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Abstract 

Anthropogenic climate change has affected the Canadian Arctic cryosphere, accelerating the 

development of retrogressive thaw slumps (RTS) across the Peel Plateau, NWT, Canada. RTS result from 

the thawing of ice-rich permafrost and develop due to ablation of ground ice exposed in the slump 

headwall. RTS provide pathways for dissolved organic carbon (DOC), previously inaccessible when stored 

in permafrost, to become available for biologically or photochemically-mediated degradation; creating a 

relatively novel input source to the global carbon cycle. The Peel Plateau, which is comprised of ice-rich 

glaciogenic materials and soils that are rich in inorganic materials, exhibits a high occurrence of RTS 

activity. RTS activity in the Peel Plateau is predicted to alter the carbon dynamics of receiving waters in 

ways that contrast with the effects of permafrost slumping in Arctic regions containing organic-rich soils. 

Here, we explore the environmental drivers and absolute magnitude of DOC delivery to impacted 

stream systems, and the susceptibility of this DOC to biological degradation. This work determined that 

temperature and precipitation are the main drivers of DOC mobilization across the Peel Plateau; 

environmental variables that are predicted to increase considerably across Arctic regions. Pristine 

streams demonstrated higher concentrations of DOC than streams impacted by slump runoff, an effect 

that seems likely to occur as a results of DOC adsorption to slump particles. DOC from RTS streams was 

more susceptible to bacterial degradation, though at lower rates than those found in other thermokarst 

impacted regions. Spectral and isotopic characteristics of RTS-affected and pristine streamwater were 

examined to explore how differences in DOC origin and composition relate to decomposition. 

Permafrost DOC response to climate change has been identified as one of the key knowledge gaps in 

predicting how integrated Arctic systems will function in the future. This work aimed to close this gap 

through the monitoring of the flux and fate of DOC mobilized from slump features in an understudied 

region.  
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Preface to the Thesis 

This thesis is an original work by Cara Aileen Bulger and is divided into four distinct chapters. The first 

chapter is an introductory chapter that provides background to the region and field of study, outlines 

research objectives and general experimental methodology. Chapters two and three are written in 

manuscript format. Citation structure for publication submission is provided below. The final chapter 

provides concluding statements drawn from this research and proposes avenues of future research. This 

thesis is written in the plural as science is a team sport and this work was a collaborative effort.  

Chapter Two 

Bulger, C.A., Tank, S.E. and Kokelj, S.J. The effect of retrogressive thaw slumps on dissolved organic 

carbon delivery to streams of the Peel Plateau, NWT, Canada 

Chapter Three 

Bulger, C.A. and Tank, S.E. Unique trends in the biodegradability of dissolved organic carbon mobilized 

from retrogressive thaw slumps on the Peel Plateau, NWT, Canada 
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1.0 General Introduction  

1.1 Climate change in Arctic regions  

The Arctic has been experiencing unprecedented changes in its climatic patterns, most notably in 

observed and predicted increases in temperature and precipitation (IPCC, 2014). Arctic regions are 

particularly vulnerable to climate change due to the presence of permafrost, ground that remains below 

0ºC for longer than two years. Permafrost provides mechanical stability to the landscape, maintains 

landscape-level processes, and controls the hydrological connectivity of terrestrial and aquatic systems. 

Models assessing impacts of climate change predict an increase in permafrost temperature and thawing, 

however these predictions contain high levels of uncertainty, with significant disagreement amongst 

models (Hinzman et al., 2013). When permafrost thaw occurs it can manifest in diverse ways; as a 

gradual top-down thaw deepening the active layer, or a more rapid degradation of the permafrost in the 

form of thermokarst (Schuur et al., 2008). Thermokarst is the formation of landscape collapse features 

as a result of ice rich permafrost thaw (van Everdingen, 2005);different thermokarst features manifest 

with  varying in degrees of severity. Thermokarst features include active layer detachments, which result 

in the downslope removal of the active layer, thermal erosion gullies and ice wedge polygons formed as 

a result of channelized surface water, and retrogressive thaw slumps which are mass wasting events on 

the landscape caused by a complete destabilisation of the ice-rich permafrost below (Kokelj & 

Jorgenson, 2013). Thermokarst features provide rapid pathways for organic carbon previously 

inaccessible while stored in permafrost to become available for either processing within soils, where it is 

then microbially or photochemically degraded, or loss through downslope transport. This carbon 

mobilization is a key area of research in the Arctic, and the response of dissolved organic carbon (DOC; 

see below) to changing climate regimes and permafrost degradation has been identified as one of the 

greatest knowledge gaps and therefore the ability to predict further changes in Arctic regions (Abbott et 

al., 2016).  

1.2 Retrogressive thaw slump morphology  

Retrogressive thaw slumps occur when massive ground ice within ice-rich terrains degrades. This 

process removes surface organic soil layers, exposes mineral soils, and drastically alters the local 

hydrology, and sediment and solute fluxes (Kokelj et al., 2009). Retrogressive thaw slumps are pulse 

disturbances that can persist for decades and greatly impact local freshwater systems (Kokelj & 
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Jorgenson, 2013; Vonk et al., 2015a). Many factors influence slump development, including ground ice 

content, topography, slope degree and aspect, and regional climate (Lewkowicz, 1990; Kokelj & 

Jorgenson, 2013; Kokelj et al., 2015). Slumps are polycyclic in nature and can become stabilized when 

thawed sediment accumulates at the base of the headwall, covering the ground ice and protecting it 

from further degradation. Slump development can be reactivated through extreme rainfall and other 

mass wasting events (Burn & Lewkowicz, 1990; Lantuit & Pollard, 2008; Kokelj et al., 2015). There has 

also been a positive feedback cycle identified within thaw slump features, where the headwall 

conditions influence the microclimate through increasing local temperatures,  further propagating 

ablation and thaw slump development (Grom & Pollard, 2008). As of 2015, there are 212 thaw slumps 

identified on the Peel Plateau, 89% of which are currently active (Lacelle et al., 2015). 

Thaw slumps are comprised of three main zones: 1) a near vertical head wall; 2) an accumulation zone; 

and 3) the debris flow (Lewkowicz, 1987). The headwall exposes the active layer and subsisting ice-rich 

permafrost and can be tens of meters deep in this region (Lewkowicz, 1987). The accumulation zone at 

the base of the headwall is less steep but can still expose ice rich permafrost or be comprised of 

previously eroded materials that have not yet been removed. The extent of the accumulation zone 

impacts stabilization rates. The debris flow is comprised of thawed permafrost and mixed with the fallen 

active layer, travels downslope and can extend numerous kilometers (Lewkowicz, 1987). Thaw slumps 

can directly impact substantial land areas; the average thaw slump on the Peel Plateau is 5.4 ha, with 

the largest one recorded at 52 ha in area (Lacelle et al., 2015).  

1.3 Dissolved organic carbon  

Previous characterizations of carbon dynamics have neglected the role of freshwater systems, leading to 

an imbalance in the quantification of the global carbon cycle (Cole et al., 2007; Aufdenkampe et al., 

2011). DOC is an important component to quantify as an estimated 80% of total riverine organic carbon 

flux in the Arctic is predicted to be in the form of DOC (Spencer et al., 2015). A portion of the DOC pool 

will be realeased from permafrost stores, which is a novel source and expected to be easily degraded, 

changing local carbon dynamics (Battin et al., 2008; Vonk et al., 2013a). DOC is one of the main controls 

on microbial metabolism as it can be easily transported through cell membranes, in contrast with 

organic carbon in the particulate form, which must first be lysed via extra-cellular enzymes (Hanson et 

al., 2003; Striegl et al., 2005). DOC is considered a crucial transitional phase in the global carbon cycle 

through its governance on the rate at which permafrost carbon is degraded and released to the 



3 
 

atmosphere (Vonk et al., 2013a, 2015b). The lability of permafrost DOC is expected to be greater than 

contemporary sources of terrestrial DOC in the Arctic, many potential hypotheses are presented to 

explain this greater lability; one of the most prevalent is the incomplete microbial degradation prior to 

permafrost sequestration, compared to terrestrial DOC that has participated in abundant processing 

within the shallow active layer (Khvorostyanov et al., 2008a; Schuur et al., 2008; Abbott et al., 2014; 

Vonk et al., 2015b). Rivers and stream networks are ultimately responsible for the transport of DOC and 

numerous transformations occur during transportation. The role that stream networks play in carbon 

cycling will only become more important in the future as the hydrological connectivity between Arctic 

terrestrial and aquatic systems is predicted to increase (McGuire et al., 2009; Schuur et al., 2013). DOC 

also controls important ecosystems processes within the water column such as light absorption and the 

transfer and availability of energy, nutrients, and contaminants, therefore any perturbations can have 

ripple effects on ecosystem functioning (Lee & Kuo, 1999; Weishaar & Aiken, 2003; Spencer et al., 2009).  

1.4 Retrogressive thaw slumps and DOC mobilization across the pan-

Arctic  

Retrogressive thaw slump features are found throughout the world’s permafrost influenced regions, 

including in Canada (Kokelj & Jorgenson, 2013), Siberia (Vonk et al., 2013b), Alaska (Jorgenson et al., 

2006), Antarctica (Oliva & Ruiz-Fernández, 2015) and China (Jin et al., 2007). The western Canadian 

Arctic is particularly susceptible to intense thermokarst resulting in massive retrogressive thaw slumps, 

as result of widespread glaciogenic deposits and fine grain mineral till in this region (Mackay, 1971). Soil 

in this region is carbon poor (Hugelius et al., 2014), and covered with thick till deposits (Hughes et al., 

1972; Duk-Rodkin & Hughes, 1992) and is unique from a research perspective as the vast majority of 

research on DOC flux and degradation from degrading permafrost has been conducted in organic-rich 

regions with high carbon content (Frey & Smith, 2005; Neff et al., 2006; Mann et al., 2012; Vonk et al., 

2013b; Drake et al., 2015). These soil differences have led to two potential hypotheses for global DOC 

response to permafrost thaw: 1) thawing permafrost will lead to increased water flux through mineral 

soils and decreased DOC export to aquatic systems, or conversely, 2) permafrost thaw will expose high 

levels of carbon for export (Frey & McClelland, 2009; Tank et al., 2012; Hinzman et al., 2013). These two 

hypotheses are not mutually exclusive; the underlying geology and presence and depth of peat and 

organic soils influence whether or not the region experiencing permafrost degradation will be a source 
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of carbon export. These regional differences, and their influence on DOC mobilization, require the Arctic 

to be investigated as the heterogeneous landscape that it is. 

1.5 Study rationale and hypotheses  

This research seeks to examine the impact of thaw slumps on DOC delivery to stream ecosystems at 

eight slump sites across the Peel Plateau (Fig. 1.1), and to assess the fate of DOC released by thaw 

slumps using experimental manipulations. This research attempts to gain a full understanding of the 

pathways and fates of DOC released from retrogressive thaw slumps by thoroughly examining the 

degradation of slump-released DOC in controlled laboratory incubations, and by measuring differences 

in DOC concentration and flux upstream and downstream of slump sites (Fig. 1.2). This research also 

endeavours to determine a possible correlation between environmental conditions and the rate at 

which DOC is released from slumps. The following hypotheses were developed to address these 

objectives:  

1) If deepened flowpaths or increases in suspended inorganic materials occur as a result of slump 

activity then within-slump outflow and downstream locations will see decreased DOC 

concentrations compared to upstream DOC values (see Kokelj et al. (2005) for similar work in 

upland lakes). It was hypothesized that the mineral soils of the region would impact DOC 

dynamics, contrary to trends seen in regions with organic rich soils. 

2) Environmental parameters correlated with slump initiation and development (Lewkowicz, 1986, 

1987; Kokelj et al., 2009, 2013, 2015; Lacelle et al., 2010) will also be important predictors of 

DOC flux from thaw slumps.  

3)  If the presence of slumping significantly affects the origin of streamwater DOC then rates of 

within-slump and downstream DOC biolability will increase relative to upstream locations. It is 

hypothesized that this will occur because the release of previously sequestered carbon will 

change the pool of DOC available for in-stream degradation. An increase in DOC lability is 

predicted as the DOC locked in permafrost has been found to be more labile than active-layer 

derived DOC in other regions (Woods et al., 2011; Cory et al., 2013; Vonk et al., 2013a, 2015b; 

Fritz et al., 2015; Mann et al., 2015).  

1.6 Study design 

Survey sampling was undertaken at eight thaw slumps across the Peel Plateau, NWT (Figs. 1.1 and 1.3).  
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To map the effect of slumps on streamwater concentrations of terrestrially-derived DOC a comparison 

of upstream, downstream and within slump outflow DOC concentrations was conducted (Fig. 1.2). An 

extensive sampling regime was carried out at one slump (Fig 1.3; FM3) and correlated with 

meteorological data from a nearby weather station (Fig. 1.1). To determine the amount of DOC that is 

biologically degradable in slump-affected versus unaffected ecosystems, bacterial manipulations were 

constructed to determine the biolability of the carbon (Vonk et al., 2013a). Degradation incubations 

were constructed to best mimic environmental conditions present at the time the carbon is introduced 

into the aquatic ecosystem from degraded permafrost, and conditions that can be expected in 

downstream environments. These measures of biodegradability establish the impact slump-derived DOC 

has on the biogeochemistry of stream ecosystems and, ultimately, its potential fate in downstream 

systems such as the Arctic Ocean (Holmes et al., 2008).  

