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Abstract: 

Permafrost thaw in discontinuous permafrost peatlands has been linked to enhanced 

export of chromophoric dissolved organic matter (cDOM) into lakes, reducing water clarity 

through ‘lake brownification’. In the Dehcho region (Northwest Territories, Canada), diatom 

(siliceous algae, Class Bacillariophyceae) assemblages in small, shallow lakes have been shown 

to be structured along a cDOM gradient, indicating that lake brownification can be inferred from 

subfossil diatoms in lake sediment cores. This thesis presents the results of a diatom-based 

paleolimnological study of a small, shallow Dehcho lake covering the last ~300 years. Results 

indicate a shift beginning circa ~1920s from epiphytic and large-sized diatom taxa characteristic 

of low cDOM lakes (Denticula kuetzingii, Navicula) towards increased abundance of 

Pseudostaurosira brevistriata and Stauroforma exiguiformis associated with higher cDOM. The 

timing of this shift coincided with an anomalous sediment geochemical signature potentially 

indicative of a drought or wildfire that likely initiated an accelerated loss of permafrost.  
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CHAPTER ONE: INTRODUCTION 

1.1. Background 

Between 1979 – 2021, the circumpolar north has warmed ~0.73°C decade−1 on average, 

3-4 times faster than the average global rate (~0.19°C decade−1) over the same time frame 

(Rantanen et al., 2022). As temperatures rise, environments across northern Canada will 

experience altered precipitation patterns and increased lightning strikes (Bintanja, 2019; Bintanja 

& Andry, 2017; Veraverbeke et al., 2017), reduced seasonal snow cover (Chasmer & Hopkinson, 

2017), and changes in vegetation cover (Vitt, et al., 2000; Box et al., 2019). These recent climate 

and environmental changes have increased the frequency and severity of wildfires (Wang et al., 

2015; Veraverbeke et al., 2017; Hanes et al., 2019), and together, may be driving accelerations in 

permafrost thaw across northern Canada (Gibson et al., 2018; 2021; Wright et al., 2022). 

Among the areas considered especially vulnerable to widespread permafrost thaw are the 

discontinuous permafrost peatlands of the Dehcho region, Northwest Territories, which straddle 

the boundary between sporadic and extensive discontinuous permafrost in northwestern Canada 

(AMAP, 2017), as well as being host to globally significant carbon stocks via vast peat deposits 

(Hugelius et al. 2020). Here, temperatures are relatively warm (~0 °C), with the discontinuous 

permafrost persisting (Halsey et al., 1995; Quinton et al., 2018), largely only due to the 

insulating provided by the peat-rich terrain (Du et al., 2021; Holloway & Lewkowicz, 2020). 

However, climate-warming since the 1970s, combined with environmental changes like 

increased wildfires, may be accelerating rates of permafrost thaw (Gibson et al., 2018; Helbig et 

al., 2016; Quinton et al., 2018). Decreases in areal of permafrost patches by 55% - 36% have 

already been reported throughout the southern boreal subarctic over the last half century 
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(Holloway et al., 2020; Quinton et al., 20158), with some projections suggesting much of the 

discontinuous permafrost peatlands of the Dehcho could be permafrost-free by 2050 (Kurylyk et 

al., 2016; Chasmer et al., 2017; Spence et al., 2020; Gibson et al., 2021).  

Rapid permafrost degradation throughout the Dehcho region will intensify thermokarst 

(i.e. thawing of ice-rich permafrost) processes, resulting in the subsidence of forested peat 

plateaus and the expansion of adjacent wetlands and lakes (Olefeldt et al., 2021; Carpino et al., 

2021). This can enhance hydrological connectivity and drainage across the watershed (Connon et 

al., 2014; Chasmer et al., 2017), increase runoff (Connon et al., 2014; Haynes et al., 2018) and 

groundwater flow (Kurylyk et al., 2016), and potentially mobilize carbon and nutrients stored in 

the peat-rich terrain by permafrost into nearby aquatic ecosystems (Olefeldt et al., 2013; Burd et 

al., 2020; Heffernan et al., 2024). Elsewhere, increased in-lake concentrations of terrestrially 

derived dissolved organic matter (DOM) and iron (Fe), have been implicated as the cause behind 

recent increases in water colour (brownification) in many lakes across the northern hemisphere 

(Weyhenmeyer et al., 2014; de Wit et al., 2016; Björnerås et al. 2017; Wauthy et al., 2018).  

Lake brownification is of considerable interest to conservation and ecological 

management as it can alter water quality and critical ecosystem services in affected lakes in a 

variety of interacting pathways (Horppila et al., 2024; Blanchet et al., 2022). For example, 

reduced light availability in brownified lakes can limit primary production (Karlsson et al. 2009; 

Stetler et al., 2021), which can impact the quantity and quality of nutrition at higher trophic 

levels (Creed et al., 2018; Taipale et al., 2016; 2018). Reduced light penetration can also enhance 

stratification and contribute to hypoxia on the lake bottom, further impacting lake productivity 

and biogeochemical function (Brothers et al., 2014; Williams et al., 2016). Additionally, as DOM 

can often form complexes with contaminants (Oni et al., 2013; Al-Amin et al., 2024), 
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brownification may increase in-lake concentrations of heavy metals and other toxins, which can 

create challenges for drinking water treatment (Oni et al., 2013; Wällstedt et al., 2010; Lavonen 

et al., 2013; Ritson et al., 2014). Increases in in-lake DOM may also impact carbon cycling, 

specifically enhancing rates of carbon mineralization, which may have globally significant 

consequences (Lapierre et al., 2013; Cory et al., 2014; Allesson et al., 2018). However, the 

precise drivers of brownification often vary regionally, and its dynamics remain uncertain in 

small boreal wetlands and lakes such as those of the Dehcho (Kritzberg et al., 2020; Coleman et 

al., 2023; 2025). Climate-driven permafrost thaw in boreal peat-rich landscapes, and the resultant 

increased downstream export of DOM may increase instances of brownification in small lakes 

across the Dehcho, significantly impacting local water resources, and their associated ecosystems 

and communities (Christensen, 2015), necessitating continued monitoring and study.  

Brownification and other water quality changes which impact light availability in lakes 

can be tracked using paleolimnological techniques (Korosi et al., 2015; Tichá et al., 2023; 

Coleman et al., 2023; 2025). Paleolimnology refers to a broad range of multi-disciplinary 

scientific tools that analyze geophysical, chemical, and biological proxies preserved in lake 

sediments to reconstruct past trends in climates and environments (Watson et al., 2021). Diatoms 

are a type of microalgae widely used in paleolimnology as bioindicators due to their siliceous 

cell walls that preserve well (Battarbee et al., 2001), as well as their high sensitivity to 

environmental changes like changes in water clarity and light availability due to brownification 

(Rühland et al., 2015; Gushulak & Cumming, 2020). Shifts in the abundance of diatom taxa 

sensitive to water clarity changes may thus be useful in reconstructing historical water quality 

trends and could help identify the drivers potentially responsible for brownification in the small 

lakes of the Dehcho.  
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1.2. Study Rationale and Significance 

This thesis focused on a small (~1.17 km2) shallow (~1.9 m depth) lake unofficially 

referred to as SC11 (61°20'25.1"N, 120°57'48.3"W) located northeast of Tthets’éhk’e’ (McGill 

Lake), the westernmost of the Five Fish Lakes (Łue Túé Sųlái) of the Dehcho region in the 

traditional territory of the Tthets'éhk'edélî First Nation (Figure 1). SC11 is close to the southern 

boundary of extensive discontinuous permafrost (AMAP, 2017; Figure 1B.), and adjacent to the 

Scotty Creek Basin, a site of active long-term research on permafrost thaw and wetland 

thermokarst landscape changes (Quinton et al., 2018).  

 

 

 

 

 

 

 

 

 

Figure 1. (A): Approximate position of SC11 within Canada with the territorial morphology of the Northwest Territories 

indicated by a black border, overlaid with the extent of permafrost, according to the 5th edition of the National Atlas of 

Canada, surveyed from 1978 to 1995. Regions with isolated patches of permafrost (<10%), are indicated in red 10% 

crosshatching; regions with sporadic discontinuous permafrost (10 – 50%) are in blue 10% simple hatching; regions with 

extensive discontinuous permafrost (50 – 90%) are in light blue; regions with continuous permafrost (90 – 100%) are in 

pale blue; (B): Approximate location of SC11 within the southern Northwest Territories, Canada, relative to Great Slave 

Lake, close to the boundary between sporadic (blue 10% simple hatching) and extensive permafrost (blue); (C): Location of 

SC11 relative to Scotty Creek Basin, and McGill Lake of the Five Fish Lakes; (D): SC11, Dehcho region, Northwest 

Territories, Canada, in true colour imagery provided by World Imagery in ArcGIS Pro with 2021 census boundary divisions 

from Statistics Canada.        

A 

B 

C 

D 
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In an earlier “top-bottom” (i.e., 1850 versus present-day; see Cumming et al., 1992) 

assessment of diatom assemblage changes in the Dehcho region, SC11 was identified as one of 

only a few known lakes that exhibited an increase in the abundance of small benthic 

Fragilariaceae diatoms, which have been previously identified as potentially indicative of lake 

browning (Korosi et al., 2015; Coleman et al., 2025). An analysis of the sediment geochemistry 

of SC11 identified a period of anomalously low concentrations of percent organic carbon in the 

8.25 cm depth (Abulu 2024), which may correspond to a historical forest fire in the region 

spoken of by Dehcho Elders circa 1920 (J. Korosi, personal communication). I hypothesize that 

the anomalous decrease in organic carbon concentrations, may be linked to this historical 

wildfire, the occurrence of which, also immediately preceded the increase in benthic 

Fragilariaceae. As it is well established that forest fires accelerate permafrost thaw in the 

Dehcho (Gibson et al., 2018), the long-term landscape change effects may have eventually 

precipitated in the potential brownification and associated reduced water clarity observed at 

SC11 (Wauthy et al., 2018).  

My MSc research tests this hypothesis by examining diatom subfossil assemblage 

changes at high temporal resolution in a dated sediment core from SC11. Reconstructing a 

paleoenvironmental record of brownification at SC11 will help to contextualize how lakes in the 

Dehcho region are responding to fire-stimulated permafrost thaw and landscape changes relative 

to pre-industrial historical trends. This will provide a more complete history of water quality 

changes at SC11, continuing efforts by Coleman et al., (2025) and complement the results of 

Abulu, (2024), to understand how permafrost thaw may be altering water quality and carbon 

cycling pathways in the small shallow boreal lakes of the Dehcho.  
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1.3. Research Questions 

My research questions are: 

1) What is the paleoenvironmental history of diatom assemblages and diversity at SC11 

over the past few hundred years; when did assemblage shifts occur, and which taxa were 

the primary drivers of assemblage shifts and differences between assemblages? In 

particular, when and how did the diatom assemblage at SC11 evolve towards greater 

dominance by low-clarity tolerant diatom taxa such as small benthic Fragilariaceae.  

2) How does the timing of shifts in diatom assemblage composition at SC11 compare to 

previously established trends in organic carbon and C:N ratios; more specifically did the 

shift towards low-clarity diatom taxa, coincide with the timing of the low-carbon 

anomaly circa 1920? 
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CHAPTER TWO: LITERATURE REVIEW 

2.1. Carbon cycling and climate change in a rapidly warming northern Canada 

As of 2023, global average atmospheric concentrations of carbon dioxide (CO2) reached 

419.3 ppm (~888.92 Pg C), ~50% greater than pre-industrial (i.e. prior to 1750) levels (~278 

ppm; ~589.36 Pg C) (Friedlingstein et al., 2023). Increasing concentrations of greenhouse gases 

due to human activities, particularly CO2, have led to ever larger proportions of longwave 

radiation being retained by the Earth’s geophysical systems (Lacis et al., 2010), an atmospheric 

warming phenomenon known as the greenhouse effect, due to its similarities with how the glass 

surfaces of a greenhouse trap heat (Arrhenius, 1897). This relatively rapid increase in CO2 and 

other greenhouse gases (over the past ~250 years), and the associated temperature increases, are 

comparatively massive and abrupt changes on a geological scale, as current concentrations of 

CO2 and other greenhouse gases, have not occurred on Earth for millions of years (Lear et al., 

2021; IPCC, 2021). Though there have been similar historical phases of elevated CO2 

concentrations and temperatures throughout the geological record, almost all such periods 

reached these states gradually over multiple millennia, as opposed to current anthropogenic 

warming at decadal to centennial timescales (Lear et al., 2021; Judd et al., 2024). As past 

conditions with comparable levels of CO2 are associated with environments radically different to 

modern conditions (e.g. substantially smaller ice caps, sea levels 6 – 20 m higher than current 

levels, and more severe wildfire activity; Miller et al. 2012; Dumitru et al. 2019; Gaboriau et al., 

2020), unprecedented levels of carbon inputs in modern times (Friedlingstein et al., 2023), will 

lead to rapid and extreme changes to many ecosystems across the globe (IPCC, 2021).  
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Although climate change is a global phenomenon, rapid climate warming and its 

associated impacts are not occurring uniformly across the globe, with regions in the circumpolar 

north experiencing the fastest rates of surface temperature warming compared to anywhere else 

on Earth (Post et al., 2019; IPCC, 2021). For example, one estimate by Rantanen et al., (2022) 

suggested that between 1979 – 2021, different regions of the Arctic (i.e. anywhere above > 

60°N), were warming anywhere from 3 – 7 times faster than the mean global rate 

(~0.19 ∘C/decade). These geographical disparities in warming generally intensified along a 

latitudinal gradient, with the northernmost regions (i.e. those directly adjacent to the Arctic 

Ocean like the archipelago of Novaya Zemlaya), found to be warming much faster than more 

southerly regions (Rantanen et al., 2022). Notably these are also substantially faster rates 

compared to previous estimates of climate warming in the Arctic (e.g. ~2x the global average), 

with warming projected to further accelerate in the next few decades (Post et al., 2019; Rantanen 

et al., 2022).  

This substantial difference in magnitude of current rates of warming in the north 

compared to rates in lower latitudes is referred to as the recent Arctic amplification effect and is 

controlled by multiple processes (Rantanen et al., 2022), with some of the most important ones 

being inefficiencies in radiative cooling to space due to lapse-rate feedback effects (Pithan & 

Mauritsen, 2014; Stuecker et al., 2018), albedo-feedback effects (Dai et al., 2019; Brown et al., 

2010), seasonal temperature inversions (Bintanja et al., 2011), and oceanic and atmospheric heat 

transport (Serreze et al., 2011; Walsh et al., 2014). However, there has yet to be full consensus on 

the precise contribution of each mechanism to the Arctic amplification effect, due to 

disagreements over which areas are considered part of the Arctic, and the relevancy of each 

mechanism across different regions (Rantanen et al., 2022).  
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The especially rapid rate of warming in circumpolar regions is due to these processes and 

feedback mechanisms being enhanced by the effects of the recent increases in atmospheric CO2 

concentrations; the most well-known mechanism being impacted in this manner are albedo 

climate-feedback effects, in which climate warming induces long-term declines in highly-

reflective sea ice extent and thickness and terrestrial snow cover by extending the melt season 

during summer and autumn while shortening the growth season during winter (Serreze et al., 

2011; Brown et al., 2010; Chasmer et al., 2017). This then exposes the comparatively darker 

open ocean and terrain to even greater insolation, resulting in a positive feedback loop of 

increased energy retention and melting of sea ice and snow cover with each passing year 

(Perovich et al., 2007). A significant portion of the heat driving recent declines in sea ice and 

snow cover is also from non-local sources; as atmospheric CO2 concentrations increase, more 

climate-warmed parcels of air and seawater from more equatorial latitudes are being advected 

northwards via horizontal (i.e. as opposed to vertical heat transport like convection through the 

atmosphere) poleward transport (Yang et al., 2010; Ting et al., 2009), and has been a major cause 

of much of the recent losses in sea ice (Bengtsson et al., 2004). More recent research has also 

shown that CO2 driven warming is also enhancing evaporative processes and altering 

atmospheric currents, leading to intensified storms and more extreme weather that may be 

carrying more water vapour polewards which could further drive increased warming and other 

climatic and environmental changes in the north (Francis et al., 2012; Saha et al., 2023). 

As large parts of the circumpolar north also serve as a substantial sink for atmospheric 

carbon and thus have over millennia accrued a vast reserve of soil carbon preserved only by the 

cold climate and the unique geographical characteristics of the permafrost-rich landscape 

(Hugelius et al., 2020; Holloway et al., 2020), there is substantial concern that the recent 
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amplified warming could jeopardize this store of paleo-carbon, and release it to the atmosphere 

as greenhouse gases emissions, potentially further accelerating climate warming (Harris et al., 

2022). In this thesis, we focused on the impacts of recent rapid climate warming and its 

environmental impacts like increased wildfire activity on the forested permafrost peatlands of the 

Canadian boreal subarctic, which may be at particular risk of undergoing rapid widespread 

permafrost thaw and associated landscape changes (Quinton et al., 2018; Gibson et al., 2018; 

Carpino et al., 2018; 2021; Wright et al., 2022), and the potential consequences for the carbon 

cycling of this region. More specifically, we focused on one particular aspect of the carbon 

cycling of this region; the potential for much of that terrestrial carbon to be exported into 

downstream lakes and other water bodies (Wauthy et al., 2018; Heffernan, et al., 2024), where it 

could have significant ecological and water quality effects (Vonk et al., 2015; Campeau et al., 

2022; Xing et al, 2024; Räike et al., 2024), including possibly being an important driver of the 

recent brownification of several lakes (Wauthy et al., 2018; Blanchet et al., 2022; Coleman et al., 

2023), which can enhance in-lake carbon mineralization and outgassing of potent greenhouse 

gases like CO2 and methane (CH4) (Lapierre et al., 2013; Saros et al., 2025). This necessitates 

understanding how the potential mobilization of one of the largest carbon reservoirs on Earth 

could affect carbon processing in northern lakes if there is to be effective action tackling climate 

change and its effects on water quality in the north (Harris et al., 2022; Blanchet et al., 2022).   
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2.2. Climate change in the permafrost peatlands of the Canadian boreal subarctic  

2.2.1. What is the Canadian boreal subarctic 

The boreal subarctic, or boreal zone refers to a vast circumpolar region roughly 

occupying the 50° – 70°N latitudes of the northern hemisphere, representing a transitional zone 

between the more temperate latitudes to the south, and the true, or High Arctic to the north 

(Brandt et al., 2009). One of Earth’s largest biomes (~1.89 billion ha), the global boreal zone 

stretches across multiple circumpolar polities (e.g. Norway, Sweden, Finland, Russia, Canada; 

Brandt et al., 2009), and includes a broad range of landcovers, including grasslands, wetlands, 

and lakes, a large portion of which is also underlain by permafrost (Brandt et al., 2009; Price et 

al., 2013). However, the boreal subarctic is principally characterized by its extensive forests 

(primarily coniferous) and woodland (i.e. forest cover with mixed-use covers like farmland) 

landcovers (Brandt et al., 2009), as well as subarctic climate (i.e. short, moderately warm and 

humid summers with long snowy winters; Baldocchi et al., 2000). Hence, the boreal subarctic is 

also often referred to as the boreal forest, snow forest, or taiga (Hoffmann, 1958; Viereck, 1975). 

The boreal forest is one of the most important biomes on Earth, providing a variety of 

ecosystem services, such as raw materials (e.g. lumber), as well as being host to many important 

sources of water for local communities (Brandt et al., 2009; Vonk et al., 2015; Christensen, 

2015). However, in the context of climate change, the most important service provided by the 

global boreal forest is its role as an immense carbon sink making it an important regulator of the 

global climate system (Chapin III et al., 2000; Kurz et al., 2013; Bradshaw & Warkentin, 2015; 

Pan et al., 2024). This is because the boreal forest generally intakes more atmospheric carbon by 

photosynthesis than is released via plant respiration and heterotrophy, which then becomes part 
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of its biomass and soils. Due to the cold subarctic climate, and often anoxic soils, decomposition 

is significantly slowed, preventing this accumulated carbon from being released back to the 

atmosphere, and over millennia, this has resulted in certain areas of the boreal forest developing 

substantial carbon accumulations (Kurz et al., 2013; Potapov et al., 2017; Harris et al., 2022), 

though estimates have varied widely for exactly how much carbon is stored in the boreal forest 

and its soils in literature (e.g. 264.9 – 1715.8 Pg C; Bradshaw & Warkentin, 2015; Pan et al., 

2024). However, rapid climate warming and its environmental consequences, particularly 

increased wildfires are leading to significant decreases in the functioning of the boreal subarctic 

as a carbon sink; for example, Pan et al., 2024 estimated that between 1990 – 2019, annual rates 

of sequestration dropped from 508 ± 63 Tg C year−1 to 324 ± 41 Tg C yr−1. Moreover, this 

decrease in carbon sequestration capacity has been occurring geographically unevenly, with the 

boreal forests of North America recently being declared a carbon source and thus in need of 

substantial monitoring (Bond-Laberty et al., 2007; Turetsky et al., 2011; Pan et al., 2024).   

The North American component of the boreal forest represents a substantial portion 

(~28%) of the global boreal zone (Brandt et al., 2013). Most of it lies within Canada, where it 

constitutes ~55% (552 million ha) of the nation’s total surface area, from the border between 

Alaska and the Yukon Territories in the west, to Newfoundland and Labrador on the east coast 

(Gros et al., 2023). Despite the vast extent of the Canadian boreal subarctic, its ecological 

diversity is limited to only a few species, owing to its relative youth, and having begun to 

develop only within the past 15 – 16 000 years ago, as the glacial ice caps that once covered 

most of North America began to retreat (Brandt et al., 2009). More specifically, these species are 

those that migrated northwards from refugia south of the retreating Laurentide sheet, as well as 

those that can survive the harsh subarctic conditions (Gauthier et al., 2015; Liang et al., 2022). 
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These include primarily conifers but also a few cold tolerant (i.e. able to survive 40 °C or lower) 

deciduous species (Brandt et al., 2009; Williams et al., 2004). Common conifers in the North 

American boreal forest include the white (Picea glauca), and black spruces (P. mariana), firs 

(Abies balsamea, A. lasiocarpa etc.), tamarack (Larix laricina), and various pine (Pinus) species 

(Brandt et al., 2009). Studies of pollen macrofossils indicate that P. glauca and P. mariana, the 

dominant conifers of the North American boreal forest, are thought to have expanded to their 

current transcontinental ranges from Pleistocene refugia located in New England (Lindbladh et 

al., 2007; Payette et al., 2022). Similarly, the Jack Pine (Pinus banksiana), was once originally 

limited to refugia located in central and southeastern USA (i.e. Missouri and Georgia), during the 

Pleistocene, but has since expanded its range northwards to their current distributions in Quebec 

and as far northwest as Great Bear Lake in the Northwest Territories (Payette et al., 2022). The 

spatial distribution of trees in the boreal forest is that of a mosaic of irregularly shaped patches or 

stands, often containing either only coniferous species, or only deciduous species, and only 

sometimes containing a mix (Weir et al., 2000). Other common species are those that can 

similarly survive the harsh climate, such as low growing shrubs, and ferns and fungi which 

produce spores that germinate only during warmer months (Robinson, 2001), as well as mosses 

and lichen which can self-desiccate to hibernate (Turetsky et al., 2012). 

The geomorphology of the North American boreal forest is relatively young (Brandt et 

al., 2009), being characterized by generally undeveloped soils which are poor in key inorganic 

nutrients like nitrogen and phosphorus, despite being rich in organic matter from the detritus of 

ubiquitous coniferous trees (Maynard et al., 2014). This is partially because the cold subarctic 

climate strongly inhibits microbial decay (Kyaschenko et al, 2019), preventing any organic 

detritus from breaking down into nutrients to be returned to the forest floor (Brovkin et al., 2012; 
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Deluca & Boisvenue, 2012). Moreover, what few nutrients are available, are instead usually 

retained by fungi and microbes for their own use, rather than made accessible to larger plants and 

trees as typical in more temperate climates (Hensgens et al., 2020; Högberg et al., 2017; 

Clemmensen et al., 2014). Another reason why the soils of the Canadian boreal forest are so 

nutrient poor is that they are also often quite acidic, which can inhibit microbial decomposition 

and nutrient cycling, especially of nitrogen (Shen et al., 2021). The low soil pH was once 

commonly attributed to the organic acids found in coniferous needles but is now considered to be 

more likely derived from leachates released by Sphagnum spp. mosses common to the boreal 

forest undergrowth (Turetsky et al., 2012; Burgess-Conforti et al., 2019).  

 

2.2.2. Fire as an ecological and environmental process in the Canadian boreal forest 

Another important characteristic of the Canadian boreal forest is its frequent, and often 

severe forest fires (Stocks et al, 2002). On average, ~2 million hectares (Mha) are burned in the 

Canadian boreal forest on an annual basis due to fire activity, though the exact area varies 

considerably from year to year, with occasional large outliers such as in 1989, during which ~7 

Mha of forest were burned (Stocks et al, 2002; Hanes et al., 2019). Most recently in 2023, a 

particularly devastating record high 15 Mha of forested lands in northwest Canada were burnt 

(Jain et al., 2024), during which in addition to the substantial loss of carbon sequestering 

capacity, several lives were extinguished, hundreds of homes and critical infrastructure were 

destroyed, and the resultant smoke reached communities as far as the east coast, causing 

significant health complications (Jain et al., 2024; Wang et al., 2024). However, despite its 

calamitous nature, fire is a necessary component to the ecology and geography of the Canadian 
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boreal forest and has shaped its ongoing evolution since its formation began with the retreat of 

the Laurentide ice sheets (Anyomi et al., 2022; McLauchlan et al., 2020).  

To be precise, when discussing fire in the boreal forest as an ecological and 

environmental process, we are referring to a type of recurring disturbance which cyclically 

destroys a large area of the boreal forest ecosystem every few decades (de Groot et al., 2013). We 

further distinguish between small (i.e. area burned <200 ha) fires, which are easily put out, as 

opposed to large (i.e. area burned >200 ha) fires or ‘wildfires’, which are often uncontrolled 

(Stocks et al, 2002; Shulski & Wendler, 2007). Though wildfires only make up a small fraction 

(~3%) of all fire activity in the boreal forest they are responsible for 90% of all areas burned 

(Stocks et al, 2002; Shulski & Wendler, 2007; Hanes et al., 2019), and it is wildfires which are 

the ecologically significant force we refer to when discussing fire in the boreal forest (Stocks et 

al, 2002; Hanes et al., 2019).  

