senesced leaf/root (TF=0.26)

Fig.3 Total Hg (ng/g d.w.) con-
centrations among soil, detritus,
and cattail tissues (n=9). Dif-
ferent letters indicate significant
differences (p <0.05) in concen-
tration among materials. Green
leaf is the fresh green leaf tissue
collected in June 2018
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Table 1 Comparison of total Hg content among soil, detritus, and
cattail tissues (n=9) and descriptive statistics. Kendall’s tau-b was
used to assess correlation between tissue types and soil concentra-

tions using log transformed data. A symbol of — is indicated for cor-
relations or calculations that are not feasible or logical biologically
based on Eq. 1 and 2

Component Mean [Hg]; Standard [Hg]y Correlation with soil concentration  [Hg] cor- BCF (organ TF (organ
(ng/g dw) deviation relation p [Hg]y /soil [Hg]y /root

[Hgly (ng/g value (Hglp) [Hglp)
dw)

Soil 22 11 - - - -

Detritus 110 53 0.56 0.92 - -

Root 25 9.3 0.56 0.045 1.2 -

Stem 0.88 0.51 0.56 0.92 0.041 0.035

Root Core 1.3 0.56 -0.17 0.61 0.060 0.051

Fresh Green Leaf 1.8 0.73  -0.28 0.36 0.085 0.073

Dry leaf 8.4 1.5 0.39 0.18 - -

Senesced Leaf 6.4 1.9 0.33 0.26 0.30 0.26

Table 2 Mass of total Hg in Coles Creek State Park protected embay-
ment (surface area=13.2 ha; depth of soil=0.2 m) with respective
contributions from each wetland material sampled. Biomass repre-
sents the sum of detritus, root, stem, root core, fresh green leaf, and
dry leaf total Hg

Wetland component ~ Mass contribution of  Relative contribution

Hgr in Wetland (g) to Hgy in Wetland

(%)

Hydric Soil 38 83

Detritus 6.1 13

Root 0.054 0.12

Rhizome 3.0x107 7.0x107

Root Core 1.0x107? 29%107

Fresh Green Leaf 0.47 1.0

Dry Leaf 1.5 3.1

Biomass 8.1 17

Sum 46 100

compared to the TF for fresh green leaf/root (TF=0.073)
is consistent with the increase in [Hg] in senesced leaf tis-
sue compared to the fresh green leaf tissue (Table 1). BCF
and TF were not calculated for detritus or dry leaf because
they are no longer living tissue and have not been for over
a full growing season; the Hg is likely mostly adsorbed,
rather than taken up into the tissue via cellular internaliza-
tion. Root tissue [Hg] was positively correlated with soil
[Hgly (p=0.045, Table 1). All other correlations comparing
tissue [Hg]y to soil [Hg]; were not statistically significant
(p=>0.05).

Of the biomass types, organic detritus was the largest
contributor of Hg to total wetland burden (13%) (Table 2),
despite only making up 11% of the overall wetland biomass
weight, whereas green leaf made up 52% of biomass weight,
but only contributed to 1% of the total wetland Hg burden.
Collectively, the living biomass (root, stem, core, fresh green
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leaf) contributed only 1.1% to the overall wetland mercury
burden. The fresh green leaf contributed the majority of the
living biomass Hg, 1.0%, which can be attributed to its 52%
contribution to the overall biomass weight within the wet-
land, rather than its [Hg]

Discussion
T. angustifolia Hg content

The increase in [Hg]; between fresh green leaf tissue col-
lected in June and senesced leaf tissue collected in Novem-
ber, as well as the higher translocation factor for senesced
leaf tissue, supports the post-hoc hypothesis that there may
be translocation of Hg into the leaf tissue over the course
of the growing season. However, if translocation occurred
then it is reasonable to expect leaf [Hg]; to correlate with
the soil [Hg]; Since fresh green leaf and senesced leaf do
not correlate significantly with Hg content in soil, other fac-
tors should be considered to explain the increase in [Hg]
over time. Ambient atmosphere concentrations could influ-
ence leaf Hg content more than accumulation from the soil.
Total Hg content in leaves was more dependent upon air
concentrations than soil Hg content in controlled mesocosm
experiments with T. latifolia (Fay and Gustin 2007).

