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Abstract 

While studies of mesic tundra vegetation types across latitudinal gradients have shown 

decreasing levels of net ecosystem exchange (NEE) of carbon dioxide at more northern sites, 

little work has explored the factors regulating NEE in the polar semi-desert, a vegetation type 

which is widely distributed across the High Arctic. In 2013, eight ADC Automated Carbon 

Exchange (ACE) systems were deployed at the Cape Bounty Arctic Watershed Observatory 

(CBAWO) to quantify the contribution of the polar semi-desert vegetation type to landscape-scale 

NEE. As polar semi-desert vegetation cover varies at relatively small spatial scales, the chambers 

were distributed between vegetated areas (18-51% cover) and bare soil. Measurements were 

made every 30 minutes from late May to late July. Air temperature, soil temperature, and soil 

moisture measurements were collected in conjunction with NEE and ecosystem respiration (Re). 

In July 2013, Normalized Difference Vegetation Index (NDVI) data were collected to quantify 

variability in vegetation cover within the polar semi-desert. NDVI varied from -0.12 to 0.31, with 

the highest values occurring at vegetated sites and low values occurring on bare soil. Percent 

vegetation cover and NDVI correlated well at peak biomass (R
2
 = 0.96). 

NEE is driven by variability of several biophysical factors, and the factors that best 

predict NEE vary throughout the season. In the early season, respiration drives NEE, and air 

temperature is the strongest predictor (R
2
 = 0.23 to 0.55). During the warmer part of the season, 

photosynthesis is the dominant component of NEE, and photosynthetically active radiation 

becomes the best predictor. Results suggest that once a threshold temperature is reached 

photosynthesis will dominate NEE in polar semi-desert vegetation types. Therefore, longer 

growing seasons, if associated with higher temperatures, would enhance NEE. These 

relationships may be useful for quantifying NEE in polar semi-deserts using remotely-sensed data 

in future studies. 
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Chapter 1 

Introduction 

Over the next 100 years, it is anticipated that there will be significant changes in global 

temperature and precipitation patterns. Although different models predict differing degrees of 

change, there is agreement that change will occur, and that the Arctic will be the most greatly 

affected (IPCC 2007). As precipitation in the Canadian High Arctic increases, the structure and 

distribution of vegetation types may change, which, in turn, has the potential to greatly affect 

carbon dioxide (CO2) exchange between the land and the atmosphere (Atkinson & Treitz 2012; 

Euskirchen et al. 2012; Grogan 2012; Pearson et al. 2013). Changes to the patterns of carbon 

exchange in the Canadian High Arctic are important to quantify and explain because the northern 

circumpolar region contains twice as much carbon as is presently in the entire atmosphere 

(Schuur et al. 2008). Thus, the anticipated warming and wetting trends have the potential to 

greatly impact overall global CO2 budgets (Grogan 2012) and, therefore, the climate system. 

To predict future carbon exchange rates in the Arctic, we need to understand the key 

processes that control the exchange of CO2, and how they vary across different vegetation types 

and temporal scales. While the response of arctic ecosystems to changes in climate is often 

simulated assuming relatively homogeneous vegetation, vegetation types can vary greatly across 

the landscape, as do the rates of CO2 exchange associated with these different vegetation types 

(Raich & Tufekciogul 2000; Lafleur & Humphreys 2007; Brummell et al. 2012). If the responses 

of individual vegetation types to changes in temperature and moisture are known, then we will be 

better able to predict the consequences of shifting vegetation patterns to the overall Arctic carbon 

budget, and how this might impact the global climate system.  
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The Cape Bounty Arctic Watershed Observatory (CBAWO) is located at 74° 55’ N, 109° 

35’ W, on the south central shore of Melville Island, Nunavut (Figure 1.1). The area is underlain 

by sedimentary rocks of the Devonian Weatherall and Hecla Bay formations and mantled with 

glacial and marine sediments (Hodgson et al. 1984). Continuous permafrost with an active layer 

of 0.5-1 m covers the entire study area. The mean daily July temperature for the CBAWO in 2013 

was 5.2°C. 

   

Figure 1.1: Location of the CBAWO in the Canadian Arctic Archipelago (a), on the south central 

shore of Melville Island (b) and the CBAWO in overview (c) (Imagery ©2015 Landsat, IBCAO, 

Map Data ©2015 Google) 

The CBAWO contains three major vegetation types distributed along a soil moisture 

gradient (Figure 1.2a): polar semi-desert; mid moisture / mesic tundra; and wet sedge meadows 

(Rudy et al. 2013). Polar semi-desert is the most abundant vegetation type, covering 47% of the 

total area within the CBAWO (Figure 1.2b). Mesic tundra accounts for 31% of the total area 

(Figure 1.2c), and wet sedge meadows are least abundant at 7% (Figure 1.2d). The remaining 

15% consists of bare soil and non-vegetated surfaces. Previous work at the CBAWO has 

determined that each vegetation type shows differing patterns of carbon exchange throughout the 

growing season (Gregory 2011). All previous work, however, was based on low frequency 

measurements of CO2 fluxes, requiring significant extrapolation to quantify full growing season 

fluxes. While these preliminary studies advanced our knowledge of the CO2 fluxes occurring at 

the CBAWO, the question remains as to whether or not these low temporal frequency 

a b c 
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measurements are able to fully describe the seasonal patterns of carbon exchange between the 

land and the atmosphere (i.e., what is the optimal measurement frequency to best understand this 

system). In this study, the polar semi-desert was examined at a very fine spatial and temporal 

scale, as the next step in determining the individual CO2 footprint and key controlling factor(s) of 

each vegetation type found at the CBAWO. 

 

Figure 1.2: Vegetation distribution within the study area at the CBAWO (Gregory 2011) (a) and 

typical terrain in the polar semi-desert (photo: N. Scott) (b), mesic tundra (c) and wet sedge 

meadows (photo: A. Blaser) (d). 

 

a 

b c d 
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The polar semi-desert is characterized by very low soil moisture. As such, patches of 

polar semi-desert typically occur at more upland sites, where soils are drier. Vegetation occurs in 

the crevices of frost polygons (Figure 1.2 b) and is a mix of woody plants, grasses, mosses and 

lichens (Gregory 2011). It is a highly variable vegetation type, ranging from bare soil to complete 

vegetative cover within very small spatial scales. The impact of this variability on the carbon 

balance can be difficult to capture, as the scale of variation is different across the vegetation type. 

This variability is a challenge to represent in any carbon balance model. As such, few studies 

have attempted to fully characterise carbon exchange processes in the polar semi-desert. Detailed 

study of carbon exchange in the polar semi-desert is challenging given the high costs of accessing 

these sites, so models of carbon exchange processes are needed to predict future rates of CO2 

exchange under different climate regimes. To facilitate this modelling, remote sensing products 

such as the normalized difference vegetation index (NDVI), are critical to building scalable 

relationships between vegetation properties and carbon exchange. 

Several studies have explored environmental controls over ecosystem carbon fluxes in 

the arctic (Bekku et al. 2003; Nobrega & Grogan 2008; Vogel et al. 2009). These studies use 

either static chambers (Shaver et al. 2007; Biasi et al. 2008; Dagg & Lafleur 2010), which allow 

the researcher to differentiate between vegetation types but samples fluxes at low frequency, or 

the eddy covariance method, which makes measurements at high frequency but does not allow for 

exploration of process-level controls on bare ground and vegetated areas independently (Goulden 

et al. 1996; Lafleur & Humphreys 2007). In this study, carbon flux measurements were made 

using automated chambers, which allow for high spatial specificity and high temporal frequency, 

allowing for the collection of detailed process-level information that can be used to better model 

the carbon balance of polar semi-desert vegetation types. 
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Research Objectives: 

The goal of this study is to explore the relationships between CO2 fluxes, environmental 

variables (e.g., soil moisture, air and soil temperatures), and vegetation properties as measured by 

the NDVI for the polar semi-desert vegetation type at the CBAWO. Data were collected at a high 

temporal frequency to allow for assessment of process-level controls at different temporal scales. 

Specifically, my research was guided by the following questions: 

(1) Do high temporal frequency data improve our understanding of the seasonal patterns of 

NEE and Re for the polar semi-desert? 

(2) Can remotely-sensed variables such as NDVI be used to characterize the spatial 

variability of vegetation cover within the polar semi-desert?  

(3) Does inclusion of vegetation measures such as NDVI in statistical models of carbon 

exchange improve the accuracy and precision of these models and their ability to predict 

both NEE and Re? 

To address these research questions, eight autochambers (ADC BioScientific Ltd. 2009) were 

installed at selected polar semi-desert sites within the CBAWO. The data obtained from these 

systems are combined with environmental data and NDVI data derived from multispectral images 

obtained during late July, 2013 to examine the spatial and temporal variability of net ecosystem 

exchange (NEE) and other CO2 exchange processes within the polar semi-desert as well as the 

potential biophysical drivers of these fluxes. 
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Chapter 2 

Literature Review 

Global temperature and precipitation are projected to increase over time (Figure 2.1 a). 

Although different models predict differing degrees of change, there is consensus that a change 

will occur, and that the most extreme change is expected to occur in the High Arctic (IPCC 

2007). Temperature differences have already been observed, with a significant warming trend 

recorded in the Canadian High Arctic since 1970 (Hill & Henry 2011). 

 

Figure 2.1: Predicted global temperature change (a) and predicted global precipitation change (b) 

under different emission scenarios (IPCC 2014). 
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Similarly, moisture regimes are expected to change (Figure 2.1 b). As precipitation in the 

Canadian High Arctic increases, the structure and distribution of vegetation types are expected to 

change, which will in turn affect carbon exchange between the land and the atmosphere (Gregory 

2011; Atkinson 2012; Grogan 2012). To predict future carbon exchange rates we need to 

understand the variation in carbon exchange processes across vegetation types, as well as the 

impact of various biotic and abiotic factors that may affect carbon exchange. 

The projected increases in temperature and precipitation could affect the High Arctic in 

several ways. Some studies suggest that rising temperatures could change arctic ecosystems from 

carbon sinks to carbon sources (Oechel et al. 1993; Biasi et al. 2008). According to the Oechel 

study, northern ecosystems may contain up to 455 Pg of carbon, a potential source that is 

approximately 60% of the size of the global atmospheric carbon pool. 

To fully understand the impacts that changes in temperature and precipitation may have on 

this large carbon sink, we must first understand how carbon is stored in the High Arctic, and how 

it moves between the land and the atmosphere. 

2.1 Carbon Dynamics in the High Arctic 

2.1.1 Carbon Storage 

Globally, the soil carbon pool is two to three times greater than the amount of carbon 

stored in living vegetation (Schlesinger 1990). Additionally, the soils at high latitudes contain a 

large portion of the global soil carbon pool, with estimates ranging from one third to one half 

(Biasi et al. 2008; Sistla et al. 2013), an amount that represents up to twice as much carbon as is 

currently stored in the atmosphere (Schuur et al. 2008). Despite these large stocks (Figure 2.2), it 

has been estimated that tundra ecosystems account for approximately 2% of global soil-

atmosphere carbon exchange (McGuire et al. 2009). The fate of this soil carbon as temperature 

and moisture regimes change is a very real concern. Permafrost soils are also very sensitive to 
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temperature change. One prediction is that thawing of permafrost and subsequent exposure of 

organic matter will remove constraints to decomposition, leading to the loss of approximately one 

quarter of stored carbon by 2100 because of climate warming (Davidson & Janssens 2006). Due 

to the large reserves and the inherent temperature sensitivity of the Arctic (McNamara & Kane 

2008), CO2 flux has the potential to both greatly affect and be greatly affected by climate change. 

 

 

Figure 2.2: Soil organic carbon content in northern latitudes (Hugelius et al. 2013) 

 

Soil carbon reserves in the High Arctic are generally stable, as much of the soil carbon is 

tied up in permafrost. As permafrost thaws there is more and more exposure of previously frozen 

soil carbon, which has the potential to become active (Schuur et al. 2009), although some studies 

have found that this is a transient effect (Allison et al. 2010). Specifically, the 2010 study by 
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Allison and others found that increased temperature does in fact stimulate microbial respiration, 

releasing stored soil carbon. However, within a few years, the change in temperature begins to 

affect the physiological properties of the microbes themselves, reducing the efficiency with which 

they are able to process carbon, and the carbon emissions return to previous levels. This return, 

however, is contingent on the failure of microbial communities to adapt, or change in 

composition in response to long-term temperature change. 

Alternatively, it has been suggested that the increased thaw depth associated with 

warmer, moister climate patterns could stimulate plant growth, increasing carbon uptake in these 

areas, and counteracting the effect of increased microbial respiration (Vogel et al. 2009). To 

further complicate the issue, different soil carbon pools may respond differently to changes in 

temperature. 

Soil carbon can be broadly separated into two distinct pools based on ease of microbial 

breakdown: labile and resistant soil organic matter. The labile soil carbon pool is a small fraction 

of the total soil carbon, and largely consists of “new” organic matter and soil organisms, 

including leaf litter and root tissue (Biasi et al. 2005). This portion of existing soil carbon is 

broken down relatively quickly, typically within 5 years, and is the major food source for soil 

microorganisms. As such, the amount of heterotrophic respiration that occurs at a given site is 

highly dependent on the amount of carbon in this pool (Davidson & Janssens 2006). Additionally, 

the short residence time of labile carbon within the soil profile means that it is indicative of the 

current condition of a site, and changes in the labile pool can be used to track changes to overall 

ecosystem health. 

The resistant pool consists of organic materials that have a much longer residence time in 

the soil. Radiocarbon dates of humic materials in the deeper portions of soil profiles suggest 
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residence times of greater than 1000 years (Schlesinger 1990), which is indicative of the long 

periods of time the more recalcitrant soil organic matter can remain within the soil carbon pool. 

Many factors can influence the ease of decomposition of soil organic matter. Organic 

matter may become trapped within soil aggregates, providing physical protection from microbial 

decomposition. Extreme moisture conditions such as drought and flooding as well as thermal 

conditions that induce the freezing of soils may also affect the mobility of soil organic matter. 

Additionally, physical protection from water soluble enzymes may be obtained when organic 

matter is placed in a hydrophobic environment (Davidson & Janssens 2006). Similarly, it is 

possible for organic matter to obtain a degree of chemical protection by attaching to mineral soil 

surfaces through either electrostatic or covalent bonding. A degree of chemical protection may 

also be found under anoxic conditions. 

While there is consensus regarding response of labile soil carbon to warming (Biasi et al. 

2005), there is much less agreement on the fate of the much larger resistant pool. It has been 

suggested that recalcitrant carbon is not sensitive to temperature change, and the effect of climate 

warming on soil CO2 emissions will be much smaller than anticipated (Liski et al. 1999), 

however, the assumptions made in this study have been contested (Ågren 2000). Alternately, 

some researchers believe that recalcitrant carbon may be more sensitive to temperature warming 

than labile carbon, however most models are based on data collected during short-term studies 

(months to years) and thus do not capture the response of less labile soil carbon fractions (Knorr 

et al. 2005). It is important that we further our understanding of the effect of changing soil 

temperature on the decomposition of soil organic matter if we are to accurately predict the impact 

of climate change on carbon stored in arctic ecosystems (Fang & Moncrieff, 2001). 

Carbon dynamics can be affected by spatial variability in both vegetation type and in soil 

organic matter storage. In 1997, three vegetation types were studied in Greenland. The polar 
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desert site, which had the lowest vegetation cover, had 0.93% soil organic matter (SOM), and the 

polar semi-desert and polar oasis sites had 2.67 and 3.83% SOM respectively (Jones et al. 2000). 

In areas of bare soil, a legacy model has been developed to explain the source of soil carbon, 

suggesting that patterns of carbon uptake were caused by the distribution of glacial sediments. In 

the McMurdo dry valleys in Antarctica, patterns of soil carbon suggest that autotrophic activity 

originating from glacial till is a major factor controlling accumulation of SOM (Burkins et al. 

2011). 

2.1.2 Terrestrial Carbon Cycling in Northern Latitudes 

The terrestrial carbon cycle (Figure 2.3) describes the movement of carbon between the 

three basic pools that exist within a high arctic landscape: atmospheric carbon, plant carbon and 

soil carbon. 

 

Figure 2.3: The terrestrial carbon cycle (Schädel & Luo 2011) 
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The amount of carbon in the soil at any given time is a balance between inputs, that is, the 

production and subsequent death of organic matter, and losses, through the process of 

heterotrophic respiration. Carbon also moves from plant matter to the atmosphere by autotrophic 

respiration (Post et al. 1982; Schlesinger 1990). 

The production of organic matter, or gross primary production (GPP), occurs through the 

process of photosynthesis, in which CO2, water and solar radiation are combined to form 

biomass. There are several environmental controls over this process, including temperature, 

moisture, nutrient availability, vegetation cover (leaf area) and incoming photosynthetically active 

radiation (PAR) (McMichael 1999). For example, a study conducted in an arctic heath in 

Greenland found that temperature was closely related to GPP during the growing season, with 

carbon uptake increasing by 0.16 g C m
-2

 per increase in growing degree-days (Groendahl et al. 

2007). Likewise, at a site on Ellesmere Island, experimental warming in three different 

ecosystems found that carbon uptake was stimulated by increased temperature in all three 

vegetation types, although to differing extents (Welker et al. 2004). It is important to note that the 

relationship between these biophysical factors and the amount of carbon sequestered differs 

dramatically across vegetation types, and thus vegetation type is an important predictor of the 

amount of carbon entering the soil reservoir (Grogan & Jonasson 2006; Humphreys & Lafleur 

2011). 