For example, fire is an essential catalyst in the natural cycle of succession and 

regeneration in the Canadian boreal landscape; periodic burns remove dead and dying trees and 

clear the canopy for younger and healthier saplings to recolonize recently burned areas (Anyomi 

et al., 2022; Figure 2.). This process is so integral to the geography of the boreal forest that it is 

responsible for the characteristic mosaic of stands that typifies tree spatial distributions in the 

Canadian boreal forest, as the result of fires burning out different areas at different times, 

creating patches of forests at different succession stages (Weir et al., 2000; Erni et al., 2017; 

Figure 2.). Some coniferous species that are common to the Canadian boreal forest, such as 

Pinus banksiana, P. contorta var. latifolia, and Picea mariana even rely upon the periodic, 

though infrequent (i.e. repeating at multi-decadal to multi-centurial scales) occurrence of fire to 

reproduce, as their seeds can only be released from the protective cone after being burned 
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(Sharpe et al., 2017; Edwards et al., 2015; Reid et al., 2023). The process of fire-catalyzed 

succession results in conifer-dominated stands that represent old-growth end-stage climax 

communities being cyclically replaced by a mix of younger coniferous saplings, and deciduous 

species (Figure 2.). The latter consist primarily of wind dispersed pioneers such as those from the 

genera Betula, Popululus, and Salix, but can also include species like P. tremuloides which have 

adapted specifically to endure fires by being able to resprout new shoots from burned stumps 

(Bond-Lamberty et al., 2007; Tsuyuzaki et al., 2014; Anoszko et al., 2022).  

The resultant deciduous domination of the post-fire boreal stand can last for decades to 

centuries and can take more than a decade just to recover 10% of its previous canopy cover 

(Bartels et al., 2016). The relative slowness of boreal succession, and specifically the 

regeneration of the coniferous dominated climax community is attributable to many factors, 

including that the immediate and long-term post-fire conditions are usually far better suited to 

deciduous species than the original coniferous community (Tsuyuzaki et al., 2014; Mack et al., 

2021). For example, post-fire soils are less acidic (González-Pérez et al., 2004; Certini et al., 

2005; Agbeshie et al., 2022), and the microclimate is drier due to the opened canopy and more 

climatically polarized (up to 0.27 °C warmer in summer and 0.07 °C cooler in winter) (Wolf et 

al., 2021; Helbig et al., 2024). Additionally, many boreal conifers, such as Picea mariana, can 

only grow in acidic conditions which are the result of mosses like Sphagnum spp., that 

themselves can take decades to grow back to pre-fire conditions and first require a transition to 

shade usually provided by matured deciduous pioneer trees (Turetsky et al., 2012; Anyomi et al., 

2022). Fire can also shift soil bacterial and fungal diversity (Su et al., 2022), towards species that 

may inhibit conifer regeneration in post-fire stands, further contributing to the length of fire 

recovery time (Whitman et al., 2019; Day et al., 2020). 
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Although delayed ecological recoveries are often viewed negatively, the relative slowness 

(>30 years at minimum) of secondary succession in the Canadian boreal forest is natural, and 

even necessary for recovering to its former conifer-dominated state (Terrier et al., 2013). For 

example, deciduous trees often have thicker bark and lack the characteristic flammable resins of 

coniferous species (Popović et al., 2021); consequently, they are substantially less flammable 

compared to conifers (Park et al., 2024). The comparatively more fire resistant deciduous-

dominated post-fire boreal stand, has thus historically provided sufficient buffering time for 

emerging conifer saplings to survive and reach reproductive maturity (30 – 40 years), before the 

next fire outbreak (Terrier et al., 2013).  

 

 

 

 

 

 

 

 

 

Figure 2. Mosaic cycle of fire-catalyzed succession in the Canadian boreal forest. (1) represents a stand in the boreal forest some 

time after a fire, in the initial stages of succession with increased deciduous cover; (2) represents a stand in the intermediate 

stage of succession, with deciduous pioneers beginning to give way to conifers; (3) represents a climax-stage stand, dominated by 

conifers and which will inevitably be disrupted by a wildfire to return to the stage of succession indicated in (1).     

 

Wildfires also play an essential role in the biogeochemical cycling of nutrients (i.e. 

carbon, nitrogen, phosphorus, calcium, magnesium, potassium, and silicon), in the boreal forest 

(McLauchlan et al., 2020; Agbeshie et al., 2022), being a major mechanism by which they are 

 

 

 

 

 

 



18 

 

recycled from organic detritus, and without which they would otherwise remain largely 

sequestered on the cold subarctic boreal forest floor (Eckdahl et al., 2023). Combustion converts 

still-living biomass (ex. trees, undergrowth, herbaceous plants etc.), as well as organic matter in 

soils like litter, detritus, and humus (i.e. decayed organic matter, usually heavily colored), into 

pyrogenic material (i.e. ash and charcoal; Pelligrini et al., 2018). This renders nutrients that 

would have otherwise been trapped in biomass much more labile and alters the environment to 

encourage nutrient uptake and assimilation (Agbeshie et al., 2022; Eckdahl et al., 2023).  

For example, exposure to fire can mineralize organic compounds (e.g. phosphates 

become orthophosphate; compounds containing trace metals like calcium, magnesium, 

potassium, and sodium, will form oxides or exchangeable free cations), which may be 

comparatively more bioavailable (Souza-Alonso et al., 2024; Agbeshie et al., 2022). The 

resultant nutrient-enriched ash and charcoal is typically deposited as a thin (~0.5 cm) layer of 

finer particles (ash being particulate, and charcoal is at least more fragmented) in the soil profile, 

which due to its higher proportion of negatively charged binding sites, attracts the liberated 

cations (Bodí et al., 2014). This reduces nutrient leaching by adsorbing them to the ash-enriched 

soil, increasing the concentration of labile nutrients in the surficial soils relative to pre-fire 

conditions (Mroz et al., 1980; Granath et al., 2020), while also encouraging root growth, as the 

finer texture enables them to more easily access nutrients deeper in the soil profile (Lynch et al., 

2021). Furthermore, because the extreme heat of a forest fire can denature the organic acids 

responsible for the characteristically low pH of boreal soils (González-Pérez et al., 2004; Certini 

et al., 2005), and the ash can contain trace metals that can neutralize H+ ions present (e.g. 

potassium, calcium, and magnesium), post-fire soils often become more alkaline following a fire 

(Bodi et al., 2014; Agbeshie et al., 2022), further encouraging microbial respiration and decay 
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(Shen et al., 2021), and driving nutrient accessibility and cycling (Makoto & Koike, 2021; Ibáñez 

et al., 2022; Agbeshie et al., 2022). However, the immediate impacts of wildfires and ash 

deposition on nutrient availability in the boreal forest floor, tend to last no more than one to two 

growing seasons (Grogan et al., 2000; Eckdahl et al., 2023). This may be due to erosion and 

leaching, as well as the assimilation of the influx in nutrient supply by plant growth (Caon et al., 

2014; Agbeshie et al., 2022). Other fire-induced effects, such as increased alkalinity can last a 

few years longer (Brais et al., 2015; Su et al., 2022). Additionally, the exact impacts of changes 

in soil pH and nutrient availability due to ash deposition will vary for individual species 

according to their specific needs (Brais et al., 2015).  

However, it should be noted that wildfires do not always have a positive impact on 

nutrient cycling in the boreal forest; it is estimated that only a fraction (ranging from 1 – 28%), 

of the nutrients and compounds in organic materials that are burned re-enter the ecosystem 

(Preston & Schmidt, 2006; Santín et al., 2015). Much of these losses are due to volatilization or 

vaporization, with carbon-based and nitrogen-based compounds often becoming gaseous CO2, or 

NO2 (nitrous dioxide) (Caon et al., 2014; Agbeshie et al., 2022). Other organic compounds, 

especially lipids or humic and or fulvic acids that are exposed to fire can also sometimes be 

rendered less bioavailable rather than more, by gaining a benzene ring or phenyl group (referred 

to as becoming ‘aromatic’), instead of mineralizing completely, typically due to incomplete 

combustion (González-Pérez et al., 2004). This is because benzene rings have a high degree of 

chemical stability due to their unusually stable molecular structure (i.e. they are composed of six 

carbon atoms bonded by alternating single and double bonds), and compounds that gain a phenyl 

group tend to be similarly conferred with a higher resistance to biodegradation (González-Pérez 

et al., 2004; Chebykin & Abakumov, 2022).  
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Additionally, just as fire can create environments more encouraging of nutrient 

processing, the reverse can also be true, particularly in cases of extreme (i.e. intense high 

temperature; > 500 °C) wildfires (Agbeshie et al., 2022). For example, fire can compact soil 

particles and reduce porosity, which in turn can reduce infiltration of the soil profile by rain and 

increase runoff that can carry off nutrients from newly deposited ash (Doerr et al., 2009; Ebel & 

Moody, 2016; Agbeshie et al., 2022). The compacted ground can also reduce the ability of plant 

roots to penetrate the soil profile and access untapped nutrients deeper in the soil profile (Certini 

et al., 2005; Lei et al., 2022; Agbeshie et al., 2022). Wildfires can remove important microbial, 

fungal, and bryophytic species on the forest floor that are essential to fixing nitrogen and other 

nutrients in the limited soils of the boreal forest, potentially for decades depending on the 

severity of the fire-driven changes to soil pH and the amount of organic matter removed by burns 

(Day et al., 2019, 2020; Renaudin et al, 2022; Agbeshie et al., 2022; Su et al., 2022). 

Additionally, while it was once thought that since wildfires can clear the boreal forest canopy, 

which would allow more sunlight to penetrate the undergrowth and potentially raise temperatures 

closer towards the optimum needed for microbial activity critical for recycling nutrients 

(Sariyildiz, 2008), more recent research indicates that this more often results in longer-term 

drying out of soils, which instead negatively impacts the enzymes needed for nutrient recycling 

(Monson et al., 2006; Allison & Treseder, 2008; 2011; Allison et al., 2010; Agbeshie et al., 

2022). Furthermore, the reduced retainment of soil water due to the loss of vegetation cover and 

associated enhanced evapotranspiration (Collar et al., 2023), itself could contribute to future fires 

and or intensifying them (Moazeni & Cerda, 2024). As climate change and its effects continue to 

intensify, the non-beneficial aspects of wildfires on the ecology of the boreal forest will likely 

become much more common than before (Hanes et al., 2019).  
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2.2.3. Climate change will intensify fire activity in the boreal forests of northwestern Canada 

Due to recent climate change, the boreal forests of northwest Canada are now 

experiencing more frequent, larger and more intense wildfires with the total area burned 

increasing every year since the beginning of the 21st century (Hanes et al., 2019; Jain et al., 2017; 

Chen et al., 2021). Fires in any given area that usually would have re-occurred only after 

anywhere from ~150 – 200 years (and sometimes after only 1000+ years for some wetlands in 

the Canadian boreal forest; de Groot et al., 2013; Sutheimer et al., 2021), are now re-occurring in 

less than 30 years, devastating the forest as it is repeatedly combusted faster than it can recover 

(Burns & Honkala, 1990). These changes have been primarily attributed to recent climate change 

through two primary pathways; the first is that climate change has enhanced the availability of 

fuel and overall flammability of the boreal forests of northwest Canada (Hanes et al., 2019).  

For example, rising temperatures combined with shorter, milder winters have extended 

the length of the fire season; in northwest Canada, fire season normally begins in late May and 

June, peaks in July when the boreal forest is at its hottest and driest, and typically ends in 

September (Stocks et al, 2002). However, climate-driven changes to weather patterns in 

northwest Canada are reducing total precipitation (especially total snowfall), and leading to 

longer and more frequent periods of drought (Wang et al., 2014; Jain et al., 2017), allowing 

major fires to occur as late as October, well out of the regular fire season, which would also 

impact the ability for fire response and management to limit and control fires (Jain et al., 2024). 

The resultant drying out of the boreal forest and its soils for longer periods of time has also led to 

changes in the types of fires occurring, which could impact how often they may recur, and 

influence the severity of their impacts for the worse; whereas the wildfires of the Canadian 

boreal forest of the past fifty years have been almost exclusively extensive surficial crown fires 
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(i.e. fires occurring primarily in the forest canopy; especially likely to occur when there is a high 

density of vegetation, as the low hanging branches can enable the fire to more rapidly climb up 

to the canopy and spread to adjacent trees) (de Groot et al., 2013; Watts & Kobziar et al., 2013; 

McLauchlan et al., 2020), increasingly frequent fires during a hotter and drier summer season 

(Jain et al., 2017), are also igniting ground fires (Scholten et al., 2021). Also known as 

subsurface fires, ground fires occur underground in areas with deep deposits of organic matter 

(usually peat) like wetlands, which would otherwise be somewhat resistant to ignition due to 

high levels of soil moisture, but which are now drying out due to climate change, and are now 

becoming more flammable (Huang & Rein, 2019). Ground fires are especially insidious and 

difficult to control, as they can smoulder for months underground with no visible flame or 

smoke, and can persist even through winter under the snow, making them difficult to detect and 

extinguish; hence they are sometimes also called ‘zombie’ or ‘ghost’ fires (Scholten et al., 2021). 

Climate-driven increases in subsurface fires could therefore contribute to the ignition of and 

spreading of even more forest fires (Huang et al., 2019; Scholten et al., 2021).  

The second pathway by which climate change is increasing incidences of wildfires in the 

Canadian boreal forest is that altered climate and weather patterns have increased occurrences of 

lightning, which historically accounted for the ignition of most (70 – 90%) of the larger wildfires 

and total area burned in northern Canada over the past 50 years (Hanes et al., 2019; Veraverbeke 

et al., 2017; Janssen et al., 2023; Jain et al., 2024). Climate-driven changes to global air currents 

have increased transportation of water vapor and atmospheric moisture content from the Gulf of 

Alaska and the Arctic ocean into continental North America; as more low-pressure parcels of 

moisture-rich air move southeast into the Northwest Territories, they will be convected into the 

upper atmosphere by the unstable continental climate, where the moisture carried then forms into 
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rapidly moving ice particles that can build up an electric charge that eventually discharges as 

lightning (Kochtubajda et al., 2003; Saunders, 2008). As global temperatures continue to rise, so 

will the amount of moisture in the atmosphere, increasing lightning occurrences, and hence also 

incidences of lightning-ignited fires in northwest Canada and Alaska (Veraverbeke et al., 2017; 

Hessilt et al., 2022), with projections suggesting that with every 1°C increase in global warming, 

there may be a 39 – 65% increase in lightning-ignited wildfires (Hessilt et al., 2022). 

The climate-intensification of fire activity in northwestern Canada will have and is having 

substantial impacts on the ecology, processes, and functions of the boreal forest (Price et al., 

2013). For example, increased fire frequency (e.g. having a fire once in less than 30 years, 

instead of once every few centuries; Burns et al., 1990), could and may already be causing 

changes in the composition of tree species in the boreal forest (Greene et al., 2007). Since many 

coniferous species, such as Picea mariana, take 30 – 40 years to fully mature, more fires re-

occurring in the same area than they otherwise normally would, may consume young coniferous 

saplings and seedbeds, as well as supporting species like Sphagnum spp. mosses which are 

critical to the regeneration of Picea mariana stands, before they can finish their 

reproductive/regeneration cycle (Turetsky et al., 2012; Buma et al., 2022; Mayner et al., 2024). 

This limits the propagation of conifers, while deciduous pioneer species such as the fast-growing 

Populus tremuloides remain able to recolonize even remote stands (Baltzer et al., 2021; Massey 

et al., 2023). Combined with post-fire changes decreases in soil acidity that also disadvantages 

coniferous recolonization against deciduous trees (Bodi et al., 2014; Agbeshie et al., 2022), more 

frequent and severe fire activity in the Canadian boreal forest could facilitate a transition to a 

larger and more permanent state of deciduous tree cover (Greene et al., 2007; Anyomi et al., 

2022). While there is some evidence that a more permanent transition to increased deciduous 
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cover could potentially reduce fire risk due to the relatively higher moisture content of many 

deciduous species (Massey et al., 2023; Gaboriau et al., 2023), projections of climate trajectories 

show that it is more likely that any increases in fire resistance will be overwhelmed by the 

climate-driven increases in drought frequency and severity that originally enabled these forest 

fires and drove these forest composition changes (Baltzer et al., 2021; Buma et al., 2022).  

More concerningly, climate-intensification of wildfires in northwest Canada are also 

wreaking havoc on the boreal zone’s role as a carbon sink, and rather than acting as a vital 

mechanism of carbon and nutrient cycling, more frequent and intense fires are volatilizing the 

carbon stored in the surface vegetation of the boreal forest, as well as long-term soil carbon and 

nutrients on an unprecedentedly scale (McLauchlan et al., 2020; Walker et al., 2020). Large parts 

of the Canadian boreal forest have already become substantial carbon sources since the 1990s, 

primarily due to more frequent fires, and up to 90% of the carbon emissions emitted are directly 

attributable to combustion of the organic carbon stored in soils (Pan et al., 2024; Walker et al., 

2020). For example, during the 2014 fires in the Northwest Territories, 2.85 Mha of forested land 

were burned, resulting in an estimated 94.3 Tg C of carbon emissions, nearly half the estimated 

mean annual net ecosystem production of the entirety of Canada alone (Walker et al., 2018). It 

has been suggested that a climate-driven changes towards a more deciduous dominated boreal 

forest may be able to offset wildfire emissions by increasing the carbon stored in soils and 

biomass in the long term (on a decadal scale), due to the faster growth and relative fire-resistance 

of deciduous trees (Mack et al., 2021), particularly in the early stages of succession when the 

canopy is thinnest and sapling growth is fastest (Qu et al., 2025). However, without decreases in 

fire activity, it is unlikely any gains in the carbon stored due to increases in deciduous cover will 

ever sufficiently offset emissions (Buma et al., 2022). 
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Though it has received less public attention by comparison, wildfires may also be 

substantially affecting the carbon and nutrient cycling of aquatic ecosystems in the boreal forest, 

though the exact impacts depend on the characteristics of each catchment (Benoy et al., 2007; 

Smith et al., 2011; Nunes et al., 2018; Burd et al., 2020; Grosbois et al., 2023; Caroni et al., 

2024; Moazeni & Cerda, 2024). Unlike the terrestrial component of the boreal ecosystem, forest 

fires cannot directly affect aquatic ecosystems in boreal landscapes via combustion, but can still 

impact water quality by producing particulate pollution that can enter local bodies of water in 

fire affected catchments (e.g. ash can reduce water clarity, and choke rivers and lakes; Bodí et al., 

2014), which can become stored in the sediments as an indicator of a past fire event (Smol, 

2008). Ash that enters aquatic ecosystems may also contain contaminants (e.g. heavy metals, 

aromatic compounds, including polycyclic aromatic hydrocarbons; PAHs; Olefeldt et al., 2013; 

Paul et al., 2022; Sanchez-Garcia et al. 2023), and nutrient ions which can alter pH (e.g. trace 

metals such as calcium and phosphates can increase pH, but increases in anions like sulfates and 

chloride may decrease pH), which in high enough concentrations, could trigger algal blooms or 

eutrophication, and its associated impacts on water quality (Earl & Blinn, 2003; Bodí et al., 

2014; Granath et al., 2020; Pelletier et al., 2020; Paul et al., 2022). However, these fire-driven 

water chemistry changes typically last for only a few years (i.e. >3 years) at most, though they 

may last significantly longer in lakes with higher residence times (Earl & Blinn, 2003; Granath et 

al., 2020; Pelletier et al., 2020). The toxicity and ecological exposure of PAHs in aquatic 

ecosystems following a fire, are especially short-lived compared to other contaminants due to 

their insolubility (and thus reduced bioavailability), and tendency to bind to sediment particles, 

as well as increased likelihood of mineralization via UV light in aqueous conditions despite their 

otherwise high aromaticity (Olefeldt et al., 2013).  
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Wildfires can indirectly impact aquatic ecosystems but on a longer-term scale by altering 

the geomorphology and ecology of fire-affected catchments which affects the rate at which 

carbon, nutrients and contaminants are exported to downstream rivers and lakes (Shakesby & 

Doerr, 2006; Nunes et al., 2018; Pelletier et al., 2020). For example, wildfires can partially 

denude the landscape of vegetation and bryophyte cover which would otherwise stabilize soils 

and intercept rainfall (Sankey et al., 2024), increasing runoff and erosion (Doerr et al., 2009; 

Ebel et al., 2016), and enhance the rate at which sediment, nutrients and contaminants are 

transported into downstream watersheds (Shakesby et al., 2006; Bladon et al., 2014). In cases of 

extreme heat, the soil surface may also become compacted, which can also increase runoff and 

erosion (Doerr et al., 2009; Ebel et al., 2016), and can eventually even shift or result in entirely 

new stream channels (Legleiter et al., 2003; Shakesby et al., 2006). Unlike wildfire-produced 

pollutants, the indirect impacts of wildfire-driven landscape changes and erosion that can 

enhance nutrient and carbon loading into downstream aquatic ecosystems can last for decades 

(Dunnette et al., 2014). Of particular concern is how wildfires may be driving widespread 

permafrost thaw throughout the Canadian boreal subarctic (Gibson et al., 2018), which can result 

in rapid and permanent changes (referred to as thermokarst) to the geomorphology and 

hydrology of affected areas (Connon et al., 2014; Carpino et al., 2021; Wright et al., 2022), as 

well as ecology (Chasmer et al., 2017; Dearborn et al., 2021), and may be increasing nutrient and 

carbon loading to boreal subarctic aquatic ecosystems (Wauthy et al., 2018; Fouché et al., 2020). 
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2.2.4. Permafrost as a foundational element of the Canadian boreal subarctic landscape 

Owing to the cold subarctic climate, a large portion (estimated to be approximately 30 – 

40%) of the Canadian boreal forest is also underlain by permafrost (Obu, 2021). Permafrost 

refers to any terrestrial substrate (i.e. soil, rock, sediment etc.) that has remained in a perennially 

cryotic (=< 0°C) state for at least two consecutive years (Dobiński, 2020; Obu, 2021). To be 

precise, permafrost is distinct from any frozen water (ground ice content) that is often but not 

always present within the soil pores of cryotic terrain (Permafrost Subcommittee, 1988; Devoie 

et al., 2024). Landscapes with permafrost are never entirely frozen through the soil profile; only 

a ‘true’ or ‘isothermal’ permafrost layer of the soil profile remains cryotic on a multi-year basis, 

which lies below a surficial ‘active layer’ of varying soil material and depth which seasonally 

thaws and refreezes, and which is the main air-ground interface where most geomorphological 

and biological (i.e. plant root growth, or microbial activity) processes occur (Dobiński, 2020). 

The isothermal permafrost layer itself caps a layer of earth that is kept unfrozen by geothermal 

heat (Dobiński, 2020). 

Just as permafrost varies in thickness throughout the soil profile, the distribution of 

permafrost (and its active layer), can also vary dramatically in thickness and quality throughout 

the boreal subarctic, depending on the local environmental and climatic conditions (Dobiński, 

2020; Figure 3.). Permafrost-rich landscapes have often been classified by the percentage of how 

much of the landscape is underlain by permafrost and its spatial arrangement (Obu, 2021). For 

example, regions where 90-100% of the terrain is underlain by contiguous permafrost are called 

continuous permafrost zones, whereas landscapes with 50 – 90% are considered as extensive 

discontinuous (Obu, 2021; Figure 3.). Landscapes where only 10 – 50% of the surface is 

underlain by permafrost and usually in discontinuous patches are referred to as sporadic 
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discontinuous permafrost zones, and regions with permafrost patches that cover less than 10% of 

the terrain are called isolated permafrost zones (Obu, 2021; Figure 3.). Permafrost also exists 

underneath glaciers (Dobinski, 2011), where it is known as subglacial permafrost, though its 

dynamics remain comparatively understudied (Alexander et al., 2020). Permafrost can also be 

found underwater as subsea permafrost, which is estimated to be distributed across ~17 million 

km2 of the Arctic seabed (Obu, 2021), and its dynamics are of substantial climate significance 

due to its potential to release huge reserves of methane should large areas of subsea permafrost 

continue to thaw out (Sayedi et al., 2020; Wilkensjeld et al., 2021). Neither subglacial nor subsea 

permafrost lie within the scope of this thesis.   

 

Figure 3. Distribution of permafrost extent and types (e.g. continuous, solid light blue; extensive discontinuous, solid medium 

blue; sporadic discontinuous, hatched in blue; and isolated, cross hatched in red) in North America relative to the extent of the 

Canadian boreal forest (medium green). Basemap of Canada in true colour imagery provided by World Imagery in ArcGIS Pro 

(Esri Inc., 2025), with permafrost geospatial data derived from boundary shapefiles from the National Atlas of Canada (5th 

edition) via Natural Resources Canada, while boreal forest geospatial data was derived from boundary shapefiles provided by 

Natural Resources Canada originally from data attached to Brandt et al., (2009). 
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Two main categories of factors determine the type, depth, and distribution of terrestrial 

permafrost for any given site: the prevailing local climate, specifically air temperatures (which 

roughly correlates with latitude), and the geophysical properties of that site (Dobiński, 2020). For 

example, in the highest latitudes (i.e. > 75°N), where even the warmest months never exceed 10 

°C (Kottek et al, 2006), the permafrost is largely continuous, with some areas having isothermal 

permafrost layers hundreds of metres thick (Sazonova et al., 2004). In these regions, if any active 

layer is present, it may be seasonal, appearing only in summer and is shallow, ranging from 0.15 

– 1.5 deep (Dobiński, 2020). In contrast, in the southernmost areas of the boreal subarctic, where 

average air temperatures may hover around 0 °C, permafrost largely occurs in discontinuous or 

sporadic patches generally no thicker than five metres deep (Halsey et al., 1995), and with active 

layers 2 – 3 m deep (Dobiński, 2020), that never truly seasonally refreeze (Kane et al., 1991). 

Geophysical factors that can influence the permafrost and active layer depths, include snow 

cover extent, structure, and volume (Gisnås et al., 2014), vegetation, local topography and 

hydrology (Smith, 1975), availability of geothermal heat, and local soil characteristics and 

textures, all of which affect how much energy from incoming insolation or warm (> 0 °C) air 

temperatures is applied to the ground surface and soil profile (Brown et al., 1973; Wang et al., 

2021). Soil texture also impacts active layer depth; substrates composed of finer material (i.e. 

clay: < 2 μm, or loam: particle size ~50 μm), tend to have thinner active layers compared to 

coarse-grained (i.e. sand: 0.05 – 2 mm or gravel: >2 mm) materials (Dobiński, 2020). This is 

because coarser grained materials tend to have larger soil pores and can thus house more water, 

which due to its high heat capacity, can delay freezing in the active layer (Dobiński, 2020).  

