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Abstract 

High latitude regions are being disproportionately affected by changes induced by climate 

warming. The direction of global environmental change will largely depend on the response of Arctic 

ecosystems to positive and negative feedbacks, which has implications for the global climate system and 

the people that inhabit the Arctic region. Improving our understanding of the biogeochemical cycles that 

influence Arctic terrestrial systems will help improve models predicting future changes in northern 

latitudes. This research aims to determine the environmental controls on nutrient status and greenhouse gas 

exchange by assessing the relationships between environmental conditions, soil nitrogen availability, and 

greenhouse gas exchange under ambient and experimental conditions. At the Cape Bounty Arctic 

Watershed Observatory on Melville Island, Nunavut, varying land cover types exist across a naturally 

occurring moisture gradient, allowing us to investigate these relationships in wet and mesic tundra. Soil 

moisture, as opposed to soil temperature, was the main driver of inorganic nitrogen availability; ammonium 

was dominant under wetter conditions, while nitrate prevailed in drier conditions. In the wet tundra, soil 

moisture and ammonium availability together played an important role in mediating the carbon dioxide 

balance of the wet sedge meadow and ultimately contributed to the wetland being a net carbon dioxide sink 

across all three study years. While moisture and ammonium availability also played an important role in 

methane release, with drier conditions favouring nitrous oxide release via nitrifier denitrification, the strong 

carbon dioxide uptake offset the methane and nitrous oxide release, allowing the wetland to be a net 

greenhouse gas sink. The experimentally warmed mesic tundra site demonstrated a sustained warming 

effect on ammonium availability and ecosystem respiration 10-years after experiment establishment, and 

these effects were mediated by moisture. An enhanced snowfall and warming interaction increased nitrate 

availability, which corresponded with higher rates of N2O release. Temperature is often thought to be the 

key driver of changes in high latitude processes, but this dissertation finds that the future greenhouse gas 
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balance of High Arctic systems will largely depend on the response of soil moisture and subsequent nitrogen 

availability to climate change.  
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Chapter 1 

Introduction 

Changes in climate impact physical landscapes and the people that inhabit them; this is particularly 

evident in Arctic environments, which have experienced some of the greatest changes as a result of recent 

anthropogenic climate warming. Since 1971, Arctic surface air temperatures have warmed three times faster 

than the global average (AMAP, 2021), contributing to melting of ice and declining snow and permafrost 

extents, which alter ecosystem patterns and processes. These environmental impacts have implications for 

the global climate system and the people that inhabit the Arctic region. Improving our understanding of the 

different controls on key elemental cycles in the High Arctic, and their potential impact on future climate, 

will enhance modelling efforts to predict future changes in northern latitudes and global climate. 

The future trajectory of global environmental change may depend on how Arctic ecosystems 

respond through positive and negative feedbacks. Increased air temperatures, and subsequent increases in 

soil temperature, can increase available soil  nutrients that promote plant vegetation growth and productivity 

that sequesters carbon dioxide (CO2) from the atmosphere and creates a negative feedback on the climate 

system. Alternatively, warming can increase microbial activity that leads to an increase in ecosystem 

respiration and a net release of CO2 into the atmosphere, creating a positive feedback (Chapin et al., 2012). 

Understanding the directions and magnitudes of these feedbacks will help determine the impact that 

warming will have on atmospheric CO2 in Arctic regions as well as globally. The seasonality of these 

feedback mechanisms will change from year to year as a result of climate warming. Thus, a sound 

understanding of the interactions between vegetation, nutrient cycling, and the terrestrial carbon (C) cycle 

in Arctic ecosystems will allow us to make better projections of future changes in climate. 
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Figure 1.2.1 Positive and negative feedbacks of terrestrial carbon and nutrient cycling that can be 

perpetuated by increases in air temperature. 

 

The magnitude and direction of these feedbacks will depend in part on nutrient availability for plant 

growth and soil microbial activity in the Arctic. Plant growth in the Arctic is limited by short growing 

seasons; in the High Arctic, the growing season is typically limited to two months (Shaver et al., 2000). 

However, the few existing studies conducted under winter conditions have demonstrated that microbial 

processes continue through the winter (Fahnestock et al., 1998), many of which contribute to release of 

carbon into the atmosphere. Interactions between short-term controls on productivity like nutrient 

availability, litter quality and quantity, and local-scale environmental variables account for the variability 

in the net ecosystem C balance from year to year (Chapin et al., 2012). Long-term controls like climate, 

parent material, and biota and the interactions between these controls manifest their influence across 

decadal, centennial, and even millennial timescales (Chapin et al., 2012). Understanding the strength of the 

relationships and interactions between these controls will help determine the key factors that regulate the 

development of feedback mechanisms. 
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1.1 Arctic terrestrial carbon cycling 

The global C balance depends on interactions between C inputs, stored C, and C outputs (Crowther 

et al., 2016). Understanding terrestrial C cycling in the Arctic is essential to predicting the region’s role as 

a source or sink for atmospheric carbon in the future, especially since the Arctic tundra encompasses ~20% 

of the Earth surface. The net impact on CO2 concentrations can be determined by whether positive or 

negative net ecosystem exchange (NEE) processes are dominant. NEE is defined as the difference between 

gross primary productivity (GPP) and ecosystem respiration (ER) (Chapin et al., 2006). At high latitudes, 

GPP rates are constrained by low temperatures (Oechel et al., 1995). However, elevated temperatures and 

increased atmospheric CO2 levels can promote photosynthetic activity, potentially increasing soil C storage 

as a result (Schlesinger and Bernhardt, 2013). Researchers have reported on the effects of warming 

increasing both C gains and losses in wet sedge communities (Huemmrich et al., 2010; Oechel et al., 1995). 

Additionally, moisture manipulation studies have determined that a lower water table and subsequent 

decreased soil moisture in wet sedge tundra can drive tundra systems to release more C (Huemmrich et al., 

2010; Oberbauer et al., 2007). These results point to the variability of different environmental drivers in 

determining the tundra’s role as a C source or sink, and understanding these current relationships between 

environmental variables and C cycling will allow us to better predict future responses.  

Across the Canadian Arctic, Lafleur et al. (2012) have found there to be much variability in growing 

season CO2 exchange and uncertainty exists as to whether this region will be a C source or sink in years to 

come (Carey et al., 2016), particularly as the magnitude of seasonal variability can be large across different 

land cover types (Grogan & Chapin, 1999). Data from eddy covariance towers and autochambers at a mid-

Arctic site in Alaska found moist acidic tundra to be a net C source over a 6-year period (Celis et al., 2017). 

Similarly, experimentally warmed sites in the Canadian High Arctic were net sources over a 9-year period 

(Welker et al., 2004). Furthermore, the net effect of circumpolar permafrost thaw has been modelled to be 

a positive feedback on the global climate system (Schuur et al., 2008). In each case, temperature sensitivity 
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is largely agreed upon as the driver of changes in soil C storage (Crowther et al., 2016; Davidson & 

Janssens, 2006). The response of different ecosystems within different latitudes of the Arctic region to 

temperature and moisture will determine the trajectory of the feedbacks; understanding the magnitude of 

these responses can help in creating strategies for communities to adapt to a warming climate. 

The effect of warming on soil C losses will depend on the characteristics of the initial C pool 

(Crowther et al., 2016). Arctic regions constitute 8 × 106 km2 of the world’s area of soil organic matter 

(SOM) (Schlesinger and Bernhardt, 2013). Estimates of soil C within these areas has varied, ranging from 

1672 Pg (Tarnocai et al., 2009) to 1307 ± 170 Pg (Hugelius et al., 2014) to a range of 1400-1850 Pg (Schuur 

et al., 2008) to 3 metre depth. Decomposition of SOC is slowed by the low temperatures of high latitudes 

and poor drainage of permafrost-laden areas. Different SOC storage depths will respond at different rates 

to thaw (Hugelius et al., 2014), and thus the quantitative uncertainty in permafrost SOC stocks at depths 

needs to be addressed. Research has determined that areas where soil C stocks are large (e.g. the high 

latitudes), tend to have the largest C lost per degree-year (Crowther et al., 2016; Davidson, 2016). Soil 

warming will be the largest driver of these potential soil C losses (Davidson, 2016) and is largely accepted 

to be the driving factor in positive feedbacks of climate change.  

The quality of SOM at different depths will also influence the response to warming. Natali et al. 

(2011) found labile organic C in near surface permafrost more vulnerable to increasing temperatures, with 

summer warming increasing GPP and ER by 20%. Similarly, Neff and Hooper (2002) determined that labile 

C pools were more easily decomposed under shrub and tussock tundra vegetation than in spruce soils under 

warmer conditions. Persistent Arctic warming leading to thermokarst degradation is associated with 

increased organic matter (OM) lability and the potential for shifts in biogeochemical processes to increase 

the proportion of CH4 released (Hodgkins et al., 2014). This process could be further enhanced with the 

presence of anaerobic conditions: paleoecological modelling approaches by Swindles et al. (2015) have 

determined that potential peatland inundation from permafrost thaw can create saturated conditions that 
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promote CH4 release over CO2. The sensitivity of soils and SOM to physical and thermal perturbations can 

influence not only the magnitude of C release, but also the form of C respired, which can be detrimental to 

the global climate system when we consider the global warming potentials of the different gases that can 

be released. 

1.2 Nitrogen cycling and plant growth in cold regions 

The availability of plant-limiting nutrients is both a short- and long-term control on productivity 

and growth. Nitrogen (N) is the main limiting nutrient for plant growth in the Arctic; plant-available 

inorganic forms of ammonium-N and nitrate-N are tightly controlled by energy constraints, availability of 

labile C, and the availability of other co-limited nutrients (Billings, 1987; Chapin et al., 2012, Jonasson et 

al., 1999). Soluble organic N forms can also be available to plants either through direct uptake or via 

ectomycorrhizae; however this has largely been investigated in boreal environments (Atkin, 1996) and only 

in tundra in a couple instances (McKane et al., 2002). At high latitudes, low soil nutrient availability exerts 

stress on plant establishment and productivity (Billings, 1987). Greater plant available N has been found in 

thawed and disturbed top-of-permafrost soils as compared to soils in the rhizosphere of undisturbed sites 

(Keuper et al., 2012). Climate warming and future permafrost thaw will be the largest contributors in either 

promoting or decreasing plant available N by creating environments that can be favourable for inorganic N 

mineralization and uptake. 

Long-term nutrient fertilization studies have found N availability to increase productivity; this is 

further increased by elevated temperatures and incoming radiation (Chapin et al., 1995; Shaver et al., 1998). 

This in turn has been shown to elevate NEE, ER, and GPP (Arndal et al., 2009; Shaver et al., 1998). 

Meanwhile, the coupling of nutrient cycling and C dynamics plays an important role in determining the fate 

of N in these N-limited systems (Weintraub & Schimel, 2003). Arctic systems tend to be immobilization-

dominated (high C:N), with dissolved organic nitrogen (DON) being the predominant form of available N 

(Chapin et al., 2012; Jonasson et al., 1999; Schlesinger and Bernhardt, 2013), thus limiting the inorganic 
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pool of ammonium (NH4
+) and nitrate (NO3

-). Arctic systems have long been thought to be NH4
+-dominant 

systems due the higher proportion of NH4
+ over NO3

- in Arctic soils (Atkin, 1996); however, research has 

determined that NO3
- pools might not be as small as previously thought (Atkin, 1996), and these pools play 

an important role in helping predict soil C storage (Liu et al., 2018). Furthermore, inter-species competition 

for NH4
+ and NO3

- can persist in Arctic environments as different plant species preferentially use different 

N forms (Jonasson et al., 1999). Knowledge of the relationships between the inorganic N pools within an 

environment can determine the relative contributions of these pools to productivity and help predict future 

changes in gas exchange with changing environmental conditions. 

1.3 Research Questions and Objectives  

The goal of this research is to improve our understanding of the factors controlling nitrogen cycling 

in the Arctic, and how these cycles influence terrestrial greenhouse gas exchange. Nutrient cycling at 

temperate latitudes is much better understood than at high latitudes (Chapin et al., 2012), specifically the 

stoichiometric relationships between carbon and plant-limiting nutrients. Furthermore, our understanding 

of the controls on available nutrients and subsequent regulation of carbon exchange and trace gas fluxes in 

the High Arctic is limited, particularly in multi-year settings (Grogan & Jonasson, 2006). As such, 

understanding the regulation of soil nutrient availability in these ecosystems can provide insights into the 

roles that the presence and distribution of nutrients in the soil play in High Arctic carbon cycling, and 

subsequent impacts on the global carbon cycle. This knowledge can help determine whether future changes 

in high latitudes will develop as positive or negative feedbacks to atmospheric CO2. To explore these 

knowledge gaps, I will be undertaking the three research objectives outlined in Sections 1.3.1 to 1.3.3.  

1.3.1 Objective 1: To quantify the temporal interactions between plant available N and CO2 

exchange in High Arctic wetlands 



 

7 

 

We predict that ammonium is the dominant inorganic form of available soil N early in the season, 

and nitrate is the dominant form late in the growing season in a wet sedge meadow area. We hypothesize 

that N is the primary plant growth-limiting nutrient in this environment. In High Arctic wetlands, NH4
+ 

concentrations will be higher early in the growing season, after which any excess NH4
+ will be nitrified into 

NO3
- to be available for plant uptake. Two labile N peaks (NH4

+ first, followed by NO3
-) will coincide at 

soil thaw during the spring melt and then plant senescence with leaf drop and decomposition. Increased 

plant available N will correlate positively to rates of GPP and ER. GPP will be highest in the early part of 

the growing season in conjunction with high levels of plant available N (as ammonium). 

1.3.2 Objective 2: To quantify the temporal interactions between plant available N and trace gas 

release in High Arctic wetlands 

Increased N availability will be positively correlated with CO2 release but not with other trace gas 

release. We anticipate that rates of CH4 production will be inversely related to levels of plant-available 

NH4
+, as ammonium is a strong inhibitor of CH4 oxidation due to similarities in molecular size (Bodelier 

& Laanbroek, 2004). Furthermore, due to the anoxic conditions of wetlands, we expect denitrification to be 

the dominant process of N2O production, with NO3
- availability negatively correlated with N2O release. 

1.3.3 Objective 3: To quantify the temporal interactions between plant available N and trace gas 

exchange in a High Arctic mesic tundra and the impact of warming and enhanced snowfall on these 

interactions 

Available soil N will be highest with enhanced temperature compared to controls and lowest in the 

enhanced snowfall treatments, with NH4
+ being the most abundant plant-available inorganic form. Higher 

amounts of NH4
+ will be seen in the early season, after which excess NH4

+ will be nitrified into NO3
- to be 

available for plant uptake. Two labile N peaks (NH4
+ first, followed shortly by NO3

-) will coincide at soil 

thaw during the spring melt and during plant senescence with leaf drop and decomposition. Available soil 
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N will peak earlier in the growing season in the enhanced temperature treatment and later in the enhanced 

snowfall treatments because of warmer environments created by both the open-top chambers and increased 

snow depth. Rates of CH4 production will be inversely related to levels of plant-available NH4
+, as 

ammonium is a strong inhibitor of CH4 oxidation. Unlike with the wetland environments, we expect rates 

of N2O production to positively correlate with available soil NO3
-, as the aerobic conditions of the mesic 

tundra will promote nitrification over denitrification. 

1.4 Significance 

My research aims to assess the environmental controls on plant-available inorganic nutrients, how 

they influence carbon dioxide and trace gas release, and how these dynamics will change with climate 

warming in High Arctic landscapes. The research addressed within this dissertation has been conducted at 

the Cape Bounty Arctic Watershed Observatory on Melville Island, Nunavut (Figure 1.4). The anticipated 

results will provide an improved understanding of how terrestrial High Arctic ecosystems will respond to 

and influence the climate system in the future.  
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Figure 1.4 Location of the Cape Bounty Arctic Watershed Observatory (CBAWO) within Canada and the 

Canadian Arctic Archipelago. 
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Chapter 2 

Soil nitrogen dynamics impact carbon exchange processes in a High Arctic 

wetland 

2.1 Abstract 

Increased soil nutrient availability, and associated increases in vegetation productivity, could create 

a negative feedback between Arctic ecosystems and the climate system, thereby reducing the contribution 

of Arctic ecosystems to future climate change. To predict whether this feedback will develop, it is important 

to understand the environmental controls over nutrient cycling in High Arctic ecosystems and their impact 

on carbon cycling processes. This study, conducted at the Cape Bounty Arctic Watershed Observatory, 

Melville Island, Nunavut, examined the environmental controls over soil nitrogen availability in a High 

Arctic wet sedge meadow and how they influenced carbon dioxide exchange processes from 2016-2018. 

Moisture variability across a seemingly homogenous wet sedge meadow allowed us to investigate nutrient 

availability and carbon dioxide exchange across naturally occurring moisture gradients over three growing 

seasons. The nature of the relationships (i.e., trends) between variables was consistent over the three years, 

but their magnitudes varied depending on climate conditions. Soil nitrogen availability, particularly 

ammonium, was higher in warmer years and wetter conditions, and correlated positively with gross primary 

production and net carbon dioxide uptake. Drier areas within the wetland had more nitrate availability, and 

this correlated negatively with net carbon dioxide exchange. The future carbon dioxide source or sink 

potential of high latitude wetlands will largely depend on climate-induced changes in moisture and 

subsequent impacts on nutrient availability. 

 



 

14 

 

2.2 Introduction 

As the Earth System continues to warm, the future trajectory of global environmental change will 

depend, in part, on how ecosystems respond through positive and negative feedbacks. Since this warming 

is amplified at high latitudes, Arctic ecosystems play an important role in this future response, as warming 

temperatures may lead to the mobilization of large carbon (C) stocks stored within permafrost (Schuur et 

al., 2015; Wieder et al., 2019). Warming can increase soil microbial activity and organic matter 

mineralization, leading to an increase in ecosystem respiration (ER) from plants and microbes; thereby 

resulting in a net release of carbon dioxide (CO2) into the atmosphere (i.e., a positive feedback) (Johnston 

et al., 2019; Schuur et al., 2008). Alternatively, temperature increases can amplify organic matter 

breakdown and release critical plant nutrients that promote vegetation growth and productivity (Shaver et 

al., 1998); this increased plant productivity removes CO2 from the atmosphere, creating a negative feedback 

on the climate system. The direction and magnitude of these feedbacks will determine future impacts of the 

Arctic on the global climate system.   

While not widespread in permafrost regions, wetlands in the Arctic are ecologically important 

hotspots of productivity with continuous vegetation cover and persistent water supply (Woo and Young, 

2006). Arctic wetlands are characterized by waterlogged, anaerobic conditions which slow decomposition 

rates and organic matter turnover (Jonasson and Shaver, 1999; Ström et al., 2012) and can exhibit variable 

moisture content dictated by underlying topography and moisture supply (Hung and Treitz, 2020; Woo and 

Young, 2006). The high productivity of wetlands relative to polar desert environments typically renders 

them as sinks for atmospheric CO2 (Wright et al., 2021). However, the waterlogged conditions and presence 

of vascular plants are favourable for methane (CH4) production and release (Joabsson and Christensen, 

2001; Ström et al., 2012; Wagner et al., 2019), and can have implications for the regional-scale land-

atmosphere CH4 balance (Andresen et al., 2017). Projections for a wetter, rainfall-dominated Arctic 

(Bintanja, 2018) may create more favourable conditions for wetland expansion. Alternatively, with 
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continued warming trends, these wetlands may diminish in size or disappear completely due to the loss of 

perennial snowpacks that supply water to these areas (Woo and Young, 2006). This will also depend in part 

on moisture responses from permafrost thaw, which may either drain currently waterlogged areas (Göckede 

et al., 2019) or lead to subsidence and compaction and a water table closer to the ground surface (Rodenhizer 

et al., 2020). Paleoenvironmental reconstructions of the Holocene for a High Arctic peat-forming wetland 

illustrated high sensitivity of the wetland to past climate change, specifically with changes to wetland 

function as a net C sink under varying soil moisture regimes (Ellis and Rochefort, 2006). To predict the 

future contributions of these wetlands to the landscape-scale C balance in the High Arctic, it is important 

to understand the impact of environmental factors on biogeochemical processes.  

Soil nutrient availability is one key factor that may vary across moisture regimes. Arctic ecosystems 

are typically nitrogen (N) deficient (Hobbie et al., 2002), which in turn limits plant productivity and 

microbial respiration in High Arctic environments. Nitrogen for plant growth is derived from soil organic 

matter turnover, N deposition, N fixation, and more recently from permafrost thaw (Keuper et al., 2012; 

Salmon et al., 2018; Wild et al., 2018). Temperature is a key control on N mineralization rates, with N 

transformations being slowed by cold soil temperatures (<5°C) that persist throughout the High Arctic 

growing season (i.e., June to August). Higher amounts of N fixation have been observed in wetter tundra 

landscapes (Zielke et al., 2005), and this influence of moisture increases with increased temperature 

(Nadelhoffer et al., 1991). While the regulation of plant-available N is highly dependent on environmental 

conditions (McLaren et al., 2017), the intra- and inter-annual relationships between environmental 

variability and N availability are not well understood for Arctic wetlands; yet variation in available N can 

have a significant impact on the net C balance of these wetlands. This creates a critical need to understand 

the relationships between environmental variables, plant-available inorganic N, and net CO2 exchange.  

The need to understand the environmental and biogeochemical controls influencing C exchange 

processes is particularly important in the context of warming and permafrost thaw. Experimental studies 
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and models simulating permafrost thaw have shown increases in soil N released in response to deeper thaw 

depths (Beermann et al., 2017; Keuper et al., 2012; Salmon et al., 2016). This increase in N availability can 

increase aboveground vegetation composition (Schuur et al., 2007; Van Der Kolk et al., 2016), which 

influences C uptake, storage, and release in these N-limited environments. Increased N can also stimulate 

the plant-microbe competition (Wild et al., 2014), further altering the C balance of these environments. 

Additionally, thaw-generated runoff can transport newly liberated N away from the terrestrial environment 

and into aquatic systems (Reyes & Lougheed, 2015). Thus, understanding the environmental controls on 

plant-available inorganic N is important for assessing their role on the terrestrial C balance, particularly as 

Arctic regions continue to warm. 

In this study, we examine the dynamics of plant available N across a moisture gradient within a 

High Arctic wetland and its influence on CO2 exchange processes across three growing seasons. Given that 

many environmental factors can influence the concentrations of plant-available inorganic N that fuel CO2 

exchange (Clein and Schimel, 1995; Nadelhoffer et al., 1991), our goal was to determine the environmental 

controls on N availability and CO2 exchange and how they varied across the growing season. Previous 

studies have examined aboveground productivity and respiration along thaw (Schuur et al., 2007), moisture 

manipulations (Kwon et al., 2019), and fertilization experiments (Boelman et al., 2003; Johnson et al., 2000; 

Mack et al., 2004), and this study allows us to observe the responses of CO2 exchange to N availability in 

a natural setting. We hypothesize that the seasonal trend of N availability will roughly follow the timing of 

ammonium (NH4
+) and nitrate (NO3

-) release described by McLaren et al. (2017), with NH4
+ availability 

greater than NO3
- availability and a NH4

+ peak preceding a peak of NO3
-. We also anticipate significant 

differences in environmental conditions and inorganic N availability between varying moisture regimes and 

that these differences will influence the magnitude of CO2 exchange processes between wetter and drier 

areas within sedge wetlands. 
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2.3 Data and Methods 

2.3.1 Study Area 

This research was conducted within a wet sedge meadow at the Cape Bounty Arctic Watershed 

Observatory (CBAWO), Melville Island, Nunavut (74°54’N, 109°35’W). The CBAWO is an ~30 km2 

research area underlain by continuous permafrost with a 0.5–1 m thick active layer. Two adjacent smaller 

watersheds drain into West and East Lakes, that then flow into Viscount Melville Sound (Figure 2.1a). 

