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Abstract:

Thawing permafrost in northern regions threatens to increase the downstream delivery of mercury
(Hg) and its organic form, methylmercury (MeHg). Permafrost thaw may mobilize large Hg and
dissolved organic carbon (DOC) stores from permafrost soils. Once mobilized, inorganic Hg
(Hg(Il)) can be transformed (methylated) by microbes into MeHg, a neurotoxin that
bioaccumulates up aquatic food webs. Permafrost thaw may increase methylation in peatland
complexes as elevated and dry permafrost peat plateaus thaw into peatland ecosystems, which can
be favorable environments for microbes responsible for methylation. Transport of Hg and MeHg
is often facilitated by binding to DOC and as peatlands become increasingly hydrologically
connected with continued thaw, increased export of allochthonous DOC, Hg, and MeHg to
downstream inland waters may occur. It remains uncertain how these changes will influence
downstream concentrations of Hg, MeHg, and DOC as well as the composition of dissolved

organic matter (DOM) at a catchment scale within the Taiga Plains of western Canada.

In this study, I completed three sampling campaigns of 93 streams throughout the Northwest
Territories and northern Alberta located within the Taiga Plains of western Canada (summer 2021
and 2022). The study area was characterized by extensive peatlands and represented a permafrost
gradient with more southern catchments characterized by no permafrost or sporadic permafrost to
the more northern catchments which were underlain by extensive discontinuous permafrost.
Streams were sampled for Hg, MeHg, and DOC concentrations and DOM composition indices to:
1) Investigate the role of catchment characteristics, including landcover, size, climate, and
seasonality (June vs July vs August) as it relates to flow conditions on downstream concentrations;
2) use a developed statistical model to estimate concentrations of unsampled streams in the study
region under current and future climate conditions; and 3) understand how the composition of

DOM in streams relates to downstream concentrations of Hg and MeHg.

Random forest models were used to investigate the role of catchment characteristics in driving
downstream concentrations. Mean annual temperature (MAT) and pH were established as the two
most important variables for predicting MeHg and DOC concentrations, demonstrating the
influence of peatlands and permafrost extent on these parameters. Turbidity was the most
important variable for predicting Hg concentrations, indicating the importance of colloidal or

particulate bound Hg in regulating concentrations. Using these models to predict unsampled



streams within the region resulted in an overall trend of higher concentrations of Hg, MeHg, and
DOC in more southern permafrost regions compared to more northern streams underlain by more

extensive permafrost.

More aromatic DOM was associated with higher flow and low electrical conductivity likely
highlighting the influence of organic surface and shallow subsurface flow paths in contributing
aromatic DOM in these catchments. Bulk DOC concentrations were highly correlated with MeHg

concentrations while Hg preferentially associated with DOM of high aromatic composition.

As northern regions continue to warm, our findings suggest that concentrations of Hg, MeHg, and
DOC will increase within the more northern catchments of the study region. Understanding factors
that influence Hg export in northern rivers is important to anticipate and monitor the influence of

climate change on northern aquatic ecosystems for the local communities which rely on them.
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Chapter 1: General introduction

Streams and rivers act as the link between their contributing terrestrial landscape (catchment) and
downstream aquatic environments, transporting carbon, nutrients, and contaminants, such as
mercury (Hg), to downstream waters (Petrone et al. 2006; Zolkos et al. 2020; Liu et al. 2021;
Chupakov et al. 2023). The concentration and export of constituents in streams and rivers are
therefore sensitive to disturbances that occur in their catchment (Zampella, 1994; St. Pierre et al.
2018; Emmerton et al. 2020). As the climate continues to warm, northern environments are
currently undergoing unprecedented rates of change and disturbance, including the rapid thawing
of permafrost. There is growing concern that permafrost thaw will mobilize large stores of
inorganic Hg bound to the organic matter in frozen soils and consequently result in an increased
export of carbon, Hg, and its organic form, methylmercury (MeHg), to downstream waters
(Rydberg et al. 2010; Gordon et al. 2016; Schuster et al. 2018, St. Pierre et al. 2018; Schaefer et
al. 2020). However, there have been limited studies which investigate the influence of permafrost
thaw on downstream concentrations of Hg and MeHg in mid-sized rivers from a catchment

perspective.

1.1 Hg as an element of concern in aquatic systems

Hg is a toxic element which is of particular concern within aquatic environments. The organic
form, MeHg, is a potent neurotoxin that can bioaccumulate within organisms and bio magnify up
aquatic food webs; higher trophic-level organisms, such as predatory fish, can accumulate high
and potentially toxic concentrations of MeHg (Kidd et al. 2011). Consumption of contaminated
fish is the primary pathway of human Hg exposure (Clarkson et al. 2003; Mergler et al. 2007). Hg
detrimentally affects the neurological and nervous systems in humans (Clarkson et al. 2003;
Mergler et al. 2007; Rice et al. 2014) and can result in effects including memory loss, dysarthis,
and an impact to motor and behavioral function (Rice et al. 2014; Takoka et al. 2014). Additionally,
Hg poisoning can impact the cardiovascular, digestive, reproductive, and immune systems
(Clarkson et al. 2003; Mergler et al. 2007; Rice et al. 2014). Northern Indigenous communities are
disproportionately exposed to foodborne Hg through consumption of traditional foods, yet these
traditional foods are associated with numerous nutritional benefits and are important culturally

(Houde et al. 2022).



The fraction in which Hg is found in aquatic systems influences the bioavailability of Hg and the
subsequent risk of it entering aquatic food webs. Dissolved forms of Hg and MeHg have typically
been considered more bioavailable than particulate bound forms (Jonnson et al. 2012; Le Faucheur
et al. 2014), although recent studies show that particulate bound Hg may be more bioavailable for
methylation than previously thought (Zhao et al. 2019; Xiang et al. 2022). The concentrations and
fractions of Hg and MeHg which end up downstream are the result of a variety of processes which

occur within aquatic systems and the surrounding landscape.

1.2 Landscape sources and sinks of Hg and MeHg.

Hg in relatively remote regions, such as the Canadian North, arises primarily through atmospheric
deposition from far-off Hg sources (Dastoor et al. 2015; Obrist et al. 2017). Gaseous elemental Hg
(Hg(0)) is the most common form of atmospheric Hg (Steffen et al. 2015) and remains in the
atmosphere for up to 6 to 24 months (Schroeder and Munthe, 1998; Holmes et al. 2006). During
this time, it can undergo long range transport, allowing it to travel long distances from its emission
source (Schroeder and Munthe, 1998). For example, models estimate that a large proportion of
anthropogenic Hg currently being deposited to the Canadian Artic originates from outside North
America (Dastoor et al. 2015). Hg can be released to the atmosphere naturally, through processes
such as rock weathering and volcanic eruptions, as a result of anthropogenic activities, including
coal combustion and artisanal gold mining, or through re-emission of previously deposited Hg
(Sundseth et al. 2017; UN Environment, 2019). Present atmospheric Hg levels have been estimated
to be approximately 390% (Streets et al. 2011) - 450% (UN Environment, 2019) higher than
natural background levels due to anthropogenic inputs. Preventative measures to limit
anthropogenic releases of Hg have been agreed to by a number of countries in the form of the 2013
Minamata Convention on Mercury. However, Hg levels in many environments have the potential
to remain high even with changing atmospheric concentrations due to inputs of legacy Hg from
accumulated stores in natural reserves such as permafrost (Rydberg et al. 2010; Schuster et al.

2018; Mu et al. 2020; Rutkowski et al. 2021).

Hg in the atmosphere is deposited onto terrestrial and aquatic environments through wet or dry
deposition either in a gaseous form or bound to particulates (Gustin, 2011). Once on the landscape,
a variety of processes make up much of the Hg cycle, including evasion back into the atmosphere,

sequestering into soils and sediments, and transformations between the prevailing forms of Hg



(Hg(0), inorganic divalent Hg(Il), MeHg). Certain landscape compartments are particularly
influential within this cycle. Upland forests can contain large stores of Hg within soils and
vegetation (Giesler et al. 2017; Wang et al. 2020). As Hg is flushed from the forest soil and
transported (mobilized), or deposited directly, to different portions of the landscape including
wetlands and lakes, Hg is likely to undergo transformations dependent on the surrounding
environmental conditions (Tjerngren et al. 2012; Paranjape and Hall, 2017; Klapstein and
O’Diriscoll, 2018; Poulin et al. 2019, Branfireun et al. 2020), which subsequently may influence

downstream concentrations.

Wetland environments are important for the production and subsequent transport of MeHg to
streams (St. Louis et al. 1994; Brigham et al. 2009; Fink-Mercier, Lapierre, et al. 2022). The
saturated, anoxic conditions of wetlands are favorable for many of the microbes responsible for
methylation (Paranjape & Hall, 2017; Bravo & Cosio, 2020), characterized by presence of the
hgcA and hgcB gene cluster (Parks et al. 2013). Methylation is additionally mediated by
environmental and geochemical characteristics (Paranjape & Hall, 2017; Bravo & Cosio, 2020;
Thompson, 2023). Wetlands often have high quantities of dissolved organic matter (DOM), which
can facilitate methylation by acting as an electron donor and stimulating microbial activity
(Paranjape and Hall, 2017, Jiang et al. 2018). However, the role of DOM on the bioavailability of
Hg is complex (Ma et al. 2019). Studies have indicated that DOM may increase or decrease
bioavailability of Hg, depending on sulfur dynamics and DOM composition (i.e., lability or
aromaticity) (Graham et al. 2012; Jonsson et al. 2012; Ma et al. 2019; Poulin et al. 2019;
Thompson, 2023). Oxidized forms of iron and sulfur can act as electron acceptors for some
methylating bacteria; intermediate or high trophic status fen wetlands can receive electron
acceptors through groundwater connectivity, resulting in higher MeHg production compared to
bogs or peat plateaus, which have lower groundwater connectivity (Tjerngren et al. 2012; Poulin
et al. 2019; Thompson, 2023). However, rich fens can have lower methylation rates than
intermediate fens (Tjerngren et al 2012; Poulin et al. 2019). This could be attributed to high
sulphate or trophic conditions additionally stimulating higher rates of demethylation resulting in
an overall lower net methylation rate (Mitchell et al. 2008; Tjerngren et al. 2012). Higher
concentrations of sulfur may also inhibit methylation by forming HgS precipitates and limiting
bioavailability of Hg(I) (Zhang et al. 2011). Net MeHg production occurs in many wetlands,

representing an important source to downstream environments.
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The influence of lakes on concentrations of Hg and MeHg can be highly variable depending on
characteristics of both the lake and the surrounding landscape (Branfireun et al. 2020). The
potential for MeHg production within anoxic zones of lake sediments and the water column has
long been established (Pak and Bartha, 1998; Eckley and Hintelmann, 2006; Paranjape and Hall,
2017). Additionally, locations in lakes associated with primary producers and on particles within
the oxic water column have been recognized as methylation sites (Mauro et al. 2002; Hamelin et
al. 2015; Gascon Diez et al. 2016; Paranjape and Hall 2017; Branfireun et al. 2020). In some cases,
lakes can be a Hg and MeHg sink within the landscape (St. Pierre et al. 2019; Fink-Mercier,
Lapierre, et al. 2022; Thompson, Khun, et al. 2023). Sedimentation can promote the storage of Hg
and MeHg in lake sediments while sunlight mediated processes including the photodemethylation
of MeHg, and the photo reduction of Hg (II) can volatize Hg forms into the atmosphere,
contributing to a reduction of transport of Hg and MeHg downstream (Hammerschmidt and
Fitzgerald, 2006; Hines and Brezonik, 2007; Jeremiason et al. 2009; Klapstein and O’Driscoll,
2018; St. Pierre et al. 2019; Schiitze et al. 2021). DOM concentration and composition are an
important influence on many of these processes. As noted above, DOM may increase or decrease
the bioavailability of Hg, where Hg associated with autochthonous DOM can better facilitate
methylation than allochthonous landscape derived DOM (Bravo et al. 2017; Bravo et al. 2018;
Jiang et al. 2018). High quantities of DOM can also limit photochemical reactions by attenuating
solar radiation, although a small amount of DOM may be necessary for facilitating these reactions
in the first place (Klapstein and O’Driscoll, 2018). Branfireun et al. (2020) highlights some of the
complexity of Hg cycling within lakes and the interactions between lake characteristics and their
surrounding catchment. When MeHg, DOM, and Hg are predominantly terrestrially sourced, the
contribution of in-lake production of DOM and MeHg tends to be limited (Branfireun et al. 2020),

which likely aligns with cases where lakes can be net sinks within the landscape.

In addition to the influence of surrounding catchment landcover, conditions within streams
themselves may play a role in Hg dynamics. Like wetlands and lakes, Hg transformations and
cycling can occur within streams, including photo demethylation (Tsui et al. 2012) and MeHg
production in stream sediments (Marvin-DiPasquale et al. 2009; Huang and Mitchell, 2023), which

may constitute an important MeHg source in some systems (Huang and Mitchell, 2023).



1.3 Mobilization of DOC, Hg, and MeHg in riverine environments

Mobilization of Hg and MeHg to downstream environments is generally facilitated by particulate
matter and DOM (Dittman et al. 2010; Bravo et al. 2018). Hg concentrations in streams are often
associated with aromatic or coloured DOM, indicative of transport from terrestrial sources
(Dittman et al. 2010; Bravo et al. 2018; Lescord et al. 2018; Fink-Mercier, del Giorgio, et al. 2022).
Land cover and hydrology can also influence the partitioning between dissolved and particulate
fractions of Hg and MeHg. Landscapes with steeper slopes that favor erosion, or which have
limited sources of DOM tend to have more particulate-bound Hg and MeHg (St. Pierre et al. 2018;
Campeau et al. 2022; Emmerton et al. 2022). In these systems Hg concentrations tend to correlate
with suspended sediments or turbidity and, in some cases, with stream flow (Ricassi et al. 2011;
Campeau et al. 2022; Emmerton et al. 2022). Precipitation and high flows may increase the amount
of suspended sediment in streams, particularly in steeper catchments, by facilitating erosion or
remobilization of sediments (Vercruysse et al. 2017) and any associated Hg (Ricassi et al. 2011).
Catchments with lower relief and influenced by wetlands tend to have most Hg and MeHg in the
dissolved fraction (Emmerton et al. 2022; Campeau et al. 2022; Thompson, Khun, et al. 2023;
Thompson, Low, et al. 2023).

Flow paths and hydrologic connectivity play an important role in driving downstream
concentrations (Laudon et al. 2011; Rose et al. 2018). In catchments of forested or mixed
landcover, low flows are mainly associated with mineral groundwater inputs (Burd et al. 2018).
Under high flow conditions as the hydrologic connectivity of the catchment increases and the water
table rises, contributions from more organic subsurface flow of uplands and riparian areas are
expected (Burd et al. 2018; Laudon et al 2011). In these catchments summer high flows are often,
but not always, associated with an increase in concentrations of dissolved organic carbon (DOC)
and Hg as organic layers with high DOC and Hg become connected (Brigham et al. 2009; Dittman
et al. 2010; Ducharme et al. 2021; Gandois et al. 2021; Shrogen et al. 2021; Thompson, Low, et
al. 2023). In peatland catchments, during low flow conditions peatlands may contribute water in
addition to groundwater inputs, but flow contribution may be dependent on their hydrologic
condition (Laudon et al. 2011; Goodbrand et al. 2019). At higher flows, increased contributions of
precipitation may dilute the carbon rich peatland water resulting in dilution of organic rich sources
and consequently DOC (Laudon et al. 2011). Concentrations of MeHg have been shown to

increase, decrease, or have little relationship with flow conditions (Brigham et al. 2009; Dittman
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et al. 2010; Wasiuta et al. 2019; Thompson, Low, et al. 2023), likely highlighting the importance
of factors relating to production within catchments (Wasiuta et al. 2019; Thompson, Low, et al.
2023). Additional factors such as antecedent moisture conditions, lake influence, and position of
landscape features may play important additional roles in how different flow levels influence

downstream water chemistry (Oswald and Branfireun, 2014; Herndon et al. 2015; Shrogen et al.

2021).

1.4 Permafrost thaw and other disturbances in the Taiga Plains

As the climate warms, northern environments are undergoing rapid change including the thawing
of permafrost. Permafrost thaw can alter the land cover and hydrology (Connon et al. 2014; Wright
et al. 2022) of the surrounding landscape and consequently may impact downstream water
chemistry (Rydberg et al. 2010; Olefeldt et al. 2014; Gordon et al. 2016). Permafrost in northern
environments is estimated to contain large stores of legacy Hg, DOC, and nutrients (Schuster et
al. 2018; Hugelius et al. 2020). With ongoing thaw, the production of MeHg on the landscape, and
downstream transport of Hg, MeHg, and DOC may increase (Rydberg et al. 2010; Olefeldt et al.
2014; Gordon et al. 2016; Fahnestock et al. 2019; Thompson, 2023).

