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Abstract 

 Cape Bounty, Melville Island is a partially vegetated High Arctic landscape with three 

main plant communities: polar semi-desert (47% of the study area), mesic tundra (31%) , and wet 

sedge meadows (7%). The objective of this research was to relate biophysical measurements of 

soil, vegetation, and CO2  exchange rates  in each vegetation type to high resolution satellite data 

from IKONOS-2, extending plot level measurements to a landscape scale.    Field data was 

collected  through six weeks of the 2008 growing season. Two IKONOS images were acquired, 

one on July 4th and the other on August 2nd. Two products were generated from the satellite data: 

a land-cover classification and the Normalized Difference Vegetation Index (NDVI).  

 The three vegetation types were found to have distinct soil and vegetation characteristics. 

Only the wet sedge meadows were a net sink for CO2; soil respiration tended to exceed 

photosynthesis in the sparsely vegetated mesic tundra and polar semi-desert.  Scaling up the plot 

measurements by vegetation type area suggested that Cape Bounty was a small net carbon source 

(0.34 ± 0.47 g C  m-2 day-1) in the summer of 2008.  

 NDVI was strongly correlated with percent vegetation cover, vegetation volume, soil 

moisture,  and moderately with soil nitrogen, biomass,  and leaf area index (LAI). Photosynthesis 

and respiration of CO2  both positively correlated with NDVI, most strongly when averaged over 

the season. NDVI increased over time in every vegetation type, but this change was not reflected 

in any significant measured changes in vegetation or CO2  flux rates.  

 A simple spatial model was developed to estimate Net Ecosystem Exchange (NEE) at 

every pixel on the satellite images based on NDVI, temperature and incoming solar radiation.  It 

was found that the rate of photosynthesis per unit NDVI was higher early in the growing season. 

The model estimated a mean flux to the atmosphere of  0.21 g C  m-2 day-1 at the time of image 
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acquisition on July 4th, and -0.07 g C m-2 day-1 (a net C sink) on August 2nd.  The greatest 

uncertainty in the relationship between NDVI and CO2 flux was associated with the polar semi-

desert class.  
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BIOPHYSICAL REMOTE SENSING AND TERRESTRIAL CO2 

EXCHANGE AT CAPE BOUNTY, NUNAVUT 

Chapter 1    

Introduction 

 

1.1 Research Context 

1.1.1 Arctic Climate Change 

The Arctic is expected to experience a larger shift in climate in the near future than any 

other region of the world (IPCC, 2007).  It is anticipated that the impacts of higher temperatures 

and altered precipitation patterns on Arctic plant and soil ecology will have important 

implications for the global carbon cycle (McGuire et al., 2009). There are a number of potential 

pathways that could lead to both positive and negative feedbacks to climate change. Both carbon 

and nitrogen cycling are expected to accelerate, but it is unclear whether the effect on 

photosynthesis or soil CO2 efflux will be most pronounced, i.e. whether climate change will cause 

the Arctic to become a stronger sink or source of CO2 (Oechel and Billings, 1992).   

Soil organic carbon in the Arctic has accumulated over thousands of years as a result of 

very slow rates of decomposition and the freezing of ancient soils into permafrost. Increasing 

rates of organic carbon decomposition and soil respiration (Muraoka et al., 2002; Welker et al., 

1999) could create a positive feedback to global warming by mobilizing tundra soil carbon 

reserves (Welker et al., 2004),  especially through the release of carbon from permafrost (Schuur 

et al., 2009).  On the other hand, warmer and longer growing seasons, higher winter precipitation, 

and faster nutrient cycling can also promote increased plant growth and photosynthesis (Gröndahl 

et al., 2007) and eventually trigger shifts in plant communities to domination by plant functional 
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types with greater photosynthetic capacity (Hudson and Henry, 2009; Wahren et al., 2005; 

Epstein et al., 2004),  leading to greater CO2 uptake in the Arctic (Sitch et al., 2007). 

1.1.2 The High Arctic 

The Arctic is conventionally divided into High, Low, and sometimes Mid-Arctic, with 

the terrestrial High Arctic represented by the northern half of Greenland, the Svalbard archipelago 

of Norway, the northernmost point of Alaska (Point Barrow), and most of the Canadian Arctic 

Archipelago  (Bliss and Matveyeva, 1992).  The High Arctic, as discussed in this thesis, follows 

the definition of Bliss (1981), whose criteria include July mean temperatures of 4-8 °C and 

incomplete vegetation cover consisting of cushion and rosette forbs, or graminoids. 

The majority of research on Arctic vegetation and terrestrial CO2 flux has been conducted 

on the north slope of Alaska, which is located within the Low to Mid Arctic (e.g. Oechel et al., 

2000; Vourlitis and Oechel, 1999; Oechel et al., 1993). In the High Arctic, there are active 

research programs in northern Europe at Svalbard (e.g. Sjögersten et al., 2006; Lloyd, 2001) and 

the Zackenburg Valley in NE Greenland (e.g. Arndal et al., 2009; Elberling et al., 2008) and in 

Canada at Alexandria Fiord on Ellesmere Island (Welker et al., 2004). Research to date suggests 

High Arctic sites are delicately balanced between carbon source and sink status (Gröndahl et al., 

2007; Welker et al., 2004; Wuthrich et al., 1999).   

Temperature continues to be a major limiting factor for vegetation growth and carbon 

cycling in Arctic ecosystems (Gröndahl et al., 2007; Brooker and Wal, 2003). However, in the 

High Arctic, soil moisture, largely controlled by patterns of snow accumulation and drainage, is 

the primary influence on vegetation distribution, particularly at local scales (Edlund, 1991; Bliss 

et al.,1984).  Ordinations of biogeographic factors delineating vegetation types in the Queen 

Elizabeth Islands consistently identify soil moisture as the major controlling factor on vegetation 

distribution (Henry, 1998 ; Bliss and Svoboda, 1984;  Bliss, 1977).  Low-lying wetlands support 
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dense grasses and sedges with near 100% vegetation cover, whereas plant life on well drained 

uplands is very sparse.  The future carbon balance of High Arctic ecosystems will be influenced 

by changes in the productivity and distribution of major plant community types. 

1.1.3 Biophysical Remote Sensing  

Given the vast extent and inaccessibility of the Arctic, the comprehensive and timely 

monitoring of vegetation distribution and CO2 exchange requires the use of remote sensing 

techniques.  Remote sensing technology has the advantage of being able to provide continuous 

data across a large area at repeated time intervals. The distribution of vegetation types across a 

region can be mapped from the unique spectral signature of different ground cover types, and 

information on vegetation cover and productivity can be extracted through the application of 

spectral derivatives such as the Normalized Difference Vegetation Index (NDVI ) (Rouse et al., 

1973). In turn, this vegetation and ground cover information can be linked to underlying soil 

conditions such as moisture and nutrient status and processes such as CO2 exchange (Laidler and 

Treitz, 2003). 

Given that both temperature and precipitation patterns are expected to change (IPCC, 

2007), it is probable that the areas occupied by different vegetation types will change over time. 

Vegetation changes already documented elsewhere include an advance of woody shrubs in the 

Low Arctic (Tape et al., 2006) and an emerging shift from lichen dominated to vascular plant 

dominated communities across northern Canada (Olthof et al., 2008).  The vegetation 

classification developed in this study records a baseline condition for the study site in 2008. 

Various studies, at a range of spatial scales, have been conducted in the Low- and Mid-

Arctic to examine the relationship between satellite spectral data and biophysical variables 

(Engstrom et al., 2008; Laidler et al., 2008; Stow et al., 2004). However, the research reported 

here is unique in its application of high resolution satellite spectral data to model biophysical 



 4

variables and terrestrial CO2 flux in the Canadian High Arctic. The overall goal is to use the 

remotely-sensed data to extend soil, vegetation, and CO2 exchange data from plot measurements 

to a landscape scale. 

1.2 Research Site 

Data collection for this research was conducted during the summer of 2008, at Cape 

Bounty, Melville Island, Nunavut (74° 55′ N and 109° 35′ W),  located on the south coast of 

Melville Island in the Canadian Arctic Archipelago (Figure 1.1). 

 
Figure 1.1  Location of Cape Bounty, Melville Island, Nunavut 

 

Much of the Canadian Arctic Archipelago consists of rocky barrens.  Despite the austere 

appearance of the landscape to southern eyes, Cape Bounty is relatively well vegetated for a high 

arctic site. The vegetated (or semi-vegetated) portion of the landscape falls into three main 
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vegetation types distributed along a topographically-defined soil moisture gradient.  A 

comprehensive botanical survey of Melville Island conducted by Edlund (1993) identified three 

main vegetation types: Barrens communities, Tundra communities, and Wetland communities.  

Previous research at Cape Bounty (Atkinson and Treitz) defined the local expressions of these 

broad plant community types along a moisture gradient from arid to wet and a topographic 

gradient from high to low as: 1) Polar Semi-Desert, which at Cape Bounty consists of highly 

heterogeneous patterned ground - bare mineral soil and rock with vegetated crevices created by 

frost heave; 2) Mid-Moisture, or Mesic Tundra; and 3) Wet Sedge Meadows. These vegetation 

types are described in more detail in Chapter 2.  

The a priori identification of the three vegetation types formed the basis for the field 

campaign, during which soil moisture, temperature, nutrients, active layer depth, vegetation 

(cover, height, biomass), and CO2 exchange were measured over one six-week growing season 

(late June – early August 2008) at sites representative of each plant community. 

Two multispectral digital images from the IKONOS-2 satellite were acquired for the Cape 

Bounty study area (Figure 1.2).  The two images represent different stages of the growing 

season: 1) shortly after snow melt (July 4th); and 2) later summer (August 2nd).  Two main 

products were derived from the satellite data: 1) a vegetation type land-cover classification; and 

2) the Normalized Difference Vegetation Index (NDVI). 
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a.  b.   
Figure 1.2.   IKONOS-2 satellite images used in this study, a) July 4th 2008, b) Aug 2nd 2008. False colour 
composites composed of bands 4,3,2. Red areas indicate vegetation; light blue or grey are rock or ice. 

 

1.3 Research Questions 

This research was undertaken to investigate the following questions: 

1. Do vegetation types/plant communities at Cape Bounty have distinct spectral 

properties, and do these vary through the snow-free season?  

2. What are the relationships between vegetation type, soil moisture and other 

biophysical variables, and CO2 flux?  

3. Given these relationships, can spectral information be used to enhance the modeling 

of CO2  exchange across the landscape?  

 

To investigate these questions, the following objectives were addressed: 

1. Apply digital image classification techniques to map the plant community 

distribution, using differences in plant phenology to optimize discrimination between 

vegetation types; 
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2. Characterize plant communities by identifying ranges and patterns of soil moisture, 

soil nutrient availability, active layer depth, biomass, vegetation cover, dominant 

plant functional groups, CO2 exchange and NDVI; 

3. Describe the spatial (by vegetation class) and temporal (over the  growing season) 

patterns of CO2 exchange and associated biophysical properties at the study site; and 

4. Identify a methodology by which remotely-sensed data could be used to scale up plot 

level measurements toward an estimate of growing season CO2 exchange for the 

Cape Bounty study site. 

Soil moisture and NDVI have been found to have a significant relationship in Arctic 

environments where topography promotes the redistribution of soil moisture through drainage 

and snowpack redistribution (Engstrom et al., 2008). It was anticipated that this would be the case 

for Cape Bounty, where the distribution of different vegetation classes is closely linked to soil 

moisture. The vegetation variables of percent vegetation cover, biomass, and leaf area index 

(LAI) are commonly assumed to have a positive association with NDVI, although at larger scales 

the relationships are often community-specific (Laidler and Treitz, 2003).   The wet sedge 

community was expected to have the highest biomass and the highest NDVI values, while the 

polar semi-desert was expected to have the lowest range of values for all vegetation variables.   

It was also hypothesized that there would be  positive relationships between vegetation 

type, soil nitrogen (N) and NDVI, as nitrogen is known to be a major limiting factor in Arctic 

environments (Nadelhoffer et al., 1992; Berendse and Jonasson, 1992). Further, and based on the 

results of studies such as Stow et al. (1993), a general increase in NDVI from early to late season 

is expected as plants advance phenologically. 

It is logical to expect a strong positive relationship between NDVI (i.e., the presence of 

photosynthesizing vegetation), and Gross Primary Production (GPP) (i.e., CO2 uptake) and 
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possibly Net Ecosystem Exchange (NEE) (i.e. GPP minus ecosystem respiration (Re)).  It was 

anticipated, however, that both CO2 uptake and respiration would be affected by climatic and 

environmental variables such as soil temperature, moisture, active layer depth, and light, and that 

different vegetation types might exhibit different patterns of CO2 flux (Grogan and Chapin, 

1999).   

A number of researchers at Low- and High-Arctic sites have had some success in applying and 

parameterizing ecological models to estimate CO2 flux from NDVI or LAI in combination with 

climatic variables (Shaver et al., 2007; Oechel et al., 2000; Soegaard et al., 2000; McMichael et 

al., 1999).  The key variables in these models include NDVI or LAI, photosynthetically active 

radiation (PAR), air or soil temperature, and sometimes water table depth, and they often require 

very specific parameterization by vegetation type (e.g. Soegaard et al., 2000).  Shaver et al. 

(2007), on the other hand, developed a model that could explain approximately 80% of variation 

in NEE at two Low Arctic sites based only on LAI, PAR, and air temperature independent of 

vegetation type.  

 

1.4 Organization of Thesis 

This manuscript style thesis consists of an Introduction chapter, two manuscripts (data 

chapters) and an integrated discussion and conclusion as the final chapter. The first chapter, the 

Introduction, gives an overview of the rationale and objectives of the research. The second 

chapter (first manuscript) examines the biophysical and spectral properties of the vegetation 

types, explaining how they were classified, how they are distinct, and which vegetation and soil 

variables were found to be significantly correlated with NDVI.   Chapter 3, the second 

manuscript,  focuses on the CO2 flux measurements, describing their spatial and temporal patterns 

and relationships with concurrent meteorological and biophysical factors.  It offers two 
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approaches to estimating landscape scale CO2 flux from remotely-sensed data – by vegetation 

community classification or by modelling with NDVI. The final chapter discusses the results 

from Chapters 2 and 3 in the context of related studies, summarizes the main conclusions, and 

offers some recommendations for further research. 
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Chapter 2 

 
Fine-Scale Remote Sensing of Vegetation  

in the Canadian High Arctic  

 

 

2.1 Introduction   

Productivity of the sparse vegetation of High Arctic ecosystems is limited by temperature, 

moisture, slow nutrient turnover, and a short growing season (Woo and Young, 2006; Epstein et 

al., 2004; Gold and Bliss, 1995; Edlund, 1991; Bunnel, 1981). The Arctic is especially affected 

by climate change, which is bringing warmer temperatures and changes in precipitation patterns 

to the region sooner than most (IPCC, 2007). The warmer temperatures could stimulate increased 

vegetation growth, and might favour certain plant species at the expense of others (Hudson and 

Henry, 2009; Brooker and Wal, 2003; Edlund, 1991).  Increased winter snowfall and earlier 

snowmelt could also alter vegetation patterns through changes in the distribution, timing, and 

longevity of snow banks and spring runoff  (Ellebjerg et al., 2008; Woo and Young, 2006). 

Vegetation changes at high latitudes are likely to have influential, albeit unpredictable effects on 

the region’s carbon balance (Gröndahl et al., 2007; Oechel and Billings, 1992).  Given the vast 

extent and inaccessibility of the Arctic, it will be necessary to apply remote sensing data and 

methods to efficiently inventory current vegetation distribution and track changes over time.  

Low resolution satellites frequently scan the circumpolar Arctic and provide time series of 

data that can show synoptic trends of factors such as biomass distribution (Raynolds et al., 2006), 

phenology (Hüttich et al., 2007), effects of summer drought on the northern boreal forest (Zhang 
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et al., 2008), vegetation response to summer warmth index increases (Raynolds et al., 2008), and 

increasing vegetation growth in communities dominated by vascular plants (Olthof et al., 2008). 

There have also been a number of  plot level studies using hand held infrared sensors, digital 

cameras, or radiometers to take spectral measurements directly over sample plots at ground level 

with the objective of relating plot variables to spectral reflectance (Ellebjerg et al., 2008; Steltzer 

and Welker, 2006; Riedel et al., 2005; Hope et al., 1993). There have been relatively fewer 

studies of Arctic vegetation using spectral reflectance data from airborne platforms or medium to 

high resolution satellites (Engstrom et al., 2008; Laidler et al., 2008; Stow et al., 1993). The short 

growing season, frequent cloud cover, dramatic changes in solar elevation and azimuth angles 

throughout the long summer days, combined with the expense of remote sensing data, all pose 

challenges for the acquisition of quality multi-temporal high-resolution optical data for the Arctic 

(Stow et al., 1993); yet, the potential for insights gained at a scale between that of regional remote 

sensing and field observations cannot be ignored.  

The Normalized Difference Vegetation Index (NDVI) (Eq. 1) (Rouse et al., 1974) is 

commonly used in remote sensing as an indicator of the amount of healthy, photosynthesizing 

vegetation based on reflectance in the near infrared and visible portions of the electromagnetic 

spectrum. 

NDVI = (ρNIR – ρRED)/  (ρNIR + ρRED)   (1) 

where ρNIR and ρRed represent reflectance in the near infrared and red portions of the 

electromagnetic spectrum. NDVI is based on the principle that healthy vegetation reflects 

strongly in the near infrared as a function of cell structure, whereas reflectance decreases in the 

red region as a function of chlorophyll absorption.  

Many researchers have attempted to model the relationship between biomass and NDVI 

in the Arctic.  Over large regions, this seems to work quite well. Raynolds et al. (2006) derived an 

asymptomic biomass : NDVI regression equation with a r2 = 0.89 as part of the  Circumpolar 
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Arctic Vegetation Mapping (CAVM) project, using field data from various locations on the North 

Slope of Alaska and NDVI derived from  AVHRR (1 km resolution) satellite data.   Lowering the 

spatial resolution of biomass and NDVI models averages out the scatter and improves the 

relationship (Shippert et al., 1995).  Researchers attempting to establish relationships between 

biomass and NDVI at the plot level have had mixed results (Dagg and LaFleur, 2010;  Riedel et 

al., 2005; Rees et al., 1998;  Shippert et al., 1995; Hope et al., 1993).   

Another vegetation parameter commonly linked with NDVI is leaf area index (LAI). LAI 

is defined as the ratio of one-sided leaf area per unit ground area (Turner et al., 1999).  LAI is 

sometimes calculated from remotely-sensed vegetation indices using regression models, which 

are developed for specific vegetation classes based on field measurements (Colombo et al., 2003).  

At  Zackenburg Valley, NE Greenland (75°N), Steltzer and Welker (2006) obtained good 

correlations (r2 = 0.71), between observed values of LAI from field samples and values of LAI 

estimated from NDVI using a simple model, which improved further (r2  = 0.81)  when modified 

to take into account  leaf layering and orientation of different vegetation types.   However, a 

feature of many Arctic environments is the high proportion of bryophytes, and because moss and 

lichen do not have leaves, they are not contributors to LAI (Williams et al., 2008). If bryophytes 

contribute significantly to the spectral reflectance signature of vegetation, this could weaken the 

NDVI:LAI association in bryophyte-dominated Arctic environments. 

In environments with low, open canopies and discontinuous vegetation cover, percent 

vegetation cover can be another useful measure of vegetation (Röttgermann et al., 2000; Bliss et 

al., 1984). There seem to be fewer Arctic studies focused on quantifying the relationship between 

percent cover and NDVI.  One exception is Laidler et al. (2008), who found a strong linear 

relationship between percent vegetation cover and NDVI on the Boothia Peninsula, Nunavut 

(70°N).  Percent cover as a measure of vegetation is limited as it doesn’t typically measure 

greater quantities of vegetation once 100% cover is reached. One solution is to measure the mean 
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height as well as percent cover of plant functional groups, thereby adding another dimension 

(bulk volume) to the vegetation analysis (Chen et al., 2009).  

The research reported here examines the relationship between high spatial resolution 

reflectance data from the IKONOS-2 satellite, and biophysical measurements of vegetation cover, 

height, LAI, biomass, soil moisture, and soil nutrient status in three vegetation types at a High 

Arctic study site. The scale of the IKONOS satellite observation (4 m by 4 m spatial resolution 

digital data) relative to plot size (12 m by 12 m) allows plot level measurements to be related 

directly to image reflectance values, in a similar manner to ground level spectroradiometer 

studies. However, the satellite data also allows for extrapolation of biophysical variables across 

the entire image. The overall objective of this research is to determine if  spectral reflectance data 

from high resolution optical satellites such as IKONOS can be used to distinguish vegetation 

types and model key aspects of High Arctic ecosystems in relation to the carbon cycle.  

 

2.2 Study Site 

The study was conducted at the  Cape Bounty Arctic Watershed Observatory  (74° 55′ N, 

109° 35′ W) on Melville Island, Nunavut, Canada (Figure 2.1).  Geologically, Cape Bounty is 

characterized by a mix of fine and coarse weathered surficial material overlaying sedimentary 

rocks (Hodgson and Vincent, 1984).   Soil pH tends to be slightly alkaline near the coast to 

slightly acidic inland (Edlund, 1990).  The terrain is undulating, slopes are mostly gradual, and 

the elevation within the study area does not exceed 150 metres above sea level. 
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Figure 2.1.  July 4th 2008 IKONOS-2 satellite image showing study area at Cape Bounty on Melville 
Island, just east of the Nunavut / NWT territorial border. Yellow dots on image represent vegetation plot 
locations.         

                                 

July mean temperatures measured at the Main Meteorological Station at Cape Bounty 

from 2004 to 2008 average 6 º C. It is in the climatic zone associated with the north-westernmost 

extent of woody plant and sedge dominance in Arctic Canada (Edlund, 1993), characterized as 

“graminoid, prostrate dwarf-shrub, forb tundra” (Walker et al., 2005). 

Summer rainfall events are infrequent and usually less than 10 mm per rainfall, although 

misty weather with high relative humidity is common. Fifty-six (56) mm of liquid precipitation 

fell in the snow-free season of 2008, the greatest summer rainfall since local measurements began 

in 2003. Most precipitation falls in winter as snow, and the spring nival runoff creates a dramatic 

spike in stream discharge for a few weeks each June (McDonald and Lamoureux, 2009).  Snow 

melt is the major source of soil moisture for plants.  Strong winds, up to 60 km/h in 2008, are 

common in the summer, influencing the prostrate habit of forbs and woody shrubs.  



 18

Cape Bounty has three main vegetation types along a topographic / moisture gradient. 

Polar Semi-Desert  (Figure 2.2a) occurs on well-drained uplands. It consists of patterned ground 

with vegetation cover growing almost exclusively in the crevices – a diverse mix of woody 

plants, forbs, grasses, mosses and lichens.  Intermediate moisture sites are covered by Mesic 

Tundra (Figure 2.2b), which is thinly vegetated, with patches of exposed mineral soil. Mesic 

tundra has a moss layer of varying depths, interspersed with fairly sparse graminoids and forbs.  

a.       b.  

c.  

Figure 2.2.  The dominant vegetation types at Cape Bounty: Polar semi-desert (a), mesic tundra (b), and 
wet sedge meadow (c) at Cape Bounty, summer 2008. 

 

The least common vegetation type at Cape Bounty, Wet Sedge Meadows (Figure 2.2c) 

develops in low-lying areas alongside waterways and at the foot of snowfields. They have almost 

complete vegetation cover including a thick mat of sedges and grasses, a moss understory and 
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deep organic layer. Patches of  prostrate arctic willow (Salix arctica) can be found in all three 

vegetation types. Common graminoids at Cape Bounty include Eriophorum angustifolium ssp. 

triste, Dupontia fisheri,  Alopecurus magellanicus, and Carex aquatilis ssp. stans (Wagner, 2010, 

unpublished data).  