Mean annual air temperature is -14.8 ± 1.3°C with less than 150 mm annual precipitation (Beel et al., 2020). 

The growing season extends from June to August, allowing for vegetation types to develop along a moisture 

gradient over the growing season (Appendix A). The primary vegetation within the CBAWO is quite 

heterogeneous and includes graminoids, forbs, and dwarf shrubs (Walker et al., 2005), with wetlands 

occupying ~16.6% of the watershed (Hung and Treitz, 2020). 

The wet sedge meadow examined in this study (Figure 2.1b) is a 4000 m2 relatively homogenous 

area of low-growing forbs, sedges and grasses (i.e., Eriophorum and Carex spp.), mosses (i.e., Sphagnum 

spp.), and lichens (i.e., Cladonia spp.). The site gently slopes downward (~1.7° average slope angle) from 

a perennial snowpack located on the north side of the meadow; it has a south-facing aspect. During the 

growing season, the wetland is fed by snowmelt from the upland snowpack, although subsurface water flow 

is also suspected as a water source, as water seeps have been observed at the site. Soil moisture varies across 

the site: wet areas are characterized by occasional standing water and higher soil moisture, and dry areas 

that lack pools of standing water (Figure 2.1c). Wet and dry areas tended to occur in parallel strips (tracks) 

formed from cryogenic events (Hodgson et al., 1984). A total of 32 sampling sites were established on 

alternating wet (four) and dry (four) tracks on an evenly spaced 4 rows by 8 columns grid (Figure 2.1b).  
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Figure 2.1 a) Location of the study area (green triangle) within the Cape Bounty Arctic Watershed 

Observatory (CBAWO). b) Cryogenically formed longitudinal hummocks naturally partition the wet sedge 

meadow into wet (green) and dry (brown) moisture regimes, which formed the basis for sampling site 

selection. Site locations are overlain on a land cover classification map of the CBAWO by Hung and Treitz 

(2020). c) Wet tracks (left) are characterized by standing water in some areas and higher soil moisture, 

while dry tracks (right) are drier and lack standing water. 

2.3.2 Evaluating Soil Nitrogen Availability 

Ion exchange resin (IER) membranes, used to determine soil N availability within the study site, 

were prepared using protocols developed by Qian and Schoenau (2005). Cation and anion exchange resin 

strips (2.5 cm × 10 cm) were cut from membrane sheets used in the wastewater industry (Membranes 

International Inc., Ringwood, New Jersey, United States). Prior to installation in the field, resin strips were 

charged by soaking in 0.5M hydrochloric acid (HCl) solution for 24 hours with 40 RPM agitation to strip 

the resin of any ions. They were then soaked in 0.5M NaHCO3 for 5 hours with 40 RPM agitation to saturate 

sites with sodium and bicarbonate ions. Anion strips were also soaked in a 0.01M 
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ethylenediaminetetraacetic acid solution for one hour with 40 RPM agitation. Five cation and five anion 

strips were deployed at each sampling site for a total of five replicate samples at each sampling site. Resin 

strips were deployed in the top 10 cm of soil and remained in the field for two weeks for three time periods 

across the season (early, middle, and late season). In 2016, the early season ran from June 30 to July 13 and 

the late season from July 13 to 27. In 2017, the early season ran from June 29 to July 14, the middle season 

from July 14 to 25, and the late season from July 25 to August 8. Finally, in 2018, the early season ran from 

July 10 to 20, the middle season from July 20 to August 3, and the late season from August 3 to 13. Timing 

discrepancies between the previously stated study years were due to logistical challenges in accessing the 

field site. At the end of each sample period, the resins were removed from the soil, rinsed with deionized 

water, bagged, refrigerated, and kept dark until they arrived at the lab at Queen’s University for analysis. 

Resins were eluted in groups of ten strips (five cation and five anion strips from each site) creating 

a single, integrated “result” for each of the 32 sampling sites; the combined elutions were done to avoid 

nutrient readings below the detection limit, as Arctic environments tend to have low levels of available 

nutrients. The resins were extracted by soaking in 90 mL of 0.5M HCl for one hour with 40 RPM agitation. 

Samples were then refrigerated prior to analysis. Eluants were analyzed for NH4
+-N and NO3

--N using the 

Astoria2 Analyzer (Astoria Pacific, Clackamas, Oregon, United States) automated colorimetric system 

calibrated to analyze samples up to 2.0 mg/L of both analytes. The phenolate method was used to determine 

NH4
+-N concentrations and the cadmium reduction method was employed for determining NO3

--N 

concentrations (Pansu and Gautheyrou, 2006). Quality assurance and quality control steps included running 

1 in 10 samples in duplicate, 1 in 30 samples was a blank, and a 1.0 ppm drift correction sample was run 

every 45 samples. No samples were close to the detection limit. 

2.3.3 CO2 Exchange Measurements 

Net ecosystem exchange (NEE) and ER measurements were conducted during periods of high 

incoming solar radiation (10:00 AM – 4:00 PM local solar time) using closed, static chambers (Beamish et 
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al. 2014). A PVC collar (20 cm diameter, 15 cm high) was inserted into the ground (at roughly 5 cm depth) 

at least 24 hours prior to initial measurement and stayed in place for the duration of the experiment. 

Transparent chambers were attached to the collars using a rubber gasket to create a seal. Changes in CO2 

concentrations were measured in the chamber at five second intervals for five minutes using a portable 

infrared gas analyzer (Vaisala GMP343 Carbon Dioxide Probe; ± 3 ppm) (Vaisala, Vaanta, Finland). A 

relative humidity and temperature probe (Vaisala HMP75 Relative Humidity and Temperature Probe; ±1% 

RH, ±0.2°C) in the chamber measured these variables simultaneously. After the measurement in light 

conditions (NEE), the chambers were removed from the collars, ventilated to ambient CO2 levels, placed 

on the same collar, and covered with an opaque shroud to prevent photosynthesis for the ER measurement. 

A Kestrel 3500 weather meter was used to determine atmospheric pressure required for the gas flux 

calculations (Kestrel, Birmingham, Michigan, United States). 

NEE and ER were calculated from the CO2 concentration data gathered during each sampling 

period using a Matlab script. CO2 concentrations were converted to fluxes by first converting ppm values 

to moles of CO2 using the ideal gas law and temperature and pressure data collected during field data 

acquisition (Atkinson et al., 2020, Equation 2.1): 

𝒏 = 𝑪(
𝝆

𝑹𝝉
)(

𝒗

𝑨
)/𝟓  (2.1) 

where n is the converted gas concentration (μmol m-2), C is the original measured gas concentration (ppm), 

𝜌 is ambient air pressure (hPa), R is the ideal gas constant (8.314 J K-1 mol-1), 𝜏 is air temperature expressed 

in Kelvin, v is the combined volume of the chamber attached to the collar minus the volume of the sensors 

(m3), and A is the projected horizontal surface area of the chamber (m2). Once converted to micromoles, an 

iterative linear regression algorithm determined the rate of change in concentration during the five-minute 

measurement period. This algorithm searches through the data to determine the best subset of points that 

yields the highest r2 value (minimum of 12 points); with the slopes of these regression lines representing 

the flux rates (µmol CO2 m-2 s-1). Flux rates are reported in µg C m-2 s-1 using the molar mass of C. Gross 
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ecosystem productivity (GEP) was calculated as the difference between NEE (overall CO2 exchange) and 

ER (CO2 loss through respiration into the atmosphere), under the assumption that the full dark measurement 

was equivalent to ER (Shaver et al., 2007). We adopted the sign convention of CO2 ecosystem uptake (gain) 

being negative, while CO2 losses to the atmosphere are positive (Chapin et al., 2006).  

2.3.4 Environmental Measurements 

Soil temperature (ST) and soil moisture (SM) data were collected twice weekly adjacent to ion 

exchange resins and gas flux measurement sites. ST was measured at 5 cm depths using a standard soil 

temperature probe (Thermor Limited, Newmarket, Canada; ± 0.1°C). SM was measured over a 0–5 cm 

interval using an ML-3 Theta Probe with data stored in a HH2 Soil Moisture Meter (Delta-T Devices, 

United Kingdom; ± 1% volumetric water content). A local meteorological station provided hourly 

temperature and precipitation data (Beel et al., 2021). 

2.3.5 Statistical Analysis 

Initial examination of the data determined that they were not normally distributed, thus non-

parametric tests were applied. The Wilcoxon signed-rank test (non-parametric t-test) in IBM SPSS 26 was 

applied to determine differences between sites across moisture gradients (between-subjects). Friedman’s 

test (non-parametric repeated measures analysis of variance) in IBM SPSS 26 was used to determine 

differences between sites across growing seasons (within-subjects), and within growing seasons (within-

subjects) for environmental measurements (ST and SM), N availability, and CO2 fluxes. Principal 

components analysis (PCA) was conducted in RStudio to identify correlations and groupings among 

variables.  

2.4 Results 

2.4.1 Environmental Conditions 
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 The mean growing season air temperature for 2016 (3.34 °C) was nearly double that of 2017 and 

2018 and represented the longest growing season of the three years (22 days above 5°C) (Table 2.1). The 

2017 growing season was cool and dry, while 2018 was the coolest of the three years (1.83 °C) with the 

shortest growing season (10 days) and the greatest total rainfall (76.8 mm) (Table 2.1). The data reveal that 

soils were significantly warmer (χ2(2) = 27.1, p < 0.01) and wetter (χ2(2) = 6.13, p < 0.01) in the wet tracks 

for all three study years, and this was particularly pronounced in the warmest year, i.e., 2016 (Table 2.2). 

ST and SM also increased across the growing season in each study year (p < 0.05; Tables B.2, B.3, and 

B.4). 

 

Table 2.1 Mean seasonal values for growing season air temperature, total rainfall, growing degree days 

(GDDs), and growing season length (GSL) for June, July, and August (JJA). 

 

2.4.2 Plant-Available Nitrogen 

Net NH4
+-N availability was always greater than NO3

--N availability and was greater in wet tracks 

than dry tracks (Table 2.2). Differences in NH4
+-N were significantly different between wet and dry tracks 

(z = 2.08, p < 0.05) and between the three growing seasons for both wet (χ2(2) = 30.1, p < 0.01) and dry 

tracks (χ2(2) = 27.1, p < 0.01; Table B.1), and greatest in the wettest year (i.e., 2016) (Figure 2.2a). Only 

the cooler years of 2017 (χ2(2) = 6.50, p < 0.05 for wet tracks; χ2(2) = 14.0, p < 0.01 for dry tracks) and 

 2016 2017 2018 

Mean growing season (JJA) air 

temperature (°C) 
3.34 1.88 1.83 

Total growing season (JJA) 

rainfall (mm) 
70.2 39.2 76.8 

GDDs (base 5°C) 52.24 27.4 16.92 

Growing season length (days) 22 12 10 
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2018 (χ2(2) = 7.13, p < 0.05 for wet tracks; χ2(2) = 9.88, p < 0.01 for dry tracks) had significant differences 

in NH4
+-N availability during the growing season (Tables B.3 and B.4). Under warmer, wetter conditions 

like those in 2016, we did not find significant differences in NH4
+-N availability within the growing seasons 

for wet tracks (z = 1.03, p = 0.30), but dry tracks showed some intra-seasonal variation (z = –1.81, p < 0.1), 

potentially indicating a moisture threshold that limits NH4
+-N availability under these drier conditions. In 

2017 and 2018, NH4
+-N availability was greatest in the early season, with moderate decreases in the mid 

and late season of 2017, and continuous decreases in the mid and late season of 2018 (Figure 2.2a). On 

average, NH4
+-N availability was more than two times greater in the warmest, wettest year of 2016 as 

compared to the latter two years. 

NO3
--N availability was greater in the dry tracks in all years (Figure 2.2b). Significant differences 

in available NO3
--N were seen between moisture tracks (z = –2.55, p < 0.05;) and the three years for both 

wet (χ2(2) = 24.9, p < 0.01) and dry tracks (χ2(2) = 12.9, p < 0.01; Table B.1). However, there were no 

significant differences within the growing season in 2016 (z = –0.26, p = 0.80 for wet tracks; z = 0.62, p = 

0.54 for dry tracks; Table B.2). There was a moderate effect of intra-seasonal variation in 2017 (χ2(2) = 

14.6, p < 0.01 for wet tracks; χ2(2) = 6.13, p < 0.05 for dry tracks; Table B.3) and in 2018 (χ2(2) = 4.88, p 

< 0.1 for wet tracks; χ2(2) = 16.6, p < 0.01 for dry tracks; Table B.4), again pointing to a moisture threshold, 

but this time one that limits NO3
--N availability. There were differing seasonal patterns of NO3

--N 

availability between the three growing seasons, with NO3
--N availability highest in the late summers of 

2016 and 2017, but greatest after spring thaw in 2018. 
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 Table 2.2 Mean growing season values (n = 16) for environmental measurements, N availability, and CO2 exchange (standard deviation in brackets).

 
2016 2017 2018 

Wet Dry Wet Dry Wet Dry 

Soil temperature (°C) 3.06 (1.13) 1.53 (0.878) 1.74 (1.05) 0.88 (0.710) 2.48 (0.99) 2.11 (0.774) 

Soil moisture (%) 80.3 (17.6) 58.0 (11.1) 83.2 (18.6) 61.4 (15.1) 85.7 (16.2) 65.2 (14.8) 

NH4
+-N (µg NH4

+-N cm-2 

day-1) 
9.76 (3.51) 8.50 (3.02) 3.30 (1.52) 2.42 (1.46) 4.25 (1.41) 3.33 (1.320) 

NO3
--N (µg NO3

--N cm-2 

day-1) 
2.22 (2.09) 2.27 (1.14) 0.515 (0.333) 1.14 (1.24) 1.30 (1.03) 1.67 (0.958) 

Gross ecosystem 

productivity (µg C m-2 s-1) 
–35.0 (13.5) –15.7 (11.1) –10.5 (19.6) –10.0 (10.1) –26.6 (13.8) –15.7 (10.9) 

Ecosystem respiration (µg 

C m-2 s-1) 
22.5 (7.84) 17.6 (6.52) 10.3 (7.39) 9.85 (4.95) 13.5 (4.05) 12.1 (4.48) 

Net ecosystem exchange 

(µg C m-2 s-1) 
–12.5 (10.3) 1.99 (9.44) –0.198 (22.4) –0.21 (8.88) –13.1 (12.1) –3.54 (10.8) 
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Figure 2.2 Patterns of a) NH4
+-N availability and b) NO3

--N availability displayed across the season (early, 

middle, and late; only early and late for 2016) and by moisture track for all years (n = 16 replicates for each 

of the wet and dry groups of sites). Error bars represent one standard error for all plots. Note differences in 

y-axis scales.  
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2.4.3 CO2 Exchange 

Overall, GEP and ER were higher in the wetter tracks, but rates of NEE were similar (Table 2.2). 

Total GEP and ER were also greatest in the warmer, wetter year of 2016. GEP was significantly different 

across moisture tracks (z = –3.93, p < 0.01; Table B.1), years (χ2(2) = 26.4, p < 0.01 for wet tracks; χ2(2) = 

9.38, p < 0.01 for dry tracks; Table B.1), and within each growing season (p < 0.05; Tables B.2, B.3, and 

B.4). ER was not significantly different between wet and dry areas (z = 1.62, p = 0.105) but was significantly 

different between years (χ2(2) = 18.9, p < 0.01 for wet tracks; χ2(2) = 24.1, p < 0.01 for dry tracks; Table 

B.1) and within growing seasons (p < 0.05; Tables B.2, B.3, and B.4). NEE was significantly different 

across moisture tracks (z = –4.77, p < 0.01), years (χ2(2) = 21.1, p < 0.01 for wet tracks; χ2(2) = 8.00, p < 

0.01 for dry tracks; Table B.1), and in the dry tracks of 2017 at (χ2(3) = 6.98, p < 0.1; Table B.3), with this 

last result pointing to drier conditions (i.e., low rainfall year and dry tracks) impacting CO2 exchange 

processes.  

Seasonal dynamics of GEP and ER were quite variable across the three growing seasons (Figure 

2.3). Within the growing seasons, GEP tended to peak around day of year 200-210 (i.e., mid to late July) 

(Figure 2.3a). ER in 2016 was greatest in the early season with significant decreases after the peak of the 

growing season; however, no clear patterns in intra-annual CO2 release are evident for 2017 and 2018 

(Figure 2.3b). When examining the seasonal patterns of NEE, the 2016 and 2017 growing seasons started 

out as net sources of CO2, switching to sinks prior to peak GEP (Figure 2.3c). In the cooler, wet year of 

2018, the wetland was a net CO2 sink for the entire growing season, suggesting that the summer source or 

sink potential may be prompted by moisture availability more so than temperature. Overall, the wetland 

was a net sink in all three years driven by GEP in the wet tracks (Figure 2.3c), but sink strength varied from 

year-to-year depending on climate conditions. 
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Figure 2.3 Patterns of a) gross ecosystem productivity, b) ecosystem respiration, and c) net ecosystem 

exchange displayed across the season (day of year 186, 191, 198, and 205) and by moisture track for all 
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years. Error bars represent one standard error for all plots for net ecosystem exchange (n = 16 replicates for 

each of the wet and dry groups of sites). 

2.4.4 Relationships Between Environmental Variables, Available N, and CO2 Exchange 

Initial PCA of all variables showed that 46.2% of all variation in the dataset was explained by the 

first principal component (PC1), and this was used to assess for correlations and relationships between 

variables. When all data were analyzed together (Figure 2.4), ST and SM were strongly positively correlated 

to PC1 (p < 0.05), while GEP and NEE correlated negatively to PC1 (p < 0.05), indicating that PC1 is 

primarily associated with ecosystem productivity and growth, with higher temperatures and water 

availability increasing the net CO2 sink strength. Examinations of the factor loading plot also illustrates a 

positive correlation between NH4
+-N availability and ER along PC2, while GEP is positively correlated 

with ST, meaning higher temperatures correspond with more negative values (i.e., enhanced productivity). 

NO3
--N availability does not appear to have any relationship with environmental variables or CO2 exchange. 
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Figure 2.4 Principal component analysis biplot of environmental measurements (soil temperature and soil 

moisture), N availability, and CO2 exchange for all years. 

 

When comparing plots by moisture regime, there is clear divergence of correlation patterns between 

wet and dry tracks (Figure 2.5). ST, SM, NH4
+-N availability and ER were positively correlated with PC1 

in the wet tracks (p < 0.05; Figure 2.5a), while ST, SM, NO3
--N availability, GEP, and NEE were positively 

correlated with PC1 in the dry tracks (p < 0.05; Figure 2.5b). The patterns of significant correlations with 

PC1 for NH4
+-N availability with wet tracks and NO3

--N availability for dry tracks suggest the role of 

different inorganic N species in ecosystem productivity may depend on moisture regime. Examination of 

two PCA biplots by moisture track for environmental variables, N availability, and CO2 exchange show 

similar distributions of eigenvectors in the ordination space, but their patterns are reciprocal across both 
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axes. Furthermore, the varying relationships between variables to different axes by moisture regime show 

how moisture variability within a small high latitude wetland can drive different CO2 component fluxes. 

 

Figure 2.5 Principal component analysis biplots of: a) wet and b) dry plot variables (soil temperature, 

soil moisture, N availability, and CO2 exchange) by year.  

 

 

When comparing PCA plots by year, patterns attributed to inter-annual climate variability emerge 

(Figure 2.6). In the warmer wetter year of 2016, NO3
--N was positively correlated with productivity (NEE 

and GEP) in the dry tracks ordination space and negatively correlated with ST and SM, which were 

moderately correlated in the wet track ordination space (Figure 2.6a). In comparison, in the cooler, drier 

year of 2017, there is no relationship between NO3
--N and CO2 exchange. Instead, higher NH4

+-N 

availability coincided with higher (more negative) rates of GEP and NEE and decreased ER (Figure 2.6b). 

NO3
- availability also negatively correlated with ST and SM. In 2018, NH4

+-N and SM were negatively 

correlated with NEE and GEP, while NO3
--N negatively correlated with ST and ER (Figure 2.6c). Across 

the three growing seasons, there is little overlap between data measurements, likely indicative of the 
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influence of climate on inter-annual variability, even within a relatively short period of time (i.e., 3 years). 

Overall, wet conditions favoured NH4
+-N and correlated with higher rates of GEP and NEE, while drier 

conditions favoured NO3
--N.  

 

Figure 2.6 Principal component analysis biplots of: a) 2016, b) 2017, and c) 2018, coloured by moisture 

regime. 

2.5 Discussion 

2.5.1 Environmental Drivers of N Availability 

NH4
+-N availability was greatest in the early season, suggesting increased N mineralization was 

coincident with the onset of spring thaw and plant growth. NH4
+-N availability declined during the mid-

season, likely coinciding with the onset of plant growth from the dominant E. vaginatum in July, which was 

found to be similar in timing to other Arctic wet sedge and tussock sites in Alaska (McLaren et al., 2017; 

Weintraub and Schimel, 2005). At the CBAWO, this decrease in NH4
+-N availability also coincided with 

increases in NO3
--N availability across the growing season of 2016 and 2017, which is likely indicative of 

plant and microbial N uptake and nitrification that begins during the mid-season as temperatures warm and 

soils get drier. The cooler study years of 2017 and 2018 exhibited significant intra-annual differences in 

NH4
+-N availability, which is likely attributed to greater nutrient limitation exacerbated by cooler air and 
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soil temperatures. Wetter soil conditions enhanced rates of mineralization, resulting in overall greater 

availability of NH4
+-N in wet tracks. Concentrations of NH4

+-N were always higher than concentrations of 

NO3
-, which is to be expected due to their relative positions in the N cycle and the anaerobic nature of 

wetlands (Clein and Schimel, 1995; McLaren et al., 2017; Nadelhoffer et al., 1991). The PCA also found 

NH4
+-N availability to be positively correlated with ER, suggesting that increases in NH4

+-N could promote 

CO2 release from soils through increased microbial activity, particularly in wetter conditions where the 

relationship was stronger. This relationship between NH4
+-N availability and ER became more negative 

with cooler temperatures, indicating that decreased temperature and subsequent decreases in NH4
+-N 

availability can result in decreased rates of ER.  

NO3
--N was present throughout the sampling period, as evidenced by the increasing presence of 

NO3
--N from the early-to-late season across all three years. In oxygen-limited environments like Arctic 

wetlands, aerobic processes like nitrification are generally limited or absent (Clein & Schimel, 1995; Giblin 

et al., 1991; Nadelhoffer et al., 1991), compared to the more dominant process of N mineralization. 

However, despite the waterlogged nature of wetlands, there is evidence that nitrification is occurring in the 

aerobic soil profiles of the landscape, as evidenced by the presence of NO3
--N in drier wet sedge. This 

available NO3
--N can then be taken up and assimilated by plants (Liu et al., 2018) or may undergo 

denitrification, which is likely happening in the more anoxic soil profiles in this wetland. Furthermore, 

available NO3
--N in the late season can be leached into aquatic environments in conjunction with late-

season rainfall events. Studies on the fate of N in seasonal runoff at the CBAWO found significant NO3
--N 

delivery into downstream environments from slope disturbances and promoted by late-season precipitation 

events (Lafrenière et al., 2017), suggesting that combined effects of increased NO3
--N production, increased 

precipitation due to climate change (Bintanja, 2018) and subsequent runoff due to stormflow can have 

watershed-scale implications on rates of N export.  