Meng et al. (2012) made similar observations in the
aboveground tissues of rice (Oryza sativa L.). Therefore,
concentrations of Hg in T. angustifolia in this study site may
be influenced by a combination of translocation, wet deposi-
tion, and ambient concentrations of Hg in air.

The highest [Hg] among living organ tissues was found
in the adventitious roots (p <0.001, Fig. 3). Elevated Hg
content in roots is consistent with other studies that exam-
ined Hg bioaccumulation in Typha species (Afrous et al.
2011; Bonanno and Cirelli 2017; Lominchar et al. 2015;
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Willis et al. 2010) and metal uptake by other plant species
(Beauford et al. 1977; Carranza-Alvarez et al. 2008; Patra
and Sharma 2000; Taylor et al. 1983; Weis and Weis 2004).
Accumulation of Hg in roots may be related to a mecha-
nism for Typha to keep toxicity isolated in roots and away
from critical photosynthesis in leaves. Beauvais-Fluck et al.
(2018) observed that inorganic mercury (Hg;,,,) decreased
chlorophyll content, whereas MeHg increased antioxidant
production in Elodea nuitallii exposed to Hg;,,., or MeHg
in mesocosm experiments. Krupp et al. (2009) identified
phytochelatins in rice (Oryza sativa) and common hore-
hound (Marrubium vulgare) that preferentially bound Hg;,
(rather than MeHg) within the roots, and this prevented
movement of Hg into adjacent tissues, which suggests phy-
tochelatins immobilize Hg in the roots and prevent transport
to the leaf. Mercury may behave similarly to other metals,
such as lead, upon uptake in plants. Using an electron micro-
scope, Panich-pat et al. (2005) observed the accumulation
of lead (Pb) granules near vacuoles in the parenchyma tis-
sue of a T. angustifolia root exposed to Pb-spiked soil. Due
to potential growth and photosynthesis impairments, it is
reasonable to expect that 7. angustifolia in USLR wetlands
would preferentially keep bioaccumulated mercury within
the roots, away from photosynthetic tissue. Additionally,
metal oxides (likely Fe and Mn) were observed on the outer
surface of the roots while cleaning. Although the soil and
other surficial debris was removed, the oxides were not.
Therefore, the [Hg]; may be in part, or in full, due to the
oxides on the surface tissue rather than direct uptake. The
oxides could have been removed by washing with a reduc-
ing agent and a metal complexing ligand solution. For the
purposes of estimating the overall Hg budget of the wetland,
the roots were cleaned only with deionized water and gentle
brushing to remove mineral and organic detritus that were
included in the Hg analysis of hydric soils.

The potential use for 7. angustifolia as a biomonitor in
this environment is low. Root tissue [Hg] was the only bio-
mass material that correlated significantly with soil [Hg];
(p=0.045) (Table 1). However, root tissue does not make an
ideal biomonitor from a methodological standpoint. Based
on the extensive cleaning and processing required for analyz-
ing root tissue [Hg]y in the methodology used here, it may
not be the most efficient means to determine if a wetland is
Hg contaminated. From an efficiency standpoint, sampling
and analyzing the soil itself would be easier than the root
tissue.

The role of cattails in Hg stabilization in wetlands

Many species of wetland plants are useful for the remedia-
tion of contaminated sites due to their ability to bioaccumu-
late contaminants (Ashraf et al. 2019; Song et al. 2018; Weis
and Weis 2004). Toxic trace metal contamination, including

Hg, has the potential to be treated using phytoremediation
due to the ability for trace metals to bioaccumulate in plant
tissue (Muthusaravanan et al. 2018; Weis and Weis 2004).
Many studies discussed here that have examined Hg in
Typha were designed to assess the ability for Typha to facili-
tate phytoremediation. Therefore, our results are discussed
here in context of phytoremediation-focused Typha studies
for the purposes of comparing Hg burden and mechanisms
for bioaccumulation.