 

2.3 Methods 

2.3.1 Satellite Image Processing 

IKONOS-2 has a high resolution optical sensor that collects 4 bands of imagery - near 

infrared and visible red, green, and blue - at 4-metre spatial resolution. Two Geo-Ortho Kit 

IKONOS satellite  images were acquired; one on July 4th  2008, early in the High Arctic summer, 

and one on August 2nd 2008, late in the summer, to explore  phenological changes over the 

growing season. Both were imaged in the early afternoon, (i.e., 13:32 local time on July 4th  and 

12:49 August 2nd). As a result, the solar elevation angles of the two dates are within five degrees.  

The images were orthorectified with PCI OrthoEngine’s Rational Function Math Model, 

using the rational function coefficients that are distributed with Geo-Ortho Kit IKONOS imagery, 

a 25 metre National Topographic Survey (NTS) Digital Elevation Model, and three ground 

control points (Appendix A).   

For this project, it was not possible to analyze the absolute positional accuracy of the 

orthorectification, as no sufficiently precise independent reference data were available. However 

the more important issue for this analysis is the relative correspondence in positional accuracy 

between the two dates. Twenty reference locations were identified on both images and the RMS 

error of the differences between these sets of coordinates was calculated. The average offset of 

one image to the other was determined to be no more than one pixel (4 m)  in both x and y 
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directions (Appendix B). Prior to calculation of the NDVI, the raw digital numbers in each image 

were converted to top-of-atmosphere (TOA) radiance, and then to planetary reflectance, using 

IKONOS-specific parameters as described by Taylor (2009) (Appendix C).  The radiance 

calculation converts the digital numbers to watts per square metre using calibration coefficients 

specific to each band, which calibrates the image bands to each other. The reflectance calculation 

compensates for time of year and solar zenith angle effects, improving multitemporal 

comparisons.  

NDVI was calculated by applying Equation 1 to both dates of the TOA corrected data. 

Selected sites of homogenous, well drained bare rock were identified in each TOA converted 

image as the best examples of stable, invariant sites which should not be affected by seasonal or 

moisture changes. A paired t-test for difference of means between the NDVIs of these bare rock 

samples for each date detected no significant difference (t(439)=0.689, p=0.49).  Thus, although 

there may be some lingering radiometric disparity between the two images due to differing 

atmospheric conditions, it does not appear to be large enough to appreciably affect interpretation 

and comparison of relative NDVI between the two dates.  

The land-cover classification procedure began by classifying each image date separately 

with a supervised maximum likelihood classification algorithm, using twelve vegetation sample 

plots (Figure 2.3) and other known sites as calibration areas. Besides the three vegetation classes, 

non-vegetated land was classified as barren (unconsolidated materials or rock), water, or 

permanent snow bank. The greatest challenges for separating regions of interest were between: 1) 

polar semi-desert and barren ground; and 2) mesic tundra and wet sedge meadow.   The results of 

both dates’ classifications were examined for errors of omission and commission in each class 

and compared against reference sites.   The wet sedge and mesic heath classes had better 
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Separability statistics in July than August. 

 

Figure 2.3.  Sample plot locations on the August 2nd 2008 IKONOS-2 image. Wet sedge meadow 
plots are prefaced with WS, mesic tundra plots with MT, and polar semi-desert plots with PD. 
Redder areas indicate more vegetation. 

 

The difficulty in separating polar semi-desert and bare ground was resolved by 

incorporating NDVI. A series of rules were developed to combine the July classification, the 

August classification, and NDVI to create one optimum classification. Based on an examination 

of previously published NDVI results for bare soil regions and the NDVI for the barren and polar 

semi-desert calibration areas used in this classification, a NDVI of 0.15 was chosen as the 

threshold between polar semi-desert and barren ground. This is a conservative threshold because 

a pixel had to be below this value on both dates in order to have its class changed to barren 

ground.  The classification combination rules exploited the superior Separability of mesic and wet 

sedge classes in early July, and the minimal snow extent in early August (see Appendix D for 

complete rule set). The final classification was assessed for accuracy using an independent set of 

103 point locations (Appendix E). These ranged from 0% to 100% vegetation cover and were 

representative of the three vegetation classes and the barren ground class.   
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The study area was free of cloud in the July image, whereas the August image had a few 

patches of haze and cirrus cloud.  Areas affected by snow, visible haze, or cloud were masked out 

for the following analysis. The mean NDVI was calculated for each vegetation type on each date. 

A two-way ANOVA test was run with for vegetation types and dates as factors. 

 

2.3.2 Biophysical Measurements 

The biophysical variables of interest included soil moisture, available soil nitrogen (N 

and phosphorus (P), percent vegetation cover, vegetation volume, LAI, and aboveground 

biomass.  These data were collected at twelve 144 m2 sample plots (12 m x 12 m) (Figure 2.3), 

four plots for each vegetation type. 

Soil moisture was measured with a Thetaprobe™ (Delta T Instruments) to a depth of 7 

cm at each plot at least once a week from June 24th to July 26th.  Eight moisture readings evenly 

spaced along a line from the north to south edge of the plot were averaged for each date.  If 

mineral and organic soils were present within the plot, a series of eight measurements was taken 

for each; however in the final analysis the organic and mineral soil measurements were combined 

because they were not statistically different (Dunn’s Method pairwise multiple comparisons on 

ranks, Q = 1.60, p > 0.05).   At the same time, active layer depth (i.e., depth to permafrost) was 

measured by insertion of a steel rod at six locations from north to south along the opposite side of 

the plot. 

Plant Root Simulator (PRS™) Probes (i.e., cation- or anion-exchange membranes 

encased in a plastic holding device), manufactured by Western Ag Innovations Inc., are designed 

to measure plant-available soil nutrients over a given time period. Four cation and anion probes 

were inserted into the soil evenly spaced along a diagonal transect across each plot.  The early-

season deployment was made on the 26th to 27th of June and the probes retrieved on the 17th to 
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18th of July. A new set of probes were buried at the same locations on the 17th and 18th of July and 

were retrieved on the 7th to 8th of August. Deployments along these time frames allow for 

measurement of slowly released ions from mineralization and ions transported by diffusion in 

addition to the most readily available nutrient pool (Western Ag Innovations Inc., 2008).  After 

retrieval, the probes were rinsed with deionized water and sent to Western Ag Innovations, 

Saskatoon for analysis. The results were aggregated to provide a plot-specific value.  A broad 

suite of nutrients were measured, but for the purpose of this analysis, total N, nitrate (NO3
-), 

ammonium (NH4
+), and phosphorus (PO4

-3) were the nutrient ions of interest.  

Vegetation cover and heights were measured using a point frame constructed following 

the protocol of the International Tundra Experiment (ITEX) (Walker, 2008).  The point frame is a 

one metre square frame across which fishing line is stretched at 10 cm intervals (Figure 2.4),  

creating a grid of 100 intersections. A knitting needle is inserted at each intersection point. Each 

plant specimen touching the needle was recorded by plant functional type (woody plants, forbs, 

graminoids, moss, lichens), species if known, plant part (leaf, stem, or flower) when appropriate, 

condition (green or senescent / standing dead), and the height in centimetres at which the needle 

touches. There are often multiple entries for a given point when more than one plant is present at 

a given location; in other cases, only a ground cover of bare rock or soil may be present. Point 

frame data were collected on two occasions to represent different stages of the growing season. 

The first measurements occurred between June 29th and July 5th, and the second between July 21st 

and July 25th.   The point frames were placed in the same randomly generated location within the 

plot each time.  Due to the greater heterogeneity of the polar semi-desert, two point frame surveys 

in different locations were conducted and averaged for each plot. 
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Figure 2.4.  Point frame vegetation survey in a mesic tundra plot. 

 

Percent cover for each plot was calculated from the number of point frame hits (out of 

100) that intercepted at least one plant specimen.  In this manner, both total vegetation cover and 

vegetation cover by functional group could be calculated. Lichen was excluded from the percent 

vegetation cover totals because instances of lichen within the sample plots usually consisted of 

either a very thin crust on a rock or unattached fragments of worm lichen (Thamnolia spp.); these 

are not likely to be detectable by the satellite or contribute appreciably to the photosynthetic 

potential of the plot.   

The average heights of each plant functional group were multiplied by the percent cover 

for that group to obtain vegetation bulk volume.  To enable the calculation, it is assumed that 

each point represents 1/100 of the point frame (i.e., 0.01 m2).  LAI was approximated from the 

point frame data by dividing the total number of green vascular vegetation intercepts (excluding 

stems) per point frame by 100.  This gives the average leaf layer per point.  Aboveground 

biomass samples were collected between July 26th and July 28th. Random locations stratified by 

the four quadrants of each plot were generated for biomass sampling: i.e., four locations in each 

mesic heath and wet sedge meadow plot, and eight locations in each polar semi-desert plot.  All 



 25

aboveground plant material within a 0.25 x 0.25 m quadrat at each random location was harvested 

and placed in sample bags. The samples were later oven dried for 72 hours at 60 degrees C and 

weighed. The results were averaged by plot. Half of the samples (i.e. 2-4 samples per plot) were 

also separated into bryophyte and vascular plant matter and weighed.   

 

2.3.3 Statistical Analysis of Plot Data 

Each plot was associated with a NDVI value for each of the two image dates by taking the 

average of the NDVI values for the 144 m2 area of each plot (a 3 by 3 pixel window) on each 

date. Biophysical variables measured at the plots on, or close to, the two image dates were 

regressed against NDVI to determine strength of association. Scatterplots were examined to 

check for non-linear fits. 

Two-way Repeated Measures Analysis of Variance (RMANOVA) was performed on all 

the biophysical soil and vegetation variables, including NDVI,  that were measured at two or 

more time intervals at the plots.  Plant biomass, which was collected only once, was analyzed for 

differences between vegetation types with one-way ANOVA. Measurements were log 

transformed when necessary to conform to assumptions of normality and equal variance.  Mean 

comparisons were carried out using the Bonferroni correction of the p value. Results were 

considered significant at the 95% confidence level unless otherwise stated.   

2.4 Results 

2.4.1 Land-cover Classification of the Cape Bounty Arctic Watershed Observatory  

The 36 km2 area was classified as 47%  polar semi-desert, 31%  mesic tundra,  7% wet 

sedge meadow, and 15% unvegetated (Figure 2.5). Based on an overlay of 103 independent 

validation sites (12 bare ground, 35 polar semi-desert, 41 mesic tundra, and 15 wet sedge 
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meadow) which had been sampled during as part of a different study, the overall accuracy of the 

classification was 83% / Kappa statistic 0.79 (Appendix E). The class with the lowest calculated 

accuracies (producer’s accuracy 67%, user’s accuracy 69%) was the wet sedge meadow, partly as 

an artifact of its small area relative to other classes. The polar semi-desert appeared to be the most 

accurately classified class (producer’s accuracy 91%, user’s accuracy 87%). 

 

2.4.2 NDVI Spatial and Temporal Patterns  

Based on two-way ANOVA, the three vegetation types were significantly different from 

each other in mean NDVI (F(2,2)= 364.2, p = 0.003; all pairwise multiple comparison Bonferroni t-

tests p < 0.05), and  increased significantly in NDVI from July 4th to Aug 2nd (F(1,2) = 35.2, p = 

0.027).  This increase in NDVI was most pronounced for the mesic tundra class, whose mean 

NDVI rose by 0.05 from the earlier to later date, whereas the other two vegetation community 

classes increased by 0.03 (Figure 2.6).  By comparison, the bare ground class (assumed to 

contain zero or negligible vegetation) increased  very slightly (but significantly) by 0.01,  

possibly due to changes in soil moisture. The effects of soil moisture changes on NDVI are hard 

to predict because water in the soil depresses both infrared and visible red reflectance (Jensen, 

2007).   
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Figure 2.5.  Land-cover Classification of the Cape Bounty Arctic Watershed Observatory.  Area depicted 
is 6 km by 6 km. 
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Figure 2.6. Mean  NDVI of all pixels in four land-cover classes in the 36 km2  study area, on each of the 
two IKONOS image dates. 

 

To illustrate the spatial distributions of changes in NDVI from July to August, the July 

NDVI image was subtracted from the August image, creating a difference image (Figure 2.7). 

The images were resampled by pixel averaging from four to twelve metre spatial resolution 

before subtraction to minimize the effect of the  slight misregistration between images on pixel to 

pixel calculations. The image differencing was done under a mask isolating pixels where August 

NDVI was greater than zero, in order to focus the analysis on differences for vegetated land 

rather than bare rock and ice. Between July 4th and August 2nd 2008, 77% of the study area 

(excluding snow, water and rock) slightly increased (i.e., < 0.1) in NDVI, while 16% slightly 

decreased in NDVI, with almost all of the decreases less than 0.1 in magnitude. Of the remaining 

7% which experienced a change in NDVI greater than 0.1, there was a marked spatial 

concentration around plot MT-G. This plot increased in NDVI by 0.1 from July 4th to August 2nd, 

compared to an average increase of 0.05 for all sample plots. 
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Figure 2.7.  Changes in NDVI in the study area between July 4th and August 2nd 2008. 

 

2.4.3 Plot Level Biophysical Data Results 

Soil moisture (Appendix F)  was relatively high at the beginning of the sampling period, 

shortly after snow melt. Wet sedge plots were near saturation, and in fact had standing water in 

some locations.  A seasonal drying trend was observed for all plots.  Soil moisture levels were 

near the seasonal low point on July 4th (DOY 186), the date of the first IKONOS satellite data 

acquisition.  Precipitation events in mid July replenished the moisture at mesic and semi-desert 

sites. This was followed by more rain in late July and early August.   The second IKONOS 

acquisition, Aug 2nd (DOY 215) occurred after more than 21 mm of precipitation fell from July 

31st to Aug 2nd.  Although plot moisture data are not available for early August, moisture data 
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recorded by continuous buried sensors at nearby mesic sites (PX4 and PTAR) suggest that at least 

the mesic plots had probably returned to early season moisture levels by August 2nd (Figure 2.8).   

 

Figure 2.8.  Soil moisture and daily precipitation. Data from two additional sites (PX4 and PTAR) are 
included to show trends after day 209 (July 27th).  Some mid-July data is missing due to equipment 
malfunction. 

 

The results of two-way RMANOVA on plot soil moisture measurements confirmed 

significant main effects of vegetation type (F(2,9) = 26.2, p < 0.001)  and week (F(5,44) = 30.5, p < 

0.001).   Wet sedge meadow plots were significantly different from polar semidesert plots at p < 

0.001 (Bonferroni pairwise comparisons t-tests), and mesic tundra  mean soil moistures were 

significantly different from polar semidesert and wet sedge meadows at p < 0.05.  Mean (standard 

error) of volumetric soil moisture content over the sampling period (days 176-208) was 0.18 

(0.01) m3/m3 for the four polar semi-desert plots;  0.30 (0.02) m3/m3 for the four mesic tundra 

plots; and 0.57 (0.07) m3/m3 for the four wet sedge meadow plots. The greatest variation in plot 
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soil moisture was among the wet sedge plots, which included a near- transitional site (PT-W) 

which contains sedge but whose soil moisture levels sometimes dipped into the mesic range. 

Although there was no statistical difference in plot active layer depths between vegetation types 

(F(2,9) = 3.81, p = 0.062), the polar semi-deserts typically had the deepest active layers, and all 

plots’ active layers deepened as the summer progressed (main effect of week, F(5,37) = 43.6, 

p<0.001) (Appendix G).  

At the plot level,  two-way RMANOVA detected main effects of vegetation type (F(2,9) = 

17.4, p < 0.001) and date (F(1,98) = 31.9, p < 0.001) on plot NDVI (Table 2.1).  In fact, plot NDVI 

values increased in the August image at every plot except for one of the polar semi-desert plots 

(Figure 2.9).  The polar semi-desert plot NDVI was significantly lower than the mesic tundra and 

wet sedge plots’ means, but the mesic tundra and wet sedge plots did not differ significantly from 

each other at the plot level (Table 2.1).   

 

 

Figure 2.9.   Mean NDVI of plots on July 4th and August 2nd 2008. PD = Polar Semi-Desert, MT = Mesic 
Tundra, WS = Wet Sedge Meadow. 
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Table 2.1.  Means (Standard Error) and ANOVA results for biophysical data measured at twelve sample plots during two time periods. Two-way RMANOVA 
was run for all variables based on measurements on two different occasions during the growing season:  NDVI, Total N, P, percent cover, vegetation volume, and 
LAI. One-Way ANOVA was run on total aboveground biomass and vascular biomass which was measured once during the growing season.  P-values are given 
for results of pairwise multiple comparison within vegetation type when vegetation type is identified as a main effect on the dependent variable. The NDVI 
results in this table are for NDVI calculated at the sample plots only, whereas the data shown in Figure 2.6 were based on the entire 36 km2 study area.  
  Polar Semi-

Desert (PD) 
Mesic Tundra 

 (MT) 
Wet Sedge 

Meadow (WS) 
ANOVA / RMANOVA Significant Effects 

 

early 
summer 

late 
summer 

early 
summer 

late 
summer 

early 
summer 

late 
summer 

Vegetation Type Main Effect Time  
Main Effect 

Type X Time 
Interaction 

NDVI by Plot 0.0620 
(0.024)  

0.1001 
(0.025)  

0.1608 
(0.010)  

0.2158 
(0.027)  

0.2427 
(0.025)  

0.2986 
(0.029)  

 PD vs. WS, p <0.001
PD vs. MT, p= 0.027 

    MT vs. WS, p= 0.093  

p < 0.001 p = 0.658 

Soil Total N Supply 
(NO3

- and  NH4
+) (mg 

N/10cm2/burial period) 

10.7  
(0.9)  
 

11.9  
(3.0)  
 

16.2 
(1.3) 
 

11.9  
(4.0) 
  

27.0 
 (5.5)  

21.0  
(4.1)  

 PD vs. WS, p = 0.042
     PD vs. MT, p= 1.000 
     MT vs. WS, p= 0.125   

p = 0.206 p = 0.421 

Soil Phosphorus 
Supply(mg P/10cm2/  
burial period) 

1.1  
(0.5)  

1.1  
(0.3)   

0.8  
(0.3)  

0.3 
 (0.1)  

3.6  
(1.3)  

0.7  
(0.1)    

p = 0.063 p = 0.040 p = 0.065 

Percent  Vegetation 
Cover 
 

35  
(13)  

27 
 (9.5)  

83 
(7.7)  

80 
(3.9)  

99  
(1.3)  

99  
(0.5) 
 

PD vs. WS, p < 0.001 
PD vs. MT, p = 0.001 

    MT vs. WS, p = 0.413  

p = 0.121 p = 0.236 

Vegetation Volume 
(dm3) 

8.26 
 (4.12)  
 

8.92  
(4.44)   

40.1  
(3.93)  

30.8  
(5.51)  

78.9  
(17.5)   

74.6 
(10.4)  

 PD vs. WS, p < 0.001 
    PD vs. MT, p = 0.158 

MT vs. WS, p = 0.022 

p = 0.273 p = 0.563 

LAI (green vascular) 0.245 
(0.098)  

0.288 
(0.160)  

0.378 
(0.087)  

0.385 
(0.062)  

0.630 
(0.095)  

1.050 
(0.153)  

Type in Late Summer: 
     PD vs. WS, p =0.007 
     PD vs. MT, p =1.000  
     MT vs. WS, p = 0.020 

Time in WS, 
p=0.031 
 

 p = 0.029  
 

Aboveground 
Biomass (g/m2) 
 

  272.2 
(97.8)  

  1412.4 
(477.8)  

  825.6 
(196.2)  
 

   PD vs. WS, p = 0.106
PD vs. MT, p= 0.023 

   MT vs. WS, p= 1.000 

  

Vascular Biomass 
(g/m2) 

 98.9  
(34.5)  

 119.0 
(45.8)  

 130.0 
(22.3)  

p = 0.645   
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Soil nutrient (N and P) availability (Appendix H) was highly variable among plots, 

making it difficult to distinguish between-group variability from within-group variability (Table 

2.1). Two-way RMANOVA on the two PRS™ probe burial periods detected a modest main 

effect of vegetation type on N (F(2,9)= 5.12, p = 0.033) and time on P (F(1,9)= 5.74, p = 0.040)   In 

general, wet sedge meadow plots had more available nutrients for plant growth in the early 

summer, but became depleted close to the level of the other vegetation types in the latter half of 

the growing season. The decreases in N availability over time which occurred in some wet sedge 

and mesic plots were mainly related to decreases in NH4
+ ions, while NO3

- availability displayed 

no consistent temporal or spatial trends (Figure 2.10).
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Figure 2.10.  Average nitrogen ion availability as measured by Plant Root Simulator™ probes in replicate 
plots (n = 4) in three vegetation types during two consecutive burial periods. 

 

Low percent vegetation cover distinguished the polar semi-desert from the other vegetation types 

(F(2,9) = 26.4 , p < 0.001), while vegetation volume, incorporating the height of plants as well as 

the total cover, differentiated the wet sedge meadows from the mesic and polar semi-desert plots 

(F(2,9) = 16.3, p = 0.001).  Neither percent cover or volume analysis changed through time 
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(respectively, F(1,9) = 2.93, p =0.121; F(1,9) =1.36, p = 0.273).  For LAI, however, the wet sedge 

meadows in the later time period only were significantly different from the rest, reflecting the 

summer green-up of  grasses and sedges (type X time interaction; F(2,9) = 5.41, p = 0.029. It 

should be noted that the percent cover and volume counts include standing plants which appeared 

dead or senescent, whereas LAI consists only of green leaf area. 

The aboveground biomass results are surprising in that they do not follow the expected 

progression of lowest to highest biomass from polar semi-desert to wet sedge meadow, but 

instead the mesic tundra plots exhibit the highest mean aboveground biomass, and the only 

significant difference  that could be detected between vegetation types was between the mesic 

tundra and polar semi-desert plots (F(2,9) = 6.21, p = 0.020).  Biomass values were very 

heterogeneous both within and between plots (Figure 2.11).  Based on the subset of samples 

sorted into vascular and non-vascular biomass,  mean vascular percentage by weight  for wet 

sedge, mesic tundra, and polar semi-desert were 21%, 9%, and 40%, respectively. There were no 

significant differences between vascular biomass means by vegetation type (F(2,9) = 0.46, p = 

0.645).  

 

Figure 2.11.   Aboveground biomass sample dry weights by plot. Error bars represent the standard error of 
the mean for total biomass by plot. 
 

0

500

1000

1500

2000

2500

3000

3500

PD-C PD-A PD-G PD-P MT-H MT-I MT-G MT-P WS-D WS-J WS-G WS-P

g/
m

2

Plots

Total Biomass

Vascular Biomass



 35

 

The breakdown of vegetation cover by plant functional type illustrates differences in 

composition between the three vegetation types (Figure 2.12). It also reveals changes over time, 

i.e., as standing water in the wet sedge meadows disappears, the quantity of green grass and sedge 

in the wet sedge meadows - and, to a lesser degree, the mesic tundra -  increases, while the moss 

cover seems to diminish, most notably in the mesic tundra. Salix arctica makes up a small 

percentage of each community but is important due to its relatively high photosynthetic capacity 

(Muraoka et al., 2008).  
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a.  

b.  

Figure 2.12.   Percent coverage by plant functional group according to point frame hits for polar semi-
desert (PD), mesic tundra (MT) and wet sedge meadow  (WS) plots for (a) Julian Day 181-187)  and (b) 
Julian Day 201-222.  Note: Plant cover types often overlap; i.e. often more than one plant specimen or 
cover type can be intersected by the needle at a given location, so the total number of hits per point frame 
exceeds 100.  
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2.4.4 NDVI and Biophysical Variables - Correlations  

The NDVI values calculated for the plots correlated positively with all of the biophysical 

variables, with the strongest correlations observed between NDVI and vegetation volume, percent 

vegetation cover and soil moisture (Table 2.2).  Soil phosphorus (P) availability had a fairly weak 

but significant relationship with NDVI in the early growing season, but by the late growing 

season P availability was very low for all vegetation types with little variation between plots.  