Plant carbon is transferred to the soil carbon reservoir through the death and 

decomposition of organic matter. This process is known as litterfall (Figure 2.3), and occurs in 

the above- and below-ground portions of the plant. In the polar semi-desert, a litterfall value of 

0.6 tonnes ha
-1

yr
-1

 is typical (Lowman 1988). In a much wetter environment in Australia, litterfall 

has been shown to affect soil carbon, with experimental litterfall additions increasing soil carbon 

by 31% and litterfall removal decreasing soil carbon by 26% (Leff et al. 2012). Litterfall has been 
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shown to vary with many biophysical variables, including altitude, temperature, water 

availability, and vegetation type (Reiners & Lang 1987). 

Carbon, in the form of CO2, enters the atmosphere via two processes: autotrophic 

respiration, and heterotrophic respiration. Combined, these two fluxes are called ecosystem 

respiration (Re). Autotrophic respiration is the component of Re associated with plants, and 

heterotrophic respiration is associated with soil organisms. Components of these fluxes, such as 

fine root respiration within the soil profile, can make it difficult to separate autotrophic and 

heterotrophic respiration when taking field measurements (Ryan 1991). Autotrophic respiration 

can be separated into two components: construction (growth) respiration and maintenance 

respiration. These two processes account for 50 to 70% of the carbon that enters the plant through 

photosynthesis (Piao et al. 2010). 

In the polar semi-desert vegetation type, there is very little vegetation present, and a large 

proportion of existing vegetation is below ground. In this scenario, a conservative estimate of the 

rate of autotrophic respiration is appropriate, and this flux can be defined as half of the GPP (Piao 

et al. 2010). Heterotrophic respiration accounts for a large portion of the CO2 released by a 

system during the night, when the photosynthetic component of CO2 flux is less active. It is 

therefore an important factor in determining if a vegetation type is a carbon source or a carbon 

sink (Buchmann 2000). 

Like GPP, soil respiration is influenced by a variety of environmental factors, including 

vegetation type. In a 2000 review, Raich & Tufekcioglu found that there was a much lower rate 

of soil respiration from coniferous forests than from adjacent deciduous forests, and that 

grasslands had higher rates of soil respiration than comparable forests (Raich & Tufekciogul 

2000). Similarly, temperature has been found to influence respiration, particularly in areas with 

low soil temperature (Lloyd & Taylor 1994). Soil moisture is also a contributing factor to 



 

 

14 

respiration, with higher respiration rates associated with moister conditions. This relationship, 

however, has not proven useful in explaining variability in respiration rates (Cable et al. 2010). 

2.1.3 Carbon Exchange Measurement 

Carbon exchange is typically measured as Re and NEE. Re is the total amount of CO2 

released to the atmosphere through autotrophic and heterotrophic respiration (Boelman et al. 

2003) whereas NEE is the net flux of CO2 between the land and the atmosphere (Lafleur et al. 

2012), incorporating both gross photosynthesis and Re. A negative result indicates net carbon 

uptake by the ecosystem, whereas a positive result indicates a net carbon loss. GPP can be 

estimated if these two fluxes are known. 

Several methods can be used to measure NEE. At a landscape scale, CO2 measurements 

are made using the eddy covariance technique. The eddy covariance technique consists of a sonic 

anemometer to measure wind speed and direction in three dimensions and an infrared gas 

analyser (IRGA) to measure CO2 concentrations in air currents, or eddys (Lafleur et al. 2012). 

The area sampled depends on wind speed and direction, so there is variation in the actual area 

sampled over time (Goulden et al. 1996). At the CBAWO, the flux tower is positioned so that it is 

measuring an area largely composed of mesic tundra. As this method measures NEE over a large 

collection area, it is most effective when the terrain is flat and the vegetation cover is 

homogeneous upwind of the tower for an extended distance (Baldocchi 2003). Eddy covariance is 

useful for overall, landscape scale measurements, and these data are collected at a high temporal 

frequency (Goulden et al. 1996). However, it is difficult to measure CO2 exchange from smaller 

vegetation patches within the collection area, so assumptions must be made if the data are to be 

applied to a larger scale (Lafleur et al. 2012). As such, it is not especially helpful for determining 

vegetation type-scale carbon fluxes unless the landscape is very homogeneous and contains only 

one vegetation type. 
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Static chamber measurements of CO2 exchange allows us to make point measurements in 

specific vegetation types or areas of interest, meaning that measurements can be made in 

homogeneous landscape elements. Static chambers are easily moved, providing opportunities for 

sampling more heterogeneous landscapes. However, each individual location is visited 

infrequently, meaning that the temporal frequency of the data is quite low (Savage & Davidson 

2003). In placing the collar, the surrounding vegetation and underlying soils are disturbed, which 

introduces a potential source of error (Davidson et al. 2002). In addition, the chambers are 

relatively small in comparison to the spatial variability of CO2 flux from the soils (Baldocchi 

2003). 

Automated chambers (autochambers), allow for vegetation type - specific data collection 

at a much higher temporal frequency than is possible with static chambers (Savage & Davidson 

2003). The high frequency measurements allow us to study the temporal variability in CO2 

exchange over the course of the growing season. If key environmental factors are measured at a 

similar frequency, their influence on NEE can be studied over a range of time scales, which may 

reveal patterns that were not evident at the coarser scales previously studied. 

In 2008, static measurements were taken in each of the three vegetation types at the 

CBAWO (Figure 2.4). Based on the eight measurements obtained over the course of the growing 

season, the polar semi-desert and the mesic tundra were consistently sources of carbon, whereas 

the wet sedge meadows were consistently carbon sinks. In contrast, for 2012, measurements were 

taken in an area of mesic tundra using a flux tower and autochambers, demonstrating this 

vegetation type to be a carbon sink for much of the 2012 growing season (Figure 2.5). 
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Figure 2.4: 2008 Static chamber measurements at the CBAWO showing NEE, GPP and Re in the 

Polar semi-desert (a), the mesic tundra (b) and the wet sedge meadows (c) (Gregory 2011). 

 

Figure 2.5: 2012 Autochamber data (red, blue, teal, green) and eddy covariance data (black) from 

a mesic tundra site at the CBAWO (E. Humphreys unpublished data) 
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2.2 The Polar Semi-Desert 

The polar semi-desert is a vegetation type commonly found in the Canadian High Arctic. 

It is very dry and characterized by large patches of rock and bare ground. Vegetation occurs in the 

crevices of frost polygons (Figure 1.2 b) and is a mixture of woody plants, grasses, mosses and 

lichens (Gregory 2011). It is a highly variable vegetation type, ranging from bare soil to complete 

vegetative cover across very small spatial scales. This also means that there is very high 

variability in carbon exchange across very small spatial scales. This variability can be difficult to 

capture, hindering the representativeness of any model that may be developed. As such, few 

studies have attempted to fully characterise the contribution of polar semi-deserts to landscape-

scale NEE. 

As the climate changes, the composition of the polar semi-desert will likely change as 

well. One potential hypothesis is that as the climate in the area becomes warmer and wetter, as 

predicted, vegetation cover will increase, covering areas of bare ground, and potentially creating 

carbon sinks in regions that have historically been sources of carbon. To test this hypothesis, an 

experiment conducted in a semi-desert environment in Svalbard manipulated several 

experimental plots by increasing temperature and adding water and fertilizer. Although the 

percentage of leaf cover increased in response to increased temperature and moisture, the largest 

change was seen when fertilizer was added, suggesting that low soil nutrient availability will be a 

significant barrier to colonization of bare soils (Wookey et al. 1995). Vegetation composition was 

also studied at this location, and again, nutrient addition was the largest predictor of successful 

colonization of bare soil areas (Robinson et al. 2011). 

The effects of nutrient addition and increased moisture on soil respiration have also been 

studied in a semi-desert environment in Greenland. This study found that both root and microbial 

respiration increased with increased moisture, but was not affected by nutrient addition. The 
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respiration effect associated with increased moisture appeared to be tied to root biomass, which is 

a recently-fixed carbon source, meaning that the recalcitrant carbon pool may not be affected 

(Illeris et al. 2003). This study, however, did not explore the effects of elevated temperature and 

subsequent deepening of the active layer, on any increases in available soil carbon. 

2.3 NDVI 

As the polar semi-desert is spatially highly variable, relationships between ground-based 

vegetation measurements and remotely-sensed vegetation indices allow us to gain an 

understanding of landscape-scale vegetation patterns that could not be measured directly (Laidler 

et al. 2008). One such index is the normalized difference vegetation index (NDVI): 

     
         

         
    (1) 

where ρNIR represents near infrared reflectance (760-950 nm) and ρred represents red reflectance 

(630-690 nm) (Rouse et al. 1973). It is a spectral index that exhibits a strong correlation with 

vegetation biophysical variables such as percent vegetation cover (PVC), leaf area index (LAI), 

biomass and fraction of photosynthetic active radiation (fPAR) (Colombo 2003; Fensholt et al. 

2004; Steltzer & Welker 2006). 

NDVI also often relates to CO2 exchange. In a subarctic tundra environment, using 

ground-based measurements, NDVI showed a significant relationship with GPP, however it had 

better success predicting Re in wetter environments (Dagg & Lafleur 2010). Meanwhile, at Toolik 

Lake, Alaska, researchers found that although NDVI was very responsive to changes in 

vegetation associated with artificial soil warming, and increased season length, it was never able 

to predict more than 25% of the variability in CO2 flux (La Puma et al. 2007). Based on these 

studies, it seems that although NDVI is a useful tool for studying carbon exchange between the 

land and the atmosphere, and does show promise for use in landscape scale CO2 exchange 

measurements, it should not be the only predictor variable used. 
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2.4 Modelling Carbon Exchange Processes 

To predict future carbon exchange rates we need to understand what factors control 

variation in carbon exchange processes across and within vegetation types. While studies have 

shown decreasing values of Re and NEE with increasing latitude (Denning et al. 1995; Oberbauer 

& Tweedie 2007), little is known about the factors that regulate NEE in high arctic systems. 

The value in creating a model that describes the relationship between carbon fluxes and 

environmental variables such as temperature and solar radiation in a single vegetation type is that 

it provides the opportunity to model and predict future conditions. As the distribution of 

vegetation type is highly dependent on soil moisture, projected increases in precipitation (IPCC 

2014) in the Canadian High Arctic are likely to alter the proportion of each vegetation type found 

in the study area, which will in turn affect landscape-scale carbon exchange between the land and 

the atmosphere (Gregory 2011; Atkinson & Treitz 2012; Grogan 2012). By understanding the 

individual response of each vegetation type to biophysical factors, it may be possible to predict 

the contribution of the polar-semi-desert to the overall CO2 flux in the Canadian High Arctic 

under different climate scenarios. 

Models can also be helpful dealing with the partitioning of ecosystem respiration into 

heterotrophic and autotrophic respiration. Components of these fluxes, such as fine root 

respiration, can make it difficult to separate autotrophic and heterotrophic respiration when taking 

field measurements (Ryan 1991), but sources of autotrophic and heterotrophic respiration respond 

differently to climate warming, so differentiation is necessary for accurate climate projections 

(Baggs 2006). As such, a modelling approach can be beneficial. 

Autotrophic respiration can be further broken into two components: construction 

respiration and maintenance respiration. These two processes account for 50-70% of the carbon 

that enters the plant through photosynthesis (Piao et al. 2010). Heterotrophic respiration accounts 
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for a large portion of the CO2 given off by a system during the night. It is therefore an important 

factor in determining if a vegetation type is a carbon source or sink (Buchmann 2000). 

Some attempts have been made to model autotrophic respiration using regression 

analysis, and using this method autotrophic respiration was found to account for between 16-58% 

of Re (Baggs 2006). Root and microbial respiration can also be separated in the field through 

many different methods, including tree girdling (Högberg et al. 2009), root exclusion, comparison 

of burned and unburned areas, root extraction, isotope labelling and mass balance (Baggs 2006). 

A study by Bond-Lamberty et al., reviewed data collected by a variety of methods in 53 different 

locations, and proposed the following model for respiration partitioning: 

  
                 

      (2)   

Where Rr is root respiration and Rs is the overall soil respiration (Bond-Lamberty et al. 2004). 

Alternately, root respiration can be considered negligible, and soil respiration and heterotrophic 

respiration can be equated. In determining heterotrophic respiration, temperature (T) is typically a 

key factor, as is seen in this equation developed for an alpine tundra region in China (Eqn. 3) (Dai 

et al. 2002).  

                            (3) 

However, in considering temperature as a predictor variable for CO2 exchange, we must 

revisit the concept of CO2 pools, and the differing approaches to modelling their respective 

sensitivities to temperature change. The first approach is to treat the recalcitrant carbon pool as 

though it is much less sensitive to temperature fluctuation than the labile pool. This is the 

approach taken by Liski et al. (1999), and is based on a study conducted in the boreal zone in 

Finland. They collected a series of soil CO2 measurements across a temperature gradient, and 

found that the soil carbon storage increased with increasing temperature, rather than decreasing as 
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previous models predicted (i.e., the previous models overestimate the impact of temperature 

warming on soil carbon decomposition).To model this scenario, Liski et al. used a five 

compartment cascading soil carbon system, which had been calibrated for a boreal forest site in 

Finland, with an average annual temperature of 4.0°C. Beginning with fresh litter in the first 

compartment, the material was left to decompose until 29% of the initial mass remained, and then 

moved on to the next chamber. The residence time in each subsequent chamber was a fixed value, 

calculated based on the decomposition rate, which was a function of temperature. When adjusted 

for changed temperature, the model outcome indicated that older carbon pools were not as 

susceptible to increased decomposition with temperature change. Liski et al.’s conclusions, 

however, have been questioned, particularly in a 1999 research note from Göran Ågren. Professor 

Ågren disagrees with Liski’s use of a fixed residence time in all but the first compartment of the 

model, as it means that smaller and smaller portions of material will be transferred between 

chambers, as respiration rates increase with temperature, and carbon is lost to the atmosphere 

(Ågren 2000). Additionally, there is no allowance for changes to the microbial community due to 

climate change. 

In comparing different modelling strategies, we can see that solar radiation and 

temperature are often used as predictor variables for CO2 exchange. However, based on the 

observed correlation (La Puma et al. 2007) between NDVI and NEE, it is apparent that vegetation 

is an important factor as well. As we know that the polar semi-desert is highly variable on several 

spatial scales (Laidler et al. 2008), an approach that allows for differing vegetation conditions 

seems well suited to the polar semi-desert. To this end, simple linear models, taking into account 

such variables as air temperature, PAR and aboveground phytomass have proven useful 

(Zamolodchikov & Karelin 2001). 
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Chapter 3 

Methodology 

3.1 Field Methods 

3.1.1 Study Sites 

For this study, three areas of relatively homogeneous polar semi-desert within the 

CBAWO were selected for data collection and characterization. As a late season snowfall had 

covered the entire landscape in approximately 10 cm of snow during the third week in May, sites 

were selected based on known areas of polar semi-desert where previous studies had occurred 

(i.e., Gregory 2011; Atkinson 2012) (Figure 3.1 a). The sites selected were Goose Polar Desert 

(GPD) (Figure 3.1 b); Goose Polar Desert - New (GPD-N) (Figure 3.1 c); and Alpha Polar Desert 

(APD) (Figure 3.1 d). Vegetation cover at these sites is highly variable, ranging from bare soil to 

complete vegetation over very short distances. To capture this variation and analyse the impact of 

vegetative cover on CO2 flux, areas with differing levels of vegetation cover were selected within 

the three sampling locations.  
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Figure 3.1: CO2 measurement locations (a), and study locations GPD (b), GPD-N (c) and APD 

(d) (photo: N. Scott) 

 

3.1.2 CO2 Measurement 

NEE and Re measurements were collected using automated CO2 exchange (ACE) 

systems that measured CO2 concentrations within collars (23 cm diameter) partially buried in the 

soil. Each ACE system consists of an infrared gas analyzer, a data recorder, a mechanical arm, 

and either a transparent or an opaque chamber (Figure 3.2). Each chamber was attached to a 

collar and leveled as best as possible. Between measurement cycles, the arm rests in the open 

position (Figure 3.2). The chambers were operated in closed mode with auto-zeroing enabled 

a 

b c d 
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(ADC BioScientific Ltd. 2009). During each three minute measurement cycle, measurements of 

the CO2 concentration within the chamber were collected at ten second intervals, and the 

measurement cycle repeated every half hour. To obtain the overall flux, the difference in CO2 

concentration within the chamber between the beginning and end of the measurement cycle is 

used.  

 

Figure 3.2: Automated CO2 transparent (left) and opaque (right) chambers. 

 

Eight chambers (four transparent and four opaque) were placed in areas with 0-50% 

vegetation cover and distributed at the three sites as follows: 

 GPD - four autochambers were deployed, two in moderately-vegetated areas and two on 

bare soil. In each area, one chamber was equipped with a transparent head, and one with 

an opaque head. 

 GPD-N - a transparent chamber was placed in an area of partial vegetation and an opaque 

chamber was placed on bare soil. 