1.7 Significance  

As a result of the increase in abundance and magnitude of permafrost disturbances, thermokarst 

features are being recognized as an important biophysical variable influencing greenhouse gas exchange 

in the North (Abbott et al., 2016), especially at small headwater streams, which have been identified as 

important sites for microbial activity, through CO2 outgassing (Spencer et al., 2015). This research seeks 

to map the linkage between terrestrial to aquatic carbon pools, and describe how this will impact 

aquatic ecosystem functioning and local carbon dynamics in a region where the presence of mineral-rich 

soils could significantly affect land to water carbon transfer. DOC fluxes explicitly show how slump 

presence impacts carbon mobilization within stream ecosystems, while biodegradable DOC (BDOC) 

incubations demonstrate the potential degradability of DOC. A thorough understanding of the impacts 

of permafrost thaw on northern aquatic ecosystem functioning is fundamental to creating correct 

projections for future climates, and for understanding the feedback cycles between permafrost thaw 

and climate to mitigate the effects of climate change (Battin et al., 2008; Spencer et al., 2015). 
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1.8 Figures  
 

 

Figure 1.1 Locations of the eight studied retrogressive thaw slumps on the Peel Plateau, Northwest 

Territories, Canada, sampled throughout July and August 2014 (Inset adapted from Kokelj & Burn 

(2003)). Sites HA, HB, HC, and HD are helicopter access sites and FM2, FM3, FM4, and SD are walk in 

accessible sites from the Dempster Highway. Slump FM3 was selected for the environmental correlation 

objective.  
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Figure 1.2 Sampling locations at retrogressive slump sites; FM3 depicted. Upstream sites are pristine 

environments, uninfluenced by any disturbance. Within slump sampling locations are channelized 

flowpaths within the slump runoff. Downstream sampling locations are located beyond the point of 

upstream and within slump flowpath convergence and were selected to be representative of slump 

impacts on aquatic ecosystems. 
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Figure 1.3 Images of the eight individual retrogressive thaw slumps sampled over the 2014 summer field 

season. A) Slump HA with revegetated scar zone B) Slump HB showing ice-rich headwall C) Slump HC 

(furthest on the right) with a large active scar zone and debris tongue D) Slump HD, smaller, with an 

overhanging active layer adjacent to a larger stream E) Slump FM4, shows revegetating debris tongue of 

a recently stabilized mega slump F) Slump FM2, an active mega slump, with numerous lobes (largest 

lobe shown) G) Slump FM3, an active mega slump, location of environmental correlation sampling H) 

Slump SD, recently initiated by stream erosion. Photograph shows a shallow headwall and a large 

overhanging active layer. 
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C)  HC 
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2.0 The effect of retrogressive thaw slumps on 
dissolved organic carbon delivery to streams of 
the Peel Plateau, NWT, Canada 

2.1 Introduction 

Anthropogenic climate change has been affecting the Arctic cryosphere, and with northern temperature 

increases predicted to be at least 40% greater than the global mean these changes will only be 

exacerbated in the future (IPCC, 2014). Most notably, temperature and precipitation are expected to 

increase significantly in the Arctic (Walsh et al., 2011; IPCC, 2014). One way in which changing climate 

affects northern regions is through its impacts on permafrost stability, as permafrost is vulnerable to 

climatic perturbations and is an integral part of the landscape (Khvorostyanov et al., 2008a, 2008b; 

Schuur et al., 2008, 2013; Frey & McClelland, 2009). Permafrost acts as a long term storage unit for 

solutes, including dissolved organic carbon, and as a barrier to active participation within 

biogeochemical cycles (McGuire et al., 2009). One of the major changes predicted and observed in 

northern regions is the increased linkage between terrestrial and aquatic systems, via the alteration of 

hydrological pathways and increasing transport of terrestrial compounds (Frey & McClelland, 2009; 

Vonk et al., 2015a). Links between terrestrial and aquatic carbon pools have previously been ignored 

when calculating global carbon budgets. However, in recent years, the importance of this link for 

greenhouse gas exchange, sediment accumulation and carbon transport has been noted (Cole et al., 

2007). With global permafrost stores of carbon estimated at 1670 Pg, double that of the atmospheric 

carbon pool, there is great potential for large increases in carbon transport and degradation through 

permafrost perturbation (Hugelius et al., 2014).  

Dissolved organic carbon (DOC) is the primary substrate controlling microbial metabolism, the main 

control for carbon dioxide release to the atmosphere (Battin et al., 2008; Spencer et al., 2015). 

Measuring DOC input to river ecosystems is important as northern rivers deliver large amounts of 

terrestrial DOC to Arctic Ocean coastal and ocean environments (Dittmar & Kattner, 2003; Wickland et 

al., 2012), making quantification of this carbon an important input variable for the construction of 

accurate landscape and oceanic carbon budgets. 

Permafrost degradation leads to an increase in the conduct and processing of solutes and carbon along 

the land-to-freshwater continuum, and can manifest in many different forms across the landscape 
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(Kokelj & Jorgenson, 2013; Malone et al., 2013; Abbott et al., 2014, 2015). Permafrost features are 

influenced by factors such as topography and local ground ice content (Kokelj & Jorgenson, 2013). One 

of the most conspicuous manifestations of permafrost thaw is the retrogressive thaw slump, which 

occur in regions with large expanses of ice-rich terrain. Thaw slumps in the western Canadian Arctic can 

grow to enormous proportions and are incredibly dynamic, with headwalls extending deep into 

permafrost horizons, and outflows that drastically alter the geochemistry of downstream, impacted 

fluvial systems (Kokelj et al., 2013; Malone et al., 2013; Abbott et al., 2014, 2015).  

Retrogressive thaw slumps are widespread across the Peel Plateau (Lacelle et al., 2015) and geochemical 

impacts from thaw slump activity can be seen at large scales (i.e., 70, 000 km2 watershed; Kokelj et al., 

2013). Impacts on receiving water geochemistry are observed even when a small portion (<30%) of a 

region is influenced by large thermokarst disturbances (Kokelj et al., 2005). Other studies have found 

that increases in solute load in regions affected by permafrost disturbance can be transient (i.e., during 

spring freshet) and have little influence on the annual solute loads (for example, in High Arctic regions 

affected by active layer detachments; Lafrenière & Lamoureux, 2013). In contrast, retrogressive thaw 

slumps have a much greater impact on stream geochemistry owing to their vast size and depth, with 

impacts that have been seen in large watersheds and major rivers fed by thermokarst disturbed regions 

(Kokelj et al., 2013).  

Permafrost thaw enables DOC transport to streams (Walvoord & Striegl, 2007; Frey & McClelland, 2009; 

Vonk & Gustafsson, 2013), however  regional soil composition can influence how DOC is mobilized from 

land to stream ecosystems. The potential for adsorption to soil particles is much greater in regions that 

contain mineral soils when compared to regions with organic rich soils, which are less likely to sequester 

carbon (Frey & Smith, 2005; Kothawala et al., 2008; Vonk et al., 2013a). The western Canadian Arctic is 

comprised of carbon-poor glaciogenic mineral soils (Mackay, 1971; Duk-Rodkin & Hughes, 1992) that 

have high intrinsic adsorption properties and therefore a high potential for carbon sequestration 

(Kothawala et al., 2008). The majority of permafrost DOC research has been conducted in regions with 

organic-rich soils (Vonk et al., 2013a, 2013b; Drake et al., 2015), therefore DOC released from 

permafrost on the Peel Plateau is predicted to contrast these previously observed trends.  

This is one of the first studies endeavouring to quantify the impact that changing environmental 

conditions will have on DOC mobilization from thermokarst features in the western Canadian Arctic. 

Kokelj & Jorgenson (2013) have noted the knowledge gap in the understanding of environmental drivers 

of slump development and this uncertainty extends to influences on DOC flux. Variation in temperature, 
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precipitation, and solar radiation has been correlated with rates of development and growth of 

retrogressive thaw slumps and is predicted to also control the release of organic carbon from thaw 

slumps (Lewkowicz, 1986, 1987; Kokelj et al., 2009, 2013, 2015; Lacelle et al., 2010).  

This paper seeks to clarify DOC transfer from terrestrial to aquatic systems impacted by retrogressive 

thaw slumps on the Peel Plateau (Striegl et al., 2005; Frey & McClelland, 2009). The objectives of this 

study are to 1) determine the effects of retrogressive thaw slumps on the concentration and 

composition of DOC in slump-affected streams of mineral rich regions and 2) determine the sensitivity of 

thaw slump carbon release to fluctuations in the environmental conditions of precipitation, temperature 

and solar radiation. It is expected that deepened flowpaths and increases in suspended inorganic 

materials will occur as a result of slump activity, and therefore lower DOC concentrations will be present 

in slump impacted waters due to the increased contact between DOC and mineral soils. Precipitation 

and temperature increases have been correlated with slump initiation and development and are 

predicted to be the primary drivers in DOC flux from both the landscape and thaw slumps. 

2.2 Study site  

2.2.1 General study site description 

All studied thaw slumps were located on the Peel Plateau, situated in a continuous permafrost zone in 

the eastern foothills of the Richardson Mountains, NWT, Canada. The Peel Plateau is gently sloping and 

predominately eastern facing with elevations ranging from 100 to 650 m.a.s.l. (Catto, 1996). The region 

was covered by the Laurentian Ice Sheet (LIS) 18,500 cal yr B.P. for a brief period (Lacelle et al., 2013). 

The bedrock of the region is Lower Cretaceous marine shale from the Arctic River Formation (Norris, 

1984) and siltstone overlain by Late Pleistocene glacial, glacio-fluvial and glacio-lacustrine sediments 

(Duk-Rodkin & Hughes, 1992), covered by a shallow organic layer. Carbon dating and 18O values in the 

region have placed the age of regional ground ice in the late Pleistocene epoch (18,100 ± 60 14Cyr BP; 

Lacelle et al., 2013). Upper layers of the permafrost profile, delineated by a thaw unconformity, have 

been aged as early Holocene (7890 ± 250 14Cyr BP; Lacelle et al., 2013). The thaw unconformity 

developed as a result of a warmer climate in the early Holocene that prompted a deepening of regional 

active layers; increased saturation of the ground resulted in identifiable variations in the ground ice 

cryostructure and greater incorporation of organic matter into soils (Murton & French, 1994; Kokelj et 

al., 2002). The mineral rich soil present in the western Canadian Arctic sharply contrasts that of Yedoma 

soils found throughout much of Beringia, where a third of organic carbon stored in permafrost regions is 
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estimated to reside and significant slump activity has also been observed (Vonk et al., 2013b; Hugelius et 

al., 2014). 

 The development of thermokarst features across the Peel Plateau is influenced by the thermal 

instability of the active layer, which is primarily driven by annual thaw and ground ice content (Lantuit & 

Pollard, 2005); this fine grain mineral till of this region also facilitates thaw slump development. Ongoing 

fluvial processes and stream network expansion also increase thaw slump activity (Lacelle et al., 2015). 

The extent of the LIS directs the distribution of RTS across the Peel Plateau, with no slumps present 

beyond its glacial limits. The presence of the LIS terminus has been correlated with large layers of buried 

ice within the top layer of permafrost (Lacelle et al., 2015). Two hundred and twelve thaw slumps were 

recently identified across the Peel Plateau region, 89% of which are currently active (Lacelle et al., 2015). 

Slump size ranges from small, newly developing features, which are relatively numerous, to those 

greater than 20 ha, which are rare (<5% prevalence; Lacelle et al., 2015).  

2.2.2 Regional climate  

The regional climate is typical of subarctic regions with long, cold winters and short, cool summers. 

Mean annual air temperature (1981-2010) at the Fort McPherson (Fig. 1.1) weather station is -7.3ºC with 

average summer (June-August) temperatures of 13.3 ºC (Environment Canada, 2015). A warming trend 

of 0.77 ºC per decade since 1970 has been recorded; however these increases are most apparent in the 

winter months (Burn & Kokelj, 2009). Our sample period spanned the thaw months of July and August; 

average 1981-2010 temperatures for those months, recorded at Fort McPherson, are 15.2 and 11.8 ºC, 

respectively, slightly higher than averages observed during our study (13.2 ºC in July and 9.5 ºC in 

August). Annual cumulative precipitation (1981-2010) averages 145.9 mm, with July and August having 

the highest rainfall levels at 46.4 and 39.1 mm, respectively (Environment Canada, 2015). In 2014, 

rainfall for July and August was 128.7 and 170.7 mm. This makes 2014 a cooler year than average, and 

continues the trend of increasingly wetter summers with numerous extreme rainfall events (Kokelj et al., 

2015). 

2.3 Methods 

2.3.1 Slump site selection  

Eight thaw slumps were selected from across the study region (Fig. 1.1; Table 2.1). Three slumps were 

accessed from the Dempster Highway three times over the sampling season, four were accessed twice 
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via helicopter and one slump (FM3) was accessed in concert with the road-access sites, and an 

additional 16 times to assess the effects of environmental variation on carbon flux from slumps. Slumps 

selected for sampling possessed a debris tongue that extended to the valley bottom and directly 

impacted a stream system. Sampling at each slump occurred at three discrete locations: upstream, 

within-slump, and downstream of the slump influence (Fig. 1.2). Upstream sites chosen were streams 

connecting with the slump flow path further downstream, and were un-impacted by any disturbances. 

Thus, this sampling location was representative of an undisturbed, pristine environment. Within-slump 

sampling locations chosen possessed a clear channelized flow of slump runoff, located within the main 

body of the disturbance at the beginning of the debris tongue. Downstream sampling locations were 

located below the confluence of the upstream flow and all within-slump runoff paths and are 

representative of slump impact on aquatic ecosystems across the Peel Plateau landscape. In one 

instance, (Slump HD, August 17) a massive change in slump morphology between sampling periods 

caused a loss of within-slump channelized water flow. As a result, the within-slump sample taken at this 

site was not representative of typical slump outflow, and has been discarded from our analyses. 

A general classification of the slumps is difficult as they are incredibly diverse (Table 2.1; Fig. 1.3). Three 

of the slumps (FM4, FM2, FM3) are classified as ‘mega slumps’, characterised by areas greater than 5 ha 

and a headwall greater than 4 m in height (Kokelj et al., 2013, 2015). FM4 is the largest of the thaw 

slumps in area, with a headwall approximately 20 m in height; however most of the slump is stabilized, 

indicated by the small outflow, long, dry debris tongue and significant vegetation present on the tongue. 

FM2 geochemistry and geomorphology were well outlined in Malone et al. (2013). This slump is 

considered to be one of the largest active slumps in the region, with a headwall approximately 25-30 m 

high and slump area that has been visible in air photos since 1944 (Kokelj & Jorgenson, 2013; Malone et 

al., 2013). Slump FM3, which was chosen for our ‘environmental controls’ work (see below) has been 

well characterized by Kokelj et al. (2015).  This slump covers an area of approximately 10 ha and has a 

headwall of approximately 10 m (Kokelj et al., 2015; Lacelle et al., 2015). Headwall retreat rate at FM3 

over a 20 year period was calculated to be 12.5 m yr-1 (Lacelle et al., 2015); slightly higher than the 

average retreat rate reported for the Peel Plateau (12.1 m yr-1; Kokelj et al., 2013). SD is the smallest 

slump in the study and the most recently initiated, following the diversion of a small creek. The SD 

headwall is 2-4 m tall and the slump outflow extends approximately 20 m, with no defined debris 

tongue. The helicopter access sites (HA, HB, HC, and HD) were all well established, active thaw slumps 

with headwalls of approximately 10-15 m and well-defined debris tongues (Fig. 1.3). With the exception 
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of SD, slump headwalls extend below the thaw unconformity, thus exposing Pleistocene-aged sediments 

and ground ice (Lacelle et al., 2013).  