Since it forms a large physical component underlying much of the circumpolar landscape, 

permafrost is strongly involved in the processes that have and still are shaping northern 
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geography, including in the boreal subarctic (Kokelj & Jorgenson, 2013). For example, the 

geologically underdeveloped and nutrient poor cryosols and histosols of the Canadian boreal 

forest are partially a product of the frigid conditions of permafrost-rich soils arresting soil 

microbial decay and other biogeochemistry processes that would otherwise advance soil 

development and allow nutrient recycling by microbial processes (Maynard et al., 2014; 

Liebmann et al., 2024). Additionally, in some regions, permafrost acts as an impermeable barrier 

in the soil profile which limits the depth to which plants can extend their roots, imposing an 

ecological filter for the common boreal conifers like Pinus banksiana, Picea glauca, and P. 

mariana, which all have horizontal rather than vertical root systems, and thus enables them to 

survive in the shallow soils characteristic to the boreal subarctic (Strong & Roi, 2011; Brandt et 

al., 2009; Ogden et al. 2023). Permafrost, and permafrost-adjacent processes have also directly 

shaped many of the most distinctive landforms of northern Canada; for example, patterned 

ground formations like ice wedges and polygons (Black, 1976), and mounds like palsas and 

pingos are a direct result of thermal expansion and contraction of permafrost-rich substrate as 

they undergo seasonally repeating cycles of freezing and thawing (Kujala et al., 2008); Mackay, 

1998). Similarly, the thousands of small lakes, ponds, and wetlands scattered across the Canadian 

boreal subarctic are the result of rapid thawing of permafrost-rich landscapes that are especially 

rich in ground ice (i.e. > 30%) content, and the subsequent subsidence that produces a basin that 

becomes filled with formerly frozen ground water (Bouchard et al., 2016; Kokelj et al., 2013; 

Spence et al., 2020). This specific process of permafrost thaw and subsequent ground collapse 

has been an active part of the evolution of circumpolar landscapes for millennia, and is known as 

thermokarst (Kokelj et al., 2013; Coulombe et al., 2022).  
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There are several types of thermokarst processes, each of which produce specific 

landforms with unique features, but can generally be divided into either thermokarst processes 

that affect hillslopes, such as active-layer detachment slides (ALDS) and retrogressive thaw 

slumps, or thermokarst processes that occur on flat terrain, such as trough or pit forming 

thermokarst like thermal erosion gullies, as well as lake thermokarst, and wetland thermokarst 

(Kokelj et al., 2013). The occurrence of each thermokarst type is not mutually exclusive and 

some, such as lake thermokarst and wetland thermokarst often co-occur close to each other or 

can even cyclically transform into each other (Coulombe et al., 2022). ALDS and retrogressive 

thaw slumps both involve slope failure due to the loss of ground ice content that once 

consolidated relatively loose materials (Kokelj et al., 2013). Thermal erosion gullies and 

thermokarst pits and troughs are depressions and channels formed from the degradation of ice 

wedge polygons, which themselves are ground fissures formed by the expansion and contraction 

of ground during freeze-thaw cycles, and further developed by heat transferred from surface 

water flows (Kokelj et al., 2013). Lake thermokarst are the most widespread type of thaw-

produced landform and is the formation of or the expansion of pre-existing thermokarst lakes as 

the ground collapses into a basin (often circular in shape) due to the underlying ground ice 

content thawing out and becoming liquid water (Bouchard et al., 2016; Kokelj et al., 2013). 

Lakes formed from thermokarst action also sometimes possess a talik underneath, a layer of 

thawed or unfrozen ground kept above 0 °C due to heat from the thermokarst lake above, and 

which can trigger further thawing of permafrost in adjacent areas (Connon et al., 2018; Devoie et 

al., 2019). Wetland thermokarst refers to bogs and fens formed from thaw-driven thermokarst 

activity, which is characterized by either permanent or seasonal waterlogging of local soils, and 

associated loss of prior vegetation types (typically trees or tundra shrubs) in favour of marshy 
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sedges and or mosses like Sphagnum (Kokelj et al., 2013; Vitt et al., 1994). Thermokarst bogs 

are essentially formed in the same manner as thermokarst lakes (i.e. circular basins formed by 

thaw-driven ground collapse) and can even be formed from thermokarst lakes if they become 

drained by adjacent thermokarst features, such as gullies or even other kinds of wetland 

landforms like channel fens, but only have enough water to saturate the soils rather than forming 

an open water body (Kokelj et al., 2013; Haynes et al., 2018; Coulombe et al., 2022). 

Thermokarst fens (also known as collapse-scar fens or channel fens), are a subvariant of wetland 

thermokarst, specifically those formed from long linear (and similarly vegetated) basins through 

which water from adjacent thermokarst lakes and bogs drain into the watershed (Kokelj et al., 

2013). As temperatures continue to rise, along with corresponding increases in the frequency of 

climate-driven disruptions like wildfires (Gibson et al., 2018), large portions of the permafrost 

underlying the Canadian boreal forest, especially in areas with highly vulnerable discontinuous 

permafrost such as those in the southernmost extent of permafrost-rich regions will become 

irreversibly degraded (Hugelius et al., 2020; Gibson et al., 2021). This could accelerate 

thermokarst formation, substantially altering the geomorphology and hydrology (Connon et al., 

2014; Chasmer et al., 2017; Haynes et al., 2018; Quinton et al., 2018; Olefeldt et al., 2021), as 

well as ecology of affected areas (Price et al., 2013; Gauthier et al., 2015; Dearborn et al., 2021). 
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2.2.5. Permafrost thaw in the permafrost peatlands of the Dehcho region  

In this thesis, we focused on one specific permafrost-rich part of the Canadian boreal 

subarctic, a southwestern corner of the Dehcho region in the Northwest Territories, in the 

wetlands of the lower Liard River valley (Quinton et al., 2018). Here, the land straddles the 

boundary between extensive and sporadic discontinuous permafrost, being underlain by patches 

of relatively shallow (< ~10 m deep) permafrost (AMAP, 2017; McClymont et al., 2013). Each 

permafrost patch serves as the foundation to raised (typically 1 – 3 m above the surrounding 

landscape) forested peat plateaus, and is interspersed by patches of permafrost-free wetlands 

(bogs and fens) and lakes, forming a mosaic-like landscape referred to as a permafrost peatland 

(Ecosystem Classification Group, 2007; Quinton et al., 2018; Wright et al., 2022). Peat refers to 

a type of soil-like substrate composed or partially decayed organic (usually vegetation) material, 

commonly found in wetlands (Vitt et al., 1994; Quinton et al., 2009). The southern Dehcho is 

also considered among those permafrost-rich areas of the Canadian circumpolar north most at 

risk of undergoing widespread accelerated permafrost thaw and its associated impacts (Quinton 

et al., 2018; Wright et al., 2022), owing to the already fragmented discontinuous permafrost 

(Devoie et al., 2021), and the relatively warm local climate, with mean annual air temperatures 

that hover around and above 0 °C (e.g. in January, air temperatures can range from -25.5 to -28 

°C, while July temperatures can range from 15.5 to 16.5 °C), which are well above the thaw-

point (Halsey et al., 1995; Ecosystem Classification Group, 2007; Quinton et al., 2009). Despite 

these conditions, permafrost in the southern Dehcho has been able to persist, primarily due to the 

rich peat deposits in the soil layers above the permafrost (Vitt et al., 1994), as peat has a 

relatively low thermal conductivity (~0.06 W/m·K), and which has been able to partially insulate 

the discontinuous permafrost (Du et al., 2021; Holloway et al., 2020).  
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Consequently, even small environmental disturbances can and have triggered rapid 

thawing and subsequent wetland and lake thermokarst in the past, though historically permafrost 

degradation and thermokarst have always eventually been followed by periods of permafrost 

aggradation, allowing the permafrost to have roughly persisted in a long-term equilibrium for 

millennia (Zoltai, 1993; Quinton et al., 2009; Pelletier et al., 2017; Treat & Jones, 2018). This 

multi-millennial cycle of permafrost degradation, thermokarst, and aggradation was what created 

the Dehcho region’s characteristic permafrost peatlands (Zoltai, 1993; Quinton et al., 2018; 

Wright et al., 2022), and its vast globally significant peat deposits (Hugelius et al., 2020). When 

permafrost thaw is triggered and the ground ice underneath melts away, the resultant thermokarst 

depression becomes filled with water, forming either a wetland or shallow lake anywhere from 

0.5 – 5.0 m deep (Kokelj et al., 2013; Olefeldt et al., 2021). Any flora that had previously been 

growing in the collapsed areas (i.e. typically black spruce, Picea mariana, but also white spruce, 

P. glauca; birch, Betula spp.; Labrador tea shrubs, Rhododendron groenlandicum; lichens, and 

Cladina spp. to a lesser degree; Vitt et al., 1994; Quinton et al., 2009; Alberta Biodiversity 

Monitoring Institute (ABMI), 2016), with the exception of any Sphagnum spp. mosses (e.g S. 

riparium, S. angustifolium, S. fuscum; Zoltai, 1993), will then die due to waterlogging (Zoltai, 

1993). However, due to the anoxic conditions caused by the submergence, the dead vegetation 

will often fail to fully decompose, and together with any material produced by the Sphagnum 

spp. mosses, transforming into peat, accumulating and adding to the characteristic peat deposits 

of the region (Vitt et al., 1994; Quinton et al., 2009). Over time, the peat may eventually 

resurface due to an upward ground swelling caused by freeze-thaw cycling (called frost-

heaving), and ground ice buildup (Zoltai & Tarnocai, 1975). If this underground ice and raised 

peat plateau can persist long enough, then the surface peat layers eventually dry out, and can be 
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recolonized by vegetation, which can further delay thawing of the ground ice by adding another 

layer of insulation, and may even result in permafrost recovery (Zoltai, 1993; Kuosmanen et al., 

2023). Eventually, the permafrost-rich peat plateaus suffer a disturbance, such as a forest fire, 

which drives rapid thaw and thermokarst eventually repeating the cycle (Zoltai, 1993; Johnston 

et al., 2015). This cycle of permafrost thawing, thermokarst, and eventually permafrost 

aggradation and peat accumulation, may take anywhere from ~450 to 1500 years to complete 

(Zoltai, 1993; Treat et al., 2018; Gibson et al., 2021), and has been occurring in northwest 

Canada since the retreat of the glaciers roughly ~9000 years ago (Loisel et al., 2014; Treat et al., 

2018). Over millennia, this has eventually created deposits of peat that range from 2 – 8 m deep, 

which represent some of the oldest and largest known soil carbon reservoirs (Hugelius et al., 

2014; Quinton et al., 2018), though the rate at which peat has accumulated varied with climate 

changes (Pelletier et al., 2017; Treat et al., 2016; 2018). The exact size of the carbon stocks that 

the Dehcho permafrost peatlands currently represent are uncertain, but one estimate by Hugelius 

et al., (2020) suggested that the entirety of the permafrost peatlands in the northern hemisphere 

may represent ~415 ± 150 Pg C and ~10 ± 7 Pg N, just under half of the amount of CO2 

estimated to currently be in the atmosphere (889.92 Pg C; Friedlingstein et al., 2023). 

The high propensity for the permafrost peatlands of the southern Dehcho region to 

rapidly thaw out and undergo thermokarst landscape changes is due to the fragmented nature of 

the discontinuous permafrost, which allows multiple mechanisms of thaw (i.e. vertical vs lateral) 

to be acted on them at once (Kurylyk et al., 2016; Devoie et al., 2021). Vertical thaw refers to a 

type of permafrost thaw that is characterized by a downward transfer of heat, either by direct 

conduction of heat from the atmosphere on the soil profile or exposed permafrost (if any), or if a 

talik is present, advection as well, which eventually results in a deepening of the active layer (as 
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much as >60% increase) over time (Devoie et al., 2021). However, vertical thaw usually occurs 

only seasonally, primarily during the warm summer months (Devoie et al., 2021). In contrast, 

lateral thaw occurs horizontally, beginning at the margins of the permafrost-rich peat plateau, as 

the necessary heat flux is delivered through flowing water in an adjacent wetland and or lake 

(Devoie et al., 2021). Unlike vertical thaw, lateral thaw can occur year-round and is the primary 

active thaw mechanism driving landscape change in the permafrost peatlands of the Dehcho 

(Kurylyk et al., 2016; Devoie et al., 2021).  

However, the exact rate at which permafrost in any given area thaws is dependent on 

many different factors in the local environment, including vegetation cover, topography, soil 

moisture, ground ice content, and soil texture and composition (Hayashi et al., 2007; Wright et 

al., 2009; O’Neill et al., 2019; Zastruzny et al., 2023; Holloway et al., 2020). For example, 

thicker vegetation cover or topography that provides shade, can buffer or reduce atmospheric 

heat flux (Hayashi et al., 2007; Wright et al., 2009). Soil moisture and/or ground ice content are 

direct influences for soil thermal conductivity, and thus the rate at which permafrost is exposed 

to heat and thaw, and areas with drier soils and/or lower ground ice content tend to thaw slower 

and are less vulnerable to thermokarst (O’Neill et al., 2019; Zastruzny et al., 2023). Similarly, 

soil texture and composition also influence soil thermal conductivity, being a factor in soil 

moisture and the rate at which ground ice may accumulate underground (O’Neill et al., 2019; 

Holloway et al., 2020).  

Recent changes in climate such as increasingly warmer air temperatures since the 19th 

century (Quinton et al., 2018), and in particular, increases in the frequency of climate-intensified 

disturbances like wildfires, may be accelerating permafrost thaw, and thermokarst and other 

environmental changes throughout the southern Dehcho (Gibson et al., 2018; Haynes et al., 
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2018; Dearborn et al., 2021; Carpino et al., 2021), and may have shifted the delicate climatic, 

hydrological, and ecological system of factors preserving the equilibrium of the discontinuous 

permafrost of the region towards a new state of potentially irreversible degraded permafrost 

(Gibson et al., 2021). For example, climate-driven (i.e. changes in climate towards a drier forest, 

and increases in lightning strikes; Hanes et al., 2019; Veraverbeke et al., 2017; Janssen et al., 

2023; Jain et al., 2024), increases in forest fires can result in the formation of taliks which further 

fragment the already vulnerable discontinuous permafrost (Gibson et al., 2018; Ackley et al., 

2021), and provide locations from which more thawing (both vertical and lateral) can develop 

(Gibson et al., 2018; Devoie et al., 2021). Wildfires can remove vegetation and peat that 

normally provide insulation to the underlying permafrost, while also depositing layers of ash 

which have a lower albedo, and can promote downward heat flux and vertical thawing (Ackley et 

al., 2021; Devoie et al., 2021). Although wildfires in wetlands like those of the southern Dehcho 

were historically relatively fire resistant, being restricted to crown fires on the forested peat 

plateaus which are comparatively much drier (Johnston et al., 2015), with centuries usually 

taking place between a fire for any given specific location (Zoltai, 1993), the changing climate 

(Wang et al., 2014), combined with fire-related related impacts on the landscape that are draining 

the wetlands (Connon et al., 2014; Chasmer et al., 2017; Haynes et al., 2018), and opening up the 

canopy to form a drier microclimate (Wolf et al., 2021; Helbig et al., 2024), may be reducing 

moisture content, potentially leading to a positive feedback loop that encourages the frequency of 

and intensifies fires (particularly incidences of ‘zombie’ or ground fires; Wilkinson et al., 2019; 

Huang et al., 2019; Scholten et al., 2021), and increases permafrost thaw (Kim et al., 2024).   

Consequently, permafrost extent in northwest Canada has declined anywhere from ~10 – 

50% over the last half century (Wright et al., 2022), with at least ~25% of the permafrost thaw 
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and associated thermokarst landscape changes directly attributable to the impacts of disturbances 

like wildfires (Gibson et al., 2018), which are expected to increase in both frequency and severity 

(Chen et al., 2021). If these trends continue, most of the permafrost peatlands of the southern 

Dehcho may become irreversibly thawed out by 2100 (Gibson et al., 2021). As the permafrost 

peatlands of the Dehcho also represent vast carbon stocks (Hugelius et al., 2020), there has been 

considerable research into their continued long-term viability as a carbon sink (Hugelius et al., 

2020; Turetsky et al., 2020; Heffernan et al., 2020), with one of the major concerns of rapid 

thawing being a high potential for the thaw-driven conversion of the landscape into much more 

highly connected permafrost-free bogs and fens (Connon et al., 2014; Chasmer et al., 2017; 

Olefeldt et al., 2021;  Carpino et al., 2021), which could facilitate the export of large amounts of 

this paleo-carbon, including possibly chromophoric varieties into downstream aquatic 

ecosystems (Wauthy et al., 2018; Fouché et al., 2020). Sudden large increases in in-lake 

concentrations of coloured organic carbon have been attributed as one of the main drivers behind 

a recent phenomenon of water discolouration in many lakes across the northern hemisphere, 

referred to as brownification (Weyhenmeyer et al., 2014; de Wit et al., 2016; Björnerås et al. 

2017), which can have a variety of water quality impacts on affected lakes, including potentially 

enhancing greenhouse gas emissions (Blanchet et al., 2022), which may have implications for the 

continued functionality of the Dehcho peatlands as a site of globally-significant carbon storage in 

the near future. 
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2.2.6. Brownification in the lakes of the permafrost peatlands of the southern Dehcho 

Brownification (also known as browning), refers to a phenomenon in which a water body 

(including both running and standing waters), undergoes a change in water colour towards hues 

ranging from tea yellow to brown and darker, often accompanied by a decrease in water clarity 

(Kritzberg et al., 2020; Blanchet et al., 2022; Räike et al., 2024). The main cause of 

brownification has generally been attributed to long-term increases in aqueous natural organic 

matter (NOM), specifically the fraction sufficiently fine enough to pass through a ~0.45 μm (or 

finer) filter, which is referred to as dissolved organic matter (DOM) or carbon (DOC) (Evans et 

al., 2005); the remaining mass is usually referred to as particulate organic matter (POM) or 

carbon (POC) (Pagano et al., 2014). Indeed, at least one definition of brownification simply 

defines it as when a water body contains high (i.e. > 10 mg/L) concentrations of DOC (Blanchet 

et al., 2022). However, some cases particularly those associated with darker water colour 

changes, are at least partially the result of increased concentrations of iron (Fe), which can bind 

to organic particles present to form stable complexes, molecular entities composed of two or 

more compounds attached to a central typically metallic (in this case, iron) ion (Weyhenmeyer et 

al., 2014; Björnerås et al. 2017; Kragh et al., 2022). Although literature on brownification has 

used the terms DOM and DOC interchangeably, technically DOC refers specifically to only the 

mass of the carbon constituting dissolved organic materials, whereas DOM covers the totality of 

dissolved organic compounds involved (Moody et al., 2017). More recent research is also 

redefining brownification by clarifying that only a specific fraction of DOM/DOC may be 

responsible for the associated water discolouration, referred to as chromophoric dissolved 

organic material or carbon (cDOM or cDOC) (Blanchet et al., 2022; Rodríguez-Cardona et al., 

2023; Zhao, 2024), and there are several regions in North America (e.g. Yukon, Alberta, Atlantic 
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Canada, and the southwestern Northwest Territories), where a distinct decoupling between 

DOM/DOC concentration and water colour has been observed (Johnston et al., 2020; Pugh et al., 

2021; Kurek et al., 2023; Rodríguez-Cardona et al., 2023; Coleman et al., 2025). 

The source of the organic material driving brownification at any given lake is generally 

terrestrial, usually derived from the decaying or partially decayed remains of plants and animals 

(Evans et al., 2005; Solomon et al., 2015; Blanchet et al., 2022; Kragh et al., 2022). 

Consequently, the exact composition of the materials and organic compounds driving 

brownification can vary widely between different water bodies and depends heavily on the 

characteristics of the local watershed, such as substrate composition, and vegetation cover 

(Blanchet et al., 2022; Rodríguez-Cardona et al., 2023; Škerlep et al., 2020; 2022; Zhao, 2024). 

Some of the most common materials and organic compounds associated with brownification 

include or are derived from decayed or partially decayed plant matter or plant-derived 

compounds like lignin, cellulose and hemicellulose (i.e. a polysaccharide that serves to bond 

cellulose and lignin in plant cells; Kaur & Sharma, 2019), particularly humic substances (i.e. 

humic and fulvic acids, and humin), but also various loose amino acids and proteins (Evans et 

al., 2005; Solomon et al., 2015; Blanchet et al., 2022; Kragh et al., 2022). It is thought that the 

yellow-brown hues of brownified waters are mostly due to humic substances, especially fulvic 

acids, as these humic compounds absorb wavelengths in the ultraviolet spectrum and the shorter 

ranges of the visible spectrum, while reflecting longer (i.e. yellow to red) wavelengths (Evans et 

al., 2005; Kubínová et al., 2021). However, the relative impact on water colour, water quality, as 

well as the specific degree of lability and biodegradability of most of these various organic 

compounds and materials remains an ongoing field of study (Blanchet et al., 2022). 

Quantitatively, water colour, and by extension, the severity of brownification can be measured 
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using a platinum salt solution (units in mg Pt/l, or TCU, wherein 1 mg of Pt/L = 1 TCU; True 

Colour Unit; also be known as the Platinum-Cobalt or Pt-Co unit), with brownification said to 

occur when > 15 TCU, and can be further qualitatively graded by colour intensity (null, pale, 

light, dark), and hue (e.g. yellow, yellow brown, brown, dark brown) (Graneli, 2012; Kubínová 

et al., 2021). However, this method is now considered outdated and is increasingly being 

replaced with direct wavelength measurements (Graneli, 2012; Kubínová et al., 2021). 

As brownification represents a substantially visible shift in water quality which can 

significantly impact the ecology of and alter the ecosystems services provided by affected lakes 

(Kritzberg et al., 2020; Blanchet et al., 2022; Anderson et al., 2023; Turunen & Aroviita, 2024; 

Horppila et al., 2024), there has been growing public and academic interest in brownification 

over the last few decades (Albrecht et al., 2023; Horppila et al., 2024). In general, the impacts of 

brownification can be summarized into three main types: a) the direct impacts of reduced light 

availability and the indirect effects, such as brownification-driven changes in thermal and 

stratification regimes, and oxygen availability, on a lake’s ecology; b) the impacts on water 

quality, and availability and lability of contaminants; and c) the impacts on carbon cycling 

(Blanchet et al., 2022). The most visibly obvious, and primary impact of brownification is the 

shift towards a more light-limited environment, and the direct and indirect effects of this shift on 

the affected lake’s ecology (Solomon et al., 2015, Strock et al., 2017; Pilla et al., 2018). An 

increase in DOM or cDOM can substantially reduce the depth in the water column to which light 

penetrates, well above the reach of benthic macrophytes and other autotrophs, significantly 

reducing photosynthetic efficiency and primary production and biomass (Thrane et al., 2014; 

Kelly et al., 2018; Stetler et al., 2021; Sherbo et al., 2023). This loss in light availability can act 

as a driver for species distribution changes, ecological filtering for only those few macrophytes 
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which can adapt, such as Elodea canadensis, which can elongate its stems to maintain optimal 

light exposure (Mormul et al., 2012). The brownification-driven reduction in light availability 

can in turn impact the trophic structure and food webs of affected lakes in a variety of ways; for 

example, the reduction in primary production limits the base food supply and potential energy 

transferrable to higher trophic levels (Creed et al., 2018; Leech et al., 2018), while the reduced 

visibility can impair foraging and hunting efficiency, negatively impacting energy reserves and 

growth in fish despite also potential increases in supply of prey like zooplankton (Craig et al., 

2017; Horppila et al., 2024). There is also evidence that brownification may reduce nutritional 

quality in the food web by specifically disadvantaging phytoplankton taxa that synthesize highly 

unsaturated fatty acids (HUFA), specifically eicosapentaenoic acid (EPA), and docosahexaenoic 

acid (DHA), which contain the ‘omega-3’ (ω-3) and ‘omega-6’ (ω-6) fatty acids (Taipale et al., 

2016). These compounds are essential to the growth and development of many organisms, 

including fish, and the mammals and birds that prey upon them, (Taipale et al., 2018), and which 

cannot be produced by higher trophic organisms (Vance & Vance, 2008).  

However, the ecological impacts of brownification on light availability in a lake are not 

always negative, and highly depend on the severity of the browning, as well as past 

environmental context of the lake prior to browning (Horppila et al., 2024). For example, 

moderate increases in DOC and cDOM can attenuate harmful UV radiation and provide nutrient 

subsidies to primary production without also impairing it; moreover, lakes that have been 

historically murky due to eutrophication may not necessarily be as ecologically impacted as in 

lakes which have historically been oligotrophic, as the species within may already be adapted to 

low-light conditions (Horppila et al., 2024). It should be noted, however, that the impacts of 

brownification in murky lakes has in general been far less studied than in oligotrophic (i.e. DOC 
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< 15 mg/L) lakes, and the exact ecological impact of specific concentrations of DOM/DOC, and 

water colour intensity remains an area of ongoing research (Horppila et al., 2024).   

Brownification can also impact the ecology of affected lakes by altering lake habitat 

quality, through changes to the thermal regime and stratification dynamics, as well as oxygen 

availability (Blanchet et al., 2022). Due to the comparatively darker and or increase in opacity 

following brownification, uneven heating of the surface waters occurs, which results in both 

overall warming of the affected lake, as well as increased stratification (Solomon et al., 

2015, Strock et al., 2017; Pilla et al., 2018). Combined with brownification-related reductions in 

primary production (both from macrophytes and phytoplankton; Thrane et al., 2014; Kelly et al., 

2018; Stetler et al., 2021; Sherbo et al., 2023), and increased heterotrophy (specifically microbial 

respiration) (Kelly et al., 2014; Xing et al., 2024), the brownification-driven stratification may 

eventually result in hypoxia in the benthic layers (Brothers et al., 2014; Williams et al., 2016; 

Knoll et al., 2018). These habitat changes could eliminate many benthic species and may be 

especially problematic for many temperature-sensitive fish species that depend on the thermal 

refugia in the cooler waters of the lakebed (Williamson et al., 2015; Jane et al., 2024). 

As brownification often represents increased in-lake concentrations of organic matter, it 

also represents a substantial shift in water quality and chemistry and may also enhance inputs of 

pollutants and contaminants entering affected lake ecosystems (Wällstedt et al., 2010; Oni et al., 

2013). This is because the same property of DOC and cDOM that enables them to form stable 

organometallic compounds with iron, also attracts heavy metals and contaminants (e.g. mercury 

and arsenic); consequently, brownification and the associated increase in DOC and cDOM may 

increase these contaminants entering affected lakes (Oni et al., 2013; Isidorova et al., 2016; 

Bravo et al. 2018; Campeau et al., 2022), and in forms especially bioavailable, and vulnerable to 
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biomagnification (Creed et al., 2018; Ahonen et al., 2018; Kozak et al., 2021). Even without 

considering the potential contaminants they can carry, brownified water is often considered 

simply unsightly or unpalatable, requiring multiple rounds of difficult and expensive treatment 

(e.g. chemical disinfection, coagulation and flocculation, sand and carbon filtration, UV 

exposure) before it will reach most drinking water quality standards (Lavonen et al., 2013; 

Ritson et al., 2014; Krzeminski et al., 2019; Kritzberg et al., 2020). 

Lastly, brownification can impact carbon cycling in affected lakes, and can enhance lake 

carbon emissions (Blanchet et al., 2022). This is due in part to much of the DOC and cDOM 

commonly associated with brownification (e.g. humic and fulvic acids, humin etc.), although 

usually relatively recalcitrant, being much more easily broken down once in an aqueous 

environment (Lapierre et al., 2013; Allesson et al., 2018; Maavara et al., 2021), but also because 

increased organic matter input into lakes will also correspond to increased carbon emissions 

(Tranvik et al., 2009; Lapierre et al., 2013). There are two main pathways by which this occurs; 

the first is photodegradation; light (i.e. ‘photo-‘, or rather specifically UV) catalyzed oxidation or 

mineralization, by which the DOC in a brownified lake becomes dissolved inorganic carbon 

(DIC; e.g. CO2; bicarbonate, HCO3
-; and carbonate, CO3

2-), and low molecular weight carboxylic 

acids (e.g. oxalic, malonic, formic, and acetic acid) (Bertilsson & Tranvik, 2000). The other 

pathway by which brownification leads to increased emissions is by shifting the affected lake 

towards increased heterotrophy and microbial respiration by limiting light availability in the 

water column, and thereby reducing primary productivity (Lapierre et al., 2013; Kelly et al., 

2014; Xing et al., 2024; Saros et al., 2025), while also providing a carbon and nitrogen subsidy to 

bacteria, zooplankton, and macroinvertebrates (Kelly et al., 2014; Williamson et al., 2015; Xing 

et al., 2024; Turunen et al., 2024). Photooxidation, and photo-mineralization generally account 
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for less lake carbon emissions (perhaps as little as ~10% of DIC and CO2 production), than 

microbial respiration (Allesson et al., 2018; Maavara et al., 2021), though there are exceptions, 

such as with Cory et al., (2014), which found that photooxidation accounted for ~70 – 95% of 

the DOC processing. Which pathway is more relevant in any given brownified lake will likely 

highly depend on the biogeochemistry and hydrology, particularly residence time of individual 

lakes and catchments (Maavara et aal., 2021; Blanchet et al., 2022).  