Within the more southern regions of the Taiga Plains of western Canada, permafrost is primarily
in peat plateaus, where the heat conductivity properties of peat provide insulation for underlying
permafrost (Ecosystem Classification Group, 2007; Shur and Jorgenson, 2007; Holloway &
Lewkowicz, 2020). Peat plateaus are found within peatland complexes which also include bogs
and fens (Quinton et al. 2003; Wright et al. 2022). As permafrost thaws, ice-rich permafrost peat
plateaus are converted into thawed, waterlogged, nutrient-poor bogs or nutrient-rich fens (Gordon
et al. 2016; Fahnestock et al. 2019). As wetlands are preferential areas of MeHg production
(Paranjape & Hall, 2017; Bravo & Cosio, 2020) this transformation is likely to elevate the potential
for production on the landscape (Fahnestock et al. 2019; Thompson, 2023). Thaw further
influences Hg transport by increasing the hydrological connectivity of previously isolated

peatlands to downstream waters (Connon et al. 2014; Wright et al. 2022).

Additional impacts of climate change including rising temperatures, an increase in the frequency
of wildfires, and a possible increase in precipitation (Bush and Lemmon, 2019), may further

influence or expediate changes to the Hg cycle. Increased wildfires may result in more rapid



degradation of permafrost than otherwise expected (Gibson et al. 2018; Wright et al. 2022) and
can additionally alter the ecosystem functioning and hydrology of an area, potentially influencing
downstream water chemistry (Ackley et al. 2021; Hutchins et al. 2023). In addition to the increase
in temperature facilitating permafrost thaw, warmer temperatures in soil and water may stimulate
microbial activity and the subsequent methylation of Hg (Paranjape & Hall 2017; Bravo and Cosio,
2020; Sun et al. 2023; Thompson, Low, et al. 2023). Finally, changing patterns of precipitation
may alter the hydrologic processes of a landscape and subsequent transport of Hg, MeHg, and

DOC to downstream waters.
1.5 Objectives

The potential increase of MeHg production and transport to inland waters could pose a health risk
to local communities who incorporate local fish as a part of their traditional diet. Despite the
potential health risk it presents, the influence of permafrost thaw on MeHg and Hg concentrations
at the catchment scale remains uncertain (Wright et al. 2022). Here we investigate the influence of
permafrost thaw and focus on a region where thaw is rapidly occurring at the permafrost boundary.
Understanding how catchment characteristics and permafrost extent jointly influence downstream
Hg dynamics is necessary for a better assessment and prediction of the risk that future permafrost

thaw poses to downstream aquatic ecosystems.

This thesis seeks to identify the catchment scale predictors of concentrations of Hg, MeHg, and
DOC in streams and rivers in the Taiga Plains of western Canada. We sampled 93 streams with
catchments of varying size, land cover, climate, and permafrost extent for a suite of water
chemistry parameters including Hg, MeHg, and DOC concentrations, DOM composition, and

major ions and metals. The specific goals of this research were to:

1) Determine how land cover and climate associate with downstream Hg, MeHg, and DOC
concentrations.

2) Assess the relationship of DOC concentrations and DOM composition with concentrations
of Hg and MeHg.

3) Predict concentrations of MeHg, Hg, and DOC in un-sampled streams within the study
region in order to inform on important areas for future land management, monitoring, and

research.



Chapter 2: Strong influence of climate on riverine methylmercury and dissolved organic
carbon across peatland - rich northwestern Canada

Abstract:

Permafrost thaw in northern peatland catchments threatens to mobilize mercury (Hg) attached to
the organic matter in frozen soils and increase the production of the neurotoxin methylmercury
(MeHg). As landscape hydrologic connectivity increases with thaw, increased downstream
transport of Hg and MeHg attached to organic carbon (OC) may occur, but the impact at a
catchment scale remains unclear. Here we sampled stream water for concentrations of Hg, MeHg,
and dissolved organic carbon (DOC) in 93 streams on three separate occasions throughout the
summers of 2021 and 2022 in the peatland-rich Taiga Plains of western Canada. Catchments were
selected to represent a range of size, permafrost extent, land cover, and climate. The most
important landscape predictors for total MeHg (TMeHg) and DOC concentrations were mean
annual air temperature and stream pH. TMeHg and DOC concentrations increased approximately
0.2ng L' and 9 mg L' respectively once temperatures were above the threshold of -2°C. Turbidity
was the most important predictor for total Hg (THg) concentrations indicating the importance of
colloidal or particulate bound Hg in regulating concentrations. Hg had a stronger association with
aromatic DOM while aromaticity did not appear to influence the association of MeHg with DOC.
Overall, higher concentrations of TMeHg, DOC, and THg were found in the warmer, more
southern region of our study area, and observed concentrations were well below water quality
guidelines for the protection of aquatic health. While more research is needed to understand the
processes responsible for the observed -2°C threshold increase in MeHg and DOC occurring at the
boundary of peatland permafrost, our study suggests that continued warming may increase MeHg
and Hg in aquatic ecosystems of current permafrost regions, which may have implications for the

accumulation of MeHg in aquatic food webs.



2.1 Introduction

Mercury (Hg) is a metal of high concern in aquatic environments as its organic form,
methylmercury (MeHg), biomagnifies and bioaccumulates in aquatic food webs (Kidd et al. 2011).
Consumption of MeHg contaminated fish may present a human health risk and can cause a variety
of neurological, cardiovascular, and reproductive health effects (Mergler et al. 2007; Clarkson et
al. 2003; Rice et al. 2014; Takoka et al. 2014). MeHg represents a particular risk for northern
Indigenous communities through the consumption of locally caught food, which is very important
both culturally and nutritionally (Houde et al. 2022). In these northern regions, atmospheric
deposition is the primary source of Hg, which has generally been transported from distant sources
as gaseous elemental Hg (Hg(0)) (Dastoor et al. 2015; Obrist et al. 2017). Once deposited,
inorganic Hg (Hg(II)) in northern regions can be sequestered and stored in frozen permafrost soils,
where it has been accumulating over millennia (Obrist et al. 2017). With ongoing climate change,
northern Canadian environments are warming at three times the global rate (Bush and Lemmen,
2019). As a result, permafrost degradation and thaw are occurring and threaten to mobilize stored
Hg bound to the organic matter in soils and may increase the transport of Hg and MeHg to inland
waters (Rydberg et al. 2010; Gordon et al. 2016; Shuster et al. 2018; St. Pierre et al. 2018; Schaefer
et al. 2020).

Streams and rivers are closely connected to their surrounding catchment and as such Hg and MeHg
concentrations often represent the processes occurring upstream in the catchment. Wetlands are
generally an important landscape source of MeHg to downstream waters (St. Louis et al. 1994;
Brigham et al. 2009; Fink-Mercier, Lapierre, et al. 2022), as they can provide the environmental
conditions required for microbe facilitated methylation. This includes anoxic conditions, labile
organic matter inputs, and presence of electron acceptors such as oxidized forms of iron and sulfur
(Paranjape and Hall, 2017; Bravo and Cosio, 2020). Lake systems can be a net source or sink of
MeHg and Hg on the landscape, as they have numerous potential sites of MeHg production
(Branfireun et al. 2020) but are also environments where sedimentation and sunlight mediated
processes may decrease the Hg and MeHg in the water column (Hammerschmidt and Fitzgerald,
2006; Hines and Brezonik, 2007; Jeremiason et al. 2009; Klapstein and O’Driscoll, 2018; St. Pierre
etal. 2019; Schiitze et al. 2021). In catchments with extensive peatlands, terrestrial inputs generally

dominate the MeHg lake pool (Branfireun et al. 2020), and lakes are likely to act as a Hg sink



(Fink-Mercier, Lapierre, et al. 2022; Thompson, Khun, et al. 2023). In addition, disturbances such
as wildfire can alter the land cover and hydrologic conditions of a landscape and may subsequently

also influence the Hg and MeHg dynamics (Ackley et al. 2021).

The transport of Hg and MeHg from the surrounding landscape to stream systems is primarily
facilitated by dissolved organic matter (DOM) or particulate matter (Dittman et al. 2010; Bravo et
al. 2018). In catchments containing extensive peatlands, Hg and MeHg in streams are often in the
dissolved fraction and associated with more aromatic or coloured DOM (Dittman et al. 2010;
Bravo et al. 2018; Lescord et al. 2018; Fink-Mercier, del Giorgio, et al. 2022; Thompson, Khun et
al. 2023; Thompson, Low, et al. 2023). In contrast steeper catchments with low peatland cover
tend to have more particulate bound Hg and MeHg (St. Pierre et al. 2018; Campeau et al. 2022;
Emmerton et al. 2022).

Hydrologic connectivity further regulates the transport of DOC, Hg, and MeHg to downstream
environments. DOC and Hg commonly show a transport limited response, where concentrations
increase with flow (Brigham et al. 2009; Dittman et al. 2010; Ducharme et al. 2021; Gandois et al.
2021; Shrogen et al. 2021; Thompson, Low, et al. 2023). However, this effect is not necessarily
consistent across all catchments or seasons (Laudon et al. 2011; Herndon et al. 2015; Gandois et
al. 2021; Thompson, Low et al. 2023). Likewise, MeHg shows varying responses to changing flow
(Brigham et al. 2009; Dittman et al. 2010; Wasiuta et al. 2019; Thompson, Low, et al. 2023). The
position of different landcovers within the catchment (Herndon et al. 2015), antecedent moisture
conditions (Oswald and Branfireun, 2014), and factors relating to the production of MeHg on the
landscape such as ground or water temperature (Sun et al. 2023; Thompson, Low, et al. 2023)
likely influence the responses of THg, DOC, and MeHg concentrations to changes in flow.
However, catchment size may also regulate concentration dynamics, as larger catchments tend to
be less influenced by differences in flow or land cover (Creed et al. 2015; Emmerton et al. 2022)
and in — channel stream erosion, and deposition dynamics are also likely to play a role, especially

during high flow periods (Emmerton et al. 2022).

Permafrost thaw alters landcover and hydrology (Wright et al. 2022), both of which influence the
production of MeHg and transport of Hg and MeHg downstream. Approximately 35% of the

discontinuous permafrost region of the Taiga Plains is composed of peatland complexes consisting
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of bogs, fens, and elevated peat plateaus underlain by permafrost (Carpino et al. 2021). As
permafrost thaws, plateaus transform into thaw wetlands, consequently increasing the potential for
production of MeHg within the system (Gordon et al. 2016; Fahnestock et al. 2019; Tarbier et al.
2021; Thompson, 2023). Permafrost thaw throughout the discontinuous permafrost region of the
Taiga Plains also increases the hydrologic connectivity of a landscape (Connon et al 2014; Wright
et al. 2022) and therefore the potential transport of Hg and MeHg downstream. However, at the
catchment scale, the influence of permafrost thaw features on downstream concentrations remains
uncertain. Within the Taiga Plains, a study by Thompson, Khun, et al. (2023) sampled streams
over a 1700 km latitudinal transect and found higher concentrations of THg in more northern
regions but no latitudinal trend for concentrations of MeHg or DOC in streams. However, within
parts of the same study region Olefeldt et al. (2014) showed that DOC concentrations and
aromaticity increase south of the permafrost boundary, and may indicate the potential for elevated

Hg and MeHg transported along with the DOC.

As ongoing climate change alters northern landscapes it is increasingly important to understand
how climate associated disturbances will impact the concentrations of Hg, MeHg, and DOC in
downstream waters, as they may alter the health and functioning of aquatic systems. There are
many processes on the landscape which mediate the production and subsequent transport of MeHg
and Hg downstream. By investigating the drivers of Hg and MeHg at a catchment scale, we can
better evaluate the influence of permafrost extent on downstream concentrations in the context of
other landscape processes and drivers. Here we sampled 93 streams throughout the sporadic and
discontinuous permafrost zone in the Taiga Plains of Northwestern Canada. Streams were sampled
a total of three times, once in July 2021 and once in June and August 2022 to capture some of the
hydrologic variability throughout the summer season. Streams were selected to represent a range
of land cover, size, and climate to assess which characteristics influenced concentrations of Hg
and MeHg downstream. Statistical models were used to estimate concentrations of Hg, MeHg, and
DOC in unsampled streams of the region in order to assess the risk of elevated Hg and MeHg

across the region.
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2.2 Methods
2.2.1 Study area

Samples were collected from streams and rivers in northern Alberta and the South Slave and
Dehcho regions (Northwest Territories). The study area ranged a transect of roughly 730 km from
the most southern to most northern catchments and had an area of approximately 250000 km?
(Figure 2.1). Samples were collected primarily within the Taiga Plains ecozone of Canada with a
few of the most southern sites located in the Boreal Plains ecozone. Long-term (1991-2020) mean
annual precipitation (MAP) varies between 320 and 370 mm within the study region, while mean

annual average temperature (MAT) varies between -0.6 and -4.8°C (ECCC, 2023).

The Taiga Plains are underlain by sedimentary rock primarily from the Devonian and Cretaceous
periods (Garrity & Soller, 2009). The Devonian rock is commonly limestone, with some highly
calcareous limestone close to the southern border of NWT, in addition, Devonian geology in the
area also include some dolomite, shale, and sandstone. Cretaceous period rock within the area
likely consists of mainly shale and sandstone (Ecosystem Classification Group 2007; Stantec
Consulting Ltd. 2016). Surficial geology includes widespread lacustrine and till deposits from the
last glaciation and the influence of the post glacial lake McConnell (Ecosystem Classification
Group, 2007). Peatland ecosystems are widespread within the area (Ecosystem Classification
Group, 2007) and Carpino et al. (2021) estimated that approximately 35% of the landscape within
the discontinuous permafrost region are made up of peatland complexes consisting of elevated
peat plateaus, bogs, and channel fens. Freshwater lakes and ponds make up around 18% of the
landscape in the northern areas of our study region (Ecosystem Classification Group, 2007)
compared to around 1% in the Hay River Basin (Stantec Consulting Ltd. 2016). The rest of the
landscape is generally forested upland areas ranging between deciduous, mixed, and coniferous
with common species including aspen, black and white spruce, and Jack pine (Ecosystem
Classification Group, 2007; Stantec Consulting Ltd. 2016). Within the study area, permafrost
extent ranges from isolated or sporadic in the southern regions to extensive discontinuous in the
more northern regions (Brown et al. 2002). Most permafrost within our study area occurs in areas
with thick organic layers including peatlands and some forests (Ecosystem Classification Group,
2007; Holloway & Lewkowicz, 2020; Wright et al. 2022) and is likely enabled by the heat

conductivity properties of these organic layers (Shur and Jorgenson, 2007; Holloway &
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Lewkowicz, 2020; Wright et al. 2022). Permafrost in these regions is undergoing warming and
thaw due to climate warming (Bush and Lemmen, 2019; Biskaborn et al. 2019). Northern Canada
is warming at around three times the global average and has warmed by approximately 2.3°C since
1948 (Bush and Lemmen, 2019). In the more southern areas of our study region, the mean annual

temperature has increased by about 2°C since 1962 (Holloway & Lewkowicz, 2020).
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Figure 2.1. Map of the study area in Northern Alberta and the Northwest Territories, Canada. Green circles
(northern catchments) and triangles (southern catchments) show the sampling location on each river.
Additionally shown are the hydrometric stations used for flow percentile calculations (ECCC, 2022).
Catchment delineation is shown for all sampled rivers and for additional rivers used for their hydrometric
station data. Mean annual temperature is the average for the period of 1991 to 2020 and was accessed from
Wang et al. (2016). The wetland cover is modified from Hermosilla et al. (2018, 2022). Where available,
catchment delineation was based on delineations from the National Hydrometric Network Basin Polygons
(Natural Resources Canada, 2022).
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2.2.2 Sample collection

Water samples were collected during three sampling trips, in each of July 2021, June 2022, and
August 2022. Streams were selected using hydrographic maps and were selected along the limited
highways and industry access roads in the region. Most large rivers were sampled, and additional
smaller rivers and streams were selected to include a number of streams which have previously
been studied (Olefeldt et al. 2014; Thompson, Khun et al. 2023; Thompson, Low, et al. 2023) and
to ensure a range of catchment characteristics including catchment area, land cover, and expected
differences in permafrost extent. Several sites of interest were included based on discussion with
knowledgeable community members in a meeting facilitated by Dene Tha’ First Nation’s Lands

Department.

We sampled 93 streams and rivers. In total 72 streams were sampled during all three sampling
trips, 17 were sampled during two of the three sampling trips and four streams were sampled only
once (Table A.2.1). The discrepancy in the number of samples per stream is attributed to several
factors, including an expanded sampling in 2022, several sites being dry or stagnant during the
August sampling, and limited access to some of the sites due to natural events (flooding, fire,

wildlife) or construction.