 

Table 2.2: Linear regression results for plot level NDVI and biophysical variables (n = 12) in order of 
greatest significance.  

  Early Summer  

NDVI 

Late Summer 

 NDVI 

Plant Volume  
(% cover * height) 
 

 r2 = 0.85,  p < 0.001  r2 = 0.81,  p < 0.001 

Percent Vegetated 
Cover 
 

 r2 = 0.77,  p < 0.001  r2 = 0.74,  p < 0.001 

Soil Moisture  r2 = 0.69,  p < 0.001  
 

 r2 = 0.74,  p < 0.001 
  

Leaf area index 
 (LAI) 

 r2 = 0.55,  p < 0.01  r2 = 0.54,  p < 0.01 

 
Soil Nitrogen 
Availability 
 

  
r2 = 0.64,  p < 0.01 
  

  
r2 = 0.45,  p < 0.05 

Aboveground  
Biomass (log 
transformed) 
 

 No data  r2 = 0.49,  p < 0.05 

Soil Phosphorus 
Availability 

 r2 = 0.35, p < 0.05   No association  
(r2 = 0.03,  p = 0.59) 
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2.5  Discussion 

2.5.1 Seasonal effects on vegetation classification  

There was some considerable overlap (omission and commission errors) between what 

was classified as mesic tundra versus wet sedge meadow in the initial July and August supervised 

classifications. Using the same calibration areas, 31% of August “wet sedge” had been classified 

as “mesic tundra” in the July classification; meanwhile 20% of August “mesic heath” had been 

classified as “wet sedge” in the July classification. Assuming the distinction between these 

vegetation types as separate communities is real (which is supported by field observations), this 

suggests that the spectral signature of these vegetation types changes considerably throughout the 

season. The changes in NDVI, in which the increase was proportionally greater for mesic tundra, 

suggests that some mesic sites may become more lush, and hence, more closely resemble wet 

sedge in spectral characteristics, as the season progresses and/or under the influence of higher 

moisture levels. In addition, there certainly are marginal sites, for example, plot WS-P overlaps 

wet sedge and mesic tundra in many of its biophysical characteristics at different times of the 

year.  This suggests the results of a vegetation classification in this environment may vary 

depending on the timing of data acquisition. If classification of a similar area had to be based on a 

single date, early July is recommended over a later “peak growing season” date because  key 

vegetation types seem to be most distinguishable in the early part of the growing season; however 

this consideration would have to be balanced against greater snow cover early in the season in the 

area of interest. 

2.5.2 NDVI and Soil Moisture  

The NDVI values calculated here (vegetation community means of 0.09, 0.20, and 0.28 

on Aug 2nd) match the range of 0.15 to 0.26 peak NDVI values for the Cape Bounty area derived 
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from AVHRR imagery for the Circumpolar Arctic Vegetation Map (Raynolds et al., 2006). The 

highly significant spatial correlation between soil moisture and NDVI on both dates at Cape 

Bounty supports associations between soil moisture and NDVI  found at other Arctic sites (i.e., 

Barrow, Alaska (Engstrom et al., 2008) and Zackenburg Valley, NE Greenland (Ellebjerg et al., 

2008)), and is reasonable given the known positive association between soil moisture and 

vegetation productivity in the High Arctic (Bliss and Matveyeva, 1992).  For the late summer, the 

only available plot soil moisture measurements available for comparison with NDVI were from 

the previous week, and during the intervening time period there were several rainfall events 

(Figure 2.8). Hence, the soil at all sites would have become wetter at the time of satellite image 

acquisition. Nevertheless, the positive linear relationship between the plots along their moisture 

gradient and their corresponding NDVI values is sustained (Figure 2.13). 

 

a. b.  

Figure 2.13.   Scatterplots of plot NDVI vs. plot soil moisture on  the closest available dates to the 
IKONOS images of July 4th 2008 (a) and Aug 2nd 2008 (b). 

However the relationship is not completely straightforward. As well as some scatter in 

the relationship, probably reflecting a variety of confounding factors such as site aspect, substrate 

quality, etc., examination of the early summer scatterplot (Figure 2.13a) suggests there may be 

an optimum soil moisture beyond which the NDVI trend may level off or reverse.  A second-
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order polynomial curve which peaks at about 0.6  m3/m3 volumetric soil moisture  fits the July 4th 

data better than the linear regression.   This can partly be attributed to the presence of standing 

water in the wettest plot, WS-G, on July 4th. However, even on the later date, the plot with the 

most soil moisture (WS-G) ranks third, while WS-J, the wet sedge plot with the third highest soil 

moisture, maintains the highest NDVI ranking.  

The wettest plot WS-G had the highest LAI and the highest counts of green (as opposed 

to senescent) grass and sedge, but plots WS-J and WS-D exceed it in NDVI, total vegetation 

volume, total aboveground biomass and moss cover.  The denser, more complete cover of WS-J 

due to its thick understory of moss can be observed at ground level (Figure 2.14), and clearly  has 

an effect on the spectral signature detected by the satellite. This comparison of plot characteristics 

provides some evidence that the contribution of moss to the NDVI signal is not negligible, and 

helps explain the stronger correlation of NDVI with measures of vegetation cover and volume, 

which include bryophytes, than with LAI, which excludes them (LAI traditionally only includes 

vascular green leaf cover).  

a.      b.  

Figure 2.14.  (a) Sample quadrat from WS-J on July 26th, and  (b) WS-G on July 27th 

 

2.5.3 Soil Nutrients 

The results indicate that the major soil nutrients, N and P, showed more spatial variation 

by vegetation type and  correlation with NDVI in the earlier part of the summer than in the later 

measurement period. Nitrogen and other nutrients are expected to be most abundant in the low-
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lying wet sedge meadows, because these areas have more soil development and act as catchment 

basins for fine grained mineral and organic matter of fluvial and aeolian origin (Edlund, 1993).  

Patterns of soil nitrogen were also very heterogeneous at Zackenburg in Greenland (Elberling et 

al., 2008) and followed the same gradient of increasing moisture and nutrient levels, and 

decreasing active layer depths from high to low elevation.  Our nitrogen results follow a similar 

pattern to that found by Henry (1998) at several sites in the Queen Elizabeth Islands: i.e., wetter 

sites had more NH4
+, but NO3

-  did not vary significantly among sites of differing soil moisture 

properties. 

 Because the wet sedge meadow sites have a high water table, they are likely to have 

more anaerobic conditions at the beginning of the growing season after snow melt. As the water 

table drops from the surface as the summer progresses, conditions become more favourable for 

nitrifying bacteria to convert NH4
+ to NO3

-.  Phosphorus pools in organic horizons in Arctic soils 

are known to be highest at snow melt (Nadelhoffer et al., 1992), which is the time of greatest 

demand and uptake by growing vegetation (Kielland and Chapin, 1992).  After the initial flush of 

nutrients by spring runoff, our results suggest a subsequent depletion of nutrients at some sites, 

suggesting a lag in turnover time for nutrient pools in relation to plant and microbial uptake 

during the summer.  

 

2.5.4 NDVI and Vegetation  

Spatial Patterns 

The total aboveground biomass measured at the twelve plots ranged from 67 to 2716 

g/m2, which is within the range of previous biomass measurements in the Queen Elizabeth Islands  

(Bliss and Svoboda ,1984; Wein and Rencz ,1976).  Bliss and Svoboda (1984) note that over 85% 
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of the biomass was moss at the majority of their sites (polar semi-desert and mesic tundra at 

various locations in the western Queen Elizabeth Islands), and that lichens were “conspicuous, 

but contribute little to biomass”, similar to conditions at Cape Bounty (Figure 2.11).  At 

Alexandria Fiord on Ellesmere Island (79°N), the peak season vascular aboveground biomass for 

a heath community in 2008 was 86.9 ± 16.4 g/m2 (Hudson and Henry, 2009), which is 

comparable to Cape Bounty’s vascular aboveground biomass plot average of 116.0 ± 18.9 g/m2.  

Differences in total aboveground biomass between Cape Bounty vegetation types were 

marginal, and non-significant for vascular biomass (Table 2.1), which at first seems surprising 

given the clear distinctions in percent vegetation cover / volume and NDVI.   Another unexpected 

aspect of the biomass results was that the highest mean was for the mesic tundra community type 

rather than the wet sedge meadows, which is largely due to the exceptionally high non-vascular 

biomass at a single plot.  While this was a fairly limited sampling effort, there are potential 

systemic reasons for the counterintuitive aspects of the biomass results.  The wet sedge meadows 

have nearly 100% cover of graminoids, yet the grasses and sedges weigh very little when dried. 

In comparison, the dense mosses which dominate much of the mesic tundra and the polar semi-

desert’s vegetated crevices, have a relatively high weight per volume even when dried. It should 

also be noted that the majority of graminoid biomass is belowground in the root system, which is 

not true of bryophytes (Bunnel, 1981).  Hence, even though wet sedge meadows may have more 

complete vegetation cover and a greater volume of standing plant matter due to their abundant 

grass and sedge populations, when dried and weighed they contribute only a small proportion to 

the total biomass weight. This difference in densities is at odds with the relative photosynthetic 

activity of graminoids versus mosses – mosses are known to have considerably lower 

phototosynthetic capacity and phytomass to production ratios than vascular plants of the Arctic 

(Tenhunen et al., 1992). 
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The mean values for vascular aboveground biomass did not vary significantly across the 

different community types, and here again, variation in tissue density for different plant species 

offers part of the explanation.  Salix arctica covers less than 10% of the ground in each vegetation 

community, but due to the woody stems (all aboveground biomass was measured, not just leaves) 

it makes a much larger contribution to the biomass weight in a sample than the extent of ground 

coverage would suggest.  Given that Salix arctica is fairly evenly distributed between vegetation 

types, and that its relatively high density relative to graminoids allows it to disproportionately 

influence the total mass measurement of any biomass sample in which it is present, the 

surprisingly similar mean values for vascular biomass for the three vegetation types seem more 

reasonable.  

The variation in densities of the major plant functional groups in the Arctic has 

implications for any relationship between different modes of quantifying vegetation.  Jonasson 

(1988) has argued that good correlations between point frame hits and biomass can only be 

obtained on a per species (or at least per plant group) basis. It has been noted that there tends to 

be much scatter in NDVI: biomass relationships at the plot level, which averages out when data 

sets are amalgamated and generalized to coarser scales (Raynolds et al. 2006; Shippert et al., 

1995).   At Cape Bounty, there was a significant positive relationship between biomass and 

NDVI, although it was weaker than the relationship between vegetation volume and NDVI. The 

strength of the relationship (r2 = 0.49, i.e., approximately half the variation in NDVI could be 

explained by biomass)  is equivalent to that found at several Low- to Mid-Arctic sites (Dagg and 

LaFleur, 2010;  Riedel et al., 2005;  Rees et al., 1998; Hope et al., 1993). 

According to these results, the biophysical factors most closely correlated with the spatial 

pattern of NDVI for both time periods are vegetation volume and percent cover.   “Vegetation 

volume” as defined in this paper, may seem an unconventional vegetation measure, yet there is 
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some precedent for the concept in Chen et al. (2009), who developed equations to relate non-

destructive measures of percent cover and mean height to biomass and LAI by multiplying cover, 

height, and coefficients specific to plant functional group.  The results at Cape Bounty seem to 

suggest that vegetation volume, as derived using the point frame method, is better correlated with 

NDVI and is more representative of differences between vegetation types, than biomass 

(historically the more commonly used vegetation quantity indicator). This may be fortuitous for 

researchers, in that vegetation surveys for cover and height can be done in a non-destructive 

manner, whereas comparable repeated measures of biomass are problematic due to the destructive 

nature of biomass harvest.  

The lack of spatial correlation between vegetation community and LAI can be explained 

by the importance of moss as a component of vegetation cover in this environment. When 

considering green vascular cover only, a polar semi-desert site with a large quantity of green 

willow and bare ground, like Plot PD-G (Figure 2.15a), can have a higher LAI than some mesic 

tundra plots, which have higher vegetation cover and volume but a limited vascular component 

(Figure 2.15b).    

a.  b.  

Figure 2.15.   (a) Willow at Plot PD-G (LAI = 0.50), and (b) moss at Plot MT-P (LAI = 0.31) , both on 
July 25th. 
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Temporal Changes  

Despite the strong spatial correlation between NDVI and vegetation cover and volume, 

neither of these vegetation indicators followed the NDVI’s temporal trend – an increase from 

early to late measurement periods. LAI does increase over time, but only significantly for the wet 

sedge meadow vegetation community class.  This can be attributed to two factors: 1) The change 

in vegetation over the summer is as much a function of ‘green-up’ of previously senescent 

material as of new growth; and 2) the NDVI image of August 2nd shows a vegetation response to 

rain that fell in the three days preceding image acquisition.  

In the field, ‘green-up’ was visible in wet sedge meadows by mid July, although the 

mesic tundra, dominated by tawny coloured mosses did not appear to get greener (Appendix J) . 

The increase in LAI for wet sedge meadows is expected given the observed changes in 

phenology. The vegetation cover breakdown in Figure 2.12 shows an increase in green 

graminoids in the wet sedge and, to a lesser degree, mesic communities. The number of senescent 

or standing dead grass and sedge specimens does not decrease to the same extent, indicating the 

increase in green graminoids is made up of a mix of new growth and greening of senescent plants. 

Many of the forb species, such as Saxifraga oppositifolia, had ceased blooming and senesced by 

early July. Salix arctica exhibited noticeable growth in leaf size, catkins, and stems over the 

summer, which was represented by more point frame hits in certain willow-rich plots, whereas 

some had already started to senesce at some of the polar semi-desert sites. Dry upland sites in the 

Arctic tend to be more advanced phenologically due to warmer soil and earlier snowmelt 

(Ellebjerg et al., 2008).  

The moss cover appears to shrink in the second vegetation survey (Figure 2.12).  

Bryophytes, like algae, are poikilohydric, meaning “ a plant able to survive desiccation without 

damage and to resume growth soon after re-wetting” (Tenhunen et al., 1992).   The thickness of 
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the green moss layer is in part related to water content (Douma et al., 2007).   A rainfall that ends 

a period of drought can increase moss photosynthesis rates threefold (Murray et al., 1989), with 

an increase in primary production detectable as little as one hour after watering (Douma et al., 

2007). NDVI is sensitive to increased photosynthetic rates in moss (Harris, 2008).  

In this case, there was a gap of about one week between the last field measurements in 

late July and the second IKONOS image acquisition on August 2nd.  In the intervening time 

period, there were several significant rainfall events  (21 mm over three days) after a ten day 

drought  (Figure 2.8) .  The shrinkage of the moss layer suggested by the point frame data can be 

explained by the dry conditions prevailing for most of July. The increase in NDVI for all 

vegetation types, and most markedly for mesic tundra, is likely related to rehydration of moss.  

This would explain the enhanced response in the mesic tundra, due to its high proportion of moss 

and water limited status.  The wet sedge sites  also have significant moss cover, but are less water 

limited than the mesic sites and would not benefit as directly from the rain; their NDVI increase 

is probably mainly due to the observed ‘green-up’.   The vegetation in the polar semi-desert 

would definitely benefit from the rehydration of moss, but since it has proportionally less 

vegetated area than the mesic tundra, it is reasonable that its NDVI response is also proportionally 

smaller.  

For further insight we might examine the distinct characteristics of Plot MT-G, which is 

located in the area showing the greatest overall NDVI increase. Plot MT-G has a number of 

characteristics which may predispose it to benefit from the rainfall of days 213-215.  Situated in a 

downslope location near a river, it is underlain by the shallowest active layer of all plots (47.5 cm 

maximum), and, in contrast to most other plots, seems to have enhanced nitrogen availability (i.e., 

NO3
-) later in the summer.   It has a higher biomass than any other plot, the bulk of which is non-

vascular (i.e. moss).  It also has the highest percent cover of willow (33%) and the tallest willow 
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plants (mean 3.1 cm). This natural catchment for rainwater and nutrients seems to provide an 

exceptional microenvironment for moss and willow growth, boosting its NDVI signal into the wet 

sedge meadows’ range (Figure 2.16). 

     
Figure 2.16.   Moss (red-brown) and willow (green) at MT-G, late July. Despite a relatively high NDVI in 
late summer, its species mix (and soil moisture statistics) define it as a member of the mesic tundra 
community.  

 

The short growing season combined with frequent cloud cover are critical limitations to the 

use of optical high resolution satellite data in the Arctic. Obtaining cloud-free images in the High 

Arctic can be difficult, and while specific dates for image acquisitions are requested, it may not 

be possible. Although two excellent near cloud-free images were acquired at early and late stages 

of the growing season, ideally there would have been a third image to provide additional temporal 

resolution, and the timing of the latest field data collection and the latest image acquisition would 

have been coincident. This limits conclusions that can be drawn about the effect of late season 

precipitation on the NDVI signal. 

 

2.6 Conclusions 

1. The terrestrial landscape at the Cape Bounty Arctic Watershed Observatory can be 

classified into three vegetation types along a soil moisture gradient: wet sedge meadows 
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(7%), mesic tundra (31%), and polar semi-desert (47% ) - with 15% left as barren ground, 

rock, or permanent snow.  The final classification is a composite of two dates 

incorporating the most reliable components of each, and is 79-83 % thematically accurate 

based on independent validation points.  The mesic and wet sedge classes were more 

spectrally distinguishable in the early summer than in the late summer image.  Using a 

NDVI threshold helps separate  the polar semi-desert from bare ground/rock. 

2. The vegetation types studied at twelve vegetation plots at Cape Bounty are significantly 

different from each other based on environmental (i.e., soil moisture, soil nitrogen 

availability (especially NH4
+)), biophysical (i.e., percent vegetation cover, vegetation 

volume, total abovegroud biomass), and spectral variables (i.e., Normalized Difference 

Vegetation Index (NDVI)). They also differ in their relative proportions of bryophytes to 

vascular plants, which are mainly graminoids and prostrate S. arctica. The data ranges of 

these biophysical measurements generally follow patterns observed at other sites in the 

Canadian High Arctic. 

3. Strong to moderate spatial correlations were observed for NDVI and other biophysical 

variables measured at the plots, especially vegetation volume, percent vegetation cover, 

and soil moisture. Total aboveground biomass explains approximately half of the 

variation in NDVI at our vegetation plots. Vegetation volume (calculated from percent 

cover multiplied by average height for each plant functional group) shows a stronger 

relationship to the spatial distribution of NDVI than does biomass. This seems to be 

related to important differences in the densities of the major plant functional groups for 

this environment. 

4. The seasonal increase in NDVI was not predicted well by changes in percent cover or 

volume, which did not change significantly between the early and late vegetation surveys.  
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This discrepancy is partially explained by greening of senescent graminoids (part of the 

standing crop), which was indeed represented by an increase in green leaf area (LAI) in 

the wet sedge meadows over the summer. It is probably also related to substantial rainfall 

events which occurred before the second image acquisition but after the last vegetation 

survey.  The greatest increase in summer NDVI occurs in the mesic tundra vegetation 

community, which has the highest relative proportion of moss. Spectral response to moss 

watering has been documented previously (Harris, 2008). 
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Chapter 3   
 

Scaling Up Measurements of Terrestrial CO2 Exchange  

in the High Arctic using IKONOS-2 Data 

 

3.1 Introduction 

Despite its sparse, stunted vegetation and wide expanses of barren land, the Arctic has significant 

carbon stocks stored in the soil. Recent estimates put the total soil carbon pool to one metre depth 

of all northern permafrost-affected soils at 495.8 Gt  (Tarnocai et al, 2009). This can be compared 

to 1500 Gt in all soil worldwide, and the current atmospheric pool of 730 Gt (Zimov et al, 2006). 

Horwath-Burnham and Sletten (2010) suggest that the soil organic carbon content of polar semi-

desert soils of the High Arctic has been seriously underestimated in the past, partly because 65% 

of the soil organic carbon in the seasonally unfrozen layer is found more than 25 cm below the 

surface due to cryoturbation.   Currently, both growth and decomposition of organic matter in the 

High Arctic is extremely limited in comparison to other biomes due to low temperatures, variable 

moisture conditions, and a short growing season (< three months). However,  climate change 

projections of warmer temperatures in the Arctic (IPCC, 2007) are expected to deepen the soil 

active layer, thawing permafrost and releasing carbon stored within the previously frozen soil 

(Von Deimling et al., 2011), as well as accelerating total soil carbon decomposition (Oelbermann 

et al., 2008) and losses of “old” carbon ((e.g. Schuur et al. (2009) in Alaska)).   

In addition to enhanced active layer depth, warmer temperatures since the 1990’s are also 

stimulating vegetation growth and net primary productivity,  as measured by satellite over the 

circumpolar Arctic (Zhang et al., 2008; Sitch et al., 2007).  Other climate change predictions such 

as increased snowfall in winter and cloud in summer could influence vegetation distribution and 
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carbon exchange in the High Arctic, resulting in both positive and negative feedbacks (Ellebjerg 

et al., 2008; Elberling et al., 2008b). In light of these trends, it is important to understand key 

carbon cycling processes in the High Arctic, which environmental factors influence the carbon 

balance, and how carbon fluxes can be monitored over space and time.   

Net ecosystem exchange (NEE) is the net carbon dioxide (CO2) flux between the land and 

the atmosphere, representing the sum of total CO2 uptake by plant photosynthesis (gross primary 

production (GPP)); and the release of CO2 back into the atmosphere by respiring plants and soil 

micro-organisms (ecosystem respiration (Re)).  In most vegetated biomes, GPP greatly exceeds Re 

during the growing season, but in the High Arctic, both fluxes are relatively low and, especially 

in sparsely vegetated areas, close in magnitude (e.g. Wuthrich et al. (1999)).  A given area is 

capable of switching from sink to source status from one year to the next depending on the 

vagaries of local weather (Gröndahl et al., 2007; Lloyd, 2001).   

Net primary production (NPP), the difference between GPP and autotrophic respiration, is 

routinely monitored across the circumpolar Arctic (and worldwide) using satellite data and 

weather variables (Sitch et al., 2007). These satellites detect red and near infrared reflectance 

from vegetation, which is used to calculate the Normalized Difference Vegetation Index (NDVI). 

The NDVI is often correlated with key vegetation properties such as leaf area index (LAI) that 

influence primary production (Steltzer and Walker, 2006).   Certain studies have attempted to 

derive site-specific models of NEE based on relationships between CO2 flux measurements and 

NDVI measured at the plot scale using handheld radiometers  (Shaver et al., 2007; McMichael et 

al., 1999) or on a regional scale with satellite data, i.e., Landsat, (30 m spatial resolution) 

(Soegaard et al., 2000) or AVHRR (1 km spatial resolution) (Oechel et al., 2000; Vourlitis et al., 

2000).  These studies all involve Low- or Mid-Arctic sites, except for Soegaard et al. (2000) in 

northeast Greenland.  Vourlitis et al. (2000) advocated a “minimum data approach” to reliably 



 56

estimate CO2 fluxes at a site using as few data types as possible.    The ideal would be to use only 

data that can be easily and quickly obtained for large areas, e.g. satellite remote sensing data and 

meteorological data, which can also be obtained from satellites or automated field meteorological 

stations.   

Spatial patterns of NEE in High Arctic ecosystems are influenced in part by vegetation 

type (Weilgolaski et al, 1981). These communities are distributed across the landscape by 

topographically-defined differences in soil moisture regimes (Elberling et al., 2008b; Edlund, 

1991). Previous work at our site at Cape Bounty, Melville Island  has shown that vegetation 

percent cover, volume (i.e. percent vegetation cover multiplied by height), and soil moisture 

content are closely correlated with high resolution satellite NDVI values (Chapter 2). The 

objectives of the research described here are to: 1) quantify differences in CO2 exchange in three 

High Arctic vegetation types exhibiting different seasonal soil moisture regimes; 2) investigate 

spatial and temporal relationships between  CO2  fluxes and other biophysical variables; and 3) 

investigate methods of  ‘upscaling’ the plot level CO2  measurements to landscape scale based on 

observed relationships between CO2  fluxes and satellite reflectance data.   