Brownification represents a substantial water quality issue, one that has been seemingly 

spreading rapidly across the northern hemisphere (de Wit et al., 2016; Björnerås et al. 2017; 

Blanchet et al., 2022), though there is evidence that trend may have slowed recently (Eklöf et al., 

2021). Consequently, there has also been considerable research in identifying, and potentially 

curtailing the drivers behind brownification (Kritzberg et al., 2020; Blanchet et al., 2022; 

Horppila et al., 2024). Despite the seemingly widespread scale of brownification, different 

regions may be experiencing brownification for entirely separate and unrelated reasons, 

necessitating individualized approaches to management (Blanchet et al., 2022; Horppila et al., 

2024). For example, in some lakes in southern and eastern Canada, browning has been identified 

as a recovery response to acid rain in the late 20th century (Monteith et al., 2007; Meyer-Jacob et 

al., 2019; 2020; Redden et al., 2021). In contrast, in at least one lake in central Europe, browning 

was found to be a response to natural climate rhythms that has cyclically recurred for millennia 

(Tichá et al., 2023), whereas in Finnoscandia and northern Europe, browning is not just a 

recovery response to late 20th century acid rain and sulfate deposition in some catchments (de 

Wit et al., 2016), but also the result of changes in vegetation cover that are increasing export of 

carbon and iron (Finstad et al., 2016; Škerlep et al., 2020; 2022), that have been exacerbated by 

recent climate change (Björnerås et al. 2017;  Blanchet et al., 2022). In the permafrost peatlands 
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of southwestern Dehcho, rising temperatures combined with increases in extreme environmental 

events like wildfires, may be leading to previously unprecedentedly levels of widespread and 

accelerated permafrost degradation across the boreal subarctic (Chasmer et al., 2017; Gibson et 

al., 2018). The resultant abrupt thermokarst landscape changes and increasingly hydrologically 

connected landscape (Connon et al., 2014; Carpino et al., 2021), may be mobilizing globally 

significant stores of paleo-carbon into local lakes, potentially as cDOM (Wauthy et al., 2018; 

Fouché et al., 2020; Heffernan et al., 2024), which may have been responsible for the recent 

browning of some lakes in, around, and near the Scotty Creek Basin, though unusually, there are 

wide discrepancies in the severity of the brownification among individual lakes (Wauthy et al., 

2018; Coleman et al., 2023; 2025). Disentangling the exact mechanisms that may be driving 

these differences in severity of light regime changes for different Dehcho lakes will require long-

term high-resolution records of past water quality changes which can only be obtained via 

paleolimnological approaches (Korosi et al., 2022; Saros et al., 2023). 

 

2.3. Paleolimnology as a tool for reconstructing past environmental states 

Paleolimnology refers to a diverse suite of techniques and methodologies involving the 

analysis of the physical and chemical properties of lake sediments as well as any biological 

remains preserved within, to reconstruct past climates and environments (Smol, 2008). A still 

actively evolving field, paleolimnological-based approaches have been critical to the success of 

many environmental management strategies, being one of the few approaches able to provide 

environmental data on temporal scales sufficiently long (potentially centurial to multi-millennial) 

enough to characterise the full scope of natural rhythms and variation in ecosystems which 
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would otherwise be too expensive or impossible to acquire (Smol, 2019; Korosi et al., 2022). For 

example, paleolimnological approaches have been used to reconstruct trends in pH in North 

American lakes from their more recent acidification due to industrial sulfate emissions in the mid 

to late 20th century, and back to the 1850s, before the invention of the pH scale by S. P. L. 

Sørensen in 1909 (Smol et al., 1998), which provided historical context critical to informing 

legislation for successfully resolving acid rain as an environmental crisis in North America 

(Smol, 2019). More relevant to this thesis, paleolimnological techniques have been used to 

reconstruct changes in light regimes directly due to brownification in European lakes, helping to 

contextualize trends on multi-millennial scales (Tichá et al., 2023), and have also contributed 

substantially to our understanding of how recent climate changes and permafrost thaw are 

impacting vulnerable shallow lake ecosystems in northern Canada (Smol et al., 2016; Anderson 

et al., 2019; Korosi et al., 2022; Thienpont et al., 2025). Consequently, paleolimnological 

approaches might also be useful in filling in the gaps in previously incomplete paleo-records for 

SC11 and other lakes in the rapidly warming Dehcho permafrost peatlands and help to identify 

the specific drivers responsible for the observed discrepancies in colour shifts among different 

lakes (Coleman et al., 2023; 2025; Blanchet et al., 2022). 

Paleolimnological approaches generally have three basic components: sediment sample 

extraction, radiometric dating, and analysis of paleoenvironmental indicators and proxies (Smol, 

2008). The first element, sediment sample retrieval hinges on the fundamental premise of 

paleolimnology, which is the tendency of lakes, being the lowest centre of gravity in their 

respective watersheds, to accumulate materials from within the lake, and the surrounding 

landscape in its sediments over time (Williamson et al., 2009). As these materials are archived in 

sequence as a stratigraphic record of the past, in which the age of the sediments deposited 
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correlates positively with depth (Barker, 2009), once retrieved, they may provide easily dateable 

insights on past events (Smol, 2008). Sediment samples are typically extracted as cylindrical 

sediment cores via tube shaped corers, with many different protocols and types in different sizes 

and designs developed to try to minimise disrupting the structure of the sediments during the 

process of extraction, as any unintended alterations could skew interpretations of the 

paleoenvironmental information contained within (Glew et al., 2002). For example, it is 

recommended to extract cores from the deepest, flattest and centremost basin of the lake being 

studied, as that is where the sediment is expected to accumulate most evenly and is thus most 

likely to supply the most undisturbed records (Smol, 2008). One of the most popular types of 

corers, due to their mechanical simplicity and reliability, are gravity corers, so named for their 

mode of operation; once sunk to the lakebed, gravity corers are equipped with a line connected to 

the operator, along which a weight is dropped to drive the corer deep within the sediment profile, 

after which the corer is then sealed via trigger (Glew et al., 2002). However, gravity corers are 

sometimes prone to deforming the sediment layers via the movement of the corer as it penetrates 

the sediment profile, but this effect can be dampened by ensuring the verticality of the corer as it 

impacts the sediment so that the shear stress on the sediment layers is minimised (Glew et al., 

2002). Once carefully retrieved, a core is then immediately (or shortly after) extruded into evenly 

divided samples for easier transport (Glew et al., 2002). This process is known as sectioning and 

is done as separating the core into equal intervals (typically ranging from 0.5 – 1.0 cm thick), 

allows them to be more easily assigned a rough date of deposition (Smol, 1981).   

The second major element of paleolimnology is radiometric dating, which establishes a 

chronology (i.e. assigning a specific date of deposition to a particular sediment interval), to the 

sediment core. Radiometric dating is based on analyses of the quantity of certain trace 
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radioactive elements (i.e. the unstable isotope of an element, meaning they share an atomic 

number or proton count with a stable element, but have differing amounts of neutrons in the 

nucleus, and are referred to as radioisotopes or radionuclides), that become deposited in 

succeeding layers of lake sediments (Appleby, 2002). Due to the imbalance in their atomic 

nucleus, radionuclides eventually undergo radioactive decay, releasing radioactive particles, and 

transform into an entirely different element which may also be radioactive (i.e. an element with a 

different atomic number, and is also known as a daughter isotope). Over time, this results in a 

loss of mass for the original radionuclide at an exponential rate, and an increase in the quantity of 

daughter isotopes. The rate at which each specific elemental isotope decays is unique, with the 

amount of time it takes for each unique radioisotope to halve its original mass referred to as the 

half-life. The second element of paleolimnology therefore hinges on the fact that among the 

materials that become incorporated into lake sediments are traces of radionuclides, both naturally 

occurring and from the impacts of human activities (Björck & Wohlfarth, 2002). As 

radionuclides become deposited in a lakebed, and are then overlain by succeeding layers of 

sediments, the quantities of radionuclides in the previously topmost layers cease to be 

replenished in mass from external sources and begin to be irreversibly decline as they decay into 

their daughter isotopes. Consequently, the age of any given sedimentary layer can be 

approximated by comparing the mass of the radionuclide material that remains, to the mass of 

the daughter isotopes present, and modelling the change in mass and the known half-life of the 

radionuclide over the sediment profile (Appleby, 2002).  

The three commonly used radioisotopes used in Arctic paleolimnology (and which this 

thesis used) are: 210Pb (lead-210; half-life 22.3 yr), a naturally occurring isotope of lead, 137Cs 

(caesium-137; half-life 30 yr), an isotope of caesium that is most commonly produced as one of 
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the fission products of various isotopes of uranium, and 14C (carbon-14; half-life 5730 yr), a 

naturally occurring isotope of carbon, which is constantly created in the Earth’s upper 

atmosphere via the interaction of cosmic rays with 14N (Björck et al., 2002). Of these three 

radionuclides, 210Pb is the most popular, due to its perceived reliability and accuracy, however 

due to its comparatively short half-life of ~22.3 years, it can only be used to date relatively 

young (~150 yr) sediments (Appleby, 2002; Jia et al., 2018). 210Pb is formed by the radioactive 

decay of naturally occurring 238U (uranium-238), which first decays into 230Th (thorium-230), 

then 226Ra (radium-226), 222Rn (radon-222), and eventually 210Pb; these precursor radionuclides 

are referred to as the parent isotopes of 210Pb (Krishnaswamy et al., 1971; Appleby, 2002). 210Pb 

itself decays into 210Bi (bismuth-210), then 210Po (polonium-210), and eventually back into lead, 

specifically the substantially more stable lead-206 or 206Pb, which has a half life of ~4.5 billion 

years (Anokhina et al., 2008). Within the context of paleolimnology, we differentiate between 

210Pb of allochthonous deposition (typically of atmospheric precipitation), which is referred to as 

excess or unsupported 210Pb, and 210Pb that is autogenically produced in sediment (referred to as 

supported) via decay of any of its parent isotopes (primarily in-situ decay of 26Ra) that are also in 

the lake sediments (Appleby, 2002; Barescut et al., 2011). Quantitatively, the mass of 

unsupported 210Pb is derived by subtracting supported 210Pb activity from total 214Pb activity, and 

the ratio between unsupported and supported forms the basis of 210Pb dating (Smol, 2008; 

Sanchez-Cabeza & Fernández, 2012; Vaikutienė et al., 2017).  However, the estimates derived 

from 210Pb dating are never used on their own, and are typically paired with estimates from 137Cs 

dating, itself almost exclusively used only to validate 210Pb based chronostratigraphies (Appleby, 

2002; Björck et al., 2002). This is because although 137Cs traces in sediments can sometimes be 

the product of naturally occurring fission of 238U, the vast majority of 137Cs sediment deposits are 
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the result of anthropogenic fission of 235U (uranium-235; half life 703.8 million yr), specifically 

as fallout from testing of thermonuclear weaponry between 1954 – 1963, which provides a 

distinct historical reference in the stratigraphic record from which dating estimates can be 

calibrated (Appleby, 2002; Barsanti et al., 2020). However, any use of 137Cs estimates in 

radiometric dating must always consider the possibility of contamination from later incidences of 

substantial fallout, such as the Chernobyl accident in 1986, which may make calibrations seem 

younger than they really are (Appleby, 2002). 14C is primarily reserved for dating of ancient (up 

to 40 000+ years old) deposits and organic materials (Björck et al., 2002). This is primarily due 

to its considerably longer half-life, but also because 14C dating can be very easily skewed by the 

lake reservoir effect; this occurs if the lake experiences inputs of carbonates containing older, 

previously isolated traces of 14C, which, due to the aqueous environment, may contaminate and 

dilute 14C concentrations in lake sediments, causing them to be dated much older than they really 

are (Philippsen et al., 2013).  

Once isotope ratios have been established for each sediment interval, an age-depth model 

that relates isotope ratio values with sediment depth using the known half-life can be used to 

estimate dates from the reference date established by 137Cs (Appleby, 2002; Baud et al., 2022). 

The three main age-depth models commonly used by paleolimnologists are the constant flux 

constant sedimentation (CFCS) model, constant initial concentration (CIC) model, and constant 

rate of supply (CRS) model, each of which have their own flaws and assumptions and so must be 

carefully chosen to best accurately model the relationship between sediment depth and age on a 

case-by-case basis (Baud et al., 2022). The CFCS model assumes an ideal (i.e. constant but 

unrealistic) rate of sediment accumulation and 210Pb deposition has occurred throughout the 

entirety of the core (Baud et al., 2022). The CIC model assumes that some unsupported 210Pb is 
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being replenished from parent isotopes in the lakebed sediments but can also account for uneven 

rates of sediment deposition, which makes it ideal for sediment cores which may have 

experienced discontinuities (Baud et al., 2022). The CRS model is the most popular of the three 

models, and is the one used in this thesis (Abulu, 2024). The popularity of the CRS model lies in 

that it realistically assumes sedimentation rates may vary over time; however, it also assumes 

that the amount of unsupported 210Pb that becomes deposited in the lakebed over time also 

remains at a relatively constant rate (Baud et al., 2022).  

Although radiometric dating has long been an essential element to paleolimnology, it can 

be affected by many factors which can distort date estimates and how we reconstruct past 

environmental conditions (Björck et al., 2002). Some of these, such as uneven or intermittently 

interrupted sedimentation rates caused by sediment focusing, a phenomenon in which sediments 

may be redistributed from shallow regions to deeper areas following initial deposition, and which 

alters how much trace radionuclides are deposited and therefore impact dating (Crusius & 

Anderson, 1995; Hermanns & Biester, 2013), can be mitigated by selecting an appropriate age-

depth model that can account for these discrepancies (Baud et al., 2022). Others, such as 

improper storage of sediment samples, could lead to bacterial growth that causes atmospheric 

exchange of trace radionuclides with those in the sediment samples, skewing dating estimates 

(Björck et al., 2002). However, there are also sources of error which are not so easily remedied, 

including post-burial processes like bioturbation (mixing of the sediments by organisms), which 

may cause quantities of trace radionuclides in the sedimentary layers to no longer reflect their 

original deposited quantities, skewing dating efforts (Björck et al., 2002).   

The third major component of a paleolimnological approach is the usage of different 

techniques and methodologies to qualitatively and quantitatively analyse the physical evidence 
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(often called indicators or proxies) of the past climate, environment, and ecology of the lake 

(Smol, 2008; Davidson et a., 2018). These analyses can be divided into two main categories: 

analyses of the sediment geochemistry (organic or inorganic), and analyses of bioindicator fossils 

(Smol, 2008; Davidson et a., 2018). Geochemical paleolimnological analyses include a vast 

diversity of different techniques and methods but are defined by their focus on the chemical and 

physical properties of the lake sediments (Smol, 2008). Some geochemical analyses can be very 

simple, such as visual inspections of the colour, and texture (or particle size classifications, e.g. 

clay = < 0.002 mm; silt = < 0.004 mm; sand = 0.06 – 2 mm; gravel = > 2 mm), which can inform 

our understanding of the geomorphological history of the lake and its relative surroundings (Last, 

2002; Smol, 2008). For example, fine black sediments are either basaltic tephra from a volcanic 

eruption, or ash indicating a wildfire (Smol, 2008), whereas a layer of sand may be evidence of a 

past flood (Biskaborn et al., 2013), and alternating layers of quartz-rich silt and sand may be 

sediment inputs from thaw slumping (Boyle, 2002). Paleolimnologists might also look out for 

the presence of fly-ash particles, a broad grouping of various types of particulate products 

emitted by the combustion of fossil fuels at very high temperatures (1750 °C), which include 

spheroidal carbonaceous particles (SCPs), and inorganic ash spheres (Rose, 2002). A distinctly 

artificial product, fly ash particles, especially SCPs are broadly useful as markers of the spatial 

distribution of and when a region might have started to be impacted by pollutants like heavy 

metals and sulfur, as byproduct of industrialisation and fossil fuel usage (Wik & Renberg, 1996). 

However, because fly-ash particles are extremely fine due to the high temperatures they were 

created under, they cannot be viewed easily with the naked eye and may require scanning 

electron microscopes for proper viewing (Rose, 2002).  
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However, other types of analyses of sediment geochemistry, particularly those focusing 

on specific environmental variables or parameters, and which require a quantitative aspect may 

require more dedicated laboratory equipment. For example, sediment water content (required to 

calculate bulk density for accurate sediment core dating), is derived by comparing the wet and 

dry weights of sediment samples from before and after drying, often in an oven, but also 

sometimes via freeze-dryer (Sugisaki et al., 2012; Sanchez-Cabeza & Fernández, 2012; Bertrand 

et al., 2024). Similarly, the organic and carbonate content of sediment samples, which may be 

useful indicators of productivity (see Heiri et al. 2001; Korosi et al. 2024), can be derived by 

comparing the weight of samples before and after combustion (a process known as ‘ashing’ or 

Loss on Ignition (LOI), typically at temperatures between 925 - 1000°C) in a special furnace 

(Smol, 2008; Bertrand et al., 2024). More advanced devices like X-ray fluorescence and mass 

spectrometers are required to identify concentrations of elements, and ratios of elements 

throughout the sediment profile (Boyle, 2002; Smol, 2008). Some of the most common elements 

studied via geochemical analyses are carbon (C), nitrogen (N), and phosphorus (P), as they are 

essential nutrients that drive in-lake productivity, and changes in their concentrations over time 

throughout the sediment profile reflect landscape and water quality changes (Smol, 2008; Moyle 

& Boyle, 2021). For example, the balance between carbon and nitrogen (C:N ratio) can be used 

to differentiate periods when the organic inputs in a lake were dominated either by allochthonous 

or autochthonous inputs (Smol, 2008). This is because the cells of terrestrial vascular plants often 

contain complex structurally supportive organic polymers like cellulose (C6H10O5) so that they 

don’t collapse under their own weight on land, whereas due to their buoyant aqueous, 

comparatively more nitrogen-rich medium, the cells of aquatic macrophytes and algae mostly 

contain just proteins (Hu et al., 2021). Consequently, terrigenous organic sediments can be 
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identified from their relatively high (>= 20) C:N ratio values, compared to the more nitrogen-rich 

organic sediments produced during times when in-lake algal production is the dominant source 

of productivity, which are characterised by relatively low (4 – 10) C:N ratio values (Meyers & 

Teranes, 2001; Li et al., 2022). Analyses of C:N ratios are often additionally paired with 

examinations of the ratios of stable isotopes like δ13C and δ15N (Meyers et al., 2001). δ13C is 

based on the ratio of concentrations between 13C, and 12C, and are used to distinguish the main 

types of vegetation (e.g. C3 vs C4) contributing to the organic sediment inputs, as well as a 

proxy for land use changes (i.e. clear-cutting of forests and conversion to farmland) (Meyers et 

al., 2001; Holtvoeth et al., 2019). Similarly, δ15N is also based on the ratio of concentrations 

between 15N, and 14N, with higher δ15N values known to be positively correlated with the 

presence of organisms that have high trophic levels (i.e. predators, and or humans) making it a 

useful for reconstructing changes in past food chains (Perkins et al., 2014), including historical 

trends in salmon populations (Dagodzo et al., 2025). As these stable isotope ratios are derived 

from organic residues of biological origin, some of which are relatively recalcitrant, it may be 

possible to analyze some of these compounds more directly, such as certain plant biomarker 

molecules (e.g. aliphatic hydrocarbons (n-alkanes), carboxylic acids (n-alkanoic acids), n-

alkanols, and sterols), which can be unique markers for different taxa, and therefore may be able 

to provide further information on past changes in the ecology of the lake and surrounding 

watershed (Meyers, 2003).  

Although sediment geochemical markers are a powerful paleolimnological tool, they can 

also be limited in their ability to reconstruct certain information types, such as water quality 

parameters like past levels DOM/DOC, which are especially tricky due to the relatively high 

lability of organic compounds (Hanson et al,. 2011). In general, only a fraction of the organic 
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matter in the water column at any given time becomes incorporated into lake sediments, and the 

rest is either mineralized through photodegradation or microbial respiration (Peter et al., 2016; Li 

et al., 2019), or exported downstream (Hanson et al,. 2011). Moreover, the DOM/DOC that does 

becomes part of lake sediments has a propensity to diffuse back into the water column and 

undergo further transformations (Peter et al., 2016). One method is to simply analyze other more 

recalcitrant sediment organic compounds which indirectly correlate with past levels of in-lake 

DOC, such as chlorophyll-a (Chl a), which can be reconstructed via visible-near-infrared 

spectroscopy or VNIRS (Michelutti et al., 2010; Rouillard et al., 2011). Much like the mass 

spectrometers and X-ray fluorescence spectrometers used for analyses of elemental 

concentrations and elemental ratios (Boyle, 2002; Smol, 2008), VNIRS is also based upon the 

science of analysing the spectral signature of emissions reflected from a sediment sample, 

specifically light emissions in the visible to near-infrared (400 – 2500 nm) regions of the 

electromagnetic spectrum (Wallace et al., 2009; Rouillard et al., 2011; Favot et al., 2020), and 

has similarly been used to infer elemental C, N, P, as well as total phosphorus (TP), pH 

(Korsman et al., 1992), and even cyanobacterial abundance albeit indirectly from traces of 

pigments like chlorophyll-a, and various xanthophylls and carotenoids in the sediments (Favot et 

al., 2020). VNIRS operates on the basis that for any given lake, at time of burial, certain 

relatively recalcitrant organic residues (i.e. specific proteins, lipids and or pigments) become 

incorporated into the sediments, and have a distinctive spectral signature in the VNIR spectrum, 

and which have a unique correlation with total organic carbon (TOC) content in the water 

column which can then be mathematically modeled (i.e. a transfer function), to quantitatively 

infer past DOC concentrations from spectral signatures (Nilsson et al., 1996; Rosén, 2005). 

However, such a transfer function must be calibrated using a combination of multivariate 
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statistics like partial least squares regression and a pre-existing dataset of the known relationship 

between the specific sediment NIRS signature and DOC levels of a lake(s), derived from 

practical data (Rosén, 2005; Rouillard et al., 2011).  

While VNIRS-based analyses would be of interest to this thesis as it also focuses on the 

impacts of changes in in-lake organic carbon concentrations and water quality on light regimes, 

albeit indirectly, recent studies of DOC quality in the southern Dehcho show an unusual 

decoupling between the traditionally assumed positive correlation between DOC and lake colour 

(Coleman et al., 2025). This indicates that the transfer function, and calibration dataset (i.e. 

Canadian Arctic Calibration Lakes set; CAC) developed and used by Rouillard et al., (2011) for 

inferring past DOC in Arctic lakes, may not be applicable to SC11 and other lakes in the 

southern Dehcho, which would need their own calibrated transfer functions and associated lake 

dataset to accurately reconstruct past DOC concentrations, specifically one focusing on 

wavelengths shorter than 500 nm to better account for the tendency of coloured or chromophoric 

DOC to absorb wavelengths in VNIR region of the spectrum (Jiang et al., 2014). VNIRS-based 

paleolimnological approaches are relatively new (Rosén, 2005; Rouillard et al., 2011); more 

often, DOC has been and often continues to be analyzed by multi-proxy approaches, but these 

are often time-consuming and are limited by the practicalities of obtaining sufficient sediment 

samples (Birks & Birks, 2006). As an alternative to using multiple geochemical proxies which 

can be time-consuming and expensive to analyze (Birks et al., 2006), DOC is now more 

commonly inferred via bioindicators known to be sensitive to such water quality changes (Saros 

et al., 2012; Brown et al., 2017), though the reliability of such methods can sometimes be 

confounded by other environmental variables (Korsman and Birks 1996; Roseacute;n et al., 

2000; Saros et al., 2016). 
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Due to these challenges in directly analyzing past changes in cDOM-driven changes in 

light availability, this thesis utilised the other aspect of the third element of paleolimnological 

approaches; the reconstruction of past environments through study of paleo-bioindicators – the 

parts or remains of past assemblages and or biota that once lived in and around the lake, and 

inferring information about past environments based on their known ecology (Smol, 2008). 

Organisms often have specific climatic, and environmental requirements, and respond to changes 

in their habitat in terms of changes in population and or presence (Smol, 2008). This ecological 

change then becomes similarly reflected in the stratigraphic record as shifts in the abundance of 

and or presence of their remains (and or other anatomical parts that preserve well in the 

sediments), across different strata, which can be interpreted as indirect indicators of climatic and 

environmental changes, and can therefore be referred to as paleo-bioindicators or bioindicators 

for short (Smol, 2008; Davidson et a., 2018).  

However, it should be noted that although bioindicators represent an extremely powerful 

paleolimnological tool, it also requires carefully selecting the appropriate type or species to be 

used effectively to reliably reconstruct the past. Indeed, not all organisms (and their remains) are 

useful bioindicators; such taxa must have distinctive and easily identifiable features (which are 

also durable enough to survive post-burial processes), as well as very specific or sensitive 

ecological requirements, as that allows for discrete conclusions about select aspects of past 

environments (Smol, 2008). While this may limit the number of environmental variables and 

parameters which can be reconstructed, this can be remedied by using additional species or 

coupling bioindicator-based analyses with geochemical analyses to more holistically integrate a 

broader picture of the entire ecosystem into the reconstruction, often called a ‘multi-proxy’ 

approach (Birks et al., 2006; Davidson et a., 2018). A key assumption in the use of paleo-
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bioindicators is that the ecological and environmental sensitivities of the organisms whose parts 

or remains are used have changed little since their burial, often with little consideration for any 

potential adaptations or variation along environmental gradients, or the confounding effects of 

other factors with indirect effects; this assumption is what allows for reconstruction, as the 

ecological responses of their modern equivalents can be defensibly projected onto the past 

(Burge et al., 2018).  

As with geochemical analyses, there are many kinds of bioindicators that can and have 

been used in paleolimnology (Smol, 2008). One of the most popular such bioindicators is pollen 

(Chevalier et al., 2020), a fine powder-like organic material released from male flowers for the 

purpose of plant reproduction which can easily be scattered on a wide scale by wind patterns due 

to their small size (Campbell et al., 1999; Gajewski, 2006). Each pollen grain is covered in an 

extremely tough biopolymer known as sporopollenin, and is ornamented with unique designs and 

features distinctive to each plant species, allowing individual pollen grains to preserve well in 

lake sediments, as well as be easily identified once extracted, allowing for reconstructions of past 

plant assemblages of entire regions (Brugger et al., 2019; Chevalier et al., 2020). When 

combined with other lines of evidence, such as geochemical markers, and data on different plant 

species or assemblages’ environmental preferences, pollen can also be used to reconstruct past 

climate changes though only on a regional scale as pollen can be transported across very long 

distances (Peros & Gajewski, 2009; Brugger et al., 2019; Chevalier et al., 2020).  

