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ABSTRACT 

The northwestern Canadian Arctic has undergone a period of rapid warming 

which has promoted the formation of thermokarst across the region. Among the most 

dramatic thermokarst features are retrogressive thaw slumps - large depressions of melted 

permafrost that form on the landscape. Thaw slumps often flow into nearby streams, 

driving increases in sediments, nutrients, and major ions. The Peel Plateau, Northwest 

Territories has seen an increase in the size and frequency of thaw slumps associated with 

increases in precipitation and warmer air temperatures. Thus, it is important to evaluate 

the impacts of thaw slump disturbance on the structure and function of biological 

communities as they are strongly linked to water quality. Chin et al. (2016)1 performed an 

extensive survey of thaw slump impacts on benthic macroinvertebrate (BMI) 

communities in the Peel Plateau and found a negative relationship between thaw slump 

disturbance and abundance, but were lacking information on minimally-disturbed sites. 

The aim of the present research was to build on Chin et al. (2016) by evaluating primary 

production and decomposition and looking at patterns in BMI community structure and 

function at undisturbed and minimally-disturbed sites in the same region. Minimally-

disturbed sites showed stronger nutrient effects than the highly-disturbed sites sampled in 

Chin et al. (2016), but sediments were still the main drivers of change in impacted 

streams. Total suspended solids strongly reduced primary production and BMI 

abundance, while decomposition was driven by nutrients, temperature and pH. 1  

                                                 
1 Chin, K.S., Lento, J., Culp, J.M., Lacelle, D. and S.V. Kokelj. 2016. Permafrost  degradation drives shifts in the abundance of stream benthic 

macroinvertebrate communities in the Peel Plateau, NWT, Canada. Global Change Biology. 22:2715-2728. 
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Finally, BMI drift densities were lower at thaw-slump impacted sites, but the proportion 

of drifting BMIs increased with higher rates of settling sediments. The present study 

suggests that thaw slumps are non-selective and chronic stressors of stream food webs in 

the Peel Plateau, NWT.    
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Chapter 1: General Introduction 

1.1   Rationale 

A warming environment has the potential to greatly impact many physical and 

chemical processes of Arctic freshwater ecosystems and is predicted to affect the 

structural and functional components of Arctic freshwater communities such as primary 

and secondary production and benthic community structure (Prowse et al. 2006; Wrona et 

al. 2006a; Vincent et al. 2011). Increases in temperature and precipitation have the 

potential to change the timing and magnitude of important hydrological processes, 

including the spring freshet as well as the chemical properties of hydrological inputs into 

streams through permafrost degradation (Bolton et al. 2000; see review in Hinzman et al. 

2005; Prowse et al. 2006). With increasing groundwater inputs into hydrological systems, 

increasing winter stream flows, decreasing summer peak flows and fluctuating water 

chemistry (Hinzman et al. 2005; Prowse et al. 2006), freshwater communities will be 

faced with increasing sediment and solute loads and changes in the hydrological regime 

(Prowse et al. 2006; Culp et al. 2012). This may lead to an overall shift in the structural 

and functional diversity of freshwater communities, with more tolerant species being 

selected for and more sensitive species facing local extirpations (Culp et al. 2012; Wrona 

et al. 2013). Hinzman et al. (2005) concluded that climate change has driven Arctic 

freshwater ecosystems into a state that has not been seen in recent history. Understanding 

the effects present day changes are having on streams in the Arctic is required for 

improved prediction of future impacts on these freshwater ecosystems, as well as the 
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possible repercussions for the Northern communities that depend on them. The aim of 

this thesis is to examine the present day impacts of permafrost degradation on ecosystem 

structure and function in Arctic streams.  

 

1.2  Background  

1.2.1 Climate change and the Arctic landscape 

The climate in the western Canadian Arctic has undergone more rapid change 

than other parts of the world (Chapman and Walsh 2003; Prowse et al. 2009), with 

increases in temperature of almost 1°C per decade (see review in Serreze et al. 2000; 

Burn and Kokelj 2009). Warming air temperatures have caused permafrost temperatures 

to increase, leading to permafrost thawing (Burn and Kokelj 2009; Prowse et al. 2009; 

Romanovksy et al. 2010). Precipitation has also been shown to increase permafrost 

degradation by oversaturating soils, increasing permafrost temperatures and destabilizing 

sediments, leading to the formation of new permafrost degradation features or driving the 

growth, intensity of wasting and debris export of existing features (Kokelj et al. 2015). 

The combined effects of increased temperatures and precipitation have led to drastic 

changes in the structure and function of the landscape (Kokelj et al. 2013; Kokelj et al. 

2015). The landscape changes and processes associated with the seasonal thawing of 

permafrost are referred to as thermokarst (e.g. Higgins et al. 1990). One of the more 

conspicuous features of thermokarst is retrogressive thaw slumping (Burn and 

Lewkowicz 1990; Lantz and Kokelj 2008). 
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Retrogressive thaw slumps are visible depressions in the landscape that are 

initiated by a variety of physical processes including erosion by rivers or wave action 

along coastlines (Kokelj et al. 2013) or large precipitation events (Lacelle et al. 2010; 

Kokelj et al. 2015). As the permafrost thaws, it falls to the base of the slump, forming a 

mud slurry that runs downslope, often into a lake or stream (Kokelj et al. 2013). This 

mud slurry can double the concentration of solutes in the lake or stream, increase 

turbidity levels four-fold, and ultimately cause drastic changes to the abiotic components 

of the freshwater ecosystem (Kokelj et al. 2002). Nutrient concentrations also increase in 

streams receiving inputs from thaw slumps (see review in Frey and McClelland 2009; 

Abbott et al. 2014), which have the potential to alter the primary productivity of these 

stream systems (Bowden et al. 2012). Slump growth occurs primarily during the summer 

when warmer temperatures and rainfall  thaw the ice in the headwall of the slump and it 

retreats farther into the landscape (Lacelle et al. 2010; Kokelj et al. 2015). They are most 

likely to form in regions of ice-rich permafrost underlain by massive segregated ice 

formed by frozen groundwater, or buried glacier ice (French 1996; Lacelle et al. 2004; 

Kokelj et al. 2013).  

Over the past few decades, retrogressive thaw slumps have increased in size and 

frequency in the western Canadian Arctic (Lantz and Kokelj 2008). Thaw slumps are 

natural occurrences that become revegetated and stabilize over time; however, increases 

in summer precipitation and higher air temperatures have accelerated their growth and 

impeded the normal succession of these features (Lantz and Kokelj 2008; Kokelj et al. 

2015). This has led to the formation of huge thaw slumps, termed megaslumps, 
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throughout the ice-rich permafrost landscape of the Peel Plateau and the eastern foothills 

of the Mackenzie Mountains. Thaw slumps are categorized as megaslumps if they are 

greater than 5 ha in area, have headwalls greater than 4 m in height and have retreated 

beyond the slope of the fluvial valley (Kokelj et al. 2013). Most megaslumps have debris 

flows that have partially or completely filled interstitial spaces in the stream bed. These 

slumps change the physical and chemical characteristics of the stream ecosystem by 

driving diurnal fluctuations in water level and by drastically increasing the timing and 

magnitude of fine-sediment and solute loads (Kokelj et al. 2013; Malone et al. 2013).  

1.2.2 Biological impacts of thaw slumping 

Increased sedimentation and solute loads from thaw slumping causes a shift in the 

abiotic environment of stream systems, which can in turn affect the biota living in them 

(Lantz and Kokelj 2008; Kokelj et al. 2013). Natural phenomena of biota, such as 

invertebrate drift, may be particularly sensitive to thaw slump effects. Drift by benthic 

macroinvertebrates is a well-studied phenomenon, known to be driven by fluctuations in 

water level, sedimentation and contaminants (Culp et al. 1986; see review in Brittain and 

Eikeland 1988; Suren and Jowett, 2001). Drift patterns may be affected by slump-driven 

changes in water level and sediment and solute load (Kokelj et al. 2013), which may 

influence the recolonization of downstream areas by benthic macroinvertebrates through 

drift (Townsend and Hildrew, 1976; Williams and Hynes 1976). 

  Increased sediment loads have also been shown to have negative impacts on both 

primary and secondary production in temperate streams (Lemly 1982; Wood and 

Armitage 1997; Henley et al. 2000). Increases in sedimentation can reduce the number of 
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interstitial spaces in the substrate available for benthic macroinvertebrates (Wood and 

Armitage 1997), decrease decomposition rates by burying organic materials (Herbst 

1980; Webster and Waide 1982) and cause scouring along the surface of the stream 

substrate, increasing rates of macroinvertebrate drift (Culp et al. 1986). Increases in 

nutrient concentrations have been shown to increase primary production in Arctic streams 

(Peterson et al. 1993; Bowden et al. 2012), but decreases in light penetration due to a 

higher sediment load makes it hard to predict what effects thaw slumps will have on 

primary production. These multiple interacting factors make the overall magnitude and 

direction of change in Arctic stream ecosystems under climate change challenging to 

predict (Wrona et al. 2006a; see review in Vonk et al. 2015). 

My study examines how changes in water quality associated with thaw slumps 

impact different aspects of biological structure and function in stream communities by 

assessing the primary production, organic matter breakdown and benthic 

macroinvertebrate communities in disturbed and undisturbed stream reaches. This study 

builds upon a project started by Aboriginal Affairs and Northern Development Canada in 

2010 (Chin et al. 2016). In the initial study, benthic macroinvertebrates were collected at 

multiple sites throughout the Peel Plateau to assess the impacts of thaw slumps on 

invertebrate communities. Chin et al. (2016) found that the structure of the benthic 

macroinvertebrate community was strongly associated with total suspended solids (TSS) 

along with nutrients to a lesser degree and abundance was strongly linked with TSS and 

distance from slump.  
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1.3  Research justification and objectives 

Thaw slumps have the capacity to greatly influence the function and structure of 

the stream ecosystem. They have been shown to increase major ion, suspended sediment 

and solute concentrations in streams (Bowden et al. 2012; Kokelj et al. 2013; Malone et 

al. 2013). Fluxes in dissolved organic carbon (DOC), nutrients and ions are also 

exaggerated by thaw slumps (Frey and McClelland 2009; Abbott et al 2014).  

My study is focused in the Peel Plateau, located in the Northwest Territories, 

Canada, which is an area of ice-rich permafrost with thaw slumps that drain directly into 

and heavily influence the waterways. Megaslumps are becoming common in this region 

and have thawed areas of up to 106 m3 of permafrost (Kokelj et al. 2013; Lacelle et al. 

2015). The amount of sediment and solutes entering the freshwater systems in this region 

is significant, but until recently the impacts on the biological communities of the stream 

ecosystems were virtually unknown (Wrona et al. 2006a; Kokelj et al. 2013). The 

extensive survey done by Chin et al. (2016) found that benthic macroinvertebrate 

abundance had a negative relationship with TSS and a positive relationship with distance 

from nearest slump. My study builds upon this earlier work by intensively studying the 

changes in the benthic macroinvertebrate community along with other biological 

structures and functions using an upstream/downstream design. Stream processes, such as 

primary productivity, organic matter breakdown and benthic macroinvertebrate drift were 

studied as well as benthic macroinvertebrate community structure to further investigate 

the impacts of thaw slumping on stream ecosystems. Additionally, I explored the 
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influence of sedimentation versus nutrient enrichment from thaw slump inputs by 

observing the response of primary production and decomposition to thaw slump inputs.  

1.4  Research significance 

This research on Arctic stream communities investigates the ecological impacts of 

retrogressive thaw slumps, which are expected to increase as the climate and landscape 

change in northwestern Canada (Vonk et al. 2015).  Kokelj et al. (2013) believe that 

impacts on streams from slumping in the Peel Plateau and other parts of northwestern 

Canada may already be widespread due to warming permafrost temperatures and 

increases in air temperature and precipitation that have led to the intensification of slump 

activity in this area (Lantz and Kokelj 2008). Aside from Chin et al. (2016), few 

observations of these impacts on the biota in streams have been made (Vonk et al. 2015) 

and this study aims to further assess the mechanisms behind changes in benthic 

macroinvertebrate communities. This study will build upon Chin et al. (2016) by further 

exploring the relative importance of sediment and nutrient inputs on aquatic biota and by 

expanding this research to examine the impacts on other components of the stream food 

web. Many aquatic invertebrate taxa are sensitive to changes in water chemistry and 

sediment load, which may lead to local extirpations of sensitive taxa from impacted 

stream reaches (Wrona et al. 2006b; Kokelj et al. 2013). This would pose a serious threat 

to other components of the food chain, such as Arctic charr (Salvelinus alpinus) which 

rely on benthic macroinvertebrates as a food source (Klemetson et al. 2003). Many of 

these streams and rivers hold great cultural value to the aboriginal communities in this 

area, making conservation of undisturbed streams a high priority for decision makers, as 
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they may hold source populations of invertebrate communities that can potentially 

recolonize disturbed areas in the future.   

This research can also be applied to predict impacts on streams receiving similar 

inputs from thaw slumps in other parts of the Arctic. Thaw slumping has also been seen 

in northern Alaska (Bowden et al. 2012), and in the northern Taymyr Peninsula, Siberia 

(Alexanderson et al. 2002) and features similar to thaw slumps have been observed along 

the Laptev Sea in Russia (Günther et al. 2012). Furthermore, this study can help fill the 

knowledge gaps that exist in Arctic research to help decision-makers create appropriate 

policies for the Arctic in the future (Wrona et al. 2006b).   

1.5  Thesis structure 

This thesis includes introductory and concluding chapters along with two data 

chapters. The data chapters are written in manuscript format so some repetition in 

material will be seen in the introductions, methods and study site descriptions of Chapters 

2 and 3. Chapter 2 discusses the impacts of thaw slump inputs on algal growth and 

organic matter breakdown in streams and identifies which physical and chemical 

variables are associated with these functions. Chapter 3 describes the differences in 

benthic macroinvertebrate community structure and function between undisturbed and 

disturbed sites by exploring patterns in biological metrics and benthic macroinvertebrate 

drift. Table 1.1 describes the hypotheses and predictions associated with each data 

chapter. 
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1.7  Tables and Figures 

Table 1.1: Thesis chapters with associated hypotheses and predictions.  

 

Chapter Hypotheses and Predictions 

Chapter 2: Effects of 

permafrost degradation 

on primary production 

and decomposition in 

Arctic streams, NWT. 

 Algal growth is predicted be lower at disturbed sites 

than undisturbed sites because sediment inputs from 

thaw slumping cause light limitation and scouring 

 Decomposition is predicted be lower at disturbed 

sites because of sediment inputs from thaw slumping 

lead to burial and lower community diversity 

Chapter 3: Impacts of 

retrogressive thaw 

slumps on benthic 

macroinvertebrate 

community structure 

and drift. 

 Benthic macroinvertebrate abundance and diversity 

is predicted be lower at disturbed sites because 

sediment inputs from thaw slumps limit food 

resources and create unfavorable habitat conditions.  

 Benthic macroinvertebrates at disturbed sites are 

predicted to have traits favorable to a highly-

sedimented environment because increased 

sedimentation from thaw slumps selects for these 

traits. 

 Benthic macroinvertebrate drift densities are 

predicted be higher at disturbed sites because thaw 

slumps lead to increased scouring sediments and 

poor habitat conditions 
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Chapter 2:  Effects of permafrost degradation on primary 

production and decomposition in Arctic streams, NWT. 

2.1 Introduction 

The northwestern Canadian Arctic is one of the most rapidly warming areas on 

the planet, with air temperatures increasing approximately 1°C every 10 years for the past 

four decades (Serreze et al. 2000; Burn and Kokelj 2009). Warmer air temperatures along 

with higher amounts of precipitation have increased permafrost temperatures and driven 

the formation of thermokarst features in this area (Burn and Kokelj 2009; Prowse et al. 

2009; Romanovksy et al. 2010; Kokelj et al. 2015). This climate shift has increased the 

size and frequency of one of the more dramatic thermokarst features, retrogressive thaw 

slumps (Burn and Lewkowicz 1990), in many areas of the northwestern Canadian Arctic 

(Lantz and Kokelj 2008). Retrogressive thaw slumps are areas of exposed permafrost that 

form depressions in the landscape and are initiated by a variety of physical processes 

including erosion by rivers or wave action along coastlines (Burn and Lewkowicz 1990; 

Kokelj et al. 2013) as well as extreme precipitation events, which trigger mass wasting 

events (Lacelle et al. 2010; Kokelj et al. 2015). As exposed permafrost thaws, it falls to 

the base of the slump, forming a mud slurry and debris flow that runs downslope, often 

reaching lakes or streams (Kokelj et al. 2013). This mud slurry can drastically change the 

physico-chemical properties of waterbodies by increasing nutrient (Bowden et al. 2008; 

Abbott et al. 2014; Chin et al. 2016) and solute concentrations (Kokelj et al. 2002; Frey 

and McClelland 2009), and increasing turbidity up to four-fold compared to previous 
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levels (Kokelj et al. 2002). Slump growth occurs primarily during the summer when 

warmer temperatures and rainfall thaw the ice in the headwall of the slump and it retreats 

farther into the landscape (Lantz and Kokelj 2008). Thaw slumps are most likely to form 

in regions of ice-rich permafrost underlain by massive segregated ice formed by frozen 

groundwater, or buried glacier ice (Burn and Lewkowicz 1990; French 1996; Lacelle et 

al. 2004, Kokelj et al. 2013).   

Many streams have the potential to be affected by retrogressive thaw slumps due 

to the formation of these disturbances along the gentle slopes of fluvial valleys (Kokelj et 

al. 2013; Kokelj and Jorgenson 2013; Lacelle et al. 2015). Indeed, increases in nutrient 

concentrations from thaw slump inputs (Frey and McClelland 2009) can alter primary 

productivity (Peterson et al. 1993; Bowden et al. 2012) and organic matter breakdown 

(Meyer and Johnson 1983; Benfield et al. 2001; Gulis et al. 2004). Both primary 

production and decomposition provide key subsidies for benthic macroinvertebrates 

(BMIs) and are important drivers of stream ecosystem structure and function.  It is 

difficult to accurately predict the impact of slump inputs on benthic algae growth because 

thaw slumps can simultaneously increase nutrients, decrease light levels and possibly 

increase scouring by sediments. Previous studies by Bowden (2012) in the Toolik Lake 

area (northern Alaska) have shown positive impacts of thermokarst features on primary 

production because of increased nutrient inputs. However, Chin et al. (2016) indicated 

that sedimentation was a dominant driver of change in streams from the Peel Plateau 

(northwestern Canada), and could play a larger role in controlling primary productivity 

than nutrients. Similarly, the impacts of slump inputs on terrestrial organic material are 

complex and may lead to an increase in the importance of decomposition in benthic food 
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webs (see review in Doi 2009), or the associated terrestrial inorganic material could cause 

sediment burial and a subsequent decrease in decomposition (Herbst 1980; Webster and 

Waide 1982; Benfield et al. 2001). Moreover, increases in nutrient concentrations from 

permafrost degradation can stimulate fungal and bacterial activity and lead to an increase 

in decomposition (Meyer & Johnson, 1983; Benfield et al. 2001; Gulis et al. 2004). Thus, 

the multiple environmental factors that control both primary production and 

decomposition make it difficult to predict how thaw slump disturbances will influence 

these important biological stream functions.  