2.5.2 Influence of Abiotic Conditions and Nitrogen Availability on CO2 Exchange 
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When examining the relationships between variables in all plots against variable behaviour 

partitioned by moisture regime, the direction and strength of correlations of environmental measurements, 

available N, and CO2 exchange to PC1 were very similar when considering wet plots versus all plots, and 

divergent between dry plots and all plots. Additionally, the location of clusters along the ordination space 

are quite distinct when grouped by moisture regime (Figure 2.6). This points to the importance of landscape-

scale moisture patterns as key drivers of biogeochemical processes in these ecosystems. The importance of 

moisture (i.e., as opposed to temperature) in moderating the magnitude of N and C cycling has been 

demonstrated in incubation studies through moisture addition (Binkley et al., 1994) and water table 

modifications (Billings et al., 1982), and in situ by increasing plant available N (Norby et al., 2019) and 

CO2 uptake (Curasi et al., 2016). Findings from this study conformed with the previously mentioned results: 

available N, dominated by NH4
+-N, was higher in wetter conditions, and this enhanced productivity and 

CO2 uptake. Under drier conditions, NO3
- was more predominant, and drier conditions also favoured ER, 

likely from enhanced decomposition (Johnson et al., 2000). Overall, these findings suggest that in tundra 

wetland environments, moisture alone is a more important control on plant available N than temperature 

alone, which influences the CO2 exchange processes occurring in this landscape. 

2.5.3 Future Trajectory of Wetland CO2 Exchange Constrained by Soil Moisture 

A high degree of uncertainty remains on the future moisture response of Arctic soils as climate 

change progresses. Some models project a warmer, wetter Arctic (Bintanja and Andry, 2017); coupled with 

permafrost thaw, this may result in increased moisture inputs into tundra ecosystems (Wenfang Xu et al., 

2013). However, land surface models have also shown enhanced drainage to occur as a result of large-scale 

permafrost thaw, thereby drying soils, regardless of increased precipitation inputs (Lawrence et al., 2015). 

If change tends towards moisture increases, our results suggest that NH4
+-N and NO3

--N availability will 

increase, which may mean increased nutrient availability in high latitude regions over the long term. Recent 

investigations of CO2 exchange in CBAWO wetlands also found divergent responses of CO2 uptake and 
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release across moisture regimes (Wright et al., 2021), which is likely a result of differences in N availability. 

In environments like these wet sedge meadows in the High Arctic, increases in moisture inputs will further 

strengthen their CO2 sink potential (i.e., productivity exceeding respiration), as we found with higher 

nutrient availability and greater CO2 uptake in the wet plots versus the dry plots. When these processes are 

exacerbated by projected increases in nutrient releases via permafrost thaw (Lara et al., 2019; Salmon et 

al., 2018), the biogeochemical regimes within these Arctic wetlands are likely to change and further 

enhance the CO2 sink strength of these wetland environments. On the other hand, topographical changes 

resulting from permafrost thaw may increase drainage and promote soil drying; in this scenario, our results 

suggest NO3
--N availability will increase, but limitations in plant productivity due to drying would reduce 

the sink potential of this landscape. 

2.6 Conclusion 

This study examined the importance of environmental variables and available N on CO2 exchange 

processes in a High Arctic wetland over three growing seasons. N availability was greatest in the warmer, 

wetter season, and NH4
+-N availability was higher under wetter conditions, while NO3

--N availability was 

higher under drier conditions. Our multi-year analyses demonstrate the influence of N availability on CO2 

exchange in these high latitude systems, and their sensitivity to landscape-driven environmental variability. 

Climate variables like ST and SM influenced inter-annual variability in NEE, however over the longer term, 

nutrient availability is instrumental in moderating the Arctic carbon balance. This is particularly evident in 

an environment like the sedge wetland studied here, where fine-scale landscape undulations influenced N 

availability in an environment where moisture is rarely limiting. Depending on the response of soil moisture 

to climate change, the results from this study suggest that wetter conditions will enhance NH4
+-N 

availability and increase CO2 uptake and storage on the landscape, contributing to a negative feedback. 

Alternatively, drier conditions will promote NO3
--N availability but also increase CO2 release, potentially 

contributing to a positive feedback on the climate system. 
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Chapter 3 

The impact of soil nitrogen availability on trace gas fluxes and net greenhouse 

gas balance in a High Arctic wetland 

3.1 Abstract 

Changes to soil nutrient availability associated with climate warming and permafrost thaw could 

influence the greenhouse gas balance of High Arctic ecosystems. Furthermore, changes in the net flux of 

carbon dioxide, methane, and nitrous oxide will determine whether changes in the High Arctic create 

positive or negative feedbacks on global climate. In this study, we examined the importance of 

environmental and soil nutrient controls over trace gas release in a wet sedge meadow within the Cape 

Bounty Arctic Watershed Observatory, Melville Island, Nunavut. In this wetland, hummocks produced by 

cryogenic events allow for the investigation of these processes across varying moisture regimes over two 

growing seasons (2017 and 2018). Ammonium availability was highest under wetter conditions, while 

nitrate availability was greater under drier conditions and in the drier study year. Nitrous oxide release was 

also more dominant under drier conditions, likely due to higher rates of nitrification.  Overall, the wet sedge 

meadow was a net greenhouse gas sink, driven by carbon dioxide uptake that offset methane and nitrous 

oxide release, despite their higher global warming potentials. These results suggest that within short-time 

scales, differences in moisture availability can alter soil nitrogen availability, which in turn can influence 

whether the system is a source or sink for greenhouse gases. 
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3.2 Introduction 

With warming temperatures in the Arctic, seasonal weather patterns are altering abiotic factors that 

influence  carbon (C) and nitrogen (N) cycling in complex ways (Finzi et al., 2011). Warming is expected 

to accelerate the decomposition of soil organic matter (Aerts et al., 2006; Shaver and Chapin, 1995), 

potentially altering rates of nutrient cycling. The relative abundance of key ecosystem species like Nostoc 

commune and Sphagnum spp. could also change with air temperature increases (Schmidt and Lipson, 2004; 

Shaver and Chapin, 1995), potentially altering available nutrient pools through N fixation and symbiotic 

relationships. In turn, higher nutrient availability could alter species composition (Aerts et al., 2006), plant 

productivity (Shaver et al., 2000), and the net C balance (Welker et al., 2004) in Arctic ecosystems. Changes 

to nutrient availability have the capacity to stimulate environmental change by promoting or reducing C 

uptake and release.  Nitrogen enhancement studies have demonstrated an increase in plant productivity 

(Nowinski et al., 2008) while decreasing ecosystem C storage (Lavoie et al., 2011). To date, however, 

spatial and temporal relationships between net trace gas fluxes and soil N availability have not been 

investigated in detail. Given the range of potential responses, a process-level understanding of these 

interactions in High Arctic ecosystems is critical to determine how they will respond to future changes in 

climate. 

Wetlands play an important role in the C dynamics of Arctic environments (Tarnocai & Zoltai, 

1988) and contain large stores of C (Hugelius et al., 2014). These wetlands sequester and store large 

amounts of C and have long been regarded as carbon dioxide (CO2) sinks due to the dominance of gross 

productivity over respiration (Lafleur et al., 2012; McGuire et al., 2012; Mikan et al., 2002; Nobrega and 

Grogan, 2008). However, warming temperatures are expected to increase ecosystem respiration (ER) in the 

Arctic, which could lead to a shift in the CO2 balance depending on the response of gross primary 

productivity (GPP); this could contribute to decreased net C storage and potentially shift Arctic regions into 

net C sources (Commane et al., 2017; Welker et al., 2004). 
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Arctic wetlands are also unique for their waterlogged, anaerobic environment and rich vegetation 

cover (Woo and Young, 2006), but this can promote trace gas production. Vascular plant species that are 

abundant in these environments (e.g., Eriophorum angustifolium, Carex aquatilis, Dupontia fisheri) can be 

conduits for methane (CH4) release, thus these environments are generally thought of as CH4 sources 

(Andresen et al., 2017; Torn and Chapin, 1993; Wagner et al., 2019). Current estimates of greenhouse gas 

(GHG) fluxes from wetlands portray the circumpolar region as a source for CH4 and nitrous oxide (N2O) 

(Hugelius et al., 2020). This region is extremely sensitive to warming (Olefeldt et al., 2013), and coupled 

with permafrost thaw (Hugelius et al., 2020), these environments have potential to exacerbate the strong 

radiative forcing of CH4 and perpetuate a positive feedback. Currently, in situ research suggests that 

warming-induced changes to wetland conditions, rather than permafrost thaw, will determine the quantity 

of future CH4 release (Cooper et al., 2017). Studies of radiocarbon measurements from wetlands in the 

sporadic and discontinuous permafrost zones of Canada found CH4 fluxes in the area were dominated by 

anaerobic decomposition from recent C inputs, rather than from previously frozen permafrost C (Cooper et 

al., 2017). While the enhanced CH4 release from northern environments could contribute to positive 

feedbacks on climate warming, the driving mechanisms behind the CH4 release are multi-faceted. 

In anaerobic, waterlogged environments, the dominant pathway of N transformation is 

denitrification, which leads to the formation of N2 and N2O (as a byproduct). For N2O production to occur, 

a sufficient supply of nitrate (NO3
-) or high rates of nitrification is required, and in high latitude 

environments, much of the available NO3
- is exported through runoff via permafrost thaw (Lafrenière et al., 

2017; Reyes & Lougheed, 2015). Previous studies of N2O release in the High Arctic have measured flux 

rates similar to those of warmer climates (Wagner et al., 2019). In situ and experimental data suggest 

increasing air (and subsequently soil) temperatures will increase the release of N2O (as well as other GHGs) 

from thawing permafrost (Lara et al., 2019; Voigt et al., 2017). On the other hand, changes to vegetation 

cover and wetland drainage from permafrost thaw could create drier conditions more favourable for aerobic 
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N2O release through nitrification. Ultimately, to predict the future role of Arctic wetlands in the global N2O 

balance, we must first understand the environmental and biogeochemical controls on N2O release in their 

current condition. 

In this study, we examine the dynamics of plant available N within a High Arctic wetland with 

variable moisture regimes, and the influence of different moisture regimes on trace gas fluxes (CO2 release, 

net CH4 flux, and net N2O flux) across two growing seasons. Previous studies have explored variability in 

Arctic wetland greenhouse gas fluxes, and the potential impact of a warming climate (Arndt et al., 2019; 

Emmerton et al., 2014; Wagner et al., 2019), but few consider the role of N availability on these interactions. 

We hypothesize that areas with higher inorganic N availability will have higher rates of trace gas release, 

and that the magnitude of trace gas uptake and release within a wetland will vary depending on moisture 

status. More specifically, we suggest that areas exhibiting high NO3
- availability will coincide with higher 

N2O release due to the importance of nitrification.  

3.3 Data and Methods 

3.3.1 Study Area 

This research was carried out in a wet sedge meadow at the Cape Bounty Arctic Watershed 

Observatory (CBAWO), Melville Island, Nunavut (74°54’N, 109°35’W). The CBAWO covers ~30 km2, 

and contains continuous permafrost with a 0.5–1 m thick active layer (Atkinson et al., 2020). Two adjacent 

watersheds drain into West and East Lakes (unofficial names), which feed into Viscount Melville Sound 

(Figure 3.1a). The growing season extends from late June to mid-August. The surface cover is quite 

heterogeneous and vegetation type varies across a moisture gradient that is highly coupled with topography 

(Appendix A). Approximately 17% of the CBAWO consists of wet sedge wetlands, which are primarily 

snowpack-fed and tend to be the most productive ecosystems in this environment (Hung and Treitz, 2020). 
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Figure 3.1 a) Location of the study area (green square) within the Cape Bounty Arctic Watershed 

Observatory (CBAWO). There are naturally forming longitudinal hummocks that naturally partition the 

wet sedge meadow into varying moisture regimes. Contour lines indicate meters above sea level. b) Wet 

tracks (green) are characterized by standing water in some areas and higher soil moisture, while dry tracks 

(brown) are wet but lack pools of standing water. Site locations are overlain on a land cover classification 

of the CBAWO (Hung and Treitz, 2020). c) Headspace samples were collected over fixed collars using 

opaque chambers, with nutrient sampling sites adjacent to the collar. 

 

The wet sedge meadow examined in this study is 200 m × 200 m and consists of low-growing forbs, 

sedges and grasses (e.g., Eriophorum, Carex spp.), mosses (e.g., Sphagnum spp.), and lichens (e.g., 

Cladonia spp.). The site gently slopes downward from a perennial snowpack from north to south as well as 
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from east to west and has a south-facing aspect. There are variations in soil moisture across the site due to 

cryoturbation (Hodgson et al., 1984), which allows for the formation of naturally-occurring water tracks 

within the wetland that run perpendicular to the snowpack. The presence of these preferential flow pathways 

formed the basis of site characterization as wet versus dry. Wet tracks occur in troughs and are characterized 

by higher bryophyte abundance with standing water in some areas, while dry tracks are found on slightly 

raised areas and lack pools of standing water. Independent sampling locations (32) were established within 

the wetland across 4 wet tracks and 4 dry tracks, with 4 samples on each track (Figure 3.1b). 

3.3.2 Soil Nitrogen Availability 

Ion exchange resin (IER) membranes were used to determine soil N availability across moisture 

regimes in the wetland at the CBAWO. IER membranes were prepared using protocols developed by Qian 

and Schoenau (2005). Cation and anion exchange resin strips (2.5 cm × 10 cm) were cut from membrane 

sheets (Membranes International Inc., Ringwood, New Jersey, United States). Cation and anion resins were 

pre-loaded by first stripping away all ions with 0.5M hydrochloric acid (HCl) solution for 24 hours with 

agitation at 40 RPM, after which they were soaked in 0.5M NaHCO3 for 5 hours with agitation at 40 RPM) 

to saturate sites with sodium and bicarbonate ions. The resin strips (5 cations and 5 anions) were deployed 

at each plot to a depth of 10 cm and remained in the field for two weeks at a time with a total of three 

deployments across the season (early, middle, and late season). In 2017, the early, middle, and late season 

deployments ran from June 29 to July 14, July 14 to 25 and July 25 to August 8, respectively. In 2018, the 

early, middle, and late season deployments ran from July 10 to 20, July 20 to August 3, and August 3 to 13. 

Timing discrepancies between the previously stated study years were due to logistical challenges in 

accessing the field site. When removed from the soil, the resins were cleaned and rinsed with deionized 

water, bagged, refrigerated, kept in darkness and returned to the lab at Queen’s University for processing 

and analysis. 
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IER membranes were eluted in groups of 10 strips (5 cation and 5 anion, all from one site) creating 

an integrated “result” for each plot; consequently, single values for each ion of interest were generated for 

each of the 32 sampling plots for each sampling period. The combined elutions were also done to avoid 

nutrient readings below the detection limit, as Arctic environments tend to have low levels of available 

nutrients. The resins were extracted by soaking in 90 ml of 0.5M HCl for one hour with 40 RPM agitation. 

The final solutions were refrigerated in 20 ml polypropylene scintillation vials prior to colorimetric analysis. 

Eluants were analyzed for NH4
+ and NO3

- using the Astoria2 Analyzer (Astoria Pacific, Clackamas, Oregon, 

United States) automated colorimetric system. Three quality assurance and quality control steps were 

applied to assess for error: 1 in 10 samples was run in duplicate, a blank was run after every 30 samples, 

and a check standard (1.0 ppm) was run every 45 samples for drift correction. All samples were run twice 

and averaged. 

3.3.3 Trace Gas Sampling 

Trace gases were sampled from opaque, static, non-steady state chambers attached to a collar 

inserted approximately 5 cm into the soil (Wagner et al., 2019). Chambers were made of PVC pipe (20 cm 

diameter and 4.7 cm height) and sealed with a Plexiglass plate and covered with reflective insulation to 

ensure darkness and minimize heating within the chamber when sealed to the collar. A short vent tube in 

the chamber top allowed for atmospheric equalization, and an adjacent line fitted with a three-way stopcock 

was used for gas sampling. Chambers were purged with atmospheric air to ensure ambient gas 

concentrations, after which chambers were sealed to the collar using a rubber gasket. At the time of each 

sample, the air inside the chamber was mixed by manually pumping a 30 mL syringe 3 times. 25 ml 

headspace samples were collected after 0, 5, 15, and 45 minutes from sealing the chamber to the collar 

(Figure 3.1c) and were injected into separate 12ml pre-evacuated vials (Exetainer 739B, Labco Limited, 

Buckinghamshire, United Kingdom). Trace gas samples were collected once a week from the end of June 

(mid-July in 2018) until the end of July (mid-August in 2018), for a total of 5 measurements per collar per 
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year. All 32 collars were sampled on the same day between 1000 and 1700. The order of sampling was the 

same across dates and selected to ensure that samples from each plot were collected across the entire day. 

Concentrations of CH4, CO2 and N2O were determined using gas chromatography (CP 3800, Varian 

Inc., Palo Alto, California, USA) at Carleton University. The instrument was equipped with a flame-

ionization detector (run at 300°C) and a methanizer (run at 350°C), using Helium (He) carrier gas at 30 ml 

min–1. Gas separation was obtained using a Haysep N 80/100 pre-column (0.32 cm diameter and 50 cm 

length) as well as a Poropak QS 80/100 mesh analytical column (0.32 cm diameter and 200 cm length) in 

a column oven kept at 50°C. For quality control and calibration purposes, three replicates of five standards 

(0.88-20 ppm for CH4, 360-15346 ppm for CO2, and 0.3-1.33 ppm for N2O) as well as He blanks were 

included in every gas sampling run. 

Gas flux rates were calculated using the following equation (Equation 3.1): 

𝐹𝑙𝑢𝑥 =  
𝑛𝑎𝑖𝑟∙𝑚𝑟

𝐴
  (3.1) 

where nair is moles of gas within the chamber volume, mr is linear rate of change in mixing ratio over time, 

and A is the area of the chamber. Moles of gases within the chamber were determined using the Ideal Gas 

Law with barometric pressure and air temperature taken from the nearby weather station. Positive flux 

values represent trace gas release from the ecosystem into the atmosphere, while negative flux values 

represent trace gas uptake by the ecosystem. Mixing ratio measurements that indicated potential for a gas 

leak in the chamber were omitted from flux calculations, and any negative CO2 fluxes were eliminated from 

further analysis for suspected leakage during sampling or storage. CH4 and CO2 fluxes are reported in g C 

m-2 s-1 and N2O fluxes in g N m-2 s-1 using the molar masses of C and N. 

3.3.4 Environmental Measurements 

Soil temperature (ST) and soil moisture (SM) were measured twice per week adjacent to the 

locations of the ion exchange resins. ST was measured at 5–7 cm depth using a standard hand-held soil 

temperature probe (Thermor Limited, Newmarket, Canada; ± 0.1°C). SM was measured at 0–5 cm depth 
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using a ML-3 Theta probe with data stored in a HH2 Soil Moisture Meter (Delta-T Devices, United 

Kingdom; ± 1% volumetric water content). A local meteorological station provided hourly temperature and 

precipitation data (Beel et al., 2021). 

3.3.5 Statistical Analysis 

Initial investigation of the plot data determined that they were not normally distributed, thus non-

parametric tests were used to compare different moisture regimes. The Wilcoxon signed-rank test (non-

parametric t-test) in IBM SPSS 26 was used to determine differences between sites across moisture 

gradients (between-subjects) and across the two growing seasons (within-subjects). Friedman’s test (non-

parametric repeated measures analysis of variance) in IBM SPSS 26 was used to determine differences 

within growing seasons (within-subjects) for environmental measurements (ST and SM), N availability, 

and trace gas fluxes. Principal components analysis (PCA) was applied in RStudio to assess correlation 

among environmental variables, N availability, and trace gas fluxes.  

3.4 Results 

3.4.1 Environmental Conditions 

 The average growing season air temperature (June to August) for 2017 was 1.88°C with 39.2 mm 

total rainfall during that period, while the average growing season temperature for 2018 was 1.83°C with 

76.8 mm total rainfall. SM across the two years was similar, despite nearly double the amount of rainfall in 

2018; however, ST was, on average almost 1°C warmer in 2018 (2.30°C) than in 2017 (1.31°C). 

On average, ST was warmer in the wet tracks in both study years (Table 3.1). ST was significantly 

different between wet and dry tracks (z = 2.30, p < 0.05), across years in the dry tracks (z = 3.92, p < 0.01), 

and within the growing seasons (Tables C.2 and C.3). Average SM was higher in the wet tracks than the 

dry tracks, as anticipated with the study design (Table 3.1), and differences between moisture tracks (z = 
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4.46, p < 0.01), across years in the dry tracks (z = 0.528, p < 0.01; Table C.1), and within growing seasons 

were significant (Tables C.2 and C.3). 

 

Table 3.1 Mean seasonal values (n = 16) for environmental measurements, N availability, and trace gas 

release (standard deviation in brackets). 

 
2017 2018 

Wet Dry Wet Dry 

Soil temperature (°C) 1.74 (1.05) 0.88 (0.552) 2.48 (0.942) 2.11 (0.736) 

Soil moisture (%) 83.19 (18.6) 61.38 (15.1) 85.74 (16.2) 65.23 (14.8) 

NH4
+

 (µg NH4
+-N cm-2 day-

1) 
3.30 (1.52) 2.42 (1.46) 4.25 (1.41) 3.33 (1.32) 

NO3
- (µg NO3

--N cm-2 day-1) 0.52 (0.33) 1.14 (1.24) 1.30 (1.03) 1.67 (0.789) 

CO2 release (µg C m-2 s-1) 2.83 (1.68) 2.87 (2.38) 5.44 (2.70) 4.88 (2.03) 

CH4 flux (ng C m-2 s-1) 1.67 (3.66) 0.89 (3.27) 1.77 (2.24) 4.53 (8.74) 

N2O flux (ng N m-2 s-1) 0.05 (0.218) 0.16 (0.390) 0.01 (0.296) 0.14 (1.10) 

 

3.4.2 Available Soil Nitrogen 

NH4
+

 availability was greater in wet tracks in both years, with NH4
+-N accumulation on resins 

averaging 3.30 µg NH4
+-N cm-2 day-1 in 2017 and 4.25 µg NH4

+-N cm-2 day-1 in 2018 (Table 3.1). When 

contrasting the moisture tracks, wet tracks had ~1.3 times the NH4
+ availability of dry tracks and these 

differences were statistically significant (z = 3.24, p < 0.01; Table C.1). NH4
+ availability also differed 

significantly between years (z = 2.68, p < 0.01 in the wet tracks; z = 3.05, p < 0.01 in the dry tracks) and 

within growing seasons (Tables C.2 and C.3). In both years, NH4
+ availability was greatest in the early 
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season, with small decreases in the mid and late season in 2017 (Figure 3.2a), and moderate decreases in 

the mid and late season in 2018 (Figure 3.3a).  

Unlike NH4
+ availability, NO3

- availability was greater in the dry tracks in both years (1.14 µg NO3
-

-N cm-2 day-1 in 2017 and 1.67 µg NO3
--N cm-2 day-1 in 2018; Table 3.1). NO3

- availability was significantly 

different between moisture tracks (z = –2.57, p < 0.01; Table C.1), between study years (z = 3.54, p < 0.01 

in the wet tracks; z = 2.26, p < 0.05 in the dry tracks), and within growing seasons (Tables C.2 and C.3) 

There were differing seasonal dynamics of NO3
- availability; i.e., NO3

- availability was highest in the late 

summer in 2017 (Figure 3.2b), but were continuous high in the early to mid-season in 2018 before 

decreasing in the late season (Figure 3.3b). 
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Figure 3.2 Seasonal patterns of: a) NH4
+-N availability; b) NO3

--N availability; c) CO2 release; d) CH4 

release; and e) N2O release for all plots in 2017, separated by moisture regime. Error bars indicate standard 

error for all plots. 
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Figure 3.3 Seasonal patterns of: a) NH4
+-N availability; b) NO3

--N availability; c) CO2 release; d) CH4 

release; and e) N2O release for all plots in 2018, separated by moisture. Error bars indicate standard error 

for all plots. 