Other bioindicators consist of the remains of the living organisms that once lived within 

the lakes and so can provide not just insight into the climate and environmental conditions at 

time of burial, but also the conditions within the lake itself (Smol, 2008). For example, one of the 

more commonly used paleolimnological bioindicators are a genus of aquatic microcrustaceans 
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known as water fleas or Cladocerans (of the class Branchiapoda), which can be identified in lake 

sediments from parts of their distinctive chitinous exoskeletons (e.g. shells, heads, abdomens, 

and claws; Korhola & Rautio, 2001). Individual species of cladocerans have differing 

environmental tolerances and preferences, and changes in the level of diversity in the cladoceran 

assemblage have been used as indicators of climate change, acidification, and changes in water 

level, food webs, and lake productivity (Korhola & Rautio, 2001; Jeppesen et al., 2001).  

Another crustacean used as bioindicators are ostracods, or ‘seed shrimp’, so named for 

their extremely small (ranging from 0.2mm to slightly greater than 1mm) size (Ito, 2001). 

Ostracods can be identified in lake sediments from their chitinous calcium rich bivalve-like 

shells, which they repeatedly molt out of over the course of their life cycle (Wang et al., 2021), 

and which incorporate trace elements like magnesium and strontium, as well as isotopes of 

oxygen (δ18O) and carbon (δ 13C) (Ito, 2001). Ostracods have been used to infer a variety of 

water quality and environmental variables, including water levels (Alivernini et al., 2018), 

salinity (specifically concentrations of sodium, potassium, strontium, and calcium), temperature, 

and pH (D’Ambrosio et l., 2017; Iwatani et al., 2018; Mischke et al., 2010). The stable isotopes 

of δ18O, and δ13C that were incorporated into their exoskeletons, have even been used to extract 

information about the past precipitation and hydrology of sampled lakes (Ito, 2001). 

Although not entirely aquatic, another kind of commonly used paleolimnological 

bioindicator are the remains of various insects from the order Diptera (true flies), particularly the 

larval remains of non-biting midges (Chironomidae). Chironomids and other members of Diptera 

are aquatic during their larval stage and the remnants of their chitinous head capsules both 

preserve well and are easily identifiable by their distinct features in lakes sediments (Walker, 

2001). Additionally, different species of chironomids are highly sensitive to different water 
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quality parameters and pollution, depending on the species and have been popularly used as 

proxies for the reconstruction of several water quality parameters, including lake productivity 

and eutrophication, oxygen concentrations, and pH, as well as past climates (Walker, 2001; 

Robertson et al., 2025).  

The remains of freshwater fishes have also sometimes been used as paleolimnological 

bioindicators (Patterson & Smith, 2001), as many freshwater fish species are highly sensitive to 

water temperature changes, with different species having specific thermal ranges and limits 

(Guzzo et al., 2017), and are highly responsive to other water quality variables such as water 

levels, salinity, and oxygen concentrations (Patterson & Smith, 2001). Despite their strong 

responses to environmental changes, freshwater fish have had comparatively low popularity as 

bioindicators, due to the tendency for their remains to be susceptible to taphonomic processes, 

and so rarely leave behind subfossils of sufficient fidelity for study (Elder & Smith, 1988). For 

example, following death, fish carcasses can become suspended in the water column by the gases 

produced by decay, interrupting incorporation into the sediment, and increasing the likelihood of 

water currents moving the remains, and either breaking or scattering the skeleton and other 

relatively recalcitrant parts (i.e. scale, teeth, etc.) into fragments (Elder & Smith, 1988). As 

paleo-bioindicators, fish remains have either been quantitatively analysed via stable isotopes 

(e.g. δ18O and δ13C) extracted from surviving fragments of remains, such as bones and otoliths 

(aragonitic structures found in the ‘ears’ of fish), from which water temperature or lake levels 

can be reconstructed (Patterson & Smith, 2001; Reinthal et al., 2011), or qualitatively analysed in 

terms of ecology, with the presence, disappearance, or introduction of certain species throughout 

the sedimentary profile itself being broadly indicative of ecological and environmental changes 

(Patterson & Smith, 2001). More recently, there have been growing advancements in the 
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extraction and interpretation of environmental DNA (eDNA) from fish in lake sediment samples, 

primarily to perform the latter type of inference about past environments (Stager et al., 2015). 

In this thesis, we focused on the usage of diatom subfossils as bioindicators. Diatoms 

(class Bacillariophyceae) are a grouping of unicellular microscopic algae (i.e. ranging from 20 to 

200 μm; may also be referred to as microalgae) uniquely characterized by their siliceous (i.e. 

composed of silicon dioxide; SiO2) cell walls, and which are found in and have adapted to a wide 

variety of aquatic ecosystems and conditions (Battarbee et al., 2001). Diatom taxa can often 

respond quickly to even small deviations from their individual environmental tolerances and 

preferences and due to their silicious cell walls, preserve well in lake sediments (Battarbee et al., 

2001). Consequently, the remains of diatom assemblages have long been used as bioindicators to 

track changes in climate and water quality including in lake water pH, temperature (Battarbee et 

al., 2001; Smol & Douglas, 2007), as well as most relevantly to this thesis, changes in light 

availability such as the impacts of brownification (Korosi et al., 2015; Coleman et al., 2023; 

Tichá et al., 2023). 

 

2.3.1. Diatom subfossils as indicators of light regime shifts and other environmental changes in 

aquatic ecosystems 

Diatoms, or rather more specifically, the remains of diatom assemblages are one of the 

more popular bioindicators used in paleolimnology (Battarbee et al., 2001). The remains of 

diatom assemblages have been used to provide evidence that climate change was impacting the 

circumpolar north, and its lakes far earlier than previously believed (Smol et al., 2005; 2007), 

and they continue to be an important tool in monitoring how lake ecosystems in the Arctic are 
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responding to recent climate change impacts (Rühland et al., 2015; Coleman et al., 2023; 2025; 

Korosi et al., 2022). The usage of diatoms and diatom assemblages as bioindicators of past 

climates and lake environmental conditions is predicated on two elements; their unique anatomy, 

specifically their siliceous cell walls, and their ecology, as diatom taxa are known to have strong 

discriminatory responses to even slight changes in the environment (Battarbee et al., 2001).  

Each diatom cell is structurally supported by a rigid cell wall referred to as a frustule, and 

which is made up of biogenic silica, and a mix of various proteins, polyamines, and 

polysaccharides (i.e. carbohydrate polymers), which can be found both in the structure of the 

frustule, and in layers coating the surface (Le Costaouëc et al., 2017). The siliceous nature of the 

diatom frustule makes it relatively durable, and perhaps most critically to the needs of 

paleolimnology, cannot decay following burial in lake sediments, though there can be a risk of 

fragmentation (Battarbee et al., 2001). The process by which diatom assemble their siliceous 

frustule (referred to as diatom silicification), is thought to involve harvesting dissolved silicon 

(specifically silicic acid; SiO2*H2O) from the water column, which is then carefully arranged and 

precipitated from inside the diatom cell, though there is evidence that at least some taxa (e.g. 

Chaetoceros) build their frustules along a scaffold formed from long whisker-like appendages 

called seta (Mayzel et al., 2021). Each frustule is composed of two overlapping nearly identical 

morphological halves, referred to as valves (or thecae), joined together by a ‘girdle band’, though 

one valve is generally slightly larger (referred to as the epitheca or upper theca), with the smaller 

being the hypotheca or ‘lower’ valve (Round et al., 1990). Diatoms can reproduce both sexually 

and asexually, with the latter occurring via binary fission, in which the two valves split apart 

from each other, and grow new theca; as this process results in the original hypotheca valve 

becoming the new ‘epitheca’ valve, diatom asexual reproduction results in considerable variation 



64 

 

in frustule size even across members of the same taxa (Schmid, 1987), which can be a source of 

some confusion during paleolimnological analyses.  

Though diatom frustules are essentially made of glass, they can also be extremely 

morphologically diverse (i.e. some frustules are round like disks while others resemble seeds), 

and are often highly intricately patterned with pores (holes that allow for nutrient and waste 

exchange; also known as areolae), which can be arranged into lines (called striae), and a variety 

of other details like slits (called raphes), spines, and ridges (Spaulding et al. 2021). Diatom 

morphological diversity is the primary basis for their taxonomic classification from which can 

then be further distinguished based on the presence and or absence of certain ornamentation 

(Battarbee et al., 2001; Spaulding et al. 2021). For example, several of the main diatom classes 

are ‘centrics’ (round disk like diatoms with radial symmetry), ‘monoraphids’, diatoms with a 

single raphe running down the axis, and ‘biraphids’, diatoms with two raphes, each running 

down half of the axis, and which can be symmetric and asymmetric (Spaulding et al. 2021). As 

biogenic silica does not decompose, diatom frustules, and their ornamentation can stay relatively 

unchanged post-burial, which can allow the exact taxa composition of past diatom assemblages 

to be easily reconstructed (Battarbee et al., 2001). 

The second aspect of diatoms that has made them so invaluable to paleolimnology is their 

extremely diverse ecology. As a form of highly adaptable photosynthetic microalgae, diatoms 

have colonized a wide range of freshwater and marine habitats and may account for as much as 

20% of Earth’s total primary production (Malviya et al., 2016). The exact number of diatom taxa 

that exist is uncertain, as is their exact taxonomic interrelationships (Smol, 2008), though 

~10,000 – 30,000 have been described (Guiry, 2012), with up to ~200,000 taxa estimated to 

potentially exist (Wang et al., 2022). Just as diatom taxonomy can be organized according to 
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morphology, so too can they be described according to their niche; diatoms are generally divided 

into planktonic (i.e. diatom taxa that survive primarily suspended in the water column), and 

benthic (i.e. diatoms that live on or near the ocean, lake and or stream bottom, also known as the 

benthos), while taxa that can live in either are referred to as tychoplanktonic (Battarbee et al., 

2001). Benthic diatom taxa can be further subdivided by the substrate they live on; epiphytic taxa 

attach themselves to macrophytes (typically via mucilaginous stalks), epilithic taxa colonize rock 

surfaces, and epipelic and episamnic taxa live on mud and sand respectively (Battarbee et al., 

2001; Štefková, 2006; Spaulding et al. 2021; Laird et al., 2023; Coleman et al., 2023). Though 

diatoms are unicellular, there are even taxa (e.g. Aulacoseira spp., and Fragilariaceae) that can 

use their spines link together into pseudo-colonies to better float and survive (Battarbee et al., 

2001). Though diatoms as a whole might be able to inhabit a diverse range of habitats, individual 

taxa and genera often have very specific and distinct climatic and environmental niches and 

tolerances, outside of which they will quickly die off; coupled with relatively short lifespans and 

rapid rates of reproduction, diatom assemblages can respond rapidly to even small changes in 

terms of shifts in the abundance of specific taxa, which become reflected in sediments with their 

remains as evidence from which we can reconstruct the past (Battarbee et al., 2001).  

Certain diatom taxa therefore have been used extensively by paleolimnologists as 

biological proxies to reconstruct past changes in climate, and environmental and water quality 

conditions, including changes in temperature, growing season length, ice cover, thermal stability 

and stratification (i.e. the tendency for lakes to separate into distinct layers of differing density 

and temperatures owing to uneven heating), pH, and salinity which directly affect the availability 

of light and nutrients, which are the key limiting factors in the growth and ability for 

photosynthetic algae like diatoms (Smol, 2008; Rühland et al., 2015). For example, one of the 
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most well-known diatom taxa shifts that have been observed by paleolimnologists in subarctic 

and temperate lakes is the classic Cyclotella-Aulacoseira transition which is a broadly qualitative 

indicator of changes in climate and mixing regimes (Rühland et al., 2015). Cyclotella are a type 

of small-celled centric planktonic species, while Aulacoseira are a type of large and heavy 

centric tychoplankton; when a lake undergoes climate warming, which can reduce ice cover 

duration and lead to longer periods of thermal stratification with reduced mixing, the Aulacoseira 

taxa which depend on high levels of turbulence to stay within the photic zone will sink, 

decreasing abundance, outcompeted by the lighter Cyclotella which will increase their relative 

abundance (Rühland et al., 2015). Diatom taxa have also been used to quantitatively reconstruct 

pH using transfer functions, as pH is known to strongly influence diatom growth and nutrient 

uptake (Birks et al., 1990; Battarbee et al., 2001), though there has been growing recognition of 

the limits of such quantitative transfer-function based reconstructions of past lake environmental 

conditions, due to the inability to separate the specific impacts of the variable(s) being 

reconstructed from those that are simply correlated, but non-causal, and or the confounding 

effects of other factors (Juggins, 2013).  

In this thesis, we used diatoms as qualitative bioindicators tracking changes in light 

availability, to reconstruct a contextualized history of reductions in water clarity at SC11 that 

were potentially due to brownification. As a type of photosynthetic microalgae, diatoms are 

inherently highly sensitive to changes in light availability in the water column, and most diatom 

species, save for those few species known to be able to adapt to low light, will be negatively 

impacted by reductions in water clarity (Rühland et al., 2015). For example, there is considerable 

literature on how diatom assemblages have historically responded to seasonal changes in the 

extent and duration of lake ice cover, as well as their more recent response to the impacts of 
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climate warming on like ice since the 20th century (Lotter & Bigler, 2000; Rühland et al., 2008; 

Zepernick et al., 2024). Lake ice cover refers the perennially re-occurring layer of ice often 

found in many temperate, subarctic, and arctic lakes in winter, during which the lake habitat 

underneath typically has limited light availability, which often favours and increases the 

abundances of small benthic Fragilariaceae taxa. Fragilariceae are a type of araphid bilaterally 

symmetrical diatom (Spaulding et al. 2021), known for being able to survive in low light 

conditions, which would be intolerable for most other diatom taxa (Rühland et al., 2015). 

Benthic Fragilariaceae taxa previously identified in the lakes of the Dehcho permafrost 

peatlands by Coleman et al., (2023) included Pseudostaurosira brevistriata, P. parasitica, 

Staurosira construens, and S. venter. In North American lakes, recent warming has resulted in 

winters with shorter ice cover durations and have led to many northern lakes experiencing 

decreases in small benthic Fragilariaceae, and concurrent increases in small-celled planktonic 

Cyclotella in the sediment record (Smol et al., 2007; Rühland et al., 2015). Similarly, lakes 

undergoing eutrophication (i.e. an overgrowth of in-lake algal production due to an excess of 

nutrients; Smith et al., 1999), also experience decreased light availability, and exhibit similar 

shifts towards increased Fragilariaceae abundance and decreased abundances of Cyclotella 

(Smol et al., 2005; Rühland et al., 2015). Increases in DOC, and brownification which may be 

associated with conditions of reduced clarity and light availability may therefore be analogous to 

incidences of limited light available during periods of increased ice cover, and thus similarly 

result in increases in the abundance of small benthic Fragilariaceae as indicators of reduced 

light availability and brownification (Lotter et al., 2000; Korosi et al., 2015; Brown et al., 2017; 

Coleman et al., 2023; 2025).  
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CHAPTER THREE: MATERIALS AND METHODS 

3.1. Field and laboratory methods 

3.1.1. Sediment core extraction and preparation 

The sediment core from SC11 used in this study was originally collected on July 13, 

2018, as part of a survey of sixteen small shallow lakes in or near the Scotty Creek Basin (SCB) 

(Coleman et al., 2023). Sampled lakes were accessed via a helicopter on pontoons, with water 

and sediment samples collected from the approximate centre of the lake. A sediment core was 

extracted from SC11 using a Uwitech gravity corer with an internal diameter of 8.6 cm. 

(Coleman et al., 2023). As the focus was on studying the impacts of relatively recent (i.e. ~1850 - 

present) changes to lakes in the Dehcho, gravity corers were used as they were considered least 

likely to disturb the more germane shallow sediments during the process of sampling, which 

were more fragile due to their higher water content (Blomqvist, 1991; Glew et al., 2001). A 

modified Glew (1988) extruder was used to section the collected sediment core into 0.5 cm 

intervals for the uppermost 20 cm of the sediment core, and then at intervals of 1 cm thickness 

from 20-28 cm. The sediment core was sectioned on the day of collection to minimize post-

extraction sediment mixing. Sectioned sediment intervals were shipped frozen to York University 

in individual WhirlpakTM bags and stored frozen until analysis (Coleman et al., 2023). 
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3.1.3. Sediment core chronology 

As this thesis examined a sediment core extracted from SC11 which was previously 

analyzed from the perspective of geochemical proxies (Abulu, 2024), we reused the relevant 

previously established chronology data for the same sediment core, using the Constant Rate of 

Supply (CRS) model, which is based on ratios of unsupported 210Pb and supported 210Pb 

(assumed equal to 214Pb), determined using gamma spectroscopy (Appleby 2001).  Freeze-dried 

sediment samples from the SC11 sediment core were shipped to the Paleoecological 

Environmental Assessment and Research Lab (PEARL) at Queen’s University for analysis of 

radioisotopes using an Ortec High Purity Germanium Gamma Spectrometer (Oak Ridge, TN, 

USA), and establishment of a CRS-model chronology using ScienTissiME software (Abulu, 

2024).  137Cs was also measured as independent verification of the chronology of SC11 

(Appleby, 2001; Abulu 2024). 

 

3.1.4. Diatom slide preparation 

Diatom-enriched slurries for the creation of microscope slides were prepared following 

the methodology outlined by Battarbee et al., (2001). Approximately 0.5 g of wet sediment was 

weighed out and placed into 20 mL labelled glass scintillation vials (one for each depth interval 

analyzed, from 3 - 3.5 cm to 27 - 28 cm, for a total of 26 vials). Soluble inorganic compounds 

such as carbonates and metallic salts and oxides were removed from the sediment samples via 

treatment by 10% hydrochloric acid (HCl) and allowed to settle for over 24 hours. The HCl-

treated samples were then siphoned and rinsed with deionized water 7 times over several days, 

with the samples allowed to rest for 24 hours between each siphon-rinse cycle, until 
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circumneutral. The neutralized vials of sediment solution were then treated with 30% hydrogen 

peroxide (H2O2) to remove the organic matter fraction of the sediment samples and partially 

submerged in a hot bath set at 70 °C for 8 hours, with H2O2 added to the samples periodically as 

necessary to ensure complete digestion of organic matter while being monitored to prevent 

overflow. Following the 8-hour digestion period, the diatom enriched slurries were again 

repeatedly siphoned and rinsed with deionized water 7 times over several days, the samples 

allowed to rest for 24 hours between each siphon-rinse cycle, until circumneutral.    

The diatom slurries were gently mixed in each vial by pipette suction, before subsamples 

from each vial were siphoned into sterilized glass tubes. The mixing was performed so that the 

subsamples would not be biased toward diatoms of certain sizes and weights during the 

pipetting. The subsamples were then diluted with distilled water to create diatom slurry solutions 

of different dilutions. Slides for intervals from 3 – 3.5 cm to 19.5 – 20 cm had four different 

dilutions, labeled ‘A’, ‘B’, ‘C’, and ‘D’, of increasing dilution (i.e. dilution ‘A’ had 5 mL of water 

added, while dilution ‘B’ had 10 mL of water added etc.). Slides deeper than and including 20 – 

21 cm were observed to have a high density of diatoms in the initial dilutions, resulting in 

overcrowding that obscured taxonomic identification. Therefore, additional dilutions made with 

correspondingly greater quantities of distilled water labeled ‘E’, and ‘F’ were created for the 

slides deeper than and including 20 – 21 cm. The diluted diatom slurries were then pipetted onto 

labeled coverslips and dried within a closed box at room temperature to prevent contamination 

from dust and other particulates over the course of a week. The slow drying process is used so 

that clumping of diatoms does not occur (Nagy, 2011). The coverslips with dried diatom slurry 

were then mounted onto glass microscope slides using a mixture of toluene and Naphrax® and 

heated via hot plate. Naphrax® is a synthetic resin product commonly used to mount diatoms for 
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microscopy due to its higher refractive index (RI = ~1.7) compared to the siliceous frustules of 

diatoms (RI = ~1.5), which enhances the visibility of diatoms under microscopy (Nagy, 2011; 

Fleming, 1943, 1954). The heating serves to evaporate the toluene component, bonding the dried 

diatom slurry coverslip to the glass microscope slide. As toluene is a known respiratory irritant 

(Taylor et al., 2017), diatom slide mounting occurred within a well-ventilated fume hood.   

 

3.1.5. Diatom valve counting 

Diatoms were viewed through digital images of the diatom slides taken under an oil 

immersion lens at 1000x magnification, by a digital camera connected to a Leica DM2500 

compound light microscope (https://www.leica-microsystems.com/). I sampled only diatoms 

found on continuous transects zig-zagged across the surface of the slide, to ensure a 

representative sample of diatom counts were collected, while minimizing size sorting effects 

arising from evaporation during the mounting process (Battarbee et al., 2001). Following similar 

protocols by Rühland & Smol (2005), if after a transect traversed the entirety of a slide but less 

than 400 individual diatoms were sampled, another transect would be initiated on another slide 

of the same interval, but different dilution, with the sampling process repeating until a minimum 

total of 400+ individual diatom valves was counted and imaged per sediment core interval. This 

minimum threshold of 400 individual diatom valves ensured statistically reliable and 

proportionately representative counts of the diatom assemblages of SC11 (Battarbee et al., 2001). 

Diatoms were identified to the species level whenever possible based on multiple reference texts 

(Krammer and Lange-Bertalot 1997, 1999, 2000, Fallu et al. 2002), with supplementary 

information on morphology from the website Diatoms of North America (https://diatoms.org/; 

https://www.leica-microsystems.com/)/
https://diatoms.org/
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Spaulding et al. 2021), and updated taxonomical classification and naming from the database 

AlgaeBase (https://www.algaebase.org/; Guiry & Guiry, 2024). Diatom counts were logged as 

raw totals per taxon per interval in Microsoft Excel.  

 

3.2. Data analysis 

3.2.1. Diatom dataset processing and basic diversity analyses 

Initially, a total of 172 taxa were identified, including both diatom species and genera 

across 25 families. Taxa from my dataset were then corrected to their most modern names and 

taxonomic classification based on taxonomical records from AlgaeBase (Guiry et al., 2024). For 

example, Fragilaria pinnata sp. cf. var. acuminata was reclassified as F. pinnata var. acuminata, 

F. sp. cf. pinnata was reclassified under F. pinnata, and Caloneis undulata was corrected to C. 

undosa, and Pinnularia undulata was recognized as synonymous with C. undosa, leaving a total 

of 169 taxa in the final diatom dataset. To reduce potential variation in diatom taxa counts from 

confounding factors such as poor preservation or changes in sediment accumulation rates, rather 

than true changes in diatom community production environmental shifts, all further analyses of 

the diatom assemblages of SC11 were conducted in percent relative abundance (Battarbee et al., 

2001), calculated for each diatom taxa as a percentage relative to the sum of diatom valves 

counted. To examine how diatom taxon diversity and evenness changed over time at SC11, 

particularly before and after the low-carbon anomaly identified by Abulu, (2024) at the 8.25 cm 

depth, Shannon’s (SDI) and Simpson’s (SimpDI) Diversity Indices were calculated on raw 

counts for each depth-interval assemblage using built-in functions in R Studio (v4.3.3; R Core 

Team, 2024; v2023.9.1.494, Posit team, 2023), and plotted (Figure 5.). Diversity indices are a 

https://www.algaebase.org/
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type of method of quantifying the number of different species in and or between communities or 

assemblages, which can be useful for conservation management purposes, with SDI and SimpDI 

being amongst the most popular (Peet, 1974). The SDI, sometimes referred to as the Shannon-

Weiner Index quantifies biodiversity in a given community or assemblage and incorporates both 

species richness (i.e. number of species present), and evenness (i.e. the relative abundance of 

different species), by calculating the uncertainty of predicting the identity of a randomly sampled 

individual (Shannon, 1948), according to the following formula: 

𝑆𝐷𝐼 = ∑ (
𝑛𝑖

𝑁
) ∗ 𝑙𝑛 (

𝑛𝑖

𝑁
) 

𝑆

𝑖=1

 

where S is species richness, ni is the number of individuals for a given species, N is the total 

number of individuals in the dataset, and ln() refers to the natural logarithm function (Shannon, 

1948). The SimpDI, or Simpson’s Index is a similar method of quantifying biodiversity but 

calculates the probability that two individuals randomly sampled from the community will be of 

different species as a value ranging from 0 – 1, wherein the higher the value, the more likely the 

sampled individuals will be of the same species (Simpson, 1949). SimpDI can be calculated 

according to the following formula: 

𝑆𝑖𝑚𝑝𝐷𝐼 = ∑ (
𝑛𝑖

𝑁
)

2

𝑆

𝑖=1

 

where S is species richness, ni is the number of individuals for a given species, and N is the total 

number of individuals in the dataset (Simpson, 1949). Lastly, evenness indices (𝐽) were also 

calculated for each depth-interval assemblage, derived from the previously calculated SDI values 

according to the formula: 
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𝐽 =
𝑆𝐷𝐼

𝐻𝑚𝑎𝑥
 

where 𝐽 is the ratio of SDI divided by Hmax, which is the natural logarithm (ln()) of species 

richness (S) (Pielou, 1966), though the evenness indices were not plotted. 

3.2.2. Diatom paleoenvironmental history – Stratigraphy and assemblage shifts 

A stratigraphy was produced to show how abundances of identified diatoms have varied 

throughout the sediment profile in response to recent environmental and climatic changes at 

SC11, such as shifts in thermal stratification regimes and ice cover, and changes in turbidity 

(Rühland et al., 2015). A diatom stratigraphy is a type of microfossil record which plots the 

percent relative abundance of select diatom taxa against sediment depth (cm), with deeper layers 

corresponding to older sediments, which sometimes has a secondary axis attaching an 

established chronology (Smol, 1981). Since different diatom taxa have specific environmental 

tolerances, assemblages restructure in response to habitat changes, with changes in the 

abundance of specific diatom taxa in the stratigraphic record reflecting corresponding 

environmental and climatic changes at the time they were laid down in the sediment (Smol, 

2002; 2005; 2008; Thienpont et al., 2013; Rühland et al., 2015). However, such information is 

only useful if contextualized with a chronology that attaches precise dates (with a degree of 

error), to specific sediment dates and by extension, changes in diatom assemblage (Appleby et 

al., 1986). As this thesis represents a continuation of previous studies on the water quality of the 

lakes of the southern Dehcho, which have included analyses of SC11, we reused the chronology 

dating (based on isotopes of 210Pb, 214Pb, 137Cs) that had previously been established by Abulu, 

(2024) for the same sediment core.  
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To prevent overcrowding the stratigraphy of SC11’s history with all 169 identified taxa, 

we plotted only the percent relative abundances of the most abundant (>5% relative abundance) 

diatom taxa identified. First, the diatom dataset was filtered for individual diatom species with 

>5% relative abundance. The remaining taxa were then aggregated by taxonomic classification 

according to AlgaeBase, of increasing rank, up to the taxonomic rank of Family, with only the 

taxonomic groupings with >5% relative abundance kept for stratigraphic analysis. Family ranked 

groupings of diatom taxa with <5% relative abundances were then regrouped with other diatom 

families if they shared ecologically significant traits, such as morphology, and again filtered for 

the >5% relative abundance threshold. Non-specific taxon groupings for the final subset of 

diatom taxa for the stratigraphy included the families of Achnanthidiaceae, and Cymbellaceae, 

the genus Encyonema, and the morphology-based grouping of Centrics, a category of diatoms 

characterized by radial symmetry (Spaulding et al. 2021), which include the Aulacoseira and 

Cyclotella taxa, which have notably featured in limnological studies as markers of shifts in 

thermal stratification regimes in lakes (Rühland et al., 2003, 2015).  

