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ABSTRACT 

 This research uses a paleolimnological approach to address gaps in our understanding of 

lakes as potential sinks for carbon and mercury released from thawing discontinuous permafrost 

peatlands. Sediment cores were collected from 14 small lakes in the southern Northwest 

Territories, and core chronologies and sediment accumulation rates established using 210Pb 

radioisotopes. Most lakes exhibited increases in mercury concentrations independent of organic 

carbon. Atomic C/N ratios indicated that the proportion of organic carbon from algal sources has 

also increased. The low sediment focussing factor (< 1.0) observed in the majority of the lakes 

suggests that small, hydrologically connected shallow lakes act as flow-through systems, which 

may promote the downstream transport of sediment (and associated carbon and mercury) through 

sub-arctic watersheds draining thawing permafrost peatlands, rather than acting primarily as 

carbon and mercury sinks. 
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1.0 INTRODUCTION 

1.1 Background 

 Permafrost, defined as ground that remains frozen for two or more consecutive years, is 

thawing rapidly across the circumpolar North. The circumpolar North has warmed at rates of up 

to 3-4 times greater than the global average (Rantanen et al., 2022), which has led to the 

acceleration of permafrost thaw. In regions with excess ground ice, permafrost thaw takes the form 

of thermokarst, where melting ground ice causes the ground surface above to collapse (Olefeldt et 

al., 2016; Kokelj and Jorgensen, 2013). In discontinuous permafrost peatlands, wetland 

thermokarst is often the dominant form of thermokarst (Olefeldt et al. 2016).  Wetland thermokarst 

involves peatland collapse, with the conversion of forested peat plateaus into treeless wetlands 

through the development of thermokarst bogs and fens (Figure 1.1).  

 

Figure 1.1: Wetland thermokarst involves land subsidence followed by conversion of forested peat 

plateaus into wetlands. Image shows drunken (drowned) trees near the Scotty Creek Research Station 

(Dehcho region, NWT), which is a visual indication that wetland thermokarst is occurring on the 

landscape. Photo taken in 2018 by Joshua Thienpont (York University). 
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 Permafrost contains globally significant stores of carbon and mercury that can be 

remobilized by permafrost thaw (Selin, 2009; Schuur et al., 2015; Schuster et al., 2018; Turetsky 

et al., 2020; Chételat et al., 2022). This can happen through the release of mercury and carbon that 

had been locked in permafrost for thousands of years (Vonk et al., 2015, Schuster et al., 2018, 

Schuur et al., 2015; Chételat et al., 2022), and as a result of enhanced hydrological connectivity of 

watersheds following permafrost thaw (Beilman and Robinson, 2003; Quinton et al., 2009; 

Quinton et al., 2011; Connon et al., 2014). In subarctic Canada, permafrost peatland degradation 

has significantly increased the hydrological connectivity of watersheds, resulting in higher stream 

flow and altered biogeochemical fluxes from land to water (Connon et al., 2014; Chasmer and 

Hopkinson, 2017; Olefeldt et al., 2021). 

 It has been predicted that there will be an increase in the export of dissolved organic carbon 

and mercury to downstream waterbodies as the hydrological connectivity of the watershed 

increases, altering water quality and aquatic biogeochemical processes (Coleman et al., 2015; 

Wauthy et al., 2018). Small lakes are abundant across boreal peatlands and are known hotspots of 

biogeochemical cycling (Landers et al., 1998; Heathcote et al., 2015). Biogeochemical processes 

in small lakes are also highly responsive to climate change (Lattaud et al., 2021). Lake sediments 

serve as potential sinks for carbon and mercury released from thawing permafrost, contributing to 

global carbon sequestration, and providing a storage mechanism for inorganic mercury 

(Guillemette et al., 2017; Stopford and Goldwater, 1975; Selin, 2009; Gopikrishna et al., 2020). 

Interest in the potential role of lakes in the burial of organic carbon and mercury at a global scale 

has increased significantly over the past century (Anderson et al., 2013; Chmiel et al., 2015; 

Heathcote et al., 2015; Gordon et al., 2016); however, knowledge on the role lake sediments play 

in controlling the fate of carbon and mercury released from thawing permafrost peatlands is still 



3 
 

limited, and there remains high uncertainty when predicting aquatic carbon response to permafrost 

thaw (Walvoord and Striegl, 2021).  

 Lake sediment cores can be used to examine how ecosystems have changed over time (the 

field of paleolimnology), including quantifying carbon and mercury burial rates over time 

(Engstrom, 1984; Brännvall et al., 1997; Hermanns and Biester, 2013). Paleolimnology 

reconstructs environmental change over centuries to millennia using physical, chemical, and 

biological proxy data stored in lake sediment cores. Paleolimnology has made, and continues to 

make, significant contributions to our understanding of thermokarst landscapes and their responses 

to climate change (Bouchard et al., 2016; Anderson et al., 2019; Korosi et al., 2022).   

1.2 Study Rationale   

 Global estimates of the carbon cycle have barely considered spatiotemporal variation in 

lake carbon burial, while knowledge on the organic carbon storage capacity of lakes in thermokarst 

regions, and the mechanisms supporting sedimentation and carbon burial, is limited (Turetsky et 

al., 2020; Manasypov et al., 2022). There is also limited knowledge on the impacts of thermokarst 

processes on mercury cycling, especially in permafrost peatlands where soil mercury 

concentrations are high and saturated conditions in thawing peatlands may favor methylation 

(Selin, 2009; Chételat et al., 2022). A recent study provided evidence that shallow lakes in 

permafrost peatlands may be critical sinks for methylmercury, reducing transport of 

methylmercury to the drainage outlets (Thompson et al., 2023). This, combined with evidence that 

climate change and permafrost thaw may lead to increased dissolved organic carbon transport to 

lakes in thermokarst regions, highlighted the importance of understanding the fate of carbon and 

mercury transported to shallow lakes in permafrost peatlands. My MSc research addresses this 
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knowledge gap by quantifying carbon and mercury burial in sediment cores from 14 shallow lakes 

within or near the Scotty Creek Research Station in the Dehcho region of the Northwest Territories. 

The Scotty Creek Research Station is an internationally recognized field site for long-term 

ecohydrological and biogeochemical research, and has undergone extensive permafrost thaw-

induced land cover changes since the 1970's (Quinton et al., 2019). 

1.3 Research Objectives and Questions 

My MSc research objectives are to:  

1) Quantify the flux rates of carbon and mercury to lake sediments over the post-industrial 

period (since ~1850) in rapidly thawing discontinuous permafrost peatlands in 14 lakes 

at or near the Scotty Creek Research Station.  

2) Document spatiotemporal patterns in the burial of total mercury and organic carbon, as 

well as carbon sources, as assessed by the elemental ratio of organic carbon to nitrogen.  

3) Qualitatively assess temporal associations between mercury and organic carbon burial 

and lake physical characteristics or hydrological connectivity.  

The objectives listed above will help me to answer the following questions: 

1) Is there an association between organic carbon, mercury, and C:N, or do they change 

independently of one another? 

2) How have carbon and mercury concentrations and flux rates changed over time? 

3) Is there a relationship between the prevalence of thermokarst bogs and fens on lake 

shorelines (an indicator of hydrological connectivity) and carbon and mercury burial in 

lake sediments?  
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2.0 LITERATURE REVIEW 

2.1 Overview  

 Lakes occupy ~2% of the Earth's surface (Lattaud et al., 2021) and receive matter and 

energy from both the surrounding watershed and the atmosphere (Tranvik et al., 2018). Shallow 

lakes are hotspots of biogeochemical cycling (Landers et al., 1998; Heathcote et al., 2015) and are 

highly sensitive to the ecological and hydrological impacts of climate change (Meerhoff et al., 

2007; Williamson et al., 2009; Lattaud et al., 2021). Awareness of the need to better integrate lakes 

and other inland waters into global models for the biogeochemical cycling of carbon has been 

growing, as lakes are active sites for the transport, transformation, storage, and burial of terrestrial 

carbon (Cole et al., 2007; Tranvik et al., 2009; Tranvik et al., 2018). Lakes also influence the global 

cycling of mercury (Selin, 2009; Chételat et al., 2022), a pollutant of global concern in Arctic and 

subarctic lakes and rivers (Lockhart et al., 2005). 

 Arctic temperatures warmed 3-4 times faster than the global average between 1971 and 

2021 (AMAP, 2021; Rantanen et al., 2022), with further increases in temperature up to 4-7ºC 

predicted over the 21st century (Post et al., 2019). Warming temperatures are accelerating glacial 

melt, coastal erosion, and permafrost thaw (Jorgenson et al., 2010; Quinton et al., 2011; Turetsky 

et al., 2020). Thaw-induced landscape changes in the Arctic and subarctic will alter mercury and 

carbon biogeochemical cycling in the environment through multiple pathways (Schuur et al., 2015; 

Schuster et al., 2018; Turetsky et al., 2020; Chételat et al., 2022). Of particular concern is the 

potential for permafrost thaw to lead to remobilization of carbon and mercury previously frozen 

in the permafrost over thousands of years (Vonk et al., 2015; Obrist et al., 2017). 
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2.2 Permafrost Thaw 

 Permafrost refers to soil or other ground that remains frozen for two or more consecutive 

years. Approximately 25% of the landmass of the Northern Hemisphere is underlain with 

permafrost (Zhang et al., 1999). Permafrost landscapes are classified based on the extent of the 

land that is underlain by permafrost. The continuous permafrost zone has 90-100% of the land 

underlain by permafrost; the extensive discontinuous permafrost zone has 50-90% permafrost 

coverage; the sporadic discontinuous permafrost has 10-50% permafrost coverage; and isolated 

permafrost has <10% permafrost coverage (Brown et al., 1997). Rapid loss of permafrost has been 

observed in recent decades across the circumpolar North in response to anthropogenic climate 

change (Olefeldt et al., 2016; Biskaborn et al., 2019; Smith et al., 2022).  Factors such as 

permafrost extent, topography and ground ice content influence how permafrost thaw manifests, 

as well as the hydrological and biogeochemical responsiveness of the watershed to thaw (O’Neill 

et al., 2019; Vonk et al., 2019; Tank et al., 2020).  

 Ground ice content within the permafrost acts as the primary determinant of whether 

permafrost thaw occurs gradually or abruptly (Kokelj and Jorgensen, 2013).  In areas of ice-rich 

permafrost, an abrupt form of permafrost thaw called thermokarst occurs, where melting ground 

ice causes the ground surface to collapse (Kokelj and Jorgensen, 2013). There are three main types 

of thermokarst, categorized based on where and how they form (Kokelj and Jorgensen, 2013). 

Hillslope thermokarst landforms occur due to a combination of land subsidence followed by lateral 

soil transport. Lake thermokarst describes the processes of thermokarst lake basin development 

mediated by the melting of ground ice, including lake formation, expansion, and eventual drainage 

(Kokelj and Jorgenson, 2013; Grosse et al., 2013; Bouchard et al., 2016). Wetland thermokarst is 
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characterized by the conversion of boreal forest or tundra dry shrub into thermokarst bogs and fens 

(Jorgenson et al., 2008; Kokelj and Jorgenson, 2013, Olefeldt et al., 2016). The extent of ground 

ice content exhibits spatial heterogeneity across the circumpolar North (Zhang et al., 1999; O’Neill 

et al., 2019).  

 Discontinuous permafrost peatlands at the southern limit of permafrost are particularly 

susceptible to permafrost thaw due to the relatively shallow depth (<10m) of permafrost in this 

region (Quinton et al., 2009), as well as the spatial fragmentation of the peatlands that exposes 

them to lateral heat transfer from non-permafrost bodies and heat conduction from the ground 

surface, requiring less energy to thaw at freezing temperature (Quinton et al., 2009; Chasmer et 

al., 2011; Kurylyk et al., 2016; Devoie et al., 2019). Rapid climate warming and accelerated 

permafrost thaw are projected to lead to the further disappearance of permafrost in most parts of 

the southern discontinuous permafrost zone over the next 50 years (Delisle, 2007; Schaefer et al., 

2011; Schuster et al., 2011; Lawrence et al., 2012). Permafrost thaw in southern discontinuous 

permafrost peatlands mainly occurs in the form of wetland thermokarst (Jorgenson et al., 2008; 

Quinton et al., 2011; Quinton et al., 2019). 