Although a BCF> 1.0 is commonly accepted as an indi-
cation of bioaccumulation, there is not convincing evidence
for the widespread application of T. angustifolia in Hg phy-
toremediation efforts for three main reasons: failure to meet
current accepted criteria for hyperaccumulation, overall
minimal contribution of roots to the overall wetland total
Hg burden, and USLR wetlands exemplify conditions under
which Typha performs poorly as a means of phytoremedia-
tion relative to other studies.

T. angustifolia did not classify as a hyperaccumulator
given the criteria for other metals (Baker and Brooks 1989).
Concentrations in plant tissue must be > 1000 pg/g (Co, Cu,
Cr, Pb, Ni) or 10,000 pg/g (1%) (Mn, Zn), to be considered a
hyperaccumulator. Although Hg is not included in the metals
listed in their criteria, the difference in scale of accumulation
(ng/g vs. ug/g) is enough to conclude that 7. angustifolia
from this wetland did not hyperaccumulate Hg. However,
higher [Hg] in the root tissue relative to above-ground
organ tissue is characteristic of species used for phytostabi-
lization (Mahar et al. 2016), suggesting the potential for Hg
stabilization within USLR riparian wetlands.

The entire root biomass of Typha within the studied wet-
land made up only 0.12% of the overall Hg burden within the
wetland (Table 2). Although the roots had the highest [Hg] .
and a BCF of 1.2, they made up only 0.43% of the total
biomass weight. Higher root [Hg] may fit with the descrip-
tion of a species capable of phytostabilization (Mahar et al.
2016), but in context of the rest of the wetland Hg burden,
the living intact roots do not stabilize a significant amount
of Hg, at a given time during the growing season.

Studies elsewhere have observed greater phytoremedia-
tion potential in Typha, which may be due to environmental
differences, such as pollution sources, soil chemistry, and the
evolutionary history of the Typha populations in the USLR.
Bonanno and Cirrelli (2017) observed a BCF of 5.35+0.28
in T. angustifolia sampled in the spring, and 6.40+0.13
in the fall. Lominchar et al. (2015) observed BCFs in T.
domingensis ranging from 121 — 3168. The difference in
BCF here may be due to the Hg in USLR wetlands being
deposited from the atmosphere, which created a lower base
[Hg]y in the hydric soils of this wetland as compared to stud-
ies with point-source contamination from mining or waste-
water (Bonanno and Cirrelli 2017; Lominchar et al. 2015).
However, findings from Lominchar et al. (2015) indicate
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that the BCF and amount of Hg bioaccumulated relative to
the total Hg in the soil is largely determined by the fraction
of total Hg that is soluble. BCF values were highest when
Lominchar et al. (2015) compared the relative accumula-
tion to soluble Hg in the soil. Similarly, Meng et al. (2014)
observed that Hg in rice tissues had a strong positive correla-
tion with water soluble Hg in paddy soil. Therefore, if much
of the Hg in USLR wetland hydric soil is bound to organic
particulate, thus not available in a soluble form, a lower BCF
would be expected. The high Hg concentrations in the detri-
tus at Coles Creek, relative to soil and root concentrations,
support the possibility for most Hg in Coles Creek to be una-
vailable for bioaccumulation by living Typha as well. The
low BCF values may also be attributed to the evolutionary
history of the Typha in the USLR. Ye et al. (1997) observed
that T. latifolia originating from point source contaminated
sites were more efficient at bioaccumulation of metals (Zn,
Pb, Cd) than those originating from uncontaminated sites.
Although atmospheric deposition of mercury has occurred
over the last several decades in the New York region (Risch
et al. 2017; Driscoll et al. 2007) most Typha in this region
has not experienced point source mercury pollution in the
USLR. Therefore, it may be that evolutionary history has not
selected for adaptation to mercury pollution in the form of
bioaccumulation in USLR T. angustifolia. Moreover, results
here indicate T. angustifolia should not be used for phy-
toremediation or phytostabilization, particularly in regions
lacking significant point-source pollution.