An ideal location to examine the effects of retrogressive thaw slumps on the 

ecological condition of streams is the Peel Plateau, lying between the Peel River and 

Richardson Mountains in the Northwest Territories, Canada. Ice-rich permafrost 

underlays this area making it one of the most vulnerable areas for thermokarst formation 

(Ecosystem Classification Group 2010; Kokelj et al. 2013). The region has seen a stark 

increase in the formation and frequency of retrogressive thaw slumps since the mid-1970s 

(Lantz and Kokelj 2008), with hundreds of these slumps in the area today (Lacelle et al 

2015). Megaslumps, which are retrogressive thaw slumps larger than 5 ha in size, have 

begun to form in this area and have the potential to completely change the chemical, 

hydrological and biological regimes of streams they impact (Kokelj et al. 2013; Chin et 

al. 2016). Many of the waterways in the Peel Plateau have already been influenced by 

thaw slump activity (Kokelj et al. 2013), but the impacts on biological function and 

structure in these streams have not been well studied (Kokelj et al. 2013; see review in 

Vonk et al. 2015). Although benthic macroinvertebrate community structure in thaw 

slump-impacted streams was examined by Chin et al. (2016), biological functions that 
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support this community such as primary production and decomposition have yet to be 

studied.   

2.1.1 Objectives 

This study aims to determine the impacts of retrogressive thaw slumps on algal 

biomass and organic matter breakdown in streams. For primary production, the potential 

impacts of thaw slumps could be positive or negative depending on whether nutrients or 

sediments are playing a larger role within the stream system. Increases in total suspended 

solids (TSS), turbidity and sedimentation are hypothesized to limit algal growth because 

of limited light input and scouring of the streambed by sediments (Van Nieuwenhuyse 

and LaPerriere 1986; Wood and Armitage 1997; Francoeur and Biggs 2006; Wrona et al. 

2006a). Because sediments have been shown to be an important driver in Peel Plateau 

streams (Chin et al. 2016), I predicted that streams impacted by thaw slumps would have 

lower algal standing stock (estimated from chlorophyll-a on artificial and natural 

substrates).  Increased sediment loads are also hypothesized to prohibit breakdown of 

organic materials (a) directly through burial and/or by creating low oxygen conditions 

around the organic materials (Herbst 1980; Webster and Waide 1982; Sponseller and 

Benfield 2001), and/or (b) indirectly by decreasing the complexity of the benthic 

community and its efficiency in breaking down organic matter (Reice 1974). To evaluate 

the effect of thaw slumps on organic decomposition, I predicted that decomposition rates 

of standardized cotton strips would be lower in impacted streams.  In addition to studying 

the chronic impacts of thaw slumping on primary production and organic matter 
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breakdown, this research also provides baseline information on these important biological 

functions in undisturbed streams.  

2.2  Methods 

2.2.1 Study site 

Sampling was undertaken in the Peel Plateau, Northwest Territories (Figure 2.1). 

This area is an ice-rich moraine landscape flanked by the Richardson Mountains (Kokelj 

et al. 2013) within the Tundra Cordillera High Subarctic ecoregion (Ecosystem 

Classification Group 2010). Vegetation cover is dominated by arctic tundra communities 

characterized by sedge (Cyperacea spp.) and cottongrass (Eriophorum angustifolium) 

tussocks along with black crowberry (Empetrum nigrum), northern Labrador tea 

(Rhododendron tomentosum) and other herbs. Forests grow on valley slopes and along 

rivers (Ecosystem Classification Group 2010). Permafrost in this area is continuous 

(Ecosystem Classification Group 2010) with an active layer thickness of less than a meter 

(Kokelj et al. 2013). The climate is continental, with long, cold winters and short, cool 

summers (Kokelj et al. 2013). Streams have a nival regime, with flow primarily driven by 

snowmelt in the spring and summer, and little to no flow in winter (Prowse et al. 2006). 

Streams have gravel-cobble substrate and run through steep fluvial valleys (Kokelj et al. 

2013; Chin et al. 2016).The ice-rich permafrost in this area, coupled with the steeply-

incised valleys, make landslides and thaw slumps a common feature throughout the 

region, which is why it was chosen for this study (Kokelj et al. 2013). The Peel River, 

one of the northernmost tributaries of the Mackenzie River, drains the Peel Plateau. 

Sampling sites (n = 20; Figure 2.1) were located on Stony Creek and the Vittrekwa River, 
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both tributaries of the Peel River, with catchment sizes of ~1100 km2 (Kokelj et al. 2013) 

and ~2000 km2 (Paquette 2015), respectively. Elevations of the study sites ranged 

between 300 and 800 meters above sea level. 

The remote study area was approximately 45 km west of the hamlet of Fort 

McPherson (pop. 792), the only populated area in the vicinity. This made sampling 

logistically difficult, and limited the number and location of sites that were feasible to 

sample. Even though most sites were located within a few kilometers of the Dempster 

Highway, a gravel road which runs through the Peel Plateau, steep valleys and tundra 

vegetation made the landscape difficult to traverse. Many sites were only accessible by 

helicopter, limiting the number of times that sampling could be conducted.  

2.2.2 Site selection 

Benthic algae growth and organic matter breakdown were assessed in multiple 

reaches upstream and downstream of disturbances. Study streams consisted of first- to 

third-order streams with pebble- and cobble-dominated streambeds, surrounded by a 

tundra landscape at the higher elevation sites and boreal forest at lower elevation sites. 

Sites were chosen based on accessibility and the number of thaw slump disturbances 

located upstream of the site. The three site categories were undisturbed, single-

disturbance and multiple-disturbance (Table 2.1). Undisturbed sites had no visible 

disturbances upstream, single-disturbance sites had one thaw-slump disturbance upstream 

and multiple-disturbance sites had more than one thaw-slump disturbance upstream of the 

site. Easily accessible stream reaches affected by only one slump disturbance were very 
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limited. The exact age of the thaw slumps is unknown because they have not been 

continuously monitored since their formation (S. Kokelj, personal communication).  

 

2.2.3 Data collection 

Stream characterization 

Level loggers and in-situ YSI water chemistry probes were deployed at five sites in 

2013 to continuously evaluate changes in the stream over the sampling period (July to 

August); all YSI probes measured water temperature, specific conductivity, and turbidity, 

and two of the probes also measured pH and dissolved oxygen (DO). Conductivity 

loggers were deployed at all sites (n = 12). In 2014, level loggers and conductivity 

loggers were placed at all sites (n = 17) and YSI water chemistry probes were deployed at 

nine sites; all YSI probes measured water temperature, specific conductivity and 

turbidity, and four also measured pH and DO.  

Water samples were taken at every site during multiple sampling events in 2013 

(early July, late July/early August and mid-August) and 2014 (early July and mid-late 

August), to attain spot measurements of water quality and analyze water quality variables 

that could not be measured by the probes. Samples were analyzed for nutrients, physical 

variables such as pH, TSS, turbidity, specific conductivity and alkalinity, major ions and 

total trace metals (for only three sampling periods) by Taiga Environmental Laboratory 

using methods adapted from Standard Methods for Examination of Water and 

Wastewater, Environment Canada and the US EPA (Eaton et al. 1998). 
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Determining limiting nutrients and algal biomass 

In 2013, the effect of slump disturbance on nutrient limitation was evaluated with 

nutrient diffusing substrates (NDS) (see Table 2.1 for sampling details). In the laboratory, 

NDS were prepared following the methods described by Tank et al. (2006) by filling 

small cups with agar solutions containing one of four different nutrient treatments: 

nitrogen (N; 0.5 M NaNO3), phosphorous (P; 0.5 M KH2PO4), nitrogen and phosphorous 

(N+P; 0.5 M of both NaNO3 and KH2PO4), and control (C; no nutrients added). A glass 

fritter was placed on top of the agar to serve as a substrate for algal colonization and 

growth (Tank et al. 2006). Five replicates of each nutrient treatment were randomly 

attached to L-bars and secured to the streambed in the middle of the stream channel. NDS 

were incubated for 30-34 days from mid-July to mid-August. Following incubation, 

fritters were removed from each cup and frozen until they were analyzed in the lab 

following the methods of Tank et al. (2006). Retrieval rate was between 0-5 fritters for 

each treatment as some units where lost during floods. Water depth, velocity, discharge, 

chemistry (grab-samples and in-situ measurements) and streambed substrate 

measurements were taken multiple times over the incubation period. 

In 2014, artificial substrates were used to estimate net algal biomass accumulation 

in 15 disturbed and undisturbed stream sites (Table 2.1). Five glass fritters were held 

between two pieces of industrial-size duct tape, five centimeters apart. A 21.5 mm 

diameter hole was removed for each fritter to standardize the area exposed to water. Four 

strips were individually attached to 30 cm galvanized spikes and placed in the deeper 

areas of the stream channel at each site by pounding the spikes into the streambed. 

Fritters were incubated for 36-46 days from early July to mid-August. Depth and velocity 
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were measured at each strip during installation and retrieval using the velocity-head ruler 

method modified from Carufel (1980) by using a meter stick instead of a velocity-head 

rod. Streambed substrate and water chemistry measurements were taken twice over the 

incubation period. Once retrieved, fritters were placed in whirl-pak bags and preserved in 

10-20 mL of 99% isopropyl alcohol. Average retrieval rate was 16 fritters per site, with 

no fritters collected from one site (site 76B). 

 To further evaluate algal growth, algal scrapes were taken at each stream site in 

2013 and 2014. Algae was scraped within a standardized area using a scalpel blade from 

five rocks in the middle of the stream channel during each sampling period and preserved 

in approximately 10 mL of 99% isopropyl alcohol. Samples were kept cool and in the 

dark until analysis. In 2013, algal scrapes were taken one to three times at 12 stream sites 

(Table 2.1) from mid-July to mid-August.  In 2014, algal scrapes were taken in early July 

and mid-August at 17 sites (Table 2.1).  

Decomposition strips 

Decomposition bioassays were deployed at 12 sites in 2013 and 17 sites in 2014 

(Table 2.1). Following the methods of Ritcey (2013; adapted from Tiegs et al. 2007), 

decomposition strips made of 100% unbleached cotton, and measuring approximately 5 

cm by 10 cm were numbered, placed in plastic 1-cm2-mesh bags, and sealed with duct 

tape. Decomposition bags were wrapped in aluminum foil and refrigerated until 

deployment. In 2013, five decomposition strips were attached to L-bars carrying NDS 

bioassays, placed in the middle of the stream channel, and incubated from mid-July to 

mid-August (30 – 34 days). During retrieval, strips were removed from the mesh bags, 

gently rinsed in the stream and placed into airtight containers filled with stream water and 
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placed in a cooler. In addition, stream water temperature and dissolved oxygen (DO % 

saturation and mg/L) were recorded. Strips were removed from the container and 

sterilized in 99% isopropanol for 30 minutes to stop decomposition. Strips were removed 

from the isopropanol, air dried and shipped to the laboratory where they were stored in a 

desiccator until processing.  

In 2014, five decomposition strips were placed in the deepest areas of each stream 

channel by attaching the strips to galvanized spikes also holding fritter strips. Depth and 

velocity were measured for each strip using the velocity-head ruler method (modified 

from Carufel 1980). Strips were incubated from early July to mid-August (36 – 46 days). 

Before retrieval, depth and velocity were measured for each strip using the velocity-head 

ruler method (modified from Carufel 1980). Respiration measurements were taken over a 

12 hr period after retrieval, but were not used because stable temperatures could not be 

maintained. After 12 hours, strips were removed from the container and sterilized in 99% 

isopropanol for 30 min. Strips were removed from the isopropanol, air dried and shipped 

to the laboratory where they were stored in a desiccator until processing.    

2.2.4 Laboratory methods 

Chlorophyll-a determination 

Algal biomass was estimated by measuring chlorophyll-a (µg/cm2) using 

fluorometric methods. Fritters from the NDS were placed in 90% ethanol and heated in a 

water bath to extract chlorophyll-a from the algae, and a Turner Designs Trilogy 

fluorometer was used to estimate chlorophyll-a in each sample (see Sartory, 1982 for 

method details). These methods were modified for analysis of the artificial substrates 

(fritters) because samples were preserved in 99% isopropyl alcohol rather than ethanol 
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(due to logistical difficulties transporting ethanol to the Arctic). Fritters from the strips 

were placed in 99.5% isopropanol alcohol and heated in a water bath to extract 

chlorophyll-a from the algae. The fluorometer was calibrated by using the ethanol 

absorbency coefficient with two separate standards, a 90% ethanol standard as described 

by Sartory (1982) and a 95% isopropyl alcohol standard, to account for the unknown 

absorbency coefficient for chlorophyll-a in isopropyl alcohol. Two chlorophyll-a 

measurements for each fritter were taken using each calibration to determine the 

relationship between each standard. The isopropyl alcohol standard measurements were 

more conservative so measurements from this standard were used in all analyses; 

however, because these estimates were derived from the ethanol absorbency coefficient, 

they can only be compared to each other and not to the NDS results or to chlorophyll-a 

estimates outside this study. The same method was used to analyze the algal scrapes, 

except samples were blended using an OMNI TH tissue homogenizer before entering the 

water bath.  

Tensile strength testing 

Breakdown rate of the decomposition strips was measured by tensile strength 

testing. Following the methods of Ritcey (2013), strips were cut into a tapered shape and 

stored at 65% humidity 24 h prior to testing. Control strips kept in the lab and not 

deployed in the field (n = 5) were soaked in isopropanol (99.5%), dried and kept in the 

humidor with the incubated strips prior to processing. Tensile strength (measured as kgf 

required to achieve 50% failure at a rate of 4 mm/min) was measured using an Instron 

Tensometer.    
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2.2.5 Statistical analyses 

A principal components analysis (PCA) was used to determine if certain water 

quality variables measured from all five sampling periods were associated with disturbed 

or undisturbed sites. The water quality variables included in this analysis were total 

suspended solids in mg/L (TSS), alkalinity in mg/L (Alk), specific conductivity in µS/cm 

(Spcond), pH, total organic carbon in mg/L (TOC), dissolved organic carbon in mg/L 

(DOC), total nitrogen in mg/L (TN), total phosphorous in mg/L (TP), fluoride in mg/L 

(F), potassium in mg/L (K), calcium in mg/L (Ca), magnesium in mg/L (Mg), sulfate in 

mg/L (SO4), nitrate in mg/L (NO3), dissolved phosphorous in mg/L (DP) and dissolved 

nitrogen in mg/L (DN). Variables were log10(x+1) transformed where appropriate to 

achieve normality prior to analysis. A second PCA was performed on total trace metal 

measurements from three sampling periods (mid-July 2013, mid-July 2014, and mid- 

August 2014). Metals that showed little to no variation between sites were removed to 

reduce noise in the plot (due to large the number of metals analyzed) and variables were 

log10(x+1) transformed before analysis. The 18 remaining metals used in this analysis (all 

total metals, measured in µg/L) were aluminum (Al), arsenic (As), barium (Ba), cesium 

(Cs), chromium (Cr), cobalt (Co), copper (Cu), iron (Fe), lead (Pb), lithium (Li), 

manganese (Mn), nickel (Ni), rubidium (Rb), strontium (Sr), titanium (Ti), uranium (U), 

vanadium (V), and zinc (Zn). Both analyses were standardized to reduce the influence of 

parameters with high variance by dividing each variable’s PCA score by its standard 

deviation. Relationships represented in the resulting ordinations therefore show 

correlations among variables instead of covariances (ter Braak 1994). All multivariate 

analyses were conducted in Canoco for Windows (Version 4.5).  
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To determine if thaw slumping influenced nutrient limitation, a nested three-way 

ANOVA was performed on chlorophyll-a measurements from the NDS to look for 

differences in mean chlorophyll-a between disturbance levels (undisturbed vs disturbed), 

sites and nutrient treatments. The following model was tested: Algal biomass (chl-a) = 

disturbance + treatment + site(disturbance) + disturbance:treatment + 

treatment:site(disturbance) + ε, where site(disturbance) was a nested term describing the 

effect of sites (nested within disturbance), and disturbance:treatment and treatment:site 

(disturbance) were terms describing the interaction between disturbance and treatment 

and the interaction between treatment and site, respectively. Two sites (39B and 40A) 

were not used in this analysis because blocks of nutrient treatments were missing. Sites 

71A and 38C were excluded to achieve a balanced ANOVA design due to replicates 

being lost to flooding or wildlife interference.  

Although sites in this study were selected upstream and downstream of 

disturbances and were classified as such a priori, there was evidence of a gradient in TSS 

when sites were compared among streams. Chin et al. (2016) showed a TSS to be one of 

the strongest drivers of biological change in Peel Plateau streams affected by thaw 

slumping, which warranted further exploration of patterns along a continuous TSS 

gradient. A multiple regression was used to determine the relative impacts of increased 

nutrients and TSS from thaw slumping on primary production by determining how algal 

biomass (measured as chlorophyll-a in µg/cm2) responded along a TSS (mg/L) and 

nutrient gradient that included both undisturbed and disturbed (single- and multiple-

disturbance) sites. Chlorophyll-a measurements from the artificial substrates and from the 

algae scrapes (2014 only) were used in two separate analyses. Chlorophyll-a 
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measurements from the 2013 algae scrapes were not included because samples had 

become degraded by the time of analysis. A least-squares multiple linear regression was 

run on the chlorophyll-a measurements from artificial substrates and algae scrapes using 

the following model: Algal biomass (chl-a) = TSS + dissolved nitrogen + dissolved 

phosphorous + ε. This model tested whether TSS, dissolved nitrogen (DN) and dissolved 

phosphorous (DP) were significant predictors of algal biomass (with sites pooled across 

disturbance levels, as TSS values for undisturbed and disturbed sites formed a gradient 

and did not overlap). This full model was compared with a reduced model that did not 

include dissolved phosphorous or dissolved nitrogen using AICc to choose the best fit 

model.  