2.2.1 Permafrost thaw in southern discontinuous permafrost peatlands 

 Peatlands cover 19% of the northern circumpolar permafrost zones (Tarnocai et al., 2009; 

Jones et al., 2010). At the southern limit of permafrost, permafrost is restricted to peat plateaus 

and palsas because of the thermal properties of peat (Brown, 1970; Burn and Smith, 1988; 

Heginbottom et al., 1995). Peat plateaus and palsas are mounds that are raised 1-2 m above the 

ground due to the presence of ground ice (Zoltai, 1993; 1975; 2011). Peat plateaus cover between 

30 and 70% of peatlands within the discontinuous permafrost zone (Kremenetski et al., 2003; 
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Baltzer et al., 2014; Gibson et al., 2018). Palsas, also known as frost mounds or large hill-bogs, 

are small circular to elongated mounds that have many similarities with peat plateaus but are 

smaller in lateral extents and often occupy a smaller fraction of larger peatlands (Olefeldt et al., 

2021). Because of this, they are less likely than peat plateaus to have a large influence on overall 

peatland surface hydrology and runoff patterns (Olefeldt et al., 2021).  

 Southern permafrost peatlands are characterised by a mosaic of permafrost peat plateaus 

and palsas, as well as permafrost-free thermokarst bogs, fens, lakes, and ponds. (Connon et al., 

2014; Olefeldt et al., 2016). In North America, black spruce (Picea mariana) is the most common 

type of woody vegetation found on peat plateaus and palsas (Quinton et al., 2011), which is able 

to grow as a result of the relatively drier soils compared to the surrounding wetland landscape. 

Thermokarst flat bogs are circular depressions formed by the thawing and settlement of ice-rich 

soils (Jorgenson et al., 2008; Sannel and Kuhry, 2008). Channel fens are long, linear depressions 

that occur on flat to gently sloping terrain where discharge of groundwater to surface springs 

causes the rapid collapse of ice-rich lowland deposits (Jorgenson et al., 2008). Drunken forests are 

an indicator of recent wetland thermokarst occurrence (Osterkamp et al., 2000; Finger et al., 2016; 

Korosi et al., 2022). 

 Permafrost peat plateaus, channel fens, and thermokarst bogs have specific hydrological 

functions that collectively influence how water and chemical constituents move across the 

discontinuous permafrost peatland landscape. Thermokarst bogs store water until it evaporates or 

percolates into the groundwater; channel fens convey water to the drainage outlet; and permafrost 

peat plateaus act as run-off generators (Quinton et al., 2009). Degradation of permafrost peatlands 

has significantly increased the hydrological connectivity of watersheds in the discontinuous 
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permafrost zone, resulting in higher stream flows and altered biogeochemical fluxes from land to 

water (Connon et al., 2014; Chasmer and Hopkinson, 2017; Olefeldt et al., 2021). 

2.3 Implications of Permafrost Thaw for Water Quality 

Permafrost thaw has significant implications for surface water quality through associated 

changes in water storage and movement across the landscape (Vonk et al., 2015; Olefeldt et al., 

2021). In particular, permafrost contains globally significant stores of carbon and mercury that are 

being rapidly mobilized as a result of permafrost thaw (Selin, 2009; Schuur et al., 2015; Schuster 

et al., 2018; Turetsky et al., 2020; Chételat et al., 2022). This can happen through the release of 

previously frozen mercury and carbon and through enhanced hydrological connectivity of 

watersheds caused by thaw (Rydberg et al., 2010; Olefeldt and Roulet, 2012; Coleman et al., 2015; 

Korosi et al., 2015; Gordon et al., 2016). As permafrost thaws, carbon and mercury that have been 

locked in the soil for thousands of years becomes liberated (Obrist et al., 2017), while enhanced 

hydrological connectivity alters the movement and processing of carbon and mercury through the 

landscape to the drainage outlets (Fouché et al., 2020; Turetsky et al, 2020; Olefeldt et al., 2021). 

Significant increase in lake dissolved organic carbon (DOC) concentrations have been predicted 

in surface waters draining thermokarst landscapes because of permafrost thaw (Wauthy et al., 

2018), and demonstrated in field data (Olefeldt et al., 2014). Lake DOC is an important control on 

light penetration, thermal regime, and lake metabolism (Vonk et al., 2015).  

2.4 Biogeochemical Cycling of Carbon in Lakes  

Permafrost thaw could enhance global climate warming by 0.13–0.27 °C by 2100 through 

the permafrost carbon feedback system (Schuur et al., 2015). Approximately 1,000±150 petagrams 
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(PgC) of carbon is contained in the top 3 metres of active layer and permafrost peatland soils, 

which could be liberated by permafrost thaw (Turetsky et al., 2020). Some of the liberated organic 

carbon will be broken down by microbial decomposition, resulting in the release of carbon dioxide 

(CO2) and methane (CH4) into the atmosphere as part of a positive feedback loop that would 

enhance global warming, causing more thawing of the permafrost, more release of previously 

stored carbon, and more production of greenhouse gases from thawed permafrost (Schuur et al., 

2009; Schädel et al., 2014, Schuur et al. 2015; Turetsky et al., 2020; Voigt et al., 2020; Heslop et 

al., 2020).  

Since the 1950s, there has been increased permafrost-induced land-cover change which has 

resulted in increased mobilization of terrestrial carbon previously sequestered in permafrost 

(Houghton, 2003; Heslop et al., 2020).  Much of the carbon released from thawing permafrost will 

end up in lakes, where it can be processed, transported, and/or stored (Cole et al., 2007; Tranvik 

et al., 2009; Tranvik et al., 2018). Thermokarst landforms resulting from abrupt permafrost thaw 

have a significant influence on the downstream movement of remobilized carbon into lakes, rivers, 

and oceans, affecting the global carbon cycle (Schuur et al., 2015; Anthony et al., 2014). Carbon 

can be released in the form of dissolved organic carbon (DOC), dissolved inorganic carbon (DIC), 

particulate organic carbon (POC), or gaseous carbon (CO2 or CH4) (Vonk et al., 2015; Schaphoff 

et al., 2013; Burke et al., 2012; Schuur et al., 2011; Zhuang et al., 2006). DOC has been identified 

as the largest source of carbon input in boreal lakes (Cole et al., 2007; Tranvik et al., 2009). Recent 

studies in boreal and Arctic regions have observed an increased export of dissolved organic matter 

and DOC concentrations from terrestrial catchments to lakes and rivers, including from thawing 

permafrost (Monteith et al., 2007; Garmo et al., 2014; de Wit et al., 2016; Räike et al., 2016; 

Wauthy et al., 2018).  
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 Carbon in aquatic systems can be mineralized to CO2 and CH4, transported through 

hydrological networks (Battin et al., 2009); or buried in lake sediments (Vonk et al., 2013; Schädel 

et al., 2016; Serikova et al., 2018). Lakes are active sites for mineralization of DOC to CO2 and 

CH4 (Schädel et al, 2016). CO2 and CH4 levels in lakes are controlled by internal biogeochemical 

processes such as organic matter decomposition, methanogenesis, respiration, primary production, 

and methane oxidation, as well as external inputs from the catchment (Cole et al., 2007). In-lake 

respiration is the main source of CO2 emissions from lakes (Del Giorgio et al., 1999; Jansson et 

al., 2000). Mineralization of CO2 also occurs via photochemical reactions acting on DOC (Salonen 

and Vahatalo, 1994; Graneli et al., 1996; Tranvik et al., 2009), with CO2 then emitted into the 

atmosphere from supersaturated lakes (Sobek et al., 2003; Sobek et al., 2005).  

Precipitation-induced runoff may significantly impact CO2 and CH4 emissions in lakes due 

to increased inputs of allochthonous (i.e. external or terrestrial) organic matter (Rantakari and 

Kortelainen, 2005; Ojala et al., 2011; Vachon and del Giorgio, 2014). CO2 supersaturation occurs 

as a result of high input of allochtonous organic carbon, as respiration dominates over primary 

production due to light limitation (Tranvik et al., 2009). The global CO2 emissions from lakes have 

been estimated to reach as high as 0.53 Pg C yr-1 (Downing et al., 2006), and these emissions play 

a substantial role in regional carbon budgets, particularly in Arctic regions (Kling et al., 1991). 

Anoxic (absence of oxygen) conditions in lakes favor the conversion of organic carbon to CH4 by 

methanotrophic bacteria, which is a more potent greenhouse gas than CO2 (Bastviken et al., 2004; 

Bastviken et al., 2008). The global CH4 emitted from lakes is estimated to be between 6 and 36 

TgC (Cole et al., 2007).  
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 Lakes are part of broader hydrological networks, and some of the carbon transported to 

lakes from thawing permafrost will continue to be transported downstream through this network 

(Cole et al., 2007). There is limited knowledge about the mechanical controls and processing of 

organic carbon flowing through subarctic and Arctic watersheds (Mann et al., 2012; Wickland et 

al., 2012), but this is critical to resolve, as the ultimate fate of organic carbon transported 

downstream would be ending up in the ocean. Studies suggest that an average of 34 Tg C yr−1 of 

dissolved organic carbon (DOC) and 6 Tg C yr−1 of particulate organic carbon (POC) is transported 

to the Arctic Ocean (Holmes et al., 2012; McGuire et al., 2009). Furthermore, increasing 

temperatures can result in increased freshwater discharge (Savelieva et al., 2000; Semiletov et al., 

2000; Peterson et al., 2002), which has been documented to increase organic carbon transport 

through fluvial systems into the ocean (Guo et al., 2004; van Dongen et al., 2008; Vonk et al., 

2010a; Gustafsson et al., 2011). 

 Lake sediments are an important sink in the global carbon cycle (Dean and Gorham, 1998; 

Vonk et al., 2015). Factors such as landscape characteristics (Walter Anthony et al., 2014) and 

lake shape (e.g. small and deep vs. large and shallow; Ferland et al., 2012) strongly affect burial 

efficiencies in boreal lakes. Carbon storage rates in lakes commonly increase with lake 

productivity and are inversely proportional to lake size (Mulholland and Elwood, 1982; Paterson 

et al., 1998; Kortelainen et al., 2004; Cole et al., 2007). Consequently, the small and shallow boreal 

lakes that are abundant across permafrost peatlands may represent a critical sink for carbon 

released from thawing permafrost peatland soils. Studies quantifying carbon burial rates, and 

drivers of spatial variation in carbon burial, are limited, but may be on the order of 14 g C m-2 y-1 

(Dean and Gorham, 1998). Studies have also documented increases in total organic carbon burial 
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rate in lakes over the past 100 years from 0.05 Pg C year−1 to 0.12 Pg C year−1 (Lehnherr et al., 

2018; Anderson et al., 2020). 

Particulate organic carbon (POC), including biological materials, is the predominant form 

of organic carbon in lake sediments, despite DOC being the greatest pool of carbon input in lakes 

(Cole et al., 2007). Flocculation is the process through which DOC can be incorporated into bulk 

lake sediments (Tranvik et al., 2009). Only a small fraction of sinking organic particles are thought 

to be sequestered in lake sediments (Guillemette et al., 2017). Still, the accumulation and burial of 

partially degraded organic carbon in lake sediments means that sediments have the potential to 

function as an effective long-term organic carbon sink (Chmiel et al., 2015). Factors such as 

oxygen availability, solid iron phases, type, and specific surface area of minerals as well as particle 

size have been suggested to control the preservation and burial efficiency of organic carbon in 

lakes, rivers, and oceans (Keil et al., 1997; Sobek et al., 2009; Lalonde et al., 2012; Hemingway 

et al., 2017; Blattmann et al., 2019).  

Studies suggest that the preservation in sediments of autochthonous and allochthonous OC 

sinking in the water column of boreal lakes differs substantially (Guilemette et al., 2017). 

Sediments dominated by allochthonous inputs decay slower than sediments dominated by 

autochthonous material (Gudasz et al., 2012). This makes it likely that allochthonous OC will be 

preferentially preserved and buried in lake sediments due to the resistant nature of terrestrial 

compounds and delayed decomposition under anoxic conditions found in sediments. Small 

shallow lakes often have high light availability to support primary production (Tranvik et al., 

2009), leading to high annual carbon burial rates (Downing et al., 2008).  
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2.5 Aquatic Biogeochemistry of Mercury 

 Mercury, in its elemental form Hg(0), is transported to the Arctic by long-range 

atmospheric deposition through various pathways such as  atmospheric circulation, lakes, rivers, 

and oceans (Selin, 2009; Durnford et al., 2010; Gordon et al., 2016; Petrova et al., 2020; Chételat, 

2022). Mercury accumulates in permafrost primarily as inorganic mercury (Hg(II)) (Mason et al., 

1995; Qureshi et al., 2010; AMAP 2011; O'Driscoll et al., 2019; Chételat et al., 2022). The 

transport of Hg between the terrestrial and aquatic environment is influenced by organic matter, 

microbial activity, and light (Ariya et al., 2004; Selin, 2009; Chételat et al., 2022). Large pools of 

Hg have accumulated in permafrost soils (~597,000 Mg, 0-3 m depth), predominantly from 

vegetation uptake of Hg(0) and conversion to Hg(II) over millennia (Obrist et al., 2017; Dastoor 

et al., 2022; Dietz et al., 2022).  