3.2 Methods 

3.2.1 Study site 

Cape Bounty, Melville Island, Canada (74° 55′ N, 109° 35 ′W) is an example of a High 

Arctic ecosystem.  The terrain is undulating with low hills and lowlands close to sea level and is 

underlain by sedimentary formations (Hodgson and Vincent, 1984) with a fairly neutral soil pH 

(Edlund, 1990).  

Mean July temperature at Cape Bounty was 7.4 °C in 2008, similar to the 2004-2007 four 

year average of 6.0 °C (this includes the record breaking summer of 2007). The total liquid 
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precipitation during 2008 was 56 mm, which is twice the average for the preceding four years. 

Summer rainfall events at Cape Bounty are infrequent with less than 10 mm per event, although 

misty weather with high relative humidity is common. Most precipitation falls in winter as snow, 

and the spring nival runoff creates a dramatic spike in stream discharge for a few weeks every 

June (McDonald and Lamoureux, 2009).  Snow melt is the major source of soil moisture for 

plants.  

The landscape at Cape Bounty can be divided into three main vegetation types distributed 

along a moisture gradient. Polar Semi-Desert consists of patterned ground with up to 30% 

vegetation cover – a diverse mix of prostrate arctic willow (Salix arctica), grasses, forbs, mosses 

and lichens. Polar semi-desert occurs on well-drained uplands.   The Mesic Tundra sites are about 

85% vegetated, with patches of exposed mineral soil. By weight the vegetation is approximately 

90% moss, but there is also arctic willow, and sparse graminoids and forbs. Wet Sedge Meadows 

have 95-100% vegetation cover with a moss understory and a thick mat of sedges and grasses 

(Eriophorum augustifolium ssp. triste, Dupontia fisheri, Alopecurus magellanicus, Carex 

aquatilis ssp. Stans). Wet sedge meadows cover only 10% of the study area. The vegetation 

canopy is under 10 cm tall.  

 

3.2.2 Satellite Data 

Two multispectral IKONOS satellite images -  four spectral channels (blue, green, red 

and infrared) at 4 m spatial resolution -  were acquired on July 4th  at  13:32 MST and on August 

2nd 2008 at 12:49 MST.  These satellite data were analysed to generate a land-cover classification 

(mapping three vegetation types – Chap. 2) and a NDVI derivative for each date.  NDVI is a 

unitless ratio having values ranging from -1 to 1 indicating the presence and extent of healthy 

green vegetation (Rouse et al., 1974).  
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Twelve plots (12 m x 12 m) were located at sites identified in previous research 

(Atkinson and Treitz, 2007) as representative of the three vegetation community types: four wet 

sedge meadow plots, four mesic tundra plots, and four polar semi-desert plots (Figure 3.1). The 

plot size corresponds to a 3 x 3 pixel window of IKONOS data.  The two NDVI images were 

overlain on the plot locations and a NDVI value for each date was calculated for each plot. 

Details of the image processing are presented in Chapter 2. 

 

Figure 3.1.  Cape Bounty Aug 2nd  IKONOS satellite image infrared false colour composite showing plot 
locations. The plots prefixed by PD are polar semi-desert, MT are mesic tundra, and WS are wet sedge 
meadows.  Redder areas on the image are indicative of greater vegetation cover. 
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3.2.3 CO2 flux measurements 

Two PVC collars (20 cm diameter) were embedded in the soil 8.5 m apart along a 

diagonal transect SW to NE across each plot.  One or two extra collars were placed at polar semi-

desert plots to ensure both vegetated and non-vegetated areas were sampled.  To measure CO2 

fluxes, a 9 litre clear plastic cylindrical chamber was mounted on a collar and sealed to the collar 

with a rubber gasket.   The chamber was fitted with a small 9 volt computer fan for air circulation 

and a vent tube to control air pressure differentials (Hutchinson and Livingston, 1993). Two metal 

phlanges were mounted to the top of the chamber to hold the CO2  sensor (Vaisala™ GMP343 

Carbon Dioxide probe) and the temperature/relative humidity sensor (Vaisala™ HMP75 Relative 

Humidity and Temperature probe) (Figure 3.2a).  The chamber was allowed to equilibrate with 

ambient air to a stable reading prior to taking a flux measurement.  CO2  concentrations were 

recorded at 5 second intervals for a five minute period by the Vaisala™ M170 data logger.  After 

five minutes, the chamber was again equilibrated with ambient air , then the reading was repeated 

with an opaque covering (shroud) over the chamber (Figure 3.2b). The first reading in the light 

was a direct measure of NEE, and the second measurement was the “dark reading” that 

corresponds to Re. The rate of photosynthesis i.e. gross primary productivity (GPP) was obtained 

by taking the difference between the light and dark readings. 

CO2 measurements began on June 24th 2008 and continued for six weeks until August 4th 

2008.  Each plot was sampled weekly during weeks 1,2,5 and 6, and biweekly during weeks 3 

and 4. All measurements took place between 10 am and 8 pm  during conditions of 24 hour 

daylight.



 60 

       
Figure 3.2.   (a) Closed static chamber system with Vaisala probes and data logger mounted on plastic 
collar embedded in soil in a wet sedge meadow plot. (b) Dark measurement with a shroud covering the 
chamber (Photo Credit: Janice Lang, July 20, 2008). 

 

Post-Processing of CO2 data 

Chamber concentration measurements (ppm) were converted into µmol CO2 m2 second-1 

using the ideal gas law, the volume and ground area of the chamber-collar combination, the 

internal chamber air temperatures recorded by  the Vaisala™ HMP75 probe, and the air pressure 

noted at the time of measurement. Each set of sixty readings was converted to a single average 

flux rate by first calculating the flux change between subsequent measurements, taking the mean 

of each set of three flux changes (the ten second average),  and finally taking the mean of all the 

ten second averages to obtain an overall average rate of flux during the measurement period.  

Details of the calculations are shown in Appendix L. This paper adopts the convention of 

assigning a positive sign to fluxes in which CO2 concentrations rose, indicating a net release of 

CO2 to the atmosphere, and negative sign to fluxes where net CO2  uptake by the plants occurred.   
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When the chamber is first placed on the collar, it takes time for the internal pressure to 

stabilize and a consistent flux rate to establish. For this reason, the first 3 samples (representing 

first 15 seconds of measurement) were left out of the flux rate calculation. A graph of each set of 

CO2 measurements was examined to ensure this was a sufficient adjustment period; in 28 cases, 

the stabilization period took a little longer and the data included in the overall flux calculation 

were adjusted accordingly.  This is supported by observations by Myklebust et al. (2008) who 

found 20 seconds was usually sufficient for pressure equalization using a similar sized chamber 

system.  

3.2.4 Environmental Data 

Soil temperature at depths of 5 and 10 cm adjacent to each collar was measured with a 

soil thermometer (Thermor Model PS100) at the same time as the CO2 flux measurements. 

Atmospheric pressure, wind speed, and air temperature at the time of each CO2 measurement 

were measured with a hand held Kestrel™ weather gauge.  Active layer depth was measured at 

six evenly spaced locations near the east edge of each plot by inserting a steel pole into the 

ground to the permafrost layer. Soil moisture was measured with a Thetaprobe™ (Delta T 

Instruments) to a depth of 7 cm at eight evenly spaced locations along the west edge of the plot. 

An automated weather station at Cape Bounty (“Met Station” on  Figure 3.1) recorded 

photosynthetically active radiation (PAR) and precipitation on an hourly basis.  

 

3.2.5 Statistical Analysis 

CO2  measurements for the  two collars were averaged in each mesic and wet sedge plot. 

For the polar semi-desert, because they are very heterogenous due to the patterned ground, plot-
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scale flux values were calculated by weighting fluxes from bare soil and vegetated areas 

depending on their relative contribution to the area of the plot. 

  Repeated measures analysis of variance (RMANOVA) was used to identify main effects 

of vegetation type and time on  CO2 fluxes and other dependant variables measured at the plots.  

Bonferroni pairwise multiple comparisons t-tests identified which vegetation types or weeks 

differed significantly from the others.  Data was transformed with log10 or ln where necessary to 

conform to requirements for a normal distribution and equal variances. Pearson’s Product 

Moment Correlation and multiple linear regression were used to explore relationships between 

CO2  fluxes and environmental variables. NDVI per plot was regressed against the CO2 fluxes on 

the weeks corresponding to the satellite image acquistions. Scatterplots were examined to check 

for non-linear fits. In addition, a growing season average GPP, Re, and NEE was calculated from 

all the CO2 measurements at each plot and plotted against the mean NDVI (average of the two 

dates) of the plot. Alpha was set at 0.05 for all tests. 

An important objective of this research was to investigate methods by which the plot-scale 

CO2 fluxes could be extrapolated across the landscape based on their relationships with the 

satellite data.  Two approaches to this upscaling were examined: 1) deriving mean flux rates for 

the study area based on the land-cover classification and the relative abundance of each 

vegetation type; and 2) a spatial modelling approach based on relationships between NDVI, CO2  

flux, and environmental variables. 
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3.3 Results 

3.3.1 Environmental Conditions 

The summer of 2008 at Cape Bounty began with above average temperatures and solar 

radiation during the first two weeks; it was during this time that the first IKONOS image was 

obtained.  In the third week, the weather became more cloudy followed by an extended period of 

cool, overcast, humid and often foggy weather.  During the last ten days of CO2 measurements at 

the site, there was a mix of sun and rain. Of the 36.6 mm of rain during this period, almost all fell 

in the last three weeks, with most of the precipitation falling shortly before the second satellite 

image acquisition (Figure 3.3).   .  

 
Figure 3.3.  Hourly meteorological measurements during the six weeks of CO2  data collection in the 
summer of 2008 at Cape Bounty.    

 

 

The active layer deepened rapidly in all plots until mid July (weeks 3-4), when the rate of 

development slowed markedly (Figure 3.4a; two-way RMANOVA main effect of time F(5,37) = 
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43.6, p < 0.001).  Although the polar semi-desert plots had the deepest active layer depths, the 

overall difference between communities was not statistically significant (F(2,9) = 3.81, p = 0.062).  

Mean growing season soil moisture was significantly different for the three vegetation types 

(Figure 3.4b; two-way RMANOVA F(2,9) = 26.2, p < 0.001). Polar semi-desert soils at 5 and 10 

cm depths tended to stay warmer and track fluctuations in air temperature more closely than the 

less arid plant communities (Figure 3.4; Table 3.1), although the statistical significance of the 

effect was marginal according to two-way RMANOVA ((T(5 cm) :F (2,7) = 3.67, p = 0.068; T(10 cm): F 

(2,7) = 3.24, p = 0.087).  Active layer depths (F(5,37) = 43.6, p < 0.001), soil moisture (F(5,44) = 30.5, 

p < 0.001) , soil temperature at 5 cm (F(7,60) = 34.2 , p < 0.001), and soil temperature at 10 cm 

(F(7,60) = 28.4, p < 0.001)  all varied significantly from week to week.  

Table 3.1. Soil and NDVI characteristics of vegetation types at Cape Bounty for the 6 week measurement 
period (mean ± standard error of the mean (SEM)). SEM is based on the season means of the four 
replicates for each vegetation type.  Different lowercase letters in a column indicate which vegetation types 
were significantly different based  on Bonferroni  t-test pairwise comparisons  (p <0.05) after ANOVA 
detected a main effect of vegetation type for that variable.  

 Soil 
Temperature 
 at 5 cm 
 depth  
 (° C) 

Soil 
Temperature  
at 10 cm  
depth 
 (° C) 

Volumetric  
Soil  Water 
Content  
(m3/m3)   
  

NDVI means 
of  all 
 study area 
pixels 
 
July 4th 
Aug 2nd 

NDVI means 
 of plots   
                         
 
 
July 4th  
Aug 2nd 

Polar  
Semi-Desert 
 

8.0 ±0.4 a 
 

6.7 ±0.3 a
 

0.177 ±0.007 a
 

0.0629
0.1005}a  0.0620

 0.1001}a  

Mesic  
Tundra 
 

6.8 ±0.2 a 
 

5.4 ±0.2 a
 

0.304 ±0.019 b
 

0.1638
0.2164}b 

0.1608
0.2158}b 

Wet Sedge 
Meadows 

5.9 ±0.8 a 
 

4.8 ±0.8 a 
 

0.568 ±0.070 c 0.2533
0.2917}c 

0.2427
0.2987}b 

 

Polar semi-desert, which is ~70% bare soil, had the least green plant material as 

measured by NDVI, and wet sedge meadows the most (Table 3.1; main effect of vegetation type 

of NDVI:  F(2,2) = 364, p = 0.003). Between the two image dates, July 4th and August 2nd, each 

vegetation type as aggregated in the land-cover classification, and each individual plot location 
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where field data were collected increased in NDVI (Table 3.1; image NDVI main effect of time, 

F(1,2) = 35.2, p = 0.027; plot NDVI main effect of time, F(5,44) = 30.5, p < 0.001).   

 

   
Figure 3.4.  Weekly vegetation type averages of : (a) active layer depth and (b) volumetric soil moisture (c) 
soil temperature at 5 cm depth, and (d) soil temperature at 10 cm depth, from June 24th (Julian day 176) to 
August 4th 2008 (Julian day 217).  Error bars represent standard error of the weekly mean for all plots of the 
given vegetation type. 
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3.3.2 CO2 Flux by Vegetation Type 

In the first week of the field season (June 24 – 30), snow had only recently melted from 

the landscape, soils were saturated, and graminoids still appeared senescent.   By week 3, 

greening in the wet sedge meadows and cottongrass (Eriophorum spp.) bloom was evident 

despite cool, overcast, windy weather conditions. Although dense patches of S. arctica in the 

polar semi-desert had some of the highest photosynthesis rates recorded at Cape Bounty,  the bare 

mineral soil - ~70% of the area – was a CO2 source,  offsetting the effect of the polar semi-desert 

vegetation entirely at a coarser scale. This caused the polar semi-desert net CO2 exchange to 

closely resemble mesic tundra, where respiration kept ahead of very low photosynthesis rates for 

most periods.  Only the wet sedge meadows were net sinks for carbon dioxide during the summer 

of 2008 (Figure 3.5). 

Based on two-way RMANOVA,  there was a main effect of plant community type on 

GPP (F(2,9) = 5.83, p = 0.024) and Re (F(2,9) = 16.3, p = 0.001).  Specifically, the wet sedge 

meadows differed significantly from the polar semi-desert in GEP (p = 0.042), and from both 

other vegetation types in Re (polar semi-desert and wet sedge, p = 0.001; mesic tundra and wet 

sedge, p = 0.010 ).  For Re only, there was a main effect of time (F(7,60) = 6.08, p < 0.001); week 2 

is significantly different from all other weeks  except week 6.  Two-way RMANOVA did not 

detect any significant effects of vegetation type (F(2,9) = 2.63, p = 0.126) or time (F(7,60) = 1.05, p = 

0.407)  in the NEE flux data.  

A land-cover classification based on the IKONOS satellite images (Chapter 2) 

determined that the proportions of each plant community type at  Cape Bounty within the cloud-

free 9 km2 study area were 43% polar semi-desert, 42% mesic tundra, 10% wet sedge meadow, 

and 5% bare rock, water, or permanent snow.  Assuming the flux from the barren areas is zero or 

negligible, the mean fluxes of each vegetation type per week can be weighted by their percent 
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cover to obtain an estimate of the mean Re, GPP, and NEE for the CBAWO each week in the 

summer of 2008 (Figure 3.6). 

 

 

 

 
Figure 3.5.  Average weekly CO2  fluxes for (a) polar semi-desert; (b) mesic tundra; and (c) wet sedge 
meadows. Positive values represent CO2 emissions and negative values CO2 uptake.  Error bars represent 
the standard error of the mean (n=4 plots/data point). 
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Figure 3.6.  Estimate of mean CO2 fluxes weighted by vegetation type percent cover for each week of the 
summer of 2008 at Cape Bounty. Positive values represent CO2 emissions and negative values CO2 uptake.  
Error bars represent the standard error of the mean, based on the weighted standard errors for each 
vegetation class and the classification accuracy of 83%. 

 

The weighted mean NEE for the study area with the above vegetation community 

proportions is 0.33 ± 0.47 µmol m-2 s-1, which corresponds to a loss of 14.1 ±19.7 g C m-2 over 

the 6 week season. While the landscape is close to being carbon neutral, these results suggest that 

it was likely a small carbon source in the summer of 2008. In addition, it should be noted that we 

did not include measurements at “night” when the sun was lower on the horizon. Taking this into 

account, the total carbon loss would probably be larger, as photosynthesis rates tend to decrease 

more than respiration during the nadir of the arctic summer 24 hour day (Wuthrich et al., 1999). 

  

June 24 -30    
176-182

July 1-7     
183-189

July 8-14     
190-196

July 15 -21    
197-203

July 22 -28   
204-210

July 29-Aug 4   
211-217

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6



 69

3.3.3 CO2 Fluxes and Environmental Factors 

The environmental variable most closely associated with GPP for all vegetation types 

combined is soil moisture (Table 3.2). Soil moisture varies spatially between plots and 

temporally over the measurement period, and the strong associations found in the aggregated data 

(all vegetation types) are mainly spatial, relating to the higher fluxes in the wet sedge meadows. 

Within the vegetation community groupings, GPP in the mesic tundra is correlated with soil 

moisture. Unfortunately, some mid- and end-of-season soil moisture measurements were missing 

so the full seasonal effects of soil moisture on CO2 fluxes within vegetation types could not be 

examined.   

Temperature had a significant influence on Re especially for the mesic tundra (Table 

3.2).  The most significant environmental influence on Re for all vegetation types combined was 

soil moisture, but soil moisture was not a significant influence on Re within vegetation types 

(Table 3.2). Based on results from multiple linear regression, soil moisture and temperature 

together account for 47% of variation in Re in the entire data set of CO2 measurements (for all 

sites and all times). 

The effect of PAR and relative humidity (RH) on CO2 fluxes was also tested, but no 

significant associations were observed.  
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Table 3.2.  Pearson’s Product Moment Correlations (R) for Gross Primary Production (GPP), Ecosystem Respiration (Re), Net Ecosystem Exchange (NEE), and 
environmental factors.  Only statistically significant results at p < 0.05 are presented, and associations with significance of p < 0.001 are in bold.  (Note: Uptake 
of CO2 by the ecosystem is negatively signed, so, for example,  a negative association with NEE means increased CO2 uptake and/or decreased CO2 efflux.) 

 

 All data Wet Sedge  Mesic Tundra Polar Semi-Desert  

 GPP Re NEE GPP Re NEE GPP Re NEE GPP Re NEE 
Air temp. 
 

 

 0.37, 
p<0.001 
n=96 

0.21, 
p=0.037 
n=96 

 0.55, 
p=0.001 
n=32 

  0.65, 
p<0.001 
n=33 

0.46, 
p=0.007 
n=33 

 0.45, 
p=0.010 
n=31 

 

Soil 
Moisture 
 

-0.64, 
p<0.001 
n=61 

0.60 
p<0.001 
n=61 

-0.49 
p<0.001 
n=61 

   -0.51, 
p=0.013 
n=23 

     

Active 
Layer 
Depth 
 

0.28, 
p=0.005 
n=96 

-0.33, 
p=0.001 
n=96 

  -0.41, 
p=0.020, 
n=32 

  -0.40, 
p=0.020 
n=33 

    

Soil Temp. 
at 5 cm 
 

0.27, 
p=0.009 
n=96 

 0.34, 
p<0.001 
n=96 

    0.54, 
p=0.001 
n=33 

  0.48, 
p=0.006 
n=31 

 

Soil Temp. 
at 10 cm 
 

0.30, 
p=0.003 
n=96 

 0.36, 
p<0.001 
n=96 

    0.45, 
p=0.010 
n=33 

  0.45, 
p=0.010 
n=31 
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3.3.4 CO2 Fluxes and NDVI 

The satellite data from which NDVI was derived were obtained in the second and sixth 

weeks of CO2 flux measurement.  Although the CO2 fluxes measured within the weeks 

corresponding to the two satellite image acquisitions were measured during different times and 

weather conditions during the week, over 50% of the spatial variation in GPP and Re at the plots 

measured during those weeks could be predicted by NDVI (Figure 3.7). There was no significant 

linear relationship between NEE and NDVI. It is evident that there is considerable noise within 

these single sets of measurements, such that in a few cases, the CO2 flux measurement (NEE) 

indicated a higher rate of CO2  efflux than the dark measurement (Re), resulting in non-sensical 

positive values for GPP. This happened occasionally in polar semi-desert or mesic plots with very 

little vegetation and very small, if any photosynthetic activity.  

 
Figure 3.7.  CO2  fluxes, GPP, Re, and NEE measured for: (a) week 2 – Julian days 183-189; and (b) week 
6 – Julian days 211-217 of the summer field season, regressed against the NDVI of the plots as derived 
from IKONOS images acquired  during the same week.  
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There are limitations to this method of  correlating NDVI and CO2  fluxes, namely the 

NDVI is being compared to only one instance of  CO2  flux measurements per plot within which 

there is: 1) considerable random variability; and 2) effects from factors such as time of day, 

temperature, recent rainfall, etc. that varied throughout the week of measurements. These factors 

are partially mitigated when the fluxes are averaged for the growing season as in  Figure 3.8, 

with the result that some stronger relationships with NDVI are revealed. 

 

  
Figure 3.8.  (a) Seasonally averaged CO2 fluxes, GPP, Re, and NEE regressed against the average NDVI by 
plot. The dark orange dashed trendline for GPP with a r2 of 0.55 represents a linear regression of GPP and 
NDVI using all plots, whereas the light orange dotted trendline with a r2  of 0.83 represents a linear 
regression of GPP and NDVI of the mesic and wet sedge plots only. The solid black trendline represents a 
linear fit for NEE and NDVI. (b) Seasonally averaged NEE versus NDVI expressed as a polynomial curve.   
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0.55, p = 0.005, n=12) is similar to that of the weekly data, but exhibits non-homoscedasticity, 
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relationship  (r2 = 0.83, p = 0.006, n = 8)  increases.  Over the entire season, Re has a closer linear 

correlation with NDVI (r2 = 0.78, p < 0.001, n=12) than demonstrated in the weekly data  (Figure 

3.7a).  A marginally significant linear relationship (r2= 0.34, p = 0.048, n=12) can be found 

between seasonally integrated NEE and NDVI (Figure 3.8a), but a polynomial equation fits the 

data better (Figure 3.8b) and is more realistic, given that we know NEE tends to be negative 

(CO2 uptake) for wet sedge meadows, positive for mesic tundra (CO2  efflux), and  approaches 

zero as NDVI approaches zero (i.e. on bare rock devoid of vegetation). Clearly, there is great 

heterogeneity even in seasonally integrated NEE for the polar semi-desert plots, but a linear 

relationship between NDVI and NEE seems to develop for NDVI values greater than 0.2. The 

threshold between net CO2 emission and uptake seems to occur around NDVI = 0.25.  

3.4 Spatial Modelling of NEE 

3.4.1 Model Development 

The goal of the spatial modelling was to use the relationships between CO2 fluxes, NDVI, 

and environmental variables at Cape Bounty to estimate NEE over the extent of the satellite 

images at the moment of satellite data capture. The spatial model was applied twice -  once for 

the July 4th image and once for August 2nd  image, thus yielding a snapshot of Cape Bounty’s 

carbon exchange status in the early and in the late stages of the growing season.  