2.3.2 Sampling and data collection 

At each sampling location, conductivity, pH, and temperature were recorded using a YSI Pro Plus multi-

parameter meter outfitted with a Quattro cable. Water samples were collected from directly below the 

stream surface into 1 L acid washed high-density polyethylene (HDPE) bottles and allowed to sit in 

chilled, dark conditions for 24 hours to enable the substantial sediments to settle out of suspension. 

Sample water was then filtered with pre-combusted (475ºC, 4 hours) Whatman GF/F filters (0.7 μm pore 

size). Filtered sample water was then transferred into 40 mL acid washed, pre-combusted glass bottles 

for DOC analysis, or 60 mL acid washed HDPE bottles for the analysis of absorbance and major ions. DOC 

samples were acidified with hydrochloric acid (1 µL mL-1), following Vonk et al. (2015b). All samples were 

kept refrigerated until analysis. The GF/F filters were retained for total suspended sediment (TSS) 

analysis. Samples for stable water isotope analysis were collected directly from streams into acid 

washed 40 mL HDPE bottles with no headspace. Bottles were sealed and refrigerated until analysis.  

To calculate DOC flux (concentration/discharge) at slump FM3, discharge was measured at the upstream 

and downstream sites for this slump. The cross sectional method was used to measure both upstream 

and downstream discharge. Downstream flow was measured using an OTT C2 current meter, at three 

locations across the small stream and 40% depth. Due to the low flow conditions at the upstream site, 

upstream flow was measured by dividing the stream into tenths and floating a buoyant object and 

determining the time it took to float a specified  distance  (Ward & Robinson, 2000).  

Local, fine-scale climate data were obtained from an automated meteorological station previously 

established in 2010 by the Government of the Northwest Territories (Kokelj et al. 2015). The station is 

located within 2 km of the FM3 site (Fig. 1.1) and is instrumented for the measurement of air 

temperature, rainfall, and net radiation. These data were used for the environmental control work 

described below. 

2.3.3 Laboratory analyses  

2.3.3.1 Major ions, dissolved organic carbon and δ18O 

Cation concentrations (Ca2+, Mg2+, Na+) were analyzed on a Perkin Elmer Analyst 200 Atomic Absorption 

Spectrometer at York University. Cl- concentration was determined using a Technicon Continuous Flow 

Analyzer. These parameters were measured as they have high utility as indicators of permafrost 
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disturbance in this region (Kokelj et al., 2005, 2013; Thompson et al., 2008; Malone et al., 2013). A 

subset of collected samples were analyzed for total dissolved Fe at the University of Alberta on an 

Inductively Coupled Plasma - Optical Emission Spectrometer (Thermo Scientific ICAP6300), to allow for 

the correction of our Specific UV Absorbance results (see below). DOC samples were analyzed on a 

Shimadzu TOC-V analyzer; DOC was calculated as the mean of the best 3 of 5 injections with a 

coefficient of variance of <2%. A Picarro liquid water isotope analyzer was used to measure stable water 

isotope samples at the University of Alberta. The precision of each analysis is ± 0.2% for δ18O.  

2.3.3.2 Total suspended sediments 

Samples for TSS were filtered in the field for later analysis, ensuring that there was enough sediment on 

the pre-combusted (475ºC, 4 hours) and pre-weighed GF/F filters. Filters were stored frozen, and dried 

at 60ºC for 8 hours, placed in a desiccator overnight and promptly weighed. TSS was calculated as the 

difference in filter weight before and after sediment loading, divided by volume filtered.  

2.3.3.3 Absorbance spectra 

Refrigerated samples were warmed to room temperature immediately prior to scanning. A 5 cm quartz 

cuvette was used to obtain UV-visible spectra data from 250-750 nm, using a Genesys 10 UV-Vis 

spectrophotometer. A subset of samples were re-scanned after being allowed to settle as initial scans 

showed high particle interference during the original scanning. Samples with high absorbance values 

(absorbance > 3.0 at 250-255 nm or > 0.03 at 700-750 nm), were rescanned using a 1 cm cell to ensure 

accuracy of scanned values. Differences between rescan and original scan (RS/OS) were 1.0065 SE ± 0.02 

(<5% difference). One scan was eliminated due to erroneously high absorbance values. 

A baseline correction was undertaken to eliminate potential interference from particles by subtracting 

the average absorbance between 700 and 750 nm from all wavelengths within a given scan (Green & 

Blough, 1994). Specific UV absorbance at 254 nm (SUVA254) was calculated by dividing the decadal 

absorbance at 254 nm (m-1) by the DOC concentration (mg L-1). SUVA254 values were corrected for Fe 

interference following Poulin et al. (2014) using maximum Fe concentrations from either upstream, 

downstream, or within slump sites, using data from laboratory analyses or as reported in Malone et al. 

(2013). We chose to use maximum (rather than mean) Fe concentrations to ensure that our between-

site SUVA254 comparisons were conservative, because both SUVA 254 and Fe are highest in pristine, 

upstream sampling locations. Absorbance values were converted to Naperian absorption coefficients 

(aʎ, m
-1) by multiplying by 2.303 and dividing by the cuvette pathlength. Spectral slopes between 275 

and 295 nm, and 350 and 400 nm (S275-295, S350-400) were calculated following Helms et al. (2008). Slopes 
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are reported as positive values to adhere to mathematical conventions. Slope ratios (SR) were calculated 

by dividing the calculated slope values of S275-295 by S350-400. Spectral properties are easily measured and 

extremely useful as they are good metrics for DOC composition; SUVA254 is strongly correlated with 

dissolved organic matter aromaticity and SR correlates well with molecular weight (Weishaar & Aiken, 

2003; Helms et al., 2008).  

2.3.4 Statistical analyses  

Statistical analyses were completed in R version 3.1.3 (R Core Team, 2015). R packages used in these 

analyses were: ‘nlme’ (Pinheiro et al., 2015), ‘lmtest’ (Zeileis & Hothorn, 2002), ‘lmSupport’ (Curtin, 

2015), ‘car’ (Fox & Weisberg, 2011), and ‘zoo’ (Zeileis & Grothendieck, 2005).  

Differences in measured variables (DOC, SUVA254, conductivity, temperature, major ions, and pH) 

between upstream and downstream, or upstream and within sampling locations were evaluated using 

either paired t-test or a Wilcoxon Signed Rank Test if the data were not normally distributed. The Dunn-

Šidák method was applied to adjust alpha levels to ensure Type 1 errors did not occur as a result of 

multiple comparisons, (α = 0.0253); this is a statistically conservative approach. We used this paired t-

test/ Wilcoxon approach to ensure that the significant between-slump variability observed did not mask 

our ability to detect significant effects of slumping at each site.  

Using the high-frequency data from FM3, we conducted multiple linear regressions to assess how 

environmental conditions (rainfall, temperature, solar radiation) and TSS affect upstream and 

downstream DOC flux. AIC values were used to determine the best variable model to explain patterns in 

upstream and downstream DOC concentrations (Burnham & Anderson, 2002). Precipitation and soil 

surface temperature have been shown to be a positive influence on DOC flux across undisturbed 

permafrost and boreal regions (Prokushkin et al., 2005; Pumpanen et al., 2014); in continuous 

permafrost regions the impermeable permafrost barrier forces that precipitation to travel through the 

shallow active layer, which has low sorption capabilities but high hydraulic conductivity that leads to fast 

transport of carbon across the landscape into fluvial systems, strongly influencing DOC flux (Striegl et al., 

2005). As the objective of this model was to parse out variables that influence downstream DOC flux, 

upstream DOC flux was separated out into a distinct regression analysis as it was a strong predictor of 

downstream DOC flux that dwarfed all environmental variables. Models of environmental drivers of DOC 

flux were tested for serial correlation using the auto-correlation function (ACF). Features tested in the 

model were air temperature, rainfall, net radiation, and sediment concentrations at upstream and 

downstream sites. Models with variance inflation factors greater than 10 or significant Durbin Watson 
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test results (indicative of correlated variables; Durbin & Watson, 1950; Hair et al., 1995) were discarded. 

Residuals were examined to ensure the model was a good fit for the data (Zuur et al., 2009). Cumulative 

values for environmental variables (i.e., accumulated rainfall in the previous 48, 72 and 120 hours) were 

tested in the models. However, these values showed a strong positive correlation to one another, and 

therefore temporally shifted data (i.e., rainfall 48, 72 and 120 hours prior to the DOC flux measurement) 

were used in the final model.  

2.4 Results  

2.4.1 DOC concentration across slump sites 

Paired upstream-within-slump comparisons showed no consistent difference in DOC concentration, 

when evaluated across all slump sites (p=0.1084; Fig. 2.1, Table 2.2). At some sites (FM4, FM2, and FM3; 

the mega-slumps) DOC concentrations tended to be lower in samples taken directly from slump runoff, 

when compared to paired upstream sites (Fig. 2.1). At other sites (HB, HC, and HD), within-slump DOC 

concentrations were higher than values upstream (Fig. 2.1). This is most likely due to the ground 

material accessed by the headwalls, with shallower slumps eroding a much larger proportion of the 

active and organic-rich Holocene layer high in organics, while mega slumps with deep headwalls erode 

greater proportions of the mineral-rich tills. In contrast to the upstream-within paired comparisons, DOC 

concentrations declined significantly between upstream and downstream sites, when assessed across all 

slumps (p<0.001; Fig. 2.1; Table 2.2). Across sites, there was significant variation in DOC concentration, 

and little consistency in the concentration of DOC draining directly from permafrost slumps. Within 

sites, DOC concentrations were fairly consistent across our 2-3 sampling periods (Fig. 2.1). 

2.4.2 Bulk chemistry of pristine waters and slump runoff  

To quantitatively assess the effects of slumping on streamwater chemistry, and explore how the input of 

slump waters affects downstream DOC, we examined concentrations of conservative ions, conductivity 

and TSS as ‘tracers’ of slump activity. Major ion (Ca2+, Mg2+, Na+, Cl-) concentrations in slump runoff were 

considerably greater than in pristine streams (a 2.7 to 11.7-fold increase; Fig. 2.2 c-e; Table 2.2). These 

patterns were similar, though muted, at our slump-impacted downstream sites, where major ion 

concentrations were 1.5 to 3.5-fold greater than in pristine streams (Fig. 2.2 c-e; Table 2.2). Average 

conductivity also increased significantly as a result of slumping (p< 0.001; Table 2.2); within-slump sites 

showed conductivity values that were 9.2-fold greater than upstream sites and downstream sites had 

conductivity measures 2.6 times greater than upstream sites (Fig. 2.2b). TSS was also statistically 
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different between pristine and impacted sites (p< 0.001; Table 2.2) with TSS levels being 446 fold 

greater within slumps compared to upstream and 35.7 fold greater downstream compared to upstream 

(Fig. 2.2a). pH and temperature were measured to further evaluate stream conditions. pH was 

statistically different between pristine and impacted downstream sites, while temperature had 

significant differences between upstream-within slump, and upstream-downstream sites (p<0.01; Table 

2.2). Upstream sites had the lowest pH and temperature values ( 6.7 ± 0.1 and 5.5ºC ± 0.4), within slump 

sites had an average pH of 6.8 ± 0.1 and 10.2ºC ±1.1 temperature, and downstream sites had a neutral 

pH (7.0 ± 0.1) with intermediate temperatures ( 6.5 ºC ± 0.5; Fig. 2.2f-g).  

To examine whether the considerable input of slump-derived materials had a deterministic effect on in-

stream DOC, we further examined the relationship between a subset of our conservative tracers of 

slump activity (Ca+Mg, TSS and conductivity) and DOC concentration (Fig. 2.3). In each case, there was 

no discernable relationship between metrics of slump activity and in-stream DOC. 

2.4.3 Spectral and isotopic characteristics  

Results of our paired comparisons showed significant differences in SUVA254 values between upstream 

and within-slump, and upstream and downstream, sites (p<0.01; Table 2.2). Average within-slump 

SUVA254 values were less than half of those observed for pristine waters (Fig. 2.4a). Downstream values 

were 0.82-fold of upstream SUVA254 values. 

When comparing within slump and upstream sites, paired comparisons showed S275-295 (average 

difference 0.0055 ± 0.00066), S350-400 (avg diff 0.0025 ± 0.00071) and SR (avg diff 0.17 ± 0.018) to all be 

greater within-slump. Between downstream and upstream sites, paired comparisons were significant for 

all slope metrics; with greater downstream values for S275-295 (avg diff 0.00082 ± 0.00034) and SR (avg diff 

0.12 ± 0.021); but greater values for S350-400 upstream (avg diff -0.0015 ± 0.00053). However the trends 

for these comparisons were muted compared to the upstream-within-slump comparisons (Table 2.2). 

Downstream samples, unsurprisingly, lie in between upstream and within slump values, though closer to 

upstream patterns (Fig. 2.4a-d), with the exception of S350-400, which have downstream values typically 

less than both upstream and within-slump values (Fig.2.4c). Differences between upstream and 

downstream absorbance slopes were marginal; consequently, while these differences are present 

statistically, the ecological impact of these observed differences is debatable as absolute variation in the 

values was minimal (Fig. 2.4b-c). 
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The upstream δ18O stream water signature averaged -20.1‰ ± 0.12, which corresponds to a relatively 

modern water δ18O signature for this region (Lacelle et al., 2013). Within-slump δ18O exhibited an older 

source signature with average values of -22.7‰ ± 0.72. Within-slump δ18O values fall between 

previously-identified endmembers for Pleistocene-aged ground ice for this region (18,100 ± 60 14Cyr BP) 

and the modern active layer (Lacelle et al., 2013) and overlap the δ18O signature of the Holocene 

diamicton. Within slump features demonstrated greater variation between sites compared to the 

upstream and downstream δ18O values, which were both closely clustered around the modern active 

layer isotopic signature. Slumps FM2, FM3, and HB had the lowest within slump oxygen isotope 

signatures; values were more depleted than reported values for the Holocene-aged icy diamicton and 

closer to previously-reported Pleistocene ground ice values. Downstream δ18O values were typically 

similar to upstream values with a small influence from the slump feature (-20.7‰ ± 0.21). 

To further investigate the influence of water source for upstream, downstream, and within-slump 

samples across our study sites, we examined the relationship between SUVA254 and δ18O. More depleted 

samples found within slump features had lower SUVA254 values than more modern sourced samples (Fig. 

2.5). The δ18O value is expected to be influenced by the depth of the headwall, which controls the origin 

of material available for transport from the slump feature. Of the mega slumps that were identified in 

the DOC section (see above) two of these slumps had δ18O values that were more depleted than the 

Holocene-aged icy diamicton values reported in Lacelle et al. (2013), demonstrating they were accessing 

older, Pleistocene aged permafrost. 