The potential for this stored mercury to be remobilized due to climate-induced permafrost 

thaw, and subsequently transported downstream or re-emitted to the atmosphere is a global 

concern due to the potential toxicity of mercury (Schlüter, 2000; Leitch, 2006; Schuster et al., 

2011; Gordon et al., 2016; Schuster et al., 2018; St Pierre et al., 2018; Lim et al., 2019; Lim et al., 

2020; Zolkos et al., 2020). Peatlands in northern boreal forest catchments have been found to have 

abundant stores of Hg(II) bonded to soil organic matter (Schuster et al. 2018). Mercury in 

permafrost peatland soils are of particular concern, related to the high potential for mobilization 

of methyl mercury (Gilmour et al., 1992; Rudd, 1995; Selin, 2009; Chételat et al., 2022).  

Methyl mercury is a neurotoxin that bioaccumulates in aquatic food webs, resulting in the 

increased risk of mercury poisoning in humans who consume mercury-contaminated fish 

(Hintelmann et al., 2002; Muir et al., 2009; Gilmour et al., 2013; Bravo and Cosio, 2020; Villar et 
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al., 2020; Chételat et al., 2022). Mercury is more likely to be transformed into the methyl mercury 

form in anoxic aquatic sediments, which are common in lakes, ponds, and wetlands (Jiang et al., 

2011; MacMillan et al., 2015; Yang et al., 2016; Chételat et al., 2022;). Mercury methylation is a 

biotic process facilitated by metabolic activity of sulfate-reducing bacteria that thrive in saturated, 

anoxic environments (Gilmour et al., 1998; Benoit et al., 2003; Kerin et al., 2006; Gilmour et al., 

2013). Environmental factors such as temperature, pH, redox conditions, sediment structure, 

sulfate and DOC can affect the rate of methyl mercury production by influencing the amount of 

bioavailable inorganic mercury and/or the activity of methylating microbes (Mitchell et al., 2008; 

Selin, 2009; Lehnherr, 2014). Methylmercury production has also been measured in the water 

column in lakes (Eckley and Hintelmann, 2006; Eckley et al., 2005). and wetlands and lake 

sediments have also been reported as important environments where methylation occurs 

Temperate and low boreal peatlands are known sources of methyl mercury transport to 

downstream aquatic ecosystems (St. Louis et al., 1996; Branfireun and Roulet, 2002; Mitchell et 

al., 2008), and the thawing of peat plateaus and palsas has been linked to the downstream export 

mercury (Rydberg et al., 2010; Korosi et al., 2015; Gordon et al., 2016; Fahnestock et al., 2019). 

A recent study provided evidence that shallow lakes in permafrost peatlands may be critical sinks 

for methyl mercury, reducing the transport of methyl mercury to the drainage outlets where human 

risk of mercury consumption is much higher (Thompson et al., 2023).  

Mercury can be transported downstream to lakes through sorption onto organic carbon 

(Haitzer et al., 2003; Moore et al., 2003; O’Driscoll et al., 2006; Hill et al., 2009; Rydberg et al., 

2010), and thus the mercury cycle is tightly coupled to the organic carbon cycle (Yang et al., 2007; 

Porcal et al., 2009; Turetsky et al., 2020; Dietz et al., 2022). Organic matter is the most important 

component influencing the distribution and form of mercury in soils (Driscoll et al., 1995; Grigal 
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2003; Obrist et al. 2011). It has been suggested that an increase in organic matter transport, 

particularly dissolved organic carbon, may also be influencing the downstream transport and fate 

of mercury in Arctic rivers (Dietz et al., 2022). Elevated mercury concentrations have been 

documented in rivers draining permafrost landscapes (Leitch et al., 2007; Schuster et al., 2011). 

Concentrations of Hg(II) and methyl mercury in streams draining permafrost thaw slumps in the 

western Canadian Arctic have been recorded as high as 1270 ng/L for Hg(II) and 7 ng/L for methyl 

mercury (St. Pierre et al., 2018).  

The association between mercury and organic provides a mechanism for mercury to build 

up in lake sediments, and sediments are also an important sink for mercury, as they are for carbon. 

Mercury is stable in lake sediments, and sediment cores faithfully track the history of mercury 

deposition in lakes (Biester et al., 2007; Selin, 2009). Variations in the source, type, and relative 

quantity of autochthonous versus allochthonous organic matter have been suggested to affect the 

delivery of mercury to aquatic systems (Jackson, 1986; Kainz et al. 2003; Sanei and Goodarzi, 

2006).  

2.6 Paleolimnology 

 Paleolimnology is a scientific discipline that reconstructs past environmental conditions in 

inland aquatic systems using the physical, chemical, and biological information preserved in 

sediment profiles (Smol, 2008). Paleolimnology most commonly uses lake sediments as natural 

archives, enhancing understanding of environmental changes in both lakes and their watersheds 

over time (Smol, 2008). Paleolimnological investigations have greatly enhanced understanding of 

thermokarst landscape development and thermokarst responses to climate change (Bouchard et al. 

2016; Anderson et al., 2019; Korosi et al., 2022). Paleolimnological investigations have also 
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significantly contributed to our understanding of the temporal dynamics of carbon and mercury 

burial in lake sediments (Bouchard et al., 2016; Guilemette et al., 2017; Landers et al., 1998; 

Gordon et al., 2016; Muir et al., 2009; Lockhart et al., 2000). For example, a paleolimnological 

approach demonstrated that increases in organic matter in High Arctic lakes enhanced mercury 

accumulation in lake sediments independent of atmospheric mercury deposition patterns (Korosi 

et al., 2018). Paleolimnological studies have also highlighted the role of fire and wetland 

thermokarst in increasing terrestrial mercury transport to lakes (Rydberg et al. 2010; Korosi et al., 

2015; Pelletier et al. 2022). Increase in lead and mercury in sediments have also been associated 

with rapid industrialization in the mid-19th century (Blais et al., 1995).  

Sediment accumulation rates and age-depth models are fundamental for the application of 

paleolimnological techniques to document spatio-temporal trends in carbon and mercury burial in 

lake sediments, with factors such as sediment sources, biological processes, geological 

composition, and hydrodynamic regimes resulting in variable patterns of sediment deposition 

(Szmytkiewicz and Zalewska, 2014). To determine the accumulation rate over a century-long 

period, isotope methods based on changes in 210Pb and 137Cs activity in sediment profiles have 

been employed (Appleby and Oldfield, 1978; Appleby, 1997; Baud et al., 2021). Over the last five 

decades, considerable efforts and coring programs were initiated globally, providing a rich 

collection of published data on recent lake sediment accumulation rates (Rose et al. 2011), but 

synthesis of spatial–temporal variability in lake sediment accumulation rates for the last 150 years 

is missing at a global scale (Baud et al., 2021).  
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2.6.1 Establishing age-depth chronologies and sediment accumulation rates 

In paleolimnological investigations, the key assumption for any relative age dating is that 

more recent sediments overlie older sediments – known as the Law of Superposition (Barker, 

2009). Radiometric methods using 210Pb and 137Cs are most common for establishing sediment 

core chronologies, which are then used to reconstruct changes in sediment accumulation rates over 

time (Musielak, 1985; Appleby and Oldfield, 1992; Appleby, 1997; Smol, 2009). 210Pb is a 

naturally occurring radioisotope that has a half-life of 22.3 years. It is produced by the decay of 

222Rn, a member of the uranium (238U) decay series (t1/2 = 3.82 days), which is created continuously 

by natural processes and undergoing decay (Krisnaswamy et al., 1971; Smol, 2008).  

 Sedimentary 210Pb activity has two components: supported 210Pb, which is derived from 

226Ra decay in-situ, and unsupported 210Pb (Appleby, 2001). Unsupported or excess 210Pb(ex) 

originates from atmospheric fallout (precipitation) and is calculated by subtracting supported 210Pb 

activity from the total 210Pb activity (Smol, 2008). Unsupported 210Pb activity in sediments is 

expected to decrease with sediment depth through decay, until it reaches background levels, unless 

it is disrupted by processes such as sediment mixing, input from external sources, changes in 

radionuclide mobility, or diagenesis (Appleby, 2001; Robbins, 1978). 

 There are several key assumptions that govern the use of 210Pb to date sediment cores 

(Krisnaswamy et al., 1971):  

i. the rate of atmospheric 210Pb deposition has been and remains constant. 

ii. Because suspended particulate matter rapidly adsorbs 210Pb in water, unsupported 

210Pb activity in sediments is primarily due to atmospheric fallout; (however, 
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unsupported 210Pb supplied to the lake may also include a small fraction of 210Pb 

that was deposited on the catchment and then transported to the lake) 

iii. 210Pb activity in the sediments is not redistributed by post-depositional processes 

iv. According to the rule of radioactive decay, 210Pb decays exponentially over time. 

Hydrologic processes and sediment focusing can redistribute deposits at the lake's bed, and 

some of the total 210Pb inputs may also be lost in the outflow. Sediment focusing refers to the 

process by which sediments are deposited in marginal zones of a basin and then redeposited in 

deeper water zones (Smol, 2008) and plays an important role in lake sedimentation patterns 

(Hermanns and Biester, 2013). 

There are three different models that can be used to calculate sediment dates from 210Pb 

radioisotope profiles: the constant rate of supply (CRS) model, the constant initial concentration 

(CIC) model, and the constant flux constant sedimentation (CFCS) model. The CIC model is better 

suited in circumstances where there have been interruptions to sedimentation as a result of 

slumping or other process, and assumes that primary sedimentation rates have otherwise remained 

constant (Robbins, 1978; Appleby, 2001). The CFCS model assumes consistent sedimentation 

rates, with no interruptions or impacts (Krishnaswami et al., 1971; Bierman et al., 1998). The CRS 

model is most commonly used because it does not assume that sedimentation rate has remained 

constant over time, an assumption that is not valid for most lakes (Appleby and Oldfield, 1978). 

The CRS model assumes that the supply of unsupported 210Pb to the sediment has remained 

constant, while the initial excess 210Pb deposited to the sediments varies inversely with the 

sediment mass accumulation rate (MAR). In addition to an age-depth chronology, the CRS model 

also calculates changes in MAR with sediment core depth, which can then be used to determine 
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the burial rates of carbon, mercury, and other biogeochemical constituents in lake sediments 

(Hobbs et al., 2013; Engstrom and Rose, 2013).  

 Other isotopes that are anthropogenic in origin have also been used to determine specific 

periods in sedimentary sequences. Cesium-137 (137Cs) isotope is commonly used to verify 210Pb 

dates, as it is a reliable chronological marker of atmospheric bomb testing in recent lake sediments 

(Davis et al. 1984; Smol, 2008; Klaminder et al. 2012). 137Cs was first emitted in 1945 with the 

dawn of the nuclear era, peaking in 1963 when global 137Cs fallout from atmospheric nuclear bomb 

testing was at its highest level (Appleby, 2001). The 1986 Chernobyl nuclear power plant accident 

can also be detected using 137Cs in lake sediments from northern Europe (Appleby, 2001). 137Cs 

activity sometimes presents issues associated with post-depositional mobility, especially in 

organic-rich sediments, such that dating discrepancies can occur between the 137Cs dates and the 

210Pb dates (Smol, 2008). 
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3.0 MATERIALS AND METHODS 

3.1 Study Site Description 

 The Scotty Creek watershed (Northwest Territories, Canada) is located approximately 50 

km south of Fort Simpson in the Northwest Territories, Canada (Figure 3.1), at the boundary 

between the sporadic discontinuous and the extensive discontinuous permafrost zones 

(Hegginbottom et al., 1995; Carpino et al., 2021). The Scotty Creek watershed drains 152 km2 of 

high boreal forest with a high concentration of wetlands that formed because of the flat topography 

and through wetland thermokarst processes that cause the ground to subside, saturate, and 

transition from forest into wetland (Quinton et al., 2011; Haynes et al., 2018). The landscape is a 

mosaic of permafrost plateaus, channel fens, and ombrotrophic flat bogs, as well as numerous lakes 

and ponds (Quinton et al., 2009). Channel fens convey water and nutrients downstream, while 

bogs act as water storage units (Quinton et al., 2019). The Scotty Creek basin typifies the southern 

extent of permafrost in much of Canada (Robinson and Moore, 2000).  