The first principle of the model development is that since the direct relationships between 

NEE, NDVI, and the environmental variables were fairly weak or non-significant, but the same 

relationships with GPP and Re were relatively strong, best results can be obtained by modelling 

the two components of NEE separately and combining the results (Figure 3.9). This method also 

acknowledges the different relationships that GPP and Re have with environmental variables and 

NDVI, which will affect NEE in a non-linear fashion at different values of these variables. 
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Although the effect of photosynthetically active radiation (PAR) on photosynthesis could 

not be isolated in these data, probably due to confounding factors of site differences, phenology 

and weather, we know that there is a theoretical relationship. By definition, there can be no 

photosynthesis without light. Because the CO2 flux measurements were taken at different times in 

different light conditions, the GPP measurements should be normalized by PAR so that the 

relationship between GPP and NDVI can be expressed independently of PAR (McMicheal et al., 

1999; Bartlett et al., 1989).  Instead of a mechanistic photosynthesis model with numerous 

parameters requiring very specific calibration ((e.g. Soegaard et al (2000)), the simple model 

presented here uses an empirical equation based on the Michealis-Menton kinetic model to 

normalize GPP to PAR (Douma et al., 2007; Lloyd, 2001; Hollinger et al., 1994) (Appendix N).  

This yields a theoretical Pmax at saturating light intensity.     Pmax was then plotted against NDVI, 

using a combination of exponential and linear equations (r2 = 0.64 to 0.84) to best represent the 

relationship at very low and higher values of NDVI.  Given a derived Pmax for each value of 

NDVI on the image, the PAR recorded at image acquisition time can be inserted into Michealis-

Menton kinetic model equation to calculate the actual GPP at each pixel (Appendix N, Figure 

3.9).   

Re was modelled based on its temperature sensitivity at different values of NDVI, 

following Soegaard et al. (2000).  Significant linear relationships between Re and air temperature 

were found at six of the twelve plots. (It is assumed that a Re: T relationship actually exists at all 

sites with soil, but the number of observations per plot (n=8) was not sufficient to develop a 

significant relationship in every case). Based on these relationships, Q10 (the temperature 

coefficient), R10, and R(T), where T is the air temperature at the time of satellite data acquisition, 

could be calculated for these six plots.  
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Figure 3.9.  Flow diagram for spatial modelling of NEE. 
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 The calculated R(T)’s were regressed against the respective NDVI’s of the plots to derive 

regression equations (r2 = 0.78 to 0.79) to predict R(T)  for any given value of NDVI (Appendix 

O). 

3.4.2 Model Results 

The model results  show a pattern of higher respiration and higher photosynthetic rates on 

July 4th as compared with Aug 2nd (Figure 3.10, Figure 3.11).   The lower respiration rates on 

August 2nd  are a result of lower temperature (6.1 ° C on Aug 2nd  compared to 12.8 ° C on July 

4th) in combination with higher NDVI. The lower photosynthesis rates are related to  lower light 

level (PAR)  (572.2 µmol photons m-2  s-1 on Aug 2nd compared to 1117.6 µmol photons m-2  s-1on 

July 4th), but also  the lower  rate of photosynthesis per unit NDVI on the later date 

.   

 

Figure 3.10.  Model predictions of Gross Primary Production (GPP), Ecosystem Respiration (Re), and Net 
Ecosystem Exchange (NEE) for values of NDVI from 0 to 0.40 at the times of satellite data acquisition on 
July 4th and on Aug 2nd. 
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Figure 3.11.   NDVI maps for: (a) 13:32 pm July 4th 2008; and (b) 12:49 pm Aug 2nd 2008. NEE prediction 
maps for: (c) 13:32 pm July 4th 2008; and (d) 12:49 pm Aug 2nd 2008.  Negatively signed (yellow to green 
areas) on NEE maps represent net uptake of CO2. 
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According to the model, the average NEE at 13:32 MST on July 4th 2008 was 0.20 µmol 

m-2 s-1, suggesting a small net loss of carbon to the atmosphere from the 9 km2 area. For  August 

2nd 2008 at 12:49, the model estimate is  -0.07 µmol m-2 s-1 , suggesting a small net gain of carbon 

by the ecosystem. 

The direction of change in NEE was not uniform across the area, and there appears to be 

a relationship with vegetation type (Figure 3.12).    Although NDVI   increased in every 

vegetation community class over the summer, in the wet sedge meadow class this does not 

correspond to an increase in modelled CO2 uptake on Aug 2nd at 12:29 pm. The areas covered by 

wet sedge meadows were predicted to have lower rates of CO2 uptake on Aug 2nd than they did 

on July 4th . This can be attributed to the shallower NDVI:GPP curve for high values of NDVI  on 

August 2nd (Figure 3.10). Even though the value of NDVI at a given wet sedge site is likely to be 

higher on August 2nd, the increase is not great enough to compensate for the reduced rate of 

photosynthesis. On the other hand, the areas covered by mesic tundra, especially in the river 

valley where plot MT-G is located (near centre of study area) tend to sequester CO2 on Aug 2nd  

as opposed to July 4th (Figure 3.11).  An increase in NDVI, coupled with the lower respiration 

rates on this date, makes this possible. 
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Figure 3.12.  Comparison between vegetation types and differences in NEE between July 4th and Aug 2nd 
as predicted by the model. The blue areas on the Difference in NEE map have become more of a CO2 sink/ 
less of a CO2 source on Aug 2nd than there were on July 4th.  The red areas have become a weaker CO2 sink. 

  

 

3.5 Discussion 

3.5.1 CO2 Flux, Vegetation type, and Environmental Variables 

Wet sedge meadows had higher rates of GPP and Re than any of the other plant 

community types.  At Cape Bounty, only wet sedge meadows are sufficiently rich in vegetation, 

and thus high in NDVI, to be a net sink for CO2 over the late June-early August growing season.  

However, during the green-up period (and time of increasing photosynthetic rates observed 

during the warm weather of week 2 in early July), high Re  kept the wet sedge communities close 
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The least productive of the wet sedge meadow sites, WS-P (Figure 3.13a), commenced 

the growing season with a volumetric soil moisture of 0.70 m3/m3 in the wet sedge range, but, 

unlike the other wet sedge sites which maintained a soil moisture level of above 0.50 m3/m3, dried 

out to 0.20 m3/m3/ by weeks 2 and 3.  Photosynthesis rates dropped to zero at this marginal site in 

midsummer and there was no net uptake until the moisture level started to recover in late July 

(Appendix M), illustrating the vulnerability of the wet sedge meadows’ capacity to act as a sink 

if sufficient soil moisture levels are not maintained.   Sjögersten et al. (2006) found that sites 

along a moisture gradient in a High Arctic valley at Svalbard, Norway (78°N) changed from 

being carbon sources to carbon sinks at approximately 0.55 m3/m3 soil water content. This is 

slightly higher than the low end of the wet sedge meadow moisture range observed at Cape 

Bounty. 

a.    b.    

Figure 3.13. (a) Marginal wet sedge meadow plot WS-P, and (b) more productive wet sedge plot WS-D, 
both late July. 

 

Although the mesic tundra plots were below 0.55 m3/m3 for the time period (days 176-

208) for which soil moisture measurements were collected at these plots, data from other mesic 

sites at Cape Bounty show that rain events between days 212 and 215 allowed these mesic sites to 

reach soil moisture levels close to 0.5 m3/m3 by the time of the second satellite image acquisition 

(Figure 3.4b).  Based on the increase in NDVI, the mesic tundra in the river valley around plot 

MT-G particularly seems to have benefited from these rain events (Figure 3.11).  Plot MT-G  
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increased  in NDVI from 0.17 on July 4th to 0.27 on August 2nd, the largest increase in NDVI at 

any individual plot. CO2 measurements on August 4th at plot MT-G indicated a small carbon sink, 

NEE = -0.21 µmol m-2 s-1, for the first time that summer. Plot MT-P also registered as a small 

sink for CO2 on July 25th, a few days after the first major rainfall, but the other two mesic plots at 

better drained locations remained sources.  

Within vegetation types, fluctuations in soil moisture were only significantly associated 

with GPP for mesic tundra (Table 3.2).   GPP for mesic tundra decreased over the month of July, 

probably due to desiccation of the moss. Photosynthetic activity in the mesic tundra almost 

ceased in week 3 (Figure 3.5b) when soil moisture levels were at their lowest. Mesic tundra has 

the highest proportion of bryophytes of the three vegetation types, with moss comprising 90% of 

aboveground biomass, 80% of the percent cover, and an average depth of 3 cm (Appendix J).  

NDVI is sensitive to photosynthetic efficiency  in moss (Harris, 2008), and watering moss causes 

a rapid response in GPP (Douma et al., 2007) to as much as a threefold increase in photosynthetic 

rate (Murray et al., 1989). Sunny weather is not required for this intensification of photosynthetic 

activity in moss-dominant vegetation types, as net photosynthesis in moss saturates at a relatively 

low light intensity and full sunlight actually retards moss growth (Tenhunen et al., 1992). Thus, 

one would expect both NDVI and photosynthesis in mesic areas to rebound after rain. 

CO2 flux measurements made in the summer of 2008 at Cape Bounty did not reveal any 

statistically discernable effects of temperature and PAR on GPP. The highest individual rates of 

photosynthesis were observed at WS-J between July 12 and 16th, despite cloudy conditions and 

low temperatures.  Other studies have found similar results. Arndal et al. (2009) found no 

correlation between GPP and PAR in their CO2  study at Zackenburg, Greenland.  This may be 

because photosynthesis in many Arctic species reaches light saturation at moderate or even low 

intensities relative to plants from temperate zones, an adaption which allows them to exploit the 
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low light intensities and diffuse radiation characteristic of cloudy conditions (Semikhatova et al., 

1992).   The same can be said for temperature; although the optimum range for photosynthesis in 

most arctic plants is between 10 and 18° C ((e.g. Salix polaris (Muraoka et al., 2002), 

Eriophorum vaginitum (Leadley and Reynolds, 1992)), they are adapted to function at the lower 

temperatures which prevail throughout most of their growing season (Semikhatova et al., 1992).  

It is likely that other factors such as phenology overwhelmed the subtler influence of temperature 

and PAR in the photosynthesis data collected at Cape Bounty during the summer of 2008, which 

was characterized by cool, cloudy weather midseason. Either controlled conditions in the 

laboratory (Muraoka et al., 2002) or multiyear comparisons (Gröndahl et al., 2007) offer more 

suitable conditions for observing effects of PAR and temperature on photosynthesis in arctic 

plants.  

Nadelhoffer et al. (1992) identified three main controls on decomposition and soil 

respiration in the Arctic– temperature, moisture, and substrate.  Both soil moisture and air/soil 

temperature significantly influenced Re for all plots at Cape Bounty, but within vegetation types, 

only temperature (air and soil) correlated significantly with Re (Table 3.2).  Overall, the 

correlation between air temperature and Re observed in this research was weaker than that 

reported at other High Arctic sites (e.g., Welker et al., 2004; Elberling et al., 2008a).   

However, one  needs to distinguish between spatial and temporal variations in Re. Soil 

temperature at 5 cm depth explained 90% of the variation in soil respiration at specific sites at 

Svalbard and Longyearbyen over one year (Elberling, 2007), but in another CO2  study at 

Svalbard,  soil moisture across plots along a moisture gradient  was a stronger predictor of Re 

than temperature  (Sjögersten et al., 2006). In general, temperature is the strongest control on soil 

respiration rates at soil moisture contents between 20% (gravimetric) to saturation (Uusimaa, 

2003).  At Cape Bounty, the strongest association between temperature and Re was found in the 

mesic tundra, probably because soil respiration in the polar semi-desert is more moisture limited. 
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In the wet sedge meadows, plant respiration can be expected to account for a large proportion of 

Re (Johnson et al., 2000) , thus, the mirroring of GPP and Re flux rates observed in Figure 3.5c.  

The association of Re with temperature could explain why two-way RMANOVA  identified 

Week 2, a week of above average temperatures (Figure 3.3), as the only week with significantly 

higher average Re rates.  

The associations in Table 3.2 must be interpreted in conjunction with the vegetation 

community characteristics in Table 3.1, and with recognition that they reflect a mix of spatial and 

temporal effects.   For example, the negative association between Re and active layer depth does 

not mean that respiration decreased as active layer depth increased over the summer; instead, it is 

more likely an expression of the tendency for the plots with higher soil water content  to have 

higher flux rates (due to the presence of vegetation and a more developed soil active layer) and 

shallower active layer depths (slower thawing) than the drier plots (i.e., polar semi-desert).  

Likewise, the relationships of CO2  fluxes with soil temperatures for the aggregated data (all 

vegetation types together)  are influenced by the tendency of the dry soil in the polar semi-desert 

to be considerably warmer than the wet soil of the sedge meadows.  But when the relationships 

between CO2 fluxes and environmental variables are broken down by vegetation type, the effects 

of this spatial covariation are reduced and different relationships emerge..   The relationship 

between temperature (air or soil) and Re  becomes stronger when viewed at the community rather 

than the landscape level, and, in general, is stronger yet at the plot level - that a significant 

relationship between temperature and Re was not found for every plot is probably more indicative 

of the limited number of observations (n = 8) per plot over the summer than that such a 

relationship did not exist at that site.   

There does not seem to be an advantage to using soil temperature over air temperatures to 

predict Re. In the polar semi-desert, there was little difference in the correlation  between Re and 

air temperatures, soil temperature at 5 cm, or soil temperature at 10 cm. In this well drained, arid 
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soil, soil temperatures quickly mirror fluctuations in air temperature (Figure 3.4), so there is not 

much difference in the patterns over time. In the mesic tundra, air temperature had a slightly 

stronger association with Re than did soil temperature, possibly due to confounding effects 

between soil water content, soil temperature, and respiration. In the wet sedge meadows soil 

temperatures were not significant, probably because plant respiration was dominant there.  

However, there is a stronger positive association between NEE and  soil temperatures (both 

depths) than NEE with air temperature.  This is another example of a spatial effect, resulting from 

the tendency of drier vegetation types to have higher soil temperatures and to be a net carbon 

source.  

3.5.2 CO2 Fluxes and NDVI –Spatial Modelling 

The advantage of having satellite images of an area is that field observations at the plot 

level can be ‘scaled up’ and extrapolated over the entire study area – given  significant 

relationships between the phenomena of interest and the satellite derivatives. One way to achieve 

this is to use maps of plant community types and mean carbon fluxes for each vegetation type to 

map landscape-scale carbon fluxes. Alternatively, we can use a biophysical vegetation property 

such as the NDVI to represent variability in vegetation related to carbon fluxes at the pixel scale. 

If NDVI and NEE correlated strongly, this would be straightforward. However, a strong 

relationship was not observed in this study, perhaps due to the following  1) We had only two 

dates where CO2  fluxes and NDVI were available within the same week in order to establish a 

relationship; 2)  Weather related factors – i.e. temperature, recent precipitation – also influence 

GPP, Re, and thus NEE; and 3) NEE is composed of two oppositely signed processes, each of 

which has its own unique relationship to vegetation cover/NDVI. In some environments, the size 

of the Re flux in comparison to photosynthesis is small enough to be negligible, such that NDVI 
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can be directly related to NEE (Bartlett et al., 1989); however, for the High Arctic this is not the 

case.   

An important feature of the modelled NEE curves for Cape Bounty (Figure 3.10) is that 

they do not conform to a linear trendline for values of NDVI under 0.25. In fact, the seasonally 

averaged data (Figure 3.8),  and the model results (Figure 3.10)  suggest that at about NDVI = 

0.12, positive NEE (a net emission of CO2) will peak with the height of the peak influenced by 

temperature in the mesic tundra.  The polar semi-desert consists of alternating bare mineral soil 

and relatively dense vegetation, and so it is practically impossible to predict the CO2  flux at any 

particular location precisely at this level of resolution, despite an attempt to weight the plot CO2  

flux averages by plant functional group coverage.  However it is reasonable to expect  mean NEE 

will level off to zero as NDVI approaches zero, in the case of barren, rocky ground or other non-

vegetated surfaces. 

The most striking difference between the output of the spatial NEE model described in 

this paper is the much shallower GPP: NDVI curve on August 2nd compared to July 4th (Figure 

3.10).  The difference in photosynthetic rate can be partially attributed to the lower light level, but 

the main reason is probably  phenology. Early in the season plants are in an active growth phase 

and would be expected to have higher photosynthetic rates than they do near the end of the 

summer. Newly emerged leaves are more photosynthetically efficient (Muraoka et al., 2002).  In 

fact, in Figure 3.5 it is apparent that there was no significant increase in GPP in any of the 

vegetation types after week 2, despite the rise in NDVI across all vegetation types. 

La Puma et al. (2007) emphasized the importance of distinguishing between spatial and 

temporal relationships between NDVI and CO2 fluxes, pointing out that these cannot be assumed 

to be equivalent in strength or slope.  It is important to remember that NDVI captures a state, 

whereas CO2 flux is a process.  As La Puma et al. (2007) note, an onset of cool weather in 
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summer will immediately depress flux rates without any instant effect on NDVI, which is a 

product of the season’s growth that has already occurred that year. The authors explicitly address 

the question of spatial versus temporal correlations in their analysis of a summer’s worth of CO2 

and plot level NDVI measurements at Toolik Field Station, Alaska (68.5°N). They found that a 

given NDVI value corresponded to different flux rates on different dates.   

Despite this, according to the model the landscape at CBAWO was closer to being a 

carbon sink than a source on August 2nd. The small net carbon uptake on August 2nd was  largely 

due to the mesic area in the river valley switching from source  to sink, with an above average 

rise in  NDVI through the critical threshold of NDVI ≈ 0.25. This emphasizes how a greening of 

moss-rich mesic tundra  can affect the carbon balance of the whole region due to rainfall. It 

becomes easy to see how changes in water supply could become the deciding factor in the carbon 

balance of a moisture limited High Arctic environment like Cape Bounty. The short term effect of 

increased precipitation could be a switch to carbon uptake by the more productive areas of the 

mesic tundra and the marginal wet sedge meadow sites; the long term effect may be conversion of 

mesic tundra to wet sedge meadow.  On the other hand, a scenario of warmer temperatures 

without increased precipitation could result in the opposite effect.    

At this point,  the spatial model is presented simply as a description and demonstration of 

how high resolution satellite data could be calibrated against field observations and combined 

with meteorological observations to estimate NEE across a landscape. By using NDVI rather than 

vegetation types to spatially extrapolate CO2  fluxes to a landscape scale, the model has the 

advantage that NDVI is much more straightforward to generate than land-cover classification, 

and can more precisely represent the variation in the vegetated landscape (to pixel size 

resolution). However, at present, the model presented here has three major limitations: 1) The 

GPP submodel needs to be calibrated by CO2 flux data gathered close in time to the satellite data, 
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due to the variability of the relationship between GPP and NDVI discussed above, and 2) the 

model can only represent a snapshot in time – the time for which satellite data is available, and 3) 

this model has not yet been validated with independent data. More research would be required  to 

assess whether it is reliable and versatile enough to be of more universal application.    

3.6 Conclusions 

1. CO2 flux measurements analyzed by vegetation types arrayed across a soil moisture 

gradient (polar semi-desert, mesic tundra, and wet sedge meadows) indicate that only wet 

sedge meadows are a net sink of CO2 during the growing season, while respiration from 

exposed soil most often exceeds photosynthesis for the sparse vegetation of the mesic 

tundra and polar semi-desert.  Because wet sedge meadows only constitute 10 % of the 

study area, the terrestrial landscape of Cape Bounty was probably a small net source of 

CO2 in the summer of 2008. NEE for all vegetation types averaged less than 1 µmol m-2 

s-1 in magnitude.  

2. Soil moisture and air temperature were the most significant abiotic environmental 

influences on CO2 flux rates, with soil moisture exerting a spatial effect (i.e. giving rise to 

different plant community types) and temperature affecting Re (but not GPP) rates within 

each vegetation type, especially mesic tundra. The associations were highly significant 

but relatively small in strength, suggesting a number of confounding factors or multiple 

influences. 

3. NDVI explained just over half of the variation in GPP and Re measured during the weeks 

of July 4th and August 2nd  (both flux rates became larger with higher values of NDVI). 

The association was strengthened if fluxes were integrated over the entire season and 

compared with mean NDVI, and if the polar semi-desert results were omitted for GPP.  
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4. There was a non-linear relationship between NDVI and NEE in which the polar semi-

desert plots (mean NDVI ≈ 0.1) were highly variable, the mesic tundra plots (mean NDVI 

≈ 0.2)  were net sources of CO2, and the wet sedge meadow plots were net sinks when 

NDVI > 0.25.   The uncertainty in NEE prediction for low values of NDVI is mainly due 

to variability in GPP, which is probably due to the scale mismatch between 4 metre 

resolution IKONOS data and the sub-metre heterogeneity of the patterned landscape of 

the polar semi-desert.    

5. A spatial model predicting NEE from NDVI, air temperature, and PAR was developed 

and applied for the time of the two satellite image acquisitions. The results of the model 

suggested that both photosynthesis and respiration rates were lower across the landscape 

on August 2nd than on July 4th, despite the higher values of NDVI on that date. This was 

a function of the higher temperature and PAR at the time of the earlier satellite image 

acquisition, and the lower rate of CO2 uptake per unit of  NDVI for the late summer date. 

However, the above-average increase in NDVI of the mesic tundra around the river, 

probably due to rain in the days prior to the second satellite image acquisition, suggested 

that this region may have transitioned to a net sink at that time. 

6. Plot level CO2  flux and other biophysical measurements may be extrapolated to the 

landscape scale with satellite data either through association with vegetation types, or 

modelling with NDVI. The first method (vegetation classification) enabled the 

calculation of mean weighted flux rates per week and for the growing season overall, 

albeit with a high level of uncertainty. Its results showed weekly means of vegetation-

type-weighted net CO2 efflux slightly above zero (net source) for the entire six week 

period.  
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7. The second method, the NDVI model,  provides a snapshot of the CO2  flux rates at every 

point in the landscape (to pixel resolution) at the time of satellite data acquisition. It is 

potentially more precise, and incorporates known relationships between CO2  fluxes and 

meteorological variables, but requires calibration and validation. The model results 

highlighted the spatial distribution of net CO2 source and sink areas across the landscape, 

and suggested that the combined effect of higher NDVI and lower Re in the mesic areas 

on Aug 2nd  resulted in a shift in the CO2 flux balance toward net uptake for the study 

area at this time. 
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Chapter 4 

Discussion and Conclusions 

 

4.1 Cape Bounty Plant Communities in a Changing Climate 

IPCC (2007) climate change predictions for the Arctic - higher temperatures (already being 

observed),  increased precipitation in both summer (rain) and winter (snow), and more cloud 

cover in summer, particularly in proximity to coasts - could affect plant  communities at Cape 

Bounty  in a number of ways. The critical factor determining whether Arctic plants will be able to 

respond positively (i.e. with enhanced carbon uptake) to the changing climate may be whether the 

increase in precipitation is sufficient to offset increased evapotranspiration and soil respiration 

rates.  As illustrated by vegetation patterns at Cape Bounty and elsewhere in the Queen Elizabeth 

Islands, the fine scale distribution of High Arctic plants is primarily moisture-influenced (Bliss et 

al., 1984; Henry, 1998).  Soil respiration, on the other hand, is primarily temperature limited 

(Grogan and Chapin, 1999)  and with deeper snow cover, winter efflux rates - not considered in 

this study - will also be expected to increase (Elberling, 2007).  Multi-year analysis of trends in 

NDVI across northern Canada (Olthof et al., 2008) and analysis of multiple circumpolar Arctic 

sites through the International Tundra Experiment (ITEX) (Walker et al., 2006) suggest that 

warming within the range predicted for tundra regions promotes the growth of deciduous shrubs 

and graminoids at the expense of bryophytes and lichens, although presently this trend is less 

pronounced in the High Arctic (Walker et al., 2006). 