Some of the individual diatom species with >5% relative abundance shared taxonomic 

classification with these taxonomic groupings, and if found to exhibit similar response-shifts in 

the stratigraphy, were combined with the appropriate taxonomic grouping. For example, the 

diatom species Rossithidium pusillum, which exhibited ~5.11% relative abundance in the 11 – 

11.5 cm depth interval, and is of the family Achnanthidiaceae, was added to the 

Achnanthidiaceae grouping. This grouping included Eucocconeis depressa, E. flexella, 

Achnanthidium minutissimum, R. petersenii, and Psammothidium ventralis. Similarly, 

Encyonema neogracile was added to the Encyonema grouping, which included E. gaeumannii, E. 

minutum, E. reimeri, and E. silesiacum, all of which, sans E. neogracile did not exhibit >5% 
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relative abundance in any interval even when combined but showed similar patterns in changes 

in relative abundance through the stratigraphic profile to E. neogracile. Note that though the 

Encyonema grouping which corresponds to the Encyonema genus is part of the family 

Cymbellaceae; due to observed differences in patterns of relative abundance between these taxa, 

they were distinguished here as separate. Conversely, despite also having radial symmetry, 

Pantocsekiella tripartita was not added to the Centric grouping, which consisted of aggregated 

counts of valves identified as being from the species Aulacoseira distans, Lindavia antiqua, L. 

bodanica, Discostella pseudostelligera, D. stelligera, Pantocsekiella tripartita, as well as from 

the genera Aulacoseira, and Cyclotella. This is because P. michiganiana both independently 

exceeded the 5% relative abundance threshold in at least one interval (5 – 5.5 cm) and exhibited 

a different pattern of change in abundance throughout the stratigraphic profile at SC11 compared 

to other Centric taxa (Figure 6.).  

As my dataset of diatom assemblages for SC11 began at the 3 – 3.5 cm depth (the 

intervals corresponding to the 0 – 3 cm sediments were not analyzed by myself due to limited 

sediment availability), the stratigraphy was superficially supplemented with percent relative 

abundance data with the same select diatom taxa from surficial sediments (0 – 0.5 cm depth) of 

the same sediment core previously analyzed by Coleman et al., (2023). This percent relative 

abundance data for the surficial sediments from Coleman et al., (2023) in our stratigraphy was 

necessary to contextualize our results as the endpoint diatom assemblage following recent 

climate-driven disruptions compared to older pre-industrial assemblages we examined, and this 

data was not used in the statistical analyses described further below. Note that Coleman et al., 

(2023) used differing diatom taxonomical standards, and did not distinguish between 

Pseudostaurosira brevistriata and Stauroforma exiguiformis. This may be because P. brevistriata 
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and S. exiguiformis are superficially similar, as well as functionally similar. For example, both P. 

brevistriata and S. exiguiformis are relatively small (~3 µm wide, by ~26 µm long); individual 

frustules are lanceolate in axial view, but rectangular in girdle view, and tend to live in colonies 

joined along the longer sides of the frustules by spines. P. brevistriata, and S. exiguiformis are 

only subtly distinguishable by the shape of their connective spines, and whether their striae of 

pores extend across the entirety of the axial area; P. brevistriata exhibit spatulate spines, while S. 

exiguiformis exhibit tubular spines; striae in both species run in parallel but are restricted to the 

mantle in P. brevistriata while striae in S. exiguiformis run along the entirety of the axial surface, 

and curve towards the apices (Spaulding et al. 2021). P. brevistriata, and S. exiguiformis are also 

both benthic diatoms that can thrive even in low-light level conditions (technically P. brevistriata 

is tychoplanktonic), and both were historically classified within the genus Fragilaria (Guiry et 

al., 2024).  

Constrained hierarchical cluster analysis was also performed on the entire diatom dataset, 

excluding the diatoms of the surficial sediments analyzed by Coleman et al., (2023) to identify 

and cluster similar diatom assemblages of adjacent intervals. Cluster analysis is a method by 

which objects in a group are grouped together based on their similarities such as the closeness of 

individual points relative to each other compared to points from other clusters (Landau, 2010). 

The Euclidean distance measure was used to calculate similarities between, and group diatom 

assemblages of different strata based on the non-transformed percent relative abundance of 

constituent diatom taxa following Laird et al., (2023). The constrained incremental sum of 

squares (CONISS) method, a subtype of constrained hierarchical cluster analysis for delineating 

biostratigraphic zones that restricts itself to only consider adjacent clusters, was used to construct 

a horizontal dendrogram showing biostratigraphic zones consisting of diatom assemblages 
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grouped together for their compositional similarities, and identify where in the stratigraphic 

profile that adjacent biostratigraphic zones began to diverge from each other (Grimm, 1987). A 

broken stick model was then used identify which biostratigraphic zones (Figure 6.) were 

statistically significant by comparing the variances of the CONISS cluster analysis and a random 

distribution of zones generated by the broken-stick model (Bennet, 1996). Once each statistically 

significant biostratigraphic zone, and their exact depth-intervals were identified, the average 

evenness index (𝐽) for each biostratigraphic zone was also calculated from the individual 

evenness indices (𝐽) of the relevant individual depth-interval assemblages of each 

biostratigraphic zone and compared (Table 1.).   

Following the example of Emery Boeck et al., (2023), analyses of similarity (ANOSIM) 

were used to confirm the statistical significance of biostratigraphic zones identified by the 

CONISS cluster analysis and broken stick model, while a Similarity Percentage (SIMPER) 

analysis was used to quantify the degree of similarity and significance between and within the 

biostratigraphic zones. SIMPER analysis uses the Bray-Curtis dissimilarity measure to compare 

the difference between pairwise combinations of diatom taxa and calculate the average 

contribution of each taxon to the differences between each biostratigraphic zone and relativizes it 

(Clarke, 1993; da Costa et al., 2018), though we reported the sum of the dissimilarity indices for 

each pairwise combination of biostratigraphic zones. An indicator species analysis (ISA) was 

additionally used to determine the indicator taxa of each identified significant biostratigraphic 

zone, with the SIMPER analysis used to further determine the individual contributions of diatom 

taxa to the differences between biostratigraphic zones. ISA analysis refers to a technique by De 

Cáceres & Legendre, (2009), used to identify species associated with pre-defined groups such as 

the biostratigraphic assemblage zones identified by the CONISS cluster analysis. The key 
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statistic of the ISA, which ranges from 0 – 1 is the product of the specificity and the fidelity of a 

given taxon, i.e. the ‘uniqueness’ of a given taxon relative to its specified biostratigrapic zone 

with respect to its presence in others (De Cáceres et al., 2009).  

The values for the diversity indices (i.e. SDI, SimpDI, and 𝐽), stratigraphy, CONISS 

dendrogram and broken stick model, ANOSIM, and SIMPER analyses were produced using the 

vegan (v2.6-6.1; Oksanen et al., 2024), dplyr (v1.1.4; Wickham et al., 2023), rioja (v1.0-6; 

Juggins, S., 2023), and riojaPlot (v0.1-20; Juggins, S., 2023) packages in R Studio (v4.3.3; R 

Core Team, 2024; v2023.9.1.494, Posit team, 2023). However, the diversity indices plot was 

produced using ggplot2 (Wickham et al., 2016). The ISA was performed using the indicspecies R 

package (De Cáceres et al., 2009), also in R studio. The diversity indices plot and stratigraphy 

were then additionally altered in Inkscape (v1.3.2; Inkscape Developers, 2023) to fit academic 

formatting standards that could not be executed in R studio, such as adding shading to highlight 

the post-low-carbon anomaly assemblage zone for the diversity indices plot, as well as add 

subtitles and the CONISS dendrogram to the right side of the stratigraphy plot.  

 

3.2.3. Assemblage response to environmental triggers 

3.2.3.1. Principal Component Analysis 

A principal component analysis (PCA) was performed to identify the main clusters of 

diatom taxa driving changes in the composition of the diatom assemblages at SC11. PCA is a 

multivariate statistical technique that uses ordination to reduce the multidimensionality of a 

dataset by grouping similar, highly correlated variables into linear combinations (Abdi et al., 

2010). These linear combinations can then be plotted as orthogonal variables called principal 
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components to best capture the variation observed (Abdi et al., 2010). As many diatom taxa and 

groupings broadly share environmental preferences, and consequently respond accordingly to 

changes in their environment with observable changes in their relative abundance (Rühland et 

al., 2003; Kahlert et l., 2022; Weckström et al., 2023), the PCA was used to visualize and identify 

the main clusters of diatom taxa, and therefore indirectly identify the environmental factors they 

were associated with that were driving assemblage shifts throughout the sediment depth-intervals 

at SC11. For the PCA, we used the entire diatom dataset excluding taxa with <2% relative 

abundance and the diatom count data for the surficial sediments analyzed by Coleman et al., 

(2023). Prior to analysis, the percent relative abundance data was standardized using the 

Hellinger transformation (Legendre & Gallagher, 2001). Scores for the PC1 and PC2 axes were 

then extracted for further analysis in generalized additive models (GAMs), and Spearman’s rank 

correlation analyses. As a PCA plot that included all of the ~169 diatom taxa we identified 

proved difficult to use to interpret, the diatom taxa with the top ten absolute highest PCA score 

contributions for each of the PC1 and PC2 axes were also identified for further re-analysis as 

drivers of variation from a qualitative perspective, such as habitat preference (i.e. planktonic, 

tychoplanktonic, benthic etc., recorded by Spaulding et al. 2021), light preference, size, and 

taxonomic group, as well as a quantitative perspective via Spearman’s rank correlation analyses, 

and plotted on a modified PCA plot. The PCA was produced and plotted using the vegan package 

(v2.6-6.1; Oksanen et al., 2024), and base functions of R like prcomp() in R Studio (v4.3.3; R 

Core Team, 2024; v2023.9.1.494, Posit team, 2023). 
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3.2.3.2. Generalized Additive Models and Correlations 

To identify if the timing of the statistically significant shifts in diatom assemblages 

coincided with changes to influxes of terrigenous carbon and productivity at SC11, generalized 

additive models (GAMs) were used to model trends in %OC, C:N, and the scores of the first two 

axes of the PCA, against sediment core depth (cm), following the methods of Laird et al., (2023). 

The data for the geochemical trends in % organic carbon (%OC) and atomic carbon-to-nitrogen 

ratios (C:N) was extracted from, and originally published by Abulu, (2024). GAMs refer to a 

variation of generalized linear models, which model a linear relation between a response and 

predictor variables. However, rather than fitting for a single linear regression, GAMs model for 

non-linear relationships, using the sum of multiple smooth functions (splines) to linearize 

predictor variables, and connect them to the response variables using a link function (Wood, 

2017), making them ideal for modelling abrupt shifts such as ecological transitions in diatom 

assemblages (Lei et al., 2021). First derivatives and estimated confidence intervals of the fitted 

GAMs were also calculated to assess the statistical significance of changes using the gratia 

package (v0.9.0; Simpson, 2024). The GAMs, and adjacent analyses were produced using 

gaussian error distributions (k=5), and restricted maximum likelihood (REML) using the gam() 

function in the mgcv package (v1.9-1; Wood, 2017), in R Studio (v4.3.3; R Core Team, 2024; 

v2023.9.1.494, Posit team, 2023). Lastly, we quantified the relationship between %OC, C:N, and 

percent relative abundances of the top ten diatom taxa with the highest loadings for each of the 

PC1 and PC2 axes, and the scores of the PC1 and PC2 axes using Spearman’s rank correlation 

coefficient. Due to mismatches in associated sediment interval depth (cm) between %OC and 

C:N compared to the PC1 and PC2 axis scores, Spearman’s rank correlation analyses were 

performed using Past (v4.03, Hammer et al., 2001). 
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CHAPTER FOUR: RESULTS 

4.1. Chronostratigraphic analyses of SC11 

Abulu (2024) reported that 210Pb radioactivity at SC11 was highest (~851.92 – 933.31 

Bq/kg) in the topmost (0 – 4.75 cm) sediments, plateauing at that depth before decreasing to the 

background rate (~21.7 – 23.7 Bq/kg), at 10 cm depth (Figure 4.). A similar trend was found for 

137Cs radioactivity but at lower magnitudes (almost a quarter of 210Pb), with the highest (~17.99 -

18.54 Bq/kg), also occurring in the top (0 – 4.75 cm) sediments and background (~3.85 – 2.99 

Bq/kg) reached at 8 cm depth with no 137Cs peak (Abulu, 2024; Figure 4.). Under the CRS age-

depth model, ~2018 was represented by the 0 cm depth, with the oldest possible date of ~1845 

found to correspond to the ~11.5 cm depth (Abulu, 2024).  

 

 

 

 

 

 

 

Figure 4. Chronology for SC11, recreated from data by Abulu (2024), and Coleman et al., (2023). A): Radioisotope activity for 
210Pb (green), 137Cs (red), and 214Pb (blue), plotted against sediment depth (cm); B): Date plotted against sediment depth (cm) 

inferred from Constant rate of supply (CRS) 210Pb age-depth model. 

 

A) B) 
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4.2. Diatom diversity at SC11 

Total diatom taxa richness throughout the core from SC11 was 169 recorded taxa from 55 

genera and 26 families. 156 were species taxa, and the remaining 13 taxa could not be 

definitively identified beyond the genus level. Taxa richness for individual interval-assemblages 

was comparatively lower and fluctuated between a minimum of 54 taxa in the 5.25 cm interval to 

a maximum of 81 taxa in the 17.75 and 19.25 cm intervals, with an average of 69.65 taxa found 

per interval-assemblage. Taxa richness also decreased inversely with depth, and may have 

sharply decreased in more recent decades, as data from Coleman et al., (2023) for the surficial 

sediments (0 cm depth) recorded 48 taxa, of which only 42 were also found during sampling for 

this thesis. Shannon’s Diversity (SDI) and Simpson’s Diversity (SimpDI) Index values also 

fluctuated between intervals, averaging ~3.51, and 0.94 respectively. SDI and SimpDI values 

were only slightly smaller on average before (SDI = ~3.56, SimpDI = ~0.95), the low-carbon 

anomaly at the 8.25 cm depth, compared to after (SDI = ~3.27, SimpDI = ~0.93; Figure 5.).  
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Figure 5. Shannon Diversity Index (SDI; red), and Simpson’s Diversity Index (SimpDI; blue) plotted against sediment depth (cm), 

with sediments deposited after the low-carbon anomaly at the 8.25 cm depth shaded in grey to denote the post-low-carbon 

anomaly sediments.  

 

More than half (95; 56.21%) of all the diatom taxa in our dataset were rare (<1% in any 

assemblage), with only 72 (~42.60%) taxa exceeding 1% relative abundance in any interval. 

Only a small fraction (16; 9.47%) of the recorded diatom taxa, exhibited >5% relative abundance 

(~5.11% – 26.88%) during any interval. Of the 169 diatom taxa identified, only 159 had a 

distinct known habitat, with most being benthic (139; Spaulding et al. 2021), though some taxa 

were further distinguished as epilithic (Štefková, 2006), epipelic (Spaulding et al. 2021), or 

epiphytic (Laird et al., 2023; Coleman et al., 2023). The remaining 20 non-benthic taxa were 

either tychoplanktonic (i.e. existing in both benthic and planktonic habitats; of which there were 

9), or planktonic (Spaulding et al. 2021). No taxa classified at the genus level or higher exhibited 

>5% relative abundance during any interval, with the most abundant, Pinnularia spp., accounted 

for 2.61% of the assemblage during the 13.75 cm depth interval. 



85 

 

4.3. Diatom paleoenvironmental history – Stratigraphy and assemblage shifts 

The CONISS analysis and broken-stick model identified three significantly different 

biostratigraphic zones of diatom assemblages throughout the core from SC11 (Figure 6.; ANOSIM 

R stat: 0.7277; P = 0.0001). The oldest assemblages (Zone 1), corresponding to the 27.5 - 17.5 

intervals (assumed pre-1880s), were the most taxa rich ranging from 62 – 81 taxa per interval, or 

average of 73.36 taxa per interval, and the average evenness index (𝐽) = ~0.83 (Table 1.). Of these, 

the ISA identified 22 indicator taxa for Zone 1 (Table 2.), the majority of which were benthic 

epilithic and epiphytic taxa, such as those of the Encyonopsis genus, Denticula kuetzingii, and/or 

large celled diatoms, like those of the Epithemia spp, and Pinnularia maior. However, only a small 

fraction (~7 taxa, two of which at maximum relative abundance, did not exceed 6%) constituted a 

substantial part of the Zone 1 assemblages (i.e. having >5% relative abundance in any of the 

assemblages constituting Zone 1). These ‘dominant’ taxa were not only epilithic and epiphytic, but 

also generally medium to large-sized (100 – 10000 μm), as well as considered moderately motile 

taxa. They included Denticula kuetzingii (~9.81 - 23.45%), and Sellaphora pupula (~6.68% - 

12.73%), as well as diatom taxa from the families of Achnanthidiaceae (~5.41 - 9.76%), and 

Cymbellaceae (~4.94 – 8.90%), and the genus Encyonema (~4.38 - 12.63%), primarily Encyonema 

neogracile (~1.68 - 7.75%). Navicula vulpina (~1.20 – 5.58%), and Pinnularia microstauron 

(~3.19 – 5.45%) were also present in the Zone 1 assemblage in substantial but lesser numbers.  

The second group of assemblages (Zone 2; Figure 6.) occurred within the 17.25 – 7.75 

cm depth intervals (corresponding to a temporal range covering from pre ~1880s to ~1920s – 

1930s). Diatom species richness ranged from 59 – 77 taxa, or an average of 68.6 taxa per 

interval, with an average evenness index (𝐽) = ~0.85 (Table 1.). Despite having a lower average 

of number taxa per interval compared to Zone 1, the assemblages of Zone 2 were dominated by a 
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larger and more diverse set of taxa (e.g. whereas the assemblages of Zone 1 were dominated by 

~7 taxa with >5% relative abundance, 11 taxa of similar or greater relative abundance were 

present throughout the assemblages of Zone 2). The assemblages of Zone 2 also included 

diatoms of a wider range of frustule size (100 – 100000 μm). The ISA identified 8 indicator taxa 

for Zone 2 (Table 2.), which included almost exclusively large benthic diatoms such as 

Rhopalodia spp., and Stauroneis spp, but only a few of which, specifically Navicula radiosa 

(~0.32 - 6.43%), and Neidium affine (~2.80 - 6.43%), were found in relative abundances 

exceeding 5% in any of the assemblages of Zone 2. Many of the dominant taxa of Zone 2 were 

also those that previously characterized the assemblages of Zone 1, such as S. pupula (~2.17 - 

16.75%), Denticula kuetzingii (~3.33 - 14.19%), Pinnularia microstauron (~5.16 - 9.77%), as 

well as diatom species from the Cymbellaceae (~1.19 - 5.37%) and Achnanthidiaceae families 

(~2.10 - 11.86%), and the Encyonema genus (~3.03 – 9.85%), again primarily Encyonema 

neogracile (~0.95 - 6.01%), but at smaller fractions of the assemblages than in Zone 1. The other 

notable diatom taxa of Zone 2 included S. laevissima (~3.26 - 9.22%), Encyonopsis cesatii 

(~0.48 - 7.46%), Pinnularia mesolepta (~0.36 - 5.45%), and Rossithidium pusillum (~0.64 - 

5.12%). Many of these taxa previously also existed in the assemblages of Zone 1 but at smaller 

relative abundances and only increased their share in the assemblages during Zone 2 at the 

expense of some of the dominant taxa of Zone 1 (e.g. Denticula kuetzingii accounted for up to 

~23.45% of the assemblages in Zone 1 but decreased in relative abundance in the Zone 2 

assemblages (ranging from ~ 3.33 – 14.19% depending on the depth-interval). 

The third group of assemblages (Zone 3) were laid down in the most recent sediments of 

SC11 (the 7.25 – 3.25 cm and surface depth intervals; estimated to be ~1940s – 2018), notably in 

the immediate sediments following the timing of the low-carbon anomaly at the 8.25 cm depth 
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noted by Abulu, (2024). The assemblages of Zone 3 were generally the least taxa rich of the three 

biostratigraphic zones, with 54 – 77 taxa depending on the depth-interval, or an average of 63.6 

taxa per interval (Figure 5.), and an average evenness index (𝐽) = ~0.79 (Table 1.). The ISA 

analysis for Zone 3 identified 20 indicator taxa (Table 2.), mostly small to medium sized (11 – 

1000 μm) benthic epilithic taxa, such as those of the family Fragilariaceae, as well as planktonic 

taxa, particularly those with a centric morphology like Discostella stelligera, Pantocsekiella 

michiganiana, and Lindavia bodanica, despite their general lack of relative abundance, save for 

P. michiganiana (~0.48% – ~7.48%). Other notable taxa indicated by the ISA analysis included 

Placoneis explanata (~1.34 - 8.17%), and Pinnularia gigas, which although benthic, is also 

exceptionally large (100001 – 1000000 μm), and was very rare (~0.17% – ~0.20%) in the 

assemblage. Taxa from the Zone 3 assemblage that were shared with either or both the Zone 1 

and 2 assemblages occurred in substantially reduced relative abundances by comparison (e.g. 

Denticula kuetzingii went from ~5.35% to 0.826%, and the large celled Navicula radiosa, and 

Navicula vulpina went from >5% to near 0%). Others, increased abundance initially, but 

eventually also decreased in relative abundance, such as Placoneis explanata (from ~17.75% to 

~5.62%), S. pupula (from ~8.29 to ~3.14%), Pinnularia mesolepta (from ~12.95 to 2.15%), and 

Pinnularia microstauron (~15.37 – 1.322%). By the early 2000s, they were replaced almost 

completely by diatom taxa that previously had little or no presence in the assemblages at SC11, 

primarily small benthic diatoms of the family Fragilariaceae, such as Pseudostaurosira 

brevistriata (~2.07 – 12.40%), Stauroforma exiguiformis (~3.63 – 15.70%). However, some of 

these new taxa also declined in relative abundance as they approached the surface, such as 

Staurosira construens which initially had 0% abundance, increased to ~5.25%, but decreased to 
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~3.47%), and Pantocsekiella michiganiana, which also initially had 0% abundance, increased to 

~7.47%, and decreased to ~2.48% in the uppermost sediments.  

The SIMPER analysis confirmed that all three biostratigraphic zones identified by the 

CONISS cluster analysis differed from each other in terms of taxa composition, but that the Zone 

1 and 2 assemblages shared more similarities with each other, than with those of Zone 3 (Table 

3.). Cross-referencing the significant (p < 0.05) diatom taxa indicated by the ISA with those 

highlighted by the SIMPER analysis indicates that the transition from Zone 1 to Zone 2 was 

marked by the loss of some the largest epiphytic diatoms in our dataset, such as Encyonopsis 

descripta, and Epithemia argus and E. adnate, in favor of the appearance of large Naviculaceae, 

and Neideaceae. Comparisons of the Zone 1 and 3 assemblages show that the loss of other large-

sized diatoms like Pinnularia maior, Navicula vulpina, and Stauroneidaceae, as well as smaller 

diatom taxa like D. kuetzingii, and Rossithidium petersenii, which must have occurred sometime 

during or at the transition between Zone 2 and 3 assemblages. Comparisons of the Zone 2 and 

Zone 3 assemblage highlighted the appearance of low-clarity diatom taxa, like Pseudostaurosira 

brevistriata, Stauroforma exiguiformis, as well as some centric diatoms like Pantocsekiella 

michiganiana, Discostella pseudostelligera, Lindavia bodanica. The transition from Zone 2 to 

Zone 3 was also marked by the loss of large Neidiaceae that became prominent during the 

transition from Zone 1 to Zone 2, like Neidium ampliatum, and N. affine, as well as the loss of 

other larger diatoms like Sellaphora laevissima, and remaining taxa of the Rhopalodiaceae 

family. Exceptions to this general trend of loss in large diatoms across Zone 1 to Zone 3, include 

the appearance of Placoneis explanata, Diploneis finnica and P. gigas, which first appeared in 

large numbers only beginning in Zone 3. 
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Table 1. Average Evenness Index (𝐽) of each biostratigraphic zone identified by the CONISS cluster analysis 

Biostratigraphic zone Evenness Index (𝐽) 

Zone 3 0.788474 

Zone 2 0.845427 

Zone 1 0.829095 

 

 

Table 2. Results of ISA analysis – Indicator taxa for each biostratigraphic zone identified by CONISS analysis with species name, 

ISA stat, volumetric size range (in cubic micrometres; μm3), and habitat 

Zone Indicator Taxa ISA stat 

Volumetric size 

range (μm3) Habitat 

1 Cymbella spp. 0.85 101 - 10000 Assumed benthic/Epilithic 

1 Brachysira brebissonii 0.842 101 - 1000 Benthic 

1 Fragilaria capucina 0.836 11 - 100 Benthic/Epilithic 

1 Cymbopleura subcuspidata 0.82 10001 - 100000 Benthic 

1 Nitzschia alpina 0.787 101 - 1000 Benthic 

1 Denticula kuetzingii 0.78 101 - 1000 Benthic/Epiphytic 

1 Cymbopleura incerta 0.771 1001 - 10000 Benthic 

1 Lindavia antiqua 0.77 101 - 1000 Planktonic 

1 Stauroneis submarginalis 0.767 10001 - 100000 Benthic 

1 Encyonema neogracile 0.765 101 - 1000 Benthic/Epilithic 

1 Encyonema silesiacum 0.762 1001 - 10000 Benthic/Epilithic 

1 Encyonopsis descripta 0.759 1001 - 10000 Benthic/Epiphytic 

1 Epithemia argus 0.759 1001 - 10000 Benthic/Epiphytic 

1 Navicula vulpina 0.737 1001 - 10000 Benthic 

1 Psammothidium ventrale 0.733 11 - 100 - 

1 Eunotia praerupta 0.72 101 - 10000 Benthic/Epilithic 

1 Stauroneis superkuelbsii 0.713 1001 - 100000 Benthic 

1 Brachysira zellensis 0.698 11 - 100 Benthic 

1 Pinnularia maior 0.687 1001 - 10000 Assumed benthic/Epilithic 

1 Rossithidium petersenii 0.683 11 - 100 Benthic 

1 Epithemia adnata 0.674 1001 - 10000 Benthic/Epiphytic 

1 Staurosira venter 0.607 11 - 100 Tychoplanktonic/Epilithic 

2 Neidium affine 0.795 10001 - 100000 Assumed benthic 

2 Navicula radiosa 0.776 101 - 1000 Benthic/Epilithic 

2 Sellaphora laevissima 0.775 10001 - 100000 Benthic 

2 Neidium ampliatum 0.756 10001 - 100000 Assumed benthic/Epilithic 

2 Rhopalodia spp. 0.728 100001 - 1000000 Benthic/Epiphytic 

2 Stauroneis finlandia 0.728 10001 - 100000 Benthic 
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2 Stauroneis ancepsfallax 0.72 1001 - 10000 Benthic 

2 Caloneis silicula 0.706 1001 - 10000 Benthic 

3 Fragilariforma lata 0.985 11 - 100 - 

3 Discostella pseudostelligera 0.923 11 - 100 Planktonic 

3 Diploneis marginestriata 0.919 101 - 1000 Benthic 

3 Placoneis explanata 0.883 1001 - 10000 Benthic 

3 Pinnularia mesolepta 0.871 1001 - 10000 Assumed benthic 

3 Discostella stelligera 0.87 101 - 1000 Planktonic 

3 Pantocsekiella michiganiana 0.866 101 - 1000 Planktonic 

3 Stauroforma exiguiformis 0.856 101 - 100 Benthic/Epilithic 

3 Pseudostaurosira brevistriata 0.834 11 - 100 Tychoplanktonic/Epilithic 

3 Navicula leptostriata 0.804 101 - 1000 Benthic 

3 Lindavia bodanca 0.787 10001 - 100000 Planktonic 

3 Neidiopsis levanderi 0.775 101 - 1000 Benthic 

3 Staurosira construens 0.751 11 - 100 Benthic/Epilithic 

3 Pinnularia nodosa 0.733 101 - 10000 Benthic 

3 Navicula cryptocephala 0.722 101 - 1000 Benthic/Epiphytic 

3 Staurosira binodis 0.72 11 - 100 Tychoplanktonic/Epilithic 

3 Nitzschia fonticola 0.689 101 - 1000 Benthic/Epilithic 

3 Diploneis finnica 0.632 10001 - 100000 Benthic 

3 Chamaepinnularia mediocris 0.632 11 - 100 Benthic 

3 Pinnularia gigas 0.632 100001 - 1000000 Benthic 

 

 

Table 3. Results of SIMPER analysis comparing the sum of the average dissimilarity indices between combinations of 

biostratigraphic zones identified by CONISS as calculated by the Bray-Curtis dissimilarity measure  

  Zone 1 Zone 2 Zone 3 

Zone 1 0 0.3808537 0.639764 

Zone 2 0.380854 0 0.58194 

Zone 3 0.639764 0.58194 0 
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Figure 6. Stratigraphy of diatom assemblages from a sediment core collected from SC11, a small shallow lake in the Dehcho 

region, Northwest Territories, Canada. Sediment core depth and 210Pb derived dates via CRS age-depth model prepared by 

Abulu, (2024), and Coleman et al., (2023), are shown on the left as the y-axis. The results of a CONISS cluster analysis are 

shown on the right as a horizontal dendrogram scaled to the sediment core depth. Statistically significant biostratigraphic zones 

indicated by the CONISS analysis and broken-stick model and confirmed by ANOSIM are indicated by red lines at the depth 

interval (cm) of divergence between assemblages. Approximate depth of low-carbon anomaly identified by Abulu, (2024) at the 

8.25 cm depth indicated by a dashed line.  