 

3.4.3 Greenhouse Gas Fluxes 

CO2 release was similar across wet and dry conditions in 2017, but in 2018, the wetter year, CO2 

release was elevated in the wet tracks (Table 3.1), with variable seasonal patterns across both years (Figures 
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3.2c and 3.3c). CO2 release differed significantly between study years (z = 4.11, p < 0.01 in the wet tracks; 

z = 3.32, p < 0.01 in the dry tracks), and within growing seasons (χ2(4) = 44.2, p < 0.01 in the wet tracks; 

χ2(4) = 37.2, p < 0.01 in the dry tracks; Tables C.2 and C.3). 

In both years, CH4 release was greater in the wet tracks than dry tracks, and this was particularly 

pronounced in 2018 (Figure 3.3d), where the CH4 release rate in wet plots was nearly four times greater 

than in dry plots (Table 3.1). CH4 release rates also steadily increased towards the latter half of the growing 

season. CH4 release differed significantly between moisture tracks (z = 1.85, p < 0.1), between study years 

(z = 2.79, p < 0.05 for wet tracks; z = 1.81, p < 0.1 for dry tracks), and across the growing season in 2018 

only (χ2(4) = 34.0, p < 0.01 in wet tracks, χ2(4) = 21.0, p < 0.01 in dry tracks).  

N2O release was greater in dry tracks in both years, and with overall higher rates in 2017 (drier 

year). The wet sedge meadow shifted from being a N2O source for most of the growing season to being a 

late season N2O sink (Figures 3.2e and 3.3e). Unlike other trace gases, N2O release did not differ 

significantly between moisture tracks, across study years, or within growing seasons.  

3.4.4 Relationships Between Environmental Variables, N Availability, and Trace Gas Release 

Wet and dry tracks were analyzed separately first using PCA to assess the influence of variables 

among different moisture regimes (Figure 3.4). Comparison of the two moisture regimes revealed that the 

variables’ eigenvectors fell along similar axes, but their magnitudes varied. In wet tracks, NO3
- accounted 

for the largest proportion of variance, whereas both inorganic N species were contributors to variability in 

dry tracks (NH4
+ and NO3

-). When variables were analyzed across all plots, eigenvectors were inverse 

across both PC1 and PC2 axes as compared to analyzing by moisture track (Figure 3.5). Overall, when 

analyzing all data together (Figure 3.5), patterns of distribution across the ordination space were more 

similar to that of dry tracks over the wet tracks from the separate analysis (Figure 3.4). This likely points 

to the importance of the drier tracks in influencing biogeochemical processes in this system, despite higher 

NH4
+ availability and gas fluxes in the wet tracks. In wet tracks, CO2 and CH4 release were most strongly 
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positively correlated with PC1, while ST and CO2 release were most strongly positively correlated with 

PC1 in the dry tracks (Figure 3.4). ST and CO2 and CH4 release were most strongly correlated with PC1 

when both wet and dry tracks were considered.  

 

 

Figure 3.4 Principal component analysis (PCA) biplot of a) wet (n = 16) and b) dry plot (n = 16) variables 

(soil temperature, soil moisture, N availability, and trace gas release) by year. Ellipses represent a 95% 

confidence interval. 
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Figure 3.5 Principal component analysis (PCA) biplot of environmental measurements (soil temperature 

and soil moisture), N availability, trace gas release for both years. Ellipses represent a 95% confidence 

interval. 

 

3.5 Discussion 

3.5.1 Patterns and Controls on N Availability 

NH4
+ availability was greatest in the early season, suggesting increased mineralization activity with 

the onset of spring thaw and plant growth. The timing of N availability in 2018 (Figure 3.3) supports 

McLaren et al.’s (2017) conceptual model of seasonal soil N dynamics, where the authors describe high 

rates of mineralization, and subsequent availability of NH4
+ in the early part of the growing season, followed 

by decreases in the latter part of the growing season due to high plant and microbial uptake (Giblin et al., 
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1991). However, our sampling methodology did not allow us to capture the pulse of soil available N that 

was anticipated after leaf drop, in which nutrient leaching from plant senescence would coincide with a 

late-season pulse of NH4
+ and NO3

- availability (McLaren et al., 2017). Compared to other studies, the 

average measured NH4
+ availability was similar to those measured in Alaskan wet sedge tundra (Giblin et 

al., 1991) and an order of magnitude smaller than that measured in subarctic birch tundra (Gu & Grogan, 

2020). NO3
- availability measured in this study was also similar to those measured in Alaskan wet sedge 

tundra (Giblin et al., 1991), and higher than quantities in subarctic birch tundra from soil extractions, which 

were found to be below detection limit (Buckeridge et al., 2010). 

This study found greater availability of NH4
+ in wet tracks as well as in the wetter year of 2018. 

However, results from the PCA show the importance of NO3
- availability contributing to a large proportion 

of variability across the wetland, suggesting that despite the limitation of nitrification in cold, anoxic 

environments like Arctic wetlands, this process arguably plays a more important role than mineralization 

in influencing the plant-available nutrient balance of this environment. Overall findings from this study 

suggest that moisture is a more important control than temperature on N availability in this Arctic wetland, 

and corroborates results from other studies, where N fixation (Rousk et al., 2018), mineralization (Stewart 

et al., 2014), and overall vegetation changes (Van Der Kolk et al., 2016) were more affected by moisture 

regime than temperature regime. 

3.5.2 The Role of N Availability in Greenhouse Gas Release 

In temperate systems, high levels of NH4
+ can impede CH4 uptake via oxidation due to their 

similarity in molecular size (Bodelier & Laanbroek, 2004). However, we do not observe this here, as CH4 

uptake was still prevalent in the dry tracks, despite consistent levels of available NH4
+ in the late season of 

2017 and in the beginning of the 2018 season (Figures 3.2a and 3.3a). This has also been found in studies 

of a northern peatland in Eastern Canada, where authors found no effect of N addition alone on CH4 release, 

but that N addition counteracted the effects of warming on CH4 emissions (Luan et al., 2019). Despite the 
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anaerobic nature of wetlands that favours processes like CH4 release, future increases in N availability under 

drier conditions may offset CH4 emissions, particularly under a warming scenario. 

Results from this study suggest that nitrifier denitrification is the dominant pathway for N2O 

release, as we observed an increase of NO3
- availability across the 2017 growing season, but there was no 

increase in N2O production across the same time period (2017). This echoes findings from other Canadian 

High Arctic sites, where the soil N cycle was linked to N2O emissions via nitrifier denitrification (Ma et 

al., 2007; Siciliano et al., 2009; Stewart et al., 2014). Depending on future climate scenarios and their effects 

on physical permafrost processes and soil conditions, our research suggests that the drying out of high 

latitude wetland soils could promote higher NO3
- availability, leading to more N2O production and 

subsequent release. Alternatively, projections of a warmer, wetter Arctic (Bintanja, 2018) could promote 

expansion of anoxic wetland conditions, which could promote N2O uptake (Marushchak et al., 2011).  

3.5.3 Wet Sedge Meadow Greenhouse Gas Balance 

To compare the relative contributions of the three GHGs to the overall GHG balance, CO2 

equivalents were calculated from the flux values using the global warming potentials (GWPs) reported in 

the IPCC Fifth Assessment Report (IPCC, 2014). CH4 and N2O fluxes from this study and the net ecosystem 

CO2 exchange values from an accompanying study from this wetland were used (Hung et al., in review) to 

assess the net GHG balance of the wetland. In 2017 and 2018, this wet sedge meadow was a net sink for 

CO2, sequestering 0.21 and 8.32 µg C m-2 s-1 respectively (Hung et al., in review), and on a CO2-equivalent 

basis, NEE offset fluxes of both CH4 and N2O in both study years (Table 3.3), despite the significantly 

higher GWP of CH4 and N2O. This demonstrates that the balance between CO2 uptake and release will play 

a more important role in driving future feedbacks on the climate system than other gases with higher GWPs. 

This was also the case in a previous study of the CBAWO GHG balance, where CO2 dominated the GHG 

balance of the study area in 2008 and 2009 (Wagner et al., 2019). Compared to wetland fluxes from 2008 

and 2009 (Wagner et al., 2019), this study found smaller fluxes of CO2, CH4, and N2O almost a decade 
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later. However, it is important to keep in mind the climate context of these measurements, as average air 

temperatures for the growing season were ~4°C cooler in this study, with drier than normal conditions in 

2017 and wetter than normal conditions in 2018. 

 

Table 3.2 Growing season trace gas fluxes in terms of their respective CO2 equivalents (expressed in ng 

CO2 m-2 s-1) for a 100-year time horizon in High Arctic terrestrial ecosystems at the Cape Bounty Arctic 

Watershed Observatory in 2017 and 2018. Net ecosystem exchange (NEE) data comes from Hung et al. (in 

review). Negative values indicate uptake (sink). 

 2017 2018 

Trace gas Wet Dry All Wet Dry All 

CH4 62.5 33.04 47.7 66.1 169.1 117.6 

N2O 52.5 151.6 102.0 12.6 132.1 72.4 

NEE –726 –784 –755 –4.79 × 104 –1.30 × 104 –3.04 × 104 

 

In the drier year of 2017, N2O release was greater than CH4 release on a CO2-equivalent basis, and 

this relationship was reversed in the wetter year of 2018, demonstrating the importance of environmental 

conditions on interannual variability of trace gas release. Many studies of high latitude wetland 

environments point to CH4 emissions as a key GHG in the overall carbon balance of northern permafrost 

regions (Andresen et al., 2017; Knoblauch et al., 2018; Lara et al., 2019). Thus, when studying GHG release 

in vulnerable ecosystems, it is important to consider the contribution of other GHGs like CO2 and N2O, 

even in waterlogged environments where anaerobic processes are expected to dominate. With these findings 

on the importance of CO2 in the net GHG balance, we anticipate that high latitude wetland environments 
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like wet sedge meadows will contribute to a negative feedback on the climate system, particularly under 

warmer, wetter conditions such as those forecasted for the future Arctic (Bintanja & Andry, 2017). 

3.6 Conclusions 

This study examined the seasonal dynamics of environmental variables (ST and SM) and available 

N (NH4
+ and NO3

-) within a High Arctic wetland to determine their influence on respiration (CO2 release), 

trace gas release (CH4, and N2O) and the net GHG balance across two growing seasons (2017 and 2018). 

Significant differences in ST, SM, and N availability were found between contrasting moisture regimes. N 

availability was greatest in the warmer, wetter season, and NH4
+ availability was higher under wetter 

conditions, while NO3
- availability was higher under drier conditions. Between growing seasons and within 

a given year, only CO2 and CH4 release differed significantly across moisture regimes. Wet tracks and the 

wetter 2018 season favoured more CO2 and CH4 release, while N2O release was more dominant in drier, 

more aerobic conditions. Ultimately, despite the higher global-warming potentials of CH4 and N2O, CO2 

was still the dominant greenhouse gas released on a CO2-equivalent basis, and the wetland was a net sink 

when considering the net GHG balance, as the CO2 sink strength of the ecosystem was able to offset CH4 

and N2O release. The results from this study show the importance of seemingly small differences in 

interannual environmental conditions, particularly moisture, having a large influence on this Arctic 

wetland’s GHG source or sink potential.  
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Chapter 4 

Investigating ten years of summer warming and enhanced snowfall on 

nutrient availability and greenhouse gas fluxes in a High Arctic ecosystem 

4.1 Abstract 

Arctic warming and changing precipitation regimes are altering soil nutrient availability and other 

processes that control the greenhouse gas balance of high latitude ecosystems. Changes to these 

biogeochemical processes will ultimately determine whether the Arctic will enhance or dampen future 

climate change. At the Cape Bounty Arctic Watershed Observatory, a full factorial International Tundra 

Experiment site was established in 2008, allowing for the investigation of ten years of experimental 

warming and increased snowfall on nutrient availability and trace gas release in a mesic heath tundra across 

two growing seasons (2017 and 2018). Seasonal and interannual variability in the soil micro-environment, 

nitrogen availability, carbon dioxide release, and nitrous oxide fluxes were driven by differences in late-

season rainfall, indicating the importance of soil moisture as a control on nutrient availability and net 

greenhouse gas exchange. Experimental warming decreased soil moisture (p < 0.05) and ammonium 

availability (p < 0.1), and increased carbon dioxide release (p < 0.01), with the latter effect enhanced in the 

drier, longer growing season (2017). Enhanced snow and experimental warming also increased NO3
--N 

availability (p < 0.1), and this corresponded with increased N2O release. Overall, there was very little impact 

of deepened snow. Our results suggest that enhanced summer warming and subsequent declines in soil 

moisture will lead to an increase in available nitrogen and increased greenhouse gas release. Ultimately, 

these effects will be moderated by the magnitude of future shifts and interactions between climate 

variability and ecological responses to permafrost thaw. 
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4.2 Introduction 

The Arctic is warming two times faster than the global mean (AMAP, 2021), and this warming is 

having profound impacts on Arctic terrestrial ecosystems. Climate warming at high latitudes is expected to 

change the dominant precipitation from snow to rain (Bintanja & Andry, 2017) and increase growing season 

length (GSL) (Blume-Werry et al., 2016), both of which can  alter biogeochemical processes and the net 

carbon (C) balance (Shaver et al., 1992). The circumpolar permafrost region stores ~60% of the world’s 

soil C (Hugelius et al., 2014; Turetsky et al., 2020), much of which is at risk of decomposing and releasing 

CO2 through permafrost thaw. This thaw can also release plant-limiting elements like nitrogen (N) and 

phosphorus (P), which can create positive or negative feedbacks through enhanced greenhouse gas (GHG) 

uptake or release. Therefore, it is important to understand the interactions between changes in temperature, 

precipitation, and nutrient availability, and their impacts on high latitude ecosystems to understand potential 

feedbacks to climate change. 

Plant growth in Arctic regions is typically limited by low temperatures, short growing seasons, and 

low available nutrients. High latitude warming can stimulate below-ground microbial activity and N 

mineralization in a typically N-limited environment (Elberling, 2007; Mikan et al., 2002; Rustad et al., 

2001; Schimel et al., 2004). However, this does not always result in increased plant-available inorganic N. 

While incubation and in situ studies have found increases in inorganic N availability as a result of natural 

and experimental warming (Binkley et al., 1994; Salmon et al., 2016), other studies have found no 

significant changes to soil inorganic N in Sub-Arctic (Lavoie et al., 2011; Voigt et al., 2017) or High Arctic 

(I. K. Schmidt et al., 1999) ecosystems exposed to warming.  Some studies attribute this lack of change to 

the concurrent increase in N immobilization, resulting in low net N mineralization rates (I. K. Schmidt et 

al., 1999). Changes in soil N availability also has implications for greenhouse gas (GHG) release: e.g., 

microbially-mediated methane (CH4) oxidation can be impeded by NH4
+ due to their similarities in 

molecular size (Bodelier & Laanbroek, 2004), and changes in N cycling processes could alter nitrous oxide 
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(N2O) production via nitrification or denitrification. Due to the close relationship between N and C cycles, 

it is important to understand how climate change (both temperature and precipitation) will alter N dynamics 

in in the High Arctic in order to better predict changes to C cycling processes.  

Climate warming and subsequent soil temperature increases can have variable effects on sources 

and sinks of greenhouse gases depending on moisture and vegetation characteristics. A meta-analysis of 

studies examining permafrost CH4 emissions found temperature, moisture, and vegetation status as drivers 

of high latitude CH4 emissions. Similarly, studies from Russian and Finnish permafrost peatlands found 

rates of N2O emissions dependent on moisture availability and vegetation status (Marushchak et al., 2011). 

In a range of Sub-Arctic tundra, Voigt et al. (2017) found that warming increased the emissions of carbon 

dioxide (CO2), CH4, and N2O, with vegetated tundra shifting from a sink to a source of all three gases. 

However, experimental warming observations from a mesic tundra site in the Canadian High Arctic found 

a 30% increase in productivity (GEP) but no change in CO2 emissions, resulting in this ecosystem being a 

small C source (Welker et al., 2004). Similarly, soil respiration from long-term warming experiments from 

a wide range of environments, including those at high latitudes, show no change in soil respiration in 

response to increased temperature (Carey et al., 2016). While much of this research investigates temperature 

effects on GHG fluxes, few studies have explored the interactions between changes in temperature and 

moisture regimes, and how they influence nutrient availability and GHG fluxes in northern environments.  

A large proportion of precipitation in the Arctic currently comes as snowfall, although models are 

projecting future shifts from a snowfall-dominated to rainfall-dominated Arctic region by 2100 (Bintanja 

& Andry, 2017). This potential precipitation shift has implications for subnivean soil thermal regimes, as 

the insulating properties of snow warms soils in areas of snow accumulation, which can subsequently alter 

moisture content and soil thermal regimes due to the critical role water plays in regulating thermal 

diffusivity (Romanovsky & Osterkamp, 2000). This can be enhanced by shrub expansion due to warming, 

further exacerbating the snow depth feedback on soil temperature and altering the timing of snowmelt 
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(Chapin et al., 2005). Increased snow cover has been found to correspond with increased microbial activity, 

increased N mineralization (Schimel et al., 2004), and subsequent CO2 release (Wang et al., 2020). This 

increased nutrient availability could also influence the release of other important GHGs (e.g., CH4 and 

N2O), although this has yet to be examined. Release of GHGs from microbial activity can be mitigated in 

part through uptake by vegetation; however results from in situ studies and model results both demonstrate 

changes to vegetation composition as a result of warming and changing precipitation (Edwards & Henry, 

2016; Van Der Kolk et al., 2016). This is particularly important when considering the local impacts of 

different species: increased shrub growth can increase underlying ground temperature (Wilcox et al., 2019), 

while wetland plants can act as conduits for GHG release (Andresen et al., 2017; Wagner et al., 2019). 

Using long-term in situ experimental studies, we can explore the effects of enhanced snow accumulation 

on soil conditions and nutrient availability, which impact vegetation cover and greenhouse gas release, and 

how these effects may interact with climate warming. 

 In this study, we investigated the results of ten years of experimental warming and increased 

snowfall on N availability and GHG fluxes across two growing seasons in the High Arctic. Experimental 

warming studies have existed for almost three decades, with a variety of plant phenological (Aerts et al., 

2006; Henry & Molau, 1997) and GHG responses (Natali et al., 2011; Oberbauer et al., 2007), as well as a 

few studies investigating changes in available nutrient pools (Salmon et al., 2016). In Canada, International 

Tundra Experiment (ITEX) sites examining experimental warming effects on phenology exist at Alexandra 

Fiord, Nunavut, Daring Lake, Northwest Territories, and Qikiqtaruk (Herschel Island), Yukon. However, 

none have examined the above and belowground interactions between nutrient availability and GHG fluxes 

under warming and enhanced snowfall scenarios (and the interactions between these factors). We 

hypothesize that summer warming, coupled with increased snowfall, will increase soil temperatures, 

resulting in deeper active layers, and higher NH4
+ and NO3

- availability, thereby increasing fluxes of GHGs 

to the atmosphere. 
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4.3 Data and Methods 

4.3.1 Study Area 

This research was conducted in a mesic heath tundra at the Cape Bounty Arctic Watershed 

Observatory (CBAWO), Melville Island, Nunavut (74°54’N, 109°35’W) across the growing seasons of 

2017 and 2018. The CBAWO is a ~30 km2 research area made up of continuous permafrost with a 0.5–1 

m thick active layer (Figure 4.1a). Two adjacent smaller watersheds drain into the West and East Lakes, 

which feed into Viscount Melville Sound. The growing season occurs within the months of June to August, 

depending on interannual climate conditions, allowing for up to three months of vegetation growth over a 

foundation of glacial and early Holocene marine sediment (Hodgson et al., 1984). Vegetation coverage 

within the CBAWO is quite heterogeneous across the landscape, where vegetation communities vary along 

a soil moisture gradient determined by topographic variability (Hung and Treitz, 2020). Mean growing 

season temperature (JJA) from 2003 to 2017 was 2.7°C ± 1.4°C with annual precipitation limited to <150 

mm (Beel et al., 2020). 

Figure 4.1 a) Location of Cape Bounty Arctic Watershed Observatory (CBAWO) within the Canadian 

High Arctic (inset) and the International Tundra Experiment (ITEX) site within the CBAWO. b) Close-up 



 

71 

 

of the eight replicate sites with four treatment plots (snow-warmed, snow-control, control warmed, and 

control-control) within each site within ITEX. Each of these sites has two plots with open top chambers 

deployed for enhanced summer warming and a snow fence for increased snow deposition. Four additional 

plots located south of the main study area were established as additional control plots with no experimental 

influence (outside control). 

4.3.2 Experimental Design 

The study area is a mesic heath tundra with a long-term experimental warming design initiated in 

2008 as part of ITEX (Henry & Molau, 1997). This mesic heath tundra is characterized by a mix of bare 

ground, moss cover, and vegetation patches of graminoids (i.e., Eriophorum spp.), forbs (i.e., Ranunculus 

nivalis and Potentilla vahliana), and prostrate shrubs (i.e., Salix arctica). Warming is accomplished using 

open-top chambers (OTC’s) made of translucent plexiglass panes angled slightly inwards to trap heat 

without impeding precipitation (Molau & Molgaard, 1996). This increases near-surface temperatures within 

the OTCs by 1–3°C (Henry & Molau, 1997), which simulates predicted temperature increases for the region 

(AMAP, 2021). Snow fences (1 metre tall, 7 metres wide) were placed perpendicular to the prevailing 

winter wind direction (northwest), allowing snow to build up near the fence on the leeward side (Figure 

4.1b). This experimental design is the second full factorial ITEX site in the Canadian High Arctic that 

examines warming and enhanced snowfall and has been used to explore the main effects of, and interactions 

among these treatments on plant phenology and net CO2 exchange (Arruda, 2016), with the first being in 

Alexandra Fiord. Each treatment is replicated eight times for a total of 32 plots (Figure 4.1b). 

Within each replicate, two plots are within the snow accumulation zone (roughly 2 metres) of the 

fence (enhanced snow). Within this accumulation zone, one plot is equipped with an OTC to test for the 

effect of increased temperature and snow cover (snow-warmed – SW), while the other is not affected by 

enhanced temperature (snow control – SC). Outside of the snow accumulation zone, two plots are 

established, one equipped with an OTC (control-warmed – CW) and one without (control-control – CC). 
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Outside of the main ITEX area, four control plots (outside control - OC) were located south of the main 

experimental area and well away from any possible enhanced snow deposition, for a total of 36 plots.  

4.3.3 Environmental Measurements 

Soil moisture (SM), soil temperature (ST), and active layer (AL) depth were measured in triplicate 

twice per week at sampling sites adjacent to the locations of the ion exchange resins (IER) and gas flux 

measurements. Soil moisture was measured at 0–5 cm depth using a ML-3 Theta probe with data captured 

on a HH2 Soil Moisture Meter (Delta-T Devices, United Kingdom; ± 1% volumetric water content). Soil 

temperature was measured at 5 cm depths using a standard soil temperature probe (Thermor Limited, 

Newmarket, Canada; ± 0.1°C). Active layer depth was measured using a steel rod inserted into the ground 

until reaching frozen ground (± 1 cm). A local meteorological station provided hourly temperature and 

precipitation data (Beel et al., 2021). 

4.3.4 Evaluating Soil Nitrogen Availability 

Ion exchange resin (IER) membranes were used to determine soil N availability for each 

experimental treatment.  IER membranes were prepared using protocols developed by Qian and Schoenau 

(2005). Cation and anion exchange resins (2.5 cm × 10 cm) were cut from membrane sheets obtained from 

Membranes International Incorporated (Membranes International Inc., Ringwood, New Jersey, United 

States). Cation and anion strips were first stripped clean using a 0.5M hydrochloric acid (HCl) solution for 

24 hours with agitation. Strips were then soaked in 0.5M NaHCO3 for 5 hours with gentle agitation to 

saturate sites with sodium and bicarbonate ions. The anion strips were also soaked in a 0.01M 

ethylenediaminetetraacetic acid (EDTA) solution for one hour with agitation.  The resins were deployed 

using a knife to make a slit in the soil, then placing the strip into the slit.  Resin strips sampled N availability 

in the top 10 cm of soil and remained in the field for two weeks at a time with a total of two deployments 

across the 2017 growing season (early – July 1 to 16 and middle – July 16 to 26 season) and three 
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deployments in 2018 (early – July 11 to 21, middle – July 21 to August 4, and late – August 4 to 13). Timing 

discrepancies between the study years were due to logistical challenges in accessing the field site. When 

removed from the soil, the resins were cleaned and rinsed with deionized water, bagged, refrigerated, kept 

dark, and returned to the lab at Queen’s University for analysis. 