4.1.1 Polar Semi-Desert 

The patterned ground of the polar semi-desert at Cape Bounty represents two different 

environments with contrasting CO2 flux behaviour (Figure 4.1).  It is interesting to note that 

photosynthetic CO2 uptake in the vegetated areas of the polar semi-desert rivals the productive 
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wet sedge meadows (e.g., see collars PD-CV and PD-G2 in Appendix M). Meanwhile the bare 

mineral soil areas, despite their lack of vegetation, make a significant contribution to net carbon 

exchange through soil respiration, which can occasionally be quite high.  

 
Figure 4.1.  All NEE measurements made at vegetated and non-vegetated polar semi-desert collars during 
the 2008 Cape Bounty field season. 

 

Salix arctica plays a crucial role in carbon sequestration in the High Arctic due to its high 

photosynthetic capacity and biomass (Muraoka et al., 2008). At Cape Bounty, S. arctica is 

equally (or slightly more) plentiful in the well drained polar semi-desert than in the wetter 

vegetation types, suggesting that this adaptable species can withstand the moisture limitation in 

exchange for certain benefits offered by the polar semi-desert environment. The polar semi-desert 

has the advantages of: (i) a deeper active layer; (ii) warmer soil temperatures; (iii) a longer 

growing season due to earlier snowmelt; and (iv) more complete decomposition of organic matter 

(i.e., organic matter does not face the limitations of water saturation often experienced in wet 

sedge meadows). Thus, although the total pools of N, P, and other nutrients are small in the polar 

semi-desert (Appendix H), nutrient turnover is likely to be relatively rapid, fueling the growth of 

S. arctica during the summer (Figure 4.2). 
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a.   b.  

Figure 4.2.  Collar PD-CV on: (a) June 23rd; and (b) July 23rd, 2008. 

 

Despite strong uptake in the vegetated areas, the polar semi-desert at Cape Bounty 

remained a net source due to the relatively high ratio of bare mineral soil to vegetated areas. This 

ratio varies across the polar semi-desert and approaches 100% in the truly barren polar desert. 

This raises the question: what environmental factors favour the greater spread and abundance of 

vegetation, especially S. arctica, in the vast polar deserts and semi-deserts of the High Arctic? 

4.1.2 Mesic Tundra 

The CO2 flux measurements conducted within mesic tundra plots recorded net CO2 efflux 

to the atmosphere with very few exceptions, despite the fact it exhibited a more complete 

vegetation cover, greater biomass, and lower soil temperatures than the polar semi-desert.  

Vascular plant growth in the mesic tundra may be limited by nutrient supply as much as moisture 

and temperature. On average, N and P availability was lower in the mesic tundra than in the wet 

sedge meadows (Table 2.1, Figure 2.10). Slow net mineralization is the main limit on nutrient 

uptake in the Arctic (Jonasson et al., 1999) and is a function of temperature, moisture, and 

substrate quality, with temperature being the major constraint when soil water content ranges 

from 20% to saturation (Nadelhoffer et al., 1992).  Soil water is important for the diffusion of 

nutrients to roots with increased soil moisture enhancing nutrient supply rates (Kielland and 

Chapin, 1992; Western Ag Innovations Inc., 2008).  Mesic tundra soils were significantly drier 
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than wet sedge soils but not significantly warmer (Table 3.1), and had a thinner organic layer if 

any at all (Figure 2.12). All three factors identified by Nadelhoffer et al (1992) (temperature, 

moisture, and substrate) are  likely to have been signification limitations to decomposition and 

mineralization in the mesic tundra for much of the growing season. 

Results of this research suggest that respiration in the mesic tundra is temperature 

sensitive and photosynthesis is moisture sensitive (Table 3.2). Thus, a changing climate with 

increased temperatures and precipitation would be expected to increase both flux rates. Under 

these conditions, mesic tundra may become more like wet sedge meadows. During the land-cover 

classification process, the spectral confusion between the mesic tundra and wet sedge classes was 

greatest in the late summer. The model results suggest that this spectral overlap translated into an 

overlap in CO2 flux rates in the latter part of the growing season, with parts of the mesic tundra 

starting to behave like a sink. However, for mesic tundra to become a consistent sink, similar to 

wet sedge meadows, it is probably necessary to see a vegetation volume increase to comparable 

levels, which would probably require a sustained supply of additional moisture to these areas. 

Alternatively, warmer temperatures may stimulate woody shrub growth in these areas by bringing 

them closer to the conditions sustaining the productive vegetated areas of the polar semi-desert. 

4.1.3 Wet Sedge Meadows 

Cape Bounty is currently in the bioclimatic zone which corresponds with the most 

northwestern extent of woody plant and sedge dominance in Arctic Canada (Edlund, 1993). 

These woody plants (i.e., S. arctica) and graminoids (i.e., Eriophorum angustifolium, Dupontia 

fisheri) are the major photosynthesizers at Cape Bounty. The future of S. arctica at Cape Bounty 

seems assured; it will likely be part of a rising tide of shrub advancement which has already been 

observed in parts of the Low- and Mid-Arctic (Tape et al., 2006). However the fate of wet sedge 

communities is less certain.  According to Avis et al. (2011), permafrost thaw may be a long-term 
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threat to Arctic wetlands. The shallow active layer of wet sedge meadows is important to prevent 

water drainage: at Cape Bounty the two most productive sites (in terms of CO2 uptake), WS-J and 

WS-D, have the shallowest active layers (Appendix G). These were also the most nitrogen rich 

sites (Appendix H).   

On the other hand, cold temperatures and saturated soils inhibit the ability of plant roots to 

absorb nutrients. Nutrient turnover from decomposition of organic matter in Arctic wetlands is 

limited by impeded drainage and poor aeration due to permafrost (Bunnel, 1981). This limits 

vegetation growth, but also suppresses respiration. For example, at the Zackenburg Valley in 

Greenland, the fen vegetation community has a NEE three times greater than any of the other 

vegetation types. While it has the highest GPP, its Re rates are no higher than the other vegetation 

types due to anaerobic limitation of soil respiration (Gröndahl et al., 2008). Thus, it is possible 

that warmer temperatures and active layer deepening may offset gains in productivity associated 

with the warmer climate. In addition, CH4  losses are expected to increase with warmer 

temperatures in these areas (Gröndahl et al., 2008). 

4.2 Comparison with Other Arctic Studies   

There are a limited number of High Arctic research sites with carbon flux, soil moisture 

and/or NDVI  measurements which can be compared to Cape Bounty (Table 4.1 - a Mid- and 

Low-Arctic site are also included for context).  Comparisons of satellite and in situ measurements 

of NDVI have found them to be highly correlated, but satellite NDVI values are consistently 

lower than ground-based NDVI (Stow et al., 1993; Walker et al., 1995; Shippert et al., 1995).  

NDVI derived from IKONOS imagery was on average half that of NDVI derived from 

spectroradiometer measurements at twelve sites on Boothia Peninsula, Nunavut (Laidler et al., 

2008).  If the same ratio can be applied to this case, doubling the NDVI would  put the wet sedge 

meadows at Cape Bounty in the same NDVI range as the Alaskan wet sedge communities.  In 
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contrast, the Low Arctic vegetation from Daring Lake has relatively small NDVI’s, perhaps due 

to incomplete cover, i.e., LAI < 1.0 (Dagg and Lafleur, 2010). 

Among the High and Mid Arctic sites, there is considerable variability in NEE, and indeed, 

as the results from Barrow indicate, considerable variability can be expected at the same site from 

one year to the next. One consistent trend, however, is that the wettest vegetation types have the 

highest NDVI and the greatest CO2 uptake.  However, this trend does not seem to apply to the 

Low Arctic site (i.e., Daring Lake).   
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Table 4.1.  Comparison of growing season net carbon fluxes at Arctic sites.  All values are growing season 
means, however the exact dates and length of the measurement period vary somewhat from study to study. 
Italicized values were read off figures and should be regarded as approximate. The NDVI values from the 
Cape Bounty study (bolded) are the only satellite derived NDVI; the rest of the studies measured NDVI in 
situ with ground based multispectral cameras. 

Study Location Lat/Long Vegetation Type Soil 
Moisture 
(VWC) 

 

NDVI NEE 
g C m-2 
day-1 

Welker et al.  
(2004) 
2000-2001 
data- 10 wks 
(Treatment 
plots were 
warmed 1-3°) 

Alexandra 
Fiord,  
Ellesmere 
Island 
 

78° 54´ N,  
75° 55´ W 
 

Dry Tundra control 
(Dry T. warmed) 
Mesic Tundra control 
(Mesic T. warmed) 
Wet Tundra control 
(Wet T. warmed) 

52%* 
(48%)* 
69%* 

(65%)* 
94%* 

(94%)* 

- 
- 
- 
- 
- 
- 

-0.43 
(-0.49) 
0.83 

(0.24) 
-0.95 

(-0.77) 

Sjögersten et al. 
(2006) 
2003-4 data  

Svalbard, 
Norway 
 

78° 10´ N,  
16° 06´ W 
 

Xeric (~60% veg) 
Dry (~85% veg) 
Mesic (heath) 
Moist (mossy) 
Wet (riverbank) 

0.18 
0.32 
0.43 
0.53 
0.61 

- 
- 
- 
- 
- 

1.0 
1.7 
1.9 
-0.2 
-1.8 

This study 
2008 data 
- 6 weeks 

Cape 
Bounty, 
Melville 
Island 

74° 55´ N, 
109° 35´ W 
 

Polar Semi-desert 
Mesic Tundra 
Wet Sedge Meadow 

0.18 
0.30 
0.57 

 

0.08 
0.19 
0.27 

0.37 
0.55 
-0.54 

Gröndahl et al. 
(2008) ; Arndal 
et al. (2009) 
2004 data 
- 9 weeks 

Zackenburg, 
Greenland 

74° 28´ N,  
20° 34´ W 

Dryas Heath 
Cassiope Heath 
Salix Heath 
Grassland 
Fen 

0.270 
0.345 
0.408 
0.519 
0.600 

0.60 
0.60 
0.60 
0.55 
0.70 

-0.16 
-0.07 
-0.16 
-0.13 
-0.54 

Olivas et al. 
(2011) 
2005-6 data  
– 8 weeks? 

Barrow, 
Alaska 

71.32° N, 
156.62° W 

Polygonal Wet Sedge 
Tundra   
2005 
2006 

 
~0.6** 
Wettest 
in 2006 

 
 

0.42 
0.43 

 
 

-0.05 
-0.22 

McMichael  et 
al.  (1999) 
1994 data 
 – 5.5 weeks 

Alaska 
Happy 
Valley 
Prudhoe Bay 

 
69° 09´N 
148° 50´ W 
70° 21´ N, 
148° 58´ W 

 
Moist Tussock/ 
Dwarf Shrub 
Wet Sedge Tundra 

 
- 
 
- 

 
0.41 

 
0.63 

 
0.27 

 
-0.11 

Dagg and 
Lafleur 
 (2010) 
2008 data 
- 5.5 weeks 

Daring Lake, 
NWT 
 

64°52´ N, 
111°34´ W 
 

Dry Heath 
Dry Birch 
Dry Tussock 
Mesic Birch 
Mesic Heath 
Wet Tussock 
Wet Sedge 

0.09 
0.15 
0.25 
0.35 
0.37 
0.79 
0.97 

0.28 
0.38 
0.39 
0.43 
0.32 
0.35 
0.34 

-1.1 
-2.4 
-1.0 
-4.6 
-1.2 
-1.4 
-3.0 

* gravimetric soil water content     
**Estimated from typical relationship between soil moisture and NDVI at Barrow (Engstrom et al. 2008)  
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4.3 Comparison with the Eddy Covariance Flux Tower 

Eddy covariance data from a flux tower located in the Goose sub-catchment indicated a 

shift from a small net source in June to a net sink for CO2 in July and early August 2008 (Figure 

4.3). The eddy covariance data shows a peak source status during the cold, foggy period of mid-

July 2008 (around DOY 200), but overall the tower recorded a small net sink of approximately 

7.27 g C m-2 for the growing season. The flux tower is situated primarily in mesic tundra, 

although there is both wet sedge and polar semi-desert nearby (Figure 4.4).   

 
Figure 4.3.  Daily NEE observed at an eddy covariance flux tower at Cape Bounty, 2008 (Wagner et al., 
2009).  

 

In Chapter 3, the mean NEE for an area with 43% polar semi-desert, 42% mesic tundra, 

and 10% wet sedge meadow was calculated by weighting the mean flux for each  vegetation 

community during the six week measurement period by its proportion within the study area, 

resulting in an efflux of  14.1 g C m-2 ± 19.7 g.  Given that 81% of the land-cover within a 100 m 

radius of the flux tower is mesic tundra, one might expect the flux tower to record a source, based 

on the CO2 flux behaviour observed in the mesic tundra in this study.  However, the prevailing 
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winds are from the northwest, where there is a wet sedge area. The nearest plot to the flux tower 

is PD-G, a net sink with the most S. arctica cover of any polar semi-desert plot, so even the polar 

semi-desert in this area may be contributing to the net uptake recorded at the tower.  

 

Figure 4.4.  Vegetation classes surrounding the eddy covariance flux tower. Circle shows 100 metre 
perimeter. 

 

There may be technical reasons for discrepancies between the two methods of CO2 

measurement. Respiration studies have frequently noted that chamber methods tend to indicate 

higher flux rates than eddy covariance flux tower measurements in the same area (Liang et al., 

2004; Reth et al., 2005; Myklebust et al., 2008; Schrier-Uijl et al., 2010).  It is unknown whether 

this represents an over-estimation by the chambers or an underestimation by eddy covariance, but 

a third method, measuring CO2 gradients underground, tends to either agree with or yield flux 

rates higher than the static chamber method (Liang et al., 2004; Myklebust et al., 2008). These 

studies have all concentrated on CO2 efflux and nighttime flux tower data only; current literature 
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Wet Sedge Meadow

Barren / Rock



 103

seems to lack comparisons of daytime NEE as measured by chamber versus eddy covariance 

techniques. This begs the question of whether photosynthetic uptake would be systematically 

under or overestimated by either the chamber or eddy covariance methods in the same manner as 

CO2 efflux from Re. A number of factors have been identified which may affect CO2 flux 

measurements in static chambers - diffusion gradient differential, rising water vapour within the 

chamber during measurement, and wind blowing against the chamber vent -  however, all these 

should tend to cause underestimations of fluxes, if they affect the measurement at all (Healy et 

al., 1996; Davidson et al., 2002; Pumpanen et al., 2004; Pumpanen et al., 2005). 

 

4.4 Scope Limitations and Sources of Error 

4.4.1 CO2 Efflux in Light Readings Exceeding Dark Readings 

Another  puzzling phenomenon observed with some of the  Cape Bounty mesic and polar 

semi-desert CO2 flux measurements occurred when the CO2 efflux recorded during  the light 

reading (which represents NEE) exceeded the CO2 efflux subsequently measured in the dark 

reading (which represents  Re).  This seems illogical, since in theory even if photosynthesis is 

zero, the light measurement should be at most equal to the dark measurement. However, the 

number of cases where the light measurement was greater than the dark measurement is not 

negligible (Figure 4.5).   



 104

 
Figure 4.5.  Scatterplot of all paired light and dark CO2 flux measurements. 

Other researchers have observed this phenomenon, including Sjögersten et al. (2006) who 

ascribed it to stress respiration from plants due to temperature increases in the chamber. At Cape 

Bounty this phenomenon was observed for non-vegetated soil collars, which rules out stress 

respiration from plants.  It was hypothesized that rising temperatures within the chamber during 

the light measurement, or rising humidity within the chamber during the dark measurement, may 

be the source of this effect. However, when extreme cases of temperature or humidity changes 

during measurements were examined, they did not match instances of light CO2 efflux exceeding 

dark efflux.    

There is certainly some natural variability or noise in flux measurements, even if made 

only a few minutes apart. Trials during which two light readings were taken in succession at the 

same collar  suggested this variation may be in the order of 0.5 μmol CO2  m-2 s-1. However, in 

some cases the difference between subsequent light and dark readings over bare soil was quite 

extreme; i.e., the most extreme example involved a difference of 4.75 μmol m-2 s-1. The 

explanation may be attributed to the release of a sudden pulse of CO2 from thawing soil, similar 

to observations made by Elberling et al. (2008) during spring thaw in the Zackenburg Valley. It is 
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still unclear why this pulse of CO2 emission would be more likely to be observed during the light 

reading. 

4.4.2 Resolution of IKONOS Pixels and Field Measurements 

One reason we could not expect perfect correlation between NDVI and any of the 

biophysical variables measured in the field is that the point frames, the quadrats of biomass 

harvest, and the collars for CO2 flux measurement represented samples from areas inside the plot. 

The NDVI, on the other hand, was calculated from a three by three window of pixels 

corresponding to the area of the plot (i.e., 144 m2). The effect of this difference in resolution 

between the field measurements and the remotely-sensed data is particularly pronounced for the 

polar semi-desert due to its heterogeneous patterned ground. This is evidenced in Figure 3.7 and 

Figure 3.8 by the large amount of scatter in the polar semi-desert GPP and NEE when plotted 

against NDVI. Specifically, plots PD-A and PD-C had the same average NDVI, but PD-A was a 

strong net C source while PD-C was a marginal net sink. Likewise, plots PD-P and PD-G had 

similar NDVI values, but PD-P was a net source and PD-G a net sink when averaged over the 

summer.  Despite attempts to better represent the polar semi-desert plots by weighting collars 

according to cover type, particular characteristics of individual collars made substantial 

differences to the plot-scale flux value.  This scale issue is not as pronounced in the mesic tundra 

or wet sedge meadow plots. 

A potential strategy to address this issue would involve an initial survey of the plot’s 

vegetation cover by functional group, and then stratified distribution of collars to represent plot 

vegetation cover as equitably as possible. However, under this system the plots themselves should 

be located randomly (within a stratified random sampling method), to remove bias and ensure 

that marginal and transitional sites have an equal probability for representation.  This 
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experimental design would require a greater concentration of collars, especially in the polar semi-

desert.  

4.4.3 Other Sources of Carbon 

An annual carbon budget for a site should account for all carbon sequestration by 

photosynthesis and carbon losses from autotrophic and heterotrophic respiration.  Due to 

logistical constraints, most carbon flux studies in the Arctic are conducted in the summer months 

using either ground-based static chambers or eddy covariance flux towers.  While both 

photosynthesis and respiration rates are certainly highest during the summer months, microbial 

respiration under the snow can continue down to -18˚C (Elberling et al., 2008).  Winter 

respiration is now recognized as a significant factor that may tip a study site’s annual carbon 

budget from sink to source (Oechel et al., 2000). At Svalbard during the winter of 2004-5, total 

CO2 output in an isolated and heated container contributed 20-30% of the year’s total CO2 output 

(Elberling, 2007). Another method for measuring winter efflux is with soda lime (NaOH), which 

adsorbs CO2 (Welker et al., 2004). The winter efflux may also be estimated based on temperature 

dependency of Re (Soegaard et al., 2000), since the winter effluxes are mainly dependant on 

subsoil temperatures (Elberling, 2007).  

While CO2 constitutes the bulk of the greenhouse gas emissions from this ecosystem (I. 

Wagner pers. comm.), the contributions of other soil trace greenhouse gases are also important. 

For example, the net carbon sink of the wet sedge meadows is reduced when their emission of 

methane is taken into account. CH4 and N2O fluxes are being monitored at Cape Bounty as part of 

another research project (N. Scott et al., unpublished data).  
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4.5 Conclusions 

1. Cape Bounty’s terrestrial landscape can be classified into three spectrally separable 

vegetation types: 1) polar semi-desert - as described by Bliss (1981); Bliss and Svoboda 

(1984); 2) mesic (i.e. mid-moisture tundra); and 3) wet sedge meadows.  These 

vegetation types are also relatively easy to distinguish in the field, although there are 

transition zones and marginal sites. 

2. The wet sedge meadow is characterized by: (i) the highest volumetric soil moisture 

(averaging between 0.5 and 0.8 m3/m3  over the growing season); (ii) the greatest N 

availability (especially in early summer); (iii) 99% vegetation cover (mostly graminoids 

and moss); (iv) the greatest mean vegetation volume; (v) a significantly higher LAI  than 

other vegetation types in late summer; and (vi) a significantly higher NDVI (0.25 – 0.30) 

than other vegetation types. It was the only vegetation type to be a net CO2 sink over the 

growing season, and differed significantly from the other plant communities in GPP and 

Re.  

3. The mesic tundra community is characterized by: (i) midrange moisture conditions 

(means of 0.2 to 0.4 m3/m3) over the growing season; (ii) more vegetation cover (mostly 

mosses and graminoids) with a higher mean aboveground biomass than the polar semi-

desert; (iii) a vegetation volume significantly less than that of the wet sedge meadows; 

and (iv) a mean NDVI of 0.16 to 0.22. Typically, ecosystem respiration exceeded CO2 

sequestration through photosynthesis, making it a net CO2 source.  The spatial model 

suggests that parts of the mesic tundra where moss and willow cover is relatively deep 

can change to a CO2 sink under conditions of low temperatures and higher soil moisture.  

Although this was not entirely evident at the times the CO2 measurements were collected, 

the flux tower data does indicate a net sink in that area. 
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4. The polar semi-desert community is characterized by: (i) the lowest volumetric soil 

moisture (0.1-0.2 m3/m3); (ii) the lowest percent vegetation cover; and (iii) the lowest 

mean NDVI (0.06-0.10).  Although the CO2 flux appears very similar to that of the mesic 

tundra, this is actually the average of two very different fluxes from the bare and 

vegetated areas. Since the polar semi-desert is different in nature than the mesic tundra, it 

may respond differently to changes in climate, and due to its fine-scale heterogeneity, is 

probably the environment most difficult to monitor and predict.  

5. NDVI values increased by an average of 0.03 in the polar semi-desert and wet sedge 

meadows and 0.05 in the mesic tundra between July 4th and August 2nd. Other biophysical 

variables that changed significantly over the growing season included active layer depth, 

soil moisture, and soil temperatures (all vegetation types) and LAI in the wet sedge 

meadows. Soil phosphorus availability decreased, most notably in the wet sedge 

meadows.  Neither GPP nor NEE exhibited significant differences through time based on 

repeated measures analysis of variance.   Re in Week 2 (the warmest week) was 

significantly higher than all other weeks except Week 6, meaning there were no 

significant differences in any of the CO2 measurements between the two weeks for which 

IKONOS data was available. 

6. NDVI at Cape Bounty was a strong proxy for percent vegetation cover (r2 = 0.7, p < 

0.001), and vegetation volume (r2 = 0.8, p < 0.001). Biomass and LAI were moderately 

(r2 = 0.5, p < 0.05) correlated with NDVI. If the variation in plant densities (for biomass) 

and the non-negligible contribution of moss (for LAI) could be taken into account, this 

might improve the prediction of biomass and LAI from NDVI in the High Arctic.    Soil 

moisture had a strong correlation with NDVI (r2 = 0.7, p < 0.001), as did soil nitrogen 
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availability in early summer (r2 = 0.6, p < 0.01), confirming the close association of soil 

moisture and nutrients with vegetation in the High Arctic.  

7. The spatial relationship between NDVI and CO2 flux is clearest when all fluxes measured 

at a plot over the summer are averaged and compared with the mean NDVI for that plot, 

thus minimizing random and weather related fluctuations. Mean (both dates averaged) 

NDVI explained 78% of seasonally integrated Re over all plots and 83% of seasonally 

integrated GPP for the mesic and wet sedge plots. When seasonally integrated NEE was 

plotted against NDVI, it became evident that the relationship was non-linear but a NDVI 

of about 0.25 seemed to mark the threshold between a net CO2 source and net CO2 sink.  

