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Abstract: Mercury deposited in the Upper St. Lawrence River watershed by atmospheric deposition
accumulated in riparian wetlands and is at risk of remobilization due to water level fluctuations.
To examine if riparian wetlands are a source of mercury to fish, 174 yellow perch (Perca flavescens)
and 145 round gobies (Neogobius melanostomus) were collected in 2019 from eight wetland and seven
non-wetland habitats throughout the Upper St. Lawrence River. Mercury levels were significantly
(p < 0.01) higher in fish collected from wetlands than those collected from non-wetland habitats for
both yellow perch and round goby. Perch had mercury concentrations of 74.5 ± 35.4 ng/g dry wt in
wetlands compared to 59.9 ± 23.0 ng/g dry wt in non-wetlands. Goby had mercury concentrations
of 55.4 ± 13.8 ng/g dry wt in wetlands and non-wetland concentrations of 41.0 ± 14.0 ng/g dry
wt. Riparian wetlands are areas of elevated mercury methylation and mobilization in the Upper
St. Lawrence River and consequences to predators should be considered from the perspective of both
wildlife preservation as well as fish consumption advisories for public health concerns.

Keywords: fish; mercury (Hg); St. Lawrence River; wetland

1. Introduction

The St. Lawrence Seaway allowed an increased opportunity for abundant hydropower
production and transcontinental trade into the United States and Canada by connecting
the American Great Lakes to the Atlantic Ocean. However, the construction of the Moses-
Saunders hydropower dam (1958) and the St. Lawrence Seaway (1959) on the Upper
St. Lawrence River had unforeseen consequences. Prior to the construction of the dam, wa-
ter levels fluctuated naturally with season- and decadal-scale climate variability. However,
the construction of the dam maintained stable water levels in the Upper St. Lawrence River.
These stable water levels led to the loss of biodiversity, caused by competition from native
and invasive Typha species [1].

In response to the negative ecological repercussions from stable water levels, a five-
year study to examine the health of the wetlands and expected benefits and costs in varying
water level conditions was conducted by the International Joint Commission [2]. Their
results led to the creation of Plan 2014, a revision of the original water level management
protocol, Plan-1958DD [2]. Plan 2014 was enacted so water levels may more closely reflect
the natural water level fluctuations that existed before the construction of the dam in 1958,
all the while continuing to moderate extreme high and low water levels as imposed through
Plan-1958DD [2]. Natural water fluctuations are expected to return wetland health and
diversity to their pre-1958 state, as expected in a natural system and in alignment with the
intermediate disturbance hypothesis [3]. However, there is the possibility that the new
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regulation plan may increase the mobilization of legacy mercury in riparian wetlands into
the aquatic food chain in the Upper St. Lawrence River [4].

Mercury deposited in the region of the Upper St. Lawrence River (USLR) originates
largely from coal-fired power plants in North America [5]. Mercury deposition is decreasing
in most forms and in most locations in the United States [5], yet the ubiquity of mercury
as a contaminant in the landscape is an ongoing threat requiring ongoing research to
understand the threat it poses [6]. The deposition of atmospheric mercury in New York
State is well documented [7–9]. Peak deposition of mercury occurred in the United States in
the 1950s and 1960s during a period in which water levels had low inter-annual variability
on the USLR [10]. Areas of high mercury contamination are not always reflected in greater
concentrations in fish and other biota [11–13], suggesting that legacy mercury may not
always be bioavailable for the higher food web.

Wetlands are linked to increases in mercury bioavailability in the landscape [14,15]. In
the Adirondack Mountain region of New York State, a known regional mercury hotspot [16],
wetlands are sources of bioavailable methylmercury [17–19]. Fluctuating anoxic and oxic
conditions abound in wetlands, which experience repeated cycles of wetting and drying.
Snodgrass et al. [20] observed that the wetland hydroperiod played a large role in regulating
mercury bioavailability in wetlands. The conversion of inorganic mercury compounds
into methylated mercury under anoxic conditions is known to occur through activities
of sulfate-reducing bacteria [21], manganese- and iron-reducing bacteria [22], and some
Archaea [23]. Upper St. Lawrence River wetland soils contained all three known clades
of mercury methylating Bacteria, indicating the potential to convert the mercury into
bioavailable methylmercury [4]. Therefore, given the potential for wetlands to mobilize
mercury into the food chain, research is needed to determine the relationship between
mercury bioaccumulation in fish and habitat selection.