To further evaluate the effects of increased sediments from slumping on algal 

biomass, a regression tree analysis was performed on the algae scrape measurements to 

determine if there was a TSS threshold beyond which algal biomass changed 

significantly. The regression tree analysis looked for the level of TSS at which there was 

the greatest change in chlorophyll-a using a goodness-of-fit term and the proportional 

reduction in error (PRE), which is similar to an R2 in a regression. Regressions and 

regression tree analyses were completed using RStudio (Version 0.98.501) running R 

3.2.2 using the stats package established by the R Core Team (2016) and rpart package 

(Therneau et al. 2015), respectively. AICc model selection was completed using the 

AICcmodavg package (Mazerolle 2016).  

Multiple regressions were used to explore the impacts of thaw slumping on 

organic matter decomposition. Breakdown rates of the decomposition strips were 

calculated using a negative exponential decay model (Petersen and Cummins 1974).  
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Factors known to impact breakdown rate such as temperature (°C), dissolved 

phosphorous (DP; mg/L) and pH, along with TSS (a measure of slump impact) were used 

in a least-squares multiple linear regression run with the following model: Breakdown 

rate (k) = DP + pH + temperature + TSS + ε. This full model tested whether dissolved 

phosphorous, pH, temperature or TSS were significant predictors of breakdown rate. 

Parameters were log10(x) or square-root transformed where appropriate to achieve 

normality. The same analyses were performed separately for the full 2013 and 2014 

decomposition datasets. Two sites (72A and 72B) were removed from this analysis 

because there were no temperature data for these sites. A separate set of multiple 

regressions (using the same models) was run using only sites that were sampled in both 

2013 and 2014 to determine if any differences in the importance of each water quality 

variable among years were due to differences in sampling seasons or sites sampled. The 

multiple regressions were completed using RStudio (Version 0.98.501) running R 3.2.2 

using the stats package created by the R Core Team (2016). 

2.3  Results 

2.3.1 Water chemistry 

Disturbed and undisturbed sites fell along a gradient of TSS values (Figure 2.2A) 

with the highest TSS concentrations observed at sites on small streams that were located 

within 50 m of the slump or downstream of megaslumps. Several undisturbed sites 

overlapped with single-disturbance sites in the middle of the gradient, indicating that 

natural levels of TSS at some undisturbed sites could be just as high as single-disturbance 

sites with small permafrost disturbances. Multiple-disturbance sites (n = 2) did not have 

the highest TSS values and instead fell in the middle of the disturbed side of the gradient, 
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which may have reflected the interacting effects of stream size and intensity of 

disturbance on overall magnitude of the disturbance to the stream system (Figure 2.2A). 

Dissolved nitrogen levels (Figure 2.2B) and dissolved phosphorous levels (Figure 2.2C) 

were similar between undisturbed and disturbed sites, although there was a slight increase 

in dissolved nitrogen at disturbed sites. 

Distinct differences between disturbed and undisturbed sites were evident in the 

PCA of water quality variables (Figure 2.3). PC1 showed a negative correlation between 

sediments and nutrients/major ions, with TSS and turbidity driving one end of the 

gradient and specific conductivity and major ions driving the other end of the gradient.  

The separation between disturbed and undisturbed sites along PC1 was driven primarily 

by TSS and turbidity, with disturbed sites showing a strong positive correlation with 

TSS/turbidity and a negative correlation with nutrients and major ions. Undisturbed sites 

were negatively correlated with TSS and turbidity and positively correlated with specific 

conductivity, Ca2+, Na+, Mg2+, SO4, TOC and DOC. Dissolved nutrients, NO3, K
+ and Fl- 

were also associated with PC1, but contributed little to the separation of sites along this 

axis. PC2 grouped sites from the same stream reach together and showed a negative 

correlation between alkalinity/pH and total nutrients (TN and TP). DN, DP, NO3, K
+ and 

Fl- also contributed to the separation of undisturbed sites along the nutrient end of PC2. 

Several samples from undisturbed sites (38UP, 38ANEW and 38A) showed a strong 

negative correlation with pH and alkalinity along PC2. In this PCA samples taken from 

the same site generally grouped together and did not display any temporal trends. PC1 

explained 60.1% of the variance and PC2 explained an additional 23.3% of the variance, 

with 95.8% of the variance being explained by the first three axes.  
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Undisturbed and disturbed sites showed less separation in the PCA of trace metals 

than in the water quality PCA (Figure 2.4). Along PC1, disturbed sites tended to be 

positively correlated with Mn, Al and Fe, whereas undisturbed sites tended to be 

positively correlated with U, Sr and Cs and negatively correlated with Fe, Mn and Al. 

PC2 was driven by Zn, Ni, Co and Li on one end of the gradient and Ti, V, Cr and Rb on 

the other (Figure 2.4). Sites from the stream reach 38 showed a strong correlation with 

Zn, Ni and Co along PC2, and disturbed sites appeared to be negatively correlated with 

Li but most sites did not show a high correlation with metals along this axis. Samples did 

not show any temporal trends, but instead grouped by site. PC1 explained 43.8% of the 

variance and PC2 explained an additional 28.2% of the variance, with 81.5% of the 

variance being explained by the first three axes. Water quality values are summarized in 

Tables 2.2A (2013) and 2.2B (2014). 

2.3.2 Algal biomass 

Chlorophyll-a measured from the nutrient diffusing substrates did not differ 

between disturbance levels (F(1,4) = 0.04, p = 0.99) or treatments (F(3,12) = 0.70, p = 0.59) 

in the nested three-way ANOVA, indicating that there were no limiting nutrients at 

undisturbed or disturbed sites (Figure 2.5). There was a significant nested site term (F(4,96) 

= 259.58, p < 0.001) which indicated that mean chlorophyll-a was significantly different 

between sites and that there was more variability among sites than there was among 

treatment and disturbance levels. 

Chlorophyll-a measurements from artificial substrates were generally higher at 

undisturbed than disturbed sites, with mean chlorophyll-a levels of 1.479 µg/cm2 at 
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undisturbed sites and mean chlorophyll-a levels of 0.174 µg/cm2 at disturbed sites. Site 

71B (a disturbed site) showed unusually high chlorophyll-a measurements (mean 

chlorophyll-a = 0.616 µg/cm2) for the TSS levels (mean TSS = 775 mg/L) that occurred 

at this site. This site displayed generally lower turbidity levels over the course of July 

than other disturbed sites in this analysis (71B: mean turbidity ± SD = 180 ± 161.7 NTU; 

40B: mean turbidity ± SD = 1074.9 ± 165.1 NTU; 73B: mean turbidity ± SD = 486.7 ± 

301.2 NTU; measurements taken from YSI sondes from July 9 – July 22, 2014), which 

would allow for higher light penetration and therefore more algal growth at this site. This 

site was the farthest downstream from a disturbance and had the largest bankfull width of 

all the disturbed sites in this analysis, which may have led to a dilution effect and lower 

turbidity levels, making it an ecological outlier. Even though TSS, nitrogen and 

phosphorous measurements from grab samples were not unusual (Figure 2.2), continuous 

measurements of turbidity levels from the YSI sonde showed that turbidity levels were 

actually quite low compared to other disturbed sites over the course of July. To explore 

the relationship between algal standing stock and TSS at the other sites that displayed a 

more consistent pattern across the TSS gradient, site 71B was removed from the analysis  

AICc favored the full model (with TSS and dissolved nutrients) in the multiple 

regression using chlorophyll-a measurements from the artificial substrates (Table 2.3). In 

this multiple regression, TSS (log10 transformed) was the most important variable 

(according to standardized regression coefficients; Table 2.3; Figure 2.6A) followed by 

dissolved nitrogen (log10 transformed; Figure 2.6B), both of which had a strong negative 

relationship with algal biomass. Dissolved phosphorous (log10 transformed; Figure 2.6C) 
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was the least important variable and had a weaker, but still significant, negative 

relationship with algal biomass.  

AICc favored the reduced model (number 3, using only TSS) for the regression 

using chlorophyll-a measurements from the algae scrapes (Table 2.3). The simple linear 

regression performed on chlorophyll-a measurements from the algae scrapes showed a 

significant decrease in algal biomass with increasing TSS (Table 2.3), similar to what 

was seen in the artificial substrate regression. The regression tree analysis indicated a 

threshold of 62 mg/L of TSS, after which algal biomass from algae scrapes was 

significantly reduced (Figure 2.6D). After the TSS threshold, algal biomass levels quickly 

flattened out, indicating that a TSS limit had been reached, beyond which there was little 

to no algal growth. Mean chlorophyll-a at TSS levels lower than the threshold was 0.101 

µg/cm2 whereas mean chlorophyll-a at TSS levels greater than the threshold was 0.006 

µg/cm2.  

2.3.3 Decomposition 

2013 

 Model selection using AICc favored the full multiple regression model including 

pH, dissolved phosphorous, temperature and TSS, which explained 62% of the variation 

in the decomposition data from 2013. The most important variable in this model 

according to standardized regression coefficients was temperature (log10 transformed), 

followed by pH, both of which had significant positive effects on decomposition (Table 

2.4). The third most important variable was dissolved phosphorous (log10 transformed), 

which had a weaker and non-significant positive effect on decomposition. TSS (log10 
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transformed) was the least important variable and had a weak, non-significant negative 

effect on decomposition (Table 2.4). There was no consistent response of breakdown rate 

to thaw slump inputs between upstream undisturbed and downstream single-disturbance 

sites. Some sites showed an increase in breakdown rate downstream of the disturbance, 

while some showed a decrease or little change at all in breakdown rate downstream of the 

disturbance (Figure 2.7A). Breakdown rate was increased at both multiple-disturbance 

sites compared to the upstream single-disturbance sites.  

2014 

 Model selection using AICc favored the full multiple regression model stated in 

the methods, which accounted for 64% of the variation in the decomposition data from 

2014. The most important variable (determined by standardized regression coefficients) 

was dissolved phosphorous (square-root transformed), followed by pH, both of which 

had a significant positive effect on cellulose breakdown rate (Table 2.4). Temperature 

was the third most important variable, which had a positive (but not significant) 

relationship with decomposition. TSS (log10 transformed) was the least important 

variable and had a weak (and not significant) relationship with decomposition rate (Table 

2.4). Dissolved phosphorous became the most important variable this year, with 

temperature becoming less important. Once again, there was no consistent response of 

breakdown rate to thaw slump inputs between upstream undisturbed and downstream 

single-disturbance sites, with breakdown rate increasing post-disturbance in some reaches 

and decreasing in others (Figure 2.7B).  
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When comparing the importance of variables in the multiple regressions using 

only sites sampled in both years, TSS (log10 transformed) was more important than 

dissolved phosphorous (log10 transformed) in 2013, but the importance of the other 

variables remained the same between the analysis with the subset of sites and the full set 

of sites, suggesting that temporal variation played a larger role in changing the 

importance of variables between years than the difference in site selection. 

2.4  Discussion  

Retrogressive thaw slumps drastically change the physical and chemical 

properties of streams they drain into by increasing sediment and nutrient loads (Kokelj et 

al. 2013; Malone et al. 2013; Chin et al. 2016). Increases in sediments and nutrients can 

have opposing effects, with sedimentation inhibiting many biological functions and 

nutrients promoting them. Chin et al. (2016) discovered a strong negative relationship 

between sediments and benthic macroinvertebrate abundance, which outweighed any 

benefits of increased nutrients, but the impact on primary production and decomposition, 

functions that support benthic macroinvertebrate communities, remained unknown. My 

study confirms sediments as a strong driver of benthic algae growth in these slump-

impacted systems, with algal biomass displaying a negative relationship with TSS; 

however, dissolved nutrients were also found to be associated with algal biomass, albeit 

to a lesser degree. In contrast, while decomposition displayed a negative relationship with 

sediments, it was also controlled by other physical and chemical properties not associated 

with thaw slumps including temperature, dissolved phosphorous and pH, and therefore 

did not show a consistent response to thaw slump inputs.   
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2.4.1 Algal response to thaw slumping 

 Algal biomass was lower in slump-impacted streams and was negatively related 

to TSS, in accordance with my hypothesis that sedimentation would limit algal growth at 

disturbed stream sites. Although nutrients also played a role in driving algal biomass on 

artificial substrates, the algal community on the artificial substrates may not have been 

fully established as substrates were not deployed for the entire ice-free season 

(MacDonald et al. 2012), and they may have responded differently to sediment and 

nutrient inputs than the later successional algal community that was represented in the 

algae scrapes. The negative response of algal biomass to TSS on both artificial substrates 

and scrapes could be because of light limitation leading to the inhibition of 

photosynthesis or because of sediments scouring benthic algae off the streambed. 

Sediment inputs acted as one of the most important drivers of physical change within 

thaw-slump-impacted stream systems, a result also found in Chin et al. (2016). Similar 

results were found in a study by Van Nieuwenhuyse and LaPerriere (1986), who noted a 

negative relationship between sedimentation and algal standing stock in streams impacted 

by placer mining activity in sub-Arctic Alaska. Lloyd et al. (1987) found a decrease in 

primary production in interior-Alaskan streams associated with increased sediment-

induced turbidity. More recently, Calhoun (2012) found a 68% decrease in gross primary 

production and a 64% decrease in ecosystem respiration associated with increases in 

turbidity from a thaw slump on the Selawik River (Alaska). My study further supports the 

negative relationship between thaw slump inputs and primary production by revealing a 

significant decline in algal biomass with increasing levels of TSS.  
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Nutrient inputs were expected to have a positive impact on primary production in 

slump-impacted streams. However, there was a negative relationship between algal 

biomass and both dissolved nitrogen and dissolved phosphorous on the artificial 

substrates, and a negative relationship between algal biomass and dissolved phosphorus 

in the algal scrapes. Furthermore, nutrient-diffusing substrates found no evidence of 

positive impacts of nutrient addition on algal biomass. Arctic streams are generally 

considered to be nutrient-poor (Peterson et al. 1993; Lyons and Finlay 2008); however, 

the results from my NDS bioassay suggested that nutrients were not limiting in my study 

sites. Arctic river fertilization studies conducted by Peterson et al. (1993) and continued 

by Slavik et al. (2004) found significant evidence of phosphorous limitation of algal 

growth in the Kuparuk River, AK. Total dissolved phosphorous levels were raised from 

ambient levels of ~0.009 mg/L to ~0.03 mg/L. Increasing the amount of phosphorous in 

the Kuparuk River led to a significant increase in primary production in the short-term, 

followed by a shift to a moss-dominated community in the long-term. Average total 

dissolved phosphorous levels at my undisturbed and disturbed sites were similar to 

reference conditions in the Kuparuk River at 0.01 mg/L, but many individual sites had 

values below the detection limit of 0.003 mg/L, indicating that these sites may be 

phosphorous limited. However, in contrast to the Kuparuk River study, my study showed 

a decrease in algal biomass on the phosphorous treatments in the NDS at undisturbed 

sites and a negative relationship between algal biomass and dissolved nutrients on 

artificial substrates. This unexpected negative influence of nutrients on algal growth on 

the NDS may have occurred because algal communities in these systems are adapted to 

the low-nutrient conditions usually found in Arctic streams, and were sensitive to the 
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input of high levels of dissolved phosphorous. Even though thaw slumping has been 

associated with increases in total nutrients (Chin et al. 2016), my results showed that 

dissolved nutrients, which drive benthic algae growth (Allan and Castillo 2007), were not 

influenced by thaw slump inputs as levels remained similar at disturbed and undisturbed 

sites. This finding suggests that the nutrient inputs from thaw slumping may not be 

bioavailable for benthic algal communities and therefore may not influence primary 

production.  

The regression tree analysis showed a negative relationship between TSS and 

algal biomass until a threshold was reached where algal biomass no longer decreased in 

response to elevated TSS levels. This suggests that algal growth was extremely limited 

once TSS levels exceeded the threshold. Algae growing beyond the TSS threshold are 

likely highly tolerant to sedimentation and may be more resistant to scraping sediments 

(Francouer and Biggs 2006) or have the ability to photoacclimate to low-light conditions 

(Rhee and Gotham 1981; Hill et al. 1995). Van Nieuwenhuyse and LaPerriere (1986) saw 

a 50% decrease in primary production in streams in the interior highlands of Alaska at 

levels of 200 mg/L TSS. Birkett et al. (2007) also found a 69% reduction in the biomass 

of a temperate algal species at 200 mg/L TSS in a sedimentation and flow regime 

laboratory experiment. The regression-tree analysis revealed a 94% decrease in algal 

biomass at a TSS threshold of 62 mg/L at my sites, which is much lower than the 200 

mg/L threshold found in the previously mentioned studies, suggesting that benthic algae 

in my study area are relatively sensitive to sedimentation, but these differences could also 

be due to the differences in species composition and low algal biomasses at my sites.  
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2.4.2 Decomposition response to thaw slumping 

Organic matter decomposition was primarily driven by dissolved phosphorous, 

temperature and pH, and did not show a strong association with TSS as predicted, which 

led to an inconsistent response of cellulose breakdown rate to thaw slump inputs. TSS did 

display a weak negative relationship with breakdown, which could support my hypothesis 

that burial of organic materials inhibited microbial and fungal breakdown by creating 

anoxic conditions around the buried materials and potentially creating a barrier for 

invertebrates (Reice 1974; Herbst 1980; Sponseller and Benfield 2001). However, 

nutrients did appear to play a larger role in decomposition rate than TSS, particularly in 

2014 when dissolved phosphorus was the strongest driver of breakdown rates. The effects 

of nutrients on breakdown were also seen at sites 29 and 30, which had the highest 

nutrient concentrations of all the sites and some of the highest breakdown rates. High 

nutrient concentrations at Site 30 may be due to some permafrost degradation occurring 

along the banks of the stream reach, which could have leached nutrients into the stream. 

Site 29 was located on a stream reach that was flowing through the debris flow of a large 

thaw slump, which may have accounted for the high nutrient concentrations at this site. 

Dissolved phosphorous, nitrogen (Stelzer et al. 2003) and nitrate (Benfield et al. 2001) 

can stimulate microbial and fungal activity on decomposing matter in nutrient-limited 

streams (Elwood et al. 1981). Nutrient enrichment experiments by Elwood et al. (1981) in 

temperate streams and by Robinson and Gessner (2000) in alpine streams have also 

shown increased rates of decomposition associated with higher nutrient levels.  