8. Variations in the CO2 fluxes (GPP, Re, and NEE) were associated with soil moisture. This 

confirms the moisture-vegetation distribution relationship inherent in the vegetation 

classification and the NDVI : soil moisture correlation. In particular, GPP within the 

mesic tundra was significantly correlated with soil moisture (r2 = 0.26, p < 0.001). This 

may be related to the tendency of moss, the dominant vegetation functional group in the 

mesic tundra, to become dormant in periods of drought and to respond to the addition of 

water by a rapid increase in volume and photosynthetic rate. 

9. The relationship between Re and air temperature became stronger the more narrowly 

focused the analysis (i.e., as more spatial effects were eliminated):  from an overall r2 of 

0.13 (p < 0.001) for all plots and times combined to an r2 of 0.5-0.8 (p < 0.05) in specific 

plots, although significant correlations could only be derived for six plots. Within 

vegetation types, Re was most closely linked to temperature in the mesic tundra (r2 = 

0.43, p<0.001).  The observed temperature dependency of Re at different values of NDVI 

at six plots was the basis for predicting Re(T) from NDVI in the spatial model (r2 = 0.78) 

(Appendix O).  
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10. The spatial model estimates NEE on a pixel basis by calculating GPP from NDVI and 

PAR, and Re from NDVI and air temperature.  The model shows that both photosynthesis 

and respiration rates per unit NDVI were lower at the time of the later IKONOS image, 

and that NEE averaged over the landscape at that point in time may have indicated a very 

small net sink (-0.07 µmol m-2 s-1), while a small net CO2  source (0.20 µmol m-2 s-1) was 

estimated by the model for the study area at the time corresponding to the early season 

image.  Weekly mean CO2 exchange calculated by weighting the fluxes measured in each 

vegetation type by the vegetation type’s percent coverage in the study area (Figure 3.6) 

also  suggest that while the mean NEE in Week 6 (0.21 ± 0.25 µmol m-2 s-1),  was lower 

(less of a CO2 source) than that of Week 2 (0.66 ± 0.50 µmol m-2 s-1);  however according 

to these calculations weekly mean NEE remained on the positive (CO2  efflux > uptake) 

side of neutral for all of the six weeks of the growing season. Meanwhile, an eddy 

covariance flux tower located in the upper Goose watershed recorded net uptake for most 

of this six week period, approximately -0.4 g C m-2 day-1 of CO2  uptake on July 4th and   

-0.6 g C m-2 day-1 on Aug 2nd  (Figure 4.3).   

11. This study has illustrated how land-cover classifications and NDVI derived from high 

resolution satellite images can contribute to the study of vegetation distribution and 

carbon exchange of a High Arctic environment, despite challenges related to image 

acquisition timing in a region prone to frequent cloud cover.  NDVI is related to both 

GPP and Re rates across space, suggesting tight links between vegetation characteristics 

and these CO2   fluxes. Estimates of NEE from NDVI at a given time can be modelled by 

incorporating the effects of temperature and PAR; however our data suggests the 

relationship between NDVI and CO2 uptake is not constant over time.  
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12.  The IKONOS pixel resolution of 4 metres square is easier to relate to field data than 

medium resolution satellites such as Landsat, but there can still be problems with scale 

mismatch to point measurements like CO2 flux, particularly in very heterogeneous terrain 

such as the polar semi-desert.  

4.6 Recommendations for future research 

1. Salix arctica is the “powerhouse” of photosynthesis compared to any other plant species 

at Cape Bounty, although its relative influence is greatest in the polar semi-desert. 

Interestingly, the percent cover of S.  arctica is similar in all three vegetation types – less 

than 10%. If it can grow in such a wide range of habitats, what is inhibiting its potential 

for greater abundance? Is it temperature alone, or another factor such as ungulate 

browsing?  An increase in the extent of arctic willow could have a profound effect on the 

High Arctic’s  carbon balance, so this species warrants focused study, perhaps in the 

context of a warming experiment.  

2. The role of moss in the Cape Bounty ecosystem also deserves special attention.  Despite 

their lower chlorophyll content and photosynthetic efficiency than vascular plants, the 

contribution of moss to NDVI and to CO2 exchange in the High Arctic cannot be 

considered negligible.  How much of a contribution to total photosynthesis is it making in 

each vegetation type? How much is this affected by soil moisture and rainfall events? Are 

higher values of NDVI in mesic areas really associated with rehydrated moss, and does 

this translate to a measurable increase in photosynthetic activity in these areas? How does 

moss cover affect soil respiration (extremely high effluxes of CO2 have been measured at 

some mossy sites in the Cape Bounty area)?  Is the contribution of moss to NDVI 

disproportionate to their contribution to GPP?  
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3. The results described in Chapters 2 and 3 need to be tested against data from other years 

at Cape Bounty to determine the robustness of the conclusions.  Lloyd (2001) at Svalbard 

and Gröndahl et al. (2007) at Zackenburg identified snowmelt timing as one of the most 

important controls on growing season CO2 flux. The timing of snowmelt determines the 

timing of all phenological stages that follow. The date of snowmelt (perhaps identified 

from peak runoff) may be the key to calibrating a NEE prediction model from one year to 

the next.  

4. Given the high cost and difficulty of obtaining optical imagery over the Arctic, it is 

important to consider whether temporal resolution in satellite data is really necessary to 

obtain an estimate of seasonal NEE flux.  RMANOVA did not detect any temporal 

variation in NEE from week to week in this study; however, data from subsequent years 

do show substantial respiration driven in-season fluctuations in NEE (N.Scott, pers. 

comm.). If temporal resolution, i.e. the acquisition of more than one satellite image over 

the growing season, is important, are there crucial times of year and/or temporal spacing 

between image dates, for a useful estimation of seasonal CO2 exchange?   

5. Modelling using NDVI in the High Arctic faces the limitation of frequent cloud cover. 

SAR could provide an alternate measure for monitoring soil moisture, which is an 

important predictor of CO2 fluxes and closely correlated with vegetation cover. Could 

soil moisture from SAR take the place of NDVI from optical imagery in a NEE model 

similar to the one described in Chapter 3?   
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Appendix A 

Orthorectification Details 

All the IKONOS images were orthorectified using PCI’s Rational Function Math Model 

(RFMM). This algorithm makes use of rational function coefficients provided with IKONOS Geo 

Ortho Kit imagery as a RPC (Rational Polynomial Coefficient) text file. The RFMM requires one 

to three ground control points (GCPs), and is said to provide 1-2 metre accuracy. Three GCPs are 

recommended as this enables a first-order transformation involving rotation. GPS point locations 

of corner reflectors were gathered by Adam Collingwood in the summer of 2009.  Four of these 

corner reflectors were visible on the IKONOS panchromatic images acquired on June 16th and 

July 14th 2009. According to the manufacturer (Garmin)’s manual, the precision of the GPS 

points should be 3 to 5 metres. This is roughly equivalent to one IKONOS multispectral pixel (4 

metres) but less precise than a panchromatic IKONOS pixel (1 metre).  

A Digital Elevation Model (DEM) is also required for the RFMM. The best elevation data 

available was a National Topographic Survey (NTS) DEM at 25 metre resolution. The projection 

for the orthorectification is UTM Zone 12 WGS84. The orthorectification proceeded as follows: 

 

1. Orthorectification of the June 2009 pansharpened image using a first-order 

transformation with three corner reflector GCPs and the NTS DEM (Table A-1). The 

RFMM reported an overall RMS error of 1.26 pixels (1 m2 pixels) (Table A-1). To 

evaluate the results of the orthorectification, the positions of four corner reflectors (three 

of which had been used as GCPs) were compared to the orthorectified image (Table A-

2).  Although one might have hoped for closer correspondence between the orthorectified 

image and the GCPs, the limitations in precision of the GPS coordinates must be taken 

into account. The orthorectified image (16Jun09_ortho.tif) corresponded reasonably well 
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to GPS outlines of lakes and ponds (also collected by Adam Collingwood in the summer 

of 2009). It also seemed to correspond well with NTS vector data, although these vectors 

are of much lower precision. Overall, the RFMM orthorectification result seemed more 

accurate when compared against all available vector data, than a 2004 IKONOS image 

which had been geocorrected by the traditional polynomial method.  

 
Table A-1.   Ground Control Points for initial June 2009 IKONOS Orthorectification 

GCP ID Status Elev (m) Image X (P) Image Y (L) 

G0005 Active 65.0000 +/- 5.0 7357.5202 +/- 0.1 5934.4950 +/- 0.1 

G0004 Active 77.0000 +/- 5.0 5032.4460 +/- 0.1 7079.5683 +/- 0.1 

G0003_0 Active 112.0000 +/- 5.0 6871.4100 +/- 0.1 4289.3908 +/- 0.1 

G0006 Check 83.0000 +/- 5.0 5367.4349 +/- 0.1 4786.4967 +/- 0.1 

-------------------------------------------------------------------------------- 

GCP ID   Image X (P) Image Y (L) 

G0005 UTM 12 D000 544346.4510 +/- 5.0 8314971.2250 +/- 5.0 

G0004 UTM 12 D000 542021.2490 +/- 5.0 8313827.3630 +/- 5.0 

G0003_0 UTM 12 D000 543874.4481 +/- 5.0 8316622.2810 +/- 5.0 

G0006 UTM 12 D000 542358.3340 +/- 5.0 8316123.3560 +/- 5.0 

 

Table A-2.   Comparison of distance (in metres) between corner reflector positions and their locations on 
the June 2009 pansharpened IKONOS image before and after orthorectification. 

Corner Reflector ID Original Uncorrected 

Image 

Orthorectified Image Used as GCP? 

CRNE 22 1 yes 

CRextra21 3 7 yes 

CRextra31 3 7 yes 

CRextra41 11 4.5 no 
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2. Orthorectification of the July 2009 panchromatic data, which were acquired on two separate 

orbits resulting in two overlapping image files.  

a) The northern portion was orthorectified first, using a first-order transformation with three 

corner reflector GCPs and the NTS DEM (overall RMSE of 2.28 pixels (2.28 metres)).  

b) The southern portion was orthorectifed using the same GCPs. The two images were then 

mosaicked in PCI OrthoEngine using automatic tie point collection to create 

july09ortho_pan.tif. As with the June image, this new ortho image was then checked for a 

good fit against all available vector data (e.g., a good fit to the GPS’d lakes) and the one 

remaining corner reflector CRextra41 (to within 2 metres). 

c) The multispectral bands of July 2009 were orthorectified to the panchromatic ortho image 

(image-to-image). The RMS for the northern portion was 0, and 0.31 (1.25 m) for the 

southern portion. The two portions were mosaicked to create july09ortho_ms.pix. This 

image was also checked against available vectors for an acceptable fit.  

 

3. Registration of images between dates. 

a) The July 04 2008 panchromatic band was registered to the July 2009 panchromatic 

mosaicked orthoimage (image-to-image), again using the RFMM with a first-order 

transformation using three GCPs. The overall RMSE was 0.69 pixels / 0.69 metres. The 

resulting file was named ojuly0408_pan.pix 

b) The four multispectral bands, merged into one file, were orthorectified to the 

ojuly0408_pan.pix using a first-order transformation with three GCPs. (Note: It was not 

possible to use the same GCPs in each orthorectification because the corner reflectors 

could only be identified on the 1 metre panchromatic images). The overall RMS reported 

by OrthoEngine was 0.01 pixels (0.04 metres).  
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Table A-3.   Ground Control Points for July 4th 2008 panchromatic IKONOS orthorectification.  
GCP ID Status Elev (m) Image X (P) Image Y (L) 

G0001 Active 95.0000 +/- 1.0 4124.0308 +/- 0.1 4490.0783 +/- 0.1 

G0002 Active 46.0000 +/- 1.0 6583.0932 +/- 0.1 6016.5762 +/- 0.1 

G0003 Active 7.0000 +/- 1.0 3311.2510 +/- 0.1 10577.6371 +/- 0.1 

-------------------------------------------------------------------------------- 

GCP ID   Image X (P) Image Y (L) 

G0005 UTM 12 D000 541095.4627 +/- 1.0 8316428.8073 +/- 1 

G0004 UTM 12 D000 543557.6803 +/- 1.0 8314887.7134 +/- 1.0 

G0003_0 UTM 12 D000 540290.3629 +/- 1.0 8310308.3117 +/- 1.0 

 

 

Table A-4.   Ground Control Points for July 4th 2008 multispectral IKONOS orthorectification. 

GCP ID Status Elev (m) Image X (P) Image Y (L) 

G0001 Active 12.0000 +/- 1.0 1593.6091 +/- 0.10 2270.4567 +/- 0.10 

G0002 Active 95.0000 +/- 1.0 1030.9665 +/- 0.10 1122.8993 +/- 0.10 

G0003 Active 7.0000 +/- 1.0 911.9302 +/- 0.10 2648.4139 +/- 0.10 

-------------------------------------------------------------------------------- 

GCP ID   Image X (P) Image Y (L) 

G0001 UTM 12 D000 543352.1345 +/- 1.0 8311809.1040 +/- 1.0 

G0002 UTM 12 D000 541095.1114 +/- 1.0 8316430.1019 +/- 1.0 

G0003 UTM 12 D000 540628.5404 +/- 1.0 8310293.7325 +/- 1.0 

 

4. The August 2nd 2008 multispectral image (no panchromatic) was orthorectified to the July 

2008 multispectral orthoimage created in step 3b, using a first-order transformation with 

three GCPs. The overall RMS Error reported by OrthoEngine was 0.01 pixels (0.04 metres). 

The RMS Error reported by OrthoEngine only refers to the fit to the three GCPs, and does 

not express an objective overall accuracy for the image.  There is not any sufficiently precise 

reference data available to independently assess the absolute positional accuracy of the 2008 
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multispectral IKONOS orthoimages used in this analysis. A relative positional accuracy 

assessment between the July and August 2008 orthoimages is described in Appendix B. 

Table A-5   Ground Control Points for August 2nd 2008 multispectral IKONOS orthorectification.  

GCP ID Status Elev (m) Image X (P) Image Y (L) 

G0001 Active 82.0000 +/- 1.00 840.0267 +/- 0.10 981.6216 +/- 0.1 

G0002 Active 135.0000 +/- 1.0 369.1508 +/- 0.10 2552.5514 +/- 0.1 

G0003 Active 13.0000 +/- 1.0 2223.5231 +/- 0.10 1635.3187 +/- 0.1 

-------------------------------------------------------------------------------- 

GCP ID   Image X (P) Image Y (L) 

G0001 UTM 12 D000 540348.2602 +/- 1.0 8316981.6685 +/- 1.0 

G0002 UTM 12 D000 538477.0891 +/- 1.0 8310697.4224 +/- 1.0 

G0003 UTM 12 D000 545861.3636 +/- 1.0 8314357.9684 +/- 1.0 
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Appendix B 

Relative Positional Accuracy between Dates  

For this project, it was not possible to analyze the absolute positional accuracy of the 

orthorectification, as no sufficiently precise independent reference data were available. However, 

for most of this analysis, the more important issue is the relative correspondence in positional 

accuracy between the two dates. This is important for the change detection of NDVI. 

Twenty sets of coordinates were recorded at locations distributed throughout the image extent 

(Table B-1). It was often difficult to pinpoint the same location on the two images, as features 

such as streams, ponds, and rock outcrops were used. The statistics are calculated as described by 

Congalton and Green (2009).   

These results demonstrate that the RMS error is approximately four metres plus or minus 

one metre in the X dimension, and three metres plus or minus one metre in the Y dimension. This 

corresponds approximately to the size of one pixel (4 m by 4 m). Thus, the two dates can be 

considered offset from each other by approximately one pixel.  Analysis of change of specific 

locations should be done on the basis of a window of at least 3 by 3 pixels to ensure a high 

likelihood that the target location falls within the window on both images.  Suitably, this 

corresponds to vegetation plot dimensions (144 m2).  

 

References  
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Table B-1.   Comparison of reference locations  between two Ikonos image dates. RMSE = Root Mean Square Error 

Location  July 
Easting 

July 
Northing 

August 
Easting 

August 
Northing 

Easting 
Difference 

Northing 
Difference 

Easting 
Difference 
Squared 

Northing 
Difference 
Squared 

Variance 
calculation 
for  
Eastings 

Variance 
calculation 
for 
Northings 

south outlet 
from west lake   541136  8310984  541144  8310979  ‐8  5  64  25  14.6129  4.2391
north inflow to 
west lake  540580  8312866  540582  8312863  ‐2  3  4  9  4.7407  0.0035
streams in NW of 
image  538537  8315524  538540  8315524  ‐3  0  9  0  1.3861  8.6500
peak of landform 
in NW of image  538250  8317274  538254  8317274  ‐4  0  16  0  0.0314  8.6500
stream near SW 
coast  540450  8308945  540458  8308938  ‐8  7  64  49  14.6129  16.4748
small pond near 
SE coast  543890  8311958  543892  8311962  ‐2  ‐4  4  16  4.7407  1.1213
peak of landform 
s of  lakes  542413  8309565  542417  8309564  ‐4  1  16  1  0.0314  3.7678
streams , centre 
image  542327  8315136  542327  8315134  0  2  0  4  17.4500  0.8856
ne corner of 
image,pond  543316  8317716  543320  8317713  ‐4  3  16  9  0.0314  0.0035
tip of vegetated 
land on 
peninsula  547013  8313237  547014  8313237  ‐1  0  1  0  10.0954  8.6500

far ne of image  546652  8316328  546655  8316327  ‐3  1  9  1  1.3861  3.7678

Plateau Lake  542014  8313891  542018  8313886  ‐4  5  16  25  0.0314  4.2391
centre of image, 
dark spot on rock  540404  8314101  540408  8314100  ‐4  1  16  1  0.0314  3.7678
stream going to 
east lake  542937  8312255  542944  8312253  ‐7  2  49  4  7.9675  0.8856



 

 124

Location 
July 
Easting 

July 
Northing 

August 
Easting 

August 
Northing 

Easting 
Difference 

Northing 
Difference 

Easting 
Difference 
Squared 

Northing 
Difference 
Squared 

Variance 
calculation 
for  
Eastings 

Variance 
calculation 
for 
Northings 

“Loose Goose”  541330  8313774  541330  8313770  0  4  0  16  17.4500  1.1213
outlet into east 
lake  541994  8312477  541998  8312475  ‐4  2  16  4  0.0314  0.8856
landform in 
centre, peak  541827  8314748  541820  8314751  7  ‐3  49  9  7.9675  0.0035
depression on 
west side of river  540310  8314594  540310  8314594  0  0  0  0  17.4500  8.6500
depression on 
east side  542594  8316188  542594  8316188  0  0  0  0  17.4500  8.6500
depression in 
north  541954  8317156  541954  8317156  0  0  0  0  17.4500  8.6500

sum                          154.9484  93.0664

average              ‐2.55  1.45  17.45  8.65       
RMS of the 
population of 
errors                    4.1773  2.9411       
variance of the 
population of 
errors                          8.1552  4.8982
standard 
deviation of 
population of 
errors                          2.8557  2.2132
standard 
deviation of 
RMSEs                          0.6386  0.4949
95% confidence 
interval RMSEs                          1.3365  1.0358
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Appendix C 

Top of Atmosphere (TOA) Conversion 

Prior to the calculation of the Normalized Difference Vegetation Index (NDVI), the images 

were converted to top of atmosphere (TOA) radiance (Lλ), and then to planetary reflectance (ρp) , 

using equations 1 and 2, below (Taylor, 2005). The radiance (Lλ) calculation (Equation C-1) 

converts unitless digital numbers (DNs) for each spectral channel to watts per meter squared per 

steradian (W m-2 sr-1), which represents the energy reaching the sensor after having passed through 

the atmosphere. The calibration coefficients and bandwidth lengths were obtained from Taylor 

(2005).  While Landsat imagery requires two calibration coefficients (i.e., a “gain” and a “bias” (also 

known as “offset”)), IKONOS data simply requires a gain coefficient. This is because part of the 

radiometric preprocessing of IKONOS data by the distributor (GeoEye, formerly Space Imaging) 

involves subtracting the dark count for each band (Pagnutti et al., 2003). This standardizes 

radiometry from pixel to pixel in the detector array and reduces the need for atmospheric correction 

(Pagnutti et al., 2003). 

Equation C-1.  Exoatmospheric Radiance per IKONOS band 

 Lλ (IKONOS) = (104 * DNλ) / (CalCoefλ* Bandwidthλ) 

Where 

DNλ = image digital number  

CalCoefλ =   calibration coefficient  in DN / (mW cm-2 sr-1) 

Bandwidthλ = band width in nanometres 

 

TOA reflectance (ρp), also known as “planetary reflectance”, is a unitless ratio of the energy 

received at the sensor to the original solar irradiance incident on the target (for a particular 
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wavelength range). The reflectance calculation (Equation C-2) compensates for solar zenith angle 

and seasonal changes in the distance between the earth and sun, facilitating the comparison of images 

from different dates.  The values for Esunλ and ‘d’ were supplied by Taylor (2005). Solar zenith angle 

was calculated from solar elevation angle, which was supplied in the metadata provided with the 

IKONOS images.  

 

Equation C-2.  Planetary Reflectance per IKONOS band 

 ρp = (π * Lλ * d2) / (Esunλ * cosΘs) 

where 

Lλ =  radiance as calculated in Equation 1  

d = the distance between the earth and the sun at the date of image acquisition 

Esunλ =  the mean solar exoatmospheric irradiance for the wavelengths in the band  

Θs  = solar zenith angle  at the time of data acquisition 

 

There was no further atmospheric correction on the images for the following reasons: 

a) All deep water bodies on these images were ice covered or contaminated by floating ice 

fragments. A radiometric rectification such as that described by Hall et al. (1991) would 

require the identification of dark features such as clear deep water, which were lacking on 

these images. 

b) Normalization of one image to another by histogram matching, another potential approach, 

would have been problematic because of differing stages of snow and ice melt in the two 

images. 

c) No contemporary atmospheric measurements were available. 



 

 127

d) It was not possible to determine suitable parameters for input into an atmospheric model 

based on radiative transfer code. 

e) The subtraction of the offset that is automatically applied to IKONOS data by the distributor 

already removes some haze effects, following the same principle as the Dark Object 

Subtraction method, which is often used as a simple correction for path radiance.  

 

The Haze Optimized Transform (Zhang et al., 2002) was also attempted on the August image, but 

could not be completed because there was no clear distinction between clear and hazy areas of the 

image in the scattergram of the blue versus red bands (which is the premise upon which this 

technique is dependent). It appears that the bare rock areas in Arctic landscapes are spectrally 

inseparable from haze which limits the application of atmospheric correction techniques. Hence, it 

must be noted that NDVI values calculated from TOA spectra should be expected to be considerably 

smaller than those which would have been calculated from surface spectra (Song et al., 2001; Jensen, 

2007). This is mainly due to increased scattering in the red as opposed to infrared wavelengths; so 

this effect may be partially ameliorated by the offset subtraction.  
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Appendix D 

Classification Rules 

ArcGIS™ Spatial Analyst Raster Calculator Script: 

Classes: 1 = polar semi-desert, 2 = mesic tundra, 3 = wet sedge meadow, 4 = bare ground, 5 = water, 
6 = snow, 0 = unclassified 
 

1) Step1 = Julyclass  */ Start with July classification as the base 
2) Step2 = con ([Augclass]==1, 1, [Julyclass])  */ Use Polar Semi-Desert from August 

Classification 
3) Step3 = con ([July_ndvi] > 0.15 or [augndvi] > 0.15 and [step2] = 4), 1, [step2]   */ If a pixel 

has a NDVI of greater than 0.15 in BOTH July and August, and is classed as barren ground, 
change it to polar semi-desert 

4) Step4 = con ([step3]=6 and [Augclass] <> 0), [Augclass], [step3]     */If a pixel is classified 
as snow, replace this with a value from the August classification, providing the August 
classification is not zero for this pixel (certain areas were masked out and left unclassified in 
August due to haze and cloud) 

5) Step5 = con ([Augclass]==5, 5, [step4]      */Use Water from the August classification 
 

Rationale: 

• Separability between mesic tundra and wet sedge meadow was best in the July classification. 