We collected total (unfiltered) Hg (THg) and total (unfiltered) MeHg (TMeHg) samples using
certified 125 mL (THg) and 250 mL (TMeHg) precleaned glass amber bottles. Samples were
collected from the bank of each stream, using the clean hands-dirty hands protocol (St. Louis et al.
1994; U.S. EPA, 1996). In July 2021 and June 2022, in addition to the unfiltered samples, we
collected and filtered samples for the analysis of dissolved Hg (DHg) and dissolved MeHg
(DMeHg) at each site. This consisted of collecting an extra 125 ml and 250 ml bottle of water
which were filtered through acid cleaned 0.45 pm cellulose nitrate filter towers and transferred
into a new bottle within 24 hours. We used 0.2% and 0.4% trace-metal grade hydrochloric acid to
preserve Hg and MeHg samples, respectively. Samples were kept cool during transit and then
refrigerated until analysis. Analysis of 96% of THg and DHg samples occurred within three and a
half months of sampling. Analysis of TMeHg and DMeHg in 2022 occurred within 194 days of
collection while analysis of TMeHg and DMeHg were delayed by lab limitations for the July 2021
samples due to coronavirus (SARS-CoV-2) and were therefore run within a maximum of 262 days

of sampling.

14



In addition, we collected grab samples for analysis of DOC, additional nutrients, and major ions,
and for absorbance and fluorescence spectroscopy of DOM. We collected two bottles of filtered
water using 60 ml acid washed amber glass bottles and 0.7 um GF/F, Whatman filters. One of the
bottles was preserved using 0.6 mL of 3M hydrochloric acid and run for DOC/TN and ICP-OES
analysis while the other was left unpreserved for absorbance and fluorescence spectroscopy. These
bottles were kept cool in transit and then refrigerated. In addition, we collected an extra 60 mL
bottle of filtered water for colorimetric ion analysis using Thermo Scientific Nalgene Narrow-
Mouth LDPE bottles and 0.7 um GF/F Whatman filters. This bottle was left unpreserved, kept
cool in transit, and then frozen in our laboratory until it was submitted for analysis. In situ
measurements of pH, electrical conductivity (EC), water temperature, and turbidity (only 2022)
were measured at each stream. Turbidity was measured using a calibrated LaMotte 20201 Turbidity
Meter (LaMotte, 2020). pH, EC, and water temperature were measured using a calibrated Elite

PCTS pH / Conductivity / TDS / Salinity Pocket Tester (Thermo Scientific).
2.2.3 Sample analysis

Hg and MeHg concentrations (both total and dissolved) were analyzed in the Biogeochemical
Analytical Service Laboratory (BASL) at the University of Alberta. THg and DHg were analysed
using EPA Method 1631 (U.S. EPA, 2002). Samples were first oxidized to HglIl with the addition
of bromine monochloride for at least 12 hours and then neutralized. Once neutralized, HglI is
reduced to HgO with the addition of stannous chloride. Cold vapour atomic fluorescence
spectrometry was then used to determine the concentrations of Hg within a sample (BASL, 2023).
The detection limit is 0.06 ng L™ for total and 0.08 ng L™! for dissolved Hg. Quality control (QC)
standards and blanks were run every 10 or 20 samples, and a 9-point calibration curve was run at
the beginning of each day that samples were analyzed. One sample spiked with a known amount
of HgCl> was run for each group of 20 samples to ensure there was accurate recovery. A duplicate

was also run in every batch of 20 samples.

TMeHg and DMeHg samples were analyzed using EPA Method 1630 (U.S. EPA 1998) with
isotope dilution (Hintelmann & Ogrinc, 2002). Samples were first distilled and then measured
using ICP-Mass Spectrometry. Before distillation all samples are spiked with a known amount of

MeHg isotope Me?°'Hg and then distilled at 127 °C by a Tekran 2750 Methyl Mercury Distillation
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system (BASL, 2023). After distillation, sodium tetraethyl borate is added to the distilled samples
to ethylate MeHg to the volatile MeHgEt. Samples were then analyzed using a 2700 Methyl
Mercury Analyzer coupled to Agilent 7900 ICP Mass Spectrometer (BASL, 2023). The detection
limit for MeHg samples was 0.01 ng L', Distillation and method blanks, QC standards containing
a known amount of MeHg, samples spiked with an additional amount of MeHg, and duplicates

were run in each round of 40 samples to ensure the reliability of the analysis.

The Natural Resources Analytical Laboratory (NRAL) at the University of Alberta completed the
remaining water chemistry analysis apart from DOM optical composition analyses. DOC was
measured as non-purgeable organic carbon and along with total dissolved nitrogen was analyzed
using a Shimadzu TOC L CPH Model Total Organic Carbon analyzer with an ASI-L and TNM-
L (Shimadzu Corporation, 2015). Dissolved anions (ammonium (NH4-N), chloride (Cl), nitrite
(NO2-N), nitrate (NO3-N), soluble reactive phosphorous (SRP), and sulphate (SO4-S)) were
analyzed using a Thermo Gallery Plus Beermaster Autoanalyzer (Thermo Fisher Scientific, 2017).
Dissolved metals (sodium (Na), potassium (K), magnesium (Mg), zinc (Zn), calcium (Ca), copper
(Cu), iron (Fe), manganese (Mn), boron (B)) along with dissolved sulphur (S) and total dissolved
phosphorus (TDP) were analysed using a Thermo iCAP6300 Duo (N. America) inductively
coupled plasma-optical emission spectrometer (ICP — OES) (Thermo Fisher Corp., 2012).

Absorbance was measured using a UV_VIS Spectrometer (UV-1280, UV-VIS, Shimadzu
Corporation, Japan) from 200 nm to 700 nm with a 1 nm interval. Samples were run using a 1 cm
quartz cuvette. Samples were diluted with Milli-Q water if the measured absorbance value was
close to or above 0.4 cm™. Milli-Q water blanks were run every 10 samples, and the absorbance
measurements were blank subtracted post measurement. DOM absorbance was used to calculate
the specific UV absorbance at 254 nm (SUVA). SUVA is a measure of DOC aromaticity and was
calculated as UV absorbance at 254 nm divided by DOC mg L' and then multiplied by 100
(Weishaar et al. 2003). Absorbance values were also used to calculate the spectral slope between
275 — 295 nm (S275-295) and the slope ratio for the two spectral slope regions of 275-295 nm and
350-400 nm (S;), as these measures can give insight into the molecular weight and photochemical

processing of DOM (Helms et al. 2008).
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An excitation emission matrix (EEM) was used to measure DOM fluorescence of each sample and
were attained using a Horiba Aqualog (Horiba Scientific, US). Samples were run in a 1 cm quartz
cuvette with sample blanks run every 20 samples. Samples were run using an integration time of
0.5 seconds. Excitation was measured for wavelengths of 230 nm — 500 nm (increment of 5 nm)
and the emission wavelengths ranged from 117 nm — 827 nm (increment of 2.33 nm). Samples
were diluted with MilliQ water if the sum of absorbance values for any of the following wavelength
pairs: 250 nm and 452 nm; 400 & 520 nm; or 300 nm & 352 nm, exceeded 1.5 cm™ (Kothawala
et al. 2013). Before analysis, fluorescence scans were corrected for inner filter effects, Raman
normalization, blank subtraction, and dilutions (Murphy et al. 2013). Fluorescence analysis was
done using the drEEM package version 0.6.5 (Murphy et al. 2013) in MATLAB version 9.14.0
(R2023a) Update 2 (The MathWorks Inc. 2023). The pickpeaks tool in the drEEM package was
used to calculate common fluorescence peaks (Coble, 1996) as well as the fluorescence indices
such as BIX, an indicator of how much autochthonous DOM is in the system (Huguet et al. 2009);
HIX, an indicator of how humified the DOM is (Ohno, 2002; Fellman et al. 2010); Freshness Index
(Freshness), another indicator of how freshly produced the DOM in the system is (Fellman et al.
2010; Williams et al. 2010) and Fluorescence index (FI), an indicator of whether the DOM is more
terrestrial of microbially derived (Cory and McKnight, 2005; Fellman et al. 2010). Fluorescence
scans were also analysed for independent components using parallel factor analysis (PARAFAC).
PARAFAC analysis was run from a lab tutorial based on the paper and tutorial by Murphy et al.
(2013) and consisted of the following: Rayleigh and Raman scatter peaks were removed and the
EEM scans of independent samples were analysed for any clear errors and problem wavelengths
identified were removed from these samples, sample outliers were then removed. Each EEM was
normalized to its total signal to evaluate different models and outliers and then reversed back to
true scores later in the analysis after validation. The final PARAFAC model was validated using

split half analysis (Murphy et al. 2013).
2.2.4 Catchment delineation and characterization

Catchments were delineated for each sampling point using the Canadian digital elevation model
(CDEM) (Natural Resources Canada, 2013) and the hydrology toolbox in ArcMap 10.8.2. (ESRI,
2021). Catchments were then corrected in one of two ways. First, where available, catchments

were aligned to existing delineations from the National hydrometric network basin polygons
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(Natural Resources Canada, 2022). Secondly, the remaining catchments were visually assessed
based on google earth imagery and the watercourse dataset from the CanVec — Hydro 250K dataset
for Alberta, B.C., and N.W.T. (Natural Resources Canada, 2017), the catchments were modified

manually if there appeared to be large errors in the automatic delineation.

We used existing geospatial data to characterize the catchments, extracting information on several
variables related to climatic, landscape, and topographic characteristics which were considered to
have the potential to influence downstream water chemistry. One catchment characteristic of
particular interest is the influence of permafrost extent. To explore this, we looked at the influence
of mean annual air temperature (MAT) (°C), as air temperature has been shown to be a driving
factor of permafrost (Chadburn et al. 2017; Biskaborn et al. 2019; Smith et al. 2022). Data of MAT
and mean annual precipitation (MAP) over the period of 1991 — 2020 was accessed using the
western North America dataset from ClimateNA v7.41 (Wang et al. 2016). ClimateNA data was
developed by merging previous climate datasets (see references within Wang et al. 2016) and then
downscaling it into scale free data using bilinear interpolation and local elevation (Wang et al.
2016). One of the products from ClimateNA is a gridded raster layer of historical climate data for
western Canada at the resolution of around 800 by 800 m (Wang et al. 2016). We used the average
data representing the period of 1991 — 2020 to calculate the spatial average of the MAT and MAP
for each catchment. The area of the delineated catchments in km? was calculated within ArcMap
using the calculate geometry function. The slope was calculated using the slope tool in ArcMap
and was calculated in degrees based on the CDEM which had a resolution of 0.75 arc seconds. The
mean slope of each catchment was then calculated. Geology data was accessed from Garrity &
Soller (2009). The percentage of each geology unit in each catchment was calculated. The majority
of the study area had either Cretaceous or Devonian geology (when simplified from classifications
such as Upper, Middle, and Lower, Cretaceous or Devonian). Inclusion of geology in our statistical

models was simplified to just percent cover of Devonian geology.

Land cover data and disturbance data for fire and harvesting was accessed from the National
terrestrial monitoring system for Canada and related references (Hermosilla et al. 2016, 2018,
2022). The fires and harvesting data from Hermosilla et al. (2016) contain forest change data
covering the years 1985-2020. The percent disturbed layer used in our analysis is the sum of both

harvest and fire data from Hermosilla et al. (2016) and therefore represents the total percent of
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each catchment which has been disturbed over 1985-2020. We were limited in accessing
disturbance data for the years of 2021 and 2022 as from what we could find, it had not yet been
added to spatial datasets of the Canadian National Fire Database or any other dataset which
covered the entire study area. Spatial data of fire disturbance for 2021 was accessed individually
for Alberta, British Columbia, and the Northwest Territories and for 2022 for Alberta and British
Columbia from the provincial and territorial government (Government of Alberta, 2023;
Government of British Columbia, 2023; NWT Center for Geomatics, 2022). Based on this data we
determined that only a subset of catchments had burned at all during 2021 and 2022 and that only
three catchments had burned over 1% of their catchment area. We therefore determined it was
unlikely that disturbance in 2021 and 2022 would have a pertinent impact on downstream water
chemistry and due to the lack of cohesive and complete datasets for both years, over the entire

study area, disturbances in the years 2021 and 2022 were subsequently disregarded in our analysis.

The base land cover used for our study was the 2019 land cover map from Hermosilla et al. (2018
& 2022), which was generated using open Landsat data, with additional topologic and hydrologic
information (see Hermosilla et al. 2022). However, as we were mainly interested in whether the
landscape was functioning as peatland or forest, we modified the 2019 land cover map to limit the
influence of fire and harvest, disturbances which often resulted in the transition of classification
from forest to shrub land (Hermosilla et al. 2022). Using the disturbance datasets described above
(Hermosilla et al. 2016), we removed land cover data from the 2019 dataset for areas which had
been disturbed by fire and harvest in the years 1985 — 2019 and replaced it with land cover datasets
representing years prior to the disturbance, also accessed from Hermosilla et al. (2018 & 2022).
We reclassified the land cover in five-year intervals where, for example disturbances from 2011 —
2015 were all removed together and replaced with land cover from 2010. This modified land cover
dataset was used to characterize the percent cover of water, wetlands (the sum to treed and non-
treed wetlands), forest (sum of broadleaf, coniferous, and mixed wood), and other classes including
rock, snow, barren rock, shrubs, bryoids, and herbs in the delineated catchments. We also
calculated the percentage of each land cover class within 60 m of streams and lakes on the
landscape. To calculate the land cover within 60 m of water features we used the watercourse and
waterbody datasets from the CanVec — Hydro 250K datasets for Alberta, B.C., and N.W.T.
(Natural Resources Canada, 2017) and created a 60 m buffer around these layers. When calculating

the percent land cover within this buffer, any cells classified as water were removed from the
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calculation (and not included in the sum) as we were interested in the land cover adjacent to water
and having water within this area was likely due to slight differences in the identification of water

features on the landscape between the CanVec layer and the land cover dataset.
2.2.5 Delineation of additional catchments and streams for un-sampled points

In addition to the investigation of sampled data, one of the target deliverables of this study was to
predict concentrations within streams of the study area that were not sampled and subsequently
map these predictions. To accomplish this, we first created the stream network we would like to
predict concentrations for based on the Canadian DEM (Natural Resources Canada, 2013) and
using a variety of tools (Breach Depressions Least Cost; Fill Depression Wang and Lui; D8 Flow
Accumulation; Extract Streams; Raster Streams to Vector) for hydrological analysis within the
whitebox package in R (Lindsay, 2016; Wu & Brown 2022). The number of streams was limited
to larger streams based on a flow accumulation threshold. Points were then created at or just above
each intersection of stream reaches within the dataset, this resulted in a total of 557 points.
Catchments were delineated for each of these points using the Unnest Basins tool in the whitebox
R package (Lindsay, 2016; Wu & Brown 2022). Due to the large number of points, very few
manual adjustments were made to the delineation of the catchments created unless the error in the
delineation was very large and/or obvious, we therefore expect there is some error in regard to
catchment delineations. We opened the delineated catchments in ArcMap and extracted the
catchment characteristics for each of the delineated catchments using the same datasets that
characterized the original catchments as described above in section 2.4. This provided landscape
data that was used in a random forest model (see section 2.2.7) to predict concentrations in more

remote streams that had not been sampled.
2.2.6 Flow percentile calculation

Due to the large area of our study region, we found that even within each of our sampling trips
there were hydrologic differences between regions of our study area including generally wetter
conditions in the more southern catchments compared to northern catchments. To account for the
differences in hydrologic conditions, spatially and temporally between our sampling campaigns
we estimated the flow percentile at each sampling point for each sampling occasion. The flow

percentile was defined as (100 - % flow exceedance). To calculate flow exceedance, we used data
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from 15 hydrometric stations throughout the region operated by Environment and Climate Change
Canada (2022). The majority of the stations used for flow calculations were stations that monitor
rivers sampled for this project however, an additional two stations (Ocher River, NWT & Keg
River, AB) were also used as they were in close proximity to sampled rivers in regions without a
representative station on the sampled rivers. From these stations we used historic data from the
years 2006 — 2018 except for 2014, 2016, and 2017 due to missing data for those years from one
or more stations. We were limited in the length of years for our record as the Ochre River Station
only had data dating back to 2006. We used only the months of May to September to capture the
typical ice-free period for our sampling sites. In addition to data from 2006 — 2018, data was
included for the days in 2021 and 2022 that rivers were sampled for each individual station

(Environment and Climate Change Canada, 2022). Flow percentile was calculated as:

Flow percentile = 100 — ((m/n+1)*100)

Where m = the rank of discharge data within the time series and n = the number of discharge
records used. A higher flow percentile represents a lower probability that this flow would be

exceeded on a given day, i.e. higher flow for this catchment.