 APD - transparent and opaque chambers were placed in areas of heavy vegetation. 
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Late season snow cover and unseasonably cold temperatures delayed the ground from 

thawing sufficiently to insert the autochamber collars. As a result, dark tarps were used to prepare 

the sampling locations for autochamber installation, melting the snow and thawing the top layers 

of soil (Figure 3.3 a). Sites were sufficiently thawed for chamber installation on June 1 (Figure 

3.3 b). Collars were inserted approximately two centimeters into the ground. While the artificial 

warming of the study sites likely had an impact on early season carbon fluxes, it was deemed 

necessary in order to install the autochambers, as there were no field personnel at the CBAWO 

between June 1 and July 18. Once installed, the autochambers measured CO2 concentrations 

between June 1 and July 28 2013. 

  

Figure 3.3: GPD site: snow removal (a) and autochambers installed on a newly-thawed site (b). 

 

In mid-July, one autochamber in the APD site was damaged by a fallen solar panel tower. 

It was replaced with a transparent chamber from the GPD site on July 20, 2013 which had been 

measuring NEE on bare soil. In the absence of vegetation, NEE, measured with transparent 

chambers, and Re, measured with opaque chambers, are expected to be similar, hence, the 

chamber was moved from the GPD site to the APD site as measurements for a highly vegetated 

site were deemed more important to the objectives of the study. The transparent chamber 

measuring NEE in the vegetated collar at the GPD site also sustained damage over the season and 

was removed on July 21, 2013.  

a b 
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During the latter portion of the season, several NEE and Re measurements were collected 

using manual static chambers (20 cm diameter). These data were used to corroborate 

autochamber results, and also to fill in any data gaps left by the failure and subsequent removal of 

any ACE units. Measurements were taken in the early morning and mid-afternoon on July 23
 
and 

July 26. The static chambers were equipped with a Vaisala GMP 343 CO2 probe and a Vaisala 

HMP75 temperature and relative humidity probe. Measurements from both probes were recorded 

every five seconds with a Vaisala M170 data logger. Between each measurement, the chamber 

was removed from the collar and equilibrated with ambient CO2. Since the static chambers are 

transparent (Figure 3.4 a), ecosystem respiration was measured by placing an opaque shroud over 

the entire unit (Figure 3.4 b) and repeating the measurement cycle. At each location, NEE and Re 

data were collected. The disadvantage of these static measurements, however, is that they lack the 

high temporal frequency of measurements obtained from the ACE systems. 

 

Figure 3.4: Static CO2 measurement chamber measuring NEE (a) and Re (b). 

a b 



 

 

27 

 

Soil temperature and moisture were measured at 30 minute intervals. Soil temperature 

was measured with HOBO U23 and HOBO Pro V2 data loggers (Onset Corp., Bourne, MA, 

USA), and soil moisture was measured using Decagon EC-5 sensors (Decagon Devices Inc., 

Pullman, WA, USA). Soil temperature and moisture were measured in areas of vegetation and 

bare soil. On June 1, the HOBO Pro V2 and Decagon EC-5 loggers were installed at a depth of 

2cm at the three measurement sites, and recorded continuously until they were removed on July 

28. Additionally, the HOBO U23 loggers were installed on July 21 at 5cm and 10cm depths. Air 

temperature data were measured hourly at the MainMet station at the CBAWO with a Humirel 

HTM2500 sensor located 1.5m above the ground surface. 

At the end of the season, soil cores (5.4 cm diameter) were collected from each of the 

collar locations to determine whether differences in soil properties within polar semi-desert soils 

may influence carbon fluxes. Prior to coring, all live surface vegetation within the collar was 

collected and separated into vascular and non-vascular components. In addition, senesced organic 

matter at the surface was collected. Mineral soils were sampled to a depth of 10cm, and each core 

was separated into 0-5 and 5-10 cm depth increments and brought back to the lab for analysis. 

3.1.3 Imaging 

Vegetation plays a key role in the regulation of carbon exchange, and in models is 

typically expressed as LAI or PVC (Steltzer & Welker 2006). In the sparse and low lying 

vegetation of the polar semi-desert, it is not feasible to measure LAI, and thus PVC was 

measured. NDVI data were collected at each site to examine the relationship between NDVI, 

PVC, and carbon fluxes. A multispectral camera (TetraCam, ADC, Chatsworth, CA, USA) was 

used to obtain colour infrared (CIR) images; i.e., green (520-600 nm), red (630-690 nm) and 

near-infrared (760-950 nm) image channels (Figure 3.5a). The NDVI was derived from these 
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images (Figure 3.5b). Normal colour photographs (RGB) were also collected for each of the plots 

using a Panasonic DMC-ZS1 camera (Figure 3.5c). 

 

Figure 3.5: Sample quadrat images in colour infrared composite (a), NDVI derivative (b) and 

normal colour (c) 

 

In order to derive an NDVI image, a calibration image consisting of a white calibration 

standard (i.e., a Lambertian reflector) within the scene was also acquired. The calibration 

standard used for this study was a white Teflon card, provided by Tetracam Inc. Prior to field 

sampling an experiment was conducted to examine the reflectance characteristics of the Teflon 

card. Here, NDVI output was compared to that of a spectralon panel (Labsphere n.d.), a near 

perfect Lambertian surface. After testing, it was determined that there was no statistical 

difference between the NDVI output images collected using the two standards (see Appendix A). 

The calibration image was therefore used to normalize the lighting conditions for the 

image channels prior to deriving spectral information. The calibration image was necessary 

because spectral reflectance for any given surface varies continuously throughout the day as a 

function of atmosphere and sun-target-sensor geometry. This means that if two images of the 

same surface are taken at different times or view angles, and are to be compared, they must be 

calibrated to a standard set of lighting conditions to derive reflectance. For this adjustment, 
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spectral reflectance from the surface is collected and compared to an image of a calibration target, 

which represents a diffuse reflector across the spectral range being covered. 

This normalization was performed using Tetracam’s PixelWrench2 software. The exact 

equations used are proprietary (Tetracam Inc., Chatsworth, CA, USA), however, the 

normalization equations for the Dycam Agricultural Digital Camera (ADC) (Dycam Inc, 

Woodland Hills CA, USA) are known. The Dycam ADC is similar to the Tetracam ADC, 

although it has a smaller spectral range (600-1100nm), collecting information only in the red and 

NIR bands (Dycam Inc. n.d.). The calibration value for the Dycam ADC is calculated using the 

following equation (La Puma et al. 2007). 

      
                   

         
    (4) 

To study the correlations between NDVI and the different CO2 fluxes measured in the 

polar semi-desert vegetation type, images were collected for each of the ACE collars on July 20, 

21, 24 and 26, 2013. 

The second objective of the imaging campaign was to characterize PVC in the polar 

semi-desert landscape and correlate this with NDVI to establish a relationship that can be used to 

model these variables from remotely-sensed data. Images were collected for four quadrats in the 

area immediately surrounding the autochamber sites. In addition, image data were collected along 

a series of 25m transects (Figure 3.6). All imaging locations were defined using a 0.25m
2
 quadrat. 
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Figure 3.6: Imaging locations where an autochamber is present (yellow) and where one is not 

(red). Inset shows a typical setup, with autochamber location (yellow), surrounding quadrats (red) 

and transects (red). 

 

Imaging locations surrounding the autochamber sites were set up in a five meter cross-

pattern, centered on the mast supporting the solar panel (Figure 3.6, inset). At GPD, where there 

were two masts, the midpoint between the masts was used as the center of the cross pattern. 

Sample points were identified at five meters from the centre point in each of the cardinal 

directions and marked with a flag to ensure that the same area was photographed each time. For 

each subsequent measurement, this flag was used to mark the placement of the south-east corner 

of the quadrat, with the quadrat oriented in a north-south direction. The camera was mounted on a 

tripod, which was placed on the west side of the quadrat (Figure 3.7). 
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Figure 3.7: Imaging setup, showing quadrat, tripod and marker flag. Image taken at the west 

quadrat of GPD, facing north 

 

The camera was leveled and the tripod height adjusted so that the quadrat filled the 

frame. At the time that each CIR image was taken, a series of RGB photographs were also 

collected. The RGB images were used to determine PVC. The amount of vegetative cover in the 

quadrats was deemed unlikely to undergo any significant change during the sampling period. 

However, other factors that may cause variation in NDVI can be examined when taking repeated 

measurements with constant vegetation cover. 

Since the polar semi-desert exhibits high spatial variability, it appeared that the 

information contained within the 12 quadrats surrounding the autochamber sites was insufficient 

to characterize the variability within the polar semi-desert. As such, further measurements were 

collected along transects that were selected from areas of polar semi-desert where previous 

studies had occurred. Transects were established at five locations; i.e., the three autochamber 

sites, Charlie Polar Desert (CPD) (Atkinson 2012) and Ptarmigan Polar Desert (PPD) (Figure 

3.6). 
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At each site, three 25m transects were established in a north-south direction. These 

transects were sampled using the 0.25m
2
 quadrat at 4m intervals, resulting in six samples per 

transect at 4, 8, 12, 16, 20 and 24 meters. A typical transect configuration is shown in the inset in 

Figure 3.6. At each location, two replicate images were taken with the multispectral and normal 

colour cameras. Calibration images were acquired at the beginning of each transect for 

normalization of the multispectral images. 

3.2 Data Processing 

3.2.1 CO2 Flux Calculation 

Autochamber CO2 data were saved to an excel spreadsheet and assessed for anomalies. 

Data that were suspect were identified primarily through examination of the reference CO2 value. 

The reference CO2 is an approximate measure of the ambient CO2 concentration, and is set as the 

initial CO2 reading at the start of each assay. It is expected to be approximately 16 µmol m
-3

, 

however, any value between 12 and 20 µmol m
-3

 is generally deemed acceptable (ADC 

BioScientific Ltd. 2009). If the reference CO2 was outside of the allowable range, or if the 

reference CO2 experienced large fluctuations within a short time period, the data were discarded, 

as the calculated fluxes appeared faulty. 

The ACE units calculate the CO2 flux value by fitting the values obtained during the 

measurement cycle to an exponential curve, and calculating the slope. However, due to the nature 

of the exponential model, the software is not able to calculate the negative NEE values that occur 

when there is carbon uptake, and an NEE value of zero is recorded. As carbon uptake occurred in 

many of the transparent ACE units (Figure 3.2), values were manually recalculated so that the full 

range of values throughout the season was available. The individual CO2 concentration 

measurements used to calculate NEE during each measurement cycle were not recorded, so no 
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true model could be fit to the data, however the ΔCO2 value, the difference between the first and 

last values in the assay, was recorded, and this value was used to calculate NEE. 

To calculate the NEE from the ΔCO2 value, given in µmol/m
3
, the values are simply 

converted to the required unit of μmol m
-2

 s
-1

. Each ΔCO2 value was multiplied by the total 

sample volume (chamber plus collar), and then divided by the collar area. The chamber volume 

was provided by the manufacturer. Collar depth was determined by the depth of insertion into the 

soil surface, and was measured in the field. The value was then divided by time (i.e., the number 

of seconds in the measurement cycle). These recalculated flux values were used for all 

subsequent analyses. The critical assumption behind this approach is that changes in CO2 

concentrations during the time of measurement are roughly linear. Calculated fluxes were 

compared to those derived from eddy covariance in 2012 (Figure 2.5), and the values were 

comparable, suggesting that this calculation technique was reasonably accurate (E. Humphreys 

pers. comm.). 

To allow for more precise calculations of carbon fluxes, ADC provided prototype 

updated software for one autochamber (deployed at the GDP-N site) that saved all the raw data 

collected during every assay, not just the final flux value and ΔCO2. Each measurement cycle is 

comprised of 17 individual CO2 readings over three minutes. These readings document changes 

in the concentration of CO2 over the three minute measurement period. To determine the CO2 

flux over time, the slope of the regression line based on the individual measurements was 

calculated, and the resulting slope was converted from a flux per unit volume to a flux per unit 

area. When the net CO2 exchange rate is calculated by the ACE unit, an exponential model is 

used, based on the assumption that it will provide the best fit (ADC BioScientific Ltd. 2009). 

However, as previously noted, an exponential model is not suitable for negative values, and thus a 

linear model was used. Additionally, in the early stages of data analysis, several models were 
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explored, including both the linear and exponential models, and as no significant improvement in 

model fit was found between the results of the two models, the simpler, linear model was applied. 

Once the data were quality assured, and all calculations were performed, each of the 

measured biophysical variables was plotted, both as a time series and against the various CO2 

fluxes (e.g. GPD-N, Figure 3.8) 

Fluxes from static chambers were also calculated using linear changes in CO2 

concentration over time (Beamish et al. 2014). 

 

 

    (5) 

 

 

 

Despite careful equilibration of the chambers to ambient conditions, there was often a 

period at the beginning of the five minute measurement period where readings were unstable. To 

eliminate possible bias and/or error, the first 60 seconds of data were discarded from all flux 

calculations from the static chambers. 
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Figure 3.8: Time series of NEE data at GPD-N (a), and a comparison of NEE data and soil 

temperature at GPD-N (b). 

3.2.2 Image Analysis 

The NDVI at each of the collar and quadrat locations was calculated using Tetracam’s 

PixelWrench software (Tetracam Inc. 2011). Each NDVI image was then imported into ENVI 5.0 

(Excelis VIS) and a region of interest (ROI), encompassing either the collar or the quadrat, was 

identified. The mean NDVI value within the ROI was then extracted. When the image was 

imported into ENVI, it was converted from an NDVI image, with values ranging between -1 and 

1, to a grayscale image, scaled between 0 and 256. To convert the average ROI grayscale value 

back to an NDVI, a mathematical transformation was applied, assuming that the initial 

conversion from NDVI to grayscale was linear. To test the assumption of linearity, several images 

were processed in PixelWrench, reprocessed in ENVI, and the results compared. As no significant 

difference between the processing methods was observed, the assumption of linearity was 

deemed appropriate. A full comparison of the two processing methods can be found in Appendix 

B. 

At all transect and autochamber locations, PVC was determined using an NDVI 

threshold; i.e., the minimum NDVI value that indicates that above-ground green vegetation is 
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present, including both vascular and non-vascular plants (Figure 3.9 a). For this purpose a 

threshold of 0.1 was used (D. Stow pers. comm.). To obtain the PVC value, several steps were 

required. As the NDVI data were stored as uncalibrated greyscale (0-256) images (Figure 3.9 b) 

rather than true NDVI values (-1 to +1), the threshold of 0.1 was converted to a value of 140.8. 

The converted threshold was then applied to the greyscale image. All pixel values below the 

threshold were assigned a value of zero and those above were assigned the value of +1 (Figure 

3.9 c). The ROIs generated for the average NDVI calculation were then used to determine the 

percentage of pixels above the threshold, and this value was reported as the PVC. 

 

Figure 3.9: Sample quadrat at the GPD site in regular colour (a), NDVI (b) and thresholded 

NDVI (c). 

3.2.3 Statistical Methods 

The variability of soil temperature and soil moisture across the polar semi-desert were 

tested using analysis of variance (ANOVA). ANOVA analyses the variances of different data sets 

to test the hypothesis that their mean values are equal (Carlson & Winquist 2014). In this study, 

ANOVA (α = 0.05) was used to determine if soil moisture in the three study locations was 

statistically the same, and to determine if there were differences in soil moisture between areas of 

vegetation and areas of bare soil. Soil temperature was subjected to the same tests, as well as 

investigating potential differences related to depth within the soil profile. As these data were 

collected at a very high temporal frequency (15 minutes) repeated measures ANOVA was used to 

a b c 
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compensate for any temporal autocorrelation. Repeated measures ANOVA is used to measure 

changes in the mean value in related, but not independent groups.  

The relationship between individual CO2 fluxes and the measured biophysical variables 

was examined using linear regression. Significance was tested using the p-value for regression. A 

p-value of less than 0.05 indicates that the null hypothesis, i.e., that the slope of the regression 

line is zero, can be rejected. Goodness of fit was determined using R
2
 values. A higher R

2
 value 

also indicates that the relationship has greater predictive power. 

Linear regression is based on the assumptions of homoscedasticity and normality of the 

error distribution. Homoscedasticity, or constant variance of errors, can be tested by examining a 

plot of residuals vs. predicted values, and looking for errors that get systematically larger in one 

direction. Normality can be assessed using a normal probability plot. In addition, normality was 

assessed statistically using an Anderson Darling test. For all regressions used in further analysis, 

residual plots and normal probability plots can be found in Appendix F. 
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Chapter 4 

Results and Discussion 

4.1 CO2 Fluxes 

NEE and Re measurements were taken every half hour between June 1 and July 27, 2013. 

Initially, eight autochambers were deployed, however two failed immediately, reducing the total 

number of measurement sites to six. The remaining autochambers were re-distributed to ensure 

that both vegetated and bare soil areas were represented, and both light and dark measurements 

were collected (Figure 4.1). The final dataset is outlined in table 4.1. 