 

4.4. Diatom assemblage responses to environmental triggers 

4.4.1. Assemblage response to environmental triggers 

The PCA analysis identified 25 PC axes of variation in the diatom assemblages at SC11. 

The first two PC axes explained only a limited quantity of the variation in the diatom 

assemblages at SC11, with a cumulative proportion explained of ~49.13%. The PC1 axis 

accounted for a plurality of this proportion explained, roughly ~36.86% of the variation in the 

diatom community, while the PC2 axis explained an additional ~12.26% of the variation (Figure 

8.). Eigenvalues for PC1 (λ = 0.08061) and PC2 (λ = 0.02682) were relatively low, suggesting 
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only a fraction of the changes to the diatom community at SC11 were driven by these two 

specific PC axes and their associated clusters of diatom ecological niches alone.  

Many of the diatom taxa with the top ten highest contributions to the PC1 and PC2 axes 

also exhibited some of the highest percent relative abundances in the stratigraphy and were also 

either highlighted by the ISA or SIMPER or by both analyses as important markers of the 

biostratigraphic zones identified by CONISS. Just under half of the top ten most influential 

diatom taxa for PC1 provided positive contributions to PC1, which included Denticula kuetzingii 

(~0.34), N. vulpine (~0.20), Encyonema neogracile (~0.15), and Cymbopleura incerta (~0.14), 

all of which were medium to large sized benthic epiphytic taxa. Except for Pantocsekiella 

michiganiana (~0.16) which is planktonic, taxa with negative loadings to PC1 were benthic 

epilithic taxa and included both medium sized taxa like Placoneis explanata (~-0.34), Pinnularia 

mesolepta (~-0.30), and Diploneis marginestriata (~-0.19), as well as small benthic Fragilaria 

like Pseudostaurosira brevistriata (-0.19), and Stauroforma exiguiformis (-0.24). As with PC1, 

less than half of the top ten diatom taxa driving the variation in the assemblage provided positive 

contributions to the PC2 axis. Additionally, some of the driving taxa of PC2 were found to 

overlap with PC1, specifically Pinnularia microstauron, and Pseudostaurosira brevistriata. Taxa 

with positive loadings to PC2 were exclusively small to medium sized (11 – 1000) benthic taxa, 

with little to moderate motility, including Psammothidium ventrale (~0.12), Pseudostaurosira 

brevistriata var. papillosa (~0.09), Nitzschia fonticola (~0.09), and Pseudostaurosira brevistriata 

(~0.08). In contrast, the diatom taxa with negative loadings to PC2 consisted exclusively of 

medium to large sized taxa with moderate to high motility, and included Sellaphora laevissima 

(~-0.18), Neidium affine (~-0.18), Pinnularia microstauron (~-0.16), Pinnularia mesolepta (~-

0.15), Neidium ampliatum (~-0.09), and Caloneis silicula (~-0.08).   
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4.4.2. Generalized Additive Models and Correlation 

%OC generally exhibited a linear increase over the entirety of the core at SC11, with a 

statistically significant (p = 0.009), increase occurring in %OC from 6.67% to 33.94% between 

the 21.5 cm depth and the surficial sediments (0.5 cm depth). As noted by Abulu, (2024), an 

anomalously low (5.69%) level of %OC, and a relative outlier was recorded as occurring at the 

8.25 cm depth (Figure 7.). In contrast, C:N ratios at SC11 exhibited a statistically significant (p = 

0.003) linear decrease from 13.65 to 12.69, also between the 21.5 cm depth and the surficial 

sediments (0.5 cm depth; Figure 7.). 

PC1 axis scores generally decreased over the entire core, relative to the initial maximum 

of ~0.29 at the 27.5 cm depth, characterized by an initial phase of gradual decline followed by a 

more rapid decrease in score values following the 8.25 cm depth (Figure 7.). First derivatives of 

the GAM model for PC1 indicated two sections (22.11 – 19.42 cm; 14.03 – 3.25 cm) of the 

trends for PC1 were statistically significant changes in PC1 axis scores. The section covering the 

22.11 – 19.42 cm depth intervals (p = 0.004) corresponded to the beginning of the gradual 

decrease in PC1 axis scores centred around the 21.5 cm depth, corresponding to a transition from 

a stable PC1 axis scores averaging ~0.28 to a phase of gradual decline. The second statistically 

significant change, corresponding to the 14.03 – 3.25 cm depth section (p = 0.004) covers the 

period of rapid decrease in PC1 axis score values around and following the low-carbon anomaly 

at the 8.25 cm depth. PC2 axis scores exhibited a rough U-shaped trend, characterized by an 

initial phase of stable values averaging ~0.20 (Figure 7.). Following the 19.75 cm depth, PC2 

axis scores rapidly decreased, reaching negative values. This trend reversed following the 8.25 

cm depth, until PC2 axis score values returned to equal or greater magnitudes compared to initial 

values (Figure 7.). First derivatives indicated two sections of statistically significant change; 
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during the phase of rapid decline observed from the 19.25 – 13.25 cm depth (p = 0.002), and 

during phase of rapid increase following the 8.25 cm depth (p < 0.001).  

Spearman’s rank correlations found a weak inverse relationship between %OC and the 

PC1 axis (Spearman’s rs = -0.2; p = 0.73), and no association between %OC and the PC2 axis 

(Spearman’s rs = 0; p = 1.0). A weak positive relationship between C:N and the PC1 axis 

(Spearman’s rs = 0.3; p = 0.68), but a strong positive association between C:N and the PC2 axis 

(Spearman’s rs = 0.7; p = 0.23) were identified. In contrast, correlations between the percent 

relative abundances of the individual top ten contributing taxa of the PC1 axis and their axis 

scores were moderate to high, as well as matching the sign of their loading contribution (Table 

4.). Similarly, except for Pseudostaurosira brevistriata, which was not found to be statistically 

significant (Spearman’s r = ~0.06; p = 0.77), correlations between the top ten contributing taxa of 

the PC2 axis and their axis scores were moderate to high (Table 4.) 
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Figure 7. Results of the Generalized Additive Models (GAMs) performed for time series trends of %OC (Top left; A), C:N (Top 

right; B), PC1 (Bottom left; C) and PC2 (Bottom right; D) axis score values for SC11. Areas shaded in gray represent the 95% CI 

for each model. % of deviance for each GAM model is also listed. Wherever the trendline for each GAM model intersects with the 

zeroth intercept on the horizontal axis, indicated by the dotted line, is when the GAM model is not statistically significant.     
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Table 4. Summary of Spearman’s rank correlation test with the percent relative abundance of the top ten loading contributing 

species of the PC1 and PC2 axes with the PC1 and PC2 axis scores, %OC, and C:N 

PC axis Species Size range Score 

Spearman's 
r coefficient 
with PC 

Spearman's r 
coefficient 
with %OC 

1 Placoneis explanata 1001 – 10000 -0.34 -0.86 -0.60 
1 Denticula kuetzingii 101 – 1000 0.34 0.87 -0.60 
1 Pinnularia mesolepta 1001 – 10000 -0.30 -0.87 -0.22 
1 Stauroforma exiguiformis 101 – 100 -0.24 -0.83 0.20 
1 Navicula vulpina 1001 – 10000 0.20 0.46 0.70 
1 Pseudostaurosira brevistriata 11 – 100 -0.19 -0.66 -0.30 
1 Diploneis marginestriata 101 – 1000 -0.19 -0.80 0.34 
1 Pantocsekiella michiganiana 101 – 1000 -0.16 -0.57 0.00 
1 Encyonema neogracile 101 – 1000 0.15 0.81 0.20 
1 Cymbopleura incerta 1001 – 10000 0.14 0.73 0.40 
2 Caloneis silicula 1001 – 10000 -0.08 -0.58 0.30 
2 Neidium affine 10001 - 100000 -0.18 -0.85 0.80 
2 Neidium ampliatum 10001 - 100000 -0.10 -0.62 0.30 
2 Nitzschia fonticola 101 – 1000 0.10 0.78 -0.20 
2 Pinnularia mesolepta 1001 – 10000 -0.15 -0.52 -0.22 
2 Pinnularia microstauron 1001 – 10000 -0.16 -0.88 0.90 
2 Psammothidium ventralis 11 – 100 0.12 0.65 -0.30 
2 Pseudostaurosira brevistriata 11 – 100 0.09 0.06 -0.30 

2 
Pseudostaurosira brevistriata var. 
papillosa 11 – 100 0.10 0.66 0.40 

2 Sellaphora laevissima 10001 - 100000 -0.18 -0.79 -0.60 
 

*Spearman’s rank correlation coefficients with p-values < 0.05 are indicated with * 
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Figure 8. Principal components analysis (PCA) of the top ten contributing diatom taxa for the PC1 and PC2 axes across each of 

the depth-interval assemblages of SC11.   
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CHAPTER FIVE: DISCUSSION 

At Scotty Creek Basin and adjacent areas in northwestern Canada, rapidly warming air 

temperatures combined with wildfires of increasing severity and frequency are accelerating 

permafrost degradation on a widespread scale (Gibson et al., 2018). The resultant thaw driven 

hydrological changes (Connon et al., 2014; Chasmer et al., 2017), combined with alterations to 

boreal forest vegetation cover via wetland thermokarst (Carpino et al., 2018; 2021; Haynes et al. 

2018; Dearborn et al., 2020), and succession catalyzed by wildfires (Helbig et al., 2016; Chasmer 

et al., 2017; Haynes et al. 2018), along with climate-induced extreme drought and precipitation 

(Price et al., 2013; Tiwari et al., 2022), may be altering the quantity, quality, and timing of DOC 

and inorganic nutrients entering downstream wetlands and lakes in the southern Dehcho (Burd et 

al., 2020; Rodríguez-Cardona et al., 2020; Olefeldt et al., 2013; Abulu, 2024; Ackley et al., 

2021). In cases involving increased chromophoric DOC influx, there may be an enhanced risk of 

brownification, which can impact the water quality of affected lakes, and is of substantial global 

concern as it could increase the rate at which CO2 is released from northern lakes (Tranvik et al., 

2009; Blanchet et al., 2022). Although previous surveys in 2018 showed that many lakes in and 

around Scotty Creek Basin were already exhibiting relatively high (> 10 mg/L) levels of DOC, 

ranging from 10.5 to 57.7 mg/L, no correlation was observed between DOC and lake colour, 

suggesting spatial variation in the “quality” of the DOC entering different lakes  (Coleman et al., 

2025), with the specific factors driving the observed differential browning unclear (Coleman et 

al., 2015; 2023; 2025). 

This study builds on previous research on the water quality dynamics of the southern 

Dehcho (Korosi et al. 2015; Coleman et al., 2015; 2023; 2025; Abulu, 2024), focusing on how 

water colour and clarity changed over the last few centuries in a small shallow lake (SC11) near 



99 

 

the Scotty Creek Basin. SC11 was previously identified as being one of only two lakes in the 

Dehcho that exhibited evidence of a potential micro-algal assemblage shift from epiphytic and 

periphytic diatoms (e.g. Encyonema silesiacum, and E. hebridicum), associated with high water 

clarity (Rühland et al., 2003), to small benthic Fragilariaceae taxa (e.g. Staurosira construens, 

Staurosira venter, Pseudostaurosira brevistriata etc.) associated with lower-light conditions 

(Coleman et al., 2025; Figure X). Small benthic Fragilariaceae have been reported in other lakes 

as indicators of reduced light availability, specifically increased ice cover (Lotter et al., 2000; 

Karst-Riddoch et al., 2005; Rühland et al., 2008; Dalton et al., 2018), but may also be a useful at 

indicating ecologically analogous conditions of limited light availability such as brownified 

waters (Brown et al., 2017; Coleman et al., 2023; 2025).  

 

Figure 9. Examples of prominent varieties of diatom taxa in assemblages before and after the community shift observed by 

Coleman et al., (2025) at SC11. A): Left, a variety of epiphytic diatom taxa from the 26.5 cm depth interval of the sediment core 

from SC11; from top to bottom, E. hebridicum, Navicula radiosa, N. pupula, D. kuetzingii; B) Right, an example of a cluster-

colony of benthic Stauroforma exiguiformis from the 3.25 cm depth interval of the sediment core. 

 

 

A) B) 
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The circumstances at SC11 thus offer an opportunity to fill research gaps on which 

specific drivers of brownification may be involved in the lakes of the Dehcho permafrost 

peatlands. To identify and better understand when and which specific environmental drivers 

initiated the diatom-inferred shift to conditions of lower light availability and assumed 

brownification at SC11 that was first identified by Coleman et al., (2025), we used 

paleolimnological methods to reconstruct a more comprehensive long-term (i.e. multi-centurial) 

record of the history of the water quality conditions at SC11, focusing on when light availability 

changed, as inferred from changes in the relative abundance of light-sensitive diatom subfossils  

in a dated sediment core spanning the last several hundred years. We identified the groups of 

diatom taxa most responsible for driving any observed assemblage shifts and analyzed whether 

their timing coincided with changes in %OC and C:N trends that marked known events in history 

of SC11’s watershed, and which may have been a factor in SC11’s differential level of 

brownification compared to other lakes in and around the Scotty Creek Basin (see Coleman et 

al., 2023). However, we did not directly analyze brownification at SC11 in terms of changes in 

DOC concentration or composition throughout the sediment profile of SC11 due to the 

challenges of reconstructing DOC from sediments, as well as limited sediment availability, nor 

did we directly analyze how different environmental drivers may have contributed to 

brownification at SC11. This study provides valuable insights into how brownification, as 

inferred from its impacts on in-lake diatom-assemblages may begin, and progress in a lake 

environment in the boreal permafrost peatlands of the southern Dehcho.  
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5.1 Shifts from epilithic and epiphytic to small Fragilariaceae dominated assemblages at 

SC11 indicate reductions in water clarity between the 1920s and 2000s 

The paleoenvironmental history of diatom diversity at SC11 can be divided into three 

distinct groupings of diatom assemblages, each corresponding to a different phase of water 

quality at SC11 within the past 150+ years, though only the last (dated to have diverged from the 

others around the ~1930s), included taxa (i.e. Fragilariaceae) associated with lower water clarity 

and elevated water colour. Each assemblage grouping differed in levels of species richness, 

which generally decreased over time, but throughout the known history of SC11, diatom 

diversity remained consistently relatively low (ranging from 81 – 54 taxa depending on the 

interval), comparable to other shallow lakes in Scotty Creek Basin and the southern Dehcho in 

both richness and the variety of species present (Coleman et al., 2015; 2023). The relatively low 

diversity is likely the product of the cold subarctic climate (Rühland et al., 2003; Kahlert et al., 

2022), though it remains comparatively higher than most lakes in the even colder High Arctic 

(Kahlert et al., 2022; Weckström et al., 2023).  

The first and oldest diatom assemblages corresponded to the earliest part of SC11’s 

known sedimentary records, beginning sometime prior to the 1880s, but with an otherwise 

uncertain date, as the accuracy for 210Pb dating decreases drastically for dates older than 150 

years (Appleby et al., 1986; Abulu, 2024). These assemblages were dominated by benthic 

epilithic and or epiphytic diatom taxa indicative of a shallow lake environment with high clarity 

waters. For example, these assemblages were particularly rife with Denticula kuetzingii, as well 

as diatoms from family Cymbellaceae (e.g. Encyonema hebridicum, E. neogracile, and E. 

silesiacum) (Rühland et al., 2003; Coleman et al., 2015), both of which are known to attach to 

either submerged macrophytes or benthic moss mats, and are indicative of high clarity 
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conditions, as they require sufficient light to reach the bottom of SC11 to survive (Bahls, 2013). 

Additionally, Cymbellaceae are also associated with shallow oligotrophic lakes, which also tend 

to have relatively clear water conditions (Rühland et al., 2003). Similarly, other notable taxa in 

the pre-1880s diatom assemblages at SC11 included Sellaphora pupula, Navicula vulpina, 

Pinnularia microstauron, and those of the family Achnanthidiacae, are all also associated with 

shallow oligotrophic lakes (Krammer, 2000; Poulíčková et al., 2008; Lim et al., 2007; Zibulski et 

l., 2013), and their presence further corroborates that prior to the 1880s, the waters at SC11 were 

relatively high clarity and/or were relatively shallow.  

The second grouping of diatom assemblages also corresponded to a period beginning 

sometime prior to the 1880s but ended between the 1920s – 1930s and likely reflects a 

transitional period of increasing nutrient availability and/or lengthening ice-free season. For 

example, these assemblages included most of the main diatoms of earlier assemblages (i.e. D. 

kuetzingii, P. microstauron, and diatoms of the family Cymbellaceae, and the genus Encyonema, 

primarily E. neogracile), indicating that water clarity remained similarly sufficiently transparent 

for benthic production during this phase of SC11’s history. However, their abundances were 

much lower than before, and as there was also an increase in many previously rarer epilithic and 

epiphytic taxa, formed assemblages with a more even distribution of species. Many of these 

newly more abundant taxa were also known to be associated with increased DOC and nutrient 

availability, such as Navicula radiosa, Sellaphora laevissima, and Rossithidium pusillum 

(Rühland et al., 2003; Mohammed et al., 2021; Weckström et al., 2023). Some of the newer taxa, 

specifically Rhopalodia spp., Stauroneis spp., N. radiosa, and Neidium affine were also 

considerably larger than most taxa from previous assemblages.  
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In other lakes across the northern hemisphere, similar increases diatom diversity has been 

linked to general regional-scale climate warming and its impacts, such as decreased duration of 

seasonal ice cover and longer growing seasons (Smol et al., 2005; Smol & Douglas, 2007; 

Rühland et al. 2013; Coleman et al., 2025). R. pusillum has also been previously associated with 

fen environments in the Scotty Creek Basin (Coleman et al., 2023), and part of the increased 

nutrient availability may also have been the result of this inferred climate warming driving the 

formation or expansion of a thermokarst fen directly adjacent to or connected SC11, which could 

have provided an additional outlet for DOC and nutrients to enter the lake (Rydberg et al., 2010; 

Quinton et al., 2018; Coleman et al., 2015; 2023). The additional presence and or increase in 

Rhopalodia spp., and P. mesolepta, which are associated with macrophytes, may even be an 

indicator that the inferred increase in nutrient availability and/or a longer ice-free season may 

have facilitated more advanced macrophyte growth (Kelly et al., 2018; Rybak et al., 2020; 

Weckström et al., 2023).  

However, from the 1930s – 1940s onwards, there were substantial changes in diatom 

assemblages at SC11, suggesting a considerable shift in water quality compared to previous 

conditions, specifically a decrease in clarity. Almost all major taxa from earlier ‘light’ 

assemblages, especially those associated with oligotrophy and or high clarity conditions, were 

greatly reduced in relative abundance, either almost immediately in the 1940s (as was the case 

for D. kuetzingii, N. radiosa, and N. vulpina), or in the decades afterwards and were replaced by 

a substantially fewer number of taxa, the composition of which continued to evolve over time. 

The new ‘dark’ assemblages were initially characterized by a large increase in the abundance of 

Placoneis explanata, which between the 1940s – 1980s constituted roughly a fifth of the new 

assemblages alone, as well as increases in Pinnularia mesolepta, and P. microstauron to a lesser 
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extent. Beyond being an indicator of oligo-to-mesotrophic conditions, and being a benthic 

epilithic taxa, the autecology of Placoneis explanata is not well understood (Van de Vijver et al., 

2024), and while both Pinnularia mesolepta and P. microstauron were part of previous ‘light’ 

assemblages, they are also considered cosmopolitan taxa that can also survive mesotrophic 

conditions to some degree (Lange-Bertalot et al., 2017; Van de Vijver et al., 2024). These 

changes are likely the continuation of previous trends of increasing nutrient availability, but the 

abrupt loss of so many of the taxa associated with high clarity that had characterized earlier 

assemblages, also strongly suggests a comparatively substantial decrease in water clarity. 

However, by the 2000s, the abundances of Placoneis explanata, Pinnularia mesolepta, and P. 

microstauron, had also collapsed, replaced by populations of small benthic Fragilariaceae, 

specifically Pseudostaurosira brevistriata, Stauroforma exiguiformis, Staurosira construens, and 

Staurosira venter that had also been steadily growing since the 1940s. This is most likely when 

the diatom assemblages at SC11 completely transitioned to the benthic Fragilariaceae 

dominated diatom assemblage that was described by Coleman et al., (2025) as a brownification 

signal. The considerable proliferation of Fragilariaceae (which had come to account for around 

a third of the assemblage by 2018) at the expense of even mesotrophic and or cosmopolitan taxa 

may be an indication that the shift towards decreased water clarity and increased water colour at 

SC11 beginning circa 1930s – 1940s may have intensified over time (Lotter & Bigler, 2000; 

Rühland et al., 2008; Brown et al., 2017; Dalton et al., 2018).  

I used principal components analysis to further assess the timing of diatom assemblage 

shifts, and the scores of the PC1 and PC2 axes (which together accounted for ~49% of the 

variation in the diatom assemblages at SC11), were plotted against sediment depth in generalized 

additive models. From prior to the 1880s to 2018, PC1 axis scores decreased in a non-linear 
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fashion, from positive values associated with medium to large-sized benthic epiphytic diatom 

taxa (e.g. Denticula kuetzingii), to negative values associated with benthic epilithic taxa (e.g. 

Placoneis explanata, as well as Pinnularia mesolepta), as well as small benthic Fragilariaceae 

taxa. The non-linear decrease in PC1 axis scores was initially gradual, consistent with the small 

changes between 1880 and the 1920s – 1930s, but accelerated beginning around the 8.25 cm 

depth, which corresponded to the 1920s – 1930s, reflecting the observed rapid shift from ‘light’ 

to ‘dark’ assemblages dominated by small benthic Fragilariaceae taxa. As PC1 accounts for a 

plurality (~36.86%) of the changes in diatom assemblages at SC11, this suggests that a large 

proportion of the observed post-1930s shifts were driven by the transition primarily from benthic 

epiphytes to small benthic Fragilariaceae, which has been identified in other lakes in the 

southern Dehcho as a response to a loss in light availability possibly due to brownification 

(Korosi et al., 2015; Coleman et al., 2015; 2023; 2025). 

The PC2 axis accounted for ~12.26% of the variation in the diatom assemblages at SC11 

and may be reflecting trait-based changes in diatom motility, roughly in line with the three 

previously identified phases of water quality history at SC11. For example, while the earliest 

assemblages were associated with positive values (i.e. small to medium sized benthic taxa of low 

motility, such as Psammothidium ventrale, and Pseudostaurosira brevistriata var. papillosa), 

over time they decreased towards negative scores, indicating a change towards conditions 

favouring diatom taxa with moderate to high motility (e.g. Sellaphora laevissima, Neidium 

affine, and Pinnularia microstauron), however, around the 1920s and 1930s, PC2 axis scores 

began to rapidly increase back towards positive values, indicating a return to conditions 

favouring low motility diatom taxa. As an environmental bioindicator trait, diatom motility is 

relatively understudied, but drought increased turbidity, as well as higher total phosphorus and 
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conductivity has been suggested to favour diatom taxa with higher motility (Peszek et al., 2021). 

The period around which PC2 axis scores were negative strongly overlapped with the Zone 2 

assemblages, which included taxa associated with warmer and wetter conditions, the decrease 

may have been related to the water quality changes associated with warming-driven wetland 

thermokarst activity and should be further investigated.  