The station which was selected as proxy for each river depended on both the distance of the flow
monitored river from the river in question and the size of the catchment of the flow monitored river
compared to the size of the catchment for the river in question. If the station in closest proximity
to the river was a station relatively similar in size, then only that station was used to calculate flow
percentile. If the station in closest proximity to the sampled river had considerably different
catchment sizes, than the flow percentile was calculated for both the station in closest proximity
and the closest station more similar in size, and the average of both flow percentile values was
used. There were a couple exceptions where the closest proximity river was not used at all if there
were one or two other monitored catchments that were nearly the same distance away but with a
catchment area that was more comparable. In addition, certain catchments such as the Willow Lake
and Hay River catchments were so large that although they were closest in proximity to some sites,
they were not used in any flow percentile calculations other than for their own catchment. There
exist additional hydrometric stations within our study region such as at Petitot River and Kakisa
River however these stations were not used due to missing a number of additional years between

2006 and 2018.
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2.2.7 Statistical analysis

Our dataset included a number of samples with water chemistry parameters below the level of
detection (LOD). For most water chemistry parameters this impacted only 0% - 1% of samples.
The following parameters had more than 1% of samples below the LOD: Zn (6%), P (44%), Cu
(57%), Al (14%), NO2-N (80%), SRP (65%), SO4S (27%), and NO3-N (62%). If the lab
responsible for sample analysis provided no values and instead listed values as < LOD, it was
replaced with a value of half of the LOD, however, when provided, we used the raw instrument
data even when below the level of detection (Antweiler, 2015). Our dataset also included missing
observations for temperature for all three months for Little Buffalo River (FS2) and August flow
percentile for WRI 12 (Willow Lake). These four missing values were filled by imputation using
the rflmpute tool in the randomForest package in R (Liaw & Wiener, 2002). The input tool was
used for each of the models (THg, TMeHg, DOC) and the overall average of the calculated input
was then taken and used in the dataset for all analyses. Missing values were handled in these ways
to ensure that most of the data could be used in all analyses. Certain sites including WRI15, HR41,
and HR10 (Table A.2.1) had one or more months removed from all statistics analyses as they had
clear outliers of MeHg which upon reflection was likely due to near stagnant conditions which we
determined were therefore not representative of the catchment influence. All analyses were
conducted in RStudio version 2023.06.1 (R Core Team, 2023). Additional packages facttoextra
(Kassambara & Mundt, 2020), ggplot2 (Wickham, 2016), ggpubr (Kassambara 2023a), and

ggcorrplot (Kassambara, 2023) were additionally used for most of the data visualizations.

We ran a principal component analysis (PCA) using the princomp function in R to gain an
overview of the relationships between water chemistry variables including Hg and MeHg.
Concentration data was tested for normality using the Shapiro Wilk test and then was logged to
improve normality and ensure the relationship among variables was linear. We ran the PCA using
the correlation matrix. Due to missing approximately a third of the data, turbidity (no July data),
DHg (no August data), and DMeHg (no August data) were not included in the PCA analysis.
Instead, the relationships between THg and TMeHg concentrations with turbidity and the

corresponding dissolved concentrations were investigated using spearman correlations.
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DOM composition was explored using a PCA analysis which included the calculated fluorescence
indices, absorbance indices, and the % of each PARAFAC component of the total fluorescence.
The correlation matrix was used when performing the PCA. The relationship between DOC
concentrations and DOM composition with Hg/MeHg was then investigated using linear models.

The DOC, Hg, and MeHg concentrations were logged for these linear regression models.

We used random forest models (Breiman, 2001) to assess the importance of various landscape
characteristics and stream measures such as pH, EC, turbidity, and flow percentile, in predicting
concentrations of THg, DHg, TMeHg, DMeHg, DOC, and DOM composition. Random forest
models are a nonparametric model which is essentially the iteration of classification and regression
trees. Each tree is built using a subset of the data and the error is assessed using the subset not
included. At each data split in the tree, a subset of the explanatory variables is evaluated for
selection (Breiman, 2001; Genuer and Poggi, 2020). We chose to use random forest models
because of its ability to be used for predictions, as well as give an indication of the importance of
each explanatory variable within the model, and because random forests are not limited to linear
relationships (Genuer and Poggi, 2020). Variable importance plots indicated which landscape
characteristics were most important in each model and partial dependency plots (PDP) allowed us
to investigate the relationship of individual landscape characteristics on the concentrations or
composition scores. The package randomForest (Liaw and Wiener, 2002) was used to run all
models and the package pdp (Greenwell, 2017) was used to generate the partial dependency plots.
As we had a small number of explanatory variables, we included all of them within the model. We
ran the models with 1000 tree iterations and using the default number of variables to be assessed

at each node.

The first round of random forest models was run on all of the data collected from the three sampling
campaigns and included dynamic explanatory variables such as pH, EC, water temperature, flow
percentile, and turbidity. These dynamic variables were included in the model as additional
indicators of processes which could be occurring on the landscape. For example, we expect pH
and EC to be indicative of wetland or groundwater influence respectively (Bourbonniere, 2009;
Burd et al. 2018). While higher soil and water temperature has been linked with higher MeHg (Sun
et al. 2023; Thompson, Low et al. 2023) and therefore measured water temperature may provide

an indication of conditions favoring MeHg production or mobilization within the catchment. As
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hydrologic conditions and suspended sediment may mediate the transport of DOC, MeHg, and Hg
downstream (Dittman et al. 2010; Ricassi et al. 2011; Staniszewska et al. 2023; Thompson, Low,

et al. 2023), flow percentile and turbidity were also included in the model.

Although the final random forest models run included 100% of the collected data, to evaluate the
model, we also cross validated it using five iterations where a different 20% of the data was
removed in each iteration as test data. The average values of variance explained and mean squared
residuals evaluated from the 20% test of each data subset was compared to the out of bag variance
explained and mean squared residual supplied from our final model including all data. This was
done as another way to evaluate the model and ensure similar results when including all data as

opposed to excluding a subset of site as test data in the final model (Table A.2.2).

Additional models were run to the final models presented here to determine the influence of
turbidity and non-independent catchments. As turbidity was not measured in July, we could not
include it in the models without removing an entire month of collected data. We ran models for
THg, TMeHg, DOC, and DOM aromaticity using data from the months of June and August, which
included turbidity (Figure A.2.1). However, as turbidity was not one of the most important
predictors in the models for TMeHg, DOC, and DOM aromaticity it was removed from these
models in the interest of including data from the July sampling. An additional consideration in our
dataset was that a subset of catchments were nested within one another in the southern region of
our study area. To ensure that this did not heavily influence the random forest models, we ran the
models while excluding the larger catchments that had smaller catchments nested within them. We
found very little difference between models including nested catchments and those without (Figure

A.2.2), and therefore in our final models we included all catchments.

A second objective of this project was to construct a model which could predict average DOC,
THg, and TMeHg concentrations using only catchment characteristics that could be accessed
remotely. This model would allow us to extrapolate our findings to streams and rivers within the
study area which were not sampled but for which catchment characteristics were available. To
accomplish this, a second round of random forest models was run and trained on the average
concentrations collected at each site over the three sampling rounds. These random forest models

included only catchment variables which were static and remotely available from online databases
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such as the mean of historic climate variables. As such, we were able to access the catchment
characteristic data for remote catchments over a large area. These random forest models were then
applied to remote streams in the area to predict current and future concentrations of streams not
sampled as a part of this project. We evaluated these models with the same method of cross

validation described above (Table A.2.3).
2.3 Results

2.3.1 Catchment characteristics and differences between sampling periods

Land cover within catchments (Table 2.1) was primarily forest and wetland with an overall median
value of 63% and 33% respectively. % Water cover was small in many catchments with an overall
median of < 1%. Southern catchments generally had higher MAT, MAP, % wetlands, and were
more disturbed than northern catchments which had slightly steeper catchments, more forest and

lakes, and a high percent of Devonian geology (Table 2.1).

Table 2.1. Summary of land cover data from (a) northern catchments and (b) southern catchments.

a) Northern catchments b) Southern catchments
Median  Quartilel Quartile3 | Median Quartilel Quartile 3
MAT (°C) -2.5 -3.6 -2.3 -0.9 -1.4 -0.6
MAP (mm) 367 333 398 441 397 469
% Wetland 22 12 35 38 32 45
% Forest 73 54 83 59 53 67
% Water 1 0 4 1 0 1
% Wetland in a
60 m buffer 24 10 46 39 31 53
Area (Km?) 97 28 545 215 85 983
Mean slope (°) 1.1 0.6 1.6 0.9 0.6 1.1
% Devonian geology 78 38 100 0 0 0
% Disturbed 0 0 6 7 2 13

Flow conditions changed between our June (2022), July (2021) and August (2022) samplings
representing periods of both high and low flow. Flow was highest during the June sampling,
followed by July and then August (Figure 2.2g). Although, our sampling campaigns did not catch
peak flow during the spring freshet or during summer storms (Figure A.2.3). Due to the large size
of our study area, there were differences in conditions between areas of the study region within
the same sampling month. The greatest difference in flow between regions was during the July

sampling where catchments within the southern region typically had higher flows compared to a
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historical average (Figure A.2.3), while northern catchments had low flows. Water temperature in
southern catchments was highest in August compared to June and July which were similar, while
in northern catchments water temperature was cold in June compared to similar July and August

samplings, following the general trend of differences in flow (Figure 2.21).

2.3.2 Concentrations of Hg, MeHg, and DOC

Concentrations of Hg and MeHg in both southern and northern catchments were well below the
water quality guidelines for aquatic health of 26 ng L™! and 4 ng L™! respectively (Canadian Council
of Ministers of the Environment, 2003), except for two MeHg samples from very small streams
which as described above were removed from analysis due to a blocked culvert and stagnant
conditions. Median concentrations of DOC, THg, TMeHg, and % MeHg were 2.24, 2.02, 3.50,
and 1.55 times higher respectively in southern catchments compared to northern catchments.
(Table 2.2) (Figure 2.2. a-c). Dissolved fractions of MeHg and Hg were also sampled in July 2021
and June 2022 and followed the same south to north trend as total fractions with median
concentrations of DHg 1.58 times higher and median concentrations of DMeHg 3.89 times higher
in southern catchments compared to northern catchments (Table 2.2). Both MeHg and Hg were
predominantly in the dissolved fraction. DMeHg made up a median of 96% (IQR: 91 — 100%) in
southern catchments and 92% (81 — 98%) in northern catchments of TMeHg. DHg made up a
median of 72% (56 — 87%) in southern catchments and 84% (74 — 91%) in northern catchments of

THg concentrations.

TMeHg concentrations varied between the sampling months, with less apparent differences for
THg and DOC concentrations. The sampling in July 2021 had higher MeHg concentrations than
June and August 2022 based on their median and interquartile range (July: 0.30, 0.11 — 0.53 ng
TMeHg L'; June: 0.16, 0.09 — 0.30 ng TMeHg L!; August: 0.19, 0.08 — 0.37 ng TMeHg L™).
Median Hg concentrations were similar across sampling periods (July: 1.93, 1.43-3.23 ng THg L~
I; June: 2.06, 1.40 — 3.45 ng THg L!'; August: 1.74, 1.01 — 2.42 ng THg L"); however, the June
2022 sampling had the largest interquartile range and highest Hg concentrations recorded. DOC
concentrations remained consistent across sampling periods and also had very similar interquartile
ranges (July: 23.33, 14.89 — 34.86 mg DOC L!; June: 21.90, 14.70 — 28.48 mg DOC L!; August:
23.73,12.01 —30.77 mg DOC L).
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Figure 2.2. Boxplots of water chemistry concentrations and water conditions for each sampling month
divided into general regions within the study area which are represented by colours. The line within the box
is the median and the lower and upper limits of the box represent the first and third quartile respectively.
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2.3.3 General water chemistry

Table 2.2. Summary of water chemistry data from (a) all sampling locations and divided into (b) northern
catchments and (c) southern catchments.

a) All data b) Northern catchments ¢) Southern catchments
Variable Median  Quartile Quartile | Median Quartile Quartile | Median Quartile Quartile | Units
1 3 1 3 1 3

pH 7.8 7.5 8.1 8.0 7.7 8.2 7.7 7.5 7.8 -
Electrical 314 194 439 285 188 405 337 244 506 uS
conductivity cm’!
Turbidity* 8.5 3.5 18.9 4.1 23 10.5 123 8.0 26.0 FNRU
Flow 40 14 81 20 5 59 66 38 91 %
percentile
THg 1.90 1.27 3.20 1.48 1.02 1.98 2.99 1.90 4.59 ng L'
DHg** 1.61 1.16 2.23 1.40 0.97 1.74 2.21 1.47 2.97 ng L'
TMeHg 0.19 0.09 0.37 0.10 0.06 0.18 0.35 0.21 0.55 ng L'
DMeHg** 0.18 0.08 0.37 0.09 0.06 0.16 0.35 0.24 0.59 ng L
% MeHg 10.0 5.6 16.3 8.0 4.1 13.8 12.4 7.2 20.6 %
DOC 22.23 14.65 3225 14.72 12.05 20.04 32.91 26.68 39.21 mg L
TDN 0.65 0.48 0.92 0.51 0.43 0.63 0.92 0.70 1.14 mg L!
Na 7.25 3.50 13.40 3.94 2.27 7.67 10.90 7.81 21.81 mg L
K 0.95 0.58 1.41 0.78 0.53 1.16 1.21 0.72 1.95 mg L
Mg 10.55 7.20 14.23 9.72 6.83 12.58 11.58 7.90 16.59 mg L
Zn 0.02 0.01 0.06 0.01 0.01 0.03 0.02 0.01 0.07 mg L!
P 0.02 0.01 0.04 0.01 0.01 0.01 0.04 0.02 0.07 mg L!
S 7.81 2.46 19.76 3.54 1.14 7.81 17.86 8.28 33.86 mg L
Ca 41.61 29.57 57.21 42.07 29.82 56.00 41.10 28.56 58.17 mg L
Cu 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 mg L
Fe 0.37 0.16 0.77 0.18 0.09 0.33 0.68 0.44 0.91 mg L!
Mn 0.03 0.01 0.07 0.02 0.01 0.04 0.06 0.03 0.10 mg L!
B 0.03 0.01 0.04 0.01 0.01 0.02 0.04 0.03 0.05 mg L!
Al 0.08 0.04 0.14 0.06 0.00 0.09 0.12 0.08 0.20 mg L
NH4N 16.74 11.36 28.87 14.69 7.31 19.02 27.55 13.55 37.34 pg L
Cl 1.46 0.88 2.83 0.95 0.67 1.35 2.51 1.67 4.78 mg L
SRP 3.19 2.71 6.12 2.82 2.58 3.13 6.53 3.61 23.80 pg L
S0O4S 6.88 0.22 19.11 1.97 0.20 7.01 17.44 8.34 34.47 mg L!
NO3-N & 2.15 2.15 11.65 223 2.15 13.01 2.15 2.15 9.51 pug Lt
NO2-N
CO3* 107.9 88.2 135.1 96.6 83.9 128.8 117.3 93.0 145.2 mg L!

* Data from June and August 2022 samplings.

** Data from July 2021 and June 2022 samplings.
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Water chemistry parameters showed distinct north-south patterns (Table 2). Southern catchments
were more nutrient-rich than the northern catchments, with higher concentrations of TDP, SRP,
TDN, and NH4-N. Southern catchments were also characterized by a lower pH, higher EC, and
higher concentrations of major ions and metals, except for Ca which remained similar across

regions.

A PCA was used to explore associations between water chemistry parameters including Hg,
MeHg, and DOC, explaining a total of 50% of variation of water chemistry (Figure 2.3). PC1 was
generally representative of the different regions of our study area with positive scores representing
more southern sites with higher concentrations of solutes, while more northern sites generally had
negative PC1 scores. PC2 appeared to be representative of different water sources, where positive
scores were associated with parameters typically derived from weathering processes and generally
representative of groundwater influence, including Ca, Mg, and EC. While negative PC2 scores
were representative of more peatland influenced waters (increasing DOM aromaticity, Hg, MeHg,
DOC, Fe, decreasing pH) (Bourbonniere, 2009). The PCA analysis distinguished some seasonal
trends where June samples and July samples from southern sites generally appeared to be
associated with higher concentrations of solutes representative of more peatland influenced water,
while samples taken during August, as well as in July for northern catchments were generally more

associated with parameters derived from weathering processes.