IER membranes were extracted in groups of 10 strips (5 cation and 5 anion) creating an integrated 

result for each plot; consequently, single composite values for each ion of interest were generated for each 

of the 36 sampling areas. The extraction of the five strips also helped to keep readings above the instrument 

detection limit, as Arctic environments tend to have low levels of available nitrogen. The strips were 

extracted by soaking in 400 mL of 0.5M HCl for one hour with 40 RPM agitation. Eluants were analyzed 

using the Astoria2 Analyzer (Astoria Pacific, Clackamas, Oregon, United States) automated colorimetric 

system calibrated between 0-2 ppm to measure NH4
+-N and NO3

--N.  The phenolate method was used to 

determine NH4
+-N concentrations and the cadmium reduction method was employed for determining NO3

-

-N concentrations (Pansu & Gautheyrou, 2006). Quality assurance / quality control steps included 

processing one duplicate every 10 samples, one blank every 30 samples, and one drift standard every 45 

samples to correct for instrumentation drift. All samples were processed twice and averaged where valid. 

No samples exhibited levels below the detection limit. 

4.3.5 Trace Gas Sampling 

Trace gas fluxes were measured using opaque, static, non-steady state chambers attached to  collars 

using methods from Wagner et al. (2019). The chambers were made of 20 cm diameter PVC pipe, with a 

height of 4.7 cm; one side was sealed with a Plexiglas plate containing holes for Swagelok fittings. The 

entire chamber was covered with reflective insulation to keep the inside dark and to reflect the sun and 

minimize heating inside the chamber. A short vent tube, sized according to Hutchinson and Mosier (1981), 

and a gas sampling line fitted with a three-way stopcock, were attached to the Swagelok fittings. Prior to 

flux measurements, chambers were purged with atmospheric air by holding them into the wind to ensure 
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ambient gas concentrations prior to sampling. The chamber was sealed to a collar (same material, ~10 cm 

deep, with over half the depth inserted into the ground) using a rubber gasket. Headspace samples were 

collected after 0, 5, 15 and 45 minutes from sealing the chamber to the collar. At each sample time, the air 

inside the chamber was mixed by manually pumping a 30 mL syringe 3 times. After the last pumping, a 25 

mL headspace sample was collected and injected into a 12 mL pre-evacuated glass vial (Exetainer 739B, 

Labco Limited, Buckinghamshire, United Kingdom), double-sealed with a silicone and rubber septum to 

prevent leakage; each vial contained 2 mL of magnesium perchlorate as a desiccant. Vials were pressurized 

to ensure that any leakage occurred from inside to out (no change in the gas concentrations in the vial). 

Trace gas samples were collected once a week from the beginning of July 2017 (mid-July in 2018) until the 

end of July 2017 (mid-August in 2018), for a total of three measurements per collar in 2017 and five 

measurements per collar in 2018. Samples for all 36 collars were made on the same day between 1000 and 

1700, and the order of sampling was the same across dates and selected to ensure that samples from each 

treatment were collected across the entire day. 

Concentrations of CH4, CO2 and N2O were determined by gas chromatography at Carleton 

University (Wilson & Humphreys, 2010). The gas chromatograph (CP 3800, Varian, Inc., Palo Alto, 

California, USA) was equipped with a flame-ionization detector (run at 300°C) and a methanizer (run at 

350°C) and used a helium carrier gas at 30 mL min–1. Gas separation was obtained using a Haysep N 80/100 

pre-column (0.32 cm diameter and 50 cm length) as well as Poropak QS 80/100 mesh analytical columns 

(0.32 cm diameter and 200 cm length) in a column oven kept at 50°C. To maintain quality control and 

establish a linear relationship between the chromatogram area and gas concentration, three replicates of five 

standards (ranging from 0.88-20 ppm for CH4, 360-15346 ppm for CO2, and 0.3-1.33 ppm for N2O) as well 

as helium blanks were included in every 100 samples (Wilson & Humphreys, 2010). 

Gas flux rates were calculated using the following equation (Equation 4.1): 

𝐹𝑙𝑢𝑥 =  
𝑛𝑎𝑖𝑟∙𝑚𝑟

𝐴
  (4.1) 
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where nair is moles of air within the chamber volume, mr is linear rate of change in mixing ratio over time, 

and A is the area of the chamber (Wagner et al., 2019). Moles of air within the chamber were determined 

using the Ideal Gas Law; pressure and air temperature were taken from the nearby weather station, and 

volume was based on the chamber volume plus the collar volume. Positive flux values represent trace gas 

release from the ecosystem into the atmosphere, while negative flux values represent trace gas uptake by 

the ecosystem. Fluxes were averaged so that they fell within the same three time periods as the N availability 

measurements. CO2 and CH4 fluxes are reported in µg C m-2 s-1 and ng C m-2 s-1 respectively, and N2O 

fluxes in ng N m-2 s-1 using the molar masses of C and N. 

4.3.6 Statistical Analysis 

Four-way repeated-measures analysis of variance (ANOVA) was conducted in IBM SPSS 26 to 

assess group differences between treatments (enhanced snow and warming), study year, and time 

(seasonality). This initial analysis was conducted excluding OC plots to examine main treatment effects 

and their interactions. A secondary three-way repeated-measures ANOVA was conducted to include the 

outside controls in assessing group differences between treatments (SW, SC, CC, CW, and OC) across the 

growing season. Residuals were assessed for normality (Shapiro-Wilk test) and extreme outliers (outside 

of 1.5× the interquartile range) were removed. Homogeneity of variance (Levene’s test of equality of error 

variances) was assessed, and violations (N2O fluxes) were transformed (log-10) prior to analysis. 

4.4 Results 

4.4.1 Four-way Repeated-Measures ANOVA: Role of Snow Enhancement, Summer Warming, and 

Interannual Variability 

4.4.1.1 Environmental Variables 
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 In 2017, there were 27.34 growing degree days (base 5°C; GDD5), with a GSL of 12 days. This is 

in contrast to 2018, where there were only 16.9 GDD5, but the GSL was 10 days. During this time, the 

average growing season air temperature for 2017 was 7.28°C with 39.2 mm total rainfall, while the average 

growing season temperature for 2018 was 6.69°C with 76.8 mm total rainfall (Figure 4.2.). 

Both ST (F(1,57) = 19.0, p < 0.01) and AL (F(1,57) = 463.1, p < 0.01) varied within the growing 

season and across study years (F(1,57) = 3.70, p < 0.1) for ST and F(1,57) = 8.81, p < 0.01) for AL (Table 

D.1); on average, soils were slightly warmer in 2018, but active layers were deeper in 2017 (Figure 4.3). 

Enhanced snowfall reduced AL depth significantly (F(1,57) = 4.79, p < 0.05), with AL depth averaging 

51.1 cm in plots without enhanced snowfall and 48.9 cm in plots with enhanced snowfall (Table 4.1). There 

was also an interaction between enhanced snowfall and seasonality effect (F(1,57) = 4.75, p < 0.05), as well 

as an interaction between enhanced snowfall and year on AL depths (F(1,57) = 14.6, p < 0.01), with 

increases in AL depth across the growing season more pronounced under enhanced snow conditions, 

although plots in 2017 under ambient snow conditions had the deepest thaw (51.5 cm). Snow and warming 

interactions were present for ST (F(1,57) = 3.9, p < 0.1) and AL (F(1,57) = 3.58, p < 0.1; Table D.1), with 

warmed plots under ambient snow conditions having the highest temperatures and deepest active layers. 

Warming had an unexpected effect on SM, with non-warmed plots having higher SM (36.1%) than warmed 

plots (32.3%; (F(1,57) = 5.64, p < 0.05).  
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Figure 4.2 Air temperature and rainfall patterns for 2017 (top) and 2018 (bottom) at the Cape Bounty Arctic 

Watershed Observatory (CBAWO) during the summer months of June, July and August. 
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Figure 4.3 Seasonal patterns of a) soil temperature, b) soil moisture, and c) active layer depth in 2017 (left) 

and 2018 (right), separated by treatment (snow-warmed – SW, snow control – SC, control-warmed – CW, 



 

79 

 

control-control – CC, outside control - OC). Error bars indicate upper limit of one standard error for all 

plots.
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Table 4.1 Mean growing season values for environmental measurements, N availability, and trace gas release by treatment. 

 

 
Enhanced 

snow 
Ambient snow 

Enhanced 

temperature 

Ambient 

temperature 
2017 2018 

Soil temperature (°C) 3.66 3.56 3.66 3.56 3.47 3.74 

Soil moisture (%) 33.2 35.2 32.3 36.1 33.2 35.1 

Active layer depth (cm) 48.9 51.1 50.4 49.6 51.5 48.6 

NH4
+-N (µg NH4

+-N cm-2 

day-1) 
3.49 3.53 3.33 3.69 3.67 3.34 

NO3
--N (µg NO3

--N cm-2 

day-1) 
3.97 3.32 3.62 3.67 3.67 3.62 

CO2 release (µg C m-2 s-1) 4.49 4.66 5.36 3.76 6.17 2.98 

CH4 release (ng C m-2 s-1) −1.51 −0.99 −1.43 −1.08 −1.50 −1.00 

N2O release (ng N m-2 s-1) 0.633 0.219 0.418 0.433 0.728 0.124 
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4.4.1.2 Soil Nitrogen Availability 

Differences in NH4
+-N availability were not significant across the two study years (F(1,54) = 0.431, 

p = 0.51; Table D.2). NH4
+-N availability increased significantly across the growing season in both years 

(F(1,57) = 11.3, p < 0.01), with late season NH4
+-N availability greater than the early season overall (Figure 

4.4). Warming reduced NH4
+-N availability (F(1,54) = 2.92, p < 0.1), with non-warmed plots having higher 

available NH4
+-N than warmed plots (3.69 µg NH4

+-N cm-2 day-1 vs. 3.33 µg NH4
+-N cm-2 day-1 

respectively). 

 

Figure 4.4 Seasonal patterns of NH4
+-N availability and NO3

--N availability in a) 2017 and b) 2018, 

separated by treatment (snow-warmed – SW, snow control – SC, control-warmed – CW, control-control – 

CC, outside control - OC). Error bars indicate one standard error for all plots. 

 

Contrary to seasonal patterns of NH4
+-N availability, NO3

--N availability decreased across the 

growing season (F(1,54) = 202.9, p < 0.01; Figure 4.4). While the wetter year (2018) had slightly more 

available NO3
--N than 2017 (3.62 µg NO3

--N cm-2 day-1 vs 3.67 µg NO3
--N cm-2 day-1 respectively, Table 

4.1), these differences were not significant (F(1,54) = 2.49, p = 0.120). The two-way interaction for year 
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and seasonality was statistically significant (F(1,54) = 4.97, p < 0.05), with the wetter year (i.e., 2018) 

having a more significant decrease in NO3
--N across the growing season. There were no significant effects 

of enhanced snow (F(1,54) = 1.10, p = 0.30) or warming (F(1,54) = 0.049, p = 0.83) on NO3
--N availability, 

although snow enhancement and warming interacted significantly (F(1,54) = 3.21, p < 0.1), with NO3
--N 

availability highest in warmed, enhanced snow conditions. 

4.4.1.3 Trace Gas Release 

On average, CO2 production in 2017 was double that in 2018, releasing 6.17 µg C m-2 s-1 and 2.98 

µg C m-2 s-1 respectively (F(1,53) = 82.7, p < 0.01; Table 4.1). Growing season interacted significantly with 

year, with greater CO2 release in the early season in 2017 (Table D.3), while the greatest CO2 release 

occurred in the late season in 2018 (F(1,106) = 30.7, p < 0.01). Warmed plots released on average 1.42 µg 

C m-2 s-1 more CO2 than non-warmed plots (F(1,53) = 21.5, p < 0.01). There was also a significant warming 

by year interaction (F(1,53) = 4.32, p < 0.05), with sites in 2017 released more than twice the amount of 

CO2 on average. However, there was no significant effect of enhanced snowfall on CO2 release (F(1,53) = 

0.239, p = 0.63). 

Overall, the study area had net uptake of CH4 (Figure 4.5b) in both 2017 (−1.50 ng C m-2 s-1) and 

2018 (−1.00 ng C m-2 s-1; Table 4.1), but the difference between years was not significant (F(1,53) = 2.19, 

p = 0.14; Table D.3). Enhanced snowfall (F(1,53) = 2.47, p = 0.12) and warming (F(1,53) = 1.09, p = 0.30) 

did not significantly influence CH4 fluxes. 

Nitrous oxide fluxes were higher in 2017 than in 2018 (0.728 ng N m-2 s-1 and 0.124 ng N m-2 s-1, 

respectively; F(1,53) = 30.3, p < 0.01). Enhanced snowfall increased N2O production in 2017 (F(1,53) = 

13.0, p < 0.01; Table D.3), and enhanced snowfall and year interacted significantly (F(1,53) = 14.6, p < 

0.01), with the greatest amount of N2O release in 2017 under enhanced snow conditions. Warming did not 

have any significant effect on N2O fluxes (F(1,53) = 0.472, p = 0.50). 



 

83 

 

4.4.2 Three-way ANOVA for Treatment Effects 

The lack of differences in environmental conditions, namely temperature and moisture, between 

the warmed and enhanced snow treatments was not anticipated (Table 4.1). Furthermore, field observations 

suggested some impact (slightly enhanced snow deposition) of the snow fences on the control plots. 

Because of this, additional control plots were established outside of the snow fence area as previously 

mentioned to explore the impact of the enhanced snow treatment on soil biogeochemical processes. Three-

way repeated-measures ANOVA was conducted to include these true controls (void of any snow or 

warming effects) in assessing group differences between the five different treatments (SW, SC, CC, CW, 

and OC). 

4.4.2.1 Environmental Variables 

Treatment (F(4,67) = 3.26, p < 0.05) and seasonality (F(1,67) = 27.4, p < 0.01) both had significant 

effects on ST (Table D.1), with temperatures warmest in the CW treatment in 2017 and in the OC plots in 

2018 (Table 4.2). Post-hoc tests revealed significant differences between SW and OC plots (p < 0.05) and 

CC and OC plots (p < 0.01), with ST highest in the OC plots (Figure 4.3a). SM differed across treatments 

(F(4,67) = 2.16, p < 0.05), with the wettest plots on average found in the CC treatment. There was also a 

significant interaction between treatment and seasonality (F(4,67) = 2.07, p < 0.1): SM decreased across 

the growing season in all treatments in the drier year and increased across the growing season in the wetter 

year. AL depths differed significantly by treatment (F(4,67) = 3.56, p < 0.05), with thaw depths deepest in 

the OC plots (Table 4.2). The interaction between seasonality and treatments were significant, as differences 

in AL depth among treatments decreased across the growing season (F(4,67) = 9.90, p < 0.01, Figure 4.3c).  



 

84 

 

Table 4.2 Mean growing season values for environmental measurements, N availability, and trace gas release (standard deviation in brackets), 

separated by treatment (snow-warmed – SW, snow control – SC, control-warmed – CW, control-control – CC, outside control - OC). 

 

2017 2018 

SW (n = 

8) 
SC (n = 8) 

CC (n = 

8) 

CW (n = 

8) 

OC (n = 

4) 

SW (n = 

8) 
SC (n = 8) 

CC (n = 

8) 

CW (n = 

8) 

OC (n = 

4) 

Soil temperature (°C) 
3.48 

(0.91) 
3.96 (0.23) 3.88 (0.34) 4.12 (0.71) 2.48 (0.23) 3.28 (0.47) 3.31 (0.49) 3.15 (0.51) 2.97 (0.42) 4.00 (0.11) 

Soil moisture (%) 
36.2 

(5.78) 
35.2 (4.76) 38.6 (9.39) 

35.9 

(10.33) 
42.5 (4.19) 39.4 (3.52) 40.2 (8.09) 40.4 (5.64) 

45.7 

(11.67) 
40.8 (3.35) 

Active layer depth 

(cm) 

42.4 

(2.59) 
42.5 (2.93) 46.5 (3.32) 

47.45 

(6.03) 
50.7 (2.45) 50.5 (1.47) 50.0 (3.54) 47.9 (3.14) 45.9 (4.38) 51.5 (1.01) 

NH4
+-N (µg NH4

+-N 

cm-2 day-1) 

3.36 

(0.86) 
3.60 (0.98) 4.60 (1.53) 3.03 (0.87) 3.98 (1.81) 5.49 (5.22) 5.60 (4.39) 5.13 (3.26) 4.95 (2.37) 5.53 (2.51) 

NO3
--N (µg NO3

--N 

cm-2 day-1) 

5.20 

(2.37) 
3.45 (0.80) 3.75 (1.04) 2.04 (0.40) 2.65 (0.41) 3.12 (1.01) 3.49 (1.26) 3.95 (1.89) 2.91 (1.35) 3.24 (0.68) 

CO2 release (µg C m-2 

s-1) 

7.48 

(1.82) 
4.89 (1.48) 5.15 (1.20) 7.21 (1.44) 5.62 (4.22) 3.40 (1.24) 2.44 (0.73) 3.62 (1.02) 4.14 (0.71) 2.93 (0.71) 

CH4 flux (ng C m-2 s-

1) 

-1.98 

(1.65) 

-0.91 

(2.17) 

-1.07 

(1.25) 

-1.58 

(1.25) 

-0.30 

(0.92) 

-0.60 

(0.54) 

-0.98 

(1.58) 

-1.35 

(1.22) 

-1.05 

(0.86) 

-0.45 

(1.04) 

N2O flux (ng N m-2 s-

1) 

1.29 

(0.51) 
0.91 (0.52) 0.42 (0.49) 0.19 (0.34) 

-0.27 

(0.72) 
0.01 (0.42) 

-0.03 

(0.24) 

-0.10 

(0.13) 
0.06 (0.22) 

-0.21 

(0.25) 
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4.4.2.2 Soil Nitrogen Availability 

With the inclusion of OC plots in the analysis, there were no significant treatment effects on NH4
+-

N and NO3
--N availability (F(4,62) = 0.989, p = 0.42 and F(4,62) = 1.39, p = 0.25 respectively; Table D.2). 

NH4
+-N was still higher than NO3

--N in the OC plots as observed in all the other treatments (Table 4.2). 

4.4.2.3 Trace Gas Release 

On average, CO2 release was greatest in the SW treatment in 2017 (7.48 µg C m-2 s-1) and in the 

CW treatment in 2018 (4.14 µg C m-2 s-1; Figure 4.5a). In both study years, the smallest CO2 release was in 

SC plots (F(4,61) = 3.00, p < 0.05), and post-hoc tests revealed statistically significant treatment differences 

between SW and SC (p < 0.05). CH4 uptake was greatest in SW plots in 2017 and greatest in CC plots in 

2018 (Table 4.2), while OC plots were the weakest CH4 sinks in both years (Figure 4.5b); however, 

differences between treatments were not statistically significant (F(4,61) = 1.85, p = 0.13; Table D.3). The 

greatest N2O release came from SW plots in 2017 and CW plots in 2018 (Table 4.2), while OC plots took 

up the most N2O in both years (Figure 4.5c). Differences between treatments were statistically significant 

for N2O release (F(4,61) = 3.30, p < 0.05). 
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Figure 4.5 Seasonal patterns of a) CO2 release, b) CH4 flux, and c) N2O flux in 2017 (left) and 2018 (right 

separated by treatment (snow-warmed – SW, snow control – SC, control-warmed – CW, control-control – 
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CC, outside control - OC). Error bars indicate upper limit of one standard error for all plots. Note differences 

in the y-axis for CO2 release. 

4.5 Discussion 

4.5.1 Temperature Change and Ecosystem Processes 

We initially hypothesized that warming treatments would have higher ST and deeper active layers, 

however no overall significant effect of warming on ST or AL depths was found. This may have been 

impacted in part by the significant warming effect on SM (p < 0.05), which had the opposite effect as what 

would have been expected, with non-warmed plots having higher water content, which would increase the 

thermal capacity of these soils.  Alternatively, due to the relatively late establishment of this site relative to 

other ITEX sites (i.e., Toolik Lake, Alexandria Fiord, Zackenberg, etc), natural warming, and associated 

permafrost thaw, may be overwhelming any impacts of the experimental treatments. Evidence from the 

additional control plots provides some support for this conclusion: for example, OC plots had the deepest 

active layers in both years (p < 0.05; Table 4.2), and there was no significant experimental warming effect 

on AL depths. Furthermore, previous research at this ITEX site found plant senescence to occur 

significantly earlier in plots without experimental manipulation (OC plots) than those under experimental 

treatments (Arruda, 2016). At this site, the effects of natural growing season warming (~2° from 1948 to 

2019; Beel et al., 2021) may have had a greater effect on the soil environment compared to the experimental 

warming.  

Incubation and experimental warming studies have shown that increased temperatures can 

exacerbate ecosystem processes, leading to increased organic matter decomposition and subsequent soil 

respiration (Lavoie et al., 2011), N mineralization (Binkley et al., 1994), and nitrate production (Salmon et 

al., 2016). We expected that warmed plots would have higher NH4
+-N and NO3

--N availability, and that 
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this would promote higher effluxes of CO2, CH4, and N2O. Data over the two years showed a warming 

effect on NH4
+-N availability (p < 0.1), but this effect resulted in higher NH4

+-N availability in non-warmed 

plots (Fig. 4). This have been a result of increases in plant growth in the warmed plots, resulting in 

immobilization and decline of the NH4
+-N soil pool. Alternatively, the higher SM in non-warmed plots may 

have promoted mineralization and subsequent NH4
+-N availability. This could also point to a new state of 

equilibrium being reached by the environment, where initial increases of available N uptake were depleted 

during the years immediately after establishment of the experimental warming plots, but microbial demand 

for available N remains high. Similar findings have been shown by Hartley et al. (1999), where authors 

found a short-lived response to warming of increased soil N mineralization that diminished by the fifth year 

of warming. Additionally, while there was no effect of warming on NO3
--N availability, but a significant 

enhanced snow and warming effect was present, with NO3
--N availability highest under SW conditions. 

When comparing the available NO3
--N pools in this mesic tundra environment to the more productive wet 

sedge environment at the CBAWO (Hung et al., in review), NO3
--N constitutes a large portion of the 

available N pool, suggesting an importance of nitrification reactions in this environment. This effect will 

only be enhanced with increases in temperature and wintertime precipitation (i.e., snow), which was found 

to increase NO3
--N availability in this study (p < 0.1), particularly in the drier year. 

There was a significant warming effect on CO2 release (p < 0.05), as well as a significant warming 

and year interaction (p < 0.05), demonstrating a sustained effect of warming on decomposition processes 

and soil respiration, driven by the warming effect on moisture. It is also possible that this increase on CO2 

production may be due to increased mineralization of older soil C, as has been noted in northern Alaska 

soils Lavoie et al. (2011). This effect is likely to be enhanced under warmer, drier conditions, as results 

from this study found CO2 release to be in warmed plots in 2017 (Figure 4.5a). 