Table 4.1: Final autochamber dataset 

Location Lid PVC (%) Data Collection Period Notes 

GPD Transparent 0 01/06/2013 - 20/07/2013 Moved to APD 

Opaque 0 13/06/2013 - 21/07/2013 Moved to GPD 

Transparent 23 21/07/2013 - 27/07/2013 Equipment failure - replaced 

Opaque 32 01/06/2013 - 10/06/2013 Equipment failure 

GPD-N Transparent 18 01/06/2013 - 28/07/2013  

Opaque 0 01/06/2013 - 28/07/2013  

APD Transparent 50 20/07/2013 - 28/07/2013 Equipment failure - replaced 

Opaque 51 01/06/2013 - 28/07/2013  

 

In a vegetated area at the GPD-N site (Figure 4.1 a), the overall pattern of NEE shows 

small positive values throughout much of the season, meaning there is a net release of CO2 to the 

atmosphere. There is a period in mid-June where NEE becomes more positive, indicating a time 

of greater CO2 release (Figure 4.1 a). Between the middle of July and the end of the measurement 

period, large, negative NEE values indicate a period of significant carbon uptake by the 

ecosystem. There was a strong diurnal signal during this time as well. The rapid carbon uptake 

during this time was also observed at GPD (Figure 4.1 b) and APD (Figure 4.1 c), despite the 
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incomplete data from these locations. The peak period of carbon uptake captured by these 

measurements is immediately preceded by a spike in the ambient air temperature; however there 

appears to be a lag between the temperature spike and the transition from a respiration to a 

photosynthesis-dominated system. 

Bare soil NEE was measured at one collar at the GPD site (Figure 4.1 d). It should be 

noted, however, that this chamber was removed in mid-July, and used to replace a damaged 

chamber at the APD site, and thus there are no bare soil NEE measurements during the period in 

which the large negative NEE values were seen at the vegetated sites. Results at this site show 

slightly negative NEE during the growing season, suggesting a low rate of carbon uptake on the 

bare soil. 

At the CBAWO, several NEE measurement studies have been carried out. In the polar 

semi-desert, Gregory (2011) observed positive NEE values throughout the entire 2008 growing 

season (Figure 2.4), meaning that the vegetation type was always a carbon source. Likewise, in 

2007, Atkinson (2012) observed positive NEE values in the polar semi-desert throughout most of 

the growing season, although there were small negative values on July 17 and 27. Overall, 

Atkinson, (2012) found the polar semi-desert to be a net carbon source. (Atkinson 2012). Both of 

these studies used static chambers to measure NEE, meaning that readings were taken every 4-7 

days, for a total of 6-8 readings during the growing season. My results suggest that the 4-7 day 

measurement interval may not be sufficient. During the 2013 growing season, there was a period 

of rapid carbon uptake between July 20 and 28 that was not observed in either of the previous 

static chamber studies. This period of uptake is not large enough to make the vegetation type an 

overall carbon sink; however it does mean that annually, the source is not as large as previously 

believed. It is also interesting to note that both Atkinson and Gregory saw an increase in NEE in 

mid July. This same respiration spike was observed in 2012, associated with a short period of 

warmer temperatures. 
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Figure 4.1 NEE collected at vegetated areas (green) at GPD-N (a), GPD (b)and APD (c), and in 

an area of bare soil (brown) at GPD (d). 
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Re was collected using opaque chamber heads at four locations (Table 4.1), and showed a 

more consistent pattern throughout the season compared to NEE. In the vegetated area at APD 

(Figure 4.2 a) positive Re values were observed during the early part of the measurement period, 

consistent with NEE trends, showing that Re is the dominant process at this time. In the latter part 

of the season, when temperatures rose and NEE became more negative, Re continued to increase. 

On bare soil, Re increased over the growing season, similar to the pattern observed in the bare soil 

NEE measurements (Figure 4.1d). The increase is less pronounced at the GPD site (Figure 4.2 c), 

and the Re values never become greater than zero, indicating net carbon uptake. Note that data 

collection at the GPD site ended on July 21, 2013 due to equipment failure, leaving only one of 

the three bare soil chambers operational at the end of the season. The remaining bare soil 

chamber was located at the GPD-N site (Figure 4.2 d), and although the results are highly 

variable, a similar pattern of increasing Re throughout the season was recorded. Again, during the 

first part of June, some small negative Re values were recorded. 
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Figure 4.2 : Re collected at vegetated areas (green) at APD (a) and GPD (b) and an areas of bare 

soil (brown) at GPD (c) and GPD-N (d). 
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In the bare soil locations at the GPD site, negative NEE and Re values were observed 

throughout the entire measurement period, indicating net carbon uptake. Static chamber 

measurements collected at the GPD site (appendix E) showed a similar pattern of CO2 uptake, 

however this is not consistent with static or automated chamber measurements collected at the 

other sites during the 2013 season, or with static measurements taken at these locations in 

previous years (Gregory 2011; Atkinson 2012). 

Likewise, the opaque chamber placed in a vegetated area, also at the GPD site (Figure 4.2 

b) shows negative values early in the growing season. During the first week of June, some 

negative Re values were recorded in an opaque chamber placed on an area of vegetation at APD. 

However, from mid-June onwards, the Re at this site follows the positive, upward trend typical of 

respiration during the growing season (Nadelhoffer et al. 1991). At APD, the transition between 

negative and positive Re values coincided with an increase in air temperature that occurred on 

June 11. As the chamber at GPD failed on June 10, we do not know what the Re was in the latter 

part of the season, and whether Re also responded to increasing temperatures and returned to an 

expected pattern. At APD, the period of net uptake was moderate, with an average Re value of-

0.05 µmol m
-2

 s
-1

. At GPD, the uptake was an order of magnitude larger, with an average Re value 

of -0.46 µmol m
-2

 s
-1

. One possibility is that the control on respiration from vegetation is very 

different than that for soil, as APD is much more heavily vegetated than GPD.  

Incoming solar radiation could also be a controlling factor, as the largest uptake was 

observed at the only transparent chamber (average value -0.51 µmol m
-2

 s
-1

). The three opaque 

chambers, however, had average values between -0.05 µmol m
-2

 s
-1

 and -0.46 µmol m
-2

 s
-1

 despite 

the fact that they receive no light at all during the measurement cycle. Based on these data, it 

seems most likely that this is a highly localized effect and is most strongly influenced by small 

scale phenomena. 
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A potential explanation for the observed carbon uptake in bare soil and light-limited 

locations is that it results from microbial activity. A study based in a polar desert location in 

Antarctica measured net carbon uptake on bare soil, yet found that there were very few soil algae 

present, and primary production was limited to islands of colonization associated with rock 

outcroppings (Pointing et al. 2010). This supports the view that this is a highly localized 

phenomenon. Another potential source of carbon fixation are the lichen dominated vegetation 

types that have been found in sandstone regions of both Antarctic and southern deserts (Palmer & 

Friedman 1990). Melville Island is chiefly composed of sandstone (Barnett et al. 1977), however 

primary production in these vegetation types is dependent on moisture and requires a threshold 

temperature to be reached before rates increase. As neither collar at GPD showed any relationship 

between soil moisture and NEE, and carbon uptake occurred even during the coldest parts of the 

measurement period, this is likely not what was observed at the CBAWO. Photoautotrophic 

cyanobacteria have been observed under quartz pebbles in the Mojave Desert (Schlesinger et al. 

2003), which is interesting, as the soil carbon fixation found in the Pointing study (2010) was also 

dependent on quartz substrates. 

Chemoautotrophic bacteria, which are bacteria that fix CO2 using energy derived from 

the oxidation of molecules such as ammonia or sulfur, is another potential cause of bare soil 

uptake. Several studies have found these bacteria in arctic waters (Kirchman et al. 2007; Alonso-

Sáez et al. 2010; Ivanov et al. 2012). Burkins et al. (2011) found that the source of microbial 

communities in Antarctic dry valleys was due to glacial movement. It is possible that a similar 

mechanism deposited chemoautotrophic bacteria in the CBAWO. 

Alternately, Brummell et al. (2015) believe that below-ground CO2 uptake is not a 

biological phenomenon at all, and instead attribute it to CO2 dissolving in pore water, driven by 

variability in soil pH and water content (Brummell et al. 2015). Soil moisture measurements at 

the CBAWO showed very low water content during the measurement period; however the 



 

 

45 

sensors were 3 cm below the surface, so it is possible that high soil moisture conditions near the 

base of the active layer could have created an environment conducive to these inorganic 

processes. 

At one location, APD, there was sufficient data available to calculate GPP during the 

final portion of the season (Figure 4.3). GPP is calculated by subtracting Re from NEE, and, as 

with NEE a negative value indicates carbon uptake. In calculating GPP, some interesting patterns 

are apparent, such as the spike in GPP on July 22. This spike is associated with an increase in Re, 

coupled with a low NEE value, and, upon further investigation, is associated with a spike in air 

temperature. 

 

Figure 4.3: NEE, Re and GPP at APD (vegetated) 

 

4.2 Air Temperature 

Both seasonal and diurnal variability were observed in the meteorological data collected 

during the measurement period (Figure 4.4a). The average air temperature during the 2013 

growing season was the lowest recorded in the past seven years (Figure 4.4b), with a later than 

average summer peak temperature period compared to the past five years average (Figure 4.4a). 
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Temperatures did not reach a maximum until mid-July, with the maximum temperature of 14.8°C 

occurring on July 18. This short period of warmer temperatures coincides with the period of 

increased NEE (Figure 4.1a). This pattern was observed at all NEE sampling locations, despite 

the varying degree of vegetation cover. 

 

Figure 4.4: 2013 air temperature (red), average air temperature from the past five years (2008-

2012) (grey), and 2013 rainfall (blue) from MainMet at the CBAWO (a), and average growing 

season (June 1-July28) temperature, 2003-2014 (b) 

 

Ecosystem respiration correlated positively with air temperature at all study locations (p 

< 0.001). The correlation was strong in the vegetated areas at APD (Figure 4.5 a) and GPD 
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(Figure 4.5 b) and in a bare soil area at GPD (Figure 4.5 c), with the highest respiration rates 

occurring at the end of the growing season. At bare soil location at GPD-N (Figure 4.5 d), Re 

correlated positively with air temperature (p < 0.001), however, due to the chamber’s erratic 

response, this correlation was weak (R
2
 = 0.05). The slopes of these relationships with 

temperature were consistent, ranging between 0.02 and 0.04 (Figure 4.5). 

 

Figure 4.5: Comparison of air temperature and ecosystem respiration in vegetated areas (green) 

at APD (a) and GPD (b), and in bare soil areas (brown) at GPD (c) and GPD-N (d). 
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GPD-N (R
2
 = 0.05), and the bare soil chamber at GPD (R

2
 = 0.53). As the chamber at GPD was 

only active between June 13 and July 20, the larger data set obtained at GPD-N dominates the 

relationship. The pooled vegetated areas show a stronger positive correlation with air temperature 

(p < 0.001, R
2
 = 0.56), however, despite pooling, there is clear separation observed in the data 

obtained from the two vegetated locations. This separation could be due to differences in 

vegetation cover, as this relationship contains data from GPD (PVC = 32%) and GPD-N (PVC = 

51%), however it is more likely caused by the unusual pattern of uptake observed at GPD. 

Additionally, one of the two datasets used was incomplete, and the regression of the pooled data 

follows the pattern set by the larger dataset. 

 

Figure 4.6: comparison of air temperature and ecosystem respiration in pooled bare soil sites (a) 

and pooled vegetated sites (b) 
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the opaque chambers. GPD-N (Figure 4.7 b), was the only location where a weak, negative 

relationship between NEE and air temperature (p < 0.001, R
2
 = 0.01) was observed. GPD-N is 

also the only site with a transparent chamber that was active throughout the entire measurement 

period, encompassing both the cooler, respiration-dominated time at the beginning of the season, 

as well as the warmer, photosynthesis-dominated period at the end. No other chamber had a 

negative correlation, as no other transparent chamber captured both of these time periods.  

The vegetated chambers at APD and GPD were deployed later in the season, so they 

represent an incomplete dataset. However, this does not appear to be a factor that affects the 

correlation of NEE and air temperature, as the partial dataset from APD shows no correlation to 

air temperature, and the partial dataset from GPD shows a strong correlation. 

 

Figure 4.7: Comparison of air temperature and NEE in vegetated areas ( green) at APD (a), GPD-

N (b) and GPD (c), and in an area of bare soil (brown) at GPD (d). 
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NEE data from all vegetated sites were also pooled, and the correlation between NEE and 

air temperature was tested (Figure 4.8). The two variables correlated positively, but the 

relationship was very weak, and the slope was very small (p < 0.001, R
2
 = 0.01). This poor 

correlation is understandable, as two of the three datasets that make up the pooled relationship, 

APD and GPD-N, show the same weak relationship. The only component flux with a strong, 

positive correlation to air temperature is from the GPD site, and is incomplete, encompassing 

only the last two weeks of July. As such, it was not sufficient to impact the relationship 

dominated by the more extensive dataset collected at GPD-N. NEE was not pooled for bare soil 

locations, as only one transparent chamber was placed on bare soil. 

 

Figure 4.8: Comparison of air temperature and NEE in pooled vegetated sites 
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A study in Greenland found that air temperature during the growing season was strongly linked to 
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the CBAWO, there is a relationship between NEE and temperature, in that a critical temperature, 
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threshold has been found in Alaska, where the transition point between CO2 source and sink was 

dependent on the number of preceding growing degree days in the early season (Euskirchen et al. 

2012). This study also showed increased Re in mid-July that was observed at GPD-N in 2013, as 

well as in previous years study at the CBAWO (Gregory 2011; Atkinson 2012). On a smaller 

temporal scale, air temperature is more closely linked to Re, both at the CBAWO, and in the 

Euskirchen et al. (2012) study in Alaska. 

The slopes of the relationship between NEE and air temperature (Figure 4.7 d) and Re and 

temperature (Figure 4.5 c) on bare soil at GPD are very similar. This provides further evidence 

that the observed CO2 uptake on bare soil is microbial in nature, as the response to temperature is 

very similar for both of these carbon flux measurements. 

4.3 Soil Temperature 

Soil temperature was measured throughout the season at 3 cm depth at GPD and GPD-N. 

At the GPD site, two sensors were deployed, one in bare soil, and one in vegetation. Soil 

temperature patterns were very similar to air temperature, as measured at the MainMet station 

(Figure 4.9). 

  

Figure 4.9: Average soil temperature (3 cm) in a vegetated area at GPD (blue) and bare soil at 

GPD (purple) and GPD-N (tan) and air temperature  
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Considering that the soil temperature data were similar, both in pattern and in actual 

value, to the air temperature data (Figure 4.4, 4.9), it is not surprising that a similar relationship 

was seen when comparing soil temperature (3cm) to NEE and Re throughout the entire season 

(Figure 4.10). 

 

 

Figure 4.10: Comparison of soil temperature (3cm) and NEE in a vegetated area at GPD-N (a), 

and a bare soil area a GPD (b) and a comparison of soil temperature (3cm) and Re in bare soil 

areas at GPD-N (c), and GPD (d) 

 

The response of NEE to soil temperature depends on vegetation. At the vegetated site 

(Figure 4.10a), there is a significant, negative relationship between soil temperature and NEE (p < 

0.001), but it is very weak (R
2
 = 0.04). This is consistent with the pattern seen between air 

temperature and NEE. At the bare soil location (Figure 4.10 b), a strong positive relationship was 

seen (p < 0.001, R
2
 = 0.62). When there is no vegetation present, the CO2 exchange between the 
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air and the soil is driven by heterotrophic respiration, and respiration is strongly influenced by 

temperature (Lloyd & Taylor 1994). 

At both of the GPD sites, the atypical pattern of bare soil uptake was observed, however 

the overall seasonal pattern and response to temperature is consistent with a respiration-driven 

ecosystem. 

Additional sensors were inserted in late July, measuring soil temperature at 5 and 10 cm 

depths. At the GPD and GPD-N sites sensors were placed in both bare soil and vegetated areas. 

At APD, sensors were placed only in a vegetated area. To explore the differences in soil 

temperature associated with different site conditions; a series of ANOVAs was completed, 

comparing depths and vegetation patterns within sites, as well as variability between sites. 

At GPD-N, the soil temperature at 5 cm had higher daily maximums than the temperature 

at 10 cm, regardless of vegetation cover (Figure 4.11 a). Within each soil depth, daily maximum 

temperatures were slightly higher in the vegetated areas. Significant differences were observed in 

the temperature response between 5 and 10 cm depths in both the vegetated (p < 0.001) and bare 

soil locations (p < 0.001), as well as between vegetation and bare soil. 

At the GPD site, a different pattern emerged (Figure 4.11 b). In this location, bare soil 

was consistently warmer than the vegetated area. Temperatures at 5cm depth were warmer than 

those at 10cm, however, at GPD the 10cm bare soil tended to show greater diurnal fluctuation 

than the 5cm vegetated area. Again, a significant difference between depths was observed at both 

the vegetated and bare soil sites, as well as between bare soil and vegetation at both 5 and 10 cm 

depths. Between sites, a significant difference was observed at both 5 and 10 cm depths, in both 

vegetated and bare soil locations. Typically, one would expect vegetated soils to remain cooler, 

and to exhibit less diurnal variability than vegetated soils, since green vegetation reflects strongly 

in the infra-red bands. This is observed at GPD, but not at GPD-N. 
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Figure 4.11: Soil temperature measured in areas of vegetation (green) and areas of bare soil 

(brown) at a depth of 5cm (light) and a depth of 10cm (dark) at the GPD-N site (a) and GPD site 

(b) 

 

At GPD-N, there was also no correlation between soil temperature and Re at either 5 or 

10 cm depth (p = 0.74, 0.89, R
2
 = 0.008, 0.001). Again, the result from this ACE unit was very 

erratic, and a strong correlation was not found for any measured biophysical variable. 
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Figure 4.12: Soil temperature and Re at a depth of 5cm (light green) and 10cm (dark green) (a) 

and Soil temperature and NEE at a depth of 5cm (light green) and 10cm (dark green) (b), both at 

the APD site. Soil temperature and NEE at a depth of 3cm (tan), 5cm (light green) and 10cm 

(dark green) (c) at the GPD site. 
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was no 3cm temperature sensor at the GPD site, and the data from GPD-N was too erratic to infer 

a meaningful relationship between soil temperature and CO2 exchange, and as such no landscape-

scale conclusions can be reached. 