The objective of this study is to examine the concept of riparian wetlands as mercury
mobilization hotspots. This objective has a direct bearing on the potential threat of water
level fluctuations on mercury mobilization in the Upper St. Lawrence River. Yellow perch
(Perca flavescens) and round goby (Neogobius melanostomus) were selected for this study since
they inhabit nearshore waters adjacent to wetlands and areas without wetlands. Yellow
perch are common to mercury bioaccumulation research [24–26] and are consumed by
many animals including humans. Round gobies have a high site fidelity [27] and are an
aquatic invasive species (AIS) in North America [28], thus making them a good candidate
to function as a biomonitor. We hypothesized that yellow perch and round goby living in
waters in proximity to riparian wetlands will have higher mercury burdens compared to
the same species of fish inhabiting nearshore zones that have no adjacent riparian wetlands.

2. Materials and Methods
2.1. Site Selection, Fish Sampling, and Sample Preparation

Fish were sampled between 18 August and 28 October 2019 in the nearshore of the
Upper St. Lawrence River adjacent to 8 wetlands and 7 non-wetland sites (Figure 1). The
sample sites were located along a 157 km linear stretch of the USLR (Figure 1). Distances
between contrasting sites (wetland vs. non-wetland) were measured in Google Earth Pro
7.3.4.8248 (64-bit) and compared to ensure the likely minimal to no movement of fish
among sites. Rules for determining distances among sites were as follows: (1) Sites being
compared must be on the same contiguous shoreline, assuming that the young fish will
not be crossing the main channel, which has been shown to be a distinct water mass [29],
to nearby islands; (2) sites on islands without any sites on the same contiguous island
or nearby island separated by shallow water were not compared to other sites given the
assumption (1) above; (3) straight lines were used when possible, but exceptions were made
for peninsulas where a conservative number of straight lines were used to estimate distance
traveled around the land feature. Details of site delineation are found in the associated
electronic database (https://data.mendeley.com/datasets/tchh2k8gkm/1, accessed on
31 December 2021).

https://data.mendeley.com/datasets/tchh2k8gkm/1
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Figure 1. Riparian sampling sites along the International Section of the Upper St. Lawrence River.
Wetland sites are circles; non-wetland sites are triangles. Map created in Esri’s ArcGIS Pro 2.8.2
(2021) [30]. Water flows from Lake Ontario northeast down the St. Lawrence River.

The longest distance between wetland and non-wetland sites was 79 km and the
shortest was 3.6 km. Two wetland and non-wetland sites compared were approximately
4 km apart from each other, but in both cases, sites were judged to be distinct due to existing
physical barriers (see electronic appendix: https://doi.org/10.17632/tchh2k8gkm.1, ac-
cessed on 31 December 2021). The shoreline riparian zone in wetland sites was categorized
as marsh, meadow, emergent cattails, or cultivated. The overwhelming shoreline catego-
rization was natural, with two wetlands categorized as having maintained shoreline. The
riparian zone of non-wetland sites was cultivated, with one composed of deciduous forest.

Fish were collected by hand using a 9.5 m × 1.8 m bag seine net with a mesh size of
6.4 mm. The seine net method consisted of 3–5 hauls per site. The number of hauls was
dependent upon how many samples were collected in the first haul. Sample areas were
selected by accessibility from shore and maneuverability of the seine net.