4.5.2 Enhanced Snowfall Effects on Environmental Conditions and CH4 and N2O Fluxes 
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The insulating effect of snow on ST and the subsequent stimulation of ecosystem processes due to 

warming has been shown in field settings with the use of snow fences (Mörsdorf et al., 2019; Schimel et 

al., 2004). While no significant effect of enhanced snowfall was found on ST in this study, the insulating 

effect was demonstrated here on AL (p < 0.05), although thaw depths were unexpectedly deepest in OC 

plots as opposed to those in SW and SC plots. This may point to an insulating effect in soils deeper than 

those measured here (at 5 cm depth), which would have influenced AL development. Deepened snow has 

also been found to increase available N forms in Alaska (Schimel et al., 2004), Svalbard (Mörsdorf et al., 

2019), and generally across the circumpolar north (Wenyi Xu et al., 2021), however no significant effect 

of enhanced snow on N availability was found here. While increased snow accumulation insulates 

underlying soils, it can also delay spring thaw due to the accumulation of snow (Wipf & Rixen, 2010). 

Furthermore, OTCs can even collect some additional snow relative to the areas outside of the OTCs; this 

likely contributed to the lack of a significant snow effect on ST and SM, N availability and CO2 release, as 

the enhanced snow may have delayed the onset of the growing season for snow-insulated plots. 

Enhanced snowfall had some effect on CH4 fluxes, with plots under higher snow conditions being 

stronger CH4 sinks (p = 0.12), suggesting a snowfall effect on the balance of CH4 production and uptake. 

Snow manipulation studies have demonstrated an influence of  snow accumulation on CH4 fluxes; e.g., 

results from Alaska showed increased snow contributing to more CH4 production, mainly as a result of 

warmed temperatures (Blanc-Betes et al., 2016). While our results did not find any effect of enhanced 

snowfall had no effect on ST or SM, plots under enhanced snowfall did have drier soils than those under 

ambient snow conditions. Methane oxidation is sensitive to availability of moisture (Curry, 2007) and drier 

tundra have been found to be strong CH4 sinks. We speculate that the CH4 uptake occurring under enhanced 

snowfall conditions at this site was largely driven by lower soil water content and subsequent soil aeration. 

There was also a significant snow effect on N2O release (p < 0.01), and this was particularly evident 

during the drier year of 2017, where N2O release was four times greater in the SW plots than the rest of the 
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environment (Fig. 5c). The higher fluxes of N2O from SW plots in 2017 coincided with the highest 

availability of NO3
--N in SW plots, which suggests a role of nitrification in contributing to N2O release. 

Ultimately, the role of enhanced snowfall on N2O release may impact the GHG balance of this system if 

high snowfall conditions persist, but this will depend on the supply of C substrate to fuel these processes. 

Overall, enhanced snowfall effects were mixed across the experimental treatments. 

4.5.3 Role of Seasonality and Interannual Variability on Plant Available Nitrogen and Greenhouse 

Gas Balance 

While enhanced snowfall did not appear to play a major role in environmental conditions, the effect 

of intra- and inter-annual variability is clear. All statistical analyses demonstrated significant differences 

across the growing season for nearly all variables measured, except for SM and CH4 fluxes. This indicates 

that late season rainfall did not significantly influence CH4 uptake or release, which is likely due to the lack 

of seasonality effect on SM. However, there was a year and seasonality interaction effect on both SM and 

CH4 fluxes (p < 0.01), which is evidence of the role of interannual differences in precipitation driving 

moisture differences and CH4 fluxes. Overall, late season increases in precipitation likely factored into 

increased NH4
+-N availability and decreased NO3

--N availability across the growing season. When 

comparing the two study years, 2018 had nearly double the amount of growing season rainfall compared to 

2017. This resulted in higher soil moisture and deeper active layers, promoting more NH4
+-N availability 

in the later study year (p = 0.192), particularly during the late season when rainfall was dominant. 

Consequently, these wetter conditions impeded nitrification, resulting in low N2O fluxes. This is in contrast 

to 2017, where drier conditions enhanced NO3
--N availability and contributed to the site being a net source 

for N2O through nitrification. Considered together, these results point to moisture availability via late-

season precipitation inputs (i.e., rainfall) as the driving factor behind the GHG source or sink potential of 

this mesic heath tundra in the High Arctic. Similar findings have been reported, where tundra moisture 
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availability dictates the dominant biogeochemical pathway that leads to either GHG release or uptake 

(Huemmrich et al., 2010; Voigt et al., 2017; Wagner et al., 2019). In this environment, interannual 

variability due to climate will impact soil environmental conditions, particularly moisture, which will 

dictate the GHG source or sink potential by moderating soil N availability and subsequent biogeochemical 

processes. 

4.6 Conclusion 

This study examined the impact of ten years of experimental warming and enhanced snowfall on 

plant available nutrients and greenhouse gas dynamics across two growing seasons. Plots under 

experimental warming had lower water content than those in ambient temperature conditions, which 

resulted in higher NH4
+-N availability in ambient temperature plots. Warming significantly increased CO2 

release, which is likely tied to the more aerobic (lower SM) conditions in the warmed plots, allowing 

respiration to occur. These mixed experimental warming effects could also suggest that natural warming 

may have exceeded any effect of the experimental treatments. This is particularly evident when looking at 

the results from the OC plots, which had the highest ST and deepest AL on average. Increased rainfall in 

the late season as well as in the wetter year of 2018 enhanced NH4
+-N availability and CO2 release and N2O 

uptake. Warmed, enhanced snow conditions promoted NO3
--N availability and corresponded with N2O 

release through nitrification. While this was only demonstrated across two study years, moisture and N 

availability are key controls on the GHG balance of this High Arctic mesic tundra, which will largely be 

moderated by future shifts and interactions between high latitude seasonality (Bintanja & Van Der Linden, 

2013), precipitation (Beel et al., 2021), and responses to permafrost thaw (Schuur & Mack, 2018). 
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Chapter 5 

Discussion and Conclusions 

Understanding the role of soil nutrient availability in regulating greenhouse gas (GHG) exchange 

at high latitudes helps further our knowledge of High Arctic ecosystems and how they may contribute to 

feedbacks (positive/negative) in response to a warming climate across scales. High latitude environments 

store large quantities of C and N in permafrost (Hugelius et al., 2014, 2020), and accelerated warming 

threatens the release of these nutrients through permafrost thaw (Beermann et al., 2017). Coupled with 

environmental changes associated with warming (e.g., deeper active layers, increased soil temperatures, 

and changing precipitation patterns leading to increased soil moisture), it is anticipated that soil nutrient 

pools will fluctuate. Quantifying the interactions between environmental conditions and soil nutrient 

availability, and the impact of these nutrients on GHG gas fluxes, will improve predictions of future GHG 

exchange rates. The research presented in this dissertation has enhanced our understanding of: (i) controls 

on high latitude nutrient cycling; (ii) responses of soil biogeochemical processes to climate change; and 

(iii) the effects of climate change on trace gas release. Together, these contribute to a broader understanding 

of how High Arctic biogeochemical cycles influence positive and negative climate feedbacks (Figure 5.1). 
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Figure 5.1 Venn diagram of the three themes explored in this dissertation and how they contribute to 

improving our understanding of positive and negative climate feedbacks. 

5.1 Environmental Drivers of N Availability 

Climate warming is altering high latitude environments, but the associated impacts on soil nutrients 

that affect climate feedback processes are poorly understood. I examined the environmental controls over 

drivers of plant available nitrogen (N) to assess the variability of NH4
+ and NO3

- availability in High Arctic 

wetland and mesic tundra environments. NH4
+

 availability was always higher in wet conditions, while NO3
- 

availability was always higher in drier conditions (Chapters 2, 3, and 4). Across years, total inorganic N 

availability was highest in the wettest year (i.e., highest summer rainfall) (Chapters 2, 3, and 4). The positive 

relationship between available NH4
+

 and soil water content is known to increase up to a threshold (Stanford 

and Epstein, 1974), and my results demonstrate this positive relationship occurring in situ at greater than 
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80% volumetric water content. These patterns also point to the sensitivity of nitrifiers to oxygen availability, 

which decreases under wetter, waterlogged conditions.  

Seasonally, in the wet sedge meadow environment, NH4
+

 availability was highest in the early part 

of the summer and steadily decreased as the growing season progressed. This is in contrast to the mesic 

tundra environment, where NH4
+ availability increased as the growing season progressed (Chapter 4). These 

seasonal patterns of NH4
+ availability are tied to moisture: the waterlogged nature of the wetland allowed 

mineralization processes (and subsequently the NH4
+ pool) to dominate during the thaw period of the 

growing season (Chapters 2 and 3), while in the comparatively drier mid-moisture environment, NH4
+ 

availability peaked when rainfall was highest (Chapter 4). In the wetland environment, seasonal responses 

of NO3
- availability were variable across the three study years, while there was a steady decrease of NO3

- 

availability across the growing season in the mesic tundra site. This variability in seasonal patterns is likely 

coupled to the need for sufficient NH4
+ to allow nitrification to proceed. 

The establishment of the ITEX site in the mesic tundra of the CBAWO allowed us to investigate 

the effects of warming and enhanced snowfall on soil N availability. Warming had a significant effect on 

NH4
+ availability (p < 0.1), although contrary to what was predicted, non-warmed plots had higher NH4

+ 

availability than warmed plots (Chapter 4). We speculate this is potentially due to increased plant growth 

and subsequent immobilization in warmed plots, or increased mineralization occurred in non-warmed plots 

due to higher SM. As has been found in the wetland environment, the higher NH4
+ availability in ambient 

temperature plots was likely a result of higher SM in these settings. The response of warming on NH4
+ 

availability may also be attributed to a new equilibrium being reached after ten years of warming; i.e., 

elevated nutrient cycling rates due to warming may have depleted any newly available nutrient pools in the 

ITEX experiment (Hartley et al., 1999). Additionally, this could be evidence for the effects of natural 

warming on N availability swamping the warming effects of the experimental treatments; evidence from 

OC plots support this, with average NH4
+ and NO3

- availability in these outside plots higher than those 
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found in the experimental area. Nutrient addition studies have shown that soil microorganisms can 

effectively compete against plants for nutrients (Jonasson et al., 1996), which would increase N 

immobilization and decrease both organic and inorganic available nutrient pools. This would explain the 

inverse warming effect on NH4
+ availability and absence of warming effect on NO3

- availability from the 

ITEX site (Chapter 4). The coupled interactions between microbial biomass, organic N pools, and plant 

available nutrients warrants further research in the High Arctic to fully understand the controls on terrestrial 

nitrogen cycling processes, particularly under scenarios of increased warming and precipitation. 

Overall, soil moisture had a greater effect than temperature on moderating soil N availability across 

all environments. Intra- and inter-annual differences in N availability were driven by moisture differences 

via precipitation and landscape variability. Future shifts in climate variability and its effects on 

biogeochemical processes could further amplify these seasonal and annual differences. 

5.2 Influence of N Availability on CO2 Exchange 

Carbon (C) cycling is tightly coupled to nutrient availability, particularly in systems where plant 

and microbial growth is constrained by low temperatures (Hobbie et al., 2002). Here, we found 

environmental conditions like soil temperature (ST) and soil moisture (SM) were the strongest controls 

over inter-annual variability of NEE, but over the longer term, we expect that N availability will be 

instrumental in moderating the Arctic carbon balance. Previous model simulations at Zackenberg have 

demonstrated the potential impact of nitrogen availability as a moderating control over net CO2 exchange 

(López-Blanco et al., 2020), however much of our current knowledge relating N availability to CO2 

exchange at the landscape-scale comes from fertilization studies (Johnson et al., 2000; Lavoie et al., 2011). 

At the CBAWO, NH4
+ availability correlated positively with gross ecosystem productivity (GEP) and net 

ecosystem exchange (NEE), and this relationship was particularly strong in warm, wet conditions (Chapter 

2). Concomitantly, this relationship correlated negatively with NO3
- availability. While the relationship was 
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weak, it suggests the increases in NO3
- availability do not positively affect CO2 storage, although this may 

also demonstrate that the relationship is limited by water availability. Results from the drier wet sedge plots, 

where NO3
- availability was dominant, revealed that NO3

- availability was negatively correlated with GEP 

and NEE. This suggests that under drier moisture conditions, higher NO3
- could decrease the environment’s 

sink potential. Our increased understanding of NO3
- has shown that soil NO3

- uptake in plants is comparable 

to levels found in NO3
--rich environments (Atkin, 1996; Liu et al., 2018), however this study reveals that 

this does not influence CO2 exchange processes under current climate conditions. 

The relationship between N availability and ER trended in the same direction as with GEP and 

NEE, but the correlations were much weaker. This does, however, suggest a link between N availability 

and CO2 release. In short, the wetland is currently a net sink for CO2, with GEP being stronger than ER. In 

the future, projections of a warmer, wetter Arctic coupled with the results from this study suggest that 

enhanced N availability resulting from increased temperature, increased moisture, and longer growing 

seasons will enhance CO2 uptake and storage on the landscape, creating a negative feedback with the 

climate system by removing CO2 from the atmosphere and increasing C storage on the landscape. However, 

this will also depend on the response of increased available C arising from permafrost thaw, as fertilization 

studies from Toolik Lake have found rapid organic matter destabilization in response to N addition (Mack 

et al., 2004; Nowinski et al., 2008). 

5.3 Role of N Availability on Trace Gas Release 

NH4
+ availability was positively correlated with CO2 release (ER) in both wet and dry tracks of the 

wet-sedge tundra ecosystem (Chapter 3). The likely source of CO2 is from microbial respiration during the 

breakdown of organic matter to form NH4
+. Warming treatments had higher rates of CO2 release in the drier 

plots (p < 0.01), likely related to the lower moisture (p < 0.05) and NH4
+ availability (p < 0.1, Chapter 4). 

The sustained effect of warming on ER has also been found in Alaskan tundra, where C losses from 
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respiration were significant over a 7-year period (Euskirchen et al., 2017); this effect is particularly 

prominent during the shoulder seasons and winter months, when CO2 release offsets much of the CO2 

uptake during the growing season (Natali et al., 2011). However, due to logistical constraints, shoulder 

seasons were not sampled as a part of Chapter 3. 

NH4
+ availability also correlated positively with CH4 release. It can be postulated that the presence 

of vascular plant species (i.e., Eriophorum and Carex spp.) in this anaerobic environment likely contributed 

to this positive relationship. CH4 uptake was detected in the dry tracks in the late season of 2017 and the 

early season of 2018, coinciding with dry conditions when oxygen was available to facilitate methane 

oxidation. While current conditions in the wetland allow for CH4 production to dominate over CH4 uptake, 

this may shift depending on future changes to wetland condition, as research has found that in drier, upland 

soils, NH4
+ availability was positively correlated with CH4 consumption (Bodelier & Laanbroek, 2004). 

This relationship was stimulated by NH4
+ availability promoting microbial growth and competition for CH4. 

Drying of high latitude wetlands through changing hydrologic conditions and permafrost thaw (Woo & 

Young, 2006) may create conditions conducive to enhanced CH4 uptake. Conversely, the results from 

Chapter 3 suggest that warmer, wetter conditions and increased NH4
+ availability will result in greater CH4 

release. 

NO3
- availability correlated positively with N2O release, and this relationship was strengthened 

under drier conditions (Chapter 3). There are two pathways of N2O release, and in the wetland (in 2018) 

and mesic tundra sites (in both years), the decreased of NO3
- availability across the growing season with 

decreased net N2O production across the same period suggests that nitrifier denitrification was occurring in 

these environments, whereby N2O was released as a by-product during NO3
- production and subsequently 

reduced, hence the net N2O consumption at the end of the growing season (Chapuis-Lardy et al., 2007; 

Stewart et al., 2013) (Chapter 3 and 4). The uptake of N2O towards the end of the growing seasons of 2017 

and 2018 at the wetland site represent a significant sink of N2O that is not well understood in high latitude 
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environments (Chapter 3). In marine and tropical soil environments, microbial N2O uptake has been 

observed (Park et al., 2011; Sun et al., 2021). In drier, high latitude polar desert landscapes, net N2O uptake 

has been observed in situ (Stewart et al., 2012; Wagner et al., 2019), but the presence of N2O uptake in the 

vastly contrasting wet, vegetated wetland environment at CBAWO suggests a different mechanism of N2O 

uptake that warrants further investigation. In the mesic tundra site, enhanced snow had a significant effect 

on N2O production (p < 0.01), which was likely a result of the significant enhanced snow and warming 

effect on NO3
- (Chapter 4). As NO3

- availability was always found to be higher under drier conditions 

(Chapters 2 and 3), this research suggests that the drying out of high latitude wetland soils could promote 

higher NO3
- availability, leading to more N2O production and subsequent release.  

Overall, when considering the net GHG balance of a high latitude wetland and mesic tundra site, 

the evidence points to net CO2 exchange as being the most important factor that influences the net GHG 

balance. While net CO2 exchange was not measured in the mesic tundra site, but in the wet sedge meadow, 

NEE markedly offset CH4 and N2O fluxes on a CO2-equivalent basis, particularly in the wetter year 

(Chapter 3). This points to the importance of moisture for driving much of the biogeochemical activity that 

contributes to the GHG balance of these environments, as increased moisture through precipitation 

enhanced the sink potential of the wetland. Overall, both systems were strong CO2 sinks, but depending on 

the impact of climate change on high latitude moisture regimes, the source or sink strength of these 

environments will be moderated by available soil N that influences these GHG exchange processes. 

5.4 Contribution of High Latitude Nitrogen Availability and Greenhouse Gas Exchange to 

Global Climate Feedbacks 

Permafrost thaw threatens the release of large stores of permafrost C and N (Hugelius et al., 2020). 

However, many models of high latitude C cycling do not consider the state of terrestrial nutrient pools 

available for uptake and transport, how they might change with permafrost thawing, and their impact on 
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GHG fluxes (Virkkala et al., 2021). Much research has been conducted on the organic matter quality and 

the fate of organic matter with permafrost thaw (Mueller et al., 2015; Plaza et al., 2019).  To date, research 

suggests that permafrost C release is the key driver of global climate feedbacks (Schuur et al., 2008). 

However, emerging research from the circumpolar permafrost region is showing large stores of NH4
+ in 

permafrost (Fouché et al., 2020) and elevated total N pools in peatlands (Hugelius et al., 2020). These pools 

of available N can be transported downstream via rivers (Shogren et al., 2019), or may influence GHG 

fluxes. The inclusion of terrestrial N pools into land surface models finds that changes in these N pools may 

further accelerate climate change (Zaehle et al., 2010). However, many models of high latitude systems 

focus namely on the permafrost C feedback, and therefore may be over- or underestimating future C release 

and uptake through nutrient-mediated processes. Additionally, while currently a negligible contributor to 

net GHG balance in these systems, future changes to environmental conditions and soil N availability may 

alter N2O dynamics, potentially enhancing feedbacks on the climate system.  With the coupled nature of C 

and N, an improved understanding of high latitude soil N availability and its integration into models in 

order to assess future feedbacks on the climate system is critical and warrants further research. 

5.5 Conclusions 

The importance of high latitude nitrogen availability in mediating GHG release is largely 

understated in our current understanding of high latitude ecosystem change. This dissertation addressed the 

environmental controls on soil N availability in High Arctic wet sedge and mesic tundra vegetation types, 

and the impact of variability in available N on the GHG source or sink potential of these sensitive 

environments. At present, SM plays a more important role than ST in mediating the CO2 balance and trace 

gas release in high latitude environments (Chapters 2, 3, and 4), but my results suggest a contribution of N 

availability to these processes. Amplified warming and changing precipitation patterns may further enhance 

the importance of nutrient availability on the net GHG balance. After ten years of warming, a sustained 
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effect on NH4
+ availability corresponded with a sustained effect of warming on decomposition processes 

and soil respiration. Overall, the results from this study of wetlands and mesic tundra in the CBAWO 

suggest that the source or sink potential of these environments will be largely moderated by N availability, 

which itself is dependent on the moisture availability. The contributions from this thesis improve our 

understanding of how terrestrial High Arctic ecosystems will respond to, and influence, the climate system 

in the future. 
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Appendix A 

Environmental land-cover classification for integrated watershed studies: 

Cape Bounty, Melville Island, Nunavut 

Abstract 

Thematic maps developed from remote sensing data are extremely useful for designing intensive 

field studies, particularly for large areas that are logistically challenging to access. The integrated watershed 

studies at the Cape Bounty Arctic Watershed Observatory (CBAWO), Melville Island, Nunavut, rely 

heavily on land cover for establishing sampling locations regardless of the type of research being conducted 

(e.g., permafrost degradation, greenhouse gas exchange, surface water chemistry, etc.). Here, we present 

an environmental land-cover classification of the CBAWO that was developed through an iterative process 

employing parametric and non-parametric classification algorithms applied to WorldView-2 satellite data 

and topographic variables. The support vector machine classification of eight-band WorldView-2 spectral 

data and a topographic wetness index produced the highest classification accuracy for eight land-cover 

classes (overall classification accuracy: 90.7%; Kappa coefficient (К): 0.89). This analysis also provided a 

more precise classification scheme, particularly in the context of the relationship between vegetation type 

and moisture regime. The environmental land-cover classification derived will better inform future 

integrated studies of the watershed and allow for upscaling of site-level characteristics to the watershed-

scale using the updated vegetation classes. 
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Introduction 

Arctic ecosystems are critically important systems to study within the context of global climate and 

environmental change, yet research on Arctic vegetation response to change remains scarce (Diepstraten et 

al., 2018). Non-glaciated Arctic terrestrial ecosystems cover approximately 5 × 106 km2 globally, with 

almost half of this area falling within Canada’s borders (Walker et al., 2005). The strongest signals of 

climate change are being observed at high latitudes, and it is estimated that warming in the Arctic is two to 

three times greater than the global average (Screen and Simmonds, 2010; AMAP, 2019). Warming may 

even be under-estimated for northern Canada due to the lack of climate station data and interpolation bias 

(Cowtan and Way, 2014; Way et al., 2017). As a result, this warming trend will have widespread and diverse 

impacts on Arctic vegetation (Post et al., 2009; Myers-Smith et al., 2011); for example, plant growth will 

increase and differentially affect species abundance, biodiversity and reproductive success, thereby 

changing community boundaries, composition, and overall ecosystem processes (e.g., carbon exchange, 

productivity, and energy balance) (Elmendorf et al., 2012; Bjorkman et al., 2017). However, these changes 

are incremental on an annual or even decadal time scale; hence, precise high spatial resolution mapping of 

vegetation types (Chapin et al., 1996) and their biophysical properties is required to monitor change 

effectively over shorter time scales. 

Vegetation in the High Arctic has been recognized as unique and cannot be considered analogous 

to temperate (or even boreal) vegetation when examining vegetation patterns and processes (Griggs, 1934; 

Beschel, 1970), particularly within a change context. In addition to air and soil temperature, there are a 

number of biophysical factors that serve as controls affecting vegetation development in the High Arctic 

(Walker et al., 2005, 2016, 2018; Hobbie et al., 2017; McLennan et al., 2018), including soil moisture 

(Atkinson and Treitz, 2012, 2013), available nutrients (van Wijk and Williams, 2005), topography (Evans 

et al., 1989), microtopography and soil type (Walker et al., 2011; Mikola et al., 2018), and active layer 
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depth (Wookey et al., 2009). The variability and distribution of these environmental controls con- tribute 

to heterogeneous vegetation cover over short distances. As a result, high spatial resolution remote sensing 

data provide an opportunity to estimate and monitor the spatial variability of vegetation (Virtanen and Ek, 

2014), with the potential to quantify vegetation types and biophysical variables that control ecosystem 

processes (e.g., productivity, respiration, and net ecosystem exchange) at local spatial scales and over short 

time scales (Puma et al., 2007; Stoy et al., 2009; Reichle et al., 2018). Even though it is understood that 

Arctic ecosystems are sensitive to a warming climate, it remains unclear as to how, and at what rates, they 

will respond. 