 The Scotty Creek Research Station has been a site of long-term ecohydrological monitoring 

for nearly three decades (Quinton et al., 2019). It is also one of the most rapidly warming regions 

on Earth (Johannessen et al., 2004; Vincent et al., 2015; Haynes et al., 2018). Over the past 30 

years, extensive research conducted at Scotty Creek has documented significant land cover 

changes resulting from accelerated permafrost thaw due to climate change (Chasmer et al., 2014; 

Chasmer and Hopkinson, 2017; Haynes et al., 2018; Quinton et al., 2019). Changes include the 

development of thermokarst landforms such as ombrotrophic flat bogs and channel fens, which 

make up 19% and 12% of the Scotty Creek watershed, respectively, (Chasmer et al., 2014), and 

increased hydrological connectivity and drainage efficiency (Connon et al., 2014). 
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I selected 14 small (surface area 11-244 ha), shallow (maximum depth ~1-2 m) study lakes within 

or near the Scotty Creek watershed (Figure 3.1). The lakes are all slightly alkaline, with high DOC 

(Table 3.1). The shoreline development ratio, an index that describes how close a lake is to a 

perfect circle, ranged from 1.02 to 1.75 (Table 3.1). Lakes with a shoreline development ratio close 

to 1 tend to be more circular in shape, while lakes with higher ratios have more irregular, crenulated 

shapes with a greater potential for littoral community development and enhanced exposure to 

surrounding shorelines (Coleman et al., 2023). Land classification based on airborne LiDAR and 

spectral data (Chasmer et al., 2014) was available for 9 of the 14 study lakes (Table 3.1). Land 

classification showed that the percent coverage of fens within 250 m of the lake shorelines ranged 

from 0%, indicating hydrological isolation, to 34% (Coleman et al., 2023). Most lakes were linked 

together via channel fen networks, except for SC5 and SC8 (Coleman et al., 2023). 

 

3.2 Field Methods 

 Sediment cores were collected from the 14 lakes in June 2019 (Coleman et al., 2023). The 

lakes were accessed via helicopter and sediment cores were collected from the approximate centre 

of the lakes using a UwitechTM gravity corer with an internal diameter of 8.6 cm. The sediment 

cores were sectioned at 0.5 cm intervals into sterile WhirlpakTM bags on the same day using a 

modified Glew (1988) extruder to avoid sediment mixing. Sediment samples were shipped back 

to York University where they were stored frozen until analysis. 
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Figure 3.1 - Map of study area showing the approximate location of study area within Canada (top 

left) and the Taiga Plains ecozone (top right), and the locations of all study lakes in the Scotty 

Creek and neighbouring basins; including the hydrological connectivity (wetland thermokarst 

landscape) of some of the study lakes.  The maps were created using ArcGIS Pro version 3.0.0.  
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Table 3.1:  Physical characteristics and water chemistry for the 14 study lakes in the Scotty Creek 

and neighboring basins. (Data from Coleman et al., 2023).  
 

 

3.3 Laboratory Methods 

3.3.1 Sediment core dating  

Freeze-dried sediments were sent to the Paleoecological Environmental Assessment and 

Research Lab (PEARL) at Queen’s University for 210Pb dating by gamma spectroscopy (Appleby, 

2001) using an Ortec High Purity Germanium Gamma Spectrometer (Oak Ridge, TN, USA). 

Certified reference materials were obtained from the International Atomic Energy Association 

(Vienna, Austria) for efficiency corrections. The Constant Rate of Supply (CRS) model was used 

to establish age-depth models based on unsupported 210Pb activity, with supported 210Pb assessed 

using 214Pb (Appleby, 2001).  Sediment focusing factors were calculated for each lake by dividing 

unsupported 210Pb flux (in Bq/m2yr) by the predicted 210Pb flux in soils for that latitude, following 

Lake Depth 

(m) 

pH  Shoreline 

Development 

Index (DL) 

Area 

(ha) 

True 

Colour 

(TCU) 

DOC 

(mg/L) 

TN 

(mg/L) 

Alkalinity 

(mg/L 

CaCO3) 

% Bog 

(250m) 

% Fen 

(250m) 

Goose  1.1 8.0 1.70 244 53 23.7 1.2 50 22.9 34.1 

First  0.9 8.4 1.26 17 249 21.9 1.0 43 37.7 12.9 

Next  1.5 7.9 1.12 24 258 18.3 0.7 43 20.5 34.0 

SC1 1.3 8.0 1.02 21 223 16.9 0.7 30 21.3 19.5 

SC2 1.7 8.5 1.08 11 312 18.0 0.6 33 13.4 30.9 

SC3 1.8 8.3 1.05 18 276 18.4 0.7 34 26.9 26.6 

SC4 1.1 8.1 1.06 22 143 17.2 0.8 42 - - 

SC5 1.0 7.9 1.14 21 463 23.6 0.8 28 31.6 9.6 

SC6 1.1 8.5 1.10 40 53 15.8 0.9 35 28.5 25.8 

SC8 0.9 8.1 1.06 15 285 19.9 0.8 30 48.9 0.0 

SC9 2.1 8.1 1.07 82 151 13.0 0.5 47 - - 

SC10 1.2 8.5 1.06 73 89 20.0 1.1 60 - - 

SC11 2.0 7.9 1.75 114 196 15.9 0.7 64 - - 

SC12 0.9 8.4 1.07 116 27 23.6 1.5 82 - -            

Mean 1.3 8.2 1.20 58 198 19.0 0.9 44 28.0 21.5 

SD 0.4 0.2 0.20 65 122 3.3 0.3 15 10.5 11.9 

Min 0.9 7.9 1.02 11 27 13.0 0.5 28 13.4 0.0 

Max  2.1 8.5 1.75 244 463 23.7 1.5 82 48.9 34.1 

Median 1.2 8.1 1.1 23 209.3 18.3 0.8 42.5 26.9 25.8 
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methods described in Appleby (2001). The expected regional atmospheric input was derived 

following Muir et al. (2009).  

 

3.3.2 Total Mercury (THg) Analysis 

 Approximately 75 mg of freeze-dried, homogenized sediment per interval was weighed 

into nickel sample boats and analyzed for total mercury (THg) using a Direct Mercury Analyzer 

(Milestone DMA-80 Evo). The DMA determines THg using US-EPA method 7473, combining 

thermal decomposition, gold amalgamation and detection via atomic absorption spectrometry 

(Couillard et al., 2008). Controlled heating of the sample in an oxygenated decomposition furnace 

reduces elemental mercury, releasing gaseous mercury (thermal decomposition). Flowing oxygen 

carries the decomposition products to the gold amalgamator, which selectively traps mercury. The 

system is flushed with oxygen to remove other degradation products, and then the amalgamator is 

heated rapidly to release the mercury vapour, which is carried to the absorbance cells and measured 

by atomic absorption. 

 The sample boats were placed in the DMA autosampler wheel which automatically loaded 

the samples into the unit. For Quality Assurance / Quality Control (QA/QWC), every tenth sample 

was analyzed in triplicate. Marine Sediment Certified Reference Materials from the National 

Research Council of Canada (MESS-4; 0.09 ± 0.04 mg/kg) was used to monitor measurement 

stability and precision. Method blanks were also analyzed at the beginning and end of each analysis 

cycle (n=3 at the beginning and n=2 at the end), to ensure there was no excess mercury being 

detected in the samples. 
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3.3.3 Organic Carbon and Nitrogen Analysis 

 Approximately 30 mg of freeze dried, homogenized sediment per interval was pretreated 

in concentrated 12M (36%) HCl acid for 48 hours using an acid fumigator to remove inorganic 

carbon (Harris et al., 2001). After 48 hours, the sample vials were filled with distilled water to 

rinse the fumigated sediments samples and re-neutralize the sediments. The supernatant was 

discarded using a pipette and the sediments were transferred into centrifuge tubes, which were then 

filled with distilled water and centrifuged at 3000 rpm for 10 min. This step was repeated seven 

times in total, after which the samples were freeze-dried. 

 After the fumigation process, elemental carbon and nitrogen (%OC and %N) were 

measured using an Elementar Unicube Elemental Analyzer (EA). The Elemental analyzer 

measures C and N by combusting sediment samples in a furnace at a high temperature in an 

oxidizing atmosphere, purifying these elements into gaseous form (N2, CO2), and then separating 

out the gaseous products by chromatography before analyzing individual gases using a thermal 

conductivity detector (TCD).  Helium was used as the carrier gas.  Sulfanilamide was used as a 

standard to condition the instrument at the start of every day and establish a daily calibration curve. 

Approximately 5mg of freeze-dried sediments per interval were weighed into tin capsules to be 

analyzed on the EA. For Quality Assurance / Quality Control (QA/QWC), soil standard Certified 

Reference Material (~12.5 mg; n = 3) were analyzed before beginning measurements of actual 

sediment samples. Method blanks were also run at the start of the analysis cycle as an additional 

QA/QC procedure. At select intervals (after the 22nd actual sediment sample), additional run-in 

and soil standard samples (n=2; n=3 respectively) were also analyzed. 
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3.4 Data Analysis 

The sediment accumulation rate (SAR) and sediment mass accumulation rate (MAR) was 

determined from the 210Pb age-depth model established by the CRS method. To calculate the SAR 

(cm/yr), the thickness of each sediment depth interval was divided by the age of the corresponding 

sediment layer (Appleby & Oldfield, 1978), as expressed in (1): 

SAR (cm/yr) = Z/Tz                                                                  (1) 

where SAR = Sediment Accumulation Rate (cm/yr); Z = core depth (cm); Tz = age of layer at 

depth (yr). 

Mass Accumulation rate (MAR) is required to quantify sediment flux and burial rates for 

carbon and mercury in lakes (Engstrom and Rose, 2013; Hobbs et al., 2013; Baud et al., 2021), 

measured in grams per square centimeter per year, as expressed in (2): 

MAR (g/cm2/yr) = Z * DBD / yr                                                        (2) 

where MAR = Mass accumulation rate in lake sediments; Z = depth (cm); DBD = Dry bulk density 

(g/cm3); Tz = age of layer at depth (yr). 

 Sediment Focussing refers to the process by which sediment in lake basins is gradually 

redistributed to the centre or deepest part of the lake, measured as the sediment focusing factor. 

Sediment focusing factors (FF) will be influenced by slope and wind, and can be calculated by 

dividing 210Pb flux (in Bq/m2yr) by the predicted 210Pb flux for that latitude (Appleby, 2001), as 

expressed in (3): 
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FF = 210Pb flux /80 Bq/m2yr                                                  (3) 

where 80 Bq/m2yr is the predicted 210Pb flux at Lake Laberge, YK (61.2 ºN), a similar latitude to 

Scotty Creek (Muir et al., 2009). 

The 210Pb flux was calculated as the unsupported 210Pb inventory (in Bq/m2) in the surface interval 

multiplied by the 210Pb radioactive decay constant (λ) (Appleby, 2001), as expressed in (4): 

210Pb flux (Bq/m2yr) = 210Pbex * λ                                                 (4) 

210Pbex = unsupported 210Pb inventory (Bq/m2) in the surface interval; λ = 210Pb radioactive decay 

constant (0.03114 yr-1). 

To calculate the mercury flux rate (HgF), the total mercury (THg) concentration value was 

multiplied by the mass sedimentation rate (MAR), as expressed in (5), and then corrected for 

sediment focusing by dividing the mercury flux rate (HgF) by the focusing factor of the lake, as 

expressed in (6). 

HgF (ng/cm2yr) = THg * MAR                                                            (5) 

Hg = Total mercury in sediments (ng/g); MAR = Mass accumulation rate in lake sediments (in 

g/cm2yr) 

Corrected HgF (ng/cm2yr) = HgF / FF                                                    (6) 

where FF = Focusing Factor. 

As the sedimentation rate derived from the CRS model has errors associated with it, the 

mercury flux rate error was also calculated, as expressed in (7), and then corrected for sediment 
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focusing by dividing the mercury flux rate error (HgFerror) by the focusing factor of the lake, as 

expressed in (8). 

HgFerror (ng/cm2yr )= THg * MARerror                                                  (7) 

where THg = Total mercury in lake sediments (ng/g); MAR error = Accumulation rate error in lake 

sediments (in g/cm2yr). 

Corrected HgFerror (ng/cm2yr) = HgFerror / FF                                       (8) 

Where FF = Focusing Factor 

The percentages of carbon and nitrogen in sediment intervals were used to calculate the 

C/N mass ratios, which are then multiplied by 1.167 (the ratio of atomic weights of nitrogen and 

carbon) to yield the atomic C/N ratio (Meyers and Teranes, 2001), as expressed in (9): 

Atomic C/N = (C / N) * 1.167                                                     (9) 

where C = weight percentage of elemental carbon; N = weight percentage of elemental nitrogen; 

1.167 = the ratio of atomic weights of nitrogen and carbon. 