Nutrients played a strong role in driving decomposition rates in the study streams, 

but other physical and chemical factors also affected decomposition rates, and were more 
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strongly associated with breakdown in 2013. Temperature and pH were strong drivers of 

breakdown along with TSS and dissolved phosphorous. Temperature has been shown to 

have a positive relationship with breakdown rate (Reice 1974; Abelho et al. 2005), and 

Dangles et al. (2004) showed that low pH slowed decomposition by inhibiting 

microorganism and invertebrate activity. This was clearly seen at three headwater sites in 

the westernmost branch of the Vittrekwa River (listed downstream to upstream): 38A 

(mean pH = 5.96), 38ANEW (mean pH = 4.76) and 38UP (mean pH = 4.36), all three of 

which showed very low breakdown rates. The differing importance of temperature and 

nutrients between my two sample years shows that multiple factors are limiting 

decomposition in these streams, and their importance may change with annual variations 

in a stream’s physical and chemical conditions.  

2.4.3 Drivers of change: Sediments vs nutrients 

This study found a negative relationship between algal growth and inputs from 

thaw slumps, with TSS-induced light limitation overriding any of the potential benefits of 

increased nutrients, but the impacts of thermokarst on benthic algae growth appears to 

vary among thermokarst features. A study by Bowden et al. (2012) found an increase in 

chlorophyll-a associated with inputs from thermo-erosional gullies, another thermokarst 

feature. These features increased sediment and nutrient levels, similar to retrogressive 

thaw slumps, but nutrients were found to play a larger role in controlling algal standing 

stock than sediment inputs. Even though there was a nutrient effect on algal biomass in 

my study, it was a negative one. My study has shown that different thermo-erosional 

features, along with the size and activity level of the feature can have opposing effects on 

the biological functions of an Arctic stream.  The gradient of disturbance seen in my sites 
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likely reflects the mixed effects of slump size and activity, along with the distance of site 

from the slump and stream discharge, all of which can influence the degree to which a 

stream reach is impacted by thaw slumps. Chin et al. (2016) also noticed a gradient of 

disturbance in their minimally disturbed sites and highlighted the importance of 

proximity by showing a positive relationship between distance to disturbance and benthic 

macroinvertebrate abundance. The variability in thaw slumps and stream sites will make 

it difficult to accurately predict the magnitude of impact on a stream reach from thaw 

slumping across this landscape, since disturbance level is dependent upon slump activity, 

size and proximity and the pre-existing physical and chemical stream conditions. 

Even though thaw slumping has been associated with increases in total nutrients 

(Chin et al. 2016), my results showed that dissolved nutrients were not influenced by 

thaw slump inputs as levels remained similar at disturbed and undisturbed sites. This 

finding suggests that the nutrient inputs from thaw slumping may not be bioavailable for 

benthic algal communities and therefore may not influence primary production. 

Furthermore, the results from my cotton strip bioassay supported the possibility of 

nutrient limitation in these systems. Although dissolved phosphorous levels were 

generally low across all of my sites, even small increases showed a significant increase in 

breakdown rate, suggesting that these streams may be phosphorous limited (Elwood et al. 

1981), contrary to the results from my NDS. Dissolved phosphorous, nitrogen (Stelzer et 

al. 2003) and nitrate (Benfield et al. 2001) have all been shown to stimulate microbial and 

fungal activity on decomposing matter. Dissolved nutrients have also been shown to 

drive benthic algae growth (Allan and Castillo 2007); however, the levels observed in the 

disturbed systems may not have been sufficient to stimulate growth. Ammonia, a 
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component of total dissolved nitrogen, can have negative impacts on algal growth at 

concentrations above 2.4 mg/L (total ammonia; Abelovich and Azov 1976; Przytocka-

Jusiak et al. 1977) and although levels this high were not seen in this analysis, some 

Arctic algae species may be more sensitive to ammonia than temperate species. 

Furthermore, algal taxa in my region of study seemed to be sensitive to the high levels of 

dissolved nutrients on the NDS, which suggests that algal communities in these streams 

may be adapted to low phosphorous levels, whereas microbial and fungal communities 

are phosphorous-limited.  

Although the biological impacts of heavy metals from thaw slump inputs were not 

directly studied in my project, the levels of heavy metals seen at some disturbed sites 

could be harmful to biota under certain stream conditions. Low pH levels seen at some of 

my sites make them vulnerable to heavy metal precipitation from thaw slump inputs. 

Mean Al levels were much higher at disturbed than undisturbed sites, with levels that 

have been shown to decrease algal biomass (see review in Gensemer and Playle 1999; 

Niyogi et al. 2001) and that are potentially harmful to fish under low pH conditions 

(Gensemer and Playle 1999). Mean total Fe levels were also much higher at disturbed 

than undisturbed sites, with levels shown to be harmful to sensitive benthic 

macroinvertebrate taxa in temperate streams (Linton et al. 2007). Heavy metals pose a 

threat to many levels of the stream food web and may be just as harmful as sedimentation 

in thaw-slump impacted streams (LaPerriere et al.1983). Further studies could explore the 

impacts of heavy metals introduced from thaw-slumps on stream ecosystems.  
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2.4.4 Food web implications 

Primary producers and organic matter form a resource base for many food webs 

within streams. This study has shown that basal resources in autochthonous (algae-based) 

food webs are more sensitive to sedimentation from thaw slump inputs than the basal 

resources of allochthonous (detrital-based) food webs, although basal resources of 

allochthonous food webs were influenced by thaw slump inputs to some degree. 

Decreases in algal production at thaw-slump impacted sites have many implications for 

autochthonous food webs. Benthic algae are an important food source for grazing and 

scraping macroinvertebrates (Anderson and Cummins 1979), and decreased biomass in 

this trophic level can have cascading effects up the food web. In allochthonous food 

webs, coarse particulate organic matter enters a stream, and becomes a resource for many 

aquatic microbes and fungi, which condition the material and make it available to 

shredding and detritivorous macroinvertebrates. Further decomposition leads to the rise 

of fine particulate matter, a valuable resource for filter-feeding macroinvertebrates as 

well as detritivores. The complexity and size of these two food webs makes organisms in 

much higher trophic levels, such as Arctic char (Salvelinus alpinus), sensitive to any 

thaw-slump driven changes in the lowest trophic levels. Arctic char (Salvelinus alpinus) 

prey on benthic macroinvertebrates (Klemetsen et al. 2003), which make up a large 

portion of these two food webs. Loss of benthic algae or changes in organic matter 

decomposition at the lowest level of aquatic food webs has the potential to decrease 

predator abundance at the highest level because of cascading trophic effects due to the 

reduction of herbivores and detritivores that depend on these basal resources (Wallace et 

al. 1997; see review by Fleeger et al. 2003). Arctic char, a predator in Arctic streams, 
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represent a food source and are culturally significant to Northern communities, so 

preserving them becomes even more important given the changes that thaw slumps are 

causing across the landscape of the Peel Plateau.  

2.4.5 Conclusions 

 Although the thaw slump life-cycle is polycyclic in nature (Kokelj and Jorgenson 

2013), with thaw slumps historically initiating and recovering in a 35 – 50-year period 

(Burn and Lewkowicz 1990), the changing climate in the Peel Plateau has driven the 

continuous formation and growth of these features across the landscape. Thaw slumps are 

a chronic stressor to stream systems that may persist for decades and therefore further 

long-term studies of thaw slump impacts on ecosystem structure and function are 

recommended. Future projects should consider using a gradient design in thaw-slump 

disturbance intensity and magnitude as opposed to a control/impact design. Disturbance 

level was not well represented by the number of slumps upstream because of the 

variability in site and slump conditions, and using a gradient design allowed me to look at 

changes in biological condition over these varying levels of disturbance. Exploring the 

structure of the algal and microbial communities may also expand our understanding of 

the influence of thaw-slumps and nutrients on primary production and decomposition in 

this area.  

In addition to studying the chronic impacts of thaw slumping on primary 

production and organic matter breakdown in disturbed stream reaches, data collected 

from undisturbed stream reaches provides baseline measurements for these biological 

functions which are understudied in streams in the Canadian Arctic. With the increasing 

frequency of retrogressive thaw slumps around Arctic stream systems, it is important to 



 

45 

 

be able to predict the long-term changes in a stream that has started to receive inputs from 

thaw slumps. The results of my study have shown that primary production will be more 

heavily impacted by retrogressive thaw slumps than decomposition. My results can 

provide insight into the potential changes in stream ecosystems in other Arctic regions 

experiencing thaw slumps such as such as northern Alaska (Bowden et al. 2012) and 

parts of Siberia (Alexanderson et al. 2002) under an intensifying permafrost disturbance 

regime. 
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2.6 Tables and Figures 

 

Table 2.1: Number of replicates of each bioassay collected from undisturbed, single-

disturbance and multiple disturbance sites from 2013 and 2014. A "-" indicates that no 

samples were collected from this site.  

 
 Number of Replicates 
 2013 2014 

Undisturbed 

sites NDS 
Algae 

scrapes 
Decomposition Fritters 

Algae 

scrapes 
Decomposition 

38UP - - - 19 2 5 

38ANEW - - - 13 2 5 

38A 20 2 5 - - - 

39A 20 2 5 19 2 4 

39B 8 3 5 19 2 5 

40A 15 3 5 20 2 5 

71A 13 1 3 20 1 5 

72A - - - 20 1 5 

73A - - - 15 1 4 

76A - - - 18 1 5 

30 20 2 4 - - - 

       

Single-

disturbance 

sites 
      

38B 20 3 5 20 2 5 

40B 20 3 5 18 2 3 

71B 11 1 5 15 1 3 

72B - - - 20 1 5 

73B - - - 5 1 3 

76B - - - 0 1 0 

29 6 2 5 - - - 

       

Multiple-

disturbance 

sites 
      

38C 9 3 5 - 2 - 

40C 20 3 4 - 2 - 
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Table 2.2A: Average water quality values from undisturbed and disturbed (single- and multiple-disturbance) sites from 2013. 

Minimum and maximum values, lower and upper 95% confidence intervals are also included. 

Parameter 

 
2013 Undisturbed 2013 Disturbed 

 mean min max 
Lower 

95% 

Upper 

95% 
mean min max 

Lower 

95% 
Upper 95% 

Physical                     

  TSS mg L-1 11.28 1.5 44 4.74 17.82 1337.88 44 6730 252.85 2422.90 

  Alkalinity CaCO3 mg L-1 24.08 0.6 49.7 14.88 33.28 21.2 5.2 77.7 11.78 30.62 

  pH 6.94 5.54 7.65 6.61 7.26 7.16 6.69 7.67 7.00 7.31 

  Conductivity µS cm-1 223.21 50.6 513 158.63 287.79 440.94 126 1520 282.02 599.86 

Ions (mg L-1)                     

  Ca2+ 29.03 6.5 77.9 19.32 38.74 48.38 12.9 156 32.19 64.57 

  Mg2+ 9.24 2.4 18.4 6.80 11.69 20.44 5.1 60.7 13.55 27.34 

  Na+ 1.74 0.4 4.5 1.20 2.28 11.94 1.1 116 -2.32 26.20 

  K+ 0.64 0.2 1.3 0.48 0.79 1.53 0.6 7.1 0.72 2.35 

  Cl- 0.35 0.35 0.35 0.35 0.35 0.54 0.35 3 0.22 0.87 

  F- 0.07 0.05 0.2 0.05 0.09 0.11 0.05 0.4 0.06 0.16 

  SO4  81.38 15 215 53.28 109.47 198.81 44 777 115.13 282.49 

Metals* (total; µg L-1)               

  Al  232 30 502 68 396 10392 63 53300 -6463 27247 

  Be 0.08 0.05 0.2 0.03 0.12 0.95 0.1 5 -0.64 2.54 

  Cd  0.09 0.05 0.3 0.01 0.17 1.05 0.1 5 -0.50 2.60 

 Co  1.58 0.1 3.5 0.35 2.82 16.03 0.2 77 -7.93 40.00 

  Cr  0.88 0.5 1.8 0.51 1.26 18.57 0.6 94 -11.06 48.20 

  Cu  1.17 0.1 2.8 0.40 1.93 25.72 0.1 130 -15.27 66.71 
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Table 2.2A: cont… 

 

 
Parameter 2013 Undisturbed 2013 Disturbed 

  mean min max 
Lower 

95% 

Upper 

95% 
mean min max 

Lower 

95% 
Upper 95% 

 Fe  776 40 2940 -111 1663 23260 72 120000 -14753 61274 

  Hg  0.01 0.005 0.02 0.003 0.01 0.14 0.005 0.5 -0.01 0.29 

  Pb 0.14 0.05 0.6 -0.04 0.32 15.09 0.05 75 -8.56 38.74 

  Mo  0.21 0.05 0.5 0.08 0.33 1.37 0.3 5 -0.09 2.82 

  Ni  7.95 2.3 24.4 1.18 14.72 50.83 2.3 204 -9.83 111.50 

  Ag  0.06 0.05 0.1 0.04 0.07 1.02 0.05 5 -0.55 2.58 

  Sr  106 19.8 187 43.8 168 206 71.9 402 106 305 

  Tl  0.05 0.05 0.05 0.05 0.05 0.9 0.05 5 -0.71 2.51 

  U 0.07 0.05 0.1 0.05 0.09 7.37 0.2 37.9 -4.70 19.43 

  V  1.18 0.6 2.9 0.50 1.87 33.57 0.9 166 -18.50 85.63 

  Zn 12.25 2.5 45 -1.03 25.53 69.08 2.5 250 -3.06 141.23 

Metalloids (total; µg L-1)                     

  As  0.92 0.6 2.1 0.44 1.39 10.52 0.7 46 -3.59 24.63 

  Sb  0.3 0.3 0.3 0.3 0.3 1.12 0.3 5 -0.41 2.64 

Nutrients (mg L-1)                   

  N (total)  0.28 0.13 1.06 0.17 0.39 1.46 0.2 8.27 0.34 2.58 

  N  (dissolved)  0.28 0.14 0.96 0.19 0.38 0.42 0.18 1.88 0.20 0.63 

  NH3 (total)  0.01 0.003 0.09 0.002 0.03 0.13 0.003 0.39 0.02 0.23 

  NO3  0.09 0.04 0.19 0.07 0.11 0.13 0.06 0.2 0.11 0.15 

  P (total)  0.02 0.001 0.11 0.009 0.04 1.09 0.05 5.07 0.24 1.94 

  P  (dissolved)  0.01 0.001 0.05 0.001 0.01 0.003 0.001 0.01 0.001 0.004 
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Table 2.2A: cont… 

 Parameter 2013 Undisturbed 2013 Disturbed 

  mean min max 
Lower 

95% 

Upper 

95% 
mean min max 

Lower 

95% 
Upper 95% 

 TOC  7.74 1.7 39.4 3.25 12.22 7.17 1.6 31.7 2.98 11.36 

 DOC  7.21 1.4 34.6 3.27 11.15 5.04 1.6 21.2 2.49 7.59 

 Nonmetals (total; µg L-1)           

  Se  0.25 0.25 0.25 0.25 0.25 4.38 0.25 25 -3.71 12.46 

*Total metals measured only once (first sampling period – July 2013) at six undisturbed sites and six disturbed sites.  
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Table 2.2B: Average water quality values from undisturbed and disturbed (single- and multiple-disturbance) sites from 2014. 

Minimum and maximum values, lower and upper 95% confident intervals are also included. 

Parameter 
2014 Undisturbed 2014 Disturbed 

  

 mean min max 
Lower 

95% 

Upper 

95% 
mean min max 

Lower 

95% 

Upper 

95% 

Physical                     

  TSS mg L-1 6.14 1.5 46 1.09 11.19 521.94 10 3320 117.25 926.63 

  Alkalinity CaCO3 mg L-1 22.97 0.2 47.6 15.10 30.83 22.88 3.8 44.4 15.88 29.87 

  pH 6.74 4.28 7.68 6.16 7.32 7.21 6.56 7.71 7.02 7.39 

  Conductivity µS/cm-1 221.87 28.3 425 168.29 275.44 263.26 78.1 429 215.41 311.10 

  TDS mg L-1 147.06 26 296 110.08 184.03 190.44 70 314 156.69 224.18 

Ions (mg L-1)                     

  Ca2+ 25.75 3.3 60.3 18.12 33.38 29.88 7.3 51.4 23.76 36.00 

  Mg2+ 8.9 1.3 16.2 6.69 11.10 11.96 3 23.3 9.23 14.70 

  Na+ 2.11 0.3 6.5 1.29 2.92 2.71 0.9 5.8 1.93 3.48 

  K+ 0.56 0.05 0.9 0.46 0.67 0.72 0.4 1.1 0.61 0.83 

  Cl- 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 

  F- 0.09 0.005 0.4 0.04 0.14 0.06 0.05 0.1 0.05 0.06 

  SO4  84.61 7 169 60.07 109.16 106 26 201 82.63 129.37 

Metals (total; µg L-1)                     

  Al  1016 19.6 7130 187 1845 7835 165 39600 2945 12725 

  Be  0.16 0.05 0.8 0.06 0.26 0.46 0.05 2.2 0.19 0.73 

  Cd  0.16 0.05 0.71 0.08 0.25 0.35 0.05 1.81 0.15 0.55 

 Co  2.25 0.05 12.4 0.73 3.77 8.83 1.3 12.1 3.48 6.71 

  Cr  1.02 0.05 4.9 0.43 1.61 21.68 0.4 145 3.13 40.23 
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Table 2.2B: cont… 

 Parameter 2014 Undisturbed 2014 Disturbed 

  mean min max 
Lower 

95% 

Upper 

95% 
mean min max 

Lower 

95% 

Upper 

95% 

 Cu 1.62 0.1 3.8 1.16 2.07 19.27 1.2 111 5.45 33.09 

 Fe  585 14 2260 255 916 14866 276 91200 3663 26069 

  Hg   0.005 0.005 0.005 0.005 0.005 0.04 0.005 0.26 0.004 0.07 

  Pb 0.38 0.05 2.3 0.09 0.68 7.97 0.05 54.7 1.33 14.60 

  Mo 0.18 0.05 0.5 0.12 0.24 1.02 0.1 4.5 0.47 1.57 

  Ni  13.71 0.7 84.8 3.54 23.87 36.09 2.4 133 19.81 52.37 

  Ag  0.05 0.05 0.05 0.05 0.05 0.18 0.05 1.1 0.06 0.31 

  Sr 116 15.4 213 82.2 152 153 66.2 275 121 184 

  Tl 0.05 0.05 0.05 0.05 0.05 0.15 0.05 0.8 0.05 0.24 

  U  0.07 0.05 0.2 0.05 0.08 0.68 0.05 4.6 0.12 1.22 

  V  0.75 0.05 4 0.20 1.29 30.15 0.5 153 11.14 49.16 

  Zn 80.05 2.5 447 22.43 137.67 111.23 2.5 452 50.58 171.88 

Metalloids (total; µg L-1)                     