There was a much weaker correlation between NEE and soil temperature (Figure 4.12 b), 

as was observed in the whole-season data measured at GPD and GPD-N. The end of season NEE 

data at the vegetated collar at GPD, however shows a strong positive correlation (p<0.001, R
2
 = 

0.25, 0.55, 0.58) at all depths, which follows the pattern found between temperature and Re at 

other locations and depths, but is not typical of the NEE observed at the other vegetated locations. 

To determine a possible explanation for the relationship between NEE and soil 

temperature at GPD, the data from GPD (Figure 4.1 b), GPD-N (Figure 4.1 a) and APD (Figure 

4.1 c) were compared during this late season time period, when one can see strong diurnal signals 

at all locations, but that the difference between the daytime minimum and nighttime maximum is 

much smaller at GPD than at the other locations. It is possible that this is related to the bare soil 

uptake observed at this site. During the night, when the smallest amount of photosynthetic uptake 

is occurring, the NEE at most vegetated sites becomes more positive. However, at GPD, where 

bare soil CO2 uptake has been observed, the nighttime respiration is reduced by this unknown 

source of uptake that does not appear to be related to light levels. 

It is, however, interesting to note that at the vegetated location at GPD the relationship 

between soil temperature and NEE improves when using temperature data from deeper in the soil 

profile (Figure 4.12 c). At a depth of 3cm, the slope is 5.7 and the R
2
 is 0.25. At a depth of 5cm, 

the slope of the relationship changes to 5.5, and the R
2
 to 0.55. There is another small 

improvement in the R
2
 between 5 and 10 cm, as the slope becomes 4.4 and the R

2
 becomes 0.58. 

The increased correlation with temperature deeper in the soil profile supports Brummell’s 

supposition that bare soil CO2 uptake is due to solubility of CO2 in soil water (Brummell et al. 
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2015). Although the polar semi-desert is a very dry vegetation type, what little soil water is 

present is more likely to be located deeper in the soil profile. Alternately, this could be the depth 

in the soil profile where chemoautotrophic bacteria are located. 

Alternately, soil temperature could be a factor affecting NEE throughout the soil profile 

at GPD. As you move deeper into the soil profile, the average temperature decreases. The 

component of NEE that is most strongly linked to temperature is Re (Fang & Moncrieff 2001), so 

as you move into cooler regions of the soil, Re will most likely decrease, leaving a clearer picture 

of the process driving the bare soil uptake. Finally, it is possible that it is simply a question of 

depth. If the root cause of the bare soil uptake is occurring lower in the soil profile, then it will 

naturally be best described by biophysical variables that are also located lower in the soil profile. 

The three collars measuring respiration at GPD were also the only three collars to show a 

stronger correlation to soil temperature (3cm) than to air temperature, despite studies showing the 

influence of soil temperature on Re (Oberbauer & Tweedie 2007, Oechel et al. 1995). This is 

perhaps an indication that the carbon exchange picture at these locations is more dependent on 

processes within the soil than those in the atmosphere. 

4.4 Soil Moisture and Precipitation 

There were three precipitation events greater than 1mm recorded during the observation 

period, as well as several smaller rainfall events (Figure 4.13). Total rainfall during June and July 

was 63.2 mm. 

As the polar semi-desert is a relatively dry vegetation type, soil moisture was generally 

quite low (Figure 4.13). One sensor, located in an area of vegetation at the GPD site, was 

excluded from analysis, as it consistently recorded lower values than the other three sensors, and 

showed soil moisture values below zero on several occasions. Of the remaining three sensors, two 
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were located in areas of bare soil (GPD and GPD-N) and one was buried in a vegetated area 

(APD). The seasonal pattern observed at the three measurement locations was similar, however 

ANOVA revealed significant differences between each of the different locations, regardless of 

vegetation conditions. 

  

Figure 4.13: Soil moisture (3cm) in vegetated sites at APD and GPD, bare soil sites at GPD-N 

and GPD, and precipitation. 

 

Across the study sites, the relationship between soil moisture and NEE and Re varied. 

Over the entire growing season, no relationship was noted between soil moisture and either NEE 
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and both NEE and Re in all collars at GPD (p < 0.05). At APD, there was a relationship between 

Re and soil moisture (p<0.001), but none between NEE and soil moisture (p>0.1). The 

relationships were generally weak (R
2
 = 0.006- 0.08) (Figure 4.14 a, b) with the exception of the 

transparent chamber on vegetated soil at GPD (R
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 = 0.23) (Figure 4.14 c). These data can be 

broken down further into sections before and after the July 24
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 rainfall event, improving the 

0 

1 

2 

3 

4 

5 

6 

7 

8 

-0.15 

-0.1 

-0.05 

0 

0.05 

0.1 

0.15 

0.2 

0.25 

0.3 

0.35 

0.4 

13-05-26 13-06-05 13-06-15 13-06-25 13-07-05 13-07-15 13-07-25 13-08-04 

P
re

ci
p

it
at

io
n

 (
m

m
) 

So
il 

M
o

is
tu

re
 (

m
3  

m
-3

) 

APD (Veg) GPD (Veg) GPD (BS) GPD New (BS) Precipitation 



 

 

59 

correlation (R
2
 = 0.44) in the pre-rainfall time period (Figure 4.14 d). Although there is a pattern 

of higher NEE values associated with lower soil moisture values, it is unlikely that this is 

indicative of an overall trend, as the relationship is negative when the entire data set is examined, 

but within each of the smaller subsets, a positive correlation is observed, with larger, positive 

NEE values associated with wetter soils. As such, the correlation is most likely a product of the 

short time span over which this location was active, and not necessarily an indicator of causation, 

as was seen in the relationship between temperature and NEE in this collar. Furthermore, this 

pattern was not observed at any of the other collar locations, either during the July 21-27 time 

period, or when the data surrounding other precipitation events are examined. 

 

Figure 4.14: Whole season comparison of NEE and soil moisture at a vegetated location (green) 

at the GPD-N site (a), and soil moisture and Re on bare soil (brown) at the GPD site (b). End of 

season comparison of NEE and soil moisture on vegetation at the GPD site (c) divided into pre 

(light green) and post (dark green) rainfall groups (d) 
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Across Arctic ecosystems, dry ecosystems are typically carbon sources (Oberbauer & 

Tweedie 2007), however, with climate change, moisture regimes are expected to change (IPCC 

2014), and a number of studies have been conducted to determine the potential impacts of this 

change on high arctic ecosystems. Little consensus, however, has been reached. Illiris et al (2003) 

found that water additions increased soil respiration by as much as 47%, while Oberbauer & 

Tweedie (2007) claim that dry ecosystems are more often nutrient limited than water limited. The 

Oberbauer & Tweedie study, however, did not include a high arctic polar desert site, using a low 

arctic dry tundra location instead. Overall, soil moisture is a more useful variable for explaining 

differences between vegetation types rather than differences within vegetation types (Oberbauer 

& Tweedie 2007; Raich & Tufekciogul 2000) 

4.5 Photosynthetically Active Radiation (PAR) 

Incoming PAR was measured at each of the transparent chambers. As the values were 

similar at each location, GPD-N is shown as an example (Figure 4.15). There was a decrease in 

the daily maximum PAR value as the season progressed beyond the summer solstice (Figure 

4.15). Some variability in the daily maximum PAR values was observed, most likely due to 

variation in factors such cloud cover. 

  

Figure 4.15: Incoming photosynthetically active radiation, measured at GPD-N 
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Neither NEE (Figure 4.16 a) nor Re (Figure 4.16 b) correlated well with PAR over the 

entire measurement period. Of the four opaque chambers, 3 correlated positively with PAR (p < 

0.01) and one, located at GPD-N, did not (p = 0.66). R
2
 values for all opaque chambers were very 

weak, ranging from 0.003 to 0.01. 

 

Figure 4.16: NEE and PAR throughout the entire measurement period in a vegetated collar 

(green) at GPD-N(a) and Re and PAR throughout the entire measurement period in a bare soil 

collar (brown) at GPD (b) and NEE and PAR at the end of the season in vegetated collars at 

GPD-N (c) and APD (d) 
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GPD and APD (p < 0.001), however it was much stronger at APD (R
2
 = 0.60) than at GPD (R

2
 = 

0.03). At GPD-N, there was no correlation (p = 0.19, R
2
 = 0.001). It is important to note that 

GPD-N was active throughout the entire growing season, while GPD and APD were only 

operational at the end of July when large, negative NEE values were recorded in all of the 

vegetated, transparent chambers (Figure 4.1 a, b, c). During this latter part of the season, NEE 

was also related to PAR in the GPD-N site (p < 0.001, R
2
 0.46, Figure 4.16 c), and APD (R

2
 0.61, 

Figure 4.16 d). The steeper curve observed at APD is likely caused by the greater vegetation 

cover in that area. 

The relationship between NEE and PAR indicates that there are portions of the growing 

season when PAR is a limiting factor for primary productivity, however it is not a constant 

relationship. When the PAR is between 0 and 400 µmol m
-2

 s
-1

, the NEE is at its most sensitive to 

changes in PAR. As PAR increases beyond 400 µmol m
-2

 s
-1

, the slope of the relationship 

decreases, indicating decreasing sensitivity of NEE to changes in PAR, and signaling that polar 

semi-desert vegetation is receiving PAR in excess of its requirements for photosynthesis. 

At APD, GPP data were available for the peak photosynthetic period (Figure 4.17). These 

data were significantly correlated to PAR (p < 0.01), and showed a stronger R
2
 value than the 

NEE at the same location did, confirming the strong contribution of photosynthesis to NEE 

during this time period. 
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Figure 4.17: Late season (July 20-28) GPP vs. PAR at APD 
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important in understanding and predicting the behavior of the system. When the bare soil data 

were added, the R
2
 increased to 0.78, and the p value decreased to 0.11. This relationship is still 

not statistically different than zero, however, the improvement in the p value suggests that a 

relationship could likely be found if a larger number of vegetation conditions were represented in 

the data set. 

 

Figure 4.18: NEE and PAR, pooled across all vegetated chambers during the peak photosynthetic 

period (a), and the components (APD: orange, GPD-N: blue, GPD: purple) of the pooled 

relationship (b) 
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placed in a ten meter cross pattern, had average vegetation covers of 4, 19 and 67%. Averaging 

these values to obtain a landscape scale estimate yields a result of 30% cover. 

Third, to capture variability in vegetation cover at the largest scale, 5 different areas of 

polar semi-desert were identified, and 3 transects were established in each. Percent cover values 

ranged from 1-91%, with a median value of 28% and a mean of 33%. 

The difficulty inherent in making landscape scale PVC estimates based on point 

measurements is apparent when the three different estimates are compared at a single site. At the 

APD site, there were two autochambers with an average PVC value of 50%. The four 

surrounding quadrats had PVC values between 3 and 41%, with an average of 19%. Three 

transects were also measured at the APD site. PVC values ranged from 3-52%, with an average 

value of 21%. The GPD site also shows a wide range of vegetation cover values across different 

spatial scales. At this site, the collars (4) had an average PVC of 14%. The four quadrats 

surrounding this site had PVC values of 40-87%, averaging 67%. Average vegetation cover based 

on the transect results at the GPD site was 56%. At GPD-N, there were two autochambers, 

averaging 9% PVC. The surrounding quadrats had an average PVC of 4%, and the three transects 

showed an average PVC of 14%. 

To explore the relationship between NEE and PVC, NEE values at each of the 

autochamber collars were compared to the PVC obtained from CIR images. All CIR images were 

taken in the early afternoon of July 24, and were compared to the NEE value obtained closest to 

the time the collar was photographed. Upon comparison, a strong relationship (R
2
=0.93, p < 0.05) 

between NEE and PVC was observed across all measurement locations (Figure 4.19). 
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Figure 4.19: NEE and PVC at each of the four measurement sites in the polar semi-desert for a 

single time point in the early afternoon, July 24, 2015, and an estimation of landscape-scale NEE 

at that time, based on the relationship defined by the measured NEE and PVC values (blue). 

 

The relationship between NEE, NDVI and vegetation, most often in the form of LAI, has 

been studied in a number of high latitude ecosystems. In Toolik Lake, Alaska, La Puma (2007) 

found that although there was a significant relationship between NDVI, NEE and Re, which 

explained up to 25% of the variability in observed NEE, other factors were required to predict 

accurately NEE. In the Northwest Territories, Dagg and Lafleur (2010) found similar patterns. 

NDVI and LAI correlated weakly, and although there was a relationship between GPP and NDVI 

at all locations, the exact relationship varied by plot. Overall, the relationship between vegetation 

characteristics and CO2 exchange varies by vegetation type, and thus individual consideration 

must be given to all vegetation communities within an area of interest. NDVI is a useful tool for 

scaling plot level relationships, however it must be considered in conjunction with other 

biophysical variables. 

To obtain an estimate of landscape-scale NEE in the polar semi-deserts at the CBAWO at 

peak time of the growing season, all transect PVC values were averaged, and that average, 32%, 

was assumed to be the overall PVC for the polar semi-desert vegetation type at the CBAWO. The 
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PVC value was then used to calculate a flux value, based on the relationship shown in Figure 

4.19. An overall maximum ecosystem NEE of -0.97 μmol m
-2

 s
-1

 was obtained. As the polar semi-

desert occupies 47% of the CBAWO’s 36km
2
 area, (Gregory 2011), this means that 730 kg per 

hour of carbon is taken up by the polar semi-desert at the CBAWO during the early afternoon in 

the peak growing period. It is important, however, to note that this relationship remains valid only 

under these particular PAR conditions. To create a more generalized model of NEE in the polar 

semi-desert, both seasonal and diurnal variability in PAR must be taken into account. 

The ultimate goal of the study was to explore the relationship between vegetation cover 

and NEE, and whether variation in carbon exchange can be explained by simple biophysical 

variables obtained from satellites. PVC, is useful in describing patterns of NEE across the polar 

semi-desert, however it can be time consuming to collect, and as such, PVC was compared to 

NDVI to determine if there was a relationship that could be used to determine vegetation cover at 

a landscape scale. 

The transect data were used to study the relationship between PVC and NDVI, as they 

covered the largest spatial extent. All transect data were collected during the afternoons of July 24 

and 26 under comparable PAR conditions. Within the study area, a very strong relationship 

(R
2
=0.98, p < 0.001) was found between NDVI and PVC (Figure 4.20), meaning that NDVI can 

be used to accurately model PVC. 
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Figure 4.20: Percent cover and NDVI. 

 

The relationship between PVC and NDVI allows us to create a fourth, landscape-scale 

estimate of the overall vegetation cover in the polar semi-desert. As this relationship is derived 

from data collected only in the polar semi-desert, all other vegetation types, as well as areas of 

bare rock and open water, were masked out using the vegetation map developed by Gregory 

(2011). Using the equation defined in Figure 4.20, and applying it to NDVI values derived from a 

2012 worldview 2 image, a spatial model of PVC based on NDVI can be derived (Figure 2.1). 

Using this method of estimation, we found an overall PVC of 41% in the polar semi-desert. 
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Figure 4.21: Percent vegetation cover at the CBAWO, derived from World View 2 imagery. 

 

4.7 Seasonal carbon balance for polar semi-desert vegetation types at the CBAWO 

Seasonal carbon balance for polar semi-deserts at the CBAWO was estimated using a 

range of different approaches. The first estimate (Figure 4.22 a) is an average of the NEE values 

obtained at all four of the transparent chamber locations each half hour during the measurement 

period. The average PVC in the transparent chambers was 22.8%, which is slightly below the 

landscape average. Missing data values were simply omitted, and the average for that time period 

is based on the remaining chamber measurements. By this method of calculation, NEE in the 

polar semi desert vegetation type at the CBAWO accounted for a total uptake of 11.84 g m
-2

 of 

carbon between June 1 and July 28 2013. 



 

 

70 

At the GPD site, the bare soil NEE shows carbon uptake throughout the entire season. As 

there was carbon uptake observed at two different bare soil collars, it cannot be attributed to 

instrument failure, and is likely a true reading. It is however, inconsistent with this same time 

period at both the APD and GPD-N sites, as well as with NEE data from previous years (Gregory 

2011). Since the transparent chamber at the GPD site was one of the two functioning units at this 

time, this location greatly influences the results. As a trend, bare-soil C uptake seems to be non-

representative of the overall polar semi-desert, and makes the calculated seasonal average value 

more negative than it would be otherwise. Thus, the bare soil NEE from the GPD site has been 

excluded from all subsequent estimates under the assumption that carbon uptake on bare soil is a 

highly localized phenomenon, and does not have as large an impact as is seen in the first estimate. 