 To calculate organic carbon flux rates (OCF), the weight percentage of carbon (%OC) 

determined from the elemental analyzer (EA) was multiplied by the MAR, as expressed in (10): 

           OCF (g/cm2yr) = (%OC) * MAR                                                 (10) 

where %OC = weight percentage of organic Carbon; MAR = Mass accumulation rate in lake 

sediments (g/cm2yr). 
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Organic carbon flux was corrected for sediment focusing by dividing the organic carbon flux rate 

(OCF) by the focusing factor of the lake, as expressed in (11). 

Corrected OCF (g/cm2yr) = OCF / FF                                          (11) 

where FF = Focusing Factor. 

 

As the sedimentation rate derived from the CRS model has errors associated with it, the organic 

carbon flux rate error was also calculated, as expressed in (12), and then corrected for sediment 

focusing by dividing the organic carbon flux rate error (OCFerror) by the focusing factor of the lake, 

as expressed in (13). 

OCFerror (g/cm2yr )= (%OC) * MARerror                                             (12) 

where %OC = weight percentage of organic Carbon; MAR error = Accumulation rate error in lake 

sediments (in g/cm2yr). 

Corrected OCFerror (g/cm2yr) = OCFerror / FF                                       (13) 

where FF = Focusing Factor. 

 All subsequent data analyses and figure generation were performed using the gam, ggplot, 

riojaPlot and mgcv packages in the R software enviroment (v. 4.2.3; R Core Team, 2023). 

Sediment core stratigraphies were plotted using the riojaPlot package to visualize downcore 

changes in total mercury (THg), mercury flux rate (HgF), percentage of organic carbon (%OC), 

organic carbon flux rate (OCF), and atomic carbon-to-nitrogen ratio (C:N) with sediment core 

depth (cm). Sediment age was plotted as a secondary axis. Generalized additive models (GAM) 

were used to model trends in %OC, THg, and C:N with sediment core depth and to identify 
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statistically significant periods of change, using a gamma error distribution (k = 5) and restricted 

maximum likelihood (REML). To assess the statistical significance of the derivative (the rate of 

change), first derivatives and estimated simultaneous confidence intervals of the fitted GAM trends 

were used (Simpson, 2014). The model was fitted using the gam() function (v. 1.2.2) in the mgcv 

package (v.1.8-42; Wood, 2017) for R (R Core Team, 2023). 
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4.0 RESULTS 

 

4.1 Goose Lake 

 There was a steady decline in 210Pb activity from 4 cm core depth until background was 

reached at 18 cm (Figure 4.1). The peak in 137Cs was observed at 12 cm depth. The earliest date 

obtained from the CRS chronology was 1927, at 14 cm depth. Sediment accumulation rate steadily 

increased from the bottom to the surface of the sediment core. The sediment focusing factor was 

0.38 (Table 4.1). 

 

A) 
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Figure 4.1: Results of 210Pb dating for Goose Lake: (A) sediment depth versus activities for radioisotopes 
210Pb, 214Pb and 137Cs, (B) sediment depth versus date based on the constant rate of supply (CRS) 210Pb 

dating model, and (C) 210Pb-inferred sedimentation rate versus depth based on the CRS model. Error bars 

are standard error. 

B) 

C) 
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The total mercury (THg) concentration was relatively stable throughout the sediment core, 

except for a notable peak in THg of 180 ng/g at 14 cm (Figure 4.2). There was an increase in the 

mercury flux rate (HgF) from 6 cm (0.11 ng/cm2yr) to 2 cm (0.17 ng/cm2yr) (Figure 4.3). The 

average corrected HgF for sediment focusing over the dated portion of the core was 0.27 ± 0.05 

ng/cm2yr (Table 4.1). A significant linear decrease (decreasing from ~44% to ~38%) was evident 

for percent organic carbon (%OC) from the bottom (20 cm) to the surface of the core (Figure 

4.2), while the organic carbon flux rate (OCF) increased (Figure 4.3). The average corrected 

OCF for sediment focusing over the dated portion of the core was 1248.9 ± 643.7 µg/cm2yr 

(Table 4.1). There was no significant change in C:N, which ranged consistently between 13-14  

(Figure 4.2). 

Figure 4.2: Results of the General Additive Models (GAMs) for Goose Lake, First Lake, and Next Lake, 

showing time series trends for total mercury (THg), the percent organic carbon content (%OC), and the 

atomic carbon to nitrogen ratio (C:N) plotted against sediment core depth (cm). The % of Deviance 
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explained from the fitted GAM model is shown. Bold portions represent areas of significant change, 

while grey shaded areas represent the 95% confidence intervals for the models. 

 

 

Figure 4.3: Stratigraphic profiles showing changes in total mercury (THg), mercury flux rate (HgF), % 

organic carbon (%OC), organic carbon flux rate (OCF), and atomic carbon to nitrogen ratio (C:N) with 

sediment core depth  in First Lake, Goose Lake, Next Lake and SC1. The inferred dates based on the 210Pb 

constant rate of supply model are shown on the left. 
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4.2 First Lake 

 There was a steady decline of unsupported 210Pb activity from 1 cm to 6 cm, when 

background was reached (Figure 4.4). A peak in 137Cs was observed at 1 cm depth. A CRS-based 

chronology could only be established for top 2 cm, incorporating the time period from ~1970 to 

2018 (the year the sediment core was taken). After extrapolation, the earliest date was inferred as 

~1847 (at 4.25 cm depth), although extrapolated dates should be interpreted with caution as 

possible changes in sedimentation rates would create uncertainties. Sedimentation rate was highest 

in the surface sediments (Figure 4.4). The calculated sediment focusing factor used to correct 

elemental flux values for sediment focusing was 0.3 (Table 4.1). 
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A) 
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Figure 4.4: Results of 210Pb dating for First Lake: (A) sediment depth versus activities for radioisotopes 
210Pb, 214Pb and 137Cs, (B) sediment depth versus date based on the constant rate of supply (CRS) 210Pb 

dating model, and (C) 210Pb-inferred sedimentation rate versus depth based on the CRS model. Error bars 

are standard error. 

 

C) 

B) 
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 There was a significant linear increase in total mercury (THg) concentrations from the 

bottom (15 cm) to the surface of the core, increasing from ~60 ng/g to ~70 ng/g (Figure 4.2). An 

increase in mercury flux rate (HgF) was also observed in the surface sediment interval (Figure 

4.3). The average HgF over the dated portion of the core, corrected for sediment focusing, was 

0.7 ± 0.3 ng/cm2yr (Table 4.1). There was a significant decline in organic carbon content (%OC) 

from 5.0 cm depth (~1860) to the core surface, although the magnitude of change was small, 

decreasing from ~48% to ~43% (Figure 4.2), while organic carbon flux (OCF) increased in the 

surface sediment interval following the same trend as HgF (Figure 4.3). The average OCF over 

the dated portion of the core corrected for sediment focusing was 1576.3 ± 639.4 µg/cm2yr 

(Table 4.1). The C:N ranged consistently between 14-15, with no significant changes over time 

based on the GAM results (Figure 4.2). 

 

4.3 Next Lake 

 The 210Pb activity declined steadily with increasing core depth, with background reached 

at 14 cm (Figure 4.5). A peak of 137Cs was observed at 9 cm. The earliest date obtained from the 

CRS model was 1838 (at 14.25 cm depth). Sedimentation rate increased steadily from 10.75 cm 

to 2.75 cm (~1915-2008), with a slight decrease recorded at 1.75 cm (~2013). The calculated 

sediment focusing factor used to correct elemental flux values for sediment focusing was 0.4 

(Table 4.1). 
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A) 
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Figure 4.5: Results of 210Pb dating for Next Lake: (A) sediment depth versus activities for 

radioisotopes 210Pb, 214Pb and 137Cs, (B) sediment depth versus date based on the constant rate of 

supply (CRS) 210Pb dating model, and (C) 210Pb-inferred sedimentation rate versus depth based 

on the CRS model. Error bars are standard error. 

 

B) 

C) 
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 There was a significant increase in THg from 18 cm to 12 cm (50 ng/g to 190 ng/g), 

followed by a significant decrease (~100 ng/g to 40 ng/g) from ~8 cm (~1960) to 0 cm (~2018) 

core depth (Figure 4.2). A peak in THg of 190 ng/g was observed at ~12 cm (Figure 4.2). A peak 

in HgF was recorded at ~4 cm depth (0.5 ng/cm2yr) (Figure 4.3). The average HgF over the 

dated portion of the core, corrected for sediment focusing, was 0.44±0.08 ng/cm2yr (Table 4.1). 

The %OC consistently ranged from 24-30%, with no significant changes identified by the GAM 

(Figure 4.2). The OCF increased from ~10 cm (324.6 µg/cm2yr) to 0 cm (1296.26 µg/cm2yr) 

core depth (Figure 4.3). The average OCF over the dated portion of the core, corrected for 

sediment focusing, was 2311.8 ± 1147.7 µg/cm2yr (Table 4.1). There was a significant decrease 

in C:N content from 14.9 to 11.6 between from 32.5 and 20.5 cm (Figure 4.2). 

 

4.4 SC-1 

 There was a steady decline in 210Pb activity with increasing depth of the sediment profile 

and background was reached at 12 cm (Figure 4.6). An increase in 137Cs is observed at 12 cm. The 

earliest date obtained from CRS chronology was ~1854 at 18.25 cm depth (Figure 4.6). There was 

a notable peak in sedimentation rate of 0.02 g/cm2/yr recorded at 12 cm depth (~1920) (Figure 

4.4). The calculated sediment focusing factor used to correct elemental flux values for sediment 

focusing was 0.05 (Table 4.1).  
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A) 
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Figure 4.6: Results of 210Pb dating for Lake SC-1: (A) sediment depth versus activities for radioisotopes 
210Pb, 214Pb and 137Cs, (B) sediment depth versus date based on the constant rate of supply (CRS) 210Pb 

dating model, and (C) 210Pb-inferred sedimentation rate versus depth based on the CRS model. Error bars 

are standard error. 

 

B) 

C) 
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 A significant increase in THg concentration from 40.4 ng/g to ~ 98 ng/g was observed 

between 33.5 cm and 5 cm core depth (Figure 4.7). HgF increased steadily over time, and there 

was also a peak at ~12.5 cm depth corresponding to the peak in inferred sedimentation rate (Figure 

4.3.1). The average corrected HgF for sediment focusing over the dated portion of the core was 

0.81 ± 0.6 ng/cm2yr (Table 4.1). There was a significant (but of small magnitude) increase in %OC 

from 44.5% to 46.8% between 33.5 cm to 24 cm, followed by a significant (but small magnitude) 

decline from 46.3% to 41.6% between 18 cm and the core surface (Figure 4.7). The OCF increased 

gradually from 16 cm (462.5 µg/cm2yr) to the core surface (3658.16 µg/cm2yr), with a peak 

observed at ~12.5 cm depth (8995.8 µg/cm2yr) corresponding to the peak in inferred sedimentation 

rate and THg flux (Figure 4.3). The average corrected OCF for sediment focusing over the dated 

portion of the core was 58,999.4 ± 48,574.8 µg/cm2yr (Table 4.1). A significant declining trend in 

C:N was recorded from 10 cm (14.2) to 0 cm (13.0). C:N was also lower (13.5) in the bottom 

sediment interval (Figure 4.7).   
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Figure 4.7: Results of the General Additive Models (GAMs) for SC1, SC2 and SC3, showing time series 

trends for total mercury (THg), the percent organic carbon content (%OC), and the atomic carbon to 

nitrogen ratio (C:N) plotted against sediment core depth (cm). The % of Deviance explained from the fitted 

GAM model is shown. Bold portions represent areas of significant change, while grey shaded areas 

represent the 95% confidence intervals for the models. 

 

 

4.5 SC-2 

 There was a steady decline of 210Pb activity with increasing depth of the sediment profile 

and background was reached at 10 cm depth (Figure 4.8). There was no distinct peak in 137Cs. The 

earliest date obtained from CRS chronology is 1845, at 17.25 cm depth (Figure 4.8). Sedimentation 

rate generally increased towards the surface of the core, with a notable peak in sedimentation rate 

at 10 cm depth (~1940) (Figure 4.1.5c). The calculated sediment focusing factor used to correct 

elemental flux values for sediment focusing was 0.52 (Table 4.1). 
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A) 
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Figure 4.8: Results of 210Pb dating for Lake SC-2: (A) sediment depth versus activities for radioisotopes 
210Pb, 214Pb and 137Cs, (B) sediment depth versus date based on the constant rate of supply (CRS) 210Pb 

dating model, and (C) 210Pb-inferred sedimentation rate versus depth based on the CRS model. Error bars 

are standard error. 