  As  0.47 0.1 1.7 0.27 0.68 7.03 0.4 45.6 1.53 12.52 

  Sb 0.42 0.3 0.5 0.39 0.44 0.41 0.3 0.5 0.38 0.45 

Nutrients (mg L-1)           

  N (total)  0.24 0.1 0.4 0.20 0.28 0.82 0.2 3.42 0.41 1.23 

  N  (dissolved)  0.25 0.14 0.37 0.22 0.28 0.32 0.2 0.6 0.27 0.38 

  NH3 (total)  0.01 0.003 0.099 0.0001 0.02 0.04 0.003 0.18 0.01 0.07 

  NO3  0.09 0.03 0.18 0.07 0.11 0.10 0.06 0.15 0.09 0.12 

  NO3+NO2-N 0.09 0.04 0.18 0.06 0.12 0.10 0.06 0.13 0.09 0.11 

  P (total)  0.01 0.001 0.049 0.003 0.02 0.41 0.011 2.06 0.15 0.67 
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Table 2.2B: cont… 

Parameter 2014 Undisturbed 2014 Disturbed 

 mean min max 
Lower 

95% 

Upper 

95% 
mean min max 

Lower 

95% 

Upper 

95% 

P  (dissolved)  0.001 0.001 0.004 0.001 0.002 0.002 0.001 0.004 0.001 0.002 

TOC  6.78 1.3 39.4 2.76 10.80 7.44 1.5 31.7 3.46 11.43 

DOC  6.29 1.2 34.6 2.76 9.82 5.43 1.3 21.2 2.90 7.95 

Nonmetals                     

  Se (total) 0.32 0.15 0.9 0.23 0.41 1.04 0.25 6.7 0.24 1.84 
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Table 2.3: Results from the artificial substrate multiple regression assessing chlorophyll-a 

across a gradient of TSS (mg/L), dissolved nitrogen (DN; mg/L) and dissolved 

phosphorous (DP; mg/L) and from the algae scrape least-squares regression assessing 

chlorophyll-a across a gradient of TSS. The full models for artificial substrates 

(log10(Chl-a) = log10(TSS) + log10(DN) + log10(DP)) and algae scrapes (sqrt(Chl-a) = 

log10(TSS) + log10(DN) + log10(DP)) and reduced models are shown. The included model 

parameters, R2/Adjusted R2, standardized regression coefficients, p-values, root mean 

squares (RMS) and delta AICcs (Δi) are shown. A “--“ indicates a non-relevant value. 

 

Model 

Model 

Parameters 

Standardized 

regression 

coefficients p-value 

R2 or 

Adjusted 

R2 RMS Δi 

Artificial Substrate Regression 

Full model  

log10(TSS) -0.669 < 0.001 

0.70 0.494 0 log10(DN) -0.247 < 0.001 

log10(DP) -0.124 0.003 

Reduced 

model 1 

log10(TSS)  -0.614 < 0.001 
0.69 0.504 7.00 

log10(DN) -0.316 <0.001 

Reduced 

model 2 

log10(TSS) -0.820  < 0.001  
0.67 0.521 22.1 

log10(DP) -0.219  < 0.001 

Reduced 

model 3 
log10(TSS) -- <0.001 0.63 0.557 50.4 

Algae Scrape Regression 

Reduced 

model 3 
log10(TSS)  -- < 0.001 0.73 0.091 0 

Reduced 

model 1 

log10(TSS)  -0.862 < 0.001 
0.57 0.089 0.784 

log10(DN) 0.170 0.306 

Full model 

log10(TSS)  -0.876 < 0.001 

0.57 0.086 1.40 log10(DN) 0.231 0.190 

log10(DP) -0.156 0.286 

Reduced 

model 2 

log10(TSS)  -0.754  < 0.001  
0.56 0.090 1.49 

log10(DP) -0.092  0.508 
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Table 2.4: Results from cotton strip bioassay least-squares multiple linear regressions 

assessing the influence of temperature (oC), dissolved phosphorous (mg/L), pH and TSS 

(mg/L) on decomposition rate (k) with the model sqrt(k) = log10(DP) + pH + 

log10(temperature) + log10(TSS). The regression coefficients, standardized coefficients, p-

values, adjusted R2, and root mean squares (RMS) from 2013 and 2014 are shown. 

 

Analysis 
Model 

parameters 

Regression 

Coefficients 

Standardized 

regression 

coefficients 

p-value 
Adjusted 

R2 
RMS 

Breakdown 

regression 

(2013)  

log10(DP) 0.014 0.103 0.24 

0.62 0.038 

pH 0.059 0.447 < 0.001 

log10(temp) 0.318 0.538 < 0.001 

log10(TSS) -0.002 
-0.031 

 

0.74 

 

Breakdown 

regression 

(2014)  

log10(DP) 3.194 0.508 < 0.001 

0.64 0.029 

pH 0.013 0.272 
0.005 

 

log10(temp) 0.006 0.222 
0.10 

 

log10(TSS) -0.005 -0.117 0.28 
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Figure 2.1: Map of Stony Creek and North Vittrekwa River watersheds with study sites. 

Inset shows study area (black star) in relation to the rest of western Canada. 
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Figure 2.2: A) TSS (mg/L) B) dissolved nitrogen (mg/L) and C) dissolved phosphorous 

(mg/L) values measured at undisturbed (no fill), single- (gray-fill) and multiple-

disturbance (dark-fill) sites in 2013 and 2014. Sites are arranged by disturbance (single-

and multiple-disturbance on left; undisturbed on right) and from highest to lowest median 

values.   

 

A 

B 
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Figure 2.3: PCA biplot of water quality variables (open circles) measured at undisturbed 

(gray triangles) and disturbed sites (single- and multiple-disturbance; black squares) in 

2013 and 2014. 
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Figure 2.4: PCA biplot of metals (open circles) measured at undisturbed (gray triangles) 

and disturbed sites (single- and multiple-disturbance; black squares) in 2013 and 2014.  
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Figure 2.5: Boxplots of chlorophyll-a measurements (µg/cm2) for nutrient-diffusing 

substrates for each treatment level (control, nitrogen, phosphorous and nitrogen + 

phosphorous) at each site.  
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Figure 2.6: A) Regression of log10 TSS and log10 chlorophyll-a, B) log10 DN and log10 chlorophyll-a and C) log10 DP and log10 

chlorophyll-a measured from artificial substrates, with a least-squares linear regression line.  D) The relationship between TSS and 

chlorophyll-a measured from algae scrapes with breakpoint (vertical dotted line) indicated from regression tree analysis at 1.78 log10 

TSS (mg/L; equivalent to 62 mg/L).
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Figure 2.7: A) Cellulose breakdown rates (k day-1) from 2013 at undisturbed (no-fill) and 

disturbed (single- and multiple-disturbance sites; dark-fill) sites. B) Boxplots of 

breakdown rates (k day-1) from 2014 at undisturbed (no-fill) and single-disturbance sites 

(dark-fill). Stream reaches are separated by dotted lines. 
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Chapter 3: Impacts of retrogressive thaw slumps on benthic 

macroinvertebrate community structure and drift 

 

 

3.1  Introduction 

Over the past several decades, the northwestern Canadian Arctic has experienced 

increases in air temperature and precipitation (Chapman and Walsh 2003; Prowse et al. 

2006; Kokelj et al. 2015). With temperatures rapidly increasing, Arctic freshwater 

ecosystems are becoming progressively susceptible to permafrost disturbances and are 

predicted to undergo changes to their physical and chemical structure and hydrological 

regimes (Bolton et al. 2000; Prowse et al. 2006; Culp et al. 2012; see review in Vonk et 

al. 2015). Among the most dramatic disturbances found in this dynamic landscape are 

retrogressive thaw slumps (Burn and Lewkowicz 1990), which are large areas of melted 

permafrost that form along the slopes of fluvial valleys and often flow into nearby 

streams (Kokelj et al. 2013; Kokelj and Jorgenson 2013; Lacelle et al. 2015). Thaw 

slumps can drastically change the physical and chemical structure of aquatic systems by 

increasing sediment, major ion and nutrient inputs to the system (see review in Frey and 

McClelland 2009; Kokelj et al. 2013; Malone et al. 2013; Vonk et al. 2015). Increases in 

temperature (Lacelle et al. 2010) and especially precipitation (Kokelj et al. 2015) have 

led to increases in size and frequency of slumps (Lantz and Kokelj 2008) and the 

formation of megaslumps – slumps greater than 5 ha in area and with headwalls 

measuring taller than 4 m in height in the Peel Plateau, NWT, Canada (Kokelj et al. 

2013). The rapid and dramatic changes occurring in the northwestern Canadian Arctic 

increase the importance of evaluating the response of aquatic ecosystems to these 
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disturbances. This study focuses on the impacts of retrogressive thaw slumping on 

benthic macroinvertebrates in stream ecosystems.  

Benthic macroinvertebrate (BMI) communities reflect the water quality and state 

of the freshwater ecosystems in which they reside (Hauer et al. 2000) and are used 

extensively to monitor change in these ecosystems (Wallace and Webster 1996). 

Increases in sedimentation from slump debris are predicted to have varying impacts on 

BMI community structure and function. For example, high rates of sedimentation can fill 

interstitial streambed microhabitat (Lenat et al. 1981; Lemly 1982), and scouring of 

benthic algae by sediments (Francouer and Biggs 2006) and the burial of leaf litter 

(Herbst 1980) could limit food resources for BMIs. BMI body shape, habit and adult 

mobility could affect their sensitivity to increased sedimentation (Townsend et al. 1997). 

Moreover, certain functional feeding groups such as filtering and gathering collectors 

may benefit from increased debris input from slumps, whereas scrapers and grazers may 

be negatively affected because primary production is limited in disturbed systems (see 

review in Newcombe and MacDonald 1991; Rabení et al. 2005). Sclerotization or other 

forms of “armor” may protect against scouring sediments, while certain modes of 

respiration, such as tracheal gills, may be damaged in highly-sedimented environments 

(Lemly 1982) and therefore less beneficial than other forms of respiration. Thus, streams 

receiving thaw slump inputs should support BMI communities with traits favorable to 

highly-sedimented environments.  

Sediment scouring, sedimentation and changes in water quality resulting from 

slump inputs may have impacts on BMI drift rate and abundance. For example, 

downstream drift of BMIs has been shown to increase with changes in water quality and 
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fine sediment movement (Rosenberg and Wiens 1978; Culp et al. 1986; Suren and Jowett 

2001; Molinos and Donohue 2009; Larsen and Ormerod 2010). Therefore, drift may 

provide important information on the process by which thaw slumping affects stream 

invertebrate abundance. The disturbance regimen caused by slumping may lead to 

increased macroinvertebrate drift, with BMIs searching for more favorable environmental 

conditions (see review in Brittain and Eikeland 1988; Suren and Jowett; 2001) or being 

removed by catastrophic disturbance (e.g., Culp et al. 1986).  

 Chin et al. (2016) evaluated the impacts of varying levels of retrogressive thaw 

slump disturbance on BMIs in streams across the Peel Plateau. They found large 

decreases in BMI abundance with increasing levels of total suspended solids (TSS), a 

positive relationship between abundance and distance from slump, and a negative 

relationship between abundance and total phosphorous. Chironomids showed a higher 

association with undisturbed sites than Ephemeroptera, Plecoptera and Trichoptera 

families, a result contrary to what is generally found in disturbed systems (see review in 

Jones et al. 2012). One limitation of the Chin et al. (2016) study was that it was an 

extensive survey, with a large number of sites selected with varying levels of disturbance 

and only one BMI sample being taken at each site. Undisturbed and minimally disturbed 

sites were under-represented in the Chin et al. (2016) study, and community structure was 

not assessed in each stream site both upstream and downstream of a disturbance to 

quantify in-stream shifts in community structure. The current study builds upon the work 

of Chin et al. (2016) by intensively studying BMI community structure at undisturbed 

sites and at minimally-disturbed sites located downstream of thaw slump disturbances on 

the same stream system. In addition, the results of this study are incorporated with those 
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of Chin et al. (2016) to provide a more complete understanding of thaw slump impacts on 

these communities across a broad gradient of disturbance.  

The aim of this study was to evaluate the impacts of thaw slump disturbances on 

BMI community composition and drift. Increased sedimentation from thaw slumps is 

hypothesized to decrease habitat availability and food quantity in the streambed, 

impacting BMI abundance and diversity (Lemly 1982; Wood and Armitage 1997); 

therefore, I predicted that abundance and diversity would be lower at impacted sites 

because of the increase in sedimentation from slumps. Increases in sediment loads from 

thaw slumps may negatively impact BMIs that are sensitive to sedimentation, while 

favoring others with traits that are more suitable in a highly-sedimented and variable 

environment (Townsend et al. 1997; Dolédec et al. 2006). I also tested the hypothesis that 

increased sedimentation selects for BMIs with traits that allow them to survive or 

recolonize after a disturbance, and predicted that communities in disturbed sites would be 

dominated by organisms with traits that are favorable for highly-sedimented 

environments. Finally, the scouring sediments, lower food quality, and habitat 

homogenization through the loss of interstitial spaces caused by sediment release from 

thaw slumps is hypothesized to lead to increased invertebrate drift in impacted stream 

systems (Herbst 1980, Lenat et al. 1981; Culp et al. 1986). To test this hypothesis, I 

predicted that drift densities would be higher at disturbed sites than undisturbed sites. 

Benthic kick samples and invertebrate drift samples were taken to characterize the 

macroinvertebrate communities in the streams to show any possible community shifts 

between disturbed and undisturbed stream reaches. Sedimentation from the debris in the 
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drift nets and sediment traps was measured as a supporting variable and was predicted to 

be higher at thaw-slump impacted sites than undisturbed sites.  

 

3.2 Methods 

3.2.1 Study design 

To determine the impacts of thaw slumping on BMI community structure and 

function, sites were sampled upstream and downstream of disturbances in the Vittrekwa 

River and Stony Creek watersheds. Sites located in first- to third-order streams with 

gravel-cobble substrate were classified as undisturbed (no disturbances above site; n = 

11), single-disturbance (one disturbance above site; n = 7) or multiple-disturbance (more 

than one disturbance above site; n = 2). A control/impact design was used to assess 

biological changes associated with thaw slumps by sampling at upstream undisturbed and 

downstream disturbed (single- and multiple-disturbance) sites. Surrounding vegetation 

ranged from small shrubs and grasses at higher elevations to coniferous/deciduous forests 

in deep fluvial valleys. Further study area characteristics and a map of sampling sites can 

be found in Chapter 2 (Section 2.2.1).  

3.2.2 Benthic macroinvertebrate sampling 

 In 2013 and 2014, BMI samples were collected to assess changes in BMI 

community assemblages between sites (see Table 3.1 for sampling details). BMIs were 

collected following the Canadian Aquatic Biomonitoring Network (CABIN) protocol 

(Environment Canada, 2012). A three-minute travelling-kick using a kick-net with a 400-

µm mesh size was performed to dislodge and collect BMIs from the streambed, and 

samples were preserved in 99% isopropyl alcohol. In 2013, samples were collected three 
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times from mid-July to mid-August. In 2014, samples were collected twice, once in early 

July and once in mid-August.  

Following CABIN protocol (Environment Canada, 2012), stream characteristics 

such as riparian vegetation, surrounding land use, bankfull and wetted stream widths, 

stream velocity, streambed substrate composition and discharge (2013 only) were 

recorded during each benthic sampling period. Riparian vegetation and surrounding land 

use were determined using an on-site visual survey. Stream velocity and discharge were 

measured using a Sontek flow meter in 2013, and stream velocity was measured using the 

velocity-head ruler method (modified from Carufel 1980) in 2014. Streambed substrate 

composition was determined by measuring the intermediate axis of 100 particles in the 

stream bed. Water chemistry variables such as dissolved oxygen (% saturation and 

mg/L), specific conductivity (µS/cm), pH, water temperature (oC) and turbidity (NTU; 

2013 only) were measured on site using Hach LDO and Conductivity probes and an 

Oakton pHTestr30 probe. A handheld YSI 556-02 MDS meter with high memory and 

barometer was used to measure water chemistry in 2014. Grab samples were collected for 

analysis of a suite of nutrients, major ions, metals and physical variables (see Chapter 2, 

Section 2.2.3 for further water chemistry details). 

BMI drift was assessed in August 2014 at five paired undisturbed and single-

disturbance sites (Table 3.1). Three drift nets with a mesh size of 400 µm and with a 

frame measuring 15 cm x 15 cm were placed at least five meters apart along the stream 

reach and left in the stream for 22.75 – 30.25 hours. Depth and velocity measurements 

were taken at the mouth of the drift net using the velocity head ruler method (modified 

from Carufel 1980) at the beginning and end of the sampling period. Drift samples were 
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preserved in 99% isopropyl alcohol and shipped to the University of New Brunswick for 

sorting and identification.  

Sedimentation from thaw slump inputs was assessed by deploying sediment traps 

(n = 3; Table 3.1) alongside the drift nets in August 2014 (19 - 49 hours). Containers (500 

mL) filled with coarse gravel (approximately 2-3 cm in width) were placed in each 

stream, flush with the sediments in the streambed (modified from Welton and Ladle 

1979). Depth and velocity measurements were taken at the rim of each container using 

the velocity head ruler method (modified from Carufel 1980). Once retrieved, debris from 

each trap was run through a 4 mm and 75 µm sieve to separate the gravel and stream 

sediments, and was stored in 99% isopropyl alcohol until processing.  