The hypotheses and methods of this study provide results
that reveal the limited application and potentially adverse
outcomes of phytoaccumulation. Bonanno and Cirrelli
(2017) suggest that T. angustifolia is effective for phytore-
mediation due to high uptake ability and high biomass pro-
duction. Here, the high [Hg] of detritus in conjunction with
other recent work on organic matter increasing Hg expo-
sure risk (Mahar et al. 2016), suggests that high biomass
production may instead increase Hg cycling and ecosystem
exposure. By focusing on only the living biomass tissue,
researchers may be missing a key factor in determining the
phytoremediation capabilities of plant species. Although
those with higher biomass have the potential to uptake more
of the desired contaminant, the dead organic matter resulting
from high growth may have unintended consequences, par-
ticularly in cases where the contaminant has a complex cycle
in the environment, such as Hg. Applications of phytoreme-
diation should be limited to highly controlled and managed
situations, such as treatment of wastewater with a hyperac-
cumulator species that is frequently maintained and disposed
of safely. Additionally, in context of the relative contribu-
tions of biomass to overall wetland Hg burden (Table 2),
criteria determining a specie’s ability to hyperaccumulate or
phytostabilize, should be determined on a percent removal
basis, considering all major wetland components (soil and
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different biomass types) on a mass or volume per unit area
basis to avoid false positives. For example, here, roots had a
BCF> 1.0, but only contributed 0.12% to the overall wetland
Hg burden.

Fate of Hg in riparian wetlands

Whereas 83% of total Hg in the Coles Creek wetland resides
in the soil, organic detritus makes the next largest contribu-
tion (13%), confirming the hypothesis that biomass consti-
tutes a significant fraction (> 5%) of total Hg burden in the
wetland. The scale of Hg burden in hydric soil is in part
due to the soil volume estimate used in this model, which
is dependent on the depth of the soil core. We assume here
that the soil most likely to erode is that which was easily
cored (Brahmstedt et al. 2019). Based on field observations,
the average soil core depth was 20 cm. While the actual
volume eroded may vary depending on location in the wet-
land and erosive conditions, for the purposes of creating
a simple model to determine Hg burden within a wetland,
20 cm is functional. In contrast, the contribution made by
detritus is not due to its large volume or mass, but rather its
high [Hg] 110+ 53 ng/g d.w. (Fig. 3), which is significantly
greater than the [Hg] of the soil (p <0.001). He et al. (2019)
suggest soil organic matter increases risk of Hg exposure,
which counters previous work suggesting organic matter acts
as more of a Hg sink and lowers bioavailability. Increased
Hg methylation may occur in the presence of organic mat-
ter due to namely, the characteristics of the organic matter
and its ability to stimulate the activity of Hg methylating
microbes (He et al. 2019). Considering the overall life cycle
of T. angustifolia, as well as the Hg burden in each wetland
component present in the Coles Creek wetland, it is evi-
dent that 7. angustifolia is not good for phytoremediation
or phytostabilization. The large amount of detritus biomass
resulting from 7. angustifolia, may instead increase the risk
of Hg exposure to biota within these wetlands by retaining
Hg, creating anoxia in hydric soils upon biomass decay, and
stimulating Hg-methylation.

From 1958, the year the hydroelectric power dam began
production, until 2017, the year a new water level manage-
ment plan began operating, water levels in the USLR were
unnaturally stable and ranged from 73.92—75.68 m eleva-
tion above mean sea level, compared to the natural range
of 73.88—76.18 m elevation (International Joint Commis-
sion 2016). The lack of disturbance to the shoreline allowed
for Typha spp. to dominate riparian wetlands and decrease
overall wetland vegetation biodiversity (Farrell et al. 2010;
Wilcox et al. 2008). The new water level management plan
that began in 2017, known as Plan 2014, allows water level
fluctuations to simulate natural fluctuations more closely
with water levels ranging from 73.72—75.74 m elevation
(International Joint Commission 2016). The goal of Plan
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2014 is to restore biodiversity within the USLR by increas-
ing disturbance to Typha spp., that will promote an increase
in vegetation diversity, and a concomitant increase in the
biodiversity of other species, including fish (International
Joint Commission 2016).