 

B) 

C) 
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 A significant increase in THg was observed from 29 cm to 6 cm core depth, increasing 

from ~55.5 ng/g to ~ 111.2 ng/g (Figure 4.7), and HgF also increased steadily over time with a 

peak at 10 cm depth (~1940) corresponding to the peak in sedimentation rate (Figure 4.9). The 

average HgF corrected for focusing factor was 8.4 ± 2.9 ng/cm2yr, which was the highest average 

corrected HgF recorded across all study lakes (Table 4.1). A significant but small magnitude 

decline in %OC was observed between 23 and 16.5 cm, decreasing from 46.2 to 44.8% (Figure 

4.7). OCF followed the same trend as observed for inferred sedimentation rate and HgF (Figure 

4.9). The average OCF over the dated portion of the core, corrected for sediment focusing, was 

3490.9 ± 1451.4 µg/cm2yr (Table 4.1). There was a significant linear decline in C:N from 14.1 to 

12.8 from 29 cm to the core surface (Figure 4.7). 
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Figure 4.9: Stratigraphic profiles showing changes in total mercury (THg), mercury flux rate (HgF), % 

organic carbon (%OC), organic carbon flux rate (OCF), and atomic carbon to nitrogen ratio (C:N) with 

sediment core depth in SC2, SC3, SC4 and SC5. The inferred dates based on the 210Pb constant rate of 

supply model are shown on the left. 

 

 

4.6 SC-3 

 There was a general increase in 210Pb activity from 25 cm to 6 cm, followed by a decline 

in the top 2 cm, with 210Pb background reached at 24.5 cm (Figure 4.10). A peak of 137Cs was 

observed at 21 cm depth, which dates to 1945 based on the CRS model for 210Pb, and does not 

coincide with the 1963 background level (Figure 4.10). The earliest date obtained from CRS 



51 
 

chronology was ~1891, at 29.0 cm depth (Figure 4.10). There was an increase in sedimentation 

rate in the surface 2.0 cm (Figure 4.10). The calculated sediment focusing factor used to correct 

elemental flux values for sediment focusing was 0.06 (Table 4.1).  

 

A) 
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Figure 4.10: Results of 210Pb dating for Lake SC-3: (A) sediment depth versus activities for radioisotopes 
210Pb, 214Pb and 137Cs, (B) sediment depth versus date based on the constant rate of supply (CRS) 210Pb 

dating model, and (C) 210Pb-inferred sedimentation rate versus depth based on the CRS model. Error bars 

are standard error. 

 

B) 

C) 



53 
 

 THg was generally consistent over time, ranging between ~112 and ~125 ng/g (Figure 

4.7).  HgF increased above 2.0 cm, corresponding to the increase in inferred sedimentation rate 

(Figure 4.9). The average HgF over the dated portion of the core, corrected for sediment 

focusing, was 1.35 ± 0.52 ng/cm2yr (Table 4.1). A significant (but small magnitude) decrease in 

%OC (47.7% to 45.1%) was observed between 24 cm and 8 cm, followed by a significant (but 

small) increase above 6 cm from 44.8 to 46.0% (Figure 4.7). OCF increased in the surface 2.0 

cm from 7506.2 µg/cm2yr to 9423.8 µg/cm2yr, similar to HgF (Figure 4.9). The average OCF 

corrected for sediment focussing factor was 59678.0 ± 39496.5 µg/cm2yr, which was the highest 

corrected OCF of all study lakes (Table 4.1). There was a significant decline in C:N from 21 cm 

(~12.3) to 9 cm (~11.8) (Figure 4.7). 

 

4.7 SC-4 

 210Pb activity was variable in the top 6 cm of the sediment core. A decline in 210Pb activity 

was observed with increasing depth between 6 cm and 14.5 cm, when background was reached 

(Figure 4.11). The peak in 137Cs was observed at 5-6 cm depth. The earliest date obtained from 

CRS chronology was ~1847 at 16.25 cm depth (Figure 4.11). Sedimentation rate was highest in 

the top 5 cm (Figure 4.11). The calculated sediment focusing factor used to correct elemental flux 

values for sediment focusing was 0.74 (Table 4.1).   
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A) 



55 
 

 

 

Figure 4.11: Results of 210Pb dating for Lake SC-4: (A) sediment depth versus activities for radioisotopes 
210Pb, 214Pb and 137Cs, (B) sediment depth versus date based on the constant rate of supply (CRS) 210Pb 

dating model, and (C) 210Pb-inferred sedimentation rate versus depth based on the CRS model. Error bars 

are standard error. 

 

B) 

C) 



56 
 

 There was a significant increase in THg observed from 24 cm (36.7 ng/g) to 14 cm (91.1 

ng/g), followed by a significant decline in THg concentration from ~12.5 cm (102.8 ng/g) to the 

core surface (28.8 ng/g) (Figure 4.12). HgF increased to 4 cm and then decreased to the core 

surface (Figure 4.9). The average HgF corrected for sediment focusing was 0.68 ± 0.31 ng/cm2yr 

(Table 4.1). The %OC was consistently ~38-40% over the entire core, with no changes over time 

(Figure 4.12). OCF followed the same trend as HgF (Figure 4.9). The average OCF corrected for 

sediment focusing was 2357.5 ± 1577.4 µg/cm2yr (Table 4.1). C:N increased significantly from 

11.8 to 15.1 in the top 8 cm (Figure 4.12).  

 

Figure 4.12: Results of the General Additive Models (GAMs) for SC4, SC5 and SC6, showing time 

series trends for total mercury (THg), the percent organic carbon content (%OC), and the atomic carbon 

to nitrogen ratio (C:N) plotted against sediment core depth (cm). The % of Deviance explained from the 

fitted GAM model is shown. Bold portions represent areas of significant change, while grey shaded areas 

represent the 95% confidence intervals for the models. 
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4.8 SC-5 

 There was a steady decline in 210Pb activity observed from 1.5 cm to 16 cm, when 

background was reached (Figure 4.13). A peak in 137Cs activity was observed at 8 cm depth (Figure 

4.13). The earliest date obtained from CRS chronology was ~1845, at 17 cm depth (Figure 4.13). 

Sedimentation rate generally increased from the bottom to the surface of the core (Figure 4.13). 

The calculated sediment focusing factor used to correct elemental flux values for sediment 

focusing was 0.67 (Table 4.1).   

 

A) 



58 
 

 

Figure 4.13: Results of 210Pb dating for Lake SC-5: (A) sediment depth versus activities for radioisotopes 
210Pb, 214Pb and 137Cs, (B) sediment depth versus date based on the constant rate of supply (CRS) 210Pb 

dating model, and (C) 210Pb-inferred sedimentation rate versus depth based on the CRS model. Error bars 

are standard error. 

 

C) 

B) 
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 There was a significant increase in THg concentration from 40 ng/g to 150 ng/g between 

22.5 cm to 2.5 cm (Figure 4.12). HgF also increased steadily from 14 cm to the surface of the core 

(Figure 4.9). The average HgF corrected for sediment focusing factor was 0.79 ± 0.20 ng/cm2yr 

(Table 4.1). There was no significant change in the %OC, which was consistently ~30-35% (Figure 

4.12); however, there was a notable outlier at 14 cm (25.4%) (Figure 4.12). OCF increased steadily 

in sediment profile above 14 cm, similar to HgF (Figure 4.9). The average OCF corrected for 

sediment focusing was 2519.4 ± 1027.5 µg/cm2yr (Table 4.1). There was no significant change in 

C:N, with values consistently fluctuating between 12-14 (Figure 4.12).  Similar to %OC, there was 

a notable outlier at 14 cm, with a C:N value of 10.8 (Figure 4.12). 

 

4.9 SC-6 

 The 210Pb activity increased between 30 and 10 cm and decreased between 10 cm and the 

core surface (Figure 4.14). Background 210Pb activity was reached at 30 cm (Figure 4.14). A peak 

in 137Cs activity was observed at 18 cm depth. The earliest date obtained from CRS chronology 

was ~1849, at 30.5 cm core depth. Sedimentation rate decreased with depth, with the highest 

sedimentation rates in the top 1 cm (Figure 4.14). Sedimentation rate in SC-6 was higher than most 

of the other lakes, at 0.024 g/cm2/yr (Figure 4.14). The calculated sediment focusing factor used 

to correct elemental flux values for sediment focusing was 0.73 (Table 4.1).   
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A) 
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Figure 4.14: Results of 210Pb dating for Lake SC-6: (A) sediment depth versus activities for radioisotopes 
210Pb, 214Pb and 137Cs, (B) sediment depth versus date based on the constant rate of supply (CRS) 210Pb 

dating model, and (C) 210Pb-inferred sedimentation rate versus depth based on the CRS model. Error bars 

are standard error. 

 

C) 

B) 
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 There was a significant increase in THg concentration from 38.5 ng/g to 79.1 ng/g between 

36.5 cm and ~18.5 cm, followed by a significant decline in THg from 66.13 ng/g to 40.5 ng/g 

between 14.5 cm and the core surface (Figure 4.12). HgF followed a similar trend to the inferred 

sedimentation rate, increasing over time with the greatest increases in the top 1.0 cm (Figure 4.15). 

The average HgF corrected for sediment focusing was 0.49 ± 0.09 ng/cm2yr (Table 1). The %OC 

varied between 39-44%, with no changes over time (Figure 4.12). OCF followed a similar trend 

to HgF and inferred sedimentation rates (Figure 4.15). The average corrected OCF for sediment 

focusing over the dated portion of the core was 6032.2 ± 3865.2 µg/cm2yr, which was the highest 

OCF rate in all the lakes (Table 4.1).  The C:N fluctuated between 12.1 and 13.8, with no 

significant periods of change (Figure 4.12). 
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Figure 4.15: Stratigraphic profiles showing changes in total mercury (THg), mercury flux rate (HgF), % 

organic carbon (%OC), organic carbon flux rate (OCF), and atomic carbon to nitrogen ratio (C:N) with 

sediment core depth in SC6, SC11 and SC12. The inferred dates based on the 210Pb constant rate of supply 

model are shown on the left. 
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4.10 SC-8 

 There was a steady decline in 210Pb activity observed between 2 cm and 16 cm, where 210Pb 

reached background (Figure 4.16). A peak in 137Cs was observed at 8-10 cm depth (Figure 4.16).  

The earliest date obtained from CRS chronology was 1853, at 16.5 cm depth. There was gradual 

increase in sedimentation rate from 16 cm to the core surface (Figure 4.6). The calculated sediment 

focusing factor used to correct elemental flux values for sediment focusing was 0.81 (Table 4.1).   

 

A) 
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Figure 4.16: Results of 210Pb dating for Lake SC-8: (A) sediment depth versus activities for radioisotopes 
210Pb, 214Pb and 137Cs, (B) sediment depth versus date based on the constant rate of supply (CRS) 210Pb 

dating model, and (C) 210Pb-inferred sedimentation rate versus depth based on the CRS model. Error bars 

are standard error. 

 

C) 

B) 
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 There was a significant linear increase in THg from 34.5 cm to 0 cm core depth, increasing 

from 40 ng/g to 70 ng/g (Figure 4.17), except for a notable outlier of 10 ng/g at 6 cm (~1996) 

(Figure 4.17). HgF also increased from 16 to 0 cm, except for an outlier at 6 cm (Figure 4.18). The 

average HgF corrected for sediment focusing was 0.322 ± 0.042 ng/cm2yr (Table 4.1). No 

significant changes in %OC were observed, and %OC ranged from ~39-43% (Figure 4.17). OCF 

increased steadily over time from 16 cm (494.76 µg/cm2yr) to 0 cm (3555.69 µg/cm2yr) (Figure 

4.18).  The average OCF corrected for sediment focusing was 2037.9 ± 1196.8 µg/cm2yr (Table 

4.1). C:N showed a significant linear decrease from 15.4 to 12.8 between 34.5 cm and 0 cm core 

depth (Figure 4.17). 

 

Figure 4.17: Results of the General Additive Models (GAMs) for SC8, SC9 and SC10, showing time series 

trends for total mercury (THg), the percent organic carbon content (%OC), and the atomic carbon to 

nitrogen ratio (C:N) plotted against sediment core depth (cm). The % of Deviance explained from the fitted 
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GAM model is shown. Bold portions represent areas of significant change, while grey shaded areas 

represent the 95% confidence intervals for the models. 