Unlike other lakes that have undergone changes in light availability (see Rosén et al., 

2009; Gushulak et al., 2020; Emery Boeck et al., 2023; Tichá et al., 2023), the shift from ‘light’ 

to ‘dark’ assemblages at SC11 following the post-1930s did not include a shift from being 

dominated by benthic taxa to planktonic taxa. Instead, the entirety of the known history (i.e. pre 

1880s to 2018) of the diatom assemblages of SC11 remained consistently dominated by benthic 

taxa. The only exception may be in the most recent sediments which began to be laid down 

around the early 2000s, in which the dominant diatom taxa were Fragilariaceae, which are 

sometimes considered tychoplanktonic instead (Velez et al., 2021). The minimal presence of 

planktonic diatom taxa (specifically centric diatom taxa, e.g. those of the genera Aulacoseira or 

Cyclotella) at SC11 in substantial (i.e. >5%) relative abundances at any point over the past 150+ 

years is most likely due to the relative shallowness (i.e. no more than ~1.9m deep) of SC11, 

resulting in sufficient mixing to inhibit stratification (Holgerson et al., 2022), despite the 

relatively high DOC, and or water colour, as such lakes often become stratified due to the 

propensity for DOC to absorb more solar radiation and heat the surface water temperatures 

(Strock et al., 2017; Pilla et al., 2018).  

In other subarctic lakes in northwest Canada (e.g. Slipper Lake; Rühland et al., 2005), 

decreases in light availability such as increased ice cover normally results in the classic shift 

from heavy tychoplanktonic Aulacoseira diatoms to the lighter and smaller Cyclotella (Rühland 
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et al., 2005; 2015). However, an increase in the few centric planktonic diatom taxa (e.g. 

Pantocsekiella michiganiana, Lindavia bodanica, Discostella pseudostelligera, and D. stelligera, 

with the latter two formerly classified within the genus Cyclotella; Rühland et al., 2005; Guiry et 

al., 2024) identified at SC11 did still occur only after the 1980s, along with the increase in small 

benthic Fragilariaceae (e.g. Pseudostaurosira brevistriata) associated with increased water 

colour, and therefore may have been an analogous response to changes in light availability. Of 

these, only P. michiganiana existed at SC11 in relative abundances greater than 5% in any given 

assemblage, and only in the most recent sediments, and its increased abundance is consistent 

with the observed increased abundance in P. brevistriata, as both prefer higher alkalinity 

(Rühland et al., 2003; Duda et al., 2023), as well as the pH (7.94) measurements of SC11 taken 

by Coleman et al., (2023). 

 

5.2 The timing and rate of change in diatom assemblage composition at SC11 suggests that 

extreme environmental changes and events may be an important trigger of long-term 

permafrost thaw, and brownification in Dehcho lakes 

Consistent with my hypothesis, the observed post-1930s transition from ‘light’ to ‘dark’ 

diatom assemblages, and inferred shift towards brownification at SC11, began shortly after the 

occurrence of an anomalous temporary decrease in %OC in the sediments at SC11 that was first 

identified by Abulu, (2024), and which may represent an interruption in primary production in 

SC11 and its watershed (Meyers & Lallier-Vergès, 1999), occurring sometime between the 1920s 

– 1930s. Rather than a slow gradual multi-centurial change (similar to the gradual increase in 

%OC temporarily interrupted by the low %OC anomaly), the post-1930s shift consisted of a 
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comparatively more rapid decadal-scale non-linear change in diatom assemblage composition, 

characterized initially by the loss of most of the diatom taxa of earlier assemblages that were 

known to be associated with high-clarity conditions, and an increase in mesotrophic taxa 

associated with higher DOC, and culminated in the 2000s with the assemblage dominated by 

small benthic Fragilariaceae taxa that was previously identified by Coleman et al., (2025) as 

distinctly indicative of brownification. Such non-linear ecological changes in diatom assemblage 

composition and the inferred water quality changes at SC11 are characteristic of ‘regime shifts’ 

in which change is either gradual or negligible (e.g. the transition from Zone 1 to Zone 2 

assemblages), until a critical threshold is breached, following which the ecosystem response (e.g. 

transition from Zone 2 to Zone 3 assemblages) is relatively rapid (Andersen et al., 2009; 

Randsalu-Wendrup et al., 2016).  

As non-linear ecological changes also sometimes reflect extreme or abrupt environmental 

changes (Williams et al., 2011; Randsalu-Wendrup et al., 2013; 2016), such as extreme climate 

events like El Niño (see Sepúlveda-Zúñiga et al., 2024), we therefore hypothesize that a similarly 

extreme environmental event or perturbation also responsible for that abrupt temporary decrease 

in productivity sometime in the 1920s – 1930s, may have been the main trigger for the observed 

diatom assemblage shifts and inferred eventual transition towards brownification at SC11, by 

sufficiently altering the conditions at the permafrost-rich landscape surrounding SC11 past a 

critical threshold, resulting in a regime shift to a new state of accelerated thaw relative to prior 

conditions (see Chasmer et al., 2017). In other boreal wetland catchments, rapid permafrost thaw 

has been observed to lead to changes in the geomorphology and hydrology of affected areas as 

the ground subsides due to wetland thermokarst, increasing hydrological connectivity (Connon et 

al., 2014; Wright et al., 2022). This increase in hydrological connectivity may have facilitated 
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long-term increases in the export of chromophoric DOC from newly waterlogged or otherwise 

now more leachable peat-rich organic soils (Wauthy et al., 2018), containing aromatic 

compounds associated with water discolouration (Olefeldt et al., 2013; Blanchet et al., 2022), 

and eventually leading to the inferred changes in light availability and possible brownification at 

SC11. However, the exact nature of the extreme event or environmental change that may have 

triggered the inferred acceleration in permafrost thaw at SC11 was not evident from our diatom-

based reconstruction of SC11’s history alone. Based on the known history of SC11’s watershed, 

we hypothesize two non-mutually exclusive possibilities, which may even have exacerbated each 

other’s impacts, to have been responsible for what was observed at SC11, and which should be 

the subject of future investigations.  

The first possibility is that the inferred interruption in productivity was the result of 

environmental and climatic changes brought on by a severe El Niño event, one of which is 

known to have occurred in 1925 – 1926 (Takahashi & Martínez, 2019), which closely matches 

the 1920s – 1930s date assigned to the %OC anomaly identified by Abulu, (2024). El Niño (EN) 

refers to an irregularly recurring (once every two to seven years) climate phenomenon, during 

which the trade winds behind an ocean-to-atmospheric system over the Pacific Ocean that 

normally transport warm water from the west coast of the Americas towards Asia instead reverse 

resulting in extremely disruptive changes in climate and weather patterns in affected areas 

(Neelin et al., 1998), such as coastal Peru, where EN occurrences can cause uncharacteristically 

strong rainfall and flooding in a desert (Takahashi & Martínez, 2019). EN has also been observed 

to result in abnormal climate changes elsewhere in the Americas, including in British Columbia 

and Yukon (Taylor, 1998), as well as in the Dehcho region of northwestern Canada, where the 
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resultant climate and environmental changes effected by a 1997 – 1998 EN may have led to a 

threshold shift towards accelerated permafrost loss (Chasmer et al., 2017).  

During this 1997 – 1998 EN, the southern Dehcho region, or more specifically, the Scotty 

Creek Basin, experienced abnormal changes in climate and seasonal weather patterns, including 

increased snow precipitation during winter, significantly warmer air temperatures and earlier 

onset of spring, and intensified droughts during summer (Chasmer et al., 2017), which may have 

disrupted the fragile balance maintaining the discontinuous permafrost in this region (Halsey et 

al., 1995; Camill & Clark, 1998; 2000), as rates of permafrost thaw from before the 1997 – 1998 

EN (0.19% loss per year), were found to have increased threefold afterwards to 0.58% loss per 

year (Chasmer et al., 2017). The increased snow accumulation may have insulated the ground, 

keeping it relatively warm even during winter, and ironically halting any seasonal permafrost 

aggradation (Hinkel & Hurd, 2006; Osterkamp, 2007). Combined with when the EN enhanced 

buildup of snow inevitably melted due to the ENN-enhanced temperatures and earlier onset of 

spring, this also led to increased volumes of water moving through the wetland and enhancing 

lateral thaw at the peat plateau margins via the heat flux of the soil-water interaction (Kurylyk et 

al., 2016; Devoie et al., 2021). This may have then created a positive feedback loop of wetland 

collapse and increased hydrological flow in the affected areas, leading to the accelerated rate of 

permafrost degradation observed by Chasmer et al., (2017).  

However, the exact impacts of the 1925 – 1926 EN on permafrost thaw in the Dehcho 

region and Scotty Creek Basin are not as well understood as the 1997 – 1998 EN, as the 

literature has generally focused more on the impacts of the 1925 – 1926 EN in Asia and Peru 

(Takahashi & Martínez, 2019), and there is a lack of comprehensive climate and hydrological 

data from this time period owing to the relative remoteness of the region. Nevertheless, it may be 
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reasonable to hypothesize that its impacts on the permafrost of the region were comparable, as 

while the 1997 – 1998 EN is considered the strongest EN event of the 20th century (the second 

being the 1982 – 1983 EN) in terms of environmental impact (i.e. severity of rainfall and 

flooding), the 1925 – 1926 EN has been classified as the third most severe (Takahashi & 

Martínez, 2019). As the severity of the 1997 – 1998 EN is often attributed to its coinciding with a 

warming event caused by the North Atlantic Oscillation (Chasmer et al., 2017), and the 1925 – 

1926 EN also coincided with an abrupt warming period, though possibly related to the Pacific 

Decadal Oscillation instead (Varotsos et al., 2014), it may be reasonable to assume that the 

impacts of the 1925 – 1926 EN may have similarly severe enough to also lead to a threshold loss 

of permafrost, increasing hydrology connectivity throughout Scotty Creek, and facilitating an 

increase in chromophoric DOC influx and in-lake concentrations at SC11, leading to the inferred 

brownification (Coleman et al., 2025). The signal of interrupted productivity may therefore have 

been the result of a summer drought enhanced or induced by the 1925 – 1926 EN, as EN is 

known to sometimes cause in northwestern Canada (Shabbar & Khandekar, 1996; Shabbar et al., 

1997; Bonsal et al., 2011), as a reflection of the negative impacts of drought on primary 

production (Piao et al., 2019; Tiwari et al., 2022; Jaman et al., 2024), and/or discharge (Chiu et 

al., 2020; Tiwari et al., 2022; Al-Kharusi et al., 2024).  

Alternatively, but not mutually exclusively, the signal of interrupted productivity in the 

SC11 watershed that was dated to sometime between the 1920s – 1930s, may correspond to a 

historical forest fire. Much like the climatic and environmental changes induced by EN (Chasmer 

et al., 2017), forest fires are also known to be able to trigger rapid permafrost degradation in 

northwest Canada by removing and or altering the environmental conditions that otherwise 

preserve the delicate balance maintaining the discontinuous permafrost in the area (Brown et al., 
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2015; Gibson et al., 2018). For example, wildfires can burn trees and vegetation present (mostly 

black spruce in the Dehcho, but also Sphagnum mosses), as well peat rich soils (which can 

become highly flammable if dried out, such as during a drought), and their removal increases soil 

heat flux and irreversibly expands the active layer (Yoshikawa et al., 2003; Viereck et al., 2008). 

Deposition of ash can also lead to increased snowmelt during spring, which can also promote 

ground heat flux (Ackley et al., 2021). All of these fire-driven environmental changes can create 

a positive feedback loop of vertical as well as lateral thaw, once enough of the peat plateau 

collapses into an adjacent wetland and also becomes exposed to heat flux from adjacent water 

bodies via the soil-water interaction (Brown et al., 2015; Kurylyk et al., 2016; Gibson et al., 

2018; Devoie et al., 2021; Ackley et al., 2021). The resultant fire-triggered accelerated 

permafrost thaw in the watershed surrounding SC11 may then have enhanced wetland 

thermokarst and associated increased hydrological connectivity (Connon et al., 2014), analogous 

to the EN driven threshold loss of permafrost described by Chasmer et al., (2017), and increased 

the quantity of chromophoric DOC entering the waters of SC11, leading to the observed diatom 

assemblage changes and inferred shift towards brownification (Wauthy et al., 2018; Ackley et al., 

2021; Coleman et al., 2023).  

Although forest fires can reduce productivity in affected watersheds via combustion of 

biomass, they also often result in short-term increases in nutrient influx into nearby water bodies 

afterwards, due to the production of nutrient-rich ash and charcoal and or increase in runoff due 

to post-fire changes to the landscape that favour erosion (Shakesby et al., 2006; Bladon et al., 

2014; Legleiter et al., 2003). This can lead to increased in-lake production (Paul et al., 2022; 

Caroni et al., 2024), therefore fire-driven increases in production and sediment loads generally 

become reflected in lake sediments as elevations in nutrient and organic content (separate from 
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that produced by fires) that can last for decades (Meyers et al., 1999; Pelletier et al., 2020). 

However, in the boreal subarctic, and especially in the specific region (Taiga Plains) of northwest 

Canada the Scotty Creek Basin and adjacent areas are part of, there is an unusual precedent to 

wildfires instead sometimes interrupting DOC exports (Olefeldt et al., 2013; Burd et al., 2018; 

Rodríguez-Cardona et al., 2020; Hutchins et al., 2023), though the usual rule of post-fire 

increases in nutrient flux has yet to be similarly contradicted (Granath et al., 2020; Paul et al., 

2022). This may have been due to fire converting any organic matter present into compounds 

that are more readily susceptible to photodegradation once they enter the waters of SC11 and 

thus do become part of the lake sediments (Olefeldt et al., 2013; Rodríguez-Cardona et al., 2020; 

Burd et al., 2020), or a case of an unusually severe forest fire that volatilized most of the burnt 

carbon that would have been transported downstream into the atmosphere (Wei et al., 2021; 

Agbeshie et al., 2022; Bélair et al., 2025). As SC11 is a peatland lake with C:N ratios that have 

consistently remained above 10 throughout the entire sediment profile indicating the majority of 

the carbon entering SC11 has been mostly allochthonous in origin (Meyers et al., 2001), fire-

related interruptions in allochthonous DOC influx to SC11 could have been responsible for the 

observed the low %OC anomaly and or signal of interrupted production. Unfortunately, we did 

not have the opportunity to examine the sediments of SC11 for traces of charcoal which are 

direct indicators of past forest fires (Smol, 2008), to directly test this wildfire hypothesis due to 

the constraints of limited sediment availability during this thesis.  

However, there may be precedence for increased chromophoric DOC and brownification 

in at least one lake in the southern NWT that experienced thaw-driven landscape changes after a 

forest fire. A study by Coleman et al., (2015), compared two small shallow lakes in the southern 

NWT, Canada, referred to as KAK-1 (61.038056°N, 117.551111°W), and TAH-7 (60.570567°N, 
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116.904032°W), and how their aquatic ecosystems (specifically diatom assemblages) responded 

to permafrost thaw and peatland collapse. Of the two lakes, only the watershed around TAH-7 

was known to have been influenced by a past forest fire, as marked by a peak in charcoal in the 

sediment strata that was dated to circa ~1845, and as expected, TAH-7 also exhibited far greater 

wetland collapse, which experienced a 44% increase in fen area over 1950 to 2012, compared to 

KAK-1, which experienced a 28% increase in fen area over 1970 to 2012 (Coleman et al., 2015), 

further lending credence to fire being able to trigger long-term changes in rates of permafrost 

thaw and wetland thermokarst development in the Dehcho region (see Gibson et al., 2018). 

Critically, TAH-7 was also the only one of the two to exhibit substantial changes in diatom 

assemblages, specifically a decrease in large benthic taxa such as Navicula, as well as 

Sellaphora, which occurred alongside an increase in small periphytic taxa indicating increased 

nutrient availability (Coleman et al., 2015; Mohammed et al., 2021; Weckström et al., 2023), 

which notably occurred following the aforementioned charcoal peak, and may parallel the loss of 

epiphytic and epilithic taxa we observed at SC11 following the ~1920s and alleged fire. The 

diatom assemblages at TAH-7 even exhibited a secondary shift, decades later around ~1940, 

which consisted of increases in small sized Navicula and benthic Fragilariaceae taxa (Coleman 

et al., 2015), which also similarly parallels the second post-anomaly diatom shift observed at 

SC11 that culminated in the Fragilariaceae-dominated assemblage previously identified as 

indicative of brownification.  

However, as both fire and EN-related climate and environmental changes are relatively 

large scale disturbances with potentially regional-scale impacts, it is unusual that, to our 

knowledge, there are relatively few other instances of non-linear changes in diatom assemblages, 

specifically shifts towards abundances of small benthic Fragilariaceae, and indicating 
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brownification, that were as severe as those observed at SC11 and TAH-7. To be clear, we do not 

mean to imply that other lakes in and around Scotty Creek, and the Taiga Plains are not 

experiencing brownification; indeed Coleman et al., (2023) noted five other lakes with similar 

assemblages also dominated by small benthic Fragilariaceae (SC1, SC2, SC3, SC5, and SC9). 

Water chemistry analysis of SC11 and other lakes in and around Scotty Creek by Coleman et al., 

(2023), even reveals that of the six lakes with the small benthic Fragilariaceae dominated 

assemblage, there are many lakes with much more intense water colour than SC11 (TCU = 

195.9), with SC5 having the highest water colour (TCU = 463). There are also several lakes in 

and around Scotty Creek Basin which did not exhibit small benthic Fragilariaceae in high 

abundances, but also had TCU levels higher than SC11, namely SC8 (TCU = 284.9), Next Lake 

(TCU = 258.2), and First Lake (TCU = 249.3) (Coleman et al., 2023). TCU, however, is only an 

indirect indicator of light penetration to the benthic zone, and further study is needed to 

understand the drivers of diatom assemblages in shallow Dehcho lakes (Coleman et al. 2025). 

The exact reasons for the apparent substantial spatial distribution in DOC quantity and 

quality, and by extension degree of brownification, among different lakes in the Scotty Creek 

Basin, currently remain unclear. Coleman et al., (2023) initially hypothesized that certain 

wetland thermokarst landforms may be sources (wetland collapse scar) of or conveyors (channel 

fens) of DOC leachate in the aftermath of submergence following peatland collapse, and that 

increased areal connection to wetland thermokarst may therefore be responsible for those water 

bodies exhibiting more intense browning, but found no consistent evidence for this, with some 

lakes (i.e. SC5 and SC8) found to have higher TCU values despite being hydrologically isolated, 

while others (Next Lake) had higher TCU values in spite of being hydrologically connected. 

Coleman et al., (2023) further postulated that the spatial variation in water colour intensity and 
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brownification may simply be a factor of specific quirks in the hydrology of the area which are 

affecting residence time, and therefore rate of photobleaching of the often aromatic DOC 

compounds usually responsible for water discolouration, but which we do not understand yet 

(Olefeldt et al., 2013; Mazoyer et al., 2022; Blanchet et al., 2022). More recently, Coleman et al., 

(2025) demonstrated that contrary to conventional assumptions (which may remain true in other 

geographical jurisdictions, such as Finnoscandia; Seekell et al., 2015; Bouchard et al., 2017; 

Blanchet et al., 2022), there is an unusual decoupling between DOC and water colour for SC11 

and other lakes in and around Scotty Creek Basin, a phenomenon seen only in a few other 

regions in North America, including the Yukon Flats, and boreal Alberta, (Johnston et al., 2020; 

Pugh et al., 2021; Kurek et al., 2023). Coleman et al., (2025) hypothesizes that this may be due 

to these lakes having a shared trait in longer residence times compared to other regions, and 

future study is needed to determine how the local hydrology of Scotty Creek Basin and how 

DOC, and specifically chromophoric DOC is moving through it, and what its ultimate fate is. 

Increases in coniferous tree cover are also known to result in long-term increases in DOC 

(Sobek et al., 2007; Fredh et al., 2012; Finstad et al., 2016; Kritzberg, 2017), and therefore 

secondary succession post-fire may result in changes to vegetation communities that influenced 

downstream transport of DOC to lakes. However, almost all known studies discussing 

afforestation-related brownification take place in Finnoscandia and involve conifer (specifically 

by Norway Spruce; Picea abies) reforestation (Sobek et al., 2007; Fredh et al., 2012; Finstad et 

al., 2016; Kritzberg, 2017; Škerlep et al., 2020; 2022; Björnerås et al., 2017; 2022). Moreover, 

reforestation in the Scotty Creek Basin and southern NWT has been observed not to result in 

recolonization by the black spruce that is the predominant conifer of the region, but more 

commonly by eastern larch, and in those areas specifically affected by fire, by the deciduous 
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white birch (Dearborn et al., 2021). This is tentatively supported by increases in lignin-derived 

phenols (specifically syringyls) associated with deciduous trees (Hedges and Mann 1979; Hu et 

al. 1999; Ishiwatari et al. 2006), that were reported in post-fire sediments in TAH-7 (Korosi et 

al., 2015). Additionally, Finnoscandia-based studies have previously found that other tree types, 

specifically deciduous trees like birch (i.e. silver birch, Betula pendula; mountain birch, Betula 

pubescens), may negatively impact DOC influx and downstream water colour (Brandtberg et al., 

2000; Fröberg et al., 2011). Nevertheless, as Coleman et al., (2025) has already demonstrated, 

some of the traditional assumptions regarding DOC composition, and specifically that of 

chromophoric DOC may not be applicable to the specific situation at Scotty Creek Basin, and 

there is empirical evidence that DOC leachates from birches native to the Canadian boreal forest 

(i.e. white birch, and yellow birch), are comparable to conifer produced DOC in at least volume 

(Spencer et al., 2008; Helms et al., 2008; Hansen et al., 2016; Ryan et al., 2023). The difference 

is mostly in composition; while conifers are associated with lignin-based chromophoric DOC, 

deciduous trees like birch may be producing tannin-based DOC (Thieme et al., 2019), and future 

studies could focus on whether high concentrations of tannin-based DOC from deciduous trees 

native to the Canadian boreal forest can similarly discolour lakes. 
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CHAPTER SIX: CONCLUSIONS AND FUTURE STEPS 

6.1. General Conclusions 

Our results concur with those of Coleman et al., (2025), and confirm that historically 

(during and prior to the 1880s), water quality at SC11 was relatively clear and oligotrophic, 

characterized by benthic epiphytic taxa associated with high light availability. A transition to 

low-clarity or ‘dark’ conditions, as inferred by the loss of predominant epiphytic and epilithic 

diatoms and their eventual replacement by Fragilariaceae and other generalist diatom taxa 

associated with lake brownification began in the ~1930s – 1940s. This manifested as a relatively 

rapid response following a suspected environmental disturbance event, marked by anomalously 

low sediment organic carbon concentrations in the immediate prior decade, indicating a 

temporary interruption to watershed productivity. As these diatom assemblage composition shifts 

were accompanied by only slight changes in C:N ratios (i.e. from 13.65 to 12.69 over the core), 

indicating that the main source of organic carbon at SC11 remained primarily terrestrial in origin 

rather than algal production (though a slight increase in relative algal contribution did occur over 

time), the diatom inferred reduction in water clarity at SC11 is most likely a response to 

brownification (and not, for example, turbidity associated with algal productivity). Although 

there have been other lakes affected by permafrost thaw, and associated wetland thermokarst 

(specifically peatland collapse; see KAK-1), the observed rapid and non-linear regime shift from 

‘light’ to ‘dark’ diatom assemblages following the 1930s, has only ever been found in lakes 

subjected to environmental disturbances like fire that can accelerate permafrost thaw (see TAH-

7; Coleman et al., 2015). As climate change is expected to lead to more frequent and severe 

forest fires, and other environmental disturbances throughout the Canadian boreal forest (Price et 

al., 2013; Wang et al., 2014; Jain et al., 2017; Veraverbeke et al., 2017; Hessilt et al., 2022), 
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which can accelerate permafrost thaw on a widespread scale, we may expect to see many more 

instances of brownification in the southern NWT. This may have global-scale implications for 

carbon cycling in the Canadian boreal subarctic, as brownified lakes may be more likely to 

process DOC and release it as CO2 to the atmosphere (Lapierre et al., 2013; Blanchet et al., 

2022). A better understanding of the underlying mechanism that leads to brownification is 

needed to be able to make more accurate projections of future lake changes across landscapes 

and ecozones.  

 

6.2. Future Steps 

The results of our study reinforce previous literature that diatom-based paleolimnology 

may be useful in tracking brownification and other changes in light availability in the Dehcho. 

Moreover, the dominant factor controlling brownification in lakes in the Dehcho may be external 

factors, specifically environmental disruptions which can trigger accelerated permafrost thaw, 

leading to changes in the landscape (geomorphologically, hydrologically, and perhaps even 

ecologically) that are changing the quantity, quality, and timing of chromophoric DOC entering 

lakes. However, many questions remain regarding both the nature of brownification in lakes in 

the southern Dehcho, as well as the factors driving it, especially those that may be responsible 

for the unusual spatial differentiation in browning.  

For example, although the results of our diatom-based paleolimnological analysis of 

SC11 shows a sustained change in diatom assemblages associated with brownification, 

suggesting a prolonged multi-decadal browning, it is unknown whether the browning occurs 

year-wide, or is merely a response that now recurs seasonally because of permafrost-related 
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changes in hydrological connectivity. It may therefore be of value to obtain even finer time-

series data on the water chemistry of SC11 and other lakes in the Scotty Creek Basin using data 

loggers present at these sites. Additionally, as Coleman et al., (2025) demonstrated, there is 

considerable evidence that the quality of DOC, especially the variety of chromophoric DOC 

entering or present at the lakes of the southern NWT, may be very different from in other 

regions. Future studies should include a focus on identifying the exact composition of the DOC 

entering and found in the lakes of the southern Dehcho, and how it differs from the DOC 

entering other lakes in Canada, and across the world that are experiencing brownification.  

Lastly, we still do not have a solid understanding of why there is so much spatial 

variation in brownification among lakes which should be somewhat uniformly impacted by the 

environmental perturbations we propose to be critical to driving lake brownification in the 

Dehcho. We propose returning to SC11 and the other lakes previously sampled by Coleman et 

al., (2023) to retrieve sufficient sediment samples to perform a more expanded multi-proxy 

paleolimnological investigation. Such an investigation should include a VNIRS-based approach 

similar to that devised by Rosen et al., (2005) and Rouillard et al., (2011) for reconstructing past 

DOC concentrations at SC11 and other lakes in and around Scotty Creek Basin (calibrating a 

model specific to the Dehcho region), and should also examine for traces of charcoal in the strata 

dated to the ~1920s – 1930s, specifically to test the wildfire hypothesis (Smol, 2008), as well as 

how other paleolimnological indicators (e.g. stable isotope ratios such as δ13C, δ15N, and n-

alkanol ratios; C30/(C30 + C28)), have changed throughout the sediments (see Coleman et al., 

2015; Korosi et al., 2015), which may shed further light on how productivity, types of vegetation, 

and land covers have changed in and around SC11 and its watershed over time (Meyers et al., 

2001; Meyers, 2003; Perkins et al., 2014; Holtvoeth et al., 2019). The investigation should also 
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combine these paleolimnological approaches with GIS and remote-sensing approaches to a) 

model the complex hydrology of the Scotty Creek Basin, and how DOC moves through it and its 

ultimate fate (see Dick et al., 2015; Rankinen et al., 2023), and b) identify the impacts of fire on 

the watershed around SC11 if any, and determine the extent of peatland collapse (see Coleman et 

al., 2015; Abulu, 2024; Coleman et al., 2023; Carpino et al., 2025), as well as how fire or another 

environmental disturbance may have influenced vegetation cover (e.g. coniferous vs deciduous) 

in and around SC11 and TAH-7 (see Carpino et al., 2025; Enyetullah et al., 2022). 
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