To generate the second estimate (Figure 4.22 b), the bare soil NEE data from GPD were 

removed, and replaced with the bare soil respiration data from the GPD-N site, so the final dataset 

used was NEE from APD (vegetated), NEE from GPD (vegetated) and NEE (vegetated) and Re 

(bare soil) from GPD-N. The bare soil data were substituted, rather than simply omitted, as bare 

soil accounts for between 60 and 70% of the polar semi-desert, and as such should be considered 

when making landscape scale estimations. Additionally, both the NEE at APD and at the 

vegetated collar in GPD only cover the end of the season. With the bare soil data from GPD 

removed, the entire early season estimate would be derived from a single collar. Using both NEE 

and Re data in this estimate should not present a problem, since there is no vegetation present at 

that site, so the photosynthetic component of the NEE due to plants should be negligible, and the 

NEE and Re should be similar. By this method of calculation, the polar semi desert present at the 

CBAWO released 4.26 g m
-2

 of carbon between June 1 and July 28 2013, meaning this vegetation 

type is a carbon source, consistent with previous estimates from the CBAWO (Gregory 2011). 
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Figure 4.22: Seasonal carbon estimate 1 (dark purple) and its component fluxes (grey) (a), 

seasonal carbon estimate 2 (light purple) and its component fluxes (grey) (b) and a comparison of 

the two methods of averaging seasonal NEE data (c). 

 

These methods of estimation provide values for carbon exchange in polar semi-deserts at 

the CBAWO during the study period. However, if we are interested in applying these results to 

other locations, or different time periods, another method of NEE extrapolation is necessary. 

To create a transferable, landscape scale estimate of carbon exchange between the land 

and the atmosphere, the patterns of NEE and Re throughout the entire season must be examined. 

For this purpose, linear models with multiple independent variables were used to predict NEE 

throughout the season, and the different portions of the seasonal response were modeled 

separately. This separation was necessary because sections of missing data precluded the 
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calculation of GPP throughout large portions of the season. NEE is comprised of two 

components: Re and GPP. These two processes are governed by different factors, and react 

independently to environmental variability. Ideally, to estimate NEE, Re and GPP would be 

modeled separately, and the results combined to quantify NEE. However, in the early season, 

there is only one full set of NEE data, located at GPD-N, with a PVC of 18%. The opaque 

chamber at GPD-N was placed on an area of bare soil, and provided data that were too erratic to 

determine meaningful relationships. As such, GPP could not be calculated at this site. 

In the latter part of the season, there were three valid NEE data sets. However, at GPD-N, 

the Re measurements remained unsuitable for comparison and at GPD, all opaque chambers had 

been removed, either due to failure, or to replace other failed units. At one site, APD, both 

chambers were active between July 22 and 28, and GPP was calculated. However, as this is the 

only portion of the season where GPP could be determined, and a single amount of vegetation is 

represented, it is not especially helpful for modelling.  

As accurate estimates of GPP were not available for much of the season, NEE was 

modeled rather than its components. To improve accuracy, the portion of the season when Re is 

dominant had to be considered separately from the GPP-dominated section of the season. 

Individual consideration of the relationships between measured biophysical variables and 

NEE and Re (sections 4.2-4.5) revealed some patterns, however, there were several relationships 

with a strong p values, but the R
2
 values were very weak. In this case, we can conclude that there 

is a relationship but, based on the available data, subsequent values cannot be predicted with 

much precision. As such, only relationships with both strong R
2
 and significant p values were 

considered. 

During the early part of the season, the system was respiration driven. Based on our 

analysis of Re against the individual biophysical variables measured (Section 4.2-4.5), we can see 
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that during this portion of the season, there is a relationship between temperature (air and soil) 

and Re. Although both air and soil temperatures showed a strong correlation to Re, air temperature 

had consistently stronger R
2
 values, and is generally more available than soil temperature data; it 

was therefore used in this analysis. Although Re and air temperature correlated strongly across all 

the measurement sites, the exact relationship varies from site to site based on PVC. Thus we can 

see that to estimate the overall NEE during the early part of the season, both PVC and air 

temperature must be taken into consideration. 

The early season portion of this model is defined by the equation: 

                                       (6) 

Where ta, the air temperature was obtained from the Mainmet station, and PVC was the average 

of the transect values, 32%. This PVC value was used in all subsequent models. The R
2
 value for 

this linear model is 0.23. 

Using this model, total NEE was -3.86 g C m
-2

 in the polar semi-desert at the CBAWO 

during the 50 days between June 1 and July 28 2013. This model is, again, impacted by the bare 

soil uptake recorded at the GPD site that was not deemed representative. 

A second model was developed for the early part of the season (Figure 4.23 light purple), 

substituting the data from the transparent chamber at GPD-N, for the questionable data obtained 

at GPD as well as the opaque chambers at GPD-N and APD. Although the GPD-N data are NEE 

while the rest are Re, the portion used was measured at a time when the system was strongly 

respiration dominated, and thus is likely comparable. This model is defined by the equation: 

                                        (7) 

where PVC and ta are as before. The R
2
 value for this linear model is 0.48.When combined with 

the late season model, an NEE of 5.03 grams of carbon m
-2

 is found, showing that the polar semi-
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desert at the CBAWO is a net carbon source with a total NEE of 5.02 g C m
-2

 in the polar semi-

desert at the CBAWO during the 50 days between June 1 and July 28 2013. This is consistent 

with the calculated seasonal average (Figure 4.23 grey). 

In the later part of the season, photosynthesis became a more important part of NEE, and 

temperature variability is less important. Based on previous analysis, we know that a relationship 

between NEE and PAR exists during this part of the season (Figure 4.16), and also that a 

relationship was observed between NEE and PVC for a single time point on July 24 (Figure 

4.19). From these relationships, we can infer that to model this portion of the season, both the 

spatial variation in PVC and the temporal variation in PAR must be considered. 

The later part of the season is defined by the equation: 

                                        (8) 

The R
2
 value for this linear model is 0.50. 

The transition point between the two models occurs on July 20, which is two days after 

the season’s highest temperature. The transition point was determined by inspecting the data and 

selecting the point where NEE became more negative. 
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Figure 4.23: Modeled seasonal NEE estimates (purple) and average measured NEE (grey) 

 

Considerable research has been carried out in an attempt to develop robust models of CO2 

exchange in the Arctic. One method for approximating CO2 uptake is the Michaelis-Menten 

kinetic model (Eqn. 4.3). This is a simple relationship that can be used to simulate the empirical 

relationship between leaf-level photosynthesis and incoming solar radiation (Lloyd 2001).  

 
    

        

     
 

(9) 

In this scenario, Pmax, the maximum rate of photosynthesis at saturating light intensity, 

and k, a constant used to calibrate the model to site-specific vegetation properties, are used to 

approximate CO2 uptake. The use of a literature value for k can introduce error into the model, 

particularly in highly variable sites, such as the polar semi-desert.  

To model soil carbon decomposition, the Arrhenius method is often used (Lenz et al. 

2010) . The Arrhenius method is an exponential model that is a function of the soil temperature 

and a theoretical decay rate for soil carbon (Knorr et al. 2005). Again, use of a literature value is 
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not always ideal in a variable system, and the Arrhenius method has a tendency to underestimate 

soil respiration at low temperatures (Fang & Moncrieff 2001). 

The methods outlined above can help us to estimate NEE during the growing season, 

however this leaves a sizeable portion of the year unaccounted for. Several recent studies have 

found that microbes remain active in frozen soils, and a significant portion of the Arctic’s CO2 

respiration takes place over the winter months, with estimates of cold-season CO2 production 

ranging from 10-90 g C m
-2

(Oechel et al. 1997; Grogan & Chapin 1999; Schimel et al. 2006; 

Grogan 2012; Risk et al. 2013). These previously discounted respiration values are large enough 

that they have the potential to change the arctic, which has historically been considered a carbon 

sink, into a carbon source (Schimel et al. 2006). At the CBAWO, there has been some study of 

cold season CO2 flux, but it is at an exploratory stage. Early estimates suggest that cold season 

respiration represents a very small source at the CBAWO (N. Scott pers. comm.), however to 

fully understand the impact of polar semi-desert ecosystems on the high arctic CO2 budget, this 

portion of the year must be fully accounted for.  
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Chapter 5 

Conclusions and Recommendations 

Previous work at the CBAWO has suggested that polar semi-desert ecosystems are most 

likely net carbon sources during significant parts of the growing season regardless of vegetation 

cover (Gregory 2011). During the peak growing season, however, there is a period of time in 

which vegetated areas of polar semi-desert ecosystems become CO2 sinks, which none of our 

previous studies were able to capture (due to low temporal sampling). Despite this period of 

uptake, it has been demonstrated in this study that the polar semi-desert ecosystem is an overall 

carbon source during the growing season, releasing 4.26 g m
-2

 of carbon between June 1 and July 

28 2013. 

As the growing season progresses, the environmental drivers that are best correlated with 

NEE shift. In the early season, Re is the dominant flux, and during this period, air temperature is 

the best predictor variable. In the later part of the season, photosynthesis is at its peak in the 

vegetated areas of the polar semi-desert, GPP is the dominant component of NEE, and NEE 

correlates strongly with PAR. The transition between a respiration-dominated system and a 

photosynthesis-dominated system occurs when air temperature reaches a threshold value. NEE 

during the transition point was only observed at one location, due to equipment failure, and thus 

there is some uncertainty associated with the exact conditions necessary to trigger a transition. 

During the transitional period in 2012, the temperature increased from 3-15°C in 2 days, and a lag 

was observed between the temperature spike and the beginning of the period of CO2 uptake, 

meaning that the exact temperature required to trigger carbon uptake is difficult to isolate, and it 

could even be a question of duration rather than simply temperature. In future field seasons, 

additional sampling would aid our understanding of the biophysical indicators that cause the 

transition, allowing for more accurate predictions of when it may occur in future years and how 
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the timing and duration of the photosynthesis dominated portion of the season will impact annual 

NEE. 

The amount of vegetation present is a key factor for NEE prediction, regardless of the 

time of season. During the peak photosynthetic period, in particular, PVC, NDVI and NEE appear 

to be strongly related. Additionally during the early part of the season, there is clear separation of 

NEE values for areas with differing PVC values. As the composition of the High Arctic changes, 

monitoring changes in PVC will be important for predicting NEE, and thus methods of estimating 

PVC at a landscape-scale will be required. By establishing a link between NEE, PVC and NDVI, 

we can predict variability in the carbon balance over larger areas of the polar semi-desert by 

measuring variation in the NDVI, thus decreasing the fieldwork requirement for landscape-scale 

estimations and increasing the reliability of those estimates. 

At the CBAWO, one aspect that is poorly understood is the NEE for the bare soil 

components of the polar semi-desert. For instance, carbon uptake was observed for the bare soil 

locations at GPD. However, this phenomenon was not observed in any previous studies, or at any 

other sampling locations in 2013. Hence, further study of bare soil NEE is recommended in order 

to determine the spatial extent of this bare soil uptake, and to see if it occurs consistently from 

year to year. Through different methods of estimation, bare soil covers approximately 60 - 70% 

of the polar semi-desert within the study area, and as such, if bare soil uptake were found to be 

widespread, it could have a substantial impact on our understanding of the land-atmosphere 

carbon balance at this location. 

One of the motivating factors for studying carbon dynamics in the polar semi-desert was 

the knowledge that despite the fact that different vegetation types have different responses to 

environmental stimuli, they are often modeled as a single vegetation type. As climate patterns 

shift, and the predicted warming and wetting of the High Arctic occurs, the proportion and 
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distribution of high arctic vegetation types is likely to shift as well, decreasing the predictive 

power of current CO2 models. At the CBAWO, a flux tower, located in an area of mesic tundra, 

has been collecting high temporal frequency NEE data for several years, yielding a detailed 

timeline of the carbon fluxes in that vegetation type. Building on these measures, the detailed 

information about the polar semi-desert collected during this study furthers our understanding of 

the key processes and environmental controls that drive carbon dynamics in the Canadian High 

Arctic. However, studies of carbon dynamics for different vegetation types exhibiting different 

levels of productivity are lacking. In order to gain a more complete understanding of carbon 

dynamics at a landscape and regional scale, vegetation types distributed across the Canadian High 

Arctic should be examined in greater detail. 
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Appendix A 

Comparison of Teflon and Spectralon Reference Materials 

 

replicate 
Artificial lighting 

Natural lighting 
33° angle of incidence 22° angle of incidence 

teflon spectralon teflon spectralon teflon spectralon 

1 0.706 0.701 0.618 0.612 0.565 0.517 

2 0.706 0.701 0.619 0.612 0.562 0.517 

3 0.706 0.700 0.619 0.613 0.559 0.517 

4 0.706 0.701 0.619 0.613 0.565 0.516 

5 0.705 0.700 0.618 0.613 0.564 0.518 

6 0.706 0.701 0.619 0.611 0.564 0.518 

7 0.706 0.702 0.619 0.612 0.564 0.518 

8 0.705 0.700 0.619 0.612 0.565 0.518 

9 0.706 0.701 0.619 0.611 0.562 0.518 

10 0.706 0.701 0.619 0.611 0.564 0.518 

mean 0.706 0.701 0.619 0.612 0.563 0.518 

st dev 0.000422 0.000632 0.000422 0.000816 0.001897 0.000707 
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Appendix B 

Comparison of NDVI Calculation Methods 

 

CHARLIE transect 1  

Sky Conditions thin cloud cover 

GPS resolution  4m 

North End 0542174 8313289 

south end 0542174 8313264 

distance time 
ENVI PixelWrench 

NDVI 1 NDVI 2 NDVI 1 NDVI 2 

4m 3:50 0.29 0.29 0.29 0.29 

8m 3:52 -0.02 -0.02 -0.02 -0.02 

12m 3:54 0.12 0.12 0.12 0.12 

16m 3:55 0.03 0.03 0.04 0.04 

20m 3:57 0.37 0.37 0.39 0.38 

24m 3:58 0.09 
 

0.09   

CHARLIE transect 2  

Sky Conditions thin cloud cover 

GPS resolution  4m 

North End 0542192 8313268 

south end 0542190 8313291 

distance time 
ENVI PixelWrench 

NDVI 1 NDVI 2 NDVI 1 NDVI 2 

4m 4:09 0.02 0.02 0.02 0.02 

8m 4:11 0.03 0.03 0.04 0.04 

12m 4:12 -0.02 -0.02 -0.01 -0.01 

16m 4:14 0.03 0.03 0.05 0.05 

20m 4:15 0.02 0.02 0.03 0.03 

24m 4:17 0.10 0.10 0.10 0.11 

CHARLIE transect 3  

Sky Conditions thin cloud cover 

GPS resolution  4m 

North End 0542167 8313295 

south end 0542167 8313270 

distance time 
ENVI PixelWrench 

NDVI 1 NDVI 2 NDVI 1 NDVI 2 

4m 4:26 0.00 -0.01 0.00 0.00 

8m 4:28 0.00 0.00 0.01 0.01 

12m 4:30 0.07 0.07 0.08 0.08 

16m 4:32 0.14 0.15 0.16 0.17 

20m 4:34 0.12 0.12 0.13 0.12 

24m 4:36 0.05 0.06 0.05 0.07 
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PTARMIGAN transect 1  

Sky Conditions thick cloud cover 

GPS resolution  2m 

North End 0540667 8315036 

south end 0540666 8315012 

distance time 
ENVI PixelWrench 

NDVI 1 NDVI 2 NDVI 1 NDVI 2 

4m 11:57 0.02 0.02 0.02 0.01 

8m 11:58 0.19 0.19 0.17 0.17 

12m 12:00 0.00 0.00 -0.01 -0.01 

16m 12:02 0.28 0.32 0.29 0.29 

20m 12:03 0.04 0.04 0.03 0.03 

24m 12:06 0.22 0.22 0.20 0.20 

PTARMIGAN transect 2  

Sky Conditions thick cloud cover 

GPS resolution  2m 

North End 0540676 8315036 

south end 0540673 8315013 

distance time 
ENVI PixelWrench 

NDVI 1 NDVI 2 NDVI 1 NDVI 2 

4m 12:23 0.45 0.45 0.46 0.45 

8m 12:25 0.13 0.13 0.14 0.14 

12m 12:28 0.35 0.35 0.36 0.36 

16m 12:30 0.03 0.04 0.04 0.05 

20m 12:32 0.08 0.08 0.10 0.10 

24m 12:34 0.12 0.12 0.13 0.13 

PTARMIGAN transect 3  

Sky Conditions thick cloud cover 

GPS resolution  2m 

North End 0540691 8315030 

south end 0540684 8315007 

distance time 
ENVI PixelWrench 

NDVI 1 NDVI 2 NDVI 1 NDVI 2 

4m 12:47 0.14 0.14 0.16 0.15 

8m 12:50 0.21 0.21 0.22 0.22 

12m 12:52 0.05 0.05 0.06 0.06 

16m 12:56 0.00 0.00 0.00 0.00 

20m 12:57 -0.02 -0.02 -0.01 -0.01 

24m 1:00 -0.03 -0.02 -0.02 -0.02 
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y = 0.9585x - 0.0055 
R² = 0.9962 

y = 0.982x - 0.0081 
R² = 0.9992 
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Appendix C 