 

Figure 4.18: Stratigraphic profiles showing changes in total mercury (THg), mercury flux rate (HgF), % 

organic carbon (%OC), organic carbon flux rate (OCF), and atomic carbon to nitrogen ratio (C:N) with 

sediment core depth in SC10, SC9 and SC8. The inferred dates based on the 210Pb constant rate of supply 

model are shown on the left. 
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4.11 SC-9 

 There was a steady decline in 210Pb activity with increasing depth of the sediment profile 

and background was reached at 14.5 cm (Figure 4.19). No clear peak in 137Cs was observed (Figure 

4.19). The earliest date obtained from CRS chronology was ~1847 at 16.5 cm depth (Figure 4.19). 

Sediment rate generally increased from 12 cm to the surface of the core (Figure 4.19). The 

sediment focusing factor was 0.52 (Table 4.1).   

 

A) 
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Figure 4.19: Results of 210Pb dating for Lake SC-9: (A) sediment depth versus activities for radioisotopes 
210Pb, 214Pb and 137Cs, (B) sediment depth versus date based on the constant rate of supply (CRS) 210Pb 

dating model, and (C) 210Pb-inferred sedimentation rate versus depth based on the CRS model. Error bars 

are standard error. 

 

C) 

B) 
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 There was a significant increase in THg concentration from ~70.32 ng/g to ~113.97 ng/g 

observed between 16 cm and 4 cm (Figure 4.17). HgF also increased steadily over time (Figure 

4.18). The average HgF corrected for sediment focusing was 1.07 ± 0.132 ng/cm2yr (Table 4.1). 

There was no significant change in %OC (Figure 4.17), but OCF increased steadily similar to HgF 

(Figure 4.18). The average OCF corrected for sediment focusing was 5231.2 ± 2311.5 µg/cm2yr 

(Table 4.1). C:N decreased from 13.6 to 12.2 between 22.5 cm and the core surface (Figure 4.17). 

 

4.12 SC-10 

 There was a steady decline in 210Pb activity with increasing depth of the sediment profile 

and background was reached at 10 cm depth (Figure 4.20). A peak in 137Cs activity was observed 

at 4-6 cm depth (Figure 4.20). The earliest date obtained from the chronology was ~1879 at 12 cm 

depth (Figure 4.20). Sedimentation rate decreased with increasing depth of the sediment profile, 

except for a peak in sedimentation rate (0.008 g/cm2/yr) at 10 cm (Figure 4.20). The sediment 

focusing factor used to correct elemental flux values for sediment focusing was 0.74 (Table 4.1).   
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A) 
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Figure 4.20: Results of 210Pb dating for Lake SC-10: (A) sediment depth versus activities for 

radioisotopes 210Pb, 214Pb and 137Cs, (B) sediment depth versus date based on the constant rate of supply 

(CRS) 210Pb dating model, and (C) 210Pb-inferred sedimentation rate versus depth based on the CRS 

model. Error bars are standard error. 

 

C) 

B) 



73 
 

 A significant increase in THg concentration from ~60 ng/g to ~110 ng/g was observed 

between 21 cm and 4 cm depth (Figure 4.17). HgF generally increased over time, except for a 

subsurface peak recorded at ~10.25 cm depth that corresponds to the peak in sedimentation rate 

(Figure 4.18). The average HgF corrected for sediment focusing was 0.83 ± 0.74 ng/cm2yr (Table 

4.1). There was a significant increase in %OC from 34.1-36.4% between 41.5 and 25.5 cm (Figure 

4.17). OCF followed the same trend as HgF, with highest flux rate (2767.4 µg/cm2yr) recorded at 

10 cm depth (Figure 4.18). The average OCF corrected for sediment focusing was 1669.0 ± 1114.9 

µg/cm2yr (Table 4.1). C:N significantly declined from 13.7 to 12.5 between 41.5 cm and 30 cm 

depth (Figure 4.17). 

 

4.13 SC-11  

 A steady decline in 210Pb activity was observed between 6 cm and 9 cm, when 210Pb activity 

reached background, while 210Pb activity was fairly consistent in the top 0-5 cm (Figure 4.21). 

137Cs activity increased at 6 cm but no clear peak was observed (Figure 4.21). The earliest date 

obtained from CRS chronology was ~1845, at 11.5 cm depth (Figure 4.21). Sedimentation rate 

was lowest at 5 cm, and then increased gradually from 5 cm to 0 cm (Figure 4.21). The sediment 

focusing factor used to correct elemental flux values for sediment focusing was 0.83 (Table 4.1).   
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A) 
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Figure 4.21: Results of 210Pb dating for Lake SC-11: (A) sediment depth versus activities for 

radioisotopes 210Pb, 214Pb and 137Cs, (B) sediment depth versus date based on the constant rate of supply 

(CRS) 210Pb dating model, and (C) 210Pb-inferred sedimentation rate versus depth based on the CRS 

model. Error bars are standard error. 

 

 

C) 

B) 
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 THg increased significantly from 38.49 ng/g to 97.35 ng/g above 20.5 cm (Figure 4.22). 

HgF increased above 4 cm (Figure 4.15). The average HgF corrected for sediment focusing was 

0.6 ± 0.1 ng/cm2yr (Table 4.1). There was also a significant increase in %OC from 6.7% to 33.9% 

between 24.5 cm and the core surface (Figure 4.22). OCF followed a similar trend as HgF, 

increasing from 763.7 µg/cm2yr to 2307.9 µg/cm2yr above 4 cm (Figure 4.15). The average OCF 

corrected for sediment focusing was 1638.5 ± 870.2 µg/cm2yr (Table 4.1). C:N exhibited a 

significant linear decrease from 13.7 to 12.7 between 24.5 cm and the surface, corresponding to 

the increase in %OC (Figure 4.22). 

 

Figure 4.22: Results of the General Additive Models (GAMs) for SC11 and SC12, showing time series 

trends for total mercury (THg), the percent organic carbon content (%OC), and the atomic carbon to 

nitrogen ratio (C:N) plotted against sediment core depth (cm). The % of Deviance explained from the 

fitted GAM model is shown. Bold portions represent areas of significant change, while grey shaded areas 

represent the 95% confidence intervals for the models. 
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4.14 SC-12 

 There was a steady decline in 210Pb activity from 4 cm to 16 cm, when background was 

reached (Figure 4.23). A peak in 137Cs activity was observed at 10 cm depth (Figure 4.23). The 

earliest date obtained from the chronology was ~1851 at 29.5 cm. Sedimentation rate decreased 

from 14 cm to 10 cm, followed by a gradual increase above 10 cm (Figure 4.23). The sediment 

focusing factor used to correct elemental flux values for sediment focusing was 1.09 (Table 4.1).   

 

A) 
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Figure 4.23: Results of 210Pb dating for Lake SC-12: (A) sediment depth versus activities for 

radioisotopes 210Pb, 214Pb and 137Cs, (B) sediment depth versus date based on the constant rate of supply 

(CRS) 210Pb dating model, and (C) 210Pb-inferred sedimentation rate versus depth based on the CRS 

model. Error bars are standard error. 

 

 There was a significant increase in mercury (THg) concentration from 31.4 ng/g to 57.8 

ng/g between 18.5 cm to 6.5cm (Figure 4.22). HgF exhibited a subsurface peak of 0.3 ng/cm2yr at 

C) 

B) 
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15 cm (Figure 4.15). The average HgF corrected for sediment focusing was 0.6 ± 0.3 ng/cm2yr 

(Table 4.1). The %OC increased from 33.1% to 41.4% between 40 cm and 30 cm, declined from 

39.7% to 36.5% between 24.5 cm and 16.0 cm, and increased again from 38.3% to 41.2% between 

10 cm and the core surface (Figure 4.22). OCF exhibited a similar subsurface peak (3193.2 

µg/cm2yr) at 15 cm as HgF and increased steadily from 803.46 µg/cm2yr to 2721.84 µg/cm2yr 

above 10 cm (Figure 4.15) The average OCF corrected for sediment focusing was 1629.3 ± 693.7 

µg/cm2yr (Table 4.1). There was a significant decrease in C:N from ~13.5 to ~12 between 40.5 cm 

and the core surface (Figure 4.22). 

Table 4.1: Mercury (HgF) and organic carbon (OCF) flux rates averaged since ~1850 (based on 
210Pb dates) for the 14 study lakes.  The % Bog 250 and % Fen 250 represent the percentage of the 

shoreline within 250 m that is encompassed by bog (i.e. collapse scar) and fen vegetation, based 

on land classification presented in Coleman et al. (2023). Mercury and organic carbon fluxes have 

been corrected for sediment focusing factors. Depth = maximum lake depth. FF = sediment 

focusing factor. Area = lake surface area. Lakes are listed in order of descending HgF fluxes. 
 

 

    

    Lake 

Average HgF 

± Error 

(ng/cm2/yr)  

 

Depth 

(m) 

 

FF 

Factor 

 

Area 

(ha) 

% 

Bog 

250m 

%  

Fen 

250m 

 

Average OCF ± 

Error (µg/cm2yr)  

SC2 (linked) 8.4 ± 2.9 1.7 0.52 11 13.4 30.9 3490.9 ± 1451.4 

SC3 (linked) 1.4 ± 0.5  1.8 0.06 18 26.9 26.6 59678.0 ± 39496.5 

SC9 1.1 ± 0.1 2.1 0.52 82 N/A N/A 5231.2 ± 2311.5 

SC10 0.8 ± 0.7 1.2 0.74 73 N/A N/A 1669 ± 1114.9 

SC1 (linked) 0.8 ± 0.6  1.3 0.05 21 21.3 19.5 58999.4 ± 48574.8 

SC5 (isolated) 0.8 ± 0.2 1 0.67 21 31.6 9.6 2519.4 ± 1027.5 

First Lake (linked) 0.7 ± 0.3 0.9 0.3 17 37.7 12.9 1576.3 ± 639.4 

SC4  0.7 ± 0.3 1.1 0.74 22 N/A N/A 2357.5 ± 1577.4 

SC12 0.6 ± 0.3 0.9 1.09 116 N/A N/A 1629.3 ± 693.7 

SC11 0.6 ± 0.1  2 0.83 114 N/A N/A 1638.5 ± 870.2 

SC6 (linked) 0.5 ± 0.1 1.1 0.73 40 28.5 25.8 6032.2 ± 3865.2 

Next Lake (linked) 0.4 ± 0.1 1.5 0.4 24 20.5 34 2311.8 ± 1147.7  
SC8 (isolated) 0.3 ± 0.04 0.9 0.81 15 48.9 0 2037.9 ± 1196.8 

Goose Lake (linked) 0.3 ± 0.05 1.1 0.38 244 22.9 34.1 3286.6 ± 1694.0 
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5.0 DISCUSSION 

 Recent research in the Dehcho has recorded drastic changes in the land cover as a result of 

climate change, with permafrost-underlain peat plateau forests converted into thermokarst 

wetlands and associated enhancement of watershed hydrological connectivity (Chasmer et al., 

2014; Gordon et al., 2016; Olefeldt et al., 2016; Quinton et al., 2019; Turetsky et al., 2020; Connon 

et al., 2021; Coleman et al., 2023). This is expected to enhance the flux of organic carbon and 

associated mercury into downstream waterbodies, including lakes (Rydberg et al., 2010; Coleman 

et al., 2015; Korosi et al., 2015; Anderson et al., 2019). This study quantified the burial of carbon 

and mercury in the sediments of 14 shallow lakes located at or near the Scotty Creek Research 

Station (Northwest Territories, Canada). Using paleolimnological techniques, sediment cores were 

dated to evaluate spatiotemporal trends in carbon and mercury accumulation and flux rates, and 

carbon sources inferred from the elemental ratio of organic carbon to nitrogen (C/N), focusing on 

the influence of permafrost peatland thaw and the presence of wetland thermokarst features in the 

Scotty Creek basin's discontinuous permafrost zone. This study's outcomes provide valuable 

insights into the role that lakes play in the landscape cycling of organic carbon (OC) and mercury 

(Hg) in small, shallow discontinuous permafrost peatland lakes. I did not examine methyl mercury, 

only total mercury, as the paleolimnological methods employed in this study are not compatible 

with the assessment of methyl mercury that does not exhibit long-term preservation within 

sediment cores (Brazeau et al., 2013; Korosi et al., 2015). 