2.4.4 Patterns and environmental drivers of DOC flux 

An examination of the environmental controls on DOC delivery to streams occurred at slump FM3, 

where, downstream DOC flux (mg s-1) was typically slightly greater than upstream DOC flux. However, 

when flux values were low, downstream and upstream fluxes were comparable (Fig. 2.6). As a result, 

paired comparisons indicate no statistical difference between upstream and downstream DOC flux 

(Table 2.2). Upstream and downstream DOC flux were strongly correlated to one another (R2 = 0.94; 

p<0.0001); therefore the two flux values were separated into two multiple linear regressions to explore 

environmental controls on each. Time-of-sampling (0h) and temporally shifted (48, 72 and 120 hours 

prior to sampling) data were used to determine which environmental factors drive DOC mobilization 

from both the landscape and thermokarst features. As described in the Methods, all models met 

conditions for normality and lack of correlation between variables. The multiple linear regression model 

for downstream DOC flux with the lowest AIC score (R2 = 0.84; p<0.01) that passed all selection criteria 
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retained seven variables, of which two were significant (p<0.05). Air temperature (0h, 72h) and rainfall 

(0h) were the best predictors of downstream DOC flux (Table 2.3). Air temperature (0h, 72h) showed a 

negative relationship with downstream DOC flux while rainfall showed a strong positive relationship 

(Table 2.3). The multiple linear regression model for upstream DOC with the lowest AIC score (R2 = 0.87; 

p<0.001) that passed all selection criteria also retained seven variables, of which four were significant 

(p<0.05). Air temperature (0h, 72h) and rainfall (0h, 120h) again were the best predictors of upstream 

DOC flux (Table 2.3). Similar to the downstream model, air temperature had a negative relationship with 

DOC flux (Table 2.3), while time-of-sampling rainfall (0h) continued to have a strong positive relationship 

with DOC flux (Table 2.3). However 120h rainfall showed a negative relationship with DOC flux in this 

model (Table 2.3). Due to the nature of our sampling regime DOC concentrations during rainfall events 

were not always captured; the data suggest direct (0h) rainfall impacts are great, immediate, and 

transient, and may not have fully been captured in this study. 

2.5 Discussion  

2.5.1 Retrogressive thaw slumps and carbon delivery to streams of the Peel Plateau 

In Eastern Siberia (Vonk et al., 2013a; Drake et al., 2015; Mann et al., 2015), Alaska (Balcarczyk et al., 

2009; Abbott et al., 2014), and the Canadian High Arctic (Melville Island; Woods et al., 2011) the 

presence of permafrost slumping has been associated with significant increases in DOC concentration in 

recipient streams. This was not true on the Peel Plateau, where much greater variation in DOC 

concentration was observed among pristine stream sites, than change in DOC within streams as a result 

of slumping. When our study sites were assessed as a whole, using a paired-comparison approach, DOC 

concentrations were found to be slightly lower downstream of slumps than in upstream sites. However, 

paired comparisons of channelized slump runoff (our within sites) and un-impacted sites showed no 

consistent difference in DOC concentration between upstream sites and the slump-derived runoff being 

deposited into streams. Instead, DOC concentrations in slump runoff were either greater than, or less 

than, the comparison upstream site, depending on slump morphological characteristics (Fig.1.3; Table 

2.1). The lack of a strong effect of slumping on DOC concentration and flux at these sites occurred 

despite the fact that slumping significantly affects the delivery of many biogeochemical constituents to 

streams within the Peel Plateau, a trend well-established for thermokarst features (Kokelj et al., 2002, 

2005, 2013; Thompson et al., 2008; Keller et al., 2010; Malone et al., 2013). For example, conductivity 
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was, on average, 9.2-fold greater, while TSS was, on average, 446-fold greater, in waters draining slump 

sites when compared to upstream, un-impacted systems.  

Downstream of slumps, an increase in indicators of slump activity (major ions, TSS), was accompanied by 

a modest decrease in DOC concentration. This effect may be due to a combination of low concentrations 

of DOC present in slump inflow (a dilution effect; particularly for slumps FM2, FM3, and FM4) and DOC 

sorption to suspended inorganic particles. Soils in the Peel Plateau are comprised of fine grained mineral 

till that is more receptive to DOC adsorption than other soil materials (Kothawala et al., 2009). For 

example, the mineral-rich sediment from the headwall of FM3 is classified as silty clay (64% silt, 29% 

clay, and 7% sand; Lacelle et al., 2013). The significantly elevated sediment load at within-slump and 

downstream locations provides the opportunity for increased adsorption (Fig. 2.2). DOC: TSS ratios also 

support this theory: while upstream sites have an average DOC: TSS ratio of 787.3, this ratio drops 

dramatically to 1.3 within slumps, and remains reduced downstream at 2.3.  

Although DOC concentrations consistently declined downstream of slumps, this effect was much more 

modest than for lakes in the region, where slumping is associated with a strong negative correlation 

between conductivity and DOC. This is likely due to particle settling in lakes which enables scavenging, 

(removal from the water column) when significant inorganic particle inputs are present (Kokelj et al., 

2005). This clear correlation between known indicators of slump activity (TSS, conductivity and major 

ion concentrations; Keller et al., 2010; Kokelj et al., 2013; Malone et al., 2013) and DOC concentration 

did not exist for stream sites on the Peel Plateau (Fig. 2.3). Overall, the significant influx of slump derived 

mineral materials on the Peel Plateau, coupled with low carbon content in regional soils, shows DOC 

mobilization from slumps in this region to differ substantially from trends found in other regions (Alaska 

and Siberia), where DOC increases alongside slump indicators after a disturbance (Vonk et al., 2013b; 

Abbott et al., 2014). 

2.5.2 The effect of retrogressive thaw slumps on DOC composition 

Despite the fact that DOC concentrations did not increase as a result of slumping, SUVA254 and other 

absorbance metrics clearly indicate that slump-derived DOC is compositionally different than DOC at 

upstream locations; a trend seen in other thermokarst-affected regions (Abbott et al., 2014; Mann et al., 

2015). Upstream waters had significantly higher SUVA254 values of 3.75 (± 0.07) L mg C-1 m-1, compared 

to downstream and within-slump values of 3.09 (±0.13) and 1.58 (±0.18) L mg C-1 m-1, respectively (Fig. 

2.2). Slope ratios (SR) are a unit-less way to compare waters that undergo DOC chemical alterations 

during transit, and correlate well to the molecular weight of bulk DOC (Helms et al., 2008). SR values of 
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approximately 0.70 are associated with fresh, terrestrial materials, and the average SR value of Peel 

Plateau upstream waters was similar to these reported terrestrial values (0.74, ±0.005; Helms et al., 

2008). Absorbance slopes, slope ratios and SUVA254 values indicate that DOC derived from slump 

outflow is of lower molecular weight, and less aromatic, than upstream DOC (Weishaar & Aiken, 2003; 

Helms et al., 2008; Poulin et al., 2014). High SUVA254 values accompanied by low SR in upstream 

locations suggests that the impermeable permafrost layer upstream of slump disturbances constrains 

water flow to shallow, organic-rich flowpaths, and inhibits water contributions from deeper, 

groundwater sources (MacLean et al., 1999; Balcarczyk et al., 2009; O’Donnell et al., 2010; Mann et al., 

2012). Within and downstream SR values were greater than upstream values, indicating lower molecular 

weight DOC molecules, and a shift in composition from upstream waters.  

SUVA254 and SR values for downstream and within-slump waters suggest that permafrost-derived carbon 

on the Peel Plateau is compositionally similar to permafrost carbon from other regions. For example, 

SUVA254 values were much lower in active thaw slump sites on the North Slope of Alaska, compared to 

stabilized and undisturbed regions (Abbott et al., 2014), while in Siberia, older DOC in stream tributaries 

had lower SUVA254 values compared to younger DOC in the Kolyma River mainstream (Neff et al., 2006). 

Comparatively, SUVA254 values found in waters draining Siberian Yedoma are still not as low as values 

reported for our permafrost disturbances on the Peel Plateau. In comparisons between permafrost and 

active layer derived DOC, low molecular weight compounds, associated with low SUVA254 values, have 

been found to be more easily degraded by bacteria (Abbott et al., 2014; Drake et al., 2015), suggesting 

that the DOC from Peel Plateau thaw slumps could have a high biolability. However, overall global 

relationships between SUVA254 and DOC degradation are relatively weak (Weishaar & Aiken, 2003; 

Fellman et al., 2008). 

Oxygen isotope data provide further evidence that permafrost thaw enables novel sources of water and 

solutes to be transported to fluvial systems on the Peel Plateau. The δ18
O signature of within slump 

waters values are similar to the Holocene-aged ‘icy diamicton’ values reported in Lacelle et al. (2013). 

These values are less depleted than those previously reported for ground ice present in thaw slumps 

(Lacelle et al., 2013), which suggests that our outflow samples are likely comprised of a mixture of 

Pleistocene-aged ground ice from beneath the thaw unconformity and Holocene-aged to modern 

sourced water, bringing with it DOC of variable composition, and different solute loads. In contrast, 

downstream and upstream δ18
O values were both similar to modern active layer values presented by 

Lacelle et al. (2013), demonstrating significant dilution and mixing after the merging of the slump 
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outflow and the upstream channel. SUVA254 values plotted against δ18
O demonstrate more depleted 

samples found within the slump outflow are correlated with lower SUVA254, suggesting older sourced 

waters could potentially be preferentially degraded within the ecosystem, warranting further research 

into thaw slump influence on DOC lability (Fig. 2.5).  

2.5.3 Variation in the effects of slumping across the Peel Plateau landscape 

One of the more noticeable trends in this study is the effect of slump age and structure on DOC 

concentration differences between within-slump and upstream sites, where slump structure refers to 

both the height of the headwall and the total area influenced by slumping. For example, larger slumps 

(FM4, FM2 and FM3) with deep headwalls display DOC concentrations that are lower at within-slump 

locations compared to upstream, unimpacted locations. At these sites, slumps access deeper layers 

comprised of mineral-rich tills that guide their interactions with DOC. The deep headwalls at these larger 

slump sites extend past the thaw unconformity, with δ18O values indicating that older Pleistocene-aged 

permafrost is being accessed and transported.  

In contrast, SD, the youngest and most shallow slump surveyed, displays a pattern differing significantly 

from the mega slumps described above. Within-slump SUVA254 values are similar to, or slightly greater 

than, upstream and downstream values and this trend continues across all optical properties, indicating 

that the DOC composition is similar across upstream, downstream and within-slump sites at SD (Fig. 

2.4). This is most likely due to the shallow headwall and recent establishment of SD (Table 1.1); 

therefore, while slump activity has exposed permafrost soils at this site, it has not yet accessed deeper, 

mineral rich layers with older sourced water and differing DOC composition (Fig 2.5). This is evidenced 

by the similarly enriched δ18O values across all sampling locations for SD, which are all similar to the 

modern active layer value measured by Lacelle et al. (2013; Fig. 2.5). As a result, the effect of slumping 

at SD is more muted when compared to larger, older slumps in the region. The different age/size classes 

of slumps included in our study demonstrate how slumps and slump impacts develop over time, 

highlighting the need for a long term focus on thaw slump impacts on downstream ecosystems. The lack 

of correlation between DOC and slump indicators is potentially explained through the influence of slump 

age and activity on DOC, which contrasts with the more consistent influence of general permafrost thaw 

on slump indicators (Bowden et al., 2008; Abbott et al., 2014, 2015). 

2.5.4 Environmental drivers of DOC flux 

Air temperature and rainfall were the greatest factors influencing DOC mobilization from both un-

impacted landscapes of the Peel Plateau, and slump sites downstream of slump impact (Table 2.2). Of 
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these environmental variables, air temperature showed a negative correlation with DOC flux while 

rainfall showed a positive correlation; DOC flux increased for both upstream and downstream locations 

after rainfall. However, increases in the downstream system were more moderate than anticipated, as 

slump features were expected to allow for more rapid mobilization of DOC compared to the landscape. 

This lack of response could potentially be attributed to dilution or increased adsorption to mineral 

particles, which can occur within seconds to minutes (Qualls & Haines, 1992). The negative correlation 

between DOC mobilization and temperature first appears to be counterintuitive as increasing 

temperatures in the Arctic are expected to exacerbate thermokarst development; however decreases in 

temperature are associated with precipitation events (Fig. 2.6), suggesting that precipitation is the 

primary driver of DOC mobilization in this region. These results are consistent with previous work on the 

Peel Plateau which found that precipitation was the main driver of slump headwall retreat, and that air 

temperature had a much smaller influence (Kokelj et al., 2015).  

Results from other regions, however, show that other environmental variables also have the potential to 

drive slumping. For example, Grom & Pollard (2008) found that solar radiation was the most important 

regulator of ablation rates in Eureka Sound, where little annual precipitation occurs, demonstrating that 

retreat, ablation and solute runoff drivers are dependent on the local climate conditions which  vary 

strongly by region. The temporal scale of the environmental measurements can also affect the ability to 

discern the role of environmental conditions in headwall ablation or retreat rate. Studies investigating 

microclimates and shorter timescales tend to find correlations between environmental variables and 

slump activity (Cogley & McCann, 1976; Lewkowicz, 1985, 1986, 1987; Burn & Lewkowicz, 1990; 

Lamoureux & Lafreniére, 2009; Wang et al., 2009; Kokelj et al., 2015) compared studies encompassing 

broader scale measurements (Lacelle et al., 2015). 

In general, results from environmental correlation studies can help predict how slump-affected 

ecosystems will be influenced by climate change should observed climatic trends continue, especially 

increases in precipitation. Across Arctic regions, precipitation is expected to increase significantly in the 

future (Walsh et al., 2011) and this increase is already being observed on the Peel Plateau with a rise in 

the frequency and magnitude of precipitation events in the past decade (Kokelj et al., 2015). Knowledge 

of the factors driving DOC flux from thermokarst features and permafrost landscapes can provide 

information concerning future changes in ecosystem functioning. For example, increasing DOC is an 

increase in the food source for bacteria but can also decrease primary productivity through shading; 

both of these changes can lead to alterations in ecosystem functioning (Salonen & Hammar, 1986; 
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Tranvik, 1988; Hessen, 1992; Carpenter et al., 1998; Williamson et al., 1999; Hanson et al., 2003). At a 

broader scale, an increase in the input of organic carbon to the contemporary Arctic carbon cycle has 

the potential to influence climate change through increased mineralization rates and propagation of the 

permafrost carbon feedback cycle (Schuur et al., 2015; Vonk et al., 2015a; Abbott et al., 2016).  