Certain parameters including turbidity (sampled June and August 2022), carbonate (CO3) (sampled
June and August 2022) and DHg and DMeHg (sampled July 2021 and June 2022) were not
included in the PCA due to missing data for one of the sampling campaigns. Instead, spearman
correlations were used to investigate the relationship between these values with concentrations of
THg and TMeHg. Turbidity was highly correlated to both THg and DHg concentrations (p = 0.78,
p = 0.71) (Figure A.2.4). Dissolved fractions of Hg and MeHg were strongly related to their
corresponding total fractions (Hg p = 0.90, MeHg p = 0.94). CO3; was more correlated with
weathering parameters such as Ca (p = 0.77) and Mg (p = 0.73) (Figure A.2.4). SO4-S and SRP
were also sampled but were not included in the PCA as they were highly correlated with S and

TDP respectively.
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Figure 2.3. PCA analysis of water chemistry. Colours represent the sampling months of June 2022 (blue),
July 2021 (pink) and August 2022 (yellow). Shapes represent the general region where the sample was
collected divided into northern and southern regions within the study area. Water chemistry data excluding
pH, electrical conductivity (EC), SUVA, Water temperature, and % MeHg are logged.

2.3.4 Relationships of Hg and MeHg with DOC concentration and DOM composition

The majority of DOM in our study was characterized as terrestrial humic like using parallel factor
analysis where four unique components were identified (Table 2.3). All components had matches
to previous datasets published on OpenFluor (Murphy et al., 2014) (Table 2.3). Component 1 was
classified as terrestrial humic-like (associated with Peak A and Peak C; Table 2.3; Figure A.2.5;
Coble, 1996), and typically made up the majority of the fluorescence in our dataset with a median

value of 50% of the total fluorescence for a sample. Component 2 was well matched on OpenFluor
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and classified as microbial, humic like, highly associating with the Coble Peak M. Component 3
typically represented around 11% of the total fluorescence, with the least matches on the
OpenFluor database. Some of the matches on OpenFluor suggested their related component was
terrestrial, humic like (Du et al. 2016; Eder et al. 2022) while other suggested it may be
representative of more microbial sources (Cory & McKnight, 2005) or from multiple signals or
origins (Wunsch & Murphy, 2021; Bouchachi et al. 2023) (Table 2.3). In our dataset, Component
3 plotted differently from the other components and associated more closely with the Coble Peak
T, generally associated with more Tryptophan, protein-like (Coble, 1996). Component 4 was
classified as terrestrial humic like or fulvic like by previous studies with an association to Coble

Peaks A and C (Coble, 1996) (Figure A.2.5).

Table 2.3. Summary of PARAFAC components including peak excitation and emission values and the
likely source of DOM this component represents. Italicized values represent secondary peaks.

PARAFAC | Ex Em Probable source/characteristics | Selected studies with similar
Component component
Cl <250,335 | 451 Terrestrial, humic like Thompson et al., 2023 (C1),

Osburn et al., 2018 (C1),
Lambert et al., 2016 (C1),
Wauthy et al., 2018 (C1),
C2 <250,310 | 391 Microbial, humic like Thompson et al. 2023 (C2),
Osburn et al. 2018 (C2),
Lambert et al. 2016 (C3),
Wauthy et al., 2018 (C4)

C3 <250 416 Humic like, terrestrial and/or Wiinsch & Murphy, 2021 (C1)
microbial origin. Possibly Bouchachi et al. 2023 (C6)
some protein — like. Cory & McKnight, 2005 (C6)

Du et al. 2016 (C1)

C4 275, 400 > 500 | Terrestrial, humic like or soil, | Thompson et al., 2023 (C3),

fulvic like Osburn et al. 2018 (C3),

Kothawala et al. 2014 (C3)

We used a PCA analysis to examine the DOM composition using both absorbance (SUVA, SR,
S275-295) and fluorescence indices (% C1 - % C4, FI, Freshness, BIX, HIX) (Figure 2.4). PC1
explained the majority of DOM composition variance (69.4 %). This axis increased with the
aromaticity of DOM, where higher scores were associated with higher values of SUVA, % C1, %
C4, and HIX, whereas negative scores were indicative of higher values of BIX and the freshness
index. The second component only explained 14.5% of the variance and was driven mainly by a

higher % C3 and lower FI values.
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Figure 2.4. Principal component analysis for indices of DOM composition.

We assessed the influence of DOC concentration and DOM composition on Hg and MeHg
concentrations using linear regressions (Figure 2.5) and the PC scores from the PCA of DOM
composition (Figure 2.4) as a representation of the aromaticity of DOM. DOC, MeHg, and Hg
concentrations were logged for these linear regressions. DOC was highly correlated with DMeHg
and TMeHg (R%.4j = 0.70, R%q; = 0.63) but less so with DHg and THg (R%.4j = 0.19, R, = 0.16).
This relationship remained consistently high across sampling months for TMeHg (June: R?.qj =
0.61; July: R%,j = 0.61; August: R = 0.66). However, for THg, the relationship with bulk DOC
was weakest during June (June: R4 = 0.07; July: R%qj = 0.22; August: R%,q = 0.22).

The relationship between MeHg and DOC did not appear to be influenced by the aromaticity of
the DOM indicated by the very similar linear relationship between TMeHg or DMeHg
concentrations with DOC concentrations when utilizing all data (gray line, Figure 2.5. a, c)
compared to when data was grouped by low (light blue) vs high (dark blue) aromaticity (Figure
2.5. a, c). THg and DHg appeared to be preferentially associated with DOC of high aromaticity

indicated by the consistently higher values of THg or DHg concentrations when utilizing half of
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the data with high aromaticity compared to the half of data group by low aromaticity (Figure 2.5.
b, d). These relationships are further supported by looking directly at the relationship between PC1
scores and concentrations. TMeHg and DMeHg concentrations did not correlate well with DOM
aromaticity (R%q = 0.15, R%qj = 0.16 respectively). Whereas THg and DHg were more correlated
with DOM aromaticity (R%qj = 0.36, R%q; = 0.49 respectively) than with bulk DOC concentrations.
TMeHg, DMeHg, THg, and DHg did not appear to be associated preferentially with any portion
of PC2 scores from Figure 2.4, which represented a higher percentage of PARAFAC C3 and lower
FI values (Figure A.2.6).
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Figure 2.5. Relationship between concentrations of DOC and a) TMeHg, b) THg, c) DMeHg, d) DHg. Relationships
were investigated for different groups of data including, all data (grey/black), half of the data with the lowest PC1
scores (light blue), half of the data with the highest PC1 scores (dark blue), scores are from the PCA of DOM
composition (Figure 2.4). Higher scores represent more aromatic DOM. Adjusted R? values and p-values are displayed
for each regression line. The regression formula, and a 95% confidence interval surrounds the best fit line for the
regression which utilizes all data. All axes are log transformed.
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2.3.5 Influence of landscape characteristics on downstream concentrations and DOM
composition

The random forest model for TMeHg concentrations explained 34% of the variability in TMeHg
concentrations (Figure 2.6.a.). MAT was the most important variable in the model. The PDP for
MAT indicated a threshold within the model at approximately -2°C where at colder temperatures,
MeHg concentrations remained fairly steady but quickly increased once hitting this threshold
before stabilizing at warmer temperatures. pH was additionally a highly important variable for
MeHg concentrations, with PDP indicating an almost linear negative relationship between MeHg
concentrations and pH. MeHg concentrations also appeared to increase with lower mean slopes,
higher water temperatures, and when the flow percentile hit a threshold of 85%. MAP and the
percent of Devonian geology in the catchment were also identified as important variables,

however, their effect does not appear to be well characterized by the model.

DOC concentrations had the highest percent of variability explained by random forest models
(77%) (Figure 2.6.b.). The DOC random forest model was similar to that of MeHg with MAT and
pH identified as the two most important variables. The relationship between concentrations of
DOC and MAT matched the trend of TMeHg concentrations with a notable increase at -2°C. pH
had a negative relationship to DOC concentrations where concentrations remained high up to a pH
of between 7.0 and 7.3 after which concentrations decreased gradually. In addition to MAT and
pH, wetlands also appeared important for DOC, as concentrations increased with the proportion
of wetlands within 60 m of a water feature and with the proportion of wetlands across the whole
catchment. DOC concentrations also declined with steeper mean slopes and the percent of

Devonian geology within a catchment.

The random forest model for THg concentrations had a high level of explained variance (73%)
(Figure 2.6.c.). This model only utilized data from June and August 2022 due to the importance of
turbidity as an explanatory variable for THg. Turbidity was the most important predictor, and
concentrations of THg increased exponentially with turbidity. In addition to turbidity, MAP, MAT,
and flow percentile were all relatively important for predicting THg concentrations.
Concentrations of THg remained steady up to a point (MAP: ~ 450mm, MAT: ~ -1.5°C, Flow
percentile: ~ 90) after which they increased. Concentrations of THg also had a slight decrease with

an increase in EC. For THg, Devonian geology was not an important contributor to the model.
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The landscape characteristics identified as important in the model for predicting DOM aromaticity
(inferred from higher PC1 scores; Figure 2.4) differed than those identified for DOC
concentrations and were more similar to the predictors for THg concentrations which included
MAP, flow percentile, and EC as important predictors. The percent of variance explained for DOM
aromaticity was relatively high at 73% (Figure 2.6.d.). EC was the most important variable for
predicting DOM aromaticity and aromaticity declined exponentially with increasing EC. The
predictive strength of EC was closely followed by pH and MAP, where aromaticity was stable up
to a pH of approximately 7.5 after which it decreased. Aromaticity remained stable or increased
with increasing precipitation and had a sharp increase at 450 mm yr’!. Aromaticity also increased

with increasing flow percentile, a higher mean catchment slope, and colder water temperatures.

Full random forest models with all PDP can be found in the appendix (Figure A.2.7 — A.2.10).
Random forest models for DHg and DMeHg were similar to their corresponding models of THg
and TMeHg, although there were some differences, likely attributable to the fact that these models
were limited to data collected in July and June 2022 (only June for DHg) and were therefore
missing the variability in conditions represented by the August sampling. These models can be

found in the supplemental material (Figure A.2.11 & Figure A.2.12).
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Figure 2.6. Random Forest model variable importance figures for a) TMeHg, b) DOC, c) THg, and d) DOM
aromaticity inferred from PC1 scores (Figure 2.4). Models for DOC concentration, DOM composition, and TMeHg
include data for June, July, and August. The model for THg includes data for June and August only as turbidity was
not measured in July. The higher the variable on the y-axis the more important this variable is for predicting the
concentrations of the parameter of interest. The x-axis shows the increase in mean squared error (MSE) of the model
if that variable is removed from the model. Variance explained (Var. expl) and mean squared residuals (MSR) shows
are based on predicting out of bag (OOB) samples. Figures e-h) partial dependency plots which show the marginal
effect for the top six predictor variables on the response variables of ¢) TMeHg, f) DOC, g) THg, and h) DOM
aromaticity. Rug lines at the bottom show data min/max and deciles.



2.3.6 Predicting unsampled stream concentrations and future concentrations

A second round of random forest models exclusively assessed predictors relating to climate and
landscape for average TMeHg, THg, and DOC concentrations over the three sampling periods
(Figure 2.7. d-f.). These random forest models were generated to predict concentrations in
unsampled streams of the study area as opposed to evaluating the importance of each explanatory
variable. As such, these random forest models were run using only explanatory variables which
could be accessed remotely, and dynamic variables such as flow percentile, EC, pH, and turbidity

were not included.

The model used to predict average TMeHg concentrations explained 45% of the variance within
the training dataset, an increase in variability explained from the random forest models run on all
data as opposed to averages. MAT, % Devonian geology, and MAP remained as highly important
variables in the average model and the trend of the relationships remained similar to those
discussed above (Figure A.2.13). In addition, wetlands were an important predictor for average
TMeHg concentrations; concentrations increased with increasing wetland cover in the catchment
with a peak around 30 — 40 % cover and a slight decline after that. Concentrations increased rapidly
at 30% wetland cover within a 60m buffer of water features and then remained steady at the higher

concentration.

The variance explained for average DOC concentrations was 65% which is a slight decrease from
the previous model. The new model was very similar with MAT, MAP, wetlands, and mean slope
remaining as important predictor variables. % Devonian geology was the second most important
predictor after MAT in this model, with concentrations decreasing with an increase in the percent

of Devonian geology (Figure A.2.14).

The model used to predict Hg concentrations explained 41% of the variance in concentrations,
representing a large decrease in variance explained from the previous model including turbidity.
As with MeHg, MAP, MAT, and % Devonian geology features remained important variables in
the average model and the trend of the relationships remained similar to those discussed above
(Figure A.2.15). Wetland cover within a 60m buffer of the stream was also an important predictor
in this model. Concentrations decreased with increasing wetland cover within a 60m buffer of

water features.
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The modelled THg, TMeHg, and DOC concentrations for unsampled streams in the study region
(Figure 2.7. a-c) reflected the observed latitudinal trends, where catchments in the southern region

of the Interior Plains generally had higher concentrations than the northern catchments.

In consideration of the rapid and ongoing changes to climate in the Interior Plains, we predicted
concentrations of THg, TMeHg, and DOC under a future climate scenario for catchments in the
northern region of the study area (Table 2.4) Using the same random forest models for average
concentrations, we replaced values of MAT and MAP in our model with predicted future values,
while all other values of the explanatory variables were kept the same. We used the 8-model
ensemble of downscaled future climate data from Mahony et al. (2022) which represents a subset
of the models in the coupled model intercomparison project phase 6 (CMIP6) ScenarioMIP
holdings (Mahony et al. 2022). We investigated future climate change impacts on downstream
concentrations based on the ensemble modelled future MAT and MAP for the years 2041 — 2070
under the CMIP6 scenario based on the shared socio-economic pathway (SSP) 2-4.5, which
represents a “middle of the road” scenario (O’Neill et al. 2017). Predicted concentrations under
the future climate scenario were compared to the predicted stream values under the current climate
(Table 2.4). Concentrations of TMeHg are predicted to have the greatest increase (+ 93% increase

in the mean concentration). Increases of THg (+ 32%) and DOC (+ 45%) are also expected.

Table 2.4. Comparison of predicted concentrations for Northern catchments under current climate
conditions and future climate scenarios. Climate conditions of interest were mean annual temperature and
mean annual precipitation all other catchment characteristics were assumed to be the same under both
scenarios. Climate datasets were accessed from ClimateNA (Wang et al. 2016; Mahony et al. 2022).

Current Climate Future Climate Percent Increase
(MAT & MAP for 1991-2020) (8GCMs ensemble ssp245
2041-2070)

Mean Min Max Mean Min Max Mean Min Max
DOC 18.9 9.7 32.1 27.4 13.0 40.9 45 33 27
TMeHg | 0.18 0.08 0.31 0.36 0.11 0.54 93 37 75
THg 2.1 1.1 34 2.8 1.3 6.3 32 26 89
MAT -3.2 -5.3 -1.4 -1.1 -3.1 0.5 66 41 138
MAP 359 286 439 401 327 484 12 15 10
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a) Dissolved organic carbon

b) Total methylmercury

c) Total mercury
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Figure 2.7. Random forest model predictions of average stream concentrations for unsampled streams in the study region. Figures a) — ¢) show predicted
concentrations of a) DOC, b) TMeHg, ¢) THg. The point values show a subset of measured values which fall onto the streams used for predicting concentrations.
Concentrations were predicted using average measured values from 93 streams and remotely available climate and land cover data. Figures d) — f) show the
variable importance plots. The higher the variable on the y-axis, the more important this variable is for predicting the concentrations of the parameter of interest.
The x-axis shows the increase in mean squared error (MSE) of the model if that variable is removed from the model. Variance explained (Var. expl.) and mean
squared residuals (MSR) are based on predicting out of bag samples.
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2.4 Discussion

Ongoing climate change threatens to alter the Hg cycle in northern catchments, but the influence
on Hg and MeHg concentrations at catchment outlets is not well established. We sampled 93
streams three times in a region with permafrost ranging from isolated sporadic to discontinuous,
throughout the open water seasons of 2021 and 2022. We found a strong climate gradient for
TMeHg and DOC concentrations even while considering landcover and hydrologic influences.
THg was strongly predicted by turbidity and hydrologic conditions and correlated more strongly
with aromatic DOM than bulk DOC concentrations. Here, we further discuss the influence of

permafrost, landcover, and hydrological variables on driving downstream water chemistry.
2.4.1 Hg and MeHg concentrations

Overall, concentrations of Hg and MeHg measured in this study were below water quality
guidelines for aquatic life (CCME, 2003) and were within the range of reported values for streams
and rivers within the Boreal zone of Canada. A few samples of Hg were on the higher range of
those typically found in peatland dominated catchments (St. Louis et al. 1994; Wasiuta et al. 2019;
Fink-Mercier, Lapierre, et al. 2022; Emmerton et al. 2022; Thompson, Khun, et al. 2023;
Thompson, Low, et al. 2023). % MeHg concentrations were also similar to other studies from the
boreal forest region (St. Louis et al. 1994; Emmerton et al. 2022; Thompson, Khun, et al.;
Thompson, Low, et al. 2023). The THg and MeHg sampled in our study was predominantly in the
dissolved fraction, although the proportion of DHg made up less than 50% of THg in some of the
more turbid rivers. Overall, the dominance of the dissolved fraction aligns with low relief
catchments across boreal regions of Canada (Emmerton et al. 2022; Campeau et al. 2022;

Thompson, Khun, et al. 2023; Thompson, Low, et al. 2023).
2.4.2 Hydrologic conditions and MeHg concentrations changed with sampling campaigns.