In the Arctic, warming is contributing to changes in the distribution of tundra vegetation as well as 

to the terrain due to permafrost degradation (Bellard et al., 2012; Elmendorf et al., 2012). For instance, 

disturbances (e.g., active layer detachments) were widespread at the Cape Bounty Arctic Watershed 

Observatory (CBAWO) in 2007 (Lamoureux and Lafrenière, 2009), changing the topography of the 

landscape and redistributing surface materials. Further, it is widely reported in the literature that Arctic 

warming is contributing to greening (Jia et al., 2009; Pearson et al., 2013; Snyder, 2013); e.g., at the 

CBAWO, normalized difference vegetation index (NDVI) trends from 1984 to 2015 have gradually 

increased differentially for different vegetation types (Edwards and Treitz, 2017). Conversely, Phoenix and 

Bjerke (2016) also report that events like localized extreme weather (Treharne et al., 2019), permafrost 

thaw (Lara et al., 2018) and phenomenon such as wildfires (Turetsky et al., 2006) are responsible for 

browning, particularly in the sub-Arctic boreal regions. In areas of the Low and Mid Arctic, phenomena 

like Arctic shrubification illustrate the impact of a warming Arctic (Mod and Luoto, 2016). In turn, remote 

sensing data have been used to monitor vegetation at northern latitudes and to model its potential change 

as a result of warming (Riedel et al., 2005; Pouliot et al., 2009). Hence, accurate and precise classification 

of land cover types that are changing is important for understanding the impacts on ecosystem processes 

(Foody, 2002; Feddema et al., 2005; Chasmer et al., 2012, 2014). 
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Land-cover classification of high latitude regions using remote sensing data of various spatial 

resolutions is critical to interdisciplinary research and can support a range of applications across scales 

(Bartsch et al., 2016). For instance, land-cover classifications often serve to inform other ground-based 

studies like the up-scaling of carbon pools (Hugelius et al., 2012) and mapping permafrost degradation 

(Rudy et al., 2013). The first synoptic-scale vegetation mapping of the circumpolar Arctic (1:7 500 000 

scale) was generated through the Circumpolar Arctic Vegetation Mapping (CAVM) Project (CAVM Team, 

2003) and was recently upgraded to a 1 km spatial resolution raster product (Raynolds et al., 2019). 

Although valuable for the study of large regions, CAVM presents the dominant zonal vegetation at 1 km 

spatial resolution and classifies the entire CBAWO as a P2 Prostrate/Hemiprostrate dwarf-shrub tundra 

vegetation group. Other studies have employed intermediate spatial resolution satellite data (e.g., Landsat 

and SPOT) for classifying Arctic land cover given their spatial coverage, longevity of data, and availability 

(Macander et al., 2017; Langford et al., 2019). However, these satellites present their own challenges as the 

number of multispectral bands is limited; hence, for in situ studies, the discrimination of precise vegetation 

types over short distances is challenging. 

In the Canadian High Arctic, the Canadian Arctic–Subarctic Biogeoclimatic Ecosystem 

Classification (CASBEC) system has been developed as a detailed ecosystem classification grounded in 

taxonomic composition and ecological community structure (McLennan  et al., 2018). Although extremely 

useful to facilitate experimental designs for long-term research areas, CASBEC is field intensive for a large 

spatial area and the level of detail derived from taxonomic regimes may not be necessary for deriving a 

land-cover map designed for environmental applications. Meanwhile, the application of high spectral and 

spatial resolution remote sensing data for land-cover classification (i.e., non-vegetated surfaces and 

vegetation functional groups) allows for a balance between spatial coverage and taxonomic precision 

without the need for multiple seasons of field data. 
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A precise land-cover classification was proposed to facilitate integrated research at the CBAWO, 

given that new satellites with higher spatial and spectral resolutions have become available since the last 

classification of this area. These higher spatial resolution satellites are allowing surface changes to be more 

easily monitored (Moody et al., 2014), especially for an area like the Arctic that is undergoing rapid change 

due to amplified warming. Existing land-cover classifications for the CBAWO were generated by Gregory 

(2011) and Atkinson and Treitz (2012) using IKONOS imagery (4 m spatial resolution) collected in 2008 

and 2004, respectively. These classifications used hybrid methods employing ordination techniques 

(Atkinson and Treitz, 2012) and maximum likelihood classification (MLC) (Gregory, 2011; Atkinson and 

Treitz, 2012). For this study, WorldView-2 data were collected during the 2016 growing season for the 

CBAWO. WorldView-2 was the first high spatial resolution sensor to have eight multispectral bands 

(spatial resolution of 1.84 m at nadir, m at 20° off nadir) in addition to a 0.46 m panchromatic band (0.52 

m at 20° off nadir) (Table S.1). Although untested in this environment, the four additional spectral bands 

(i.e., coastal, yellow, red edge, and near-infrared 2 bands) that are new to the WorldView suite offer 

potential to more precisely discern vegetation properties. 

 

Table A.1 Electronic gain and offset values (DigitalGlobe, 2017) and band-averaged solar exoatmospheric 

radiance values at 1 AU (Thuillier et al., 2003) for WorldView-2 8-band multispectral images 

(DigitalGlobe, 2016) used in image pre-processing. 

Band 
Bandwidth 

(nm)* 
Gain Offset 

Solar Exoatmospheric 

Radiance at 1 AU 

Coastal 400–450 1.151 –7.478 1773.81 

Blue 450–510 0.988 –5.736 2007.27 

Green 510–580 0.936 –3.546 1829.62 

Yellow 585–625 0.949 –3.564 1701.85 

Red 630–690 0.952 –2.512 1538.85 
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Red Edge 705–745 0.974 –4.120 1346.09 

Near-IR1 770–895 0.961 –3.300 1053.21 

Near-IR2 860–1040 1.002 –2.891 856.599 

 

Note: The four-band dataset includes blue, green, red, and near-infrared 1. AU, astronomical unit. 

 

The premise for this study was to generate a precise land-cover classification of the CBAWO using 

these high spatial and spectral resolution data to better inform future hydro- logical and biogeochemical 

studies in the watershed, given that surface materials and environmental regimes influence some of the 

underlying processes. This new land-cover classification will also be compared with previous results 

generated from other classification methodologies for the CBAWO using coarser spatial and spectral 

resolution data. The methodology outlined here will assist researchers in the Arctic to generate high spatial 

resolution land-cover classifications for their own study sites serving their own applications. 

Data and Methods 

Study Area 

The CBAWO is located on the southern coast of Melville Island, Nunavut (74°54′N, 109°35′W), 

near the Nunavut–Northwest Territories border (Figure A.1). The watershed is approximately 30 km2 in 

size and is made up of continuous permafrost with an active layer ranging from 0.5 to 1 m depth (Atkinson 

and Treitz, 2013). Two adjacent smaller watersheds drain into the West and East Lakes, which subsequently 

drain into Viscount Melville Sound. The growing season extends from June to August, allowing a moisture 

gradient to develop across the landscape that has a significant impact on vegetation development within the 

watershed. Climate in the watershed is strongly influenced by its proximity to sea ice; mean temperatures 

in the warmest month are approximately 5°C (Maxwell, 1981). The topographic relief of the watershed 

ranges from 5 to 125 m above sea level (Edwards and Treitz, 2017). As classified in the CAVM, the primary 
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vegetation that covers the watershed includes graminoids, forbs, and dwarf shrubs (Walker et al., 2005). 

However, it is known from field studies in the watershed that the surface cover is quite heterogeneous with 

vegetation cover tightly coupled to a moisture gradient that is largely a function of topography. 

 

Figure A.1 Location of the Cape Bounty Arctic Watershed Observatory (displayed as a colour infrared 

composite) within the Canadian Arctic Archipelago. Map prepared in ArcMap 10.6 from NTS 1:50 000 

map 78F/15 (Natural Resources Canada, 2017). 

Remote Sensing Data Collection and Processing 

Cloud-free WorldView-2 data (DigitalGlobe, Westminster, Colorado, USA) were acquired at 20° 

off nadir for the study area on 28 July 2016. The Ortho Ready Standard 2A image data included a 0.52 m 

resolution panchromatic image (400–900 nm), and eight narrow spectral bands at 2.07 m spatial resolution 

(Table A.1). Image pre-processing and classification were performed using ENVI 5.5 (Harris Geospatial 

Solutions, Boulder, Colorado, USA). To normalize the raw image data (e.g., digital number) to reflectance 

values that can be compared with other sensor products, a top of atmosphere reflectance conversion was 
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performed (Updike and Comp 2010). The image data were first converted to radiance using the gain and 

bias values using Equation A.1: 

𝐿λ = 𝐺𝐴𝐼𝑁 × 𝐷𝑁 ×  
𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑏𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ
+ 𝑂𝐹𝐹𝑆𝐸𝑇 (A.1) 

where Lλ is the radiance, DN is the original digital number, and gain and bias are values for each specific 

band from WorldView-2 metadata (Table A.1). The at-sensor radiance was then converted to top of 

atmosphere reflectance using Equation A.2): 

𝜌λ𝑝𝑖𝑥𝑒𝑙,𝑏𝑎𝑛𝑑
=

𝐿λ × 𝑑𝐸𝑆
2 × 𝜋

𝐸𝑠𝑢𝑛λ𝑏𝑎𝑛𝑑
 × cos(𝜃𝑠)

 (A.2) 

where Lλ is the cell value radiance, dES is the Earth–Sun distance in astronomical units (AU) for the image 

capture date, Esun is the band-averaged solar exoatmospheric radiance at 1 AU as determined from Thuillier 

et al. (2003) (Table A.1), and theta (θs) is the solar zenith angle in radians. 

Orthorectification of the pansharpened WorldView-2 data was performed using the Rational 

Polynomial Coefficient Orthorectification workflow in ENVI; this algorithm uses the rational function 

coefficients in the WorldView-2 data as a rational polynomial coefficient. The orthorectification was 

applied using a first-order transformation to the digital elevation model (DEM) developed by Collingwood 

(2014) using a high spatial resolution (0.5 m) GeoEye stereo-pair collected for the CBAWO in 2009. Image 

pansharpening did not significantly improve accuracy (i.e., 0.4% improvement for MLC); as such, the 

orthorectified non-pansharpened WorldView-2 multispectral data were used for classification. 

Field Data Collection 

Field data for classification training and validation were collected using a stratified random 

sampling design during the 2017, 2018, and 2019 growing seasons; the broader time period for field data 

collection was deemed suitable given that vegetation in this area does not change significantly over short 

time scales. Universal Transverse Mercator GPS coordinates were collected using a Garmin eTrex 10 (±5 
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m accuracy) (Garmin, Olathe, Kansas, USA) with accompanying ground photos of the plots and field notes 

describing the vegetation type (i.e., polar desert, polar semi-desert, mesic tundra, and wet sedge) and 

moisture regime (dry and moist). Data points were limited to the CBAWO and immediate surrounding areas 

(Figure A.2). 
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Figure A.2 Training (green) and validation (red) sample locations for the land-cover classifications at the 

Cape Bounty Arctic Watershed Observatory overlain on the panchromatic WorldView-2 imagery. Map 

prepared in ArcMap 10.6. 
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Polar desert is characterized by sparse (<5%) vegetation with little to no organic matter at the 

surface. Vegetation in the polar semi-desert develops in polygonal wedges where moisture is more 

abundant; this vegetation is typically bryophyte and lichen dominated with the occasional outcrop of 

vascular flowering plants and Salix arctica Pall. This vegetation covers ∼30% of the polar semi-desert 

class, with bare ground and rock outcrops constituting the balance. Mesic tundra exhibits the greatest 

vegetation biodiversity with more than 85% vegetation cover consisting of bryophytes, lichen, herbaceous 

plants, flowering plants (e.g., Saxifraga oppositifolia L. and Potentilla nivea L.), and low-lying Salix 

arctica. Wet sedge land cover is made up of more than 100% vegetation cover, characterized primarily by 

graminoids and forbs with an underlying moss layer. The moist and dry wet sedge classes can be discerned 

by moisture content: moist wet sedge typically exhibits greater than 75% volumetric water content with 

areas of standing water, whereas dry wet sedge typically contains 50%–60% volumetric water content. 

Flowering plants (e.g., Ranunculus nivalis L.) can be found in dry wet sedge areas. The bare ground land-

cover class encompasses regions of bedrock and felsenmeer that exhibit various lichen species and mosses 

within moist depressions. 

Classification Methodologies 

Three supervised classification methods (one parametric; two non-parametric) were explored to 

determine their relative capacities for generating accurate (and precise) land-cover classifications. MLC is 

a parametric supervised classification algorithm that groups pixels into corresponding classes based on the 

probability of the pixel belonging to a certain class. In this case, we assumed equal probabilities for each 

class with the input data for each class (and for each band) being normally distributed (Swain and Davis, 

1978). MLC is a robust, commonly applied classification algorithm and was selected for its adaptability to 

many different data types and served as the baseline for comparison to the other classifiers. Support vector 

machine (SVM) classification is a supervised machine learning algorithm that is derived from statistical 
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learning theory (e.g., non-parametric). Classes are separated based on maximizing the margin area between 

the classes. This classification method often yields good results for complex and noisy data, particularly for 

data where classes are not linearly separable (Khatami et al., 2016). Several parameters are defined by the 

user during the classification setup, including the kernel type (and respective kernel parameters, e.g., degree 

of kernel polynomial or bias or gamma values) and the penalty (i.e., the trade-off between training errors 

and margins, which can influence classification error) (Hsu et al., 2010). In this instance, the radial basis 

function kernel option was applied for SVM, which computes the pair-wise difference between training 

data points as it has often been determined to be the preferable choice for training SVM classifiers (Tso and 

Mather, 2009). Input parameters to the SVM classifier using the radial basis function kernel type included 

a gamma value of 0.125 (inverse value of the number of bands in the input image) and a penalty parameter 

of 100. The MLC and SVM classifications were applied in ENVI. Finally, Random Forests (RF) is a non-

parametric ensemble decision-tree classifier that assigns pixels to classes based on the highest probability 

of occurrence in that class (Breiman, 2001). RF is flexible in that it is robust when it comes to classifying 

non-linear, noisy data (Ming et al., 2016). The RF classifications were run in RStudio (Boston, 

Massachusetts, U.S.A) using the caret package “rf” method (Kuhn, 2019) with 1000 seeds for the model. 

Repeated cross-validation parameter tuning (three resampling iterations, two repeats) was performed prior 

to training the model to select for the highest accuracy parameters.  

In addition to the eight spectral bands, two derivative features were selected for use in the 

classification iterations. The NDVI is a measure of green biomass determined by a normalized ratio of the 

near infrared and red bands of remotely-sensed data (Tucker, 1979). NDVI was selected because previous 

classifications of the CBAWO have employed this index, and based on knowledge of the area, NDVI 

provides a useful partitioning between vegetated and non-vegetated areas. However, it was determined from 

preliminary classification analysis that the inclusion of NDVI did not improve the discrimination of the 

vegetation classes of interest. Given that the image bands from which NDVI is derived (i.e., red and near 
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infrared) were included in the classification, additional discrimination based on the NDVI derivative did 

not improve classification accuracy. As a result, classification using the NDVI derivative is not discussed 

further.  

The topographic wetness index (TWI) is a terrain variable that can serve as a proxy for soil 

moisture; this index is derived from the slope, flow direction, and flow accumulation from a DEM (Wilson 

and Gallant, 2000). At the CBAWO, land-cover type is heavily dependent on soil moisture; e.g., the 

moisture regime determines the spatial distribution and abundance of species (and associated assemblages) 

across the landscape. TWI is largely dependent on the topography, which is a control on moisture in this 

area. Due to the interconnectedness between moisture and vegetation in this environment (Atkinson and 

Treitz, 2012), TWI was selected as a terrain variable input to the classifications and was derived from the 

aforementioned DEM developed by Collingwood (2014) for the CBAWO.  

The three main vegetation classes (i.e., polar semi-desert, mesic tundra, and wet sedge) identified 

in earlier classification efforts (Gregory, 2011; Atkinson and Treitz, 2012) were further subdivided into 

more precise classes for this study. As noted above, vegetation in the CBAWO develops across a moisture 

gradient, and thus the new classification scheme captures this moisture gradient: polar desert, polar semi-

desert, mesic tundra, dry wet sedge, moist wet sedge, bare ground, snow, and water (Figure A.3). Areas 

visited during field data collection were randomly assigned into training and validation locations based on 

a 60:40 ratio respectively, with each location assigned to one of eight classes in the field (Table A.2). 

Regions of interest (ROIs) were created from the field data collection for training and validation locations 

by applying binomial probability theory to determine the minimum number of pixels required for each 

location (Fitzpatrick-Lins, 1981). For example, polar semi-desert required more samples (i.e., pixels) than 

moist wet sedge given the higher spectral variability for polar semi-desert in comparison to moist wet sedge. 

Samples were pooled by land cover and analysed for their ROI separability using the Jeffries-Matusita and 

Transformed Divergence separability measures. It was determined that all ROI separability indices 
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exceeded the acceptable level of 1.8 (Yang et al., 2017). Eighty-six validation sites were used to assess the 

overall accuracy and Kappa coefficient (К) for each of the classifications based on confusion matrices. A 

summary of the classification workflow is outlined in Figure A.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.3 Photomosaic of the classified land-cover types: (a) polar desert, (b) polar semi-desert, (c) mesic 

tundra, (d) dry wet sedge, (e) moist wet sedge, and (f) bare ground/felsenmeer. Water and snow not shown. 
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Table A.2 Breakdown of training and validation samples used in the classification (total number of pixels 

in parentheses). 

 

 

 

Class Training Validation 

Polar desert 20 (1413) 11 (908) 

Polar semi-desert 21 (1295) 11 (1246) 

Mesic tundra 18 (684) 8 (341) 

Dry wet sedge 10 (581) 9 (435) 

Moist wet sedge  18(665) 8 (373) 

Bare ground 20 (1514) 11 (511) 

Water 19 (5289) 19 (4327) 

Snow 7 (5322) 9 (7100) 

Total 133 (16 763) 86 (15 241) 
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Figure A.4 Iterative classification workflow used in this study employing parametric and non-parametric 

classifiers with WorldView-2 remote sensing and topographic inputs. For this study, the support vector 

machine (SVM) classifier produced the highest accuracy land cover map.
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Results 

The classification results (overall accuracies and К) for the various classification methods and data 

inputs are presented in Table A.3. Using 133 training locations for the eight classes, the MLC of the four-

band WorldView-2 image yielded an overall accuracy of 67.4% (К = 0.67). When adding the coastal, 

yellow, red edge, and near-infrared 2 bands, the overall accuracy increased to 80.2% (К = 0.77). Adding a 

TWI variable decreased the overall accuracy to 79.1% (К = 0.76). The eight-band multispectral data 

classified using SVM yielded an overall accuracy of 88.4% (К = 0.87), and the accuracy improved further 

by including the TWI variable (i.e., overall accuracy = 90.7%; К = 0.89). The RF multispectral classification 

yielded an accuracy of 90.7% (К = 0.87). However, in this case, including the TWI did not improve the 

overall accuracy (i.e., 88.8%; К = 0.84). 

Table A.3 Overall accuracies and Kappa coefficients (К) from all classifications. 

 

  

Classification Method Overall Accuracy (%) Kappa Coefficient (К) 

MLC (4 bands) 67.4 0.67 

MLC (8 bands) 80.2 0.77 

MLC (8 bands) + TWI 79.1 0.76 

SVM (8 bands) 88.4 0.87 

SVM (8 bands) + TWI 90.7 0.89 

RF (8 bands) 90.7 0.87 

RF (8 bands) + TWI 88.8 0.84 
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Discussion 

Evolution of Land-Cover Classifications at the CBAWO 

The SVM classification of the eight-band WorldView-2 image with a TWI input produced the 

highest classification accuracy of 90.7% (κ = 0.89) (Table A.3, Figure A.5) and was able to discern eight 

distinct land cover types, of which five are vegetation classes defined along a moisture gradient (i.e., polar 

desert, polar semi-desert, mesic tundra, dry wet sedge, and moist wet sedge). Efforts to further divide the 

mesic tundra class into dry and moist categories were unsuccessful due to poor spectral separability. When 

examining the error matrix (Table A.4), user’s accuracies were lowest for the drier land cover types, and 

producer’s accuracies were lowest for dry wet sedge. It is important to note that errors of omission and 

commission tend to be clustered around the diagonal, indicating that accuracies would improve by 

collapsing (i.e., simplifying) classification schemes. To further improve discrimination of similar 

vegetation classes, multi-temporal image data collected through- out the growing season may help discern 

classes based on moisture regime. However, due to logistical (e.g., weather) and financial constraints, this 

may not be possible. The WorldView-2 image data used in this study were acquired at the peak of the 

growing sea- son, when vegetation was at their peak productivity; hence, this condition represents the 

preferred scenario for classification of vegetation types with a single image. 
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Figure A.5 Land-cover classification of the Cape Bounty Arctic Watershed Observatory derived from 

WorldView-2 multispectral data with the topographic wetness index (TWI) using support vector machine 

(SVM). Map prepared in ENVI 5.5 and ArcMap 10.6. 

 

  

  



 

128 

 

Table A.4 Confusion matrix comparing reference data to classified sites obtained from the SVM classification with TWI input. Overall accuracy = 

90.7% (К = 0.89). 

C
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Reference 

Class 
Polar 

desert 

Polar 

semi-

desert 

Mesic 

tundra 

Dry wet 

sedge 

Moist 

wet 

sedge 

Bare 

ground 
Water Snow Sum 

User’s 

Accuracy 

Polar desert 10 1 0 0 0 1 0 0 12 0.8 

Polar semi-

desert 
1 10 1 0 0 1 0 0 13 0.8 

Mesic tundra 0 0 7 1 0 0 0 0 8 0.9 

Dry wet sedge 0 0 0 6 0 0 0 0 6 1.0 

Moist wet 

sedge 
0 0 0 2 8 0 0 0 10 0.8 

Bare ground 0 0 0 0 0 9 0 0 9 1.0 

Water 0 0 0 0 0 0 19 0 19 1.0 

Snow 0 0 0 0 0 0 0 9 9 1.0 

Sum 11 11 8 9 8 11 19 9 86  

Producer’s 

Accuracy 
0.9 0.9 0.9 0.7 1.0 0.8 1.0 1.0  

  



 

129 

 

Previous land-cover classifications yielded a 79.1% overall accuracy for a 2004 IKONOS image 

(Atkinson and Treitz, 2012) and 83.0% for a 2008 IKONOS image (Gregory, 2011; Table A.5); these land-

cover classifications consisted of three primary vegetation classes: polar semi-desert, mesic tundra, and wet 

sedge, with bare ground, snow, and water accounting   for the remaining cover. When the five vegetation 

classes derived for this study were aggregated to three vegetation classes for a comparative analysis, a MLC 

classification of the eight-band multispectral image for six classes total (polar semi-desert, mesic tundra, 

wet sedge, bare ground, snow, and water) yielded an accuracy of 89.6% (К = 0.87). This increased accuracy 

speaks to the value of the enhanced spectral resolution (i.e., increased number of bands) of the WorldView-

2 data as compared with IKONOS. The high spatial resolution of the WorldView-2 data enables the 

discrimination of fine details like polygonal vegetation patterns distinguishing polar semi-desert from polar 

desert (Figure A.6), as well as seasonal pond formation due to permafrost thaw, particularly in the northern 

part of the watershed. It also allows for the discrimination of narrow water tracks in wet sedge environments 

resulting from surface drainage of the permanent (and semi-permanent) snowpack. These water tracks 

generate alternating linear features of dry and moist wet sedge areas throughout the summer melt season 

(Figure A.6). 

Table A.5 Comparison of previous land-cover classification accuracies and Kappa coefficients (К) for the 

Cape Bounty Arctic Watershed Observatory (CBAWO) with this study conducted using the maximum 

likelihood classification (MLC) algorithm, based on the three-vegetation class land-cover framework (i.e., 

polar semi-desert, mesic tundra, and wet sedge) used by Gregory (2011) and Atkinson and Treitz (2012). 