 2.5.5 Dissolved carbon mobilization across diverse permafrost-affected landscapes  

Across the pan-Arctic, carbon dynamics are influenced by numerous factors, including glaciation history, 

geology, soil composition, vegetation and thermokarst activity. As a result, the effect of permafrost 

thaw on DOC concentration and flux in streams will also be variable. For example, while DOC values 

found in this study are comparable to DOC values found in active thaw slumps in Alaska (Abbott et al., 

2014, 2015), our average within-slump DOC concentration is 16 times lower than average DOC values 

found in Yedoma thaw streams in Siberia (Vonk et al., 2013a). Unlike both of these regions, where DOC 

in impacted streams was double or triple that of unimpacted DOC concentrations (Vonk et al., 2013a; 

Abbott et al., 2014; Larouche et al., 2015), DOC decreased between upstream and downstream sampling 

locations on the Peel Plateau. Thus, it seems clear that results from multiple regions are needed to 

understand change across the pan-Arctic. Reliance on few regional studies to quantify and map changing 

freshwater carbon dynamics for the entire Arctic can lead to over (or under-) estimations of carbon 

input to stream ecosystems, especially when applying values found in carbon-rich Yedoma regions to 

previously glaciated regions with deep, unweathered glacial tills and poor organic soil development. This 

study effectively demonstrates that across the pan-Arctic, we should expect large inter-regional 

variations in carbon flux to streams in response to permafrost thaw.  

A focus on modelling efforts would be beneficial to enable more accurate predictions of how carbon 

delivery from terrestrial to aquatic systems will respond to climate change on a pan-Arctic scale. To be 

accurate, such models would need to incorporate information about geology and glaciation history, 

active layer depth and overall soil composition, permafrost extent, slump morphology, and 

environmental variables, especially precipitation and air temperature as these factors have been shown 

to influence both carbon dynamics and thermokarst development (Lewkowicz, 1986, 1987; Lewkowicz & 

Harris, 2005; Lacelle et al., 2010, 2015; Malone et al., 2013; Brooker et al., 2014; Kokelj et al., 2015). 

Lacelle et al. (2015) have brought to attention the fact that an understanding of regional-scale terrain 

controls on thaw slump initiation and development is needed before predictions can be made of the 

impacts of thermokarst disturbances. While research is being conducted to monitor the activity and 

growth of thaw slumps at regional scales (Brooker et al., 2014), and the impacts of slumps on fluvial 
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geochemistry at the watershed scale (Rudy et al., 2015), more research is needed before trends of 

thermokarst impacts on fluvial systems can be discussed at a circumpolar scale, as great variation in 

carbon response to thermokarst activity throughout Arctic regions has been observed.  
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2.6 Figures  

 

Figure 2.1 Dissolved organic carbon (DOC) concentrations across all sampling time periods for each 

retrogressive thaw slump. Bars represent replicates from an individual slump, sampled over three time 

periods between July and August, 2014; Period 1 was sampled early July; Period 2, late July; and Period 

3, early August. Sites HA,HB,HC, and HD show averages for samples collected over a single time period 

(P2) and FM3 shows an average for samples collected over two times periods (P1 and P2). The 

remainder of the slumps show an average of all three sampling periods. Error bars represent standard 

error (n explained above).  
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Figure 2.2 Active retrogressive thaw slump impacts on downstream geochemistry. Data points are 

averaged across all slumps and sampling periods. Significant differences were found between all 

sampling locations for all measures of stream geochemistry.  Total suspended sediment is abbreviated 

as TSS in panel E. 
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Figure 2.3 Dissolved organic carbon plotted against known indicators of slump activity and disturbance 

for the Peel Plateau. Data are compiled for all slumps; no clear trends are evident. Each point represents 

an individual sample point. Total suspended sediments is abbreviated as TSS in the top panel. 
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Figure 2.4 Optical properties across all sampling time periods for each retrogressive thaw slump. Each 

data point represents replicates from an individual slump sites. HA,HB,HC, and HD show averages for 

samples collected over a single time period (P2) and FM3 shows an average for samples collected over 

two times periods (P1 and P2). The remainder of the slumps show an average of all three sampling 

periods. Error bars represent standard error, with n as described above. 
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Figure 2.5 Oxygen isotope data (δ18O ‰) plotted against (SUVA254; L mg C-1m-1) to demonstrate the 

decrease in SUVA254 with an increase in the age of the source water. References δ18O values are taken 

from Lacelle et al. (2013). The modern active layer is equivalent ot the meteoric water line, icy diamicton 

is has been aged to be Holocene era, the most enriched ground ice value is the highest isotopic value for 

Pleistocene-aged ground ice found for this region (Lacelle et al., 2013). 
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Figure 2.6 Environmental conditions (solar radiation, precipitation and average air temperature) and 

dissolved organic carbon (DOC) flux upstream and downstream of slump FM3 across a month-long 

sampling period (July 12-August 12, 2014). Multiple linear regressions were run to determine which 

variables influence DOC flux in thaw slumps, present (0h) and temporally shifted (48, 72 and 120 hour) 

data were used. Air temperature (0h, 72h) and rainfall (0h) showed the strongest correlation with 

downstream DOC flux. Air temperature (0h, 72h) and rainfall (0h, 120h) showed the strongest 

correlation with upstream DOC flux. 
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2.7 Tables  
 

Table 2.1 Known slump characteristics for eight retrogressive thaw slumps sampled during the 2014 

field season on the Peel Plateau, NWT, Canada.  

 

Slump  Latitude  Longitude  Area (ha)  Headwall Height (m)  

FM4 67 16.679 -135 09.573  16 to 20* 
FM2 67 15.462 -135 14.216 482 25 1 
FM3 67 15.100 -135 16.270 102 10 1 
SD 67 10.818 -135 43.630  2 to 4* 
HA 67 09.057 -135 41.121  10 to 15* 
HB 67 14.397 -135 49.167 142 10 to 15* 
HC  67 19.564 -135 54.902  10 to 15* 
HD 67 24.025 -135 20.048  10 to 15* 
Weather Station 67 14.756 -135 12.920   
1 (Kokelj et al., 2015)  
2 (Lacelle et al., 2015)  

* Estimations by field crews over 2014 and 2015 field seasons. 
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Table 2.2 Summary of statistical results from paired t-tests and Wilcoxon signed rank sum tests for site 

characteristics. When data meet the assumption of normality a paired t-test was used to evaluate the 

data, when the assumption of normality was not met a Wilcoxon signed rank test was used.  

 Paired t-test Wilcoxon signed rank test p-value 

df t-value N W 

DOC (mg L-1)      
U-W   18 48 0.108 
U-D   19 15 0.001 

Ca (mg L-1)      
U-W   18 0 <0.001 
U-D   21 1 <0.001 

Mg (mg L-1)      
U-W   18 0 <0.001 
U-D   21 8 <0.001 

Na (mg L-1)      
U-W   18 0 <0.001 
U-D   21 1 <0.001 

Cl (mg L-1)      
U-W   12 0 0.003 
U-D   17 16 0.004 

Conductivity (µs cm-1)      
U-W   18 0 <0.001 
U-D   21 1 <0.001 

TSS (mg L-1)      
U-W   17 0 <0.001 
U-D   18 1 <0.001 

pH      
U-W 17 -1.60   0.128 
U-D 20 -3.94   <0.001 

Stream Temperature (ºC)      
U-W 17 -4.61   <0.001 
U-D 20 -3.12   0.006 

SUVA254 (L mg C-1m-1)      
U-W   18 0 <0.001 
U-D 19 5.13   <0.001 

S275 (nm-1)      
U-W   19 0 <0.001 
U-D   20 29 0.003 

S350 (nm-1)      
U-W   19 23 <0.002 
U-D 19 2.61   <0.017 

SR      
U-W   19 0 <0.001 
U-D   20 0 <0.001 

DOC Flux (mg L-1)      
U-D   19 53 0.096 
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Table 2.3 Results from the multiple linear regressions between upstream and downstream DOC flux and 

environmental/ situational conditions (downstream: R2=0.84, F7,11=8.25, p-value= 0.001; upstream: 

R2=0.87, F7,11=10.79, p-value<0.001). NS represents variables that were not significant, as determined by 

the regression analysis;, N/A represents variables that were not run in individual analyses. 

 

 Downstream DOC flux Upstream DOC flux 
Coefficient  Estimate t-value p-value Estimate t-value p-value 

Average Air Temperature (ºC)       
0 h -67.08 -1.685 0.014 -115.96 -3.286 0.007 
48 h NS NS NS 56.32 1.534 0.153 
72 h -95.15 -2.594 0.025 -94.17 -2.717 0.020 
120 h 
 

NS NS NS NS NS NS 

Rainfall (mm)        
0h 116.13 5.411 <0.001 105.47 6.039 <0.001 
48h NS NS NS NS NS NS 
72h NS NS NS NS NS NS 
120h 
 

-23.94 -1.970 0.075 -24.15 -2.529 0.028 

Average net radiation (W m-2)       
0h 4.96 1.286 0.225 NS NS NS 
48h NS NS NS NS NS NS 
72h 5.58 1.545 0.151 4.04 1.563 0.146 
120h 
 

NS NS NS NS NS NS 

Total suspended sediment (mg L-1)       
Downstream -0.02 -2.102 0.059 N/A N/A N/A 
Upstream  N/A N/A N/A -0.32 -1.626 0.132 
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3.0 Unique trends in the biodegradability of 
dissolved organic carbon mobilized from 
retrogressive thaw slumps on the Peel Plateau, 
NWT, Canada 

3.1 Introduction  

As the Arctic warms (Walsh et al., 2011; IPCC, 2014), the rate of permafrost thaw continues to 

accelerate across Arctic landscapes (Smith et al., 2005; Jorgenson et al., 2010; Romanovsky et al., 2010; 

IPCC, 2014). In regions with ice-rich permafrost, permafrost thaw leads to the formation of thermokarst 

features (Kokelj & Jorgenson, 2013). Where thermokarst occurs over hilly terrain, these erosive features 

mobilize sediments, nutrients and carbon from below the active layer and deep in the permafrost 

(Bowden et al., 2008; Schuur et al., 2008; Grosse et al., 2011; Kokelj et al., 2013; Malone et al., 2013). 

The effect of these processes across the Arctic is anticipated to be significant; projections estimate 

degradation rates of 80% of near surface permafrost by 2100 (Slater & Lawrence, 2013), with 5.5 x 106 

km2 of Arctic landscapes predicted to be impacted by thermokarst features (Abbott et al., 2014). 

There is a large pool of organic carbon stored in permafrost soils; global permafrost carbon stocks are 

estimated at 1670 Pg; twice that of the atmospheric carbon pool (Hugelius et al., 2014). Estimated 

carbon pools for the western Canadian Arctic are 50-100 kg m-2, although these estimates contain large 

uncertainty ranges as data for this region are scarce (Hugelius et al., 2013, 2014). With permafrost 

degradation, more than 220 Pg of carbon is predicted to be lost from global permafrost soils by 2100 

(Schaefer et al., 2011; Schuur et al., 2013). While some of this carbon is delivered to the Arctic Ocean 

and its surrounding basins, most is expected to be processed or buried in terrestrial aquatic systems 

(McGuire et al., 2010; Aufdenkampe et al., 2011; Spencer et al., 2015; Abbott et al., 2016). Despite the 

clear ecological and carbon cycle impacts of increased delivery of organic carbon to aquatic systems, 

there is a lack of consensus in the scientific community as to how carbon cycling in the Arctic will be 

altered with increasing permafrost thaw (Laudon et al., 2012; Hinzman et al., 2013; Abbott et al., 2016). 

However, there is overwhelming agreement that there will be increased coupling of carbon and 

hydrological cycles in the Arctic, and that this increased coupling will lead to alterations in these cycles 

(Schuur et al., 2008; Aufdenkampe et al., 2011; Vonk et al., 2015b). The permafrost carbon feedback 
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cycle is also in play in Arctic regions, and is expected to have a significant impact on climate (Schuur et 

al., 2008, 2013; Schaefer et al., 2011). The permafrost carbon feedback is a positive feedback cycle 

whereby the increase in global temperatures prompts the thawing of permafrost and the release of 

carbon, which in turn degrades; releasing greenhouse gases further increasing temperatures 

(MacDougall et al., 2012; Schneider Von Deimling et al., 2012; Schuur et al., 2015). 

Dissolved organic carbon (DOC) has been the main focus of studies exploring the fate of organic carbon 

transported to aquatic systems as a result of permafrost thaw. DOC is the most prominent form of 

organic carbon in Arctic riverine systems and is the primary substrate in microbial metabolism as it is 

easily transported across cell membranes (Battin et al., 2008; Frey & McClelland, 2009; Spencer et al., 

2015). One increasingly common method to explore the fate of DOC in aquatic ecosystems is through 

the use of incubation experiments that measure biodegradable DOC (BDOC), or the amount of DOC loss 

over a specified time period, in incubations that are filtered to exclude all particles larger than bacteria. 

Quantification of DOC metabolism, and its mineralization to CO2, is important as this carbon provides a 

novel input to carbon cycles, and is a key regulator of carbon release to the atmosphere as a result of 

permafrost thaw (Holmes et al., 2008; Mann et al., 2012; Wickland et al., 2012; Abbott et al., 2014; Vonk 

et al., 2015b). One of the main controls on BDOC is the composition of DOC that becomes available for 

processing (Kalbitz et al., 2003). Permafrost DOC is expected to have a different composition compared 

to DOC derived from surficial flowpaths (Neff et al., 2006; Spencer et al., 2008; Mann et al., 2012; 

O’Donnell et al., 2012). However, permafrost DOC concentrations, degradation and variability trends are 

still widely unknown (Wickland et al., 2012; Abbott et al., 2016).  

The objectives of this study were to determine the degradability of DOC mobilized by thaw slumps in the 

western Canadian Arctic, and to determine factors that drive BDOC in this region through manipulated 

incubations and an exploration of temperature and nutrient controls on BDOC. This work was 

undertaken in a region where permafrost slumping exposes deep mineral soils deposited as glacial till 

following the last glacial maximum. As a result, the permafrost soils in this region differ substantially 

from the organic-rich, often yedoma-origin soils where much of the previous work on biological lability 

of permafrost-origin DOC has occurred (Vonk et al., 2013a, 2013b; Drake et al., 2015). These differences 

in landscape characteristics are predicted to decrease the magnitude of degradation in permafrost 

carbon; however permafrost degradation rates are expected to be greater than regional unimpacted 

carbon degradation. In some laboratory incubations, the concept of ‘hydrological biolability’, which is 
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the potential biodegradability of DOC within the constraints of the environment experienced, is used to 

structure incubation conditions. These constraints include nutrient concentrations, residence times and 

temperature (Vonk et al., 2013a). Carbon dynamics data are scare for most Arctic regions but especially 

the Canadian Arctic. To our knowledge this study is the first DOC degradation experiment on 

thermokarst carbon in the western Canadian Arctic.  