Lethal methods were employed by cutting the brain cavity of the fish with a stainless-
steel knife or flicking the anterior end until death. Collected fish were identified, counted,
and measured for total length. Yellow perch and round goby were separated into polyethy-
lene bags (Whirl-Pak) and placed in a cooler until returning to the laboratory where they
were frozen (−20 ◦C) until future processing and analysis. Up to 25 individuals of each
species per site were collected for determining Hg content. Sample selection was conducted
at random, although fish < 1 cm were released due to their size not being suitable for
determining species accurately.

Fish collection permits were obtained from the Ontario Ministry of Natural Resources
and Forestry (OMNRF: License Number 1092933).

2.2. Mercury Analysis

Fish individuals were homogenized in a stainless-steel blender after being measured
for length. Homogenized tissue from entire individual fish was analyzed for mercury
using the DMA-80 Direct Mercury Analyzer (Milestone Srl, Bergamo, Italy). The operating
procedure developed was based upon the mercury analysis component of EPA Method
7473. DOLT-5 dogfish liver standard reference material from National Research Council
Canada (440 ± 180 ng/g Hg; percent recovery 83.4%) was used in each sample batch in
duplicate. Samples were run in duplicate weighing between 0.09 and 0.1 g. The relative
standard deviation (RSD) of samples ranged from 0.01–53.5% with an average RSD of 9.06%.

Dry weight calculations were performed by drying two replicates of each sample at
60 ◦C in a drying oven. Samples were analyzed in wet weight. Results were converted
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after Hg analysis of wet tissue on the basis of dry weight and reported as Hg per unit
dry biomass.

2.3. Summary of Statistical Methods

Each fish species was separated into two groups: Fish caught adjacent to wetlands and
fish caught in areas with no adjacent wetlands. A Welch Two-Sample t-test was completed
to determine if there is a significant statistical difference between the two groups in length.
Measures of length are related to the age of the fish and prey selection (predator fitness). A
one-way analysis of covariance (ANCOVA) was conducted to strengthen the confidence of
the results by examining the influence of the independent variable of habitat type (wetland
or non-wetland) to the dependent variable of mercury content while accounting for the
covariate factor of fish size, within a species.

The datasets for both species, regarding [Hg] and length, failed the Shapiro–Wilk
normality test (p < 0.05), signifying that the dataset is not well modeled by a normal
distribution. Although the test for normality failed for mercury content, yellow perch and
round goby passed the equal variance test, indicating the variance within the samples is
approximately the same throughout all samples. Both species also passed the equal slopes
test, which verified the assumption that the covariate (length) did not significantly affect
the treatment variable, [Hg]. The Shapiro–Wilk normality test is not of extreme concern
since the ANCOVA is still robust as both the Levene test and the equal slopes test passed.

3. Results & Discussion

Significant differences were observed for mercury content in both yellow perch and
round goby as a function of habitat: Both species demonstrated significantly higher mercury
concentrations in wetland habitats (WL) compared to riparian zones without adjacent
wetlands (NW) (Figure 2). A total of 174 yellow perch and 145 round gobies were collected
during the 2019 field season. Average (± standard deviation; SD) mercury concentrations
(ng/g dry wt.) for yellow perch were 74.5 ± 35.4 (n = 89) for WL and 59.9 ± 23.0 (n = 77) for
NW; for round gobies, these concentrations were 55.4 ± 13.8 (n = 93) for WL and 41.0 ± 14.0
(n = 48) for NW. A majority (66%) of the round goby was caught in the NW habitat whereas
64% of the yellow perch were caught in WL sites.

There was no significant difference in fish length between habitat types for each of
the species (p > 0.05) (Figure 2). Average (± SD) lengths (mm) for yellow perch were
85 ± 25 (n = 89) for WL and 91 ± 22 (n = 77) for NW; for round gobies, average lengths
were 64 ± 10 (n = 48) for WL and 65 ± 13 (n = 93) for NW (Figure 2). ANCOVA results for
Hg as a function of habitat: Yellow perch p < 0.001; round goby, p < 0.001. The ANCOVA
results reveal no significant interaction between the habitat and the covariate length for
yellow perch (p = 0.911) and round goby (p = 0.298).