 

Classification Classification Accuracy (%) Kappa Coefficient (К) 

Gregory (2011) 83.0 0.79 

Atkinson and Treitz (2012) 79.1 0.69 

This study (MLC) 89.6 0.87 
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Figure A.6 Colour composite and classified sub-areas within the Cape Bounty Watershed Observatory 

illustrating variation in land-cover types captured by the classification: (a) an enlargement illustrating 

striping between dry and moist wet sedge as a function of drainage; (b) an enlargement of an area illustrating 

drier land cover types (bare ground, polar desert, and polar semi-desert). 

 

When examining the spatial coverage of the various land-cover types, the dry vegetation cover 

types cover the largest proportion of the watershed (7.08% polar desert and 28.04% polar semi-desert). As 

was the case with the classifications from Gregory (2011) and Atkinson and Treitz (2012), wet sedge 
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vegetation exhibits the smallest areal extent within the watershed (2.1% dry wet sedge and 14.5% moist 

wet sedge). Mesic tundra areal coverage (i.e., 34.7%) is similar to dry land coverage. An analysis of percent 

vegetation cover composition conducted by Freemantle in 2017 based on the three-class scheme using the 

Braun- Blanquet (1932) method determined that polar semi-desert is primarily non-vegetated, whereas wet 

sedge land cover is dominated by bryophytes and graminoids (Freemantle, 2019). Mesic tundra land cover 

is mixed with lichen and soil crusts (largely consisting of Nostoc commune Vaucher Ex Bornet and Flahault, 

a species of cyanobacterium in the family Nostocaceae), bryophytes, and graminoids interspersed with non-

vegetated areas (Table A.6). 

 

Table A.6 Summary of average percent vegetation cover of various functional plant groups from 

Freemantle (2019) based on the three-vegetation class land-cover framework. Percent vegetation cover 

estimates were derived using the Braun-Blanquet (1932) method. 

 Forb 

Lichen, Soil 

Crusts & 

Cyanobacteria 

Bryophyte Shrub Graminoid 
Non-

Vegetated 

Polar semi-desert 1.0 9.2 12.3 5.6 3.1 72.8 

Mesic tundra 2.3 37.0 39.9 4.6 22.7 22.1 

Wet sedge 0.6 6.2 81.0 3.2 69.3 3.4 

 

Parametric versus Non-Parametric Classifiers for Small-Scale Heterogeneity 

The non-parametric classifier SVM achieved the highest accuracies as it was able to capture the 

subtle variations within vegetation classes, particularly as a function of moisture regime (Figure A.6). At 

the CBAWO, where moisture regimes are quite variable across small spatial scales, SVM was able to 

capture surface moisture differences to distinguish between dry wet sedge and moist wet sedge. 

Furthermore, the fact that inclusion of TWI increased the classification accuracy generated from the SVM 



 

132 

 

algorithm slightly is indicative of the coupled interaction between land surface and hydrology in this 

watershed. Although MLC algorithms performed well, the parametric nature of this classifier was a limiting 

factor, given the data distributions did not always satisfy the assumptions associated with this classifier 

(i.e., all tests of Kolmogorov–Smirnov normality failed). This was particularly true for the TWI. 

The Kappa coefficients generated demonstrate that the high classification performances were not 

likely to be random. The eight-band multispectral image classifications yielded accuracies of 80.2% (MLC), 

88.4% (SVM), and 90.7% (RF). Regardless of additional inputs (i.e., TWI), the maximum increase in 

overall accuracy was 1% (i.e., 90.7% for SVM + TWI). This result demonstrates that additional input 

variables do not necessarily increase classification accuracy; rather it is the accuracy of the input feature 

selection (i.e., spectral distinction of training classes) that is more influential. When examining the 

accuracies within the confusion matrices of the classifications, the greatest errors of commission and 

omission for the highest accuracy classification occurred for vegetated land-cover classes that were most 

spectrally similar (i.e., mesic tundra and dry wet sedge) (Table A.4). 

Environmental and Biogeoclimatic Classifications for Arctic Tundra Landscapes 

Although a standardized classification scheme like the CASBEC system developed by McLennan 

et al. (2018) provides a detailed, taxonomic basis for land surface classification (e.g., Ponomarenko et al., 

2019), here we present an environmental classification scheme that is relatively simple, ecologically driven 

(i.e., by moisture regime; see Atkinson and Treitz, 2012, 2013) and that can be mapped in a short time span. 

The use of a high spatial, high spectral resolution product with a topographically driven moisture proxy 

increased classification accuracy over previous efforts that exhibited even simpler classification schemes. 

This result illustrates the value of high spatial and spectral satellite remote sensing data for generating land-

cover classifications that are coupled directly to environmental variables (e.g., moisture regime) in the 

absence of extensive field campaigns. 
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With technological advances in unmanned aerial vehicles (UAVs), photogrammetry, and data 

fusion, UAVs and airborne remote sensing systems have been used in recent years to bridge the gap between 

plot-level and satellite-scale remote sensing. Using UAV photo- graphic surveys and Structure-from-

Motion photogrammetry methods, Fraser et al. (2016) were able to characterize Low Arctic vegetation at 

centimetre scale for a 1 ha area using image segmentation and decision trees. However, the authors did note 

that although classification accuracies were high for fine-scale detail often missed by coarse satellite data, 

this approach is limited by processing time. High spatial resolution vegetation classification maps have also 

been created using data fusion techniques of airborne laser scanning and optical imagery of Low Arctic 

(Greaves et al., 2019) and alpine vegetation (Reese et al., 2014). Although airborne systems are valuable 

tools for intensive fine-scale mapping of small-scale areas, their utility in large-scale studies would not be 

appropriate due to limited spatial coverage. 

The CBAWO has been the site of intensive data collection since 2003 (Lamoureux and Lafrenière, 

2017). The integrated watershed approach used at this research site draws on studies of permafrost 

morphology, hydrology, limnology, and vegetation dynamics to develop a comprehensive understanding 

of climate-induced impacts to High Arctic environments. Since the inception of the CBAWO, study sites 

within the watershed have largely been selected based on variations in vegetation functional type (Gregory, 

2011; Atkinson and Treitz, 2012). Research in the watershed has found extensive evidence of the linkages 

between land cover and hydrological outputs (e.g., sediment and dissolved solutes) (Lewis et al., 2012; 

Fouché et al., 2017). Studies of the relationship between land cover and green- house gas exchange has 

found variable rates of gas emissions and uptake that are dependent on vegetation cover (Wagner et al., 

2019; Atkinson et al., 2020). In short, all research within the watershed shows links to the moisture-driven 

land cover and the ongoing bio- geochemical processes. Hence, the classification presented here, derived 

from high spatial and spectral resolution satellite data, provides for a more precise and accurate land-cover 

map that exhibits this coupling with seasonal moisture regime at the CBAWO. As a result, this classification 
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will better inform future site selection within the watershed and allow for upscaling of hydrological and 

atmospheric fluxes that are highly dependent on surface cover. 

Conclusion 

In this study, we developed an environmental land-cover classification for a continuous permafrost 

environment in the Canadian High Arctic. The non-parametric SVM classification algorithm using an eight-

band multispectral WorldView-2 image combined with a topographic proxy for soil moisture (e.g., TWI) 

had the highest overall accuracy for the classification (90.7%, К = 0.89). The methodology employed in 

this study demonstrates that an accurate and precise mapping product can be easily derived from a single 

high spatial and spectral resolution satellite remote sensing image using a non-parametric classifier, given 

that this image was captured at the peak of the growing season. It is anticipated that this methodology is 

transferable to other regions of the Arctic that exhibit similar land cover regimes that are tightly coupled to 

moisture regime. This updated land-cover map will better inform future terrestrial, hydrological, and 

biogeochemical studies at the CBAWO. 
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Appendix B 

Chapter 2 summary statistics 

Table B.1 Wilcoxon signed-rank test and Friedman results assessing differences between moisture tracks (Wilcoxon) and across the three study 

years (Friedman) for soil temperature, soil moisture, NH4
+-N availability, NO3--N availability, and CO2 exchange. 

 Wilcoxon signed-rank test Friedman test 

 

Moisture track 
Interannual 

Wet (n = 16) Dry (n = 16) 

Test statistic p-value Test statistic 
Degrees of 

Freedom 
p-value Test statistic 

Degrees of 

Freedom 
p-value 

Soil 

temperature 
3.96 p < 0.01 27.1 2 p < 0.01 28.1 2 p < 0.01 

Soil moisture 5.78 p < 0.01 6.13 2 P < 0.05 9.88 2 p < 0.01 

NH4
+-N 

availability 
2.08 p < 0.05 30.1 2 p < 0.01 27.1 2 p < 0.01 

NO3
--N 

availability 
–2.55 p < 0.05 24.9 2 p < 0.01 12.9 2 p < 0.01 

Gross 

ecosystem 

productivity 

–3.93 p < 0.01 26.4 2 p < 0.01 9.4 2 p < 0.01 

Ecosystem 

respiration 
1.62 p = 0.105 18.9 2 p < 0.01 24.1 2 p < 0.01 

Net ecosystem 

exchange 
–4.77 p < 0.01 21.1 2 p < 0.01 8.00 2 p < 0.05 
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Table B.2 Friedman results assessing intra-seasonal differences in 2016 for soil temperature, soil moisture, NH4
+-N availability, NO3--N availability, 

and CO2 exchange. 

 

2016 

Wet (n = 16) Dry (n = 16) 

Test statistic 
Degrees of 

Freedom 
p-value Test statistic 

Degrees of 

Freedom 
p-value 

Soil temperature 36.2 4 p < 0.01 43.5 4 p < 0.01 

Soil moisture 14.5 4 p < 0.01 33.8 4 p < 0.01 

NH4
+-N availability 1.03 2 p = 0.301 –1.81 2 p < 0.1 

NO3
--N availability –0.259 2 p = 0.796 0.621 2 p = 0.535 

Gross ecosystem productivity 10.1 3 p < 0.05 16.0 3 p < 0.01 

Ecosystem respiration 27.4 3 p < 0.01 31.8 3 p < 0.01 

Net ecosystem exchange 31.9 3 p < 0.01 28.1 3 p < 0.01 
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Table B.3 Friedman results assessing intra-seasonal differences in 2017 for soil temperature, soil moisture, NH4
+-N availability, NO3--N availability, 

and CO2 exchange. 

 

2017 

Wet (n = 16) Dry (n = 16) 

Test statistic 
Degrees of 

Freedom 
p-value Test statistic 

Degrees of 

Freedom 
p-value 

Soil temperature 44.3 4 p < 0.01 24.2 4 p < 0.01 

Soil moisture 26.2 4 p < 0.01 17.7 4 p < 0.01 

NH4
+-N availability 6.50 2 P < 0.05 14.0 2 P < 0.01 

NO3
--N availability 14.6 2 P < 0.01 6.13 2 P < 0.05 

Gross ecosystem productivity 29.33 3 P < 0.01 12.8 3 P < 0.01 

Ecosystem respiration 19.0 3 P < 0.01 17.5 3 P < 0.01 

Net ecosystem exchange 17.7 3 P < 0.01 6.98 3 P < 0.1 
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Table B.4 Friedman results assessing intra-seasonal differences in 2018 for soil temperature, soil moisture, NH4
+-N availability, NO3--N availability, 

and CO2 exchange. 

 

2018 

Wet (n = 16) Dry (n= 16) 

Test statistic 
Degrees of 

Freedom 
p-value Test statistic 

Degrees of 

Freedom 
p-value 

Soil temperature 56.4 4 p < 0.01 54.7 4 p < 0.01 

Soil moisture 13.4 4 p < 0.01 27.9 4 p < 0.01 

NH4
+-N availability 7.13 2 p < 0.05 9.88 2 p < 0.01 

NO3
--N availability 4.88 2 p < 0.1 16.6 2 p < 0.01 

Gross ecosystem productivity 16.4 3 p < 0.01 21.8 3 p < 0.01 

Ecosystem respiration 28.4 3 p < 0.01 16.3 3 p < 0.01 

Net ecosystem exchange 17.6 3 p < 0.01 15.1 3 p < 0.01 
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Appendix C 

Chapter 3 summary statistics 

Table C.1 Wilcoxon signed-rank test assessing differences between moisture tracks and across the two study years for soil temperature, soil moisture, 

NH4
+-N availability, NO3--N availability, CO2 release, CH4 flux, and N2O flux. 

 

Moisture track 
Interannual 

Wet (n = 16) Dry (n = 16) 

Test statistic p-value Test statistic p-value Test statistic p-value 

Soil temperature 2.30 p < 0.05 1.88 p < 0.1 3.92 p < 0.01 

Soil moisture 4.46 p < 0.01 0.452 p = 0.651 0.528 p = 0.598 

NH4
+-N availability 3.24 p < 0.01 2.68 p < 0.01 3.05 p < 0.01 

NO3
--N availability –2.57 p < 0.01 3.54 p < 0.01 2.26 p < 0.05 

CO2 release 0.510 p = 0.610 4.11 p < 0.01 3.32 p < 0.01 

CH4 release 1.85 p < 0.1 2.79 p < 0.01 1.81 p < 0.1 

N2O release –0.363 p = 0.717 –0.075 p = 0.940 –0.565 p = 0.572 
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Table C.2 Friedman results assessing intra-seasonal differences in 2017 for soil temperature, soil moisture, NH4
+-N availability, NO3--N availability, 

CO2 release, CH4 flux, and N2O flux. 

 

2017 

Wet (n = 16) Dry (n = 16) 

Test statistic 
Degrees of 

Freedom 
p-value Test statistic 

Degrees of 

Freedom 
p-value 

Soil temperature 44.3 4 p < 0.01 24.2 4 p < 0.01 

Soil moisture 26.2 4 p < 0.01 17.7 4 p < 0.01 

NH4
+-N availability 6.50 2 p < 0.05 14.0 4 p < 0.01 

NO3
--N availability 14.6 2 p < 0.01 6.13 2 p < 0.05 

CO2 release 44.2 4 p < 0.01 37.2 4 p < 0.01 

CH4 release 3.30 4 p = 0.509 2.25 4 p = 0.690 

N2O release 6.55 4 p = 0.162 5.25 4 p = 0.263 
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Table C.3 Friedman results assessing intra-seasonal differences in 2018 for soil temperature, soil moisture, NH4
+-N availability, NO3--N availability, 

CO2 release, CH4 flux, and N2O flux. 

 

2018 

Wet (n = 16) Dry (n= 16) 

Test statistic 
Degrees of 

Freedom 
p-value Test statistic 

Degrees of 

Freedom 
p-value 

Soil temperature 56.4 4 p < 0.01 54.7 4 p < 0.01 

Soil moisture 13.4 4 p < 0.01 27.9 4 p < 0.01 

NH4
+-N availability 7.13 2 p < 0.01 9.88 2 p < 0.01 

NO3
--N availability 4.88 2 p < 0.01 16.6 2 p < 0.01 

CO2 release 22.7 4 p < 0.01 29.2 4 p < 0.01 

CH4 release 34.0 4 p < 0.01 21.0 4 p < 0.01 

N2O release 4.95 4 P = 0.292 1.60 4 p = 0.809 
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Appendix D 

Chapter 4 summary statistics 

Table D.1 Four-way and three-way repeated measures ANOVA results for assessing the main effects of 

enhanced snowfall, warming, and study year and within study years (four-way) and effects of treatment 

group (three-way) for soil temperature, soil moisture, and active layer depth. 

 

  

 
Soil 

temperature 
Soil moisture 

Active layer 

depth 

Intra-seasonal 

F-statistic 18.9 0.095 463.1 

Degrees of freedom 1,57 1,57 1,57 

p-value p < 0.01 p = 0.759 p < 0.01 

Snow 

F-statistic 0.499 1.57 4.79 

Degrees of freedom 1,57 1,57 1,57 

p-value p = 0.483 p = 0.215 p < 0.05 

Warm 

F-statistic 0.542 5.64 0.650 

Degrees of freedom 1,57 1,57 1,57 

p-value p = 0.465 p < 0.05 p = 0.423 

Year 

F-statistic 3.70 1.49 8.81 

Degrees of freedom 1,57 1,57 1,57 

p-value p < 0.1 p = 0.227 p < 0.01 

Treatment 

F-statistic 3.26 2.16 3.56 

Degrees of freedom 4,67 4,67 4,67 

p-value p < 0.05 p < 0.1 p < 0.05 
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Table D.2 Four-way and three-way repeated measures ANOVA results for assessing the main effects of 

enhanced snowfall, warming, and study year and within study years (four-way) and effects of treatment 

group (three-way) for NH4
+-N availability and NO3--N availability. 

 

 

  

  

 
NH4

+-N 

availability 
NO3--N availability 

Intra-seasonal 

F-statistic 11.3 202.9 

Degrees of freedom 1,54 1,54 

p-value P < 0.01 P < 0.01 

Snow 

F-statistic 0.108 1.10 

Degrees of freedom 1,54 1,54 

p-value P = 0.743 P = 0.299 

Warm 

F-statistic 2.92 0.049 

Degrees of freedom 1,54 1,54 

p-value P < 0.1 P = 0.825 

Year 

F-statistic 0.431 2.49 

Degrees of freedom 1,54 1,54 

p-value P = 0.514 P = 0.120 

Treatment 

F-statistic 0.989 1.34 

Degrees of freedom 4,62 4,62 

p-value P = 0.420 P = 0.248 
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Table D.3 Four-way and three-way repeated measures ANOVA results for assessing the main effects of 

enhanced snowfall, warming, and study year and within study years (four-way) and effects of treatment 

group (three-way) for CO2 release, CH4 flux, and N2O flux. 

 

  

 CO2 release CH4 flux N2O flux 

Intra-seasonal 

F-statistic 30.7 2.01 1.45 

Degrees of freedom 2,106 2,106 2,106 

p-value p < 0.01 p = 142 p = 0.239 

Snow 

F-statistic 0.239 2347 130 

Degrees of freedom 1,53 1,53 1,53 

p-value p = 0.627 p = 0.122 p < 0.01 

Warm 

F-statistic 21.5 1.09 0.472 

Degrees of freedom 1,53 1,53 1,53 

p-value p < 0.01 p = 0.300 p = 0.495 

Year 

F-statistic 82.7 2.19 30.3 

Degrees of freedom 1,53 1,53 1,53 

p-value p < 0.01 p = 0.144 p < 0.01 

Treatment 

F-statistic 3.00 1.85 3.30 

Degrees of freedom 4,61 4,61 4,61 

p-value p < 0.05 p = 0.132 p < 0.05 
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Appendix E 

Data availability 

Data used in this dissertation is publicly available and can be found on Scholars Portal Dataverse. 

Canadian Cryospheric Information Network (CCIN) reference numbers with the associated metadata can 

also be found in the Polar Data Catalogue. 

Chapter 

CCIN 

Reference 

Number 

Title Data Types 
Digital Object 

Identifier (DOI) 

2 12866 

Soil nitrogen 

availability and 

carbon dioxide 

exchange in a High 

Arctic wetland 

2016-2018 soil temperature, soil 

moisture, NH4
+ availability, NO3

- 

availability, and CO2 flux (NEE, 

ER, and GEP) 

https://doig.org/10.56

83/SP2/V38NLF 

3 13243 

Trace gas fluxes of 

a High Arctic 

wetland across the 

growing season 

2017-2018 soil temperature, soil 

moisture, NH4
+ availability, NO3

- 

availability, and trace gas release 

(CO2, CH4, and N2O) 

https://doi.org/10.568

3/SP2/5FJMGO 

4 12898 

Growing season 

trace gas and 

environmental 

measurements at an 

experimentally-

warmed mesic 

tundra site 

2017-2018 soil temperature, soil 

moisture, active layer depth, 

NH4
+ availability, NO3

- 

availability, and trace gas release 

(CO2, CH4, and N2O) 

https://doi.org/10.568

3/SP2/P6U9J8 
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Appendix F 

Study site GPS coordinates 

Wet Sedge Meadow – “Muskox” 

WGS 84 UTM Zone 12N 

 

Site 

Name 
Elevation Easting Northing 

NE-A5 71.810 541870.870 18314210.769 

NE-A7 76.976 541904.980 18314213.721 

NE-B6 79.223 541877.132 18314199.424 

NE-B8 74.966 541907.452 18314196.924 

NE-C5 76.458 541867.455 18314188.590 

NE-C7 78.394 541898.970 18314183.546 

NE-D6 74.136 541874.563 18314168.780 

NE-D8 73.322 541903.709 18314165.587 

NW-A1 78.958 541787.330 18314219.238 

NW-A3 80.315 541807.415 18314216.815 

NW-B2 75.532 541787.570 18314198.588 

NW-B4 71.070 541798.293 18314189.025 

NW-C1 76.365 541775.881 18314186.705 

NW-C3 77.037 541784.760 18314181.335 

NW-D2 73.327 541770.097 18314169.932 

NW-D4 69.816 541783.692 18314161.888 

SE-E5 74.461 541865.000 18314158.061 

SE-E7 77.281 541894.634 18314151.409 

SE-F6 77.808 541869.154 18314146.104 

SE-F8 69.617 541897.591 18314137.421 

SE-G5 74.005 541859.482 18314130.246 

SE-G7 77.617 541888.006 18314128.703 

SE-H6 72.479 541859.165 18314113.390 

SE-H8 70.905 541889.537 18314099.169 

SW-E1 74.517 541759.939 18314156.065 

SW-E3 75.638 541772.110 18314152.795 

SW-F2 77.154 541760.802 18314144.486 

SW-F4 69.377 541774.421 18314135.442 

SW-G1 74.869 541753.701 18314136.390 

SW-G3 71.008 541766.774 18314131.908 

SW-H2 72.813 541756.079 18314124.614 
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SW-H4 70.687 541770.667 18314118.830 

 

 

Mesic Tundra – “ITEX” 

WGS 84 UTM Zone 12N 

 

Site Elevation Easting Northing 

ITEX 1 CC 81.283 541321.896 8315020.184 

ITEX 1 CW 79.518 541325.965 8315022.620 

ITEX 1 SC 77.640 541317.912 8315031.249 

ITEX 1 SW 78.142 541314.348 8315028.479 

ITEX 2 CC 78.881 541306.437 8315011.881 

ITEX 2 CW 77.327 541310.966 8315011.989 

ITEX 2 SC 79.275 541307.320 8315019.835 

ITEX 2 SW 80.194 541304.550 8315017.869 

ITEX 3 CC 76.278 541291.333 8314969.225 

ITEX 3 CW 75.331 541295.400 8314971.774 

ITEX 3 SC 75.388 541287.844 8314981.528 

ITEX 3 SW 76.635 541285.684 8314978.239 

ITEX 4 CC 75.729 541269.221 8314967.021 

ITEX 4 CW 78.283 541273.864 8314972.044 

ITEX 4 SC 76.331 541268.808 8314978.172 

ITEX 4 SW 72.931 541267.124 8314975.671 

ITEX 5 CC 78.299 541331.801 8314976.669 

ITEX 5 CW 76.603 541336.051 8314980.008 

ITEX 5 SC 77.102 541333.945 8314992.680 

ITEX 5 SW 76.620 541329.663 8314989.565 

ITEX 6 CC 75.014 541319.323 8314966.435 

ITEX 6 CW 71.049 541322.058 8314969.850 

ITEX 6 SC 77.032 541317.936 8314980.574 

ITEX 6 SW 76.572 541315.275 8314980.174 

ITEX 7 CC 78.227 541336.768 8314939.173 

ITEX 7 CW 78.447 541341.214 8314940.402 

ITEX 7 SC 78.464 541337.358 8314949.683 

ITEX 7 SW 78.692 541332.300 8314947.438 

ITEX 8 CC 77.906 541324.700 8314929.959 

ITEX 8 CW 78.228 541325.040 8314932.755 

ITEX 8 SC 77.893 541320.092 8314941.560 

ITEX 8 SW 76.815 541316.886 8314937.134 

OC1 76.458 541345.754 8314925.553 

OC2 76.070 541351.396 8314927.699 

OC3 77.783 541359.480 8314929.895 

OC4 78.811 541365.632 8314932.615 

 