The water level management plan (Plan 2014) should
consider the effects that fluctuating water levels may pose
to detritus-bound Hg in this region. The wetland we stud-
ied is small (13.2 ha), but it is representative of a protected
embayment wetland, of which there are over 6,300 ha in
the Upper St. Lawrence River and Lake Ontario, represent-
ing 23% of all riparian wetland types present (Wilcox et al.
2005). Although living T. angustifolia biomass did not
accumulate Hg extensively, the detritus that originated as T.
angustifolia, traps a significant amount of total Hg. Fluctuat-
ing water levels are predicted to restore wetland meadows at
the terrestrial margin of the wetland and restore submerged
aquatic vegetation at the near-channel edge. At the near-
channel edge, Typha has recently (July 2019) been observed
being uplifted and eroded away in mats by high water lev-
els combined with wave energy during extreme high-water
events. Impacts to the terrestrial margin Typha have not yet
been observed, although, it is predicted that repeated flood-
ing and drying of Typha at the terrestrial margin will cause
marsh dieback, allowing the wetland meadow to reestablish.
Once the Typha dies, it will generate detritus, thus creating
aregion at the terrestrial wetland margin where there is not
only periodic wetting and drying of wetland—Ilikely stimu-
lating Hg methylating microbes—but also a thick surface
layer of detritus further promoting microbial growth and
retention and transformation of Hg.

Conclusions

The initial hypotheses that biomass contributed > 5% to
total wetland Hg burden and the use of Typha as a bio-
monitor due to tissue Hg correlation with soil Hg, were
supported by the results of this study, but with some cave-
ats and unexpected conclusions. Although root tissue cor-
related significantly with soil [Hg]; (p =0.045) (Table 1),
it is not recommended as a useful biomonitor due to the
extensive cleaning and sample processing involved. While
biomass contributed 17% (Table 2) to the overall wetland
burden, the majority was due to detritus Hg content (13%
of the total wetland Hg burden), rather than living Typha
biomass Hg content. The root tissue presented a BCF of
1.2, which indicates minor bioaccumulation; although, the
living biomass in the wetland did not constitute much Hg
(1.1%) relative to the soil, detritus, and dry leaf. Granted
that Typha in the Coles Creek wetland did not present
similar bioaccumulation results as Typha in other studies
assessing phytoremediation, the results here necessarily
shift perspective toward a total wetland view that suggests

potentially harmful implications of detritus and the full
life cycle of vegetation in wetlands subjected to legacy
Hg contamination.

Since legacy Hg in the landscape is a global issue that
will be present for many years into the future (Chen et al.
2018), it is important to understand how it is cycling and
threating regions that are plagued with legacy Hg from
atmospheric deposition. Such understanding is increas-
ingly critical when there are other human influences
imposed on the system that may enhance Hg cycling.
Brahmstedt et al. (2019) confirmed conditions for Hg
methylation were present in the USLR wetlands in 2016.
Given the results here, Plan 2014 may increase detritus and
thus Hg exposure to biota at the terrestrial wetland margin
under fluctuating water levels. Until the wetland meadow
fully reestablishes at the margin, Hg may have heightened
bioavailability, further substantiating the presence of con-
ditions that promote Hg mobilization in USLR wetlands
under water level fluctuations, such as those implemented
in Plan 2014 and expected with extreme events from cli-
mate change.

A mercury budget for all USLR wetlands would be an
appropriate next step, although considerations must be made
regarding differences among wetlands. Farrell et al. (2010)
observed other cattail species, T. latifolia and the hybrid
T. X glauca, in addition to T. angustifolia in USLR wet-
lands. Hybrid Typha species have greater biomass (height)
relative to the other two cattail species in this region. Thus,
monotypic hybrid cattail wetlands may have much different
proportions of biomass materials than that found at Coles
Creek State Park wetland, which was dominated by native T.
angustifolia. The different species of Typha may accumulate
Hg differently as well, as discussed previously with other
studies that have observed Hg accumulation in Typha.
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