 

 

 



81 
 

5.1 Is mercury accumulation in Dehcho lake sediments linked to organic carbon? 

 Climate-induced permafrost thaw may influence mercury transport to lakes through 

changes in terrestrial carbon inputs (Korosi et al., 2015) and algal primary production (Michelutti 

et al., 2005).  Mercury released from thawing permafrost is tightly bound to organic matter and 

thus, the role of terrestrial organic matter in the transport of mercury to aquatic ecosystems has 

been studied over the years, emphasizing that mercury transport from catchments to adjacent 

aquatic systems is strongly driven by terrestrial organic matter fluxes (Driscoll et al., 1995; Kolka 

et al., 1999; Ouellet et al., 2009; Teisserenc et al., 2010; Teisserenc et al., 2011). The 'algal 

scavenging' hypothesis suggests that climate warming may enhance mercury accumulation in 

Arctic lake sediments due to sorption to organic matter linked with heightened aquatic primary 

production (Outridge et al., 2007; Stern et al., 2009; Carrie et al., 2010; Sanei et al., 2012a; Grasby 

et al., 2013); however, the validity of this concept remains a subject of debate as some studies have 

identified significant correlations between total mercury (THg) and algal productivity in the 

sediments of one or more lakes (Sanei and Goodarzi, 2006; Stern et al., 2009; Carrie et al., 2010; 

Jiang et al., 2011; Deison et al., 2012; Sanei et al., 2012b; Brazeau et al., 2013; Biester et al., 2018; 

Burke et al., 2018), while others have found no relationship (Cooke et al., 2012; Hermanns et al., 

2013) or only partial correlations between algal scavenging and THg concentration in a limited set 

of water bodies (Kirk et al., 2011; Korosi et al., 2018). Analyses of four Canadian high and 

subarctic lakes for mercury and algal-derived organic carbon have shown significant positive 

relationships between Hg and algal-derived organic carbon (Outridge et al., 2007; Stern et al., 

2009; Carrie et al., 2010).  
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  Sediment Hg concentrations ranged from 10-190 ng/g and were lower than those reported 

by others for the Canadian High Arctic and subarctic lakes (Muir et al., 2009; Stern et al., 2009; 

Carrie et al., 2010; Cooke et al., 2010; Kirk et al., 2011). This study only found positive 

associations between THg and %OC trends based on GAMs in SC11, where both THg and %OC 

increased, with a corresponding decrease in C/N, consistent with the algal scavenging hypothesis. 

A decreasing C:N ratio is an indication of greater in-lake produced algae over terrestrial organic 

matter (Meyers and Teranes, 2001), which may be the result of nutrients released through thawing 

permafrost (Coleman et al., 2015). Trends of increasing Hg corresponding to decreasing C/N, 

indicative of an algal scavenging effect, was also observed in lakes SC1, SC2, SC8, SC9, and 

SC12, but with no overall increase in %OC (SC8, SC9, SC12) or a decreasing trend in OC (SC1, 

SC2). This suggests that the source of organic carbon to these subarctic lake sediments was algal 

sources due to increased primary productivity in the lakes, similar to findings by Kirk et al. (2011). 

  However, other lakes showed contrasting results. THg increased in SC5 and SC10 without 

any corresponding changes to %OC or C/N. THg decreased in lakes SC3, SC4, and SC6, with no 

corresponding changes in %OC, and conflicting trends in C/N (C/N decreased in SC3, increased 

in SC4, and showed no change in SC6). This indicates that, overall, total mercury accumulation 

has generally increased across the 14 study lakes but was not primarily driven by organic carbon. 

This is consistent with findings by Kirk et al. (2011) which suggested that increased lake primary 

productivity does not appear to be driving changes in mercury (Hg) fluxes to Arctic and subartic 

lake sediments.  
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5.2 Rates of mercury and organic carbon burial in lake sediments 

The results from this research suggest that Hg and OC fluxes are closely linked to 

sedimentation mass accumulation rate. Most of the lakes (12 out of 14) showed increasing THg 

and %OC fluxes since ~1850 (post-industrialization) corresponding to increases in sedimentation 

rate, consistent with study by Kirk et al. (2011) on mercury and algal-derived carbon from 14 

Canadian arctic and subarctic lakes which reported a general increase in sedimentation rates and 

Hg fluxes in 11 out of the 14 lakes post-industrialization. Analysis of sediment cores from over 

100 circumpolar Arctic lakes over the years has shown an increase in Hg fluxes since ~1850 (post-

industrialization), with variation in the magnitude of increase between Ḑ1.5- and 12-fold among 

lakes (Landers et al., 1998; Lockhart et al., 1998; Bindler et al., 2001; Fitzgerald et al., 2005; 

Lindeberg et al., 2006; Muir et al., 2009; Stern et al., 2009; Carrie e al., 2010; Cooke et al., 2010; 

Kirk et al., 2011).  

Increased lake productivity (algal production) and corresponding increased sedimentation 

rate have also been observed in numerous Baffin Island (Nunavut) lakes (Michelutti et al., 2007). 

In this study, SC1, SC2, and SC10 both had notable sub-surface peaks in sedimentation rate that 

produced peaks in THg and %OC fluxes. This is similar to results from Sobek et al. (2009) where 

sedimentation rate was similarly identified as an important predictor of OC burial efficiency in 

lakes. This suggests that climate warming and/or accelerated permafrost thaw may lead to 

increases in carbon and mercury burial rates through increases in sedimentation rates (Kokfelt et 

al., 2010); however, diagenesis (post-depositional transformation of organic matter in sediments) 

is still occurring in the surface 5-10 cm (Sobek et al., 2014), and may influence the results. 
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 The sediment focussing factor (FF) in the study lakes was low, ranging from 0.05 to 1.09. 

Focusing factor values <1 indicates that the sediment sampling area exports more sediment than it 

accumulates (Hermanson and Christensen, 1991b). Since the lake basins are relatively uniform, 

and cores were collected from the central, deepest location, low FF in many of the lakes may reflect 

the influence of flow moving through connected, shallow systems with flocculant sediments prone 

to resuspension and transport. SC8, which is a hydrologically disconnected lake, had one of the 

highest FF (0.81) of the lakes. Sediment focussing is the process responsible for contaminant burial 

in the lake bottom (Blais, 1995). The low FF would indicate that small lakes with high flow-

through may not play a substantial role as sinks for mercury and organic carbon released from 

thawing permafrost, especially if thaw increases hydrological connectivity and flow.   

 Mercury and organic carbon flux rates are often corrected for FF to be able to compare 

values across different systems, especially for mercury where the goal is to infer atmospheric 

transport from industrial emissions (Lockhart et al., 1998; Muir et al., 2009). SC2 recorded the 

highest average corrected mercury flux rate of all 14 lakes, with a value of 8.4 ± 2.9 ng/cm2/yr. Hg 

burial rates in lake sediment cores across the north are changing as a result of catchment transport 

processes, independent of anthropogenic emissions, especially in watersheds where permafrost 

thaw is causing significant change (Deison et al., 2012; Korosi et al., 2015). For organic carbon 

burial rates, SC3 exhibits the highest average corrected flux rate, recording 0.597 g/cm2/yr (0.358 

g/cm2/yr uncorrected for FF). This rate is lower compared to average carbon burial rates in lakes 

reported by Dean and Gorham (1998), which typically fell within the range of 14 g/cm2/yr. SC6 

had the highest uncorrected average organic carbon flux rate (0.440 g/cm2/yr), and a FF of 0.73.  
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5.3 Relationship between hydrological connectivity and OC & Hg burial 

 The research also qualitatively examined the role that channel fens and bogs might play in 

the transport, processing, and accumulation of organic carbon and mercury in these lakes and 

subsequent burial in lake sediments, focusing on 9 of the 14 study lakes where land classification 

data was available (Coleman et al., 2023). Permafrost degradation in the Taiga Plains has resulted 

in transformation of forested plateaus to permafrost-free bogs and fens (Quinton et al., 2011; 

Gibson et al., 2020). The prevalence of bogs and fens is known to have an impact on carbon and 

mercury export to aquatic systems (Schelker et al., 2011; Giesler et al., 2017). Thus, we can 

hypothesize that the proportion of bogs and fens on a lake’s shoreline may regulate mercury and 

carbon transport and burial in lake sediments, and that changes in shoreline landscape 

characteristics will alter mercury and carbon dynamics in lakes. In particular, the presence of 

channel fens, which act as conveyors, may increase the downstream transport of organic carbon 

and mercury into lakes. The headwater lake, Goose Lake, which is the first in the fluvial 

hydrological chain in the Scotty Creek basin, was one of the few lakes to exhibit decreases in 

carbon and no change in THg. The lowest average HgF when corrected for sediment focusing was 

also recorded in Goose Lake.  As mentioned above, SC8 is hydrologically isolated because of the 

lack of channel fens, and recorded higher FF compared to lakes with abundant channel fens. Lake 

SC5 had less than 10% coverage by channel fens within 250 m of the shoreline, and a FF of 0.67. 

In contrast, however, Lake SC6 had a higher FF of 0.73, despite 25% coverage of channel fens. 

The 5 lakes for which land classification data was unavailable all had higher FFs. Additional 

research is needed to continue to explore the relationship between sediment focussing and organic 

carbon and mercury burial in sediments, and the controls on sediment focussing in these lakes.   
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6.0 CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 General Conclusions 

As the land cover at Scotty Creek is rapidly changing (Camill, 2005; Osterkamp and 

Romanovsky, 1999) due to accelerated permafrost thaw, there is need for more research to be 

conducted to understand the limnology of the landscape, including also the fate of carbon and 

mercury released from thawing permafrost in aquatic ecosystems (Dastoor et al., 2022; Dietz et 

al., 2022; Walvoord and Striegl, 2021). 

This study found that total mercury concentrations increased in 9 of the 14 study lakes, 

independent of organic carbon, suggesting that the increase in mercury concentration wasn’t driven 

by increasing total carbon. The increase in total mercury was, however, associated with a decrease 

in C/N in many of the lakes, suggesting that the lake sediments possibly received high proportion 

of autochthonous (i.e. algal) organic matter, partially supporting the algal scavenging hypothesis. 

Overall, the results indicate that total organic carbon concentrations have not experienced 

significant changes over time, but the proportion coming from increased algal production has 

increased for many lakes, which may be driving an increase in mercury concentrations in some 

(but not all) of the lakes. Increases in total mercury may have been further driven by anthropogenic 

mercury emissions, which are known to have increased mercury concentrations across the north 

(AMAP, 2009).  

12 out of the 14 sampled lakes (First Lake, Goose Lake, SC1, SC2, SC3, SC5, SC6, SC8, 

SC9, SC10, SC11, and SC12) showed increasing trends in carbon and mercury flux rates since 

~1850, linked to increased sediment mass accumulation rates. Calculated focussing factors were 
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<1 for all but one lake (SC12, FF=1.09), indicating that while sedimentation rates may be 

increasing, the coring areas are eroding more sediment than they are accumulating. This indicates 

that the lakes may not play a significant role as carbon and mercury sinks, instead acting similar 

to fens as conveyors of sediment downstream. Sub-surface peaks in sedimentation, and associated 

peaks in carbon and mercury fluxes, indicate that sedimentation patterns and sediment focussing 

can be highly variable in these lakes and prone to episodic increases in sedimentation.  Overall, 

the research indicates that sediment accumulation rates are the greatest control on organic carbon 

and mercury burial, and that hydrological connectivity may be a key control on sediment 

accumulation in these small, shallow lakes.   

6.2 Future Directions 

Based on my research findings, I hypothesize that increased hydrological connectivity due 

to permafrost thaw can increase mercury and organic carbon export to downstream outlets, with 

small flow-through lakes playing only a minor role as carbon and mercury sinks. This is important 

to resolve because it suggests that mercury and other organically bound and stored contaminants 

might be released into Arctic and sub-arctic streams and rivers draining thawing discontinuous 

permafrost peatlands (AMAP, 2003; Braune et al., 2005; Macdonald et al., 2005; Schiedek et al., 

2007; AMAP, 2009). Future research is needed to understand spatial and temporal controls on 

sediment focussing in these lakes, because sediment focussing will be the process that determines 

whether organic carbon and mercury are buried in lakes or transported downstream.   

I also observed sub-surface peaks in sedimentation rates and organic carbon and mercury 

fluxes, as well as sub-surface anomalies in organic carbon and mercury concentrations. This 

indicates that episodic events may alter sedimentation and carbon and mercury dynamics in lakes. 
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I suggest that this might be related to forest fires, which is something that could be explored in 

future research. For example, macroscopic charcoal can be used to identify past fire events in 

sediment cores. The influence of forest fires on northern peatlands is a critical area for future 

research as there has been an increase in wildfire activity in the boreal environment has increased 

in the last few decades (Flannigan et al., 2009; Kelly et al., 2013) due to warmer summers (Masrur 

et al., 2018). Increased fire frequencies across the boreal forest due to warmer, drier climatic 

conditions will also likely cause more widespread permafrost thaw in peatlands. The Scotty Creek 

Research Station recently (October, 2022) burned down as a result of a wildfire. Recent increases 

in wildfire activity due to warmer summers have also been predicted to alter carbon dynamics in 

the coming century (Smith et al., 2005; Riordan et al., 2006; Hu et al., 2015; Coogan et al., 2019).  
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