Environmental conditions were different for each sampling campaign. The highest flows
percentiles were measured in June, and in some of the northern catchments, the June sampling
occurred immediately after the falling limb of the spring freshet. Our PCA findings of general
water chemistry showed that June samples, especially from northern catchments, had generally
lower median water temperatures and were characterized by lower electrical conductivity and low

concentrations of solutes generally associated with groundwater contributions including Mg, and
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Ca. The July sampling represented a period of moderate flow, but southern catchments generally
had higher flows than northern catchments. Samples from southern catchments during June and
July were generally characteristic of contributions from peatland sources, as indicated by the high
concentrations of DOC, iron, and high DOM aromaticity (Bourbonniere, 2009). In northern
catchments, July and August had low flow conditions with similar water chemistry consisting of
high pH and lower concentrations of DOC consistent with lower peatland influence. In the
southern catchments, August low flows had water chemistry indicative of groundwater (high EC,
Mg, Ca) at some sites, although some sites had water chemistry more indicative of peatland

influence.

MeHg concentrations were highest in July 2021, particularly in the southern catchments. MeHg
concentrations in June may have been lower than July due to recent flushing of MeHg from soils
during the snowmelt and/or less production of MeHg in this earlier colder season (Demers et al.
2010; Shanley et al. 2022). MeHg concentrations or production have been shown to peak around
midsummer in some systems (Ramlal et al. 1993; Gerson et al. 2017) and are associated with
higher soil or water temperatures (Sun et al. 2023; Thompson, Low, et al. 2023). The greater
concentrations of MeHg in July may be attributed to an accumulation of MeHg in the soils, which
was then flushed by relatively high flows, particularly in the southern catchments. Low MeHg
concentrations during low August flows, dominated by groundwater in many catchments, may be
related to limited transport of MeHg from organic subsurface flow pathways. MeHg is likely more
supply or production limited than Hg and DOC on the landscape (Wasiuta et al. 2019; Fink-
Mercier, del Giorgio, et al. 2022; Shanley et al. 2022; Thompson, Low, et al. 2023).

Hg and DOC concentrations were more similar between sampling months. However, the highest
measured concentrations of Hg were sampled in June, which also had the highest flow percentiles
and turbidity. Additional sampling within this region of THg and TMeHg with high temporal
frequency, including during the spring freshet, and during the peak flow of summer storms would
be beneficial to further contextualize the broad seasonal trends shown here. For example, in some
catchments DOC or THg are high during snowmelt (Demers et al. 2010; Shanley et al. 2022;
Thompson, Low, et al. 2023) while others are diluted or depleted throughout snowmelt (Oswald
and Branfireun, 2014; Burd et al. 2018) but it is unclear which if any of these processes are

occurring from the limited temporal frequency collected here.

41



2.4.3 MeHg shows strong relationship with bulk DOC, Hg stronger relationship with
aromatic DOM

DOC concentrations within this study correlated strongly with TMeHg and DMeHg and, to a lesser
extent, THg and DHg concentrations. Positive correlations between DOC and both MeHg and Hg
are common across landscapes, particularly those with wetland influence, although the relationship
between DOC and MeHg is generally weaker than that of DOC and Hg (Selvendiran et al. 2008;
Lescord et al. 2018; Lavoie et al. 2019; Fink-Mercier, del Giorgio, et al. 2022; Shanley et al. 2022).
However, the strong relationships between MeHg and DOC found here are consistent with
peatland influenced catchments within our study region (Thompson, Khun, et al. 2023; Thompson,
Low, et al. 2023). Strong relationships persisted between MeHg and DOC for June, July, and
August, however the relationship between THg and DOC was particularly weak in June compared
to July or August. This contrasts with findings from Fink-Mercier, del Giorgio, et al. (2022) who
found stronger relationships of THg and DOC during periods of high flow.

The weaker relationship between THg and DOC concentrations in June could be representative of
several processes including that early in the open water season, the frost table may not have
reached its maximum depth, limiting flow to the upper layer within peatlands (Morison et al. 2017).
Early in the season mobile DOC and THg pools may have also been depleted due to the recent
snowmelt (Oswald and Branfireun, 2014). However, higher flows often result in more channel
erosion and sediment loads (Vercruysse et al. 2017) which may lead to higher loadings of
particulate bound Hg (Dittman et al 2010; Staniszewska et al. 2023) and could result in the

decoupling of DOC and Hg concentrations.

THg and DHg associated preferentially with terrestrial aromatic DOM, based on the PC1 scores
of the DOM composition PCA (Figure 2.4), where higher scores represented more terrestrial
aromatic DOM. Several studies have reported stronger correlations between more coloured or
aromatic DOM and Hg (Bravo et al. 2018; Lavoie et al. 2019; Fink — Mercier, del Giorgio et al.
2022). Aromatic DOM has higher binding affinities and likely contains more binding sites than
non-aromatic DOM (Wang et al. 2022). The strong relationship between aromatic DOC and Hg
has generally been attributed to co-mobilization from similar source areas within the catchments

(Lavoie et al. 2019). It has also been suggested to be a function of the preferential loss of both Hg
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and coloured DOC compared to bulk DOC throughout the water column (Fink-Mercier, del
Giorgio, et al. 2022). In addition, this relationship may be more indicative of hydrologic conditions
influencing aromatic DOM and Hg in the same direction but through both similar and different

processes. This is discussed further in section 2.4.5.

In our study, MeHg did not appear to associate preferentially with DOM of a particular
composition. Although MeHg was positively correlated to aromatic indices such as SUVA, and
A254, the strongest correlation was to bulk DOC concentrations suggesting that these positive
relationships were in part because as DOC increased so did aromatic DOM. MeHg concentrations
have been shown to correlate more strongly with aromatic or humic components of DOM than
bulk DOC (Shanley et al. 2022), including a meta-analysis of the literature (Lavoie et al. 2019),
although MeHg and methylation has also been found to associate more strongly with
autochthonous DOM in some streams and lakes (Bravo et al. 2017; Bravo et al. 2018). In our study
streams, although MeHg correlated very strongly with bulk DOC, it did not appear to associate

preferentially with metrics of DOM of a specific composition.

2.4.4. Stream concentrations of MeHg and DOC relate to permafrost and wetland influence

All of the water chemistry constituents, including Hg, MeHg, and DOC, with the exception of
NOs3-N and Ca had generally higher concentrations in the southern catchments compared to
northern catchments of the study area. Additionally, most landscape characteristics showed overall
trends of higher (MAT; MAP; % wetland; % wetland in 60m stream buffer; area; % disturbed) or
lower values (% forest; % water; mean slope; % Devonian geology) in southern catchments
compared to northern catchments. As such, a number of these variables were correlated. To better
understand the role of the landscape characteristics, we used random forest models to determine
the importance of each landscape characteristic for predicting downstream concentrations of THg,

TMeHg, and DOC.

MAT was the most important landscape variable for predicting concentrations of MeHg and DOC,
followed by indices of wetland influence. A potential mechanism for this trend could be attributed
to warmer long-term air temperatures corresponding to warming soil temperatures, particularly in
the spring and summer (Qian et al. 2011), which may stimulate microbial activity and,

consequently DOC and MeHg production (Dieleman et al. 2016; Paranjape & Hall, 2017; Sun et
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al. 2023). TMeHg and DOC concentrations in peatland influenced catchments, are typically higher
during warmer months or with higher water temperatures (Dittman et al. 2010; Thompson, Low,
et al. 2023). However, the MAT used here represents a 30-year average (1991-2020) (Wang et al.
2016) and as such, we also used it to assess the influence of permafrost extent, as MAT is a primary
driver for permafrost conditions (Chadburn et al. 2017; Biskaborn et al. 2019; Smith et al. 2022).
Concentrations of TMeHg and DOC increased with warmer MAT, especially at a threshold of -
2°C where concentrations increased substantially. At - 2 °C, permafrost extent is estimated to be
quite low (Chadburn et al. 2017) and has previously been identified as an important temperature

threshold for increasing concentrations of DOC in west Siberia (Frey and Smith, 2005).

Limited studies have investigated the influence of permafrost on downstream MeHg
concentrations. St. Pierre et al. (2018) found an extreme increase of MeHg downstream of a large
thaw slump, although this is uncharacteristic of the permafrost disturbances in our study region.
While Staniszewska et al. (2022) and Thompson, Khun, et al. (2023) found little influence of
permafrost extent or thaw on downstream MeHg concentrations. Observations from Thompson,
Khun, et al. (2023) encompassed similar streams to our study, but their work spanned a more
extensive latitudinal gradient and a single sampling period in mid-summer. Here, a clear climatic
trend was observed from our repeated sampling campaign of a more limited geographic region
around the boundary of permafrost. In addition to the effects on microbial methylation (Sun et al.
2023), temperature also affects the distribution and change in permafrost extent (Shur and

Jogenson 2007; Chadburn et al. 2017; Smith et al. 2022).

As permafrost thaws within the Taiga Plains region, elevated permafrost plateaus can collapse into
thawed peatlands (Gordon et al. 2016; Fahnestock et al. 2019; Wright et al. 2022), which are areas
of higher MeHg production (Gordon et al. 2016; Fahnestock et al. 2019; Tarbier et al. 2021;
Thompson, 2023). As thaw can also increase the hydrologic connectivity of a landscape (Connon
et al. 2014), these processes are likely contributing to the elevated downstream MeHg

concentrations found in our study.

Compared to MeHg, there is more extensive research on how permafrost degradation and thaw
influence downstream concentrations of DOC. DOC has been shown to both increase and decrease

with permafrost thaw (Frey and McClelland, 2009; Tank et al. 2012; Tank et al. 2020), dependant
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on a variety of landscape characteristics as well as the type of permafrost disturbance (Frey and
McClelland, 2009; Tank et al. 2020). Decreasing DOC concentrations with permafrost thaw has
been attributed to greater interaction with mineral soil layers to which DOC adsorbs (Petrone et
al. 2006; Frey and McClelland 2009; Pokorovsky et al. 2020). However, our results of higher DOC
concentrations in areas with less permafrost correspond well with studies from peatland-rich areas
in the discontinuous permafrost region (Frey and Smith, 2005; Olefeldt et al. 2014). In our study
region, as discussed above, permafrost thaw is thought to increase the hydrologic connectivity on
the landscape where the collapse of permafrost plateaus may result in more connection of
previously isolated landscapes, including peatlands (Connon et al. 2014), and this increased

connectivity may result in an increase of DOC concentrations downstream (Olefeldt et al. 2014).

pH was the second most important predictor of TMeHg and DOC within the random forest model;
more acidic streams had higher concentrations of TMeHg and DOC. Water from peatland
environments is generally more acidic (Bourbonniere, 2009; Gordon et al. 2016), and within our
study, waters with lower pH associated with higher concentrations of water chemistry
characteristic of peatlands including high DOC (Bourbonniere, 2009). Therefore, this relationship
is likely indicative of the role of peatlands as a source of MeHg and DOC within these catchments,
as is commonly found elsewhere (Olefeldt and Roulet, 2014, Fink-Mercier, Lapierre, et al. 2022;
Thompson, Khun, et al. 2023). It is interesting that pH was a more important predictor than wetland
cover within our models. We attribute this to the fact that pH was a dynamic variable throughout
the three samplings as opposed to wetland cover, which remained constant. Therefore, pH may
have been more representative of actual peatland influence at the time of each sampling as opposed
to wetland cover, which may have included wetlands that were hydrologically disconnected from

the stream network for some or all sampling periods.

Wetland cover appeared as an important predictor variable for DOC, further supported by the
importance of less steep catchments, highlighting lowland areas. The lesser importance of wetland
cover for TMeHg concentrations may have been due to the fact that the wetland map we used to
define wetland cover did not distinguish between different peatland types. Although, plateaus and
thawed peatlands generally have high soil and pore water concentrations of DOC (Olefeldt and
Roulet, 2014; Gordon et al. 2016; Thompson, 2023), plateaus typically have very low

concentrations and production of MeHg compared to thawed peatlands, especially fens (Gordon
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et al. 2016; Fahnestock et al. 2019; Tarbier et al. 2021; Thompson, 2023). The differing influence
of peatland types on MeHg may have limited the identification of wetlands as a more important

predictor of TMeHg concentrations.

Although random forest models for TMeHg and DOC had similar important predictors and
relationships, the statistical model estimated DOC much better than TMeHg. This is likely due to
the complexity of MeHg production and cycling on the landscape or could be reflective of the
additional reliance on DOC for the transport of MeHg downstream limiting the influence of

landscape characteristics without accounting for this transport mechanism.

2.4.5 THg related to turbidity while both THg and aromatic DOM are explained by

hydrologic conditions

The random forest models for THg concentrations and DOM aromaticity appear to be more driven
by hydrologic conditions as opposed to MAT or wetland cover. Turbidity dominated the random
forest model for THg and along with the importance of high flow percentile, indicates the
importance of erosive processes mobilizing particulate or colloidal bound Hg in driving higher
concentrations of THg, likely occurring in the steeper forested areas of the catchments. The
positive relationship between TSS or turbidity with THg in rivers has been shown previously

(Dittman et al. 2010; Ricassi et al. 2011; St. Pierre et al. 2018; Staniszewska et al. 2023).

High THg and aromatic DOM associating with high flow percentiles and lower EC is likely
indicative of the importance of high flow events for the co-mobilization of THg and aromatic
DOM from organic soils. In forested or mixed catchments, which are common within our study
area, higher flows during summer typically represent increased contributions from more organic
subsurface flow pathways of uplands or riparian areas (Laudon et al. 2011; Burd et al. 2018;
Werner et al. 2019). Runoff may also be generated from peatland areas of the catchment (Quinton
et al. 2009; Olefeldt and Roulet, 2014). Both peatlands and riparian organic soils are important
sources of aromatic DOC (Olefeldt, Roulet, et al. 2013; Olefeldt and Roulet, 2014; Ledesma et al.
2018; Werner et al. 2019) and Hg has been suggested to be more mobile within the upper soil
layers (Jiskra et al. 2017). SUVA and THg concentrations sampled here negatively associated with
indicators of groundwater influence such as EC, Mg, and Ca concentrations based on the PCA

analysis, further supporting the role of higher subsurface flow pathways for their delivery

46



downstream. Our findings align with previous studies where THg and aromatic DOC have been
shown to increase with spring or summer high flows in other catchments and are generally
attributed to changing flow paths or hydrologic connectivity within the catchment (Demers et al.

2010; Werner et al. 2019; Thompson, Low, et al. 2023).

The positive relationship of aromatic DOM with steeper slopes, higher flow percentiles, and the
negative relationship with water temperature may additionally point to the importance of high
flows resulting in shorter water residence times for DOM aromaticity. The importance of short
water residence time has been identified as an important consideration for terrestrial or coloured
fractions of DOC (Kothawala et al. 2014; Fink-Mercier, del Giorgio, et al. 2022) as well as Hg
(Richardson et al. 2021; Fink-Mercier, del Giorgio, et al. 2022) in other studies. Shorter water
residence times are likely to limit processing within the system, and as aromatic DOC can be lost
preferentially via photo chemical processes and flocculation (Olefeldt, Turetsky and Blodau, 2013;
Kothawala et al. 2014; Hutchins et al. 2017) shorter water residence times may promote more
persistence of coloured or aromatic DOC throughout the aquatic network (Kothawala et al. 2014;

Fink-Mercier, del Giorgio, et al. 2022).

MAP was the second most important predictor for aromatic DOM and THg concentrations. Long-
term MAP could be related to a variety of landscape and hydrologic processes. The MAP used
here is modelled MAP and elevation was used in the modelling (Wang et al. 2016), meaning that
it is also related to topographic characteristics. Our dataset cannot determine the influence of MAP
at a process level and overall, the importance of MAP in our models is likely due to a general
relationship with various hydrologic processes. Future investigations and models would likely

benefit from a more specific estimate of precipitation.