3.2.3 Laboratory processing 

Sorting and identification of benthic (kick) samples were done to the lowest 

practical taxonomic level (usually genus) by a Society of Freshwater Science Certified 

taxonomist at Cordillera Consulting in Summerland, BC following the CABIN protocol 

(Environment Canada, 2012). Ten percent of sample vials were resorted with an expected 

efficiency of > 90%; 10% of sample vials were checked by another taxonomist and 

results were adjusted accordingly, if needed. Drift samples were sorted and identified to 

the lowest practical taxonomic level (usually genus). Invertebrates known to exhibit drift 

behavior, including aquatic insects from the orders Ephemeroptera (mayflies), Plecoptera 

(stoneflies), Trichoptera (caddisflies), Diptera (true flies) and Coleoptera (beetles) as well 

as Amphipoda (scuds) and Hydracarina (water mites), were sorted and identified from 

each drift sample. QA/QC was done on 10% of the samples by another sorter, and if there 
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was greater than 5% error, another sample was checked. If the average error of the two 

samples was still above five percent, all of the samples were re-sorted.  

After drift samples were sorted and QA/QC requirements completed, the 

remaining debris from each sample was processed to determine the amount and 

composition of debris being transported downstream at each site. Samples were run 

through 1 mm and 63 µm sieves to separate coarse particulate and fine particulate matter. 

Samples were dried (at 60oC) to constant weight, dry-ashed (at 550oC) and weighed again 

to determine the organic and inorganic components of each sample. Sediments from the 

sediment traps were processed in the same manner, except sediments were wetted with 

distilled water and re-weighed post-ashing to rehydrate clay minerals (Nelson and Scott 

1962).  

3.2.4 Statistical analyses 

Community Structure and Function 

Ordinations were used to assess patterns in BMI assemblages associated with 

different levels of disturbance. Ordinations using taxonomic abundance and 

compositional biological metrics were compared to determine which measure of 

community structure best characterized the sample sites. Compositional BMI metrics 

were chosen for analysis because they reduced noise in the data (as noted in Lento et al. 

2013) and because they showed stronger patterns associated with thaw slump disturbance 

than taxonomic abundances (which was also seen by Chin et al. 2016; ordinations using 

abundances of taxa can be found in Appendix A). To evaluate functional differences 

among sites, trait data were gathered from various resources (Barbour et al. 1999; Vieira 

et al. 2006, Huryn and Wallace 2008) and compiled at the family level for BMIs 
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identified in the benthic samples. The relative abundance of traits at each site was 

calculated by summing the relative abundance of taxa with a particular trait at each site. 

The relative abundance of each trait (summed across all taxa) was used in subsequent 

analyses.  

Patterns in structural and functional metrics were assessed in two separate 

analyses. A detrended correspondence analysis (DCA) was run for each set of parameters 

to see if they displayed a linear or unimodal response. The gradient length for all analyses 

was less than the 3.5 standard deviations generally associated with a unimodal response 

(Legendre and Legendre 1998), suggesting that a linear response model was more 

appropriate, and thus a principal components analysis (PCA) was run for each set of 

variables. As metrics were measured at different scales, variables were standardized by 

dividing each variable’s PCA score by its standard deviation. Relationships represented 

in the resulting ordinations showed correlations among variables instead of covariances 

(ter Braak 1994). Sites 38UP, 38A, 38ANEW, 38B and 38C were removed from all 

benthic invertebrate analyses because upstream sites (38UP, 38ANEW and 38A) 

displayed especially low pH values (mean pH 38UP = 4.35, 38ANEW = 4.76 and 38A = 

5.96), which confounded the effects of thaw slumping at these sites and potentially 

downstream at sites (38B and 38C) and made it difficult to interpret the influence of thaw 

slumps on BMI communities at the rest of the sites. Metrics and traits used in the 

ordinations were calculated from samples taken from 15 sites over multiple time periods. 

The metrics used in the PCA of BMI structural metrics were: total abundance 

(Abundance), species richness (Richness), evenness, Ephemeroptera family richness 

(Num_E), Trichoptera family richness (Num_T), Plecoptera family richness (Num_P), 
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Chironomidae subfamily richness (Num_Chid), relative abundance EPT (RA_EPT), 

relative abundance Plecoptera (RA_P), relative abundance Trichoptera (RA_T), relative 

abundance Diamesinae (RA_Diam), relative abundance Orthocladiinae (RA_Orth), 

relative abundance Tanypodinae (RA_Tany), relative abundance Chironominae 

(RA_Chin), relative abundance non-Diptera (RA_NonD), relative abundance of most 

dominant taxa in sample (1_dom), relative abundance of three most dominant taxa in 

sample (3_dom; Barbour et al. 1999) and relative abundance of five most dominant taxon 

in sample (5_dom; Barbour et al. 1999). The traits used in the PCA of functional metrics 

included functional feeding group (gathering collector (GC), filtering collector (FC), 

detrivore, shredder, scraper and predator), habit (swimmer, burrower, climber, sprawler 

and clinger), primary mode of respiration (tracheal gills, plastron, cutaneous, spiracles, 

and atmospheric), amount of sclerotization (soft, partly sclerotized, fully sclerotized) and 

body shape (streamlined, dorsoventrally flattened (DV flat), tubular and round). Sites 

were separated into two categories: undisturbed and disturbed (includes single- and 

multiple-disturbance sites).  

To test whether certain environmental variables could be used to differentiate 

between undisturbed and disturbed sites, a Redundancy Analysis (RDA) using the 

structural metrics was run. Prior to analysis, Pearson correlation coefficients were used to 

remove redundant parameters from this analysis (|r| > 0.6 for water quality variables; |r| > 

0.4 for habitat variables because of the large number of habitat variables; correlation cut-

offs determined a priori). Water quality variables selected for analysis included total 

suspended solids (TSS; mg/L), pH, dissolved phosphorous (DP; mg/L), nitrate (NO3; 

mg/L), specific conductivity (Spcond; µS/cm). Habitat variables selected for analysis 
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included canopy cover (canopy), dominant streamside vegetation (ferns/grasses, shrubs 

or deciduous trees (d_trees)), % silt/sand, boulder and cobble, bankfull width (bankfull) 

and elevation (elev).  

Two RDAs were run, one with water quality variables and one with habitat 

variables. Water chemistry variables were strongly linked to slumping, more so than 

habitat variables, which described natural variation among sampling areas. Water quality 

and habitat variables were therefore run in separate analyses to differentiate patterns in 

BMI metrics associated with changes from thaw slumps and those associated with natural 

variability in stream sites. Variance partitioning was performed to determine the relative 

importance of water quality versus habitat variables in explaining the variance in BMI 

metrics (Borcard et al. 1992). Multivariate analyses were conducted in Canoco for 

Windows (Version 4.5).  

To explore how BMI structural metrics changed among sampling periods, 

Procrustes analysis was run on PCAs from each of the five sampling periods (Peres-Neto 

and Jackson 2001). Five sites sampled during all five sampling periods in 2013 and 2014 

were selected for this analysis (39A, 39B, 40A, 40B and 40C) and separate PCAs were 

run for each year with only this set of sites. Pairwise comparisons of ordinations for all 

sampling dates were completed using Procrustes analysis and the resulting Procrustes 

Sum of Squares (M12
2) values, which are metrics of similarity among sampling dates, 

were put into a matrix and used to run a principal coordinates analysis (PCoA); the PCoA 

plot showed how similar each sampling period was to the others (Lento et al. 2008). The 

same analyses were performed using water chemistry measurements (from the same five 

sites) to look at similarities in water chemistry among sampling periods and compare 
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with the patterns seen in the PCoA of BMI metrics. PCAs, Procrustes analyses and 

PCoAs were completed using RStudio (Version 0.98.501) running R 3.2.2 using the 

vegan package (Oksanen et al. 2016). 

 

Macroinvertebrate drift and sedimentation 

Sedimentation was assessed at drift sites to quantify mobile and settling material 

at each stream site and to see if it affected BMI communities. The amount of organic and 

inorganic coarse and fine particulate matter was compared at paired undisturbed and 

single-disturbance sites to see if the amount of sedimentation was higher at thaw-slump 

impacted sites. Debris density (per net) was transformed to mg/100 m3 (Allan and Russek 

1985) and sediment measurements (from sediment traps) were transformed into 

sedimentation rates (mg/h). Velocities measured at each sediment trap were not 

consistently higher or significantly different at downstream sites, so sedimentation rates 

were not expected to be influenced by differences in discharge between undisturbed and 

disturbed sites. Paired t-tests were run to determine if there was a significant difference in 

the amount of drifting debris or the rate of sedimentation between undisturbed and 

disturbed sites. Debris drift and sedimentation were further quantified by size fraction 

and organic content to evaluate whether thaw slumps led to increases in certain types of 

particulate matter. Coarse particulate organic matter (CPOM), coarse particulate 

inorganic matter (CPIM), fine particulate organic matter (FPOM) and fine particulate 

inorganic matter (FPIM) content in debris drift and sediment (using debris density and 

sedimentation rate measurements) were compared at undisturbed and single-disturbance 

using paired t-tests.  
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Macroinvertebrate drift was quantified as drift density, which was calculated to 

standardize drift by accounting for differences in discharge and deployment time at each 

site (Allan and Russek 1985). To determine if there were differences in the number of 

drifting organisms upstream and downstream of thaw slumps, drift density (per net) was 

compared at undisturbed and single-disturbance sites using a paired t-test. To evaluate 

whether drift density was related to the number of benthic invertebrates inhabiting the 

stream reach, a correlation was run to see if drift density was associated with catch per 

unit effort from benthic samples collected in August 2014 from the same sites.  Because 

thaw slumps have been shown to cause a significant decrease in macroinvertebrate 

abundance (Chin et al. 2016), BMI drift was also quantified as proportional drift, or the 

drift density divided by CPUE from benthic kick samples from August 2014, to correct 

for low abundance at disturbed sites.  

BMI drift data were compared with data on suspended and settling particles to 

evaluate which forms of sedimentation were promoting BMI drift. Regressions were run 

to determine if drift density and proportional drift were influenced by the rate of settling 

fine-particulate matter (FPM = FPOM + FPIM) and TSS measurements (from August 

2014) at each site. Regression tree analyses were performed on the proportional drift 

measurements to determine if there were FPM and TSS thresholds beyond which 

proportional drift changed significantly. The regression tree analysis looked for the level 

of FPM/TSS at which there was the greatest change in proportional drift using a 

goodness-of-fit term and the proportional reduction in error (PRE) which is similar to an 

R2 in a regression. Paired t-tests, regressions and the regression tree analyses were 
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completed using RStudio (Version 0.98.501) running R 3.2.2 using the stats package 

established by the R Core Team (2016) and rpart package (Therneau et al. 2015).  

Broad-scale patterns 

Community analyses were performed with an expanded dataset to achieve a better 

understanding of the impacts of thaw slumping on BMI metrics across many levels of 

thaw-slump disturbance. Chin et al. (2016) found a strong negative relationship between 

TSS and abundance, but their analysis was lacking sites with intermediate levels of 

disturbance. The data from Chin et al. (2016) were incorporated with my data into a least-

squares linear regression of TSS and total abundance to observe whether the strong 

patterns from Chin et al. (2016) changed when minimally-disturbed sites were included 

in the analysis. Abundance and TSS were log10(x) transformed to achieve normality. 

Similar to Chin et al. (2016), a regression tree analysis was performed on BMI abundance 

to determine if there was a TSS threshold beyond which abundance changed significantly 

and to see if this threshold changed from Chin et al. (2016) with more minimally-

disturbed sites. The linear regression and regression tree analysis was completed using 

RStudio (Version 0.98.501) running R 3.2.2 using the stats package established by the R 

Core Team (2016) and rpart package (Therneau et al. 2015), respectively.  
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3.3 Results 

3.3.1 Patterns in community structure and function 

 A selection of metrics describing BMI community structure was compared 

between undisturbed and disturbed sites to identify any general differences between sites.  

BMI abundance showed the greatest change between undisturbed and disturbed sites, 

with a significant decline in abundance seen at disturbed sites (Figure 3.1A). Total 

invertebrate abundance was on average much higher at undisturbed (mean abundance ± 

SE = 1625 ± 255) than disturbed sites (mean abundance ± SE = 485 ± 144). In contrast, 

taxonomic richness (Figure 3.1B), relative abundance of Chironomidae (Figure 3.1C) and 

relative abundance of EPT (Figure 3.1D) remained similar between undisturbed and 

disturbed sites, indicating that declines in total abundance were non-selective.  

The PCA of BMI structural metrics showed some separation between undisturbed 

and disturbed sites driven by both PC1 and PC2, with overlap between undisturbed and 

disturbed sites near the origin of the bi-plot (Figure 3.2A). PC1 was driven by abundance, 

which was positively associated with undisturbed sites. PC2 was primarily driven by total 

richness and the richness of Ephemeroptera and Trichoptera, which contributed to some 

secondary separation of disturbed sites (on the positive end of the gradient) from 

undisturbed sites (on the negative end of the gradient). Relative abundance of chironomid 

subfamilies, non-Diptera, Trichoptera, and the measures of evenness (evenness, first, 

three and five most dominant taxa) were intermediate to the first and second axes, 

primarily separating a gradient in disturbed sites (Figure 3.2A). PC1 explained 82.3% of 

the variance, PC2 explained 6.3% of the variance and 92.6% of the variance was 

explained by the first three axes.  
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The PCA of BMI functional metrics did not show separation of sites by 

disturbance level, indicating that specific traits were not associated with disturbed or 

undisturbed sites (Figure 3.2B). PC1 was driven by swimmers, streamlined shape and the 

presence of tracheal gills on one end of the gradient, and tubular shape and cutaneous 

respiration on the other. This axis primarily represented a function gradient dominated by 

Ephemeroptera and Diptera/Oligochaeta.  PC2 was driven by filtering-collectors and 

clingers on one end and shredders and sprawlers on the other end of the gradient, and 

represented a gradient of Plecoptera and Simulium (genus within Simuliidae). Sprawlers 

and streamlined shape were intermediate to PC1 and PC2 and therefore associated with 

both gradients. PC1 explained 37.6% of the variance, PC2 explained an additional 27.6% 

of the variance and 80.2% of the variance was explained by the first three axes. 

  

3.3.2 Community response to environmental drivers 

The first axis of the RDA of water quality variables was driven primarily by TSS, 

nitrate and specific conductivity, and showed a strong negative association of these 

variables with abundance (Figure 3.3A). The second axis was primarily driven by 

dissolved phosphorus and by TSS, which was intermediate to PC1 and PC2 and was 

therefore associated with both axes. pH was also intermediate to both axes but had a very 

short vector length indicating that pH was not a strong driver of BMI metrics at these 

sites. Despite evidence of a gradient in abundance and some separation of undisturbed 

sites along a gradient intermediate to the first and second axes, there was not a strong 

separation of site classifications along either RDA gradient and no temporal patterns were 

evident. Relative abundance of chironomid subfamilies, non-Diptera and the first, three 
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and five most dominant taxa were positively correlated with TSS, and evenness was 

positively correlated with specific conductivity along PC1. Relative abundance of 

Plecoptera and EPT were positively correlated with nitrate and specific conductivity 

along PC1. The second axis was driven primarily by dissolved phosphorous and TSS and 

grouped sites by stream reach. Along this axis, dissolved phosphorus shared a strong 

negative correlation with Plecoptera family richness and a positive correlation with 

chironomid subfamily richness. The first RDA axis explained 44% of the unconstrained 

variance, and 45.6% of the unconstrained variance was explained by the first three axes.  

The RDA of habitat variables showed similar levels of separation of undisturbed 

and disturbed sites compared with water quality variables (Figure 3.3B), with overlap 

between many undisturbed and disturbed sites. As with water quality, separation of 

disturbed and undisturbed sites was primarily seen along a gradient intermediate to the 

first and second axes but no temporal patterns were evident. The first axis showed a 

strong negative association between abundance and bankfull width. There was also a 

negative association between abundance and the proportion of silt/sand and cobble. 

Relative abundance of chironomid subfamilies (except Diamesinae), Trichoptera, non-

Diptera and the first, three and five most dominant taxa were positively associated with 

silt/sand, deciduous trees and cobble. Disturbed sites also showed a positive association 

with bankfull width, deciduous trees, silt/sand and cobble along the first RDA axis while 

undisturbed sites were positively correlated with canopy cover, elevation, boulders and 

ferns/grasses along the same axis. The second RDA axis was driven primarily by 

elevation and the proportion of boulders and shrubs on one end of the gradient and 

silt/sand and cobble on the other end, and showed a positive association of Plecoptera 
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family richness with elevation and boulders and a positive association between 

chironomid subfamily richness and silt/sand and cobble. The second RDA axis grouped 

samples from the same site and sites within the same stream. The first axis of the RDA of 

habitat variables explained 44.8% of the unconstrained variance with 47.9% of the 

unconstrained variance explained by the first three axes.  

Variance partitioning revealed that water quality variables were a stronger driver 

of BMI structural metrics than habitat variables, with water quality variables uniquely 

explaining 42% of the variance, and habitat variables uniquely explaining only 5% of the 

variance (Figure 3.4). The water quality and habitat variables in combination explained 

26% of the variance in BMI metrics and 27% of the variance was not explained by either 

set of variables (Figure 3.4). 

 

3.3.3 Temporal patterns in water quality and BMI metrics 

The PCoA of BMI metrics (Figure 3.5A) displayed a circular temporal pattern, 

with the trajectory at the beginning and ending sampling periods overlapping, 

representing a change in biotic conditions over time followed by a return to previous 

conditions. There was evidence of a change in community structure among sites from 

July 2013 to July/August 2013, and again in August 2013. However, July 2014 grouped 

next to July 2013, indicating that the spatial arrangement of sites based on BMI metrics 

was again similar in these two time periods. August 2014 and July/August 2013 grouped 

together, overlapping with the trajectory from the year before and indicating that these 

two time periods also had similar biological conditions.  
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The PCoA performed on water quality variables (Figure 3.5B) showed a weaker 

circular trajectory. July 2013 and July/August 2013 appeared to be similar, but August 

2013 showed a large separation from these time periods. July 2014 grouped relatively 

close to July 2013, indicating a return to previous conditions, but there was some 

separation indicating differences between these two time periods in terms of water quality 

among sites. Despite data being collected at a time period later than August 2013, August 

2014 grouped closest to July/August 2013. The differences in site similarity based on 

water quality between 2013 and 2014 were comparable to the patterns seen in the PCoA 

of BMI structural metrics, with August 2013 plotting farther away in both the water 

quality and BMI PCoAs. July 2013 and July 2014 grouped together in both PCoAs 

indicating similar spatial arrangement of sites between these two time periods based on 

both water quality and biology. Similarly, July/August 2013 and August 2014 grouped 

together in the BMI PCoA and plotted relatively close in the water quality PCoAs.  