Yellow perch and round goby from wetlands had significantly higher mercury concen-
trations than those collected from non-wetland sites (p < 0.001, for both yellow perch and
round goby, respectively; Figure 2), thus confirming the initial hypothesis. These results
are congruent with other studies that demonstrate higher mercury concentrations in biota
that reside in wetland habitats (common loons, [31]; brook trout, [32]; various estuarine
fish, [33]). In addition, the significance of wetland habitats in elevating mercury burdens in
these two species bolsters the idea of wetland habitats as being ideal conditions for mercury
methylation due to elemental deposition and fluctuating redox states stimulating mercury
methylating microbes. Although the idea of wetlands as sources of methylmercury has
been supported in past research [14,15], a study by Brasso et al. [34] comparing songbirds
between wetlands and non-wetlands suggests otherwise. They suggest that while song-
birds from wetlands may have elevated mercury compared to those from non-wetland
habitats, this is not certain [34]. Therefore, it is perhaps fair to state that organisms in
wetland habitats are likely to have elevated mercury burdens, but other landscape factors
and differences among ecosystems as well as species may modify this pattern.
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The round goby mercury concentration does not change with increased length as
yellow perch does (Figure 2). While the ANCOVA indicated that the length does not
differ between wetland and non-wetland sites for perch, the increasing trendline does
indicate likely differences in the diet of yellow perch as they grow larger. Smaller yellow
perch (75–118 mm) have some overlap in diet with the round goby [35–37]. As yellow
perch individuals increase in size, their diet increasingly consists of more fish, dragonflies,
bivalves, and other larger organisms [38]. Francis et al. [39] examined mercury throughout
the food chain in a wetland estuary in the Great Lakes basin (Old Woman Creek in Lake
Erie), and found that mercury concentrations among species, including fish, reflected the
widely accepted concept of biomagnification. Given the longer life cycles of the older yellow
perch prey items, it may be inferred they bioaccumulate more as they age and feed higher
in the food chain, allowing for greater biomagnification. Conversely, round goby feed
throughout roughly the same trophic level throughout their lives (zooplankton, benthic
macroinvertebrates, and dreissenid mussels, with dreissenid consumption increasing with
round goby size) [36]. Thus, in contrast to yellow perch, gobies are likely continuously
consuming the same mercury content among prey items and growing simultaneously,
creating consistent mercury accumulation over time, with minimal change as they age.

The concentrations of mercury in yellow perch and round goby observed here align
with those described elsewhere within the USLR [12,25,40–42]. Literature on mercury
along the USLR should be interpreted carefully as historic industrial point source mer-
cury pollution exists at the Area of Concern (AOC) in Cornwall, ON. The fish collected
in this study were collected upstream of the AOC where the predominant source of
mercury is from legacy and ongoing atmospheric deposition to the landscape [43]. La-
pointe and Ridal [25] observed that round goby and yellow perch samples had similar
Hg concentrations in upstream reference sites; these sites were comparable in legacy Hg
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source contamination as those in this study. However, the fish they sampled were larger
than this study: At their reference sites upstream of the industrial contamination (round
goby: 58–82 mm versus 36–97 mm, yellow perch: 70–171 mm versus 44–152; Lapointe
and Ridal [25] versus this study, respectively). Generally, concentrations of Hg in fish
reported by Lapointe and Ridal [25] were similar in magnitude to ours and discrepancies
should be interpreted carefully given the results here are reported per unit dry weight,
whereas Lapointe and Ridal [25] report in per unit wet weight (ww). Additionally, Lapointe
and Ridal [25] analyzed the whole goby, as did we, although they analyzed just filets
for yellow perch. Fowlie et al. [38] also compared yellow perch from both contaminated
(AOC industrial contamination) and uncontaminated (upstream, legacy atmospheric mer-
cury deposition only) sites. Yellow perch from one of the uncontaminated sites averaged
86 ng Hg/g ww but ranged from 13–299 ng Hg/g ww, while another uncontaminated
site averaged 79 ng Hg/g ww and ranged from 23–169 ng Hg/g ww [38]. Despite report-
ing units in wet weight (i.e., water diluting Hg relative to dry weight), the results from
Fowlie et al. [40] were higher than those in yellow perch analyzed here, although this
discrepancy may be due to the overall decline in atmospheric deposition of mercury to
the New York [43] and Great Lakes basin [44] over roughly the last two decades. Yellow
perch analyzed by Fowlie et al. [40] were longer in length than those collected here as well,
averaging 151 mm with a range of 54–197 mm at one uncontaminated site and 138 mm with
a range of 55–186 mm at the second uncontaminated site. Therefore, the larger fish may
be consuming prey from higher trophic levels than those in our study and may be longer
lived and have had longer to accumulate mercury. Skinless white dorsal muscle tissue
was also the only tissue included in the analysis, which may contribute to slightly higher
reporting concentrations [40]. Neff et al. [42] completed a similar study to Fowlie et al. [40]
but expanded to locations upstream and examined trends over several decades (oldest data
from 1975 and most recent from 2010). They found that mercury in fish filets declined in
upstream sites (same reach of river sampled in this study) over time, confirming that the
yellow perch collected by Fowlie et al. [40] may have had higher Hg concentrations than
those in this study due to declines in atmospheric deposition. Other studies that measured
mercury in yellow perch on the USLR [12,41] report similar results of declining fish Hg
concentrations over time in the USLR, both at AOC sites as well as sites uncontaminated
by point source industrial mercury. Our results, in the context of these older observations,
indicate that while the mercury in fish is generally declining in the USLR, wetlands may
still be disproportionately loading bioavailable mercury into the aquatic food chain relative
to non-wetland riparian areas.