3.2 Study site  

Incubation experiments were conducted on samples from eight thaw slumps located across the Peel 

Plateau; situated in the eastern foothills of the Richardson Mountains, NWT in a continuous permafrost 

zone. Lower Cretaceous marine shale from the Arctic River Formation forms the bedrock for this region 

(Norris, 1984) and is overlain by siltstone and Late Pleistocene glacial, glacio-fluvial and glacio-lacustrine 

sediments (Duk-Rodkin & Hughes, 1992); the region has a shallow organic layer. Regional ground ice has 

been dated to the late Pleistocene epoch while upper layers of the soil profile, delineated by a thaw 

unconformity, have been aged as early Holocene (Lacelle et al., 2013). The mineral rich soil present in 

the western Canadian Arctic sharply contrast with that of Yedoma soils found throughout much of 

Beringia, where a third of organic carbon stored in permafrost regions is estimated to reside (Tarnocai et 

al., 2009; Vonk et al., 2013b). Estimates of the soil organic carbon content for the Peel Plateau are 

estimated to range from 10-50 kg m-2 (Tarnocai et al., 2009) to 75-100 kg m-2 (Hugelius et al., 2014) for 

the top three metres of soil.  

The Peel Plateau has numerous slump features, with 212 thaw slumps currently mapped, 89% of which 

are active (Lacelle et al., 2015). Slump size ranges from small, newly developing slumps, which are 

relatively numerous, to those greater than 20 ha, which are rare (<5% prevalence). Slumps sampled in 

this study range across a variety of sizes and ages. The regional climate is typical of subarctic regions 

with long, cold winters and short, cool summers. A warming trend of 0.77 ºC per decade since 1970 has 

been recorded; primarily observed in in the winter months (Burn & Kokelj, 2009). Mean annual air 

temperature (1981-2010) at the Fort McPherson weather station is -7.3ºC (Environment Canada, 2015). 

Annual cumulative rainfall (1981-2010) averages 145.9 mm (Environment Canada, 2015). Comparatively, 

2014 was wetter and cooler than these long term averages (see Chapter 2).  
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3.3 Methods 

3.3.1 Slump site selection  

Across the Peel Plateau eight thaw slump sites were selected as part of this study (Fig. 1.1). Over the two 

month sampling season, three slumps were sampled three times and five were accessed twice. Slumps 

selected for sampling possessed a debris tongue that extended to the valley bottom and directly 

impacted a stream system. Three discrete locations at each slump were sampled: upstream, within-

slump, and downstream of slump influence (Fig. 1.2). Upstream sites are pristine and uninfluenced by 

any other disturbances and connect with the slump flow path further downstream. Within-slump sites 

were chosen to provide a channelized flow within the main body of the disturbance, at the start of the 

debris tongue. The confluence of the upstream flow and all within-slump runoff paths was termed the 

downstream site and is representative of how slumps impact aquatic ecosystems across the landscape.  

Slumps are incredibly diverse, therefore a general classification of the slumps is difficult (Table 1.1; Fig. 

1.2). Slumps FM4, FM2, and FM3, are classified as ‘mega slumps’ which are characterised by areas 

greater than 5 ha and a headwall greater than four metres in height (Kokelj et al., 2013, 2015). FM4 is 

the largest of the thaw slumps in area and has a headwall approximately 20 m in height; the majority 

the slump is stabilized, and it therefore has a small outflow, long, dry debris tongue and significant 

revegetation. FM2 is considered one of the largest active slumps in the region, with a headwall 

approximately 25-30 m high and several hectares of slump activity. Slump FM3 has an area of 

approximately 10 ha and a headwall of approximately 10 m in height (Kokelj et al., 2015; Lacelle et al., 

2015). Headwall stratigraphy conducted by Lacelle et al. (2013) at FM3 described an upper layer 

comprised of an icy diamicton that is Holocene aged (7890 ± 250 14Cyr BP) , formed by the Holocene 

warming, which lies above a thaw unconformity that covers Pleistocene-aged ground ice (18,100 ± 60 

14Cyr BP). FM2 and FM3 geochemistry and geomorphology are well outlined in Malone et al. (2013). SD 

is the smallest and youngest slump in this study, with a headwall of 2-4 m and a length of approximately 

20m, with no defined debris tongue. Slumps FM4, FM2, FM3 and SD were all accessed on foot from the 

Dempster Highway. Slumps HA, HB, HC, and HD are much more similar in age and size, and were 

accessed via helicopter. All helicopter accessed slumps are well established, active thaw slumps with 

headwalls of approximately 10-15 m and well-defined debris tongues (Fig. 1.2) and are less studied than 

the highway accessible sites.  
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3.3.2 Sampling 

Samples were collected during three distinct time periods: Period 1 (early July; all eight slumps 

accessed); Period 2 (late July; all eight slumps accessed); and Period 3 (early/mid-August; FM2, FM4 and 

SD accessed). During the first time period, all three sampling locations (upstream, within-slump and 

downstream) were sampled at each slump; subsequent sampling occurred only at upstream and within 

slump locations. In addition to samples to be used for incubation experiments, δ18O samples were 

collected directly from streams into an acid washed 40 mL HDPE bottles with no headspace and were 

then sealed and refrigerated until analysis. All other water samples were obtained from directly below 

the stream surface into 1 L acid washed HDPE bottles and placed in chilled, dark conditions for 24 hours 

to allow settling of suspended sediments.  

Sample water was filtered with pre-combusted (475ºC, 4 hours) Whatman GF/F filters (0.7 μm pore 

size). To set up BDOC incubation experiments, 30 mL of GF/F-filtered water from upstream, within-

slump, or downstream sites was transferred into 40 mL acid washed, pre-combusted glass bottles and 

inoculated with 3 mL of upstream water filtered through pre-combusted (475ºC, 4 hours) Whatman 

GF/C filters (1.2 μm pore size) to introduce indigenous microbial communities (a 10% addition). Samples 

were then either immediately placed into an incubation environment or terminated for T0 

measurements (see below). The remainder of the filtered sample water was then transferred into 60 mL 

acid washed HDPE bottles for later analysis of absorbance, total dissolved phosphorous (TDP), and total 

dissolved nitrogen (TDN) and refrigerated until analysis (see below). This information, along with δ18O 

data, were used to understand controls on DOC degradation.  

3.3.3 Experimental incubation design 

Incubations for DOC degradation were set up in triplicate under three different incubation conditions 

(Table 3.1), following the methodology of Vonk et al. (2015). The 28 day, 20ºC (control) incubations was 

designed as baseline standard for comparisons with previous studies and measures complete DOC 

degradation. The in-situ temperature treatments, Env and Env+N, ran for 28 days at 6.4 ºC, and were 

designed to measure hydrological biolability through replicating environmental conditions. The Env+N 

treatment contained a nutrient addition that mimics maximum nutrient concentrations of nitrate, 

phosphate and ammonium in the Beaufort Sea (Table 3.2; Simpson et al., 2008) and is considered the 

environmental maximum for degradation potential. Incubations were set up in either an incubator (20ºC 

treatment) or a lab refrigerator that was intended to mimic in-stream temperatures (Env treatments). 

Temperatures were monitored throughout all incubations.  
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To avoid anoxic conditions sample caps were applied loosely. Samples were refiltered with pre-

combusted (475ºC, 4 hours) Whatman GF/F filters at the termination of the incubation and acidified 

with hydrochloric acid (1 µL mL-1) to prevent any further degradation, following Vonk et al. (2015). 

Samples were kept refrigerated until analysis for DOC concentration. Re-filtration of the samples means 

that the DOC loss measured is a result of both DOC mineralization by microbes and incorporation into 

microbial biomass, which is typically minor (Vonk et al., 2015b). The absolute change in DOC loss (mg L-1; 

∆DOC) was calculated by subtracting the Tincubation DOC concentration from the T0 DOC concentration. 

Biodegradable DOC (BDOC) was calculated as percent loss over incubation time, calculated by dividing 

∆DOC (T0/ Tincubation) by the T0 DOC concentration, and multiplying by 100. 

3.3.4 Laboratory analyses  

In-situ nutrients (TDP and TDN) were analyzed using Flow Injection Analysis on a Lachat QuikChem 8500 

FIA automated ion analyzer. A Picarro liquid water isotope analyzer was used to measure stable water 

isotope samples at the University of Alberta (precision: ± 0.2%). DOC was measured on a Shimadzu TOC-

V analyzer; and calculated as the mean of the best 3 of 5 injections with a coefficient of variance of <2%. 

SUVA and SR were calculated from UV visible spectra data from 250-750 nm measured on a Genesys 10 

UV-Vis spectrophotometer following the methodology in Chapter 2. Slope ratios (SR) were calculated by 

dividing the calculated slope values of S275-295 by S350-400. 

3.3.5 Data treatment and statistical analyses  

Data from helicopter accessed slumps (HA, HB, HC, and HD) collected during the first sampling period 

were also eliminated as the methodology changed significantly after this sampling day and therefore the 

results cannot be compared with confidence to those from the other sampling periods. 

Statistical analyses were completed in R version 3.1.3 (R Core Team, 2015). R packages used included 

‘car’ (Fox & Weisberg, 2011), ‘nortest’ (Gross & Ligges, 2015) ‘nlme’ (Pinheiro et al., 2015), ‘lmtest’ 

(Zeileis & Hothorn, 2002), and ‘zoo’ (Zeileis & Grothendieck, 2005). Wilcoxon Signed Rank Tests were 

run on paired upstream-within and upstream-downstream DOC concentration data. To take a 

statistically conservative approach the Dunn-Šidák method was applied to adjust alpha levels to ensure 

Type 1 errors did not occur as a result of multiple comparisons (α = 0.0253). 

The effect of slump (FM2, FM3, FM4, SD, HA, HB, HC and HD) and location (upstream, within slump and 

downstream) on BDOC (% loss), was evaluated using two-way ANOVAs. ANOVAs were separated by 

period (early season (1), mid-season (2), and later season (3)) and treatment (control, Env and Env+N), 
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due to an unbalanced design. When sample sizes for the contrasts were unequal they were corrected 

with harmonic means (Zar, 2010). All ANOVAs passed tests for normality and heteroscedasticity. When 

the two way interaction was significant, simple effects were used to test the effect of location within 

each slump (Keppel & Wickens, 2004). All significant simple effects were followed by simple contrasts 

(Keppel & Wickens, 2004) for the first period to show the direction of the effect, where three locations 

were sampled.  

Multiple linear regressions were conducted to assess how differences in water chemistry (TDN and TDP), 

DOC composition (SUVA 254, SR, S275-295 and S350-400), water source (δ18O), incubation settings 

(temperature and nutrient addition) and sampling regime (Julian Date) influence DOC degradation. 

Optical properties (SUVA 254, SR, S275-295 and S350-400), demonstrated variance inflation factors (VIF) greater 

than 10 and significant Durbin Watson test results (indicative of correlated variables; Durbin & Watson, 

1950; Hair et al., 1995), therefore the optical metric that displayed the highest correlation with DOC loss 

in the model outcome (SR) was retained as an input for subsequent model selection and the remaining 

optical measurements were discarded from the model. AIC values were used to determine the best 

model fit (Burnham & Anderson, 2002). Models were tested for serial correlation using the auto-

correlation function (ACF) in R and residuals were examined (Zuur et al., 2009). Residuals showed 

correlation, which is predictable as many of the values were applied across slumps. In an attempt to 

correct this, auto-regressive moving average (ARMA) models were run to determine the influence of the 

auto-correlation (Zuur et al., 2009). However, AIC values did not improve so corrections were not 

applied to the final model; note that this final model had VIF less than 10. This method is deemed 

acceptable as the model is structured in a reasonable, meaningful and functional way (Zuur et al., 2009). 

One-way ANOVAs were run to determine the effect of temperature (as Q10) and incubation nutrient 

additions on DOC loss. Q10 is the increase in a rate, in this case the increase in percent DOC loss, which 

occurs with a 10ºC increase in temperature. Significant results were followed by Tukey’s post hoc tests. 

When calculating rates for nutrient impacts and Q10, negative values were eliminated to adhere to 

mathematical conventions; these eliminations did not impact statistical results. Finally, regressions were 

run between SR and BDOC (%) and SUVA254 and BDOC (%) to determine the influence optical properties 

have on the DOC degradation. 
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3.4 Results  

3.4.1 Experimental conditions, and biodegradable DOC trends 

In situ stream temperatures measured at slump FM3 over the course of the field season showed an 

average temperature for upstream sites of 6.8 ± 0.09 °C, and an average for downstream sites of 7.9 ± 

0.12 °C. The monitored environmental incubation temperatures averaged 6.4 ± 0.04 °C; thus the Env and 

Env+N incubation temperature of 6.4 ± 0.04 were reflective of temperatures in streams over the course 

of the incubation period. 

In contrast to other Arctic regions, concentrations of DOC in waters draining slumps of the Peel Plateau 

were not significantly different from concentrations found immediately upstream of slumps (W=31, 

p=0.107), while downstream DOC declined as a result of slumping (W=15, p=<0.01). The overall range of 

DOC concentrations found at Peel Plateau slump sites is shown in Fig. 3.1. Despite this lack of strong 

effect of slumping on DOC concentration, however, DOC degradation rates were clearly elevated in 

waters draining slumps, when compared to upstream and downstream locations. ∆DOC showed a 

consistent trend across all incubations, with the greatest loss of DOC occurring for water from within-

slump sites (control: 1.77 mg L-1 ± 0.34; Env: 1.10 mg L-1 ± 0.20; Env+N: 1.94 mg L-1 ± 0.33), followed by 

downstream incubations (control: 0.61 mg L-1 ± 0.07; Env: 0.46 mg L-1 ± 0.07; Env+N: 0.49 mg L-1 ± 0.12). 

Upstream incubations displayed the lowest absolute DOC loss (control: 0.36 mg L-1 ± 0.07; Env: 0.24 mg 

L-1 ± 0.05; Env+N: 0.25 mg L-1 ± 0.05; Fig 3.2).  