 

3.3.4 Macroinvertebrate drift and sedimentation 

Comparison between undisturbed and disturbed sites of organic matter and 

inorganic sediments associated with drifting invertebrates showed evidence of significant 

increases in these materials downstream of disturbance. There was a significant increase 

in the density of drifting fine particulate organic and inorganic matter moving 

downstream from undisturbed to single-disturbance sites (paired t-tests, p < 0.05), but 

there was no change in the density of coarse particulate organic and inorganic matter, 

(paired t-tests, p > 0.05; Figure 3.6A). In contrast, deposition of fine and coarse 
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particulate organic and inorganic matter showed a significant increase at single 

disturbance sites compared to undisturbed sites (paired t-tests, p < 0.05; Figure 3.6B). 

BMI drift density was generally higher at undisturbed sites (mean drift density = 

56.7 organisms/100 m3) than disturbed sites (mean drift density = 15.1 organisms/100 

m3). A comparison of paired undisturbed and single-disturbance sites indicated that there 

was a significant decrease in drifting BMIs downstream of disturbance (t0.05(2),3 = -3.52; p 

= 0.004; Figure 3.7). Drift density and benthic catch showed a strong positive correlation 

(r = 0.81), which suggested that sites with high benthic abundance had high drift 

densities and vice versa. A negative relationship was seen between drift density and the 

rate of settling fine-particulate matter (FPM; Table 3.2; Figure 3.8A). A weaker negative 

relationship was seen between drift density and TSS (Table 3.2).  

While drift density was generally lower at disturbed sites than undisturbed sites, 

the opposite trend was seen with proportional drift (drift standardized by abundance from 

benthic kick sample), which was slightly higher at disturbed sites (mean proportional 

drift = 0.05) than undisturbed sites (mean proportional drift = 0.03). Site 73A showed 

unusually high proportional drift (mean proportional drift = 0.06) for the low rate of 

sedimentation occurring at this site (mean FPM rate = 13 mg/h) compared to other 

undisturbed sites (mean FPM rate= 57.5 mg/h). This site displayed variable turbidity 

levels starting approximately one week before sampling and continuing through the 

sampling period with mean turbidity levels (± SD) of 13.0 ± 13.0 NTU before August 13, 

2014 and 65.1 ± 30.1 NTU between August 13 and August 20, 2014. The variability in 

stream conditions may have triggered catastrophic drift at this site leading to a higher 

proportional drift at this site. The samples at this site were also dominated by 
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Diamesinae, a chironomid prone to drift in Arctic streams (Saltveit et al. 2001). Due to 

the abiotic and biotic conditions found at this site, it was removed as an outlier from the 

regression of proportional drift and FPM.  

There was a strong positive relationship between proportional drift and FPM 

(Table 3.2; Figure 3.8B) and a weaker positive relationship between proportional drift 

and TSS (Table 3.2). The regression tree analysis indicated thresholds of 126 mg/h of 

settling FPM and 290 mg/L TSS, after which proportional drift significantly increased 

(Figure 3.8B). Average proportional drift below the FPM and TSS thresholds was 0.02, 

whereas average proportional drift was 0.07 above the FPM threshold and 0.06 above the 

TSS threshold.   

 

3.3.5 Broad-scale patterns  

 A strong negative relationship was evident between abundance and TSS (Figure 

3.9A). The combination of data collected in my study with that of Chin et al. (2016) led 

to the following model: log10(abundance) = -0.503*log10(TSS) + 3.48 (p < 0.001). The 

combined regression showed a greater amount of variation in BMI abundance at 

intermediate levels of TSS than the regression from Chin et al. (2016), leading to 

increased error in the model (RMS = 0.444 in the combined regression, compared with 

0.117 in Chin et al. 2016), and subsequently a lower amount of variance explained (R2 = 

0.61 in the combined regression, compared with 0.759; Figure 3.9B).    

The regression tree revealed two TSS thresholds at which there was a significant 

change in abundance (Figure 3.9A). The first threshold was at 75 mg/L TSS and 

primarily separated undisturbed (no slumps upstream) from minimally-disturbed (1-2 
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slumps upstream; no megaslumps) and highly-disturbed sites (3+ slumps upstream, 

potentially including at least one megaslump). Below this TSS threshold, abundance 

showed little change with increases in TSS, but beyond this threshold, a decline in 

abundance was evident up until the second threshold in TSS. Beyond the second 

threshold at 1285 mg/L TSS, there was once again little change in abundance with 

increasing TSS. The average abundance below the first TSS threshold was 1578 

organisms, the average abundance between the two TSS thresholds was 340 organisms 

and the average abundance above the second TSS threshold was 45 organisms. 

 

3.4 Discussion  

 A negative relationship between the occurrence of retrogressive thaw slumps and 

BMI community structure was originally discovered by Chin et al. (2016). However, the 

extensive survey they performed was limited by the lack of minimally-disturbed and 

undisturbed sites and they could not evaluate temporal changes in benthic communities 

because sites were sampled only once. My study expands our knowledge of thaw slump 

disturbance on BMIs by focusing sampling on undisturbed and minimally-disturbed sites, 

and by sampling the same sites over multiple time periods. The changes in BMI 

communities across differing levels of disturbance confirm thaw-slumps as a non-

selective stressor to macroinvertebrates, as they negatively impact all taxa. Even though 

abundance declined with increasing levels of disturbance, richness was not affected by 

thaw-slump disturbances. Thaw-slump disturbance did not favor a particular suite of 

traits, further indicating the non-selective nature of thaw slumps as an environmental 

stressor.   



 

91 

 

The overriding importance of water quality variables seen in the variance 

partitioning analysis indicated that thaw slump inputs are changing the natural variability 

in structural metrics normally driven by stream habitat characteristics. Sediments were 

confirmed as a strong environmental driver of BMI communities, however an increased 

importance of nutrients and specific conductivity as drivers of community structure was 

observed. Additionally, sedimentation in thaw-slump impacted systems was found to 

affect BMI drift by causing decreases in drift densities, but increases in the proportion of 

drifting BMIs, with deposited fine sediments being the strongest driver of BMI drift in 

the present study.  

 

3.4.1 Benthic macroinvertebrate community response to slumping 

The greatest change in BMI communities associated with thaw slumping was seen 

in the abundance of BMIs at disturbed sites. Abundance was the most important metric in 

all the ordinations performed on structural metrics and generally showed a positive 

association with undisturbed sites and a negative association with disturbed sites. TSS 

was shown to be one of the strongest drivers of this reduction in abundance at disturbed 

sites, a relationship that was previously observed by Chin et al. (2016). The negative 

relationship between sediments and BMIs has been seen in many other studies (Jones et 

al. 2012) and the mechanisms behind this relationship appear to be variable. For example, 

Lenat et al. (1981) attributed decreases in benthic density with habitat homogenization 

through the filling of interstitial spaces by sediments, while Quinn et al. (1992) attributed 

decreased benthic densities to a loss or reduction in the quality of food resources. Lemly 

(1982) also found that indirect effects of sedimentation such as inhibition of feeding or 
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siltation on the respiratory surfaces of BMIs can cause a decrease in their abundance. 

Thaw slumps were shown in my study to increase the amount of drifting and settling 

sediments and reduce the availability of autochthonous food resources (Chapter 2). Thus, 

thaw slump impacts appear to reduce benthic densities through a combination of habitat 

loss and reduction of food quantity   

Although sedimentation was a strong driver of change at thaw-slump impacted 

sites, nitrogen and phosphorous were also associated with changes in BMI communities. 

By including more sites that were minimally disturbed (i.e. downstream of one thaw 

slump), my study data filled in the intermediate range of the gradient from undisturbed to 

highly-disturbed sites studied by Chin et al. (2016), and I was able to see stronger 

nutrient effects on BMI communities that may have been predominated by sediment 

effects at the higher end of the TSS gradient. Furthermore, the inclusion of my data in 

Chin et al.’s (2016) regression of TSS on abundance indicated much greater variability in 

the response of macroinvertebrates to thaw slumping at low levels of disturbance. The 

influence of other variables, such as nutrients, may be driving the increased variation of 

BMI abundances at intermediate levels of TSS, indicating TSS as a weaker driver of 

abundance at minimally-disturbed sites than at highly-disturbed sites. Bowden et al. 

(2012) also found strong nutrient effects in streams receiving inputs from small thermo-

erosional features, indicating that nutrients are stronger drivers of biological change in 

streams receiving low sediment loads from thermokarst disturbances.   

Similarities in BMI community structure among sites displayed stronger circular 

temporal patterns than water quality, but parallels in the two temporal patterns suggest 

that BMI community structure may be reflecting seasonal changes in water quality. This 
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was especially evident towards the end of the ice-free period, with site similarity based 

on both water quality and BMI structural variables showing strong divergences between 

the two late-August time periods. The separation seen among similar time periods in 

2013 and 2014 based on water quality may have been driven by the differences in 

discharge during these two summers. Hydrographs of discharge measurements from the 

Peel River (above Fort McPherson) showed that 2013 experienced a very large freshet in 

late May and a spike in discharge in early July followed by a drier than normal period 

(discharge for 2013 < the 45-year average) during August (Water Survey Canada, Station 

10MC002; http://wateroffice.ec.gc.ca). The 2014 hydrograph showed a smaller freshet in 

early May, followed by drier than average conditions up until early August, when there 

were two spikes in discharge, leading to higher than average discharge levels late in the 

summer (discharge for 2014 > 45-year average; Water Survey Canada, 

http://wateroffice.ec.gc.ca). The variation in the amount of precipitation between both 

years may have influenced thaw slump activity (Kokelj et al. 2015) and driven temporal 

differences in water quality among sites between similarly-timed sampling periods. BMI 

metrics seem to have reflected the temporal differences in water quality since the 

similarity among sites based on BMI metrics showed comparable amounts of separation 

during corresponding time periods, although this pattern was less apparent at the 

beginning of each sampling season. 

  

3.4.2 Macroinvertebrate drift response to thaw slumping 

 Thaw slumps increased the level of fine and coarse deposited sediments as well 

as fine suspended sediments at thaw-slump impacted sites. This type of environmental 
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disturbance would be expected to increase drift density (see review in Bilotta and Brazier 

2008; Jones et al. 2012) as a result of reductions in the availability of habitat (Lenat et al. 

1981; Suren and Jowett 2001) and food resources (Hildebrand 1974; Suren and Jowett 

2001). Surprisingly, drift density was lower at every disturbed site than its paired 

undisturbed site; however, this was likely due to the low abundances found at disturbed 

sites. In contrast, proportional drift showed the predicted positive response of drift to fine 

sediments because it accounted for the low abundances found at disturbed sites. Increases 

in sedimentation often cause episodes of catastrophic drift, but this was not seen at my 

disturbed sites, as sedimentation has been occurring since the disturbance began draining 

into the stream. Many studies examine the impacts of short-term sedimentation on BMI 

drift (Rosenberg and Wiens 1978; Doeg and Milledge 1991; Suren and Jowett 2001; 

Larsen and Ormerod 2010), but this study has shown that long-term sedimentation can 

decrease BMI drift densities because of depleted local populations.  It is possible that 

catastrophic drift (sensu Brittain and Eikeland 1988) occurred upon initiation of thaw 

slump disturbance (which likely occurred within the past few decades), but this was not 

observed here as these streams have experienced longer-term exposure to thaw-slump 

inputs. Molinos and Donohue (2009) noted that the exposure time and sediment dose can 

have additive or synergistic effects on BMI drift, which may further explain the strong 

negative relationship seen between sedimentation and BMI densities. Insect colonization 

via drift will not occur until appropriate habitat and food resources are available (Narf 

1985), thus the impacts of thaw slumps on BMIs communities will likely persist until 

such time as the thaw slump becomes inactive.  
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3.4.3 Thresholds of change in BMI structure and function 

TSS thresholds of change in BMI structure for the Vittrekwa River and Stony 

Creek suggest that BMIs in this region are quite sensitive to sedimentation from thaw 

slump disturbances. Indeed, BMI abundance decreased by 78% when TSS exceeded 75 

mg/L and an additional 87% once TSS increased beyond 1285 mg/L. The lesser effect 

threshold is 75% lower than that found by Chin et al. (2016; i.e. 295.8 mg/L) for this 

region, likely because the current study made a concerted effort to increase the resolution 

of the disturbance gradient by including additional undisturbed and minimally-disturbed 

sites. This new, lower threshold for the region is considerably higher than the published 

threshold values for agricultural regions of southern Canada (i.e., 3.5 to 11.1 mg/L TSS; 

Culp et al. 2013), but is similar to values for interior-Alaskan streams receiving 

sedimentation from gold placer-mining (i.e., 77% BMI density reduction at 62 mg/L 

TSS; Wagener and LaPerriere 1985). Historically, many Arctic streams may have 

experienced sedimentation from thermokarst (see review in Rouse et al. 1997) or from 

increases in summer discharge from glaciers (Milner and Petts 1994), thus BMI 

communities in these streams may be more resilient to sedimentation than temperate 

communities. The second threshold at 1285 mg/L TSS may represent a limit to BMI 

survival at these sites as abundances above this threshold no longer showed a negative 

relationship with TSS. 

TSS thresholds of change for macroinvertebrate drift (i.e., 290 mg/L) were higher 

than those observed for benthic structure, which may suggest that BMI communities in 

the Peel Plateau are less prone to drift than other geographic regions. Fairchild et al. 

(1987) recorded an increase in invertebrate drift when 170 mg/L of sediment was added 
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to a temperate stream for 2 hours each week over a six-week period, and Doeg and 

Milledge (1991) observed an increase in drift after increasing TSS levels to 133 mg/L 

TSS in a stream channel in Australia over a 1.5-hour period. Moreover, Rosenberg and 

Wiens (1978) detected a significant sediment-induced drift response in a sub-Arctic River 

at TSS levels of only 8 mg/L. In contrast, benthic invertebrates in the Peel Plateau appear 

to be less responsive to sediment-induced drift behavior, possibly because they have 

adapted to the harsher, long-term disturbance regime of drifting and settling sediments.  

Many studies correlate drift density with changes in TSS, but my study has shown 

that sedimentation rate can be a much stronger predictor of drift patterns than TSS. 

Sedimentation rate may have been a better measure of disturbance because it was a 

cumulative measure of disturbance whereas TSS only provided a single instantaneous 

measurement of sediment levels. Furthermore, the partitioning of drifting debris and 

settling sediments into size fractions as well as and organic and inorganic components 

helped separate the effects of inputs from terrestrial sources versus thaw-slump inputs 

that may have confounded further analyses with BMI drift, as fine sediments were found 

to be stronger drivers of BMI drift than coarse sediments. Further studies should consider 

looking at sedimentation rates and how they affect drift densities of Arctic insects.  

 

3.4.4 Food web implications 

 BMIs represent a critical link in the flow of energy from lower to higher trophic 

levels of stream food webs (Hynes 1970). Thaw slump disturbance weakens and disrupts 

this linkage by greatly reducing the abundance of BMIs in these streams and associated 

energy flow transfers. Low BMI abundances and drift densities at thaw-slump impacted 
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sites are likely to cause resource stress for fish communities as many stream-dwelling 

fish are benthic invertebrate feeders (Allan and Castillo 2007) including the Arctic charr 

(Salvelinus alpinus; Klemetsen et al. 2003) that inhabits streams of the Peel Plateau and 

is an important resource for Northern communities. With such large decreases in BMI 

densities at disturbed stream sites, a decrease in the fitness and abundance of fish 

populations is likely downstream of thaw slumps. This increases the importance of 

protecting non-impacted stream reaches from other stressors such as resource 

development within watersheds. 

 

3.4.5 Conclusions 

Retrogressive thaw slumps are often long-lived chronic stressors to stream 

systems that change the structure and function of BMI communities in impacted stream 

reaches. Kokelj et al. (2013) and Chin et al. (2016) found increases in sediment and 

nutrient loads in streams along with higher concentrations of major ions to be the main 

drivers of change associated with thaw slumps in the Peel Plateau. Similarly, my study 

found that shifts in BMI community structure were strongly associated with TSS, 

dissolved nutrients and specific conductivity, further confirming thaw slumps as strong 

drivers of biological change in these Arctic streams. This study has shown that thaw 

slumps act as non-selective stressors by negatively impacting all BMI taxa. Further 

studies could evaluate the direct mechanisms of sedimentation that are causing BMI 

declines, and if there are trophic shifts in thaw-slump impacted streams such that BMIs 

switch from relying on autochthonous resources to the reliance on allochthonous 

resources. Future studies should examine drift over a wider gradient of sedimentation 



 

98 

 

over multiple time periods to further investigate the impacts of thaw slumps on BMI drift 

and extend the observations spatially to include other areas in the sub- and high-Arctic.  

This study has explored the impacts of thaw slumps on BMI community structure 

and function, but also provides baseline BMI data for this region, building upon the data 

collected by Chin et al. (2016) prior to this study. With retrogressive thaw slumps 

increasing in size and frequency across the northwestern Canadian Arctic, it is important 

to know what changes to expect in affected stream ecosystems. This study has confirmed 

that changes in water quality from thaw slumps cause drastic decreases in BMI densities 

in the benthos and in the drift. Furthermore, this research can potentially provide insight 

into the impacts of thermokarst features on lotic systems in other parts of the Arctic. 
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3.6 Tables and Figures 

Table 3.1: Number of replicates of each bioassay collected from undisturbed, single-

disturbance and multiple disturbance sites from 2013 and 2014. A "-" indicates that no 

samples were collected from this site. 

 
 Number of Replicates 
 2013 2014 

Undisturbed 

sites 
Kick 

sample 

Kick 

sample 

Drift 

samples 
Sediment traps 

38UP - 2 3 3 

38ANEW - 2 - - 

38A 3 - - - 

39A 3 2 - - 

39B 3 2 - - 

40A 3 2 2 3 

71A 1 2 3 3 

72A - 2 - - 

73A - 2 3 3 

76A - 2 3 3 

30 2 - - - 

     

Single-

disturbance 

sites 
    

38B 3 2 3 3 

40B 3 2 3 3 

71B 2 2 3 3 

72B - 2 - - 

73B - 2 3 3 

76B - 2 3 3 

29 2 - - - 

     

Multiple-

disturbance 

sites 
    

38C 3 2 - - 

40C 3 2 - - 
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Table 3.2: Results from BMI drift density/proportional drift and FPM/TSS least-squares 

regressions. The regression models, R2, p-values and root mean squares (RMS) are 

shown.  