Yellow perch have long been used as study subjects for Hg contamination in the
USLR [12,25,40–42] while round goby, first identified in the Great Lakes basin in 1990,
has become a widespread AIS causing the displacement of other native species [45] for
the last three decades. Round goby are suitable bio-indicators for contaminants, due to
their small habitat range [46]. The results here substantiate the relevance of round goby
as a biomonitor for contaminants and yellow perch as an effective means of analyzing
trends in mercury over time. However, due to the shift in prey items and increase in Hg
accumulation over time in yellow perch, round goby may make a more suitable species for
spatial monitoring of Hg contamination. Yellow perch should continue to be monitored as
a species that indicates trends in fish harvested for food that are higher in the food chain.

To explicitly identify wetlands as areas of higher availability of methylmercury, stud-
ies need to be conducted over years of varying seasonal conditions. As this study was
completed during a single flood year (2019), it cannot accurately represent year-to-year
mercury levels. The results here add to a gap in the knowledge of mercury pathways,
differences of Hg concentrations in wetlands versus non-wetlands, and potential effects of
Plan 2014 and extreme flooding events on mercury mobilization. While wetlands play an
important role in maintaining the health of the surrounding environments, the results of
this study indicate that riparian wetlands may mobilize mercury into the aquatic food-chain
more so than non-wetland riparian habitats. The fish analyzed here do not pose a risk to
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public health given current guidelines and assuming no more than two or three servings of
these fish are consumed per week by sensitive populations, in consideration of Hg dose
and toxicological response [47]. However, fish consuming these yellow perch and round
goby as prey may present a greater risk to public health, as well as the health of predators.
Therefore, the selection of locations for routine monitoring for fish consumption advisories
should consider the presence or absence of riparian wetlands. In addition, water level
management plans should include methodologies to observe how changes in wetland
saturation and drying might affect mercury burdens in forage fish, as examined here.

Given the ubiquity of mercury in the environment and its tendency to cycle extensively,
particularly in aquatic environments, we need to be diligent in research and monitoring
efforts, even as emissions from fossil fuel sources decline [6]. This study presents an
example of how to target efforts in the face of an ongoing threat. Globally, research that
allows us to target management efforts and predict areas of mobilization into the food
chain are necessary to effectively combat the threat of mercury persistence, particularly
in conjunction with other environmental issues that may enhance mobilization, such as
extreme flooding and erosion.
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