Differences in DOC degradation between slump-influenced and un-influenced sites were particularly 

striking when examined as the percent loss of DOC over the incubation treatment (BDOC). Similar to 

∆DOC, BDOC showed relatively consistent patterns across all incubations. For the control incubation 

average within-slump BDOC was greatest across all time periods, (Period 1: within-slump: 9.44 % loss ± 

0.97, downstream: 5.7 % loss ± 0.95, upstream: 3.05 % loss ± 0.57; Period 2: within-slump: 14.22 % loss 

± 1.62, upstream: 1.00 % loss ± 0.46; Period 3: within-slump: 7.21 % loss ± 0.96, upstream: 5.18 % loss ± 

0.70). In general, within-slump BDOC degradation was greater at all slump sites than both downstream 

and upstream DOC losses, except in the case of SD, where downstream BDOC was greatest (Fig 3.3).  

A series of two-way ANOVAs, coupled with the analysis of simple effects where interactions were 

significant, were conducted to parse out statistical differences in BDOC between upstream, within-

slump and downstream locations. In the first period, BDOC was typically greater within slumps 

compared to upstream locations, while upstream-downstream differences were typically not significant. 
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These patterns were similar across all incubations (Fig. 3.3; Tables 3.3 and 3.4). In one instance (SD, Env) 

downstream BDOC was greatest, followed by within-slump and then upstream DOC loss. There was only 

one instance where simple contrasts showed no statistical differences between the sampling locations 

even though simple effects were significant at this site (SC, control, Period 1; Table 3.4).  

In the second sampling period, within-slump DOC degradation rates were consistently greater than 

upstream degradation rates; this was true across all sites and incubation treatments (Fig. 3.3; Tables 3.3 

and 3.4). In the third sampling period slump: location interactions were non-significant for the control 

and Env incubations (Table 3.3), and thus an analysis of simple interactions was not required. In the 

control incubation, the effect of location was significant, indicating that within-slump BDOC was greater 

than upstream BDOC across all sites (Fig. 3.3, Table 3.3). In the Env incubation, the effect of location was 

not significant, indicating there was no statistical difference between within-slump and upstream sites. 

For the Env+N incubation, simple effects determined that within-slump BDOC was greater than 

upstream DOC loss in two-thirds of the slumps sampled (Table 3.4).  

3.4.2 Drivers of DOC degradation 

3.4.2.1 Experimental drivers of DOC degradation 

The direct manipulation of temperature and nutrients in the experimental incubations enabled a more 

detailed analysis of their effects of these factors on BDOC. To examine the effect of temperature on DOC 

loss rates, Q10 values were calculated using control (average 19.5 ºC) and Env (average 6.4 ºC)  

incubations. When Q10 data were compiled across slumps, upstream locations had the largest Q10 values 

(1.90 ± 0.26), followed by within-slump (1.49 ± 0.11) and then downstream locations (1.36 ± 0.21; Fig. 

3.5). However, there was no significant difference in Q10 values between sampling locations (F2,28=1.584, 

p=0.223). Absolute differences in the effect of temperature on DOC degradation were also calculated, as 

the difference in absolute DOC loss (∆DOC) between the control and Env treatments. These calculations 

showed temperature to have the greatest absolute effect on DOC degradation for incubations with 

within-slump waters (0.72 mg L-1 
± 0.28), followed by upstream waters (0.18 mg L-1 

± 0.06) and 

downstream again showing the smallest temperature effect (0.15 mg L-1 
± 0.12). Despite the large 

absolute difference in temperature effect between the within-slump and in-stream sites, large ranges in 

variation led to no significant differences in ∆DOC between locations (F2,28=2.119, p=0.139). 

The impact of nutrient additions on DOC loss rates were examined by comparing DOC loss in the Env 

and Env+N incubation treatments. The proportional effect of nutrient addition on DOC loss shows no 
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statistical differences between locations (F2,26=0.561, p= 0.578; Fig. 3.6). While within-slump waters 

show the greatest absolute increase in DOC degradation as a result of nutrient addition, this increase is 

caused by the greater degradation capability of these waters, rather than a greater proportional 

increase in degradation as a result of nutrient amendments. Nutrient additions were shown to increase 

absolute DOC loss (∆DOC) with slumping (F2,26=5.487, p= 0.010). Tukey post hoc tests showed significant 

difference between within-slump and upstream locations (means difference= 0.882, p<0.01). The effect 

of nutrient additions on ∆DOC was greatest for within-slump waters (0.90 mg L-1 
± 0.26), followed by 

downstream waters (0.17 mg L-1 
± 0.02) and then upstream waters showing minimal increases with 

nutrient additions (0.02 mg L-1 ± 0.06).  

3.4.2.2 Overall drivers of DOC degradation  

An examination of the in situ and experimental variables driving variations in BDOC was conducted for 

the control incubation, to determine overall controls on BDOC. The multiple linear regression model 

with the lowest AIC score (R2 = 0.55; p<0.001) that passed all selection criteria retained six variables, of 

which all were significant (Table 3.5). δ18O, TDN (µg L-1 N), slope ratio (SR), incubation temperature (ºC), 

nutrient addition (presence/absence) and Julian Date were all significant predictors of DOC lability 

(Table 3.5). Of these variables the strongest predictors (p<0.001) were SR, TDN, incubation temperature 

(ºC), and nutrient addition, two of which were incubation manipulations; all significant variables, except 

δ18O, were positively related to BDOC. 

DOC percent loss was plotted against SR and δ18O for the control incubation to examine their significant 

influence on DOC degradation rates as determined by the regression analysis (Figs. 3.5 and 3.6). Across 

all sampling periods, the δ18O -BDOC relationship shows a clumping of the upstream and downstream 

slump points at low DOC loss rates, with δ18O values that hover around meteoric levels, while the 

within-slump points show higher DOC losses and more depleted δ18O signatures, and greater variation 

between sites.  Within- slump δ18O values are similar to recorded (Pleistocene-origin) ground ice and 

(Holocene-origin) icy diamicton δ18O levels. Within-slump and downstream relationships between SR and 

δ18O are similar, and continue to be separate from upstream values. As a general trend, higher SR, 

indicative of lower molecular weight, is associated with greater DOC loss, especially for the second 

sampling period (R2=0.57, p=<0.001). For the control incubation, regression analyses were performed on 

SUVA254 data compiled across slump and time periods and correlated with BDOC and showed strong 

correlations (SUVA254:R
2= 0.67, p=<0.001). 
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3.5 Discussion 

3.5.1 Permafrost DOC degradation across circum-Arctic regions 

Across the eight studied slump sites, DOC concentrations were either unchanged (within-slump), or 

decreased slightly (downstream) in comparison to concentrations upstream of slumps (Fig. 3.1; Chapter 

2). In contrast to this relatively modest effect of slumping on DOC concentrations of the Peel Plateau, 

DOC biodegradability was significantly elevated in slump-affected waters. This was true across the three 

time periods studied, and occurred irrespective of nutrient addition, or changes in incubation 

temperature. Thus, while the effect of slumping on DOC delivery to streams is much different on the 

Peel Plateau than for other regions studied to date (Vonk et al., 2013a, 2013b; Abbott et al., 2014; Drake 

et al., 2015; Larouche et al., 2015; Mann et al., 2015; Spencer et al., 2015), it appears that the fate and 

overall lability of permafrost-origin carbon in this region follows similar trends to that of other Arctic 

regions.  

These results demonstrate that changes in DOC concentrations are not reflective of the full impacts of 

thaw slumps on stream ecosystems and carbon cycling. This lack of correlation between changes in 

concentration and lability has been seen in some Alaskan regions (Balcarczyk et al., 2009) but a positive 

relationship has been found in others (Holmes et al., 2008; Abbott et al., 2014; Mann et al., 2014). This 

inconsistent relationship demonstrates the influence of a multitude of factors on BDOC, therefore 

suggesting that that use of basic DOC concentration measurement to infer BDOC is unreliable and 

should not be used when quantifying permafrost carbon cycling dynamics. ∆DOC is an important value 

to consider when examining the western Canadian Arctic in a global context, as the magnitude of DOC 

concentrations in this region are less than in other Arctic regions (Balcarczyk et al., 2009; Woods et al., 

2011; Vonk et al., 2013a; Abbott et al., 2014; Drake et al., 2015; Spencer et al., 2015). Compared to 

absolute changes in DOC following incubations in other regions, ∆DOC was relatively low in magnitude 

on the Peel Plateau; one exception to this trend was HD, which displayed large ∆DOC (Fig 3.2).  

BDOC values across the Peel Plateau are moderate to high when compared to Arctic regions unimpacted 

by significant permafrost degradation (Kawahigashi et al., 2004; Mann et al., 2012; Wickland et al., 

2012). However, in comparison with other thermokarst features in Siberia (Vonk et al., 2013a, 2013b; 

Drake et al., 2015; Mann et al., 2015; Spencer et al., 2015) and Alaska (Abbott et al., 2014; Larouche et 

al., 2015), BDOC on the Peel Plateau is relatively low. Our maximum BDOC value was 33.4%, which is 

considerably lower than the mean BDOC values in Alaska and Siberia (Vonk et al., 2013a; Abbott et al., 
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2014), where BDOC values as great as 58.2% have been reported (Drake et al., 2015; Spencer et al., 

2015). One of the main hypotheses for lower BDOC in this region is the adsorption of a portion of the 

carbon pool to suspended mineral soils which are prevalent across the Peel Plateau (Kothawala et al., 

2012). Total suspended sediments drastically increase with slump activity (Fig. 2.2; Bowden et al., 2008; 

Thompson et al., 2008; Kokelj et al., 2013; Malone et al., 2013), providing the opportunity for rapid 

adsorption to occur (Qualls & Haines, 1992; Kothawala et al., 2009, 2012). 

3.5.2 Impacts of thaw slump morphology on BDOC  

The influence of slump age and activity on DOC biodegradability is apparent when examining variations 

in BDOC across slump features (Fig. 3.3). In the larger slumps (FM2, FM3 and FM4) downstream values 

are marginally greater than upstream BDOC values; this is not true at SD, which is the only slump to 

have much greater BDOC levels downstream compared to within the slump. SD is an outlier in this study 

as it is the most recently established slump with a shallow headwall that is receding rapidly within the 

surficial permafrost layer (Table 2.1). Over the course of the summer the streamflow carved a tunnel 

feature through the ice rich permafrost and it was this outflow that was sampled. The greater 

downstream BDOC and ∆DOC suggests that the sampling regime did not capture all the slump inputs to 

the stream ecosystem at SD, mostly likely due to this tunnel feature.  

3.5.3 BDOC response to experimental manipulations  

Q10 is the sensitivity of DOC degradation to changes in temperatures. The calculated Q10 response was 

not statistically different (F2,28=1.584, p=0.223) between upstream, within-slump and downstream 

sampling locations, in part because upstream DOC response to temperature increase showed wide 

variation compared to other sampling locations (Fig. 3.4b). Absolute ∆DOC differences also showed no 

statistical differences (F2,28=2.119, p=0.139), though within-slump BDOC exhibited much greater 

variation (Fig 3.4a). Temperature increases did have a small positive effect on DOC loss at all sampling 

locations, as evidenced by an overall positive Q10 value. These results are similar to summer Q10 values in 

the Yukon River, Alaska (Wickland et al., 2012). While these increases in response to temperature seems 

intuitive, no or minimal temperature impacts on DOC loss have been recorded in other Arctic 

incubations on thermokarst features (Balcarczyk et al., 2009; Mann et al., 2015). In unimpacted Arctic 

streams temperature effects have been observed and are strongly influenced by seasonality  (Balcarczyk 

et al., 2009; Wickland et al., 2012). 

 Nutrient release, particularly as inorganic nitrogen, from thawing permafrost has been observed in all 

Arctic regions (Harden et al., 2012; Harms & Jones, 2012; Reyes et al., 2015; Abbott et al., 2016). 
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Thermokarst features release nutrients impacting local stream systems (Bowden et al., 2008; Abbott et 

al., 2014, 2015) and this nutrient availability is predicted to be an important control on BDOC (Wickland 

et al., 2012). An increase in BDOC has been recorded in incubation experiments subject to nutrient 

amendments (Marschner & Kalbitz, 2003; McDowell et al., 2006), though other studies have shown that 

the increase in BDOC with a nutrient amendment only occurs after the removal of more aromatic 

compounds from the carbon pool (Mann et al., 2014). Nutrient additions to our incubations were based 

on measured nutrient values in the Arctic Ocean (Simpson et al. 2008), the eventual destination of Peel 

Plateau waters. Even though the nutrient additions in this study were relatively modest, they still led to 

a significant and consistent increase in BDOC (Fig. 3.4). However, the effects of nutrients are not always 

clear cut in the Arctic. For example, seasonality influences nutrient addition impacts on BDOC (Holmes 

et al., 2008), and nutrient additions have been found to have mixed effects, including no effect, on DOC 

degradation (Holmes et al., 2008; Balcarczyk et al., 2009; Abbott et al., 2014). These variable trends 

suggest that nutrient limitation is not the main influence on DOC degradation in all regions (Abbott et 

al., 2014). Knowing how DOC responds to temperature and nutrient increases during degradation is 

important as these variables are changing as a result of climate change and within thermokarst features 

(Williamson et al., 1999; Bowden et al., 2008; Frey & McClelland, 2009; Abbott et al., 2015). There is 

evidence that the increasing temperatures and nutrient fluxes predicted for Arctic regions (Harden et al., 

2012; Harms & Jones, 2012; Reyes et al., 2015; Abbott et al., 2016) will increase the hydrological lability 

of mobilized permafrost DOC, across landscapes and especially in thermokarst impacted systems.  

3.5.4 Overall drivers of BDOC on the Peel Plateau 

In addition to the manipulated incubation conditions, results of the multiple linear regression showed 

that there are intrinsic drivers of BDOC on the Peel Plateau. δ18O data from within-slump runoff exhibits 

older source signatures and arose as a significant driver of BDOC (Table 3.5), this trend of older sourced 

carbon being more susceptible to biological degradation is well established within the literature 

(Kawahigashi et al., 2004; Mann et al., 2012, 2014; Wickland et al., 2012; Abbott et al., 2014; Drake et 

al., 2015; Larouche et al., 2015; Spencer et al., 2015; Fig. 3.6). Within-slump sites also displayed much 

larger variations between slumps and sample periods in BDOC and δ18O compared to both downstream 

and upstream sites (Fig. 3.5), demonstrating that even on the Peel Plateau, permafrost and BDOC 

patterns are highly variable. In many other studies, seasonality, assessed in this study as Julian date, 

influences DOC availability, flux and composition along with BDOC (Neff et al., 2006; Spencer et al., 

2008; Townsend-Small et al., 2011; Wickland et al., 2012). While the sampling for this study only 

occurred over a two month summer thaw season, Julian date was a positive driver of BDOC (Table 3.5). 
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Spectral characteristics of SR and SUVA254 also showed strong correlations with BDOC. SR shows a strong 

correlation with molecular weight (Helms et al., 2008), while SUVA254 correlates well with DOM 

aromaticity (Weishaar & Aiken, 2003). In this study SR had a strong positive relationship (R2=0.57, 

p=<0.001) with BDOC and SUVA254 had a strong negative relationship (R2= 0.67, p=<0.001), indicating 

that DOC composition, characterized by spectral properties (SR and SUVA254), influences rates of 

degradation. The strong negative correlation between SUVA254 and BDOC has also been observed in 

other permafrost regions, therefore in permafrost regions where sampling is difficult optical properties 

can act as a relatively reliable proxy for lability (McDowell et al., 2006; Fellman et al., 2008; Wickland et 

al., 2012; Abbott et al., 2014; Drake et al., 2015; Mann et al., 2015).  