MAT was also an important predictor for THg, although it appears to influence much less of the
variability than for DOC or TMeHg concentrations. A few studies have investigated the
relationship between THg dynamics in aquatic systems and permafrost thaw and have generally
attributed increasing trends of exports or concentrations to increased thaw resulting in a deeper
active layer (Rydberg et al. 2010; Lim et al. 2019; Mu et al. 2020). This includes a study by Lim
et al. (2019) which investigated 32 rivers in the western Siberia Lowlands, spanning a gradient of

continuous to isolated permafrost and found the highest concentrations of particulate Hg in the
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sporadic zone (Lim et al. 2019), similar to our findings. It is possible that the deepening active
layer may also play a role in the increased mobilization and resulting concentrations within our

study, along with the increased hydrologic connectivity from plateau collapse discussed above.

Unlike the clear climatic pattern of bulk DOC, MAT was not an important predictor for the
aromaticity of DOM. Some studies have suggested that carbon mobilized from permafrost may be
more aliphatic or labile in nature (Mann et al. 2015; Spencer et al. 2015; Fouché et al. 2020; Starr
et al. 2024). However, Gandois et al. (2019) showed contrasting results in permafrost peatlands,
where they showed that DOM aromaticity was higher in bogs with more permafrost DOM
(Gandois et al. 2019). The lack of the detection of a large temperature influence on DOM
aromaticity in our study may be because MAT is likely a better indicator of permafrost extent on
the landscape as opposed to capturing thaw features which are releasing permafrost DOM. In
addition, permafrost DOM being released within our catchments may undergo processing before
it reaches our sampling locations. Several studies have shown that permafrost DOC can be highly
bioavailable and likely quickly taken up by microbes (Mann et al. 2015; Spencer et al. 2015; Vonk
et al. 2015). Gandois et al. (2019) also showed a shift in the proportion of permafrost DOC
throughout the peatland thaw gradient, and they attributed this to dilution by other DOM sources
or processing of DOM. In addition, as the permafrost gradient within our study ranges from
isolated/sporadic to discontinuous permafrost and this may also limit detection of a permafrost
influence. A study investigating biodegradability of DOM as opposed to composition, found the
highest bioavailability was in more continuous permafrost soils, and discussed the possibility of
attributing this to the more limited processing which may occur while in permafrost in the

continuous zone (Vonk et al. 2015).
2.4.6 Highest predicted concentrations in southern catchments

We predicted average summer concentrations of THg, TMeHg, and DOC in unsampled streams
of the region based on our random forest models executed using solely remotely available data.
Within these models, MAT and wetlands remained important variables for TMeHg and DOC.
However, Devonian geology became the second most important variable (after MAT) in the
models for average TMeHg and DOC concentrations. The influence of Devonian geology on

MeHg concentrations remains poorly characterized in the average models. Although DOC

48



concentrations decrease with increasing cover of Devonian geology. The Devonian geology in the
area is likely to be mainly limestone (Ecosystem Classification Group, 2007) and is somewhat
positively correlated to pH and a higher Ca:Ca+Mg, suggesting an influence on water chemistry.
This may in turn influence the solubility or mobility of DOC and potentially MeHg and Hg.
However, it is difficult to say with certainty the process-based influence of Devonian geology
within our model. The model for THg remained similar with MAP now the most important

predictor in the absence of turbidity.

Concentrations of Hg and MeHg in freshwater are of great concern due to the health implications
of MeHg within the food chain (Mergler et al. 2007). However, compared to other water chemistry
analysis the cost of Hg and MeHg analysis is relatively very high. In northern systems the
challenge of sampling is expanded due to limited access roads and extra costs. The importance of
understanding the Hg risk in these systems remains high due to the importance of fish in traditional
diets of many northern communities (Houde et al. 2022). The resulting maps give an indication of
streams and rivers with potentially high THg and TMeHg concentrations. As the accuracy of our
statistical models is moderate, the intent of this map is not to provide fully accurate concentration
data but instead to provide high level information on trends in concentrations of DOC, TMeHg,
and THg to inform future monitoring and research activities. Overall, we found that concentrations
tend to be highest in the Hay River Basin of northern Alberta, an area in which very limited water

chemistry and Hg sampling has taken place.
2.4.7 Expected concentration increase under a warming climate

With ongoing change in Northern environments, concentrations of DOC, THg, and TMeHg are
likely to increase in the future. We used a random forest model updated with future values of MAT
and MAP to estimate expected changes under a future climate change scenario. We expect TMeHg
concentrations to be most sensitive to an increase in MAT and MAP followed by smaller increases
in DOC and THg concentrations. However, it is important to note the uncertainty within our
models and that even with the large, predicted increases, concentrations of TMeHg and THg will
likely remain below guidelines for aquatic health in the near future. The influence of MAT in our
statistical models is likely representative of a number of processes including temperature and

landcover change due to permafrost thaw which may influence downstream concentrations as
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discussed above. However, permafrost thaw often lags behind increases in air temperature and
may even continue to persist depending on the ecosystem in which it is found (Shur & Jorgenson,
2007). Therefore, although we predict future concentrations based on MAT and MAP for the years
2041 — 2070 there may be a lag for the estimated increase in concentrations. Yet, there may be a
small increase within the estimated time frame based on a more immediate impact of the warming
of active layer soils and water, stimulating microbial activity. Although we expect an increase in
downstream concentrations to occur as the coverage of thermokarst peatlands with greater
potential for MeHg production expands with thaw, over a longer term the stability of this increase
is uncertain. Recent work has suggested that the development of peatlands due to thaw may be one
stage in a series of successional stages where peatlands may further develop in the future into re
established forest area without the underlying permafrost (Carpino et al. 2018) and this shift could
further change the Hg dynamics on the landscape. Continued monitoring of Hg dynamics in these
ecosystems is warranted to fully understand the future impacts of the changing climate. Therefore,
our data provides important insights for predicting the influence of ongoing changes and will

provide an important baseline to understand future changes.
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Chapter 3: Conclusions, limitations, and future study directions
3.1 Summary of findings

We sampled 93 streams throughout the Taiga Plains in western Canada and found that TMeHg
and DOC concentrations were best predicted by mean annual temperature and peatland influence
within their catchment, while THg and DOM aromaticity was more related to hydrologic
parameters. TMeHg and DOC concentrations increased with MAT, likely due to increased areas
of high MeHg production and increased potential for downstream transport resulting from
expanding thawed peatland areas on the landscape. The warmer temperatures may have also
stimulated microbial activity and subsequent DOC production and Hg methylation. Both TMeHg
and DOC also increased with lower pH further confirming the role of peatlands as a source of
MeHg and DOC at the catchment scale. Turbidity was the most important predictor for THg
concentrations demonstrating the importance of erosive processes and particulate bound Hg in
driving higher concentrations within these systems. Hydrologic parameters including higher flow
percentiles, MAP, and decreasing electrical conductivity were important predictors for THg
concentrations and DOM aromaticity, likely indicating the importance of inputs from organic flow
paths and (or) low water residence time for the persistence of aromatic DOM in these systems.
Understandably, given the similarity in predictors, MeHg correlated most strongly to bulk DOC,
while THg appeared to associate most strongly with the aromatic fraction of DOM, likely due to
similar mobilization processes. Overall, our findings suggest that ongoing climate change will
result in an increase of TMeHg, THg, and DOC concentrations at the catchment scale and therefore

will likely have implications for the functioning and health of aquatic systems and food webs.
3.2 Limitations and future study directions

Incorporating more detailed landscape and permafrost feature data may have improved the
accuracy of our models. However, a particular challenge of this project was finding spatially
available data with an appropriate level of detail, but which also spanned two provinces and a
territory of Canada, with areas both above and below the 60™ parallel. Peatland types differ in their
efficiency producing MeHg (Gordon et al. 2016; Fahnestock et al. 2019; Tarbier et al. 2021;

Thompson, 2023) and therefore additional consideration of broad peatland types may improve the
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variance explained by models and confirm of some of the processes suggested here such as the

reasons for wetlands as a more important predictor for DOC compared to TMeHg.

Hydrology was found to be an important consideration for THg and aromatic DOM in particular,
which aligns with a number of other studies (Demers et al. 2010; Werner et al. 2019; Thompson,
Low, et al. 2023). However, as flow percentile in our catchment was estimated using a subset of
streams monitored by Environment and Climate Change Canada, the strength of flow in predicting
concentrations may have changed had true flow been measured at each sampling location.
Permafrost thaw is expected to alter the hydrology within the Taiga Plains in a number of ways
(Wright et al. 2022). Although several studies have investigated the influence of flow on
downstream concentrations of DOC, or less commonly Hg, in northern catchments (Gandois et al.
2021; Shrogen et al. 2021; Thompson, Low, et al. 2023), in our study the influence of permafrost
temporal dynamics and role of hydrology in permafrost regions on downstream concentrations of
MeHg, Hg, and DOC may benefit from comparisons of similar catchments across this boundary

and with more consideration of seasonality.

In our study, landscape disturbance, including wildfire and harvesting, was not an important
predictor for THg, MeHg, or DOC concentrations or DOM composition. However, the
disturbances included in our study were limited to disturbances occurring at least a few years
before sampling, likely limiting the ability to detect any effects. However, these results do support
those of other studies which find limited influence of wildfire of downstream Hg or DOC in
northern regions (Burd et al. 2018; Hutchins et al. 2023). Limited studies have investigated the
influence of wildfires on downstream concentrations of MeHg at the catchments scale, yet Ackley
et al. (2021) found elevated concentrations within pore waters of burned wetlands, indicating the

necessity of further evaluating the risk of elevated concentrations downstream.

This study looks at MeHg in peatland areas where it is highly related to DOC concentrations and
may be representative of the influence of permafrost thaw for other regions with similar
landscapes. However, the influence of permafrost thaw on DOC concentrations varies across
regions (Frey and McClelland, 2009; Tank et al. 2020) and therefore we might expect the influence
of permafrost to vary for other water chemistry parameters as well. The relationship between DOC

and MeHg can be variable (Lavoie et al. 2019) making DOC a less reliable proxy for systems
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where the relationship is not established. Therefore, the understanding of how permafrost thaw
may influence downstream MeHg concentrations remains uncertain and understudied in
comparison to Hg and DOC within some systems, highlighting the need for future studies and

long-term monitoring programs to include sampling of MeHg.

Hg in aquatic systems is generally of concern because of the possibility of bioaccumulation and
bio magnification in food webs. Although we expect increasing concentrations of MeHg in water
with ongoing climate warming, it is difficult to predict to what extent this increase will translate
to an increase in fish concentrations. Hg in fish can be reflective of the concentrations of Hg or
MeHg in the surrounding waters (Emmerton et al. 2022), yet a number of biological and
environmental variables may also play a role in the accumulation of Hg within fish, including
additional water chemistry (Moslemi-Aqdam et al. 2022). THg concentrations in fish or other
aquatic biota have been shown to positively relate to concentrations of DOC or nutrients in the
water (Ahonen et al. 2018; Moslemi-Aqdam et al. 2023; Rask et al. 2024). However, DOC or TOC
concentrations have also been shown to decrease the bioaccumulation rates of THg in invertebrates
and fish after a threshold around 5.8 to 8.6 mg L-1 DOC (French et al 2014; Braaten et al. 2018).
DOC concentrations within our streams are higher than these thresholds and are likely to increase
alongside MeHg, which may influence the future trends in fish Hg. Additional studies investigating
Hg concentrations and bioaccumulation in the Hay River catchment may provide important
insights into these relationships and would likely provide an interesting comparison to studies
which have been completed in the northern regions of the study area (Moslemi-Aqdam et al. 2022;

Moslemi-Aqdam et al. 2023).

Overall, this study provides important findings relating to the influence of catchment drivers on
downstream concentrations of TMeHg, THg, and DOC concentrations. The clear climatic gradient
influencing TMeHg and DOC concentrations highlights the risk of elevated future concentrations
with continued warming. This emphasizes the need for continued monitoring of MeHg in aquatic
systems and organisms within northern regions. The data presented here provides an important
dataset, particularly in the understudied Hay River watershed, to which the impact of future

disturbance may be compared.
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Appendix:

Table A.2.1: Table summarizing each stream and river sampling location and the characteristics of their catchments.

Site Number | Missing Lat Long Area MAT | MAP % % % % % Mean %
code of times | sampling (km?) (°C) | (mm) | Wetland | Forest | Water | Wetland | Devonian Slope Disturbed
sampled month in 60m geology | (degrees
buffer )

FS1 3 NA 60.7150 -114.9078 18070 -2.2 372 53 39 6 43 43 0.9 19
FS2 3 NA 60.0472 -112.7712 3344 -1.5 355 36 60 5 50 96 0.3 33
HRI 3 NA 60.7527 -115.8227 51955 -0.9 441 41 57 1 37 3 1.0 10
HR2 3 NA 60.5265 -116.2152 215 2.1 336 63 36 1 46 100 0.2

HR3 3 NA 60.4419 -116.3415 187 -2.1 342 62 33 4 68 100 0.1 0
HR4 3 NA 60.2717 -116.5659 526 -2.4 361 38 58 3 30 32 1.6

HRS 3 NA 60.0186 -116.9504 178 -2.5 375 17 81 1 13 0 2.5 12
HR6 3 NA 59.8591 -117.0375 468 -2.8 391 36 58 6 30 0 1.6 9
HR7 3 NA 59.8363 -117.0393 193 -1.8 376 47 52 0 36 0 0.8

HRS 3 NA 59.6845 -117.1393 115 -2.0 384 40 60 0 23 0 1.0 16
HR9 3 NA 59.5761 -117.1929 2647 -1.6 399 45 54 1 35 0 0.8 24
HR10 3 August 59.4582 -117.2154 20 -1.2 378 66 33 1 63 0 0.3 43

removed

HRI11 3 NA 59.1491 -117.6367 37489 -0.5 463 38 60 1 37 0 1.0

HRX 3 NA 59.4059 -117.2813 296 -1.1 383 51 49 0 46 0 0.3 7
HR16 3 NA 58.5914 -118.1280 36 -0.4 435 30 69 0 64 0 0.4 40
HR17 3 NA 58.6089 -118.2766 278 -0.3 441 43 55 2 71 0 0.3 31
HR18 3 NA 58.5961 -118.3345 10591 -0.2 499 34 64 1 31 0 1.4 4
HR20 3 NA 57.3736 -119.1452 3996 0.1 527 36 62 1 33 0 1.6 5
HR21 3 NA 58.5916 -118.4908 836 -0.5 457 27 72 1 29 0 0.9 10
HR22 3 NA 58.5998 -118.6676 984 -0.6 457 40 58 0 35 0 0.7 8
HR24 3 NA 58.3912 -119.4947 243 -0.7 468 37 59 2 41 0 0.7 10
HR25 2 June 58.3498 -119.5081 1335 -0.7 475 42 57 1 39 0 1.0
HR26 3 NA 58.3506 -119.5807 983 -0.9 490 41 58 0 35 0 1.3
HR28 2 June 58.8132 -118.6176 21189 -0.7 459 41 57 2 41 0 1.0
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HR40 3 NA 58.3999 -119.4149 121 -0.9 470 34 62 39 0.8
HR41 3 June & 58.4582 -119.4365 6 -1.0 470 37 63 0 50 0 0.7 0
August
removed
HR42 3 NA 58.5051 -119.2606 11 -1.2 472 33 66 0 15 0 1.0 2
HR45 3 NA 57.3348 -119.0529 26 -1.0 506 24 73 0 1 0 2.7 2
HR46 2 August 57.3873 -119.4245 5 -0.1 511 80 20 0 100 0 0.6 0
HR47 2 August 57.3593 -119.5906 580 -0.6 536 36 63 0 38 0 1.5 0
HR48 2 August 57.3812 -119.2812 46 -0.2 512 35 64 0 54 0 1.2 0
HR50 3 NA 59.0897 -117.6939 83 -0.9 396 45 55 0 63 0 0.3 3
HRS51 3 NA 59.0328 -117.7117 1503 -0.8 403 32 67 1 31 0 0.7 14
HR62 1 June & 58.9449 -118.9921 743 -1.6 437 59 39 2 65 0 0.6 29
Jul
HR66 1 July}:& 58.5926 -119.5847 19 -0.7 460 7 93 0 6 0 1.4 0
August
HR67 2 July 58.5955 -119.7221 59 -0.6 460 20 79 0 8 0 0.8
HR68 2 June 58.6126 -119.8869 435 -0.3 462 31 68 0 37 0 0.9 0
HR69 2 August 58.6312 -119.9967 92 -0.2 458 54 46 0 55 0 1.0
HR72 2 July 59.1337 -118.3213 187 -1.3 415 40 56 1 52 0 0.8 48
HR73 1 June & 59.0716 -118.7192 87 -1.2 424 25 74 0 24 0 0.8 8
Jul
HR75 2 Julifl 58.5983 -118.1757 33 -0.4 436 30 69 0 59 0 0.5 35
HR76 2 July 58.45006 -119.2002 87 -0.6 462 66 31 1 89 0 0.3
HR77 2 July 58.2705 -119.3980 824 -0.7 476 38 61 1 41 0 1.1
HR80 1 July & 58.5980 -119.8362 25 -0.4 457 18 82 0 30 0 0.8 0
August
HR8&2 2 July 59.1141 -118.5871 185 -1.3 422 30 68 0 29 0 0.9 12
HR83 2 July 58.8095 -117.4177 124 -0.8 401 46 53 55 0 0.3 10
MACI1 3 NA 60.6339 -116.3494 13 2.2 332 35 33 32 48 100 0.6
MAC2 3 NA 60.7782 -116.5772 204 2.3 323 46 54 0 71 100 0.3
MAC3 3 NA 60.9847 -117.2447 15844 2.4 361 47 44 8 38 33 0.9 12
MAC4 3 NA 61.0595 -118.4305 63 2.5 327 42 55 3 47 100 0.5
MACS 3 NA 61.0912 -118.7199 529 23 334 59 36 3 73 100 0.4
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MAC6 2 August 61.1221 -118.9529 14 2.1 326 77 22 0 89 100 0.3 4
MAC7 3 NA 61.1441 -119.2338 32 -2.0 334 92 7 1 92 100 0.2