 

Analysis Model R2 p-value RMS 

Drift density 

vs FPM  

log10(drift density) = -

0.862*log10(FPM) + 2.82 

0.62 < 0.001 0.331 

Drift density 

vs TSS 

log10(drift density) = -0.213*log10(TSS) 

+ 1.59 

0.14 0.082 0.501 

Proportional 

drift vs FPM 

log10(proportional drift) = 

0.568*log10(FPM) - 2.66 

0.47 <0.001 0.254 

Proportional 

drift vs TSS 

log10(proportional drift) = 

0.171*log10(TSS) – 1.84 

0.24 0.027 0.304 
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Figure 3.1: A) Total BMI abundance, B) total richness, C) relative abundance 

Chironomidae and D) relative abundance EPT at undisturbed sites and sites disturbed by 

thaw slumps. A * signifies a significant (p < 0.05) difference in values between 

undisturbed and disturbed sites.  

 

 

A B 

C D 
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Figure 3.2: A) PCA of BMI structural metrics and B) PCA of BMI functional metrics in 

undisturbed stream and streams impacted by thaw slumps. White circles represent 

metrics, gray triangles represent undisturbed sites and black squares represent disturbed 

sites. 

B 

A 
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Figure 3.3: RDA triplots of BMI structural metrics in undisturbed sites and sites impacted 

by thaw slump, constrained to A) water quality variables and B) habitat variables. 

Metrics are represented by white circles, undisturbed sites by gray triangles and disturbed 

sites by black squares.  

A 

B 
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Figure 3.4: Results of variance partitioning analysis, comparing the variance in benthic 

macroinvertebrate structural metrics explained by water quality and habitat variables 

individually and in combination.  

 

Water quality 
variables (42%)

Habitat 
variables (5%)

Combined
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Residual (27%)
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Figure 3.5: PCoA of Procrustes similarity measures comparing site similarity among 

years based on A) BMI structural metrics and B) water quality variables, with arrows 

connecting subsequent sampling periods. 

 
 

 

 

 

 

A 
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Figure 3.6: Coarse particulate organic matter (CPOM), coarse particulate inorganic 

matter (CPIM), fine particulate organic matter (FPOM) and fine particulate inorganic 

matter (FPIM) A) densities (mg/100 m3) measured from drift nets and B) sedimentation 

rates (mg/h) measured from sediment traps at undisturbed (no-fill) and single-disturbance 

(gray-fill) sites. A * signifies a p–value < 0.05 and ** signifies a p-value < 0.001, with 

results from paired t-tests. 

 

A 
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* * ** ** 



 

113 

 

 
Figure 3.7: Drift densities (organisms/100 m3) at paired undisturbed (no-fill) and single-

disturbance (gray-fill) sites.  
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Figure 3.8: A) Drift density (organisms/100 m3) vs rate of settling FPM (mg/h) at 

undisturbed sites (white dots) and disturbed sites (black dots) with regression line. B) 

Proportional drift vs rate of settling FPM (mg/h) at undisturbed sites (white dots) and 

disturbed sites (black dots) with regression line. Breakpoint (vertical gray-dotted line) 

indicated from regression tree analysis at 2.10 log10 FPM (mg/h; equivalent to 126 mg/h).  

A 
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Figure 3.9: Regression of BMI abundance versus TSS (mg/L) for undisturbed, 

minimally-disturbed, and highly-disturbed sites, A) including data from this study and 

Chin et al. (2016) dataset, and B) including only data from Chin et al. (2016). 

Undisturbed sites are represented by white dots, minimally-disturbed sites are represented 

by gray dots and highly-disturbed sites are represented by black dots. Breakpoints 

(vertical gray-dotted lines) indicated from regression tree analysis at A) 1.86 log10 TSS 

(mg/L; equivalent to 75 mg/L) and 3.11 log10 TSS (mg/L; equivalent to 1285 mg/L) and 

B) at 2.47 log10 TSS (mg/L; equivalent to 295.8 mg/L).   

A 
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Chapter 4: General Discussion 

 

4.1 Stated Objectives 

The aim of my study was to investigate the impacts of retrogressive thaw slumps 

on the biological structure and function of stream ecosystems. Chapter 2 investigated the 

impacts of retrogressive thaw slumps on stream water quality, primary production and 

decomposition. Chapter 3 evaluated the impacts of thaw slumps on benthic 

macroinvertebrate community structure and function by examining thaw slump related 

changes in benthic macroinvertebrate and drift community metrics. The study design 

focused sampling on undisturbed and disturbed (downstream of one thaw slump 

disturbance) stream reaches, and examined temporal patterns in water quality and benthic 

macroinvertebrate community structure. This work builds upon the findings of Chin et al. 

(2016), who performed an extensive study on the impacts of thaw slumps on benthic 

macroinvertebrate community structure across the Peel Plateau, NWT. 

 

4.2 Impacts of thaw slumps on stream ecosystems 

 Retrogressive thaw slumps were shown to alter water quality in impacted stream 

reaches by increasing sedimentation, heavy metal concentrations, total nutrients and 

major ions. Although total nutrients were higher at disturbed stream sites, dissolved 

nutrients were not heavily influenced by thaw slumps. Changes in water quality 

associated with thaw slumps were reflected at multiple levels of the food web. Increases 

in sedimentation were linked to decreases in primary production and benthic 
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macroinvertebrate abundance and an increase in the proportion of drifting insects. In 

addition, increases in nutrients were shown to promote decomposition but inhibit primary 

production. Nutrients were also shown to influence patterns in benthic macroinvertebrate 

community structure, along with major ions and total suspended solids.   

  

4.2.1 Community shifts in response to thaw slumping 

Similar to what was seen in the study by Chin et al. (2016), benthic 

macroinvertebrate abundance was the metric most strongly influenced by inputs from 

thaw slump disturbance. Estimates of algal biomass using chlorophyll-a also indicated a 

decline in slump-impacted streams. The decline in algal biomass at disturbed sites may 

limit resources for herbivorous aquatic insects and contribute to low benthic 

macroinvertebrate abundances at disturbed sites. Even though there were large declines in 

abundance at disturbed sites, species richness, and the relative abundances of 

Chironomidae and EPT taxa remained similar between undisturbed and disturbed sites, 

confirming thaw slumps as non-selective stressors. Benthic macroinvertebrate taxa 

inhabiting disturbed sites may be resilient or adapted to high levels of sedimentation 

associated with these sites, but there was no evidence that certain benthic 

macroinvertebrate traits that were more favorable at disturbed sites. Similarly, algal 

species at disturbed sites may be resilient to scouring and depositing sediments and have 

the ability to grow in low light conditions, allowing them to survive in disturbed stream 

reaches. However, analysis of taxonomy would be required to assess the compositional 

changes to algae communities in response to disturbance in these systems.  
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There are many potential negative impacts of thaw slumps that could be driving 

the decline in benthic macroinvertebrate abundances at disturbed sites, from loss of 

habitat (Lenat et al. 1981), to declines in food availability (Herbst 1980; Van 

Nieuwenhuyse and LaPerriere 1986), to increases in drift (see review in Bilotta and 

Brazier 2008) or direct damage to important structures such as respiratory organs (Lemly 

1982). The present study has shown a decline in food availability at thaw-slump impacted 

sites through the loss of autochthonous food resources and the potential for habitat 

homogenization from high amounts of sedimentation, both of which could be drivers of 

low benthic macroinvertebrate abundances at disturbed sites. However, it is difficult to 

separate the relative influence of the many potential negative impacts of thaw slump 

disturbance on benthic macroinvertebrate survival without further experimental studies 

into these direct mechanisms. 

 

4.2.2 Impacts of thaw slumping on community function 

Many studies that focus on instantaneous increases in sediment load and 

catastrophic drift response show a positive association between sedimentation and drift 

(Rosenberg and Wiens 1978; Culp et al. 1986; Suren and Jowett 2001; Molinos and 

Donohue 2009; Larsen and Ormerod 2010), but this study found the opposite trend. Not 

until drift densities were corrected by standardizing with benthic densities did I see the 

expected relationship between drift density and sedimentation. Unlike many other drift 

studies, which look at changes in drift associated with sedimentation over a relatively 

short period of time (a few days – several weeks), this study showed that long-term 

sedimentation can decrease drift densities, although the proportion of drifting insects 
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relative to total population size remained higher at disturbed sites. Catastrophic drift, 

which is generally observed with short term disturbances (see review in Brittain and 

Eikeland 1988), was likely triggered when thaw slump inputs initially entered the stream, 

but this was not observed in the chronically-impacted streams in this region because local 

benthic macroinvertebrate populations had already been depleted. Short-term 

disturbances potentially allow for the recolonization of stream reaches through drift 

dispersal (Williams and Hynes 1976) between or after disturbance episodes, but long-

term disturbances, such as thaw slumps, prohibit recolonization which may have 

contributed to the lower drift densities observed in thaw-slump impacted streams. 

Thermokarst disturbances are anticipated to become more frequent and long-lived with 

warmer and wetter Arctic climates (Lacelle et al. 2010; Kokelj et al. 2015), which may 

lead to watersheds experiencing lower colonization rates (via drift dispersal) under 

prolonged disturbance regimes in the future. This could lead to the denuding of large 

stream reaches and lower aquatic invertebrate populations in Arctic regions until 

thermokarst features begin to stabilize.  

In contrast to the observed effects on benthic algae and benthic 

macroinvertebrates, decomposition rates were not strongly influenced by thaw slump 

inputs. Although total suspended solids had a weak negative impact on decomposition, 

dissolved phosphorous, temperature and pH were all much stronger predictors of 

breakdown rates. This could indicate that microbial decomposers are less sensitive to 

sedimentation from thaw slumps, and suggests that allochthonous resources remain 

available to higher trophic levels in thaw-slump impacted streams. In contrast, there was 

evidence of a negative relationship between nutrients and algal growth. This is opposite 
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to the hypothesis that increased nutrient loads from thaw slumps could promote algal 

growth at disturbed sites, and implies that nutrients from thaw slumps are not biologically 

available to algal communities. This may also be due to sensitivity of algal taxa to high 

nutrient concentrations in this region, as Arctic streams tend to be nutrient-poor; 

however, it is difficult to draw conclusions on the mechanism behind this relationship 

without knowing more about the structure of the algal community. Although algal 

communities showed a negative response to nutrients, breakdown rate showed a positive 

response to dissolved phosphorous, suggesting that elevated nutrient concentrations could 

increase breakdown rates by microbial and fungal communities in this region (Elwood et 

al. 1981; Stelzer et al. 2003). Future exploration into the structure of algal, microbial and 

fungal communities could reveal thaw-slump associated changes in community structure 

that were not captured by studying only the biological functions performed by these 

communities. 

 

4.2.3 Drivers of change 

The present study has shown that sedimentation from thaw slumps causes extreme 

decreases in algal biomass at impacted sites. Moreover, deposition of fine sediments has 

led to lower drift densities, but a higher proportion of drifting insects at disturbed sites. 

Lower resource availability and increased rates of drift could be contributing to the lower 

benthic macroinvertebrate abundances found at disturbed sites, along with loss of habitat 

from increased sedimentation rates and other indirect mechanisms such as feeding and 

respiratory inhibition that were not explored in this study.    
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Whereas sediments were clearly the dominant driver in the heavily-impacted sites 

that Chin et al. (2016) examined, my study found stronger evidence that increased 

nutrients in slump-impacted streams play a role in driving macroinvertebrate abundance. 

Since my study focused on sites that were generally less disturbed than Chin et al. (2016), 

this could imply that the importance of nutrients only manifests at low to intermediate 

levels of disturbance. Although not influenced by thaw-slump inputs, dissolved nutrients 

were shown to stimulate decomposition and inhibit primary production in Peel Plateau 

streams. Nutrients were also shown to influence patterns in benthic macroinvertebrate 

structure in this region.  

Retrogressive thaw slumps are predicted to increase in size and frequency with 

warmer air temperatures and increases in precipitation in the region, which will augment 

the intensity of thaw slump disturbance in stream systems. Thus, decreases in algal 

biomass and benthic macroinvertebrate abundances are hypothesized to become more 

widespread in this region. Increases in sedimentation associated with a stronger 

disturbance regime will cause higher proportions of benthic macroinvertebrates to enter 

the drift, further driving low abundances at disturbed sites. Benthic macroinvertebrate 

densities could remain low at disturbed sites until the habitat becomes more suitable or 

food resources become more available (Hildebrand 1974; Narf 1985).  

 

4.3 Food web response to slump activity 

 With such large changes in primary production and benthic macroinvertebrate 

abundances, there are likely to be strong cascading effects up the food web. The low 

benthic macroinvertebrate abundances at disturbed sites may be partially due to the lack 
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of autochthonous food resources at these sites. With decreases in primary production, 

increases in organic matter loads and no change to decomposition in thaw-slump 

impacted stream reaches, benthic macroinvertebrates may rely more heavily on 

allochthonous resources than autochthonous resources in thaw-slump impacted stream 

reaches. Predators, including predatory benthic macroinvertebrates and fish, which 

occupy higher trophic levels of the food web within Arctic streams, are expected to 

experience resource stress as many feed off of benthic macroinvertebrates. Stable isotope 

analyses could reveal shifts in food web dynamics and should be considered in further 

studies of thaw-slump impacts on stream biota.  

 

4.4 Research Implications    

  My study has confirmed retrogressive thaw slumps as chronic stressors to stream 

ecosystems, and furthermore as non-selective stressors. Increases in precipitation and air 

temperature in the northwestern Canadian Arctic are expected to accelerate the formation 

of these features across the landscape (Lacelle et al. 2010; Kokelj et al. 2015). Changes to 

food web dynamics in these thaw slump-impacted watersheds will be felt outside of these 

systems, as Arctic fish are an important food and cultural resource for Northern 

communities. The broader metapopulations of biota in undisturbed stream reaches could 

act as source of algae, benthic macroinvertebrates and fish important for the 

recolonization of disturbed stream reaches if in the future they become more suitable for 

habitation. This heightens the importance of preserving stream reaches that have yet to be 

impacted by thaw slumps from any potential threats, such as resource development. 

Finally, Arctic char support commercial fisheries in the Arctic and managers should take 
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into account the environmental stressors these fish will experience under an increasing 

thermo-erosional disturbance regime when creating future fisheries-management plans. 

 

4.5 References 

 

Bilotta, G.S., and R.E. Brazier. 2008. Understanding the influence of suspended solids on  

water quality and aquatic biota. Water Research. 42:2849-2861.  

 

Brittain, J.E., and T.J. Eikeland. 1988. Invertebrate drift- a review. Hydrobiologia.  

166:77-93. 

 

Chin, K.S., Lento, J., Culp, J.M., Lacelle, D., and S.V. Kokelj. 2016. Permafrost  

degradation drives shifts in the abundance of stream benthic macroinvertebrate 

communities in the Peel Plateau, NWT, Canada. Global Change Biology. 

22:2715-2728. 

 

Culp, J.M., Wrona, F.J., and R.W. Davies. 1986. Response of stream benthos and drift to  

fine sediment deposition versus transport. Canadian Journal of Zoology. 64:1345-

1351. 

 

Elwood, J.W., Newbold, J.D., Trimble, A.F., and R.W. Stark. 1981. The limiting role of  

phosphorus in a woodland stream ecosystem: Effects of P enrichment on leaf 

decomposition and primary producers. Ecology. 62:146-158.  

 

Herbst, G.N. 1980. Effects of burial on food value and consumption of leaf detritus by  

aquatic invertebrates in a lowland forest stream. Oikos. 35:411-424. 

 

Hildebrand, S.G. 1974. The relation of drift to benthos density and food level in an  

artificial stream. Limnology and Oceanography. 19:951-957. 

 

Kokelj, S.V., Tunnicliffe, J., Lacelle, D., Lantz, T.C., Chin, K.S., and R. Fraser. 2015.  

Increased precipitation drives mega slump development and destabilization of ice-

rich permafrost terrain, northwestern Canada. Global and Planetary Change. 

129:56-68. 

 

Lacelle, D., Bjornson, J., and B. Lauriol. 2010. Climatic and geomorphic factors affecting  



 

124 

 

contemporary (1950-2004) activity of retrogressive thaw slumps on the Aklavik 

Plateau, Richardson Mountains, NWT, Canada. Permafrost and Periglacial 

Processes. 21:1-15. 

 

Larsen, S., and S.J. Ormerod. 2010. Low-level effects on inert sediments on temperate  

stream invertebrates. Freshwater Biology. 55:476-486. 

 

Lemly, A.D. 1982. Modification of benthic insect communities in polluted streams:  

combined effects of sedimentation and nutrient enrichment. Hydrobiologia. 

87:229-245.  

 

Lenat, D.R., Penrose, D.L., and K.W. Eagleson. 1981. Variable effects of sediment  

addition on stream benthos. Hydrobiologia. 79:187-194. 

 

Molinos, J.G., and I. Donohue. 2009. Differential contribution of concentration and  

exposure time to sediment dose effects on stream biota. Journal of the North 

American Benthological Society. 28:110-121. 

 

Narf, R.P. 1985. Aquatic insect colonization and substrate changes in a relocated stream  

segment. The Great Lakes Entomologist. 18:83-92. 

 

Rosenberg, D.M., and A.P. Wiens. 1978. Effects of sediment addition on microbenthic  

invertebrates in a northern Canadian river. Water Research. 12:753-763. 

 

Stelzer, R.S., Heffernan, J., and G.E. Likens. 2003. The influence of dissolved nutrients  

and particulate organic matter quality on microbial respiration and biomass in a 

forest stream. Freshwater Biology. 48:1925-1937.  

 

Suren, A.M., and I.G. Jowett. 2001. Effects of deposited sediment on invertebrate drift:  

An experimental study. New Zealand Journal of Marine and Freshwater Research. 

35:725-737. 

 

Van Nieuwenhuyse, E.E., and J.D. LaPerriere. 1986. Effects of placer gold mining on  

primary production in subarctic streams of Alaska. Water Resources Bulletin. 

22:91-99. 

 

Williams, D.D. and H.B.N. Hynes. 1976. The recolonization mechanisms of stream  

benthos. Oikos. 27:265-272.  

 



 

125 

 

Appendix A: Supplementary Information for Chapter 3 

 

 

Figure 1A: PCA of abundances of taxa from benthic samples. Taxa are represented by 

white circles, undisturbed sites by gray triangles and disturbed sites by black squares. 

PC1 explained 34.3% of the variation in abundances of taxa, PC2 explained an additional 

17.2% of variation and 64.7% of the variation was explained by the first three axes.  

Labels from uncommon taxa were removed from points for clarity.  
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