3.5.5 The eventual fate of permafrost DOC on the Peel Plateau 

Numerous studies have reported that DOC mobilized from permafrost displays older signatures and has 

increased biolability (Kawahigashi et al., 2004; Mann et al., 2012, 2014; Wickland et al., 2012; Abbott et 

al., 2014; Drake et al., 2015; Larouche et al., 2015; Spencer et al., 2015; Fig. 3.6) and is preferentially 

degraded compared to younger carbon sources (Raymond & Bauer, 2001; Vonk et al., 2013a; Spencer et 

al., 2015). This is especially relevant in regards to thaw slump features, as the DOC mobilized from deep 

permafrost can be rapidly utilized, demonstrated by the lack of a permafrost signature in higher order 

streams in other regions (Vonk et al., 2013a, 2015b; Spencer et al., 2015). These findings highlight the 

importance of small order and thermokarst outlet studies to accurately assess BDOC dynamics in Arctic 

aquatic ecosystems. While DOC biodegradability is less pronounced in western Canadian Arctic thaw 

slumps compared to thermokarst features of other regions, BDOC levels from thaw slumps are still 

significantly elevated in comparison to surficial waters on the Peel Plateau and Arctic regions in general 

(Fig. 3.3). Therefore it is expected that the western Canadian Arctic will undergo the impacts of 

increased carbon cycling along with other Arctic regions, but likely at a lower magnitude.  

The hydrological lability of slump mobilized permafrost DOC is dependent on its environment, which 

changes during transport through downstream recipient systems to the Arctic Ocean. The lability of 

permafrost DOC is expected to increase during terrestrial transit as streams and rivers temperatures can 

reach up to 19 ºC (Arctic Great Rivers Observatory, 2014) and nutrients are funnelled from land to 

aquatic systems (Holmes et al., 2012), providing an ideal degradation environment. Studies have shown 

that rapid degradation (< seven days) of permafrost carbon occurs (Vonk et al., 2013b; Drake et al., 

2015; Spencer et al., 2015); as the estimated transit time to the Arctic Ocean for waters draining the 

Peel Plateau is approximately one week, much of the potential degradation would occur within the 
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stream and river systems of the landscape. Once the carbon reaches the Arctic Ocean, DOC degradation 

is likely to be similar to BDOC values of the Env+N incubation as this incubation was designed to mimic 

oceanic conditions. In the regression determining the driving factors of degradation in the control 

incubation, nutrients were determined to be a stronger driver of BDOC compared to incubation 

temperature (Table 3.5), therefore it would suggest that changes to the nutrient dynamics during transit 

would have a larger impact on the DOC degradation rates. There are ecological and biological 

implications of increased carbon flux and degradation in the Arctic Ocean, especially if the carbon is 

readily bioavailable. Increases in carbon influx can lead to greater bacteria-organic matter coupling in 

the Arctic Ocean, which influences broad scale carbon cycling, microbial communities and food web 

dynamics (Azam et al., 1993; Kirchman et al., 2009). 

There are many hypotheses for the high lability of permafrost DOC (Vonk et al., 2013a; Abbott et al., 

2014). Most relevant to the western Canadian Arctic is the preferential sorption of recalcitrant carbon 

species to mineral soils (Kawahigashi et al., 2004, 2006; Kothawala et al., 2012) leaving the remaining 

DOC pool much more labile. Biolabile DOC could also be comprised of microbial biomass as microbial 

activity can occur below freezing but is not respired (Wilhelm et al., 2012). Low levels of pre-processing 

before burial could lead to compositional differences in DOC including lower molecular weights and a 

decrease in aromatics, which are much easier to degrade (Dutta et al., 2006; Waldrop et al., 2010; Vonk 

et al., 2013a; Drake et al., 2015). It is clear that further DOC composition investigations are needed to 

investigate the mechanisms behind the high biolability of permafrost DOC. As the Arctic continues to 

warm, assessing the reactivity of permafrost carbon on a regional scale is important in creating accurate 

regional and global carbon budgets, as thermokarst mobilized carbon degradation rates are influenced 

by a plethora of variables, many of which are region dependent.   
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3.6 Figures 

 

Figure 3.1 Dissolved organic carbon (DOC) concentrations across all slumps and time periods included in 

biodegradable DOC incubations. Separated points are outliers.  
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Figure 3.2 ∆DOC (absolute dissolved organic carbon loss (mg L-1)) across all slumps. Sites HA, HB, HC, and 
HD are averaged over a single time period (P2) and FM3 is the average of two time periods (P1 and P2). 
The remainder of the slumps are an average of all three sampling periods. Error bars are present and 
represent standard error (n explained above). 
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Figure 3.3 Individual slump BDOC (% loss of dissolved organic carbon) shown for individual periods and 

incubation types. The incubation treatments are control: 20ºC for 28 days, Env: 6.4ºC for 28 days and 

Env+N: 6.4ºC for 28 days with a nutrient addition that is representative of maximum nutrient 

concentrations in the Beaufort Sea. Error bars represent standard error (n=3). 
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Figure 3.4 BDOC temperature and nutrient addition responses. A) Absolute differences in ∆DOC (mg L-1) 

between the control and Env incubations. B) Q10 as a controlled measure of temperature sensitivity (T1= 

6.4ºC; T2=19.5ºC). C) Absolute difference in ∆DOC (mg L-1) between Env+N and Env incubations. D) 

Proportional ∆DOC (mg L-1) differences between Env+N and Env incubations. Significant differences 

were followed by Tukey post hoc tests (p <0.001). 
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Figure 3.5 Oxygen isotope data (δ18O‰) is plotted against BDOC levels. References levels are taken from 

Lacelle et al. (2013). The modern active layer is equivalent ot the meteoric water line, icy diamicton is 

has been aged to be Holocene era, the most enriched ground ice value is the highest isotopic value for 

Pleistocene-aged ground ice presented (Lacelle et al., 2013). 
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Figure 3.6 Slope ratio (SR) plotted against biodegradable dissolved organic carbon (BDOC), with line of 

best fit indicated (R2=0.57, p=<0.001). This correlation demonstrates that optical properties can be a 

suitable proxy for BDOC in permafrost regions. Error bars represent standard error (n=3). 
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3.7 Tables  
 

Table 3.1 An overview of the various incubation treatments undertaken using slump runoff, and 

upstream water from the Peel Plateau, NT.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Treatment 

Temperature (ºC) Length of 
Incubation 

(days) 
Nutrient 
Addition Rationale 

Goal Actual 

Control 20 19.5 ± 0.05 28 No Standard methodology,  
comparison purposes 

Env 7 6.4 ± 0.04 28 No Mimics natural conditions 

Env+N 7 6.4 ± 0.04 28 Yes Mimics natural conditions at the 
 terminus of the watershed 
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Table 3.2 Nutrient additions for the Env+N incubation treatment. Concentrations are maximum levels 
found in the Beaufort Sea (Simpson et al., 2008), the terminus for waters draining from the Peel Plateau. 

Nutrient Concentration (µmol L-1) 

Nitrate 17.3 

Phosphate 1.8 

Ammonium 2.1 
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Table 3.3 Results from two-way ANOVAs of BDOC over three incubations, separated by sampling period. 

Significant interactions were found between slump and location were found for all but two of the 

ANOVAs and were followed by simple contrasts and simple interactions (Table 3.4).  

Period One  Control Env Env+N 
 df F p-value df F p-value df F p-value 

Slump  3 6.14 0.003 3 3.31 0.0372 3 19.68 <0.001 

Location 2 26.99 <0.001 2 43.23 <0.001 2 83.09 <0.001 

Slump:Location 6 3.41 0.014 6 7.79 <0.001 6 8.16 <0.001 

Error  24   24   24   

 

Period Two  Control Env Env+N 
 df F p-value df F p-value df F p-value 

Slump  7 32.90 <0.001 7 27.16 <0.001 7 58.35 <0.001 

Location 1 1053.47 <0.001 1 436.45 <0.001 1 1155.12 <0.001 

Slump:Location 7 63.09 <0.001 7 30.99 <0.001 7 64.23 <0.001 

Error  31   29   31   

 

Period Three  Control Env Env+N 
 df F p-value df F p-value df F p-value 

Slump  2 11.81 0.0015 2 16.77 <0.001 2 5.67 0.019 

Location 1 7.00 0.021 1 0.50 0.498 1 58.98 <0.001 

Slump:Location 2 1.44 0.275 2 0.12 0.887 2 10.35 0.002 

Error  12   12   12   
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Table 3.4 Simple effects and contrasts for control, Env and Env+N incubations; undertaken when higher-

order interactions were significant for the two-way ANOVA (the interaction effect was not significant for 

the control and Env treatments during Period 3). Simple effect analyses were conducted at each slump 

level, and followed by simple contrasts, when three location levels were sampled.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Simple effects followed by simple contrasts 
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Table 3.5 Results from the multiple linear regressions determining overall drivers of variation in BDOC.  

 The regression analysis examined the influence of slump characteristics (δ18O, TDN, and SR), incubation 
settings (temperature and nutrient addition) and sampling regime (Julian Date) on DOC degradation 
(AIC= 1313.47, R2=0.5532, F6,392=80.9, p-value=0). 

Coefficient Estimate t-value p-value 

δ18O (‰) -0.59  -2.89  0.004 
Total Dissolved Nitrogen (N µg L-1) <0.001  3.85  <0.001 
Slope Ratio (SR)  43.6  13.37  <0.001 
Incubation Temperature (ºC) .25 5.20  <0.001 
Nutrient Addition (presence/absence) 3.94  6.23  <0.001 

Julian Date 0.04  2.54  0.012 
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4.0 General Conclusions 

4.1 Research conclusions  

The overarching result of this study is that the mobilization of DOC from retrogressive thaw slumps in 

the western Canadian Arctic differs from trends found in other Arctic regions. In Chapter Two we 

determined that slumps do impact stream systems that they feed into, and that precipitation is the 

largest factor in DOC mobilization from thaw slumps. In Chapter Three we showed that BDOC was 

greater in slump impacted streams when compared to unimpacted ones. Measured biolability was 

greater in carbon derived from slump runoff; if climatic trends continue as projected, increasing 

permafrost thaw and permafrost carbon mobilization, this degradation potential will increase with the 

predicted climate change (Vonk et al., 2013a). Despite this, BDOC levels in the Peel Plateau were found 

to be lower than in other thermokarst impacted streams from throughout the pan-Arctic (Vonk et al., 

2013a, 2013b; Abbott et al., 2014; Drake et al., 2015; Larouche et al., 2015; Mann et al., 2015; Spencer 

et al., 2015).  

Our study is the first to examine BDOC trends in the western Canadian Arctic and to inspect the direct 

effect that environmental variables have on DOC mobilization within this region. The overarching 

interest in this field of research is the examination of Arctic carbon cycles to determine if the Arctic will 

become a carbon source or sink with climate change (Woods et al., 2011). This work adds to a growing 

body of research demonstrating that the Arctic is incredibly heterogeneous, and that DOC and BDOC 

trends vary in magnitude and directionality across regions.  

This work also focuses on the importance of identifying ‘hotspots’ of high carbon degradation across 

Arctic landscapes, as much permafrost carbon is degraded before it reaches main waterways (Mann et 

al., 2014, 2015). Increased levels of degradation occur in thaw slumps; so, while thaw slumps are less 

common than other thermokarst features across landscapes, they impact large areas and remain active 

for decades (Lantz et al., 2009; Kokelj & Jorgenson, 2013).  

4.2 Future research directions  

This research prompts several avenues of future research. First, it is important to be able to accurately 

compare BDOC and carbon dynamics between regions so we push for the adoption and maintenance of 
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a standard BDOC methodology as proposed by Vonk et al. (2015). Measurements of direct 

compositional differences in permafrost-derived carbon would be beneficial in explaining the enhanced 

lability of this carbon being observed across Arctic regions, and could potentially aid in predicting 

specific carbon dynamics. A modelling expansion of slump mobilized DOC response to permafrost 

degradation would be valuable in predicting carbon responses to future climate changes. With the 

decrease in DOC concentrations after slump activity, seen in the Peel Plateau, investigations into 

particulate organic carbon concentrations and degradation experiments are crucial, especially in the 

Western Canadian Arctic due to the expected adsorption to mineral soils. Another important next step 

for obtaining a complete depiction of carbon dynamics in Arctic ecosystems is an investigation of photo 

degradation influences on permafrost DOC on the Peel Plateau and elsewhere (e.g., Cory et al., 2013).  

4.3 Research Improvements 

For future research projects similar to this I would suggest a quantification of slump morphology, as it 

appears to strongly influence the carbon dynamics mobilizing from the thaw slump. A classification 

system of the slumps could be designed based on size, activity level and vegetation coverage.  Based on 

this study, we would expect the most labile carbon to be present in large slumps with deep headwalls, 

high activity levels and low levels of vegetation. Knowledge of the depth of the active layer and 

permafrost layers would help explain the different patterns in DOC and isotopic signatures from each 

slump presented in this paper. Along these lines, carbon dating of the slump runoff would be beneficial 

in explicitly confirming that the permafrost carbon has the high biolability that we are presenting. 

Discharge calculations for each of the slumps would also be beneficial in estimating DOC loadings from 

the landscape to aquatic systems and would allow for an expansion of the environmental correlation 

regression. In the mineral soils of the Peel Plateau it would be expected that DOC concentrations would 

be less in all slump impacted streams when compared to pristine streams and this would be inversely 

correlated with total suspended sediments.  

Improvements to this research design would include the continuation of the downstream sampling for 

all time periods as these results are what matters for the ecosystem and shows the uniqueness of 

mineral rich regions in regards to carbon dynamics. A more balanced sampling design would have led to 

much easier statistical analyses. In field sampling could have been improved through designated time at 

the beginning of the field season to test out sampling methodologies, as helicopter samples were lost a s 

a result of an in-field change in sampling protocol.  
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