MACS 3 NA 61.1520 -119.3422 1852 -2.4 366 63 34 3 51 37 0.5 7
MAC9 3 NA 61.1448 -119.8460 9063 -2.8 405 45 46 8 42 4 0.8 10
MACI0 3 NA 61.1554 -119.8957 9 -1.9 356 21 77 0 15 100 0.5 89
MACI2 3 NA 61.2241 -120.3801 29 -2.2 371 66 23 6 60 100 0.3 14
MACI3 3 NA 61.2916 -120.6215 31 -2.4 376 31 60 4 35 100 0.6 0
MACI14 3 NA 61.3236 -120.6747 134 -2.2 368 17 78 3 19 100 1.1 15
MACIS 3 NA 61.4449 -121.2378 1263 -2.5 389 33 64 2 26 71 0.8

LIA1 3 NA 61.4159 -121.4552 130 -2.3 391 41 54 2 52 100 0.4

LIA2 3 NA 61.3413 -121.7968 1652 -2.6 401 33 62 4 26 51 0.9

LIA3 3 NA 61.3323 -122.0957 551 -2.4 406 31 67 1 23 86 1.1 0
LIA4 3 NA 61.0599 -122.8953 1409 -2.6 415 22 76 1 15 44 1.2 10
LIAS 3 NA 61.0558 -122.8977 384 -2.3 421 9 90 0 7 2 1.9 0
LIA6 3 NA 61.0071 -122.9758 135 -2.4 424 25 75 0 15 0 1.2 0
LIA7 3 NA 60.8456 -123.2097 1142 -2.0 432 14 86 0 11 0 1.3 0
LIAS 2 June 60.7328 -123.3062 2 -1.4 431 59 33 7 48 0 0.2 0
LIA9 3 NA 60.4625 -123.3688 107 -1.4 439 14 83 2 25 0 0.9 0
LIA10 3 NA 60.4213 -123.3489 27 -1.3 440 21 73 6 47 0 0.7 0
LIA11 3 NA 60.3042 -123.3171 6206 -2.3 432 30 67 1 27 0 1.2 2
LIA12 3 NA 60.6431 -123.5001 2 -1.5 449 23 77 0 3 0 1.9 0
LIA13 3 NA 59.9810 -122.9226 21351 -1.8 441 56 38 5 53 0 1.2 17
WRI1 3 NA 61.7805 -121.3019 2 -2.5 376 19 75 0 13 100 0.5 0
WRI2 3 NA 61.8935 -121.6132 2073 -2.8 390 26 71 2 22 71 1.3 2
WRI3 3 NA 61.9559 -121.7923 44 -2.6 374 20 80 0 100 0.8 0
WRI4 3 NA 61.9922 -121.9279 111 -2.9 378 6 92 1 4 68 1.5 1
WRIS 3 NA 62.0625 -122.2060 231 -3.3 383 15 83 0 10 70 1.6 0
WRI6 3 NA 62.1199 -122.5212 7 -2.8 370 0 98 0 1 100 1.7 10
WRI7 3 NA 62.1623 -122.5352 88 -3.0 366 89 2 14 100 1.1 0
WRIS8 3 NA 62.2580 -122.5854 56 -3.6 365 32 63 1 57 64 1.1

WRI9 3 NA 62.3222 -122.7168 56 -3.6 364 28 67 1 41 57 1.0
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WRI10 3 NA 62.4599 -123.0114 69 -3.8 361 6 93 0 42 2.1
WRI11 3 NA 62.6731 -123.0785 42 -3.6 351 12 85 0 7 70 2.0
WRII12 3 NA 62.7107 -123.0858 21060 -4.0 326 33 48 6 41 60 1.0 39
WRII13 3 NA 62.8696 -123.1575 12 -3.8 338 87 8 10 100 4.8 0
WRI14 3 NA 62.9420 -123.1994 3414 -4.5 327 69 8 15 13 2.4 25
WRIIS 2 August, 63.0446 -123.1959 7 -4.0 328 100 0 0 100 6.0 0
June
removed
WRI16 3 NA 63.0905 -123.2331 83 -4.6 330 1 93 2 5 100 7.8 8
WRI17 3 NA 63.1126 -123.2488 6 -3.9 322 16 81 1 40 100 1.2 0
WRI18 3 NA 63.1431 -123.2587 13 -3.9 321 20 74 4 41 100 1.4 1
WRI20 3 NA 63.1740 -123.3377 151 -4.7 324 4 86 1 100 7.8 0
WRI21 3 NA 63.2337 -123.4828 317 -5.3 326 3 81 1 7 86 9.8 0
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Table A.2.2: Results from running cross validations to compare the results from having independent test
data with results from our final model using all data (green). For each model run we removed 20% of the
data prior to analysis (Groups “A”, “B”, “C”, “D”, “E”) and then tested the model against the excluded
data (Column 4 & 5). Columns 3 and 4 represent the values calculated within the model run. The
comparison we were most interested in are the values in red which represent our final model results
compared to the average values from testing cross validation models on the excluded subset of data.

a) TMeHg
1. Data Included / 2. Variance 3. Mean squared 4. Variance 5. MSE (RMSE)
Excluded Explained (OOB residuals (OOB explained of subset | evaluated on subset
values) values) of data excluded of data excluded.
No Group “A” 45.56 0.038 16.48 0.076, (0.276)
No Group “B” 21.76 0.052 44.66 0.055, (0.235)
No Group “C” 28.60 0.051 40.01 0.046, (0.215)
No Group “D” 32.76 0.050 37.04 0.041, (0.202)
No Group “E” 28.11 0.057 51.30 0.022, (0.149)
Avg. of groups 31.36 0.050 37.90 0.048, (0.215)
No excluded data 34.27 0.048 NA NA
b) DOC
Data Excluded Variance Explained Mean squared Variance explained MSE (RMSE)
from model (OOB values) residuals (OOB of subset of data evaluated on subset
values) excluded of data excluded.
No Group “A” 76.73 31.68 70.58 34.11, (5.84)
No Group “B” 76.23 32.59 71.82 30.76, (5.55)
No Group “C” 75.09 33.12 77.09 32.14, (5.67)
No Group “D” 73.86 31.79 77.05 46.04, (6.79)
No Group “E” 71.03 37.77 88.17 19.15, (4.38)
Avg. of groups 74.59 33.39 76.94 32.44, (5.64)
No excluded data 76.68 30.72 NA NA
¢) THg
Data Excluded Variance Explained Mean squared Variance explained MSE (RMSE)
from model (OOB values) residuals (OOB of subset of data evaluated on subset
values) excluded of data excluded.
No Group “A” 65.84 2.25 83.82 2.41, (1.55)
No Group “B” 74.51 2.18 62.19 1.30, (1.14)
No Group “C” 72.53 2.38 69.03 0.56, (0.74)
No Group “D” 63.82 1.82 86.04 5.15, (2.27)
No Group “E” 69.62 2.37 79.06 1.28, (1.13)
Avg. of groups 69.26 2.20 76.03 2.14, (1.37)
No excluded data 72.61 2.02 NA NA
d) DOM aromaticity
Data Excluded Variance Explained Mean squared Variance explained MSE (RMSE)
from model (OOB values) residuals (OOB of subset of data evaluated on subset
values) excluded of data excluded.
No Group “A” 68.24 2.47 75.69 1.94, (1.39)
No Group “B” 70.01 242 78.27 1.40, (1.18)
No Group “C” 73.28 2.03 70.91 2.64, (1.62)
No Group “D” 70.06 2.22 71.57 2.79, (1.67)
No Group “E” 68.36 231 82.23 2.24, (1.50)
Avg. of groups 69.99 2.29 75.73 2.20, (1.47)
No excluded data 72.51 2.10 NA NA
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Table A.2.3. Results from running cross validations to compare the results from having independent test
data with results from our final average model using all data (green). For each model run we removed
20% of the data prior to analysis (Groups “A”, “B”, “C”, “D”, “E”) and then tested the model against the
excluded data (Column 4 & 5). Columns 3 and 4 represent the values calculated within the model run.
The comparison we were most interested in are the values in red which represent our final model results
compared to the average values from testing cross validation models on the excluded subset of data.

a) Average TMeHg

Data Included / Variance Mean squared Variance explained MSE (RMSE)
Excluded Explained (OOB residuals (OOB of subset of data evaluated on subset
values) values) excluded of data excluded.
No Group “A” 39.54 0.025 61.13 0.015, (0.122)
No Group “B” 42.56 0.019 46.16 0.041, (0.201)
No Group “C” 40.47 0.026 42.75 0.014, (0.119)
No Group “D” 37.55 0.025 62.54 0.019, (0.137)
No Group “E” 45.29 0.023 32.26 0.020, (0.141)
Avg of groups 41.082 0.024 48.97 0.022, (0.144)
No excluded data 44.77 0.022 NA NA
b) Average TH
Data Included / Variance Mean squared Variance explained MSE (RMSE)
Excluded Explained (OOB residuals (OOB of subset of data evaluated on subset
values) values) excluded of data excluded.
No Group “A” 32.80 2.16 50.16 3.28, (1.81)
No Group “B” 38.18 2.65 45.93 1.20, (1.10)
No Group “C” 44.73 1.93 36.78 3.20,(1.79)
No Group “D” 33.80 2.56 5191 2.19, (1.48)
No Group “E” 39.65 2.59 51.30 0.85, (0.92)
Avg of groups 37.83 2.38 47.22 2.15,(1.42)
No excluded data 40.77 2.27 NA NA
¢) Average DOC
Data Included / Variance Mean squared Variance explained MSE (RMSE)
Excluded Explained (OOB residuals (OOB of subset of data evaluated on subset
values) values) excluded of data excluded.
No Group “A” 67.96 35.77 53.59 72.79, (8.53)
No Group “B” 62.31 45.01 76.57 32.55,(5.71)
No Group “C” 66.66 44.65 38.34 50.94, (7.14)
No Group “D” 57.30 52.85 81.92 24.75, (4.97)
No Group “E” 62.88 43.76 60.27 58.20, (7.63)
Average of
excluded groups 63.42 44.41 62.14 47.85, (6.80)
No excluded data 65.48 41.99 NA NA
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Comparison of models including turbidity and final models without
Turbidity included

a) Methylmercury

Mean annual temp.
pH

Flow percentile
Mean annual precip.
% Devonian
Electrical cond.
Water temp.

% Water

Area (log)

% Wetland

Slope (log)

% Disturbed
Turbidity

% Wetland 60m buffer

Mean annual temp.
pH

Mean annual precip.
% Devonian

Flow percentile
Slope (log)

% Water

Water temp.

% Wetland

% Disturbed

% Wetland 60m buffer
Area (log)

Electrical cond.

Q

- @
—
—e
——0
—0
—0
—0
—0

Var. expl:28.70
MSR: 0.040

—0
—0
—0
_O
-0

o

5 10 15
%IncMSE

®

L)

C Var. expl: 34.27
—0 MSR: 0.048

0 5 10 15 20
%IncMSE

b) Dissolved organic carbon

Mean annual temp.
pH

% Wetland 60m buffer
% Devonian

Slope (log)

Mean annual precip.
% Wetland

Area (log)

Electrical cond.

% Water

% Disturbed

Flow percentile
Turbidity

Water temp.

No turbidity included

Mean annual temp.
pH

% Devonian

Slope (log)

% Wetland 60m buffer
% Wetland

Mean annual precip.
Area (log)

% Disturbed

% Water

Flow percentile
Electrical cond.
Water temp.

Var. expl: 75.86

MSR: 29.31

0

10

20
%IncMSE

30

—0

—0

Var. expl: 76.68
MSR: 30.72

0

10

20
%IncMSE

30

¢) DOM aromaticity

pH

Electrical cond.
Water temp.

Mean annual precip.
Flow percentile
Slope (log)

Turbidity

% Devonian

Mean annual temp.
% Water

Area (log)

% Wetland

% Disturbed

% Wetland 60m buffer

Electrical cond

pH

Mean annual precip.
Water temp

Flow percentile
Slope (log)

% Wetland 60m bufter
Area (log)

% Water

Mean annual femp.
% Wetland

% Devonian

% Disturbed

Var. expl: 64.35
MSR: 2.84

10 20
%IncMSE

—0
—0

MSR: 2.10

Var. expl: 72.51

0 10 30

20
%IncMSE

40

Figure A.2.1. Comparison between random forest model variable importance figures for models which
included turbidity (June and August 2022 data) and which excluded turbidity (July 2021, June 2022,
August 2022 data) for a) TMeHg, b) DOC, ¢) DOM aromaticity. The higher the variable on the y-axis the
more important this variable is for predicting the concentrations of the parameter of interest. The x-axis
shows the increase in mean squared error (MSE) of the model if that variable is removed from the model.
Variance explained (Var. expl) and mean squared residuals (MSR) are based on predicting out of bag
(OOB) samples. As turbidity was not a top predictor and model variance explained improved without it,
turbidity was not used in final models.
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Figure A.2.2. Comparison between random forest model variable importance figures for models which
included all catchment (a-d) and for models which excluded catchments which had other catchments
nested within (e-h). The higher the variable on the y-axis the more important this variable is for predicting
the concentrations of the parameter of interest. The x-axis shows the increase in mean squared error
(MSE) of the model if that variable is removed from the model. The variance explained and mean squared
residuals are based on predicting out of bag (OOB) samples.
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Figure A.2.3. Hydrographs of a subset of rivers that are monitored by Environment and Climate Change
Canada from which we access flow data (ECCC, 2022). Black arrows represent the point on the
hydrograph that was sampled for each of our sampling months. 2021 flow is represented in light blue and
2022 is represented in dark blue. An average of flow over the ten years before sampling is also included
(grey) for comparison.
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Figure A.2.4. Spearman correlations for water chemistry relationships.
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Figure A.2.5. PCA analysis for DOM composition using max fluorescence absolute values and peaks.
Peak values were logged prior to the analysis.
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Figure A.2.6. Relationship between concentrations of DOC and a) unfiltered MeHg, b) unfiltered Hg, c)
filtered MeHg, d) filtered Hg. Relationships were investigated for different groups of data including all
data (grey/black), half of the data with the lowest PC2 scores (light green), half of the data with the
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Figure A.2.7. Random Forest model variable importance plots for concentrations of a) TMeHg, b) DOC,
c) THg, d) DOM aromaticity. The y-axis shows variable importance for predicting the concentrations of
the parameter of interest. The x-axis shows the increase in mean squared error (MSE) of the model if that
variable is removed from the model. Variance explained and mean squared residuals are based on predicting
out of bag (OOB) samples. Partial dependency plots which show the marginal effect for each predictor
variable are also shown. Rug lines show data min/max and deciles.
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Figure A.2.8. Random Forest model variable importance figures for concentrations of a) DMeHg, b) DHg.
The y-axis shows variable importance for predicting the concentrations of the parameter of interest. The x-
axis shows the increase in mean squared error (MSE) of the model if that variable is removed from the
model. The variance explained and mean squared residuals are based on predicting out of bag (OOB)
samples. Partial dependency plots which show the marginal effect for each predictor variable are also
shown. Rug lines at the bottom show data min/max and deciles.
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b) Random forest model for average DOC concentrations: All partial dependancy plots
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¢) Random forest model for average THg concentrations: All partial dependancy plots
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Figure A.2.9. Random Forest model variable importance figures for average concentrations of a) TMeHg,
b) DOC, c¢) THg. The y-axis shows variable importance for predicting the concentrations of the parameter
of interest. The x-axis shows the increase in mean squared error (MSE) of the model if that variable is
removed from the model. The variance explained and mean squared residuals are based on predicting out
of bag (OOB) samples. Partial dependency plots which show the marginal effect for each predictor variable
are also shown. Rug lines at the bottom show data min/max and deciles.
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