NDVI and Percent Cover Data 

TRANSECT DATA 

transect distance 
NDVI % Cover 

1 2 1 2 

ALPHA1  

4 -0.04 -0.05 3.11 3.09 

8 0.00 0.00 12.62 12.46 

12 -0.02 -0.01 8.27 8.62 

16 -0.02 -0.02 10.26 10.26 

20 -0.04 -0.04 5.26 5.50 

24 0.01 0.00 16.55 16.39 

ALPHA2 

4 -0.04 -0.04 4.90 4.94 

8 0.10 0.10 36.89 37.91 

12 0.18 0.18 51.12 51.23 

16 0.18 0.18 52.11 52.00 

20 0.03 0.03 22.81 22.73 

24 0.01 0.01 18.80 19.28 

ALPHA3 

4 -0.02 -0.02 6.52 6.02 

8 0.06 0.06 33.46 34.57 

12 0.02 0.02 20.93 20.74 

16 -0.02 -0.02 7.44 7.50 

20 0.07 0.08 34.04 34.61 

24 0.06 0.06 33.37 33.41 

CHARLIE1 

4 0.29 0.29 72.94 72.15 

8 -0.02 -0.02 12.49 12.19 

12 0.12 0.12 49.03 49.80 

16 0.03 0.03 25.59 25.61 

20 0.37 0.37 77.50 76.98 

24 0.09 
 

40.42 
 

CHARLIE2 

4 0.02 0.02 17.42 16.66 

8 0.03 0.03 24.62 24.29 

12 -0.02 -0.02 9.48 10.06 

16 0.03 0.03 27.50 28.15 

20 0.02 0.02 22.02 21.95 

24 0.10 0.10 42.73 42.67 

CHARLIE3 

4 0.00 -0.01 15.72 15.03 

8 0.00 0.00 19.38 19.26 

12 0.07 0.07 36.28 35.67 

16 0.14 0.15 49.19 50.97 

20 0.12 0.12 46.39 45.71 

24 0.05 0.06 26.79 32.77 

GOOSE- 4 0.00 0.00 14.46 14.46 
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NEW1 8 -0.05 -0.05 3.71 3.71 

12 -0.07 -0.07 3.01 3.03 

16 -0.05 -0.05 5.02 5.05 

20 -0.06 -0.06 0.97 1.01 

24 -0.06 -0.06 5.10 5.06 

GOOSE-
NEW2 

4 -0.07 -0.06 4.26 4.32 

8 -0.04 -0.04 5.91 5.92 

12 0.00 0.00 15.34 15.57 

16 0.00 0.00 7.13 7.13 

20 0.08 0.09 34.81 35.61 

24 0.09 0.09 35.83 36.09 

GOOSE-
NEW3 

4 0.08 0.07 38.23 38.56 

8 0.05 0.05 29.96 29.94 

12 0.00 0.00 14.46 14.34 

16 -0.02 -0.01 9.05 9.06 

20 -0.03 -0.03 8.56 
 24 -0.04 -0.04 6.88 7.12 

GOOSE1 

4 0.22 0.22 58.27 58.67 

8 0.17 0.17 53.70 54.07 

12 0.10 0.11 41.53 41.76 

16 0.18 0.18 54.12 53.70 

20 0.22 0.22 69.33 69.53 

24 0.04 0.04 26.40 26.29 

GOOSE2 

4 0.28 0.27 71.34 71.14 

8 0.17 0.17 54.32 54.61 

12 0.23 0.24 63.18 63.36 

16 0.44 0.44 91.16 90.88 

20 -0.01 0.00 14.50 14.82 

24 0.13 0.14 47.72 48.57 

GOOSE3 

4 0.03 0.03 26.47 25.74 

8 0.29 0.29 67.27 68.17 

12 0.21 0.21 68.10 68.04 

16 0.38 0.39 89.74 89.92 

20 0.24 0.23 59.02 57.78 

PTARMIGAN1 

4 0.02 0.01 17.85 17.95 

8 0.17 0.17 63.12 63.01 

12 -0.01 -0.01 12.83 13.04 

16 0.29 0.29 71.35 71.43 

20 0.03 0.03 26.12 25.65 

24 0.20 0.20 59.15 59.15 

PTARMIGAN2 

4 0.45 0.45 90.11 90.14 

8 0.13 0.13 46.26 46.30 

12 0.35 0.35 76.86 77.07 

16 0.03 0.04 26.01 26.30 

20 0.08 0.08 33.06 32.92 
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24 0.12 0.12 37.01 37.01 

PTARMIGAN3 

4 0.14 0.14 46.62 45.59 

8 0.21 0.21 53.10 52.99 

12 0.05 0.05 30.64 30.82 

16 0.00 0.00 13.60 13.65 

20 -0.02 -0.02 11.21 11.18 

24 -0.03 -0.02 10.03 10.58 

 

Collar NDVI and PVC 

 location NDVI % cover 

GPD Veg Light 0.27 23 

GPD Veg Dark 0.23 32 

GPD BS light 0.080 0 

GPD BS dark -0.00 0 

GPD new Veg light 0.03 18 

GPD new BS dark -0.05 0 

APD Veg light 0.26 50 

APD veg dark 0.27 51 
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Appendix D 

Sample Autochamber Data 

Autochamber 32859, equipped with an opaque lid, located at APD on an area of vegetation 

 Measurement time ref CO2 Δ CO2 Calculated Re Re PAR 
Soil Moisture 
(m

3
 m

-3
) 

Soil Temp 
(5cm) 

Soil Temp 
(10cm) Air temp 

27/07/2013 6:39:27 18.8 -0.2 -0.08 0.00 71 0.18 0.88 1.13   

27/07/2013 7:09:26 18.8 0.0 0.00 0.00 171 0.18 0.88 1.10 1.40 

27/07/2013 7:39:27 18.8 0.0 0.00 0.00 352 0.18 0.85 1.04   

27/07/2013 8:09:26 18.7 0.0 0.00 0.00 708 0.18 0.85 1.04 1.59 

27/07/2013 8:39:26 18.6 0.0 0.00 0.00 628 0.18 0.91 1.02   

27/07/2013 9:09:25 18.5 0.0 0.00 0.00 785 0.18 1.07 1.02 2.80 

27/07/2013 9:39:25 18.3 0.1 0.04 0.00 916 0.18 1.29 1.04   

27/07/2013 10:09:25 18.2 0.4 0.16 0.16 495 0.18 1.56 1.15 4.14 

27/07/2013 10:39:26 18.2 0.5 0.21 0.19 1028 0.18 1.86 1.26   

27/07/2013 11:09:26 18.0 0.7 0.29 0.14 332 0.18 2.16 1.37 5.33 

27/07/2013 11:39:26 18.2 0.6 0.25 0.16 705 0.18 2.37 1.53   

27/07/2013 12:09:26 18.2 0.3 0.12 0.00 506 0.18 2.48 1.70 4.22 

27/07/2013 12:39:26 18.0 0.4 0.16 0.14 311 0.18 2.56 1.81   

27/07/2013 13:09:26 18.3 0.6 0.25 0.22 664 0.18 2.61 1.89 3.88 

27/07/2013 13:39:26 18.1 0.2 0.08 0.13 640 0.18 2.82 1.97   

27/07/2013 14:09:26 18.0 0.9 0.37 0.35 581 0.18 3.01 2.07 4.45 

27/07/2013 14:39:26 18.1 0.7 0.29 0.17 554 0.18 3.14 2.18   

27/07/2013 15:09:26 18.2 0.7 0.29 0.51 595 0.18 3.22 2.29 4.30 

27/07/2013 15:39:26 18.2 1.2 0.49 0.46 619 0.18 3.25 2.40   

27/07/2013 16:09:26 18.2 0.6 0.25 0.21 317 0.18 3.30 2.45 4.19 

27/07/2013 16:39:26 18.3 1.2 0.49 0.36 530 0.18 3.33 2.50   

 

Full data record may be found in the file: APD veg dark (32859).csv 
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Autochamber 32924, equipped with a transparent lid, located at APD on an area of vegetation 

 Measurement time ref CO2 Δ CO2 
Calculated 
NEE NEE PAR 

Soil Moisture 
(m

3
 m

-3
) 

Soil Temp 
(5cm) 

Soil Temp 
(10cm) Air temp 

21/07/2013 22:39:38 19.7 -0.5 -0.31 0.00 166 0.18 9.21 8.15   

21/07/2013 23:09:39 19.4 0.5 0.31 0.18 115 0.18 8.99 8.05 10.57 

21/07/2013 23:39:39 19.7 0.1 0.06 0.00 228 0.18 8.77 7.92   

22/07/2013 0:09:39 19.8 0.0 0.00 0.00 97 0.18 8.54 7.82 10.98 

22/07/2013 0:39:39 19.5 0.9 0.55 0.56 85 0.18 8.37 7.67   

22/07/2013 1:09:39 20.0 0.8 0.49 0.44 85 0.18 8.15 7.57 8.82 

22/07/2013 1:39:39 20.2 0.5 0.31 0.19 94 0.17 7.92 7.42   

22/07/2013 2:09:40 20.4 0.3 0.18 0.23 100 0.17 7.72 7.27 8.44 

22/07/2013 2:39:39 20.6 -0.3 -0.18 0.00 130 0.17 7.52 7.14   

22/07/2013 3:09:39 20.3 -0.2 -0.12 0.00 130 0.17 7.32 7.02 8.79 

22/07/2013 3:39:40 20.5 -0.2 -0.12 0.00 103 0.17 7.14 6.86   

22/07/2013 4:09:40 20.5 0.2 0.12 0.10 97 0.17 6.94 6.74 7.42 

22/07/2013 4:39:40 20.8 -0.7 -0.43 0.00 204 0.17 6.76 6.59   

22/07/2013 5:09:39 20.5 -1.0 -0.61 0.00 266 0.17 6.61 6.46 7.37 

22/07/2013 5:39:39 20.3 -0.6 -0.37 0.00 275 0.17 6.51 6.33   

22/07/2013 6:09:39 20.3 -0.3 -0.18 0.00 166 0.17 6.46 6.23 7.67 

22/07/2013 6:39:39 20.3 -1.3 -0.80 0.00 340 0.17 6.43 6.15   

22/07/2013 7:09:39 20.3 -1.6 -0.98 0.00 346 0.17 6.48 6.08 7.92 

22/07/2013 7:39:40 20.1 -1.8 -1.10 0.00 652 0.18 6.61 6.03   

22/07/2013 8:09:39 19.9 -1.9 -1.16 0.00 649 0.18 6.81 6.03 9.88 

22/07/2013 8:39:39 19.7 -2.3 -1.41 0.00 750 0.18 7.04 6.05   

22/07/2013 9:09:39 19.5 -2.3 -1.41 0.00 607 0.18 7.29 6.13 9.76 

22/07/2013 9:39:39 19.4 -3.4   0.00 687 0.18 7.54 6.23   

22/07/2013 10:09:39 19.3 -2.7 -1.65 0.00 622 0.18 7.82 6.36 10.71 

22/07/2013 10:39:39 19.2 -2.2 -1.35 0.00 423 0.18 8.02 6.46   

 

Full data record may be found in the file: APD veg light (32924).csv 
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Autochamber 32926, equipped with an opaque lid, located at GPD-N on an area of bare soil 

 Measurement time ref CO2 Δ CO2 
Calculated 
Re Re PAR 

Soil 
Moisture 
(m

3
 m

-3
) 

Soil 
Temp 
(3cm) 

Soil 
Temp 
(5cm) 

Soil 
Temp 
(10cm) Air temp 

21/07/2013 20:03:19 17.4 -0.6 -0.38 0.00 400 0.16 5.98 11.73 9.41 11.64 

21/07/2013 20:33:19 16.7 0.0 0.00 0.00 652 0.16 5.64 11.52 9.41   

21/07/2013 21:03:16 16.5 0.3 0.19 16.34 388 0.16 5.80 11.32 9.36 12.03 

21/07/2013 22:33:39 23.5 -0.4 -0.25 0.00 180 0.16 7.57 10.39 9.11   

22/07/2013 0:03:19 17.6 0.1 0.06 0.00 103 0.16 10.08 9.24 8.47 10.98 

22/07/2013 0:33:20 17.8 0.4 0.25 1.91 68 0.16 10.03 8.99 8.25   

22/07/2013 2:03:19 18.0 0.2 0.13 0.45 97 0.16 11.78 7.97 7.57 8.44 

22/07/2013 2:33:20 18.0 0.3 0.19 0.22 133 0.16 11.86 7.70 7.34   

22/07/2013 3:03:19 17.9 0.3 0.19 0.33 121 0.15 12.51 7.47 7.14 8.79 

22/07/2013 3:33:20 18.0 0.3 0.19 0.37 124 0.15 13.35 7.24 6.94   

22/07/2013 5:03:20 18.1 0.2 0.13 -0.02 234 0.15 14.86 6.51 6.38 7.37 

22/07/2013 5:33:19 17.8 0.3 0.19 0.43 234 0.15 14.96 6.38 6.20   

22/07/2013 6:03:20 17.9 0.4 0.25 0.24 213 0.15 14.89 6.31 6.05 7.67 

22/07/2013 6:33:19 17.8 0.3 0.19 0.50 251 0.15 14.91 6.26 5.92   

22/07/2013 7:03:19 17.8 0.4 0.25 0.34 302 0.16 14.86 6.26 5.85 7.92 

22/07/2013 7:33:19 17.5 0.4 0.25 0.61 432 0.16 14.67 6.46 5.80   

22/07/2013 8:03:20 17.5 0.4 0.25 0.48 542 0.16 14.31 6.66 5.80 9.88 

22/07/2013 8:33:21 17.4 0.5 0.31 0.69 352 0.16 13.62 6.97 5.87   

22/07/2013 10:33:41 20.0 0.9 0.56 -18.28 260 0.16 11.13 8.42 6.51   

22/07/2013 15:33:22 17.8 0.6 0.38 -3.89 373 0.16 6.91 10.30 8.07   

22/07/2013 16:03:25 16.7 1.2 0.75 11.84 417 0.16 6.59 10.44 8.20 9.68 

22/07/2013 17:03:16 18.5 1.1 0.69 3.34 483 0.16 6.15 10.83 8.42 9.61 

22/07/2013 17:33:22 16.0 -1.1 -0.69 0.00 563 0.16 6.33 11.15 8.59   

22/07/2013 22:33:15 18.0 -0.6 -0.38 0.00 121 0.16 10.57 9.61 8.42   

 

Full data record may be found in the file: GPD-N bs dark (32926).csv 
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Autochamber 33362, equipped with a transparent lid, located at GPD-N on an area of vegetation 

 Measurement time NEE PAR Air temp 
Soil Moisture 
(m

3
 m

-3
) 

Soil Temp 
(3cm) 

Soil Temp 
(5cm) 

Soil Temp 
(10cm) 

Precipitation 
(mm) 

23/07/2013 6:04:34 -0.08 198 4.84 0.15 6.03 6.26 5.95 0 

23/07/2013 6:34:34 -0.08 201   0.15 6.05 6.23 5.85   

23/07/2013 7:04:34 -0.13 216 4.84 0.15 6.15 6.23 5.77 0 

23/07/2013 7:34:34 -0.16 240   0.15 6.18 6.26 5.72   

23/07/2013 8:04:34 -0.24 290 4.92 0.15 6.28 6.26 5.67 0 

23/07/2013 8:34:34 -0.41 412   0.15 6.54 6.38 5.64   

23/07/2013 9:04:34 -0.55 498 4.71 0.15 6.91 6.64 5.64 0 

23/07/2013 9:34:34 -0.51 492   0.15 7.19 6.91 5.69   

23/07/2013 10:04:34 -0.54 500 5.28 0.16 7.62 7.22 5.80 0 

23/07/2013 10:34:34 -0.73 684   0.16 7.59 7.27 5.90   

23/07/2013 11:04:34 -0.78 717 5.05 0.16 7.77 7.47 5.98 0 

23/07/2013 11:34:34 -0.88 800   0.16 7.75 7.57 6.05   

23/07/2013 12:04:34 -0.84 761 4.43 0.16 7.85 7.67 6.13 0 

23/07/2013 12:34:34 -0.84 738   0.16 8.27 7.85 6.20   

23/07/2013 13:04:34 -0.69 610 4.64 0.16 8.25 8.02 6.31 0 

23/07/2013 13:34:34 -0.76 755   0.16 8.27 8.05 6.38   

23/07/2013 14:04:34 -1.05 1476 5.05 0.16 8.59 8.20 6.46 0 

23/07/2013 14:34:34 -0.79 732   0.16 8.94 8.49 6.56   

23/07/2013 15:04:34 -0.89 705 4.87 0.16 8.72 8.42 6.66 0 

23/07/2013 15:34:34 -0.80 604   0.16 8.59 8.37 6.71   

23/07/2013 16:04:34 -0.81 607 3.64 0.16 8.30 8.20 6.74 0 

23/07/2013 16:34:34 -0.94 827   0.16 8.30 8.12 6.71   

23/07/2013 17:04:34 -0.90 752 3.96 0.16 8.64 8.25 6.71 0 

23/07/2013 17:34:34 -0.77 572   0.16 8.47 8.22 6.74   

23/07/2013 18:04:34 -0.79 681 4.84 0.16 8.32 8.15 6.74 0 

 

Full data record may be found in the file: GPD-N veg light (33362).csv 
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Autochamber 32924, equipped with a transparent lid, located at GPD on an area of bare soil 