• Separability between polar semi-desert and barren ground was best in the August 

classification, but was not excellent in either classification. 

• Examination of the range of NDVI values for bare ground versus polar semi-desert 

calibration sites, combined with trial and error experiments with different classification 

outcomes, led to the choice of 0.15 as a threshold between these classes. This is a 

conservative threshold because a site must be below 0.15 in both dates to become classified 

as barren ground.  

• Some of the snow banks present in July had melted by August; those remaining can be 

considered semi-permanent snow banks. 
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• Adding the water from the August classification ensured that any pixel classified as water on 

either date would be water in the final classification – this helped linear streams and rivers 

with widths close to the width of one or two pixels to be fully delineated.  
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Appendix E 

Classification Validation 

 An independent set of reference data were collected in order to evaluate the accuracy of the 

final land-cover classification of Cape Bounty. A set of 103 point locations were sampled by Adam 

Collingwood in the summer of 2009 (i.e., site photographs and percent vegetation measures). Adam 

Collingwood made this dataset available for the validation of the image classification.   

First, each photograph for each sample site was examined and objectively assigned to one of 

four land-cover classes (bare ground, polar semi-desert, mesic tundra, and wet sedge meadow) 

without any knowledge of its position on the map (water and permanent snow cover classes were not 

assessed). As a result, 12 sites were classified as bare ground, 41 as mesic tundra, 35 as polar semi-

desert, and 15 as wet sedge meadow (Total 103 sites). As seen in Figure E-1 , the validation samples 

were well distributed throughout the study area, and the proportions classified as the three vegetation 

types roughly corresponds to the prevalence of these vegetation types across the landscape. Next, the 

validation points were buffered to an 8 metre radius and then rasterized. This caused each point to 

cover approximately nine pixels, i.e., a three by three window. This was done to allow for positional 

uncertainty resulting from the GPS and the image registration.  The rasterized validation layer was 

overlaid with the classification, and the results tabulated into a confusion matrix (Table E-1). 
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Figure E-1.   The distribution of 103 validation points within the east and west watersheds of the CBAWO. 
The locations of the twelve sample plots used for this study’s field data collection are included. The August 
NDVI image is included as background for context.  
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Table E-1.  Accuracy Assessment for the Cape Bounty land-cover classification. 

Overall Accuracy  83 %  

  

Kappa Statistic:    0.79 

         

    Reference Pixels       

  CLASS PD MT WS Bare Totals 

  PD 6400 528 0 448 7376 

  MT 512 6704 976 0 8192 

  WS 0 912 2016 0 2928 

  Bare 144 0 0 1984 2128 

    7056 8144 2992 2432 20624 

         

    Reference Percent       

  CLASS PD MT WS Bare Totals 

  PD 90.70 6.48 0.00 18.42 35.76 

  MT 7.26 82.32 32.62 0.00 39.72 

  WS 0.00 11.20 67.38 0.00 14.20 

  Bare 2.04 0.00 0.00 81.58 10.32 

  Totals 100.00 100.00 100.00 100.00 100.00 

         

  class commission % omission   %   commission pixels omission pixels 

  PD 13.23 9.30  976 656 

  MT 18.16 17.68  1488 1440 

  WS 31.15 32.62  912 976 

  Bare 6.77 18.42   144 448 
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  class Producer Accuracy % User Accuracy %     

  PD 90.7 86.8     

  MT 82.3 81.8     

  WS 67.4 68.9     

  Bare 81.6 93.2     

            

  avg 80.5 82.7       
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Appendix F       Soil Moisture Measurements 

Table F-1.  Volumetric Soil Moisture at vegetation plots, Cape Bounty, 2008. Each data point is an average of at least eight measurements.  
 

Julian Day Polar Semi-Desert      Organic Soil  Polar Semi-Desert      Mineral Soil Polar Semi-Desert   Weighted 
Averages 

Mesic Tundra Wet Sedge Meadow 

  PD-A PD-C PD-G PD-P PD-A PD-C PD-G PD-P PD-A PD-C PD-G PD-P MT-H MT-I MT-G MT-P WS-D WS-J WS-G WS-P 

176     0.407       0.207       0.277               0.977   

177       0.446       0.212       0.282     0.388 0.446       0.739 

178 0.216 0.283     0.199 0.228     0.203 0.244     0.398 0.395     0.853 0.759     

179                                         

180                                         

181   0.337       0.219       0.254     0.388 0.400     0.877 0.728     

182     0.237 0.181     0.177 0.147     0.198 0.157       0.513     0.719 0.483 

183                             0.373           

184 0.211 0.263 0.163   0.100 0.178 0.174   0.127 0.204 0.170   0.319 0.343 0.302   0.690 0.478 0.803   

185                                         

186       0.101       0.129       0.120       0.321       0.233 

187                                         

188                                         

189 0.160 0.214     0.119 0.155     0.129 0.173     0.202 0.229     0.539 0.646     

190     0.117 0.069     0.121       0.119 0.021     0.289 0.301     0.596 0.206 

191 0.187       0.057       0.089       0.217               

192   0.120       0.085       0.095       0.182     0.520 0.627     

193                                         

194   0.090       0.090       0.090     0.186 0.171     0.450 0.389     

195     0.112 0.103     0.125       0.120 0.103     0.145 0.229     0.640 0.155 

196                         0.214 0.186       0.502     
                                          
                                          

205 0.254 0.214     0.209 0.236     0.221 0.229     0.324 0.311     0.507 0.546     

206                                         

207     0.296 0.230     0.195 0.189     0.230 0.201     0.257 0.345     0.608 0.394 

208 0.272 0.313     0.154 0.204     0.183 0.236     0.278   0.336   0.6 0.593 0.490   

Summer Avg 0.217 0.229 0.222 0.188 0.139 0.174 0.166 0.169 0.159 0.191 0.186 0.175 0.281 0.277 0.298 0.359 0.629 0.585 0.690 0.368 

Com. Type Avg       0.21       0.16       0.18       0.30       0.57 
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Appendix G 
Active Layer Depth Data 
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Appendix H 

  Plant Root Simulator (PRS™) Probe Results by Plot  

Table H-1.  PRS™ results from early burial period, June 26/27th to July 17th/18th. Nutrient supply rates are expressed in ųg of nutrients adsorbed per 10 cm2 
surface area per two week period.  Averages and standard errors are given for each vegetation type. Highlighted cells indicate values at (red) or below (yellow) 
method detection limit. 
 

Site Total N NO3-N NH4-N 
NO3/NH4 
Ratio P K Ca S Mg B Fe Mn Cu Zn Pb Al Cd 

PD-A 11.2 1.2 10.0 0.1 0.6 67.8 1005.4 108.8 498.0 1.8 5.0 1.8 0.6 0.8 0.2 26.2 0.0 
PD-C 10.8 3.4 7.4 0.5 0.6 43.0 791.4 88.6 580.8 1.4 6.0 0.6 0.6 0.6 0.2 55.8 0.0 
PD-G 12.4 5.8 6.6 0.9 0.6 52.0 529.0 50.0 549.2 1.4 7.4 2.2 0.4 0.4 0.0 23.0 0.0 
PD-P 8.2 3.2 5.0 0.6 2.4 44.8 421.6 61.6 345.8 1.6 3.0 0.8 0.2 0.4 0.0 46.8 0.0 
avg 10.7 3.4 7.3 0.5 1.1 51.9 686.9 77.3 493.5 1.6 5.4 1.4 0.5 0.6 0.1 38.0 0.0 
se 0.9 0.9 1.0 0.2 0.5 5.6 131.6 13.3 52.1 0.1 0.9 0.4 0.1 0.1 0.1 8.0 0.0 
MT-H 16.2 10.6 5.6 1.9 0.4 37.8 1041.8 71.4 876.8 1.2 9.6 16.4 1.0 0.8 0.2 36.2 0.2 
MT-I 19.4 10.6 8.8 1.2 0.6 41.0 1227.6 52.8 902.8 1.6 8.6 5.4 1.4 0.8 0.4 22.6 0.0 
MT-G 13.0 8.0 5.0 1.6 1.8 38.8 542.4 42.4 450.0 1.6 7.2 4.6 0.4 0.8 0.0 32.2 0.0 
MT-P 16.2 3.0 13.2 0.2 0.4 49.6 1149.2 261.2 852.0 2.0 27.0 1.2 1.4 1.0 0.8 23.2 0.0 
avg 16.2 8.1 8.2 1.2 0.8 41.8 990.3 107.0 770.4 1.6 13.1 6.9 1.1 0.9 0.4 28.6 0.1 
se 1.3 1.8 1.9 0.4 0.3 2.7 154.1 51.8 107.3 0.2 4.7 3.3 0.2 0.0 0.2 3.4 0.1 
WS-D 39.6 1.4 38.2 0.0 3.4 60.8 825.0 105.6 767.0 1.0 763.8 157.6 0.4 4.2 0.4 17.8 0.0 
WS-J 32.8 10.6 22.2 0.5 3.6 50.6 552.6 61.4 376.6 1.2 617.0 84.2 0.2 2.0 0.2 26.0 0.0 
WS-G 19.0 3.4 15.6 0.2 6.8 19.0 1299.4 379.0 944.2 1.4 400.2 162.8 0.8 1.8 0.6 27.8 0.0 
WS-P 16.4 3.0 13.4 0.2 0.6 41.2 852.0 63.4 591.0 1.4 3.8 2.0 0.4 0.8 0.2 26.2 0.0 
avg 27.0 4.6 22.4 0.2 3.6 42.9 882.3 152.4 669.7 1.3 446.2 101.7 0.5 2.2 0.4 24.5 0.0 
se 5.5 2.0 5.6 0.1 1.3 8.9 154.6 76.2 121.4 0.1 165.3 37.8 0.1 0.7 0.1 2.3 0.0 
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Table H-2.  PRS™ results from late burial period, July 17th/18th  to Aug 7th/ . Nutrient supply rates are expressed in ųg of nutrients adsorbed per 10 cm2 surface 
area per two week period.  Averages and standard errors are given for each vegetation type. Highlighted cells indicate values at method detection limit. Nutrient 
supply rates for NO3

-, NH4
+, P, and K at Cape Bounty are at the low end of rates typically encountered for forest soils over the same time period (Western Ag 

Innovations, 2008). Cape Bounty is high in sulphur – quantities for some plots exceed those measured at agricultural and forest sites in temperate zones (Western 
Ag Innovations, 2008).  
 

Site Total N NO3-N NH4-N 
NO3/NH4 
Ratio P K Ca S Mg B Fe Mn Cu Zn Pb Al Cd 

PD-A 9.6 6.0 3.6 1.7 0.6 53.4 2224.0 750.4 1043.2 3.6 7.4 1.6 1.4 1.4 0.6 23.4 0.0 
PD-C 12.2 6.8 5.4 1.3 0.6 43.4 1736.6 433.2 1090.2 1.4 16.0 5.0 3.4 1.2 1.0 35.2 0.0 
PD-G 20.0 2.4 17.6 0.1 1.8 39.0 1116.4 381.0 905.2 1.4 149.8 89.8 1.2 1.4 0.4 29.8 0.0 
PD-P 5.6 2.9 2.7 1.1 1.4 107.8 640.8 203.4 482.4 1.4 5.9 1.4 0.5 0.4 0.0 32.4 0.4 
avg 11.9 4.5 7.3 1.0 1.1 60.9 1429.5 442.0 880.3 2.0 44.8 24.5 1.6 1.1 0.5 30.2 0.1 
se 3.0 1.1 3.5 0.3 0.3 15.9 347.1 114.0 138.3 0.6 35.1 21.8 0.6 0.2 0.2 2.5 0.2 
MT-H 14.6 10.4 4.2 2.5 0.4 48.8 729.8 22.8 517.2 1.0 13.4 2.8 1.6 0.8 0.6 47.4 0.0 
MT-I 4.4 2.2 2.2 1.0 0.4 35.6 851.2 27.2 613.2 1.0 14.6 3.0 2.2 1.4 1.0 25.4 0.0 
MT-G 21.8 14.6 7.2 2.0 0.2 94.0 594.6 216.2 520.0 1.2 3.6 1.4 0.8 0.8 0.2 27.0 0.0 
MT-P 6.8 6.4 0.4 16.0 0.2 54.2 934.2 1034.4 878.8 2.0 11.6 0.6 0.6 0.4 0.2 26.6 0.0 
avg 11.9 8.4 3.5 5.4 0.3 58.2 777.5 325.2 632.3 1.3 10.8 2.0 1.3 0.9 0.5 31.6 0.0 
se 4.0 2.7 1.5 3.6 0.1 12.6 74.0 240.7 85.1 0.2 2.5 0.6 0.4 0.2 0.2 5.3 0.0 
WS-D 25.8 8.8 17.0 0.5 0.6 82.6 408.0 57.0 369.4 0.8 140.8 54.6 1.4 2.2 0.6 24.0 0.0 
WS-J 26.8 5.8 21.0 0.3 1.0 59.8 474.0 8.4 344.6 1.6 611.0 103.2 0.4 2.2 0.2 24.8 0.0 
WS-G 22.2 9.0 13.2 0.7 0.6 102.0 850.6 576.8 843.2 1.8 4.2 0.6 1.2 1.0 0.2 25.7 0.0 
WS-P 9.2 8.8 0.4 22.0 0.6 53.6 1092.4 195.0 877.4 2.0 8.2 1.8 0.6 0.6 0.2 34.8 0.0 
avg 21.0 8.1 12.9 5.9 0.7 74.5 706.3 209.3 608.7 1.6 191.1 40.1 0.9 1.5 0.3 27.3 0.0 
se 4.1 0.8 4.5 5.4 0.1 11.1 161.5 128.7 145.5 0.3 143.5 24.5 0.2 0.4 0.1 2.5 0.0 

 
Reference: Western Ag Innovations Inc. (2008). Plant Root Simulator (PRS™) Operations Manual..
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Appendix I 

  Biomass Results 

Table I-1.   Biomass results by plot. WS-P samples were accidentally combined so standard error of 
samples from this plot could not be calculated. 
 

PLOT 

# 
Samples 
Weighed 

Mean 
Biomass 
(g/m2) 

Standard 
Error  

# Samples 
Separated 
into 
Vascular/Non-
Vascular 

Percent 
Vascular 
of Total 
Biomass 

Vascular 
Biomass 
Estimate 
(g/m2) 

Standard 
Error of 
Vascular 
Biomass 

PD-A 11 67.39 36.53 4 65 43.51 8.37

PD-C 8 199.75 87.69 5 65 130.82 8.59

PD-G 8 290.11 95.75 5 50 146.21 59.46

PD-P 8 531.63 231.62 4 4 19.64 11.32

MT-H 4 805.27 146.46 2 17 133.46 35.88

MT-I 4 601.36 217.10 2 6 36.83 3.04

MT-G 3 2716.49 608.96 2 9 241.96 168.38

MT-P 4 1526.49 571.30 2 4 63.93 43.48

WS-D 4 1237.95 264.36 2 13 162.79 77.67

WS-J 4 1034.78 117.31 2 12 119.38 4.13

WS-G 4 349.25 130.75 2 48 166.62 103.01

WS-P 4 680.40 53.24 2 10 71.16 ?
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Appendix J  
 Percent Cover, Heights, and Volume 

 
Table J-1.   Point frame data by plot from the early summer period, June 29th to July 5th. This table records the number of hits of each cover type per point 
frame. The polar semidesert plot hit counts are the average of two point frames. Heights are averaged over functional plant groups. “Veg Volume” is calculated 
from the percent cover multiplied by the height of each cover type. Leaf Area Index (LAI) is calculated from hits of green graminoids, live forbs, willow, Dryas, 
and Cassiope. 

  

Plot

Water
Rock

Mineral Soil
Organic Soil

Lichen
Moss

Green Graminoid

Senescent Graminoid

Forb
Willow

Dead Litter
Dryas

Cassiope

Avg hgt moss (cm)

Avg hgt gram (cm)

Avg hgt forb (cm)

Avg hgt woody (cm)
% Vegetated

"Veg Volume" (dm 3)
Leaf Area Index

PD-A 0 65 57 1 11 3 0 0 2 2 0 0 0 0.6 0.7 1.4 0.6 47.5 0.93 0.030
PD-C 0 14 63 0 2 12 17 30 8 0 2 0 0 0.9 1.4 1.8 0.0 6.0 8.87 0.265
PD-G 0 20 33 8 9 46 10 12 4 30 7 0 2 1.4 2.3 1.3 2.4 65.0 19.59 0.500
PD-P 0 49 34 1 26 17 1 1 3 7 5 0 0 0.9 1.3 1.4 2.7 22.0 3.64 0.185
MT-H 0 0 24 3 21 62 20 44 21 0 1 0 0 2.8 3.7 3.7 0.0 76.0 48.40 0.600
MT-I 0 6 54 4 2 39 20 49 8 0 4 0 0 3.0 3.2 4.8 0.0 65.0 37.77 0.410
MT-G 0 0 10 8 6 88 2 28 0 20 8 0 0 3.7 2.2 0.0 2.4 92.0 43.88 0.310
MT-P 0 1 2 1 17 96 9 33 5 1 5 0 2 1.7 2.7 3.0 3.0 99.0 30.27 0.190
WS-D 0 0 1 5 0 93 47 95 2 0 0 0 0 2.4 6.4 3.0 0.0 100.0 114.23 0.750
WS-J 0 0 0 7 0 93 34 92 1 0 0 0 0 3.2 5.4 5.0 0.0 100.0 98.42 0.510
WS-G 54 0 0 10 0 43 53 82 3 0 5 0 1 1.2 4.6 1.7 1.0 100.0 67.53 0.830
WS-P 0 0 0 6 3 84 17 53 7 16 9 0 0 1.4 2.7 2.0 2.1 95.0 35.25 0.430

PD Avg 0.0 36.8 46.4 2.5 11.9 19.4 6.8 10.6 4.1 9.7 3.1 0.1 0.5 1.0 1.4 1.4 1.4 35.1 8.26 0.245
MT Avg 0.0 1.8 22.5 4.0 11.5 71.3 12.8 38.5 8.5 5.3 4.5 0.0 0.5 2.8 2.9 2.9 1.4 83.0 40.08 0.378
WS Avg 13.5 0.0 0.3 7.0 0.8 78.3 37.8 80.5 3.3 4.0 3.5 0.0 0.3 2.1 4.8 2.9 0.8 98.8 78.86 0.630
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Table J2.   Point frame data by plot from the late summer period, July 21st to July 25th. 

 

 

 

Plot

Water
Rock

Mineral Soil
Organic Soil

Lichen
Moss

Green Graminoid

Senescent Graminoid

Forb
Willow

Dead Litter
Dryas

Cassiope
Avg hgt moss (cm)

Avg hgt gram (cm)

Avg hgt forb (cm)

Avg hgt woody (cm)
% Vegetated

"Veg Volume"(dm 3)
Leaf Area Index

PD-A 0 53 65 1 16 2 0 0 2 1 0 0 0 0.0 0.0 0.5 0.5 19.0 0.20 0.020
PD-C 0 31 54 1 8 6 19 21 2 0 3 1 0 1.6 2.6 1.0 1.5 40.5 12.22 0.300
PD-G 0 23 25 2 12 36 7 11 1 21 3 0 0 2.9 4.4 0.8 2.1 50.5 19.85 0.735
PD-P 0 64 40 2 17 12 1 3 5 3 5 0 0 0.7 1.1 0.8 0.7 34.5 3.40 0.095
MT-H 0 1 17 10 26 63 24 31 7 0 2 0 0 1.4 2.8 2.0 0.0 86.0 25.22 0.310
MT-I 0 15 46 2 2 34 27 50 1 0 0 0 0 2.2 2.1 0.0 0.0 70.0 23.52 0.350
MT-G 0 0 13 1 19 79 10 31 3 33 0 0 0 2.4 4.3 1.7 3.1 90.0 47.15 0.570
MT-P 0 1 4 24 30 56 21 35 3 0 11 0 0 1.8 2.9 3.0 0.0 91.0 27.28 0.310
WS-D 0 0 1 2 2 94 47 84 4 10 2 0 0 1.9 4.8 2.8 3.0 99.0 84.89 0.950
WS-J 0 0 0 9 0 78 62 79 2 0 0 0 0 3.0 5.2 2.5 0.0 99.0 97.55 1.040
WS-G 0 0 17 19 5 43 72 66 0 2 0 0 0 1.6 4.2 0.0 1.5 97.0 65.57 1.470
WS-P 0 0 3 11 3 79 25 58 6 23 10 0 0 1.9 3.3 3.5 2.7 99.0 50.56 0.740

PD Avg 0.0 42.3 45.8 1.0 12.9 13.8 6.6 8.5 2.5 6.1 2.8 0.1 0.0 1.3 2.0 0.8 1.2 27.1 8.92 0.288
MT Avg 0.0 4.3 20.0 9.3 19.3 58.0 20.5 36.8 3.5 8.3 3.3 0.0 0.0 1.9 3.0 1.7 0.8 80.0 30.79 0.385
WS Avg 0.0 0.0 5.3 10.3 2.5 73.5 51.5 71.8 3.0 8.8 3.0 0.0 0.0 2.1 4.4 2.2 1.8 98.5 74.64 1.050
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Appendix K  Phenological Observations   

 

  

Week 1          
(Julian Days 
176-182) 

Saxifraga oppostifolia abundantly in bloom in polar semi-desert. Buttercups 
(Ranunculus sp.) common in mesic and wet sedge plots. Most mesic and wet 
sedge plots waterlogged. Graminoids still appear senescent – brown. 

Weeks 2 and 
3 

(183-196) 

Greenup of graminoids starts in wet sedge meadows, to a much lesser extent in 
mesic tundra. Cottongrass (Eriophorum angustifolium and E.scheuchzeri) starts 
to bloom around July 5th (DOY 187).  S. oppostifolia. blooming is over. Dryas 
integrifolia in bloom in polar semi-desert. Arctic Poppies (Papaver 
cornwallisense) common in polar semi-desert. 

Forbs found in plots in early July include Arctic Poppies and Saxifraga spp. 
(several varieties, including S. tricuspidata) in polar semi-desert; Buttercups, 
Purple Bladder or Nodding Campion (Silene uralensis ssp arctica), and 
saxifrage varieties (e.g. Saxifraga hirculus, S. platysepala) in mesic tundra, and 
Cinquefoil (Potentilla vahliana)  and buttercups in wet sedge meadows. 

Week 4  

(197–203)  

          

D. integrifolia blooms are past peak.  Wet sedge meadows are much greener. 
The only noticeable green in mesic and polar semi-desert sites is Salix arctica. 

In late July, Arctic Poppies were still ubiquitous in the polar semi-desert along 
with yellow flowering  Saxifraga spp., cinquefoil, and buttercups in mesic and 
wet sedge. 

Week 5-6 

 (204-217) 

Only a few late blooming forbs in flower - poppies, star chickweed (Stellaria 
sp., Saxifraga hirculus, purple bladder campion. S. oppositifolia leaves have 
turned red, D. integrifolia leaves are senesced. Some S. arctica leaves start to 
yellow (mainly in polar semi-desert), but many are still fresh green. Noticeable 
stem, leaf, and catkin growth as compared to earlier in summer. Wet sedge 
meadows still very green. 
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Appendix L 

CO2  Flux Sampling Protocol 

The CO2 sampling procedure followed a protocol established by David Atkinson. The 

primary equipment components consisted of a Vaisala™ GMP343 Carbon Dioxide probe, a 

Vaisala™ HMP75 Relative Humidity and Temperature probe, a Vaisala™ M170 data logger, a 

Kestrel™ weather gauge, Control Company™ and Taylor™ digital soil thermometers and a 9 

Litre clear plastic cylindrical chamber fitted with an internal fan for air circulation, a tube to 

control inside/outside air pressure differential, and sockets at the top in which to insert the two 

probes.  

 

Step-by-step Procedures: 

i. Record cloud cover and