 Measurement time ref CO2 Δ CO2 Calculated NEE NEE PAR Soil Moisture (m
3
 m

-3
) Soil Temp (3cm) Air temp 

18/07/2013 21:00:40 18.4 0.2 0.12 0 246 0.25 11.66 11.13 

18/07/2013 21:30:39 19.0 -0.2 -0.12 0 323 0.25 11.03   

18/07/2013 22:00:40 19.1 -0.2 -0.12 0 296 0.25 10.86 11.66 

18/07/2013 22:30:40 19.3 -0.1 -0.06 0 278 0.25 10.64   

18/07/2013 23:00:40 19.4 -0.3 -0.18 0 216 0.25 10.37 10.74 

18/07/2013 23:30:40 19.4 -0.1 -0.06 0 168 0.25 9.81   

19/07/2013 0:00:40 19.5 -0.2 -0.12 0 157 0.25 9.36 9.66 

19/07/2013 0:30:40 19.7 -0.2 -0.12 0 112 0.25 8.84   

19/07/2013 1:00:41 19.9 -0.2 -0.12 0 103 0.25 8.62 9.29 

19/07/2013 1:30:40 19.8 -0.2 -0.12 0 100 0.25 8.34   

19/07/2013 2:00:41 19.8 -0.2 -0.12 0 94 0.25 8.10 8.79 

19/07/2013 2:30:41 19.9 -0.2 -0.12 0 109 0.25 7.92   

19/07/2013 3:00:41 20.0 -0.3 -0.18 0 62 0.25 7.77 8.54 

19/07/2013 3:30:41 20.0 -0.3 -0.18 0 62 0.25 7.59   

19/07/2013 4:00:40 20.0 -0.3 -0.18 0 74 0.25 7.47 8.54 

19/07/2013 4:30:41 20.0 -0.4 -0.24 0 103 0.25 7.34   

19/07/2013 5:00:40 20.0 -0.4 -0.24 0 133 0.25 7.32 8.47 

19/07/2013 5:30:41 20.0 -0.4 -0.24 0 133 0.25 7.29   

19/07/2013 6:00:41 19.9 -0.4 -0.24 0 148 0.25 7.32 8.32 

19/07/2013 6:30:41 19.9 -0.4 -0.24 0 133 0.25 7.24   

19/07/2013 7:00:41 20.0 -0.4 -0.24 0 154 0.25 7.17 8.07 

19/07/2013 7:30:41 20.0 -0.3 -0.18 0 115 0.25 7.04   

19/07/2013 8:00:41 20.0 -0.4 -0.24 0 163 0.25 6.91 7.75 

19/07/2013 8:30:41 20.1 -0.4 -0.24 0 171 0.25 6.91   

19/07/2013 9:00:41 20.1 -0.4 -0.24 0 225 0.25 6.94 7.47 

 

Full data record may be found in the file: GPD bs light (32924).csv 
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Autochamber 32925, equipped with an opaque lid, located at GPD on an area of bare soil 

 Measurement time ref CO2 Δ CO2 Calculated Re Re PAR Soil Moisture (m
3
 m

-3
) Soil Temp (3cm) Air temp 

19/07/2013 0:33:58 18.2 -0.1 -0.06 0 85 0.25 8.84   

19/07/2013 1:03:58 18.2 -0.1 -0.06 0 83 0.25 8.62 9.29 

19/07/2013 1:33:58 18.2 -0.1 -0.06 0 80 0.25 8.34   

19/07/2013 2:03:58 18.2 -0.1 -0.06 0 77 0.25 8.10 8.79 

19/07/2013 2:33:58 18.2 -0.1 -0.06 0 91 0.25 7.92   

19/07/2013 3:03:58 18.2 -0.1 -0.06 0 50 0.25 7.77 8.54 

19/07/2013 3:33:57 18.0 0.0 0.00 0 53 0.25 7.59   

19/07/2013 4:03:58 18.3 -0.2 -0.13 0 62 0.25 7.47 8.54 

19/07/2013 4:33:57 18.2 -0.1 -0.06 0 77 0.25 7.34   

19/07/2013 5:03:57 18.3 -0.2 -0.13 0 106 0.25 7.32 8.47 

19/07/2013 5:33:57 18.3 -0.2 -0.13 0 112 0.25 7.29   

19/07/2013 6:03:57 18.2 -0.2 -0.13 0 115 0.25 7.32 8.32 

19/07/2013 6:33:57 18.2 -0.2 -0.13 0 109 0.25 7.24   

19/07/2013 7:03:58 17.9 0.1 0.06 0 121 0.25 7.17 8.07 

19/07/2013 7:33:57 18.2 -0.2 -0.13 0 88 0.25 7.04   

19/07/2013 8:03:58 18.3 -0.2 -0.13 0 133 0.25 6.91 7.75 

19/07/2013 8:33:57 18.3 -0.2 -0.13 0 139 0.25 6.91   

19/07/2013 9:03:57 18.3 -0.2 -0.13 0 180 0.25 6.94 7.47 

19/07/2013 9:33:57 18.3 -0.2 -0.13 0 136 0.25 7.02   

19/07/2013 10:03:57 18.3 -0.2 -0.13 0 157 0.25 7.04 7.62 

19/07/2013 10:33:57 18.3 -0.2 -0.13 0 240 0.25 6.99   

19/07/2013 11:03:57 18.2 -0.2 -0.13 0 186 0.25 7.12 8.15 

19/07/2013 11:33:57 18.2 -0.2 -0.13 0 302 0.25 7.09   

19/07/2013 12:03:57 18.1 -0.1 -0.06 0 275 0.25 7.39 8.54 

 

Full data record may be found in the file: GPD bs dark (32925).csv 
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Autochamber 32927, equipped with an opaque lid, located at GPD on an area of vegetation 

 Measurement time ref CO2 Δ CO2 Calculated Re Re PAR Soil Moisture (m
3
 m

-3
) Soil Temp (3cm) Air temp 

02/06/2013 20:46:23 23.4 -0.9 -0.56 0 509 -0.08 -0.26 -5.26 

02/06/2013 21:16:23 23.2 -0.7 -0.44 0 192 -0.08 -0.31   

02/06/2013 21:46:23 23.4 -0.9 -0.56 0 225 -0.08 -0.37 -5.54 

02/06/2013 22:16:23 23.4 -0.9 -0.56 0 204 -0.08 -0.48   

02/06/2013 22:46:23 23.3 -0.9 -0.56 0 213 -0.08 -0.59 -5.08 

02/06/2013 23:16:23 23.4 -0.9 -0.56 0 124 -0.08 -0.70   

02/06/2013 23:46:22 23.4 -1.1 -0.69 0 160 -0.08 -0.82 -2.83 

03/06/2013 0:16:21 22.9 -1.0 -0.63 0 142 -0.08 -0.93   

03/06/2013 0:46:21 22.7 -0.9 -0.56 0 100 -0.08 -1.02 -1.50 

03/06/2013 1:16:21 22.6 -0.8 -0.50 0 103 -0.08 -1.10   

03/06/2013 1:46:19 22.5 -0.8 -0.50 0 85 -0.08 -1.19 -1.58 

03/06/2013 2:16:36 22.5 -0.8 -0.50 0 83 -0.08 -1.27   

03/06/2013 2:46:35 22.4 -0.8 -0.50 0 109 -0.08 -1.36 -1.64 

03/06/2013 3:16:34 22.4 -0.8 -0.50 0 121 -0.08 -1.47   

03/06/2013 3:46:34 22.4 -0.8 -0.50 0 136 -0.08 -1.56 -2.13 

03/06/2013 4:16:34 22.5 -0.8 -0.50 0 154 -0.08 -1.67   

03/06/2013 4:46:19 22.5 -0.8 -0.50 0 192 -0.08 -1.79 -2.51 

03/06/2013 5:16:18 22.5 -0.9 -0.56 0 213 -0.08 -1.87   

03/06/2013 5:46:19 22.6 -0.8 -0.50 0 263 -0.08 -1.96 -2.39 

03/06/2013 6:16:03 22.5 -0.9 -0.56 0 287 -0.08 -2.02   

03/06/2013 6:45:48 22.4 -0.9 -0.56 0 364 -0.08 -2.07 -1.53 

03/06/2013 7:17:00 22.4 -0.9 -0.56 0 444 -0.08 -2.13   

03/06/2013 7:46:45 22.2 -0.9 -0.56 0 495 -0.08 -2.16 -1.24 

03/06/2013 8:16:18 22.2 -1.0 -0.63 0 566 -0.08 -2.07   

03/06/2013 8:46:19 22.0 -0.9 -0.56 0 595 -0.08 -1.96 -0.65 

 

Full data record may be found in the file: GPD veg dark (32927).csv 
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Autochamber 32926, equipped with a transparent lid, located at GPD on an area of vegetation 

 Measurement time ref CO2 Δ CO2 
Calculated 
NEE NEE PAR 

Soil 
Moisture 
(m

3
 m

-3
) 

Soil 
Temp 
(3cm) 

Soil 
Temp 
(5cm) 

Soil 
Temp 
(10cm) Air temp 

22/07/2013 3:03:58 18.5 0.4 0.24 0.25 88 -0.01 7.14 6.20 5.85 8.79 

22/07/2013 3:33:57 18.4 1.0 0.61 0.97 88 -0.01 6.66 6.08 5.75   

22/07/2013 4:03:57 17.8 1.2 0.73 -0.03 80 -0.01 6.26 5.92 5.67 7.42 

22/07/2013 4:33:57 18.8 0.4 0.24 0.20 100 -0.01 5.92 5.77 5.62   

22/07/2013 5:03:57 18.9 0.1 0.06 0.00 142 -0.01 5.92 5.62 5.51 7.37 

22/07/2013 5:33:57 18.6 0.2 0.12 0.00 204 -0.01 6.36 5.49 5.41   

22/07/2013 6:03:57 18.6 0.3 0.18 0.46 216 -0.01 6.76 5.41 5.33 7.67 

22/07/2013 6:33:57 18.4 0.5 0.31 0.16 237 -0.01 6.91 5.36 5.26   

22/07/2013 7:03:57 18.4 0.6 0.37 1.13 334 -0.01 7.65 5.36 5.18 7.92 

22/07/2013 7:33:58 17.8 0.6 0.37 0.42 438 -0.01 8.59 5.41 5.13   

22/07/2013 8:03:57 18.1 0.2 0.12 0.37 563 -0.01 8.94 5.49 5.08 9.88 

22/07/2013 8:33:58 17.9 0.3 0.18 1.07 750 -0.01 9.68 5.62 5.05   

22/07/2013 9:03:58 17.8 0.4 0.24 0.44 592 -0.01 10.12 5.72 5.02 9.76 

22/07/2013 9:33:58 17.6 0.4 0.24 0.54 616 -0.01 11.03 5.87 5.05   

22/07/2013 10:03:58 17.7 0.4 0.24 0.54 646 -0.01 11.54 6.08 5.08 10.71 

22/07/2013 10:33:58 17.5 0.6 0.37 0.64 486 -0.01 12.75 6.33 5.10   

22/07/2013 11:03:58 17.7 0.3 0.18 0.77 1176 -0.01 11.71 6.59 5.18 10.69 

22/07/2013 11:33:57 17.5 0.3 0.18 0.49 705 -0.01 12.51 6.76 5.23   

22/07/2013 12:03:57 17.5 0.4 0.24 0.50 492 -0.01 12.22 6.99 5.33 10.59 

22/07/2013 12:33:57 17.7 0.3 0.18 0.43 586 -0.01 11.49 7.14 5.41   

22/07/2013 13:03:57 17.8 0.2 0.12 0.38 607 -0.01 11.64 7.22 5.51 9.78 

22/07/2013 13:33:58 17.8 0.1 0.06 0.00 658 -0.01 11.88 7.27 5.57   

22/07/2013 14:03:58 17.8 0.1 0.06 0.00 1245 -0.01 12.51 7.34 5.64 9.88 

22/07/2013 14:33:57 17.5 0.3 0.18 0.67 886 -0.01 14.31 7.49 5.72   

 

Full data record may be found in the file: GPD veg light (32926).csv
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Appendix E 

Static Chamber Data 

Chamber Volume 

Collar radius (cm) 10 

Collar radius (m) 0.1 

Collar area (m2) 0.03 

Chamber radius (cm) 9.5 

chamber height (cm) 32.2 

Chamber volume (m3) 0.009 

Temp probe radius (cm) 0.64 

Temp probe height (cm) 10.8 

Temp probe volume (m3) 0.000012 

CO2 probe radius (cm) 2.79 

CO2 probe height (cm) 10.8 

CO2 probe volume (m3) 0.00026 

Total Volume (m3) 0.0089 

 

Collar Heights and Descriptions 

site collar height (m) volume (m3) total volume (m3) description 

APD A1 0.044 0.0044 0.013 bare soil 

APD A2 0.038 0.0038 0.013 bare soil 

APD A3 0.025 0.0025 0.011 veg 

GPD A 0.051 0.0051 0.014 bare soil 

GPD B 0.034 0.0034 0.012 veg 

GPD V 0.030 0.0030 0.012 veg 

GPD-n A 0.046 0.0046 0.013 partial veg 

GPD-n B 0.048 0.0048 0.014 partial veg 

Environmental Variables 

Date site time temp (C) pressure(hPa) RH (%) Wind Speed (km/h) 

July-23-13 APD AM 5.4 1001.9 94 9 

July-23-13 GPD-n AM 4.0 1004.3 85 20 

July-23-13 GPD AM 4.0 1004.3 85 20 

July-23-13 APD PM 2.8 1004.4 100 7 

July-23-13 GPD-n PM 2.8 1004.4 100 7 

July-23-13 GPD PM 2.8 1004.4 100 7.9 

July-26-13   PM 2.4 1003.6 71 24.6 
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CO2 flux data 

site date time light/dark collar flux (umol/m2/s) PAR 

APD July-23-13 11:33 dark A1 0.52 456 

APD July-23-13 17:24 dark A1 0.19 432 

APD July-26-13 16:04 dark A1 0.52 483 

APD July-26-13 16:53 dark A1 0.18 420 

APD July-23-13 11:51 dark A2 0.50 456 

APD July-23-13 17:40 dark A2 0.38 432 

APD July-26-13 16:20 dark A2 0.83 483 

APD July-26-13 17:09 dark A2 3.06 420 

GPD July-23-13 14:03 dark A 0.31 1129 

GPD July-23-13 18:33 dark A -0.01 423 

GPD July-26-13 17:11 dark A -0.78 417 

GPD July-26-13 18:00 dark A -0.84 539 

GPD-n July-23-13 13:23 dark A 0.32 755 

GPD-n July-23-13 19:25 dark A 0.02 376 

GPD-n July-26-13 16:23 dark A 0.13 809 

GPD-n July-26-13 17:54 dark A -0.94 744 

GPD-n July-23-13 13:40 dark B 1.01 755 

GPD-n July-23-13 19:44 dark B 0.76 376 

GPD-n July-26-13 16:40 dark B 0.85 809 

GPD-n July-26-13 18:10 dark B 0.81 744 

APD July-23-13 12:10 dark A3 0.51 835 

APD July-23-13 17:58 dark A3 0.69 666 

APD July-26-13 16:38 dark A3 1.88 509 

APD July-26-13 17:26 dark A3 1.42 426 

GPD July-23-13 14:20 dark B 1.62 684 

GPD July-23-13 18:50 dark B -0.01 391 

GPD July-26-13 17:27 dark B 0.76 415 

GPD July-26-13 18:15 dark B 1.06 539 

GPD July-23-13 14:36 dark V 1.25 684 

GPD July-23-13 19:06 dark V -0.20 391 

GPD July-26-13 17:44 dark V 0.87 415 

GPD July-26-13 18:36 dark V 1.14 613 

APD July-23-13 11:24 light A1 0.41 456 

APD July-23-13 17:12 light A1 0.38 346 

APD July-26-13 15:56 light A1 0.35 1541 

APD July-26-13 16:46 light A1 0.17 509 

APD July-23-13 11:43 light A2 0.30 456 

APD July-23-13 17:31 light A2 0.13 432 

APD July-26-13 16:11 light A2 1.58 483 
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APD July-26-13 17:01 light A2 1.28 420 

GPD July-23-13 13:53 light A 0.14 1129 

GPD July-23-13 18:26 light A 0.00 423 

GPD July-26-13 17:03 light A -0.50 417 

GPD July-26-13 17:53 light A 0.54 539 

GPD-n July-23-13 13:12 light A -0.43 610 

GPD-n July-23-13 19:18 light A 0.02 459 

GPD-n July-26-13 16:16 light A -0.13 806 

GPD-n July-26-13 17:46 light A 0.18 557 

GPD-n July-23-13 13:31 light B 1.01 755 

GPD-n July-23-13 19:36 light B 0.02 376 

GPD-n July-26-13 16:32 light B 2.00 809 

GPD-n July-26-13 18:01 light B 1.52 744 

APD July-23-13 12:01 light A3 -1.01 835 

APD July-23-13 17:49 light A3 -0.73 432 

APD July-26-13 16:29 light A3 -1.27 509 

APD July-26-13 17:17 light A3 -0.29 420 

GPD July-23-13 14:12 light B -2.43 1129 

GPD July-23-13 18:41 light B 0.03 423 

GPD July-26-13 17:18 light B -1.43 417 

GPD July-26-13 18:07 light B -2.20 539 

GPD July-23-13 14:29 light V -0.20 684 

GPD July-23-13 18:58 light V 0.04 391 

GPD July-26-13 17:36 light V 2.16 415 

GPD July-26-13 18:29 light V -0.35 613 
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Appendix F 

Regression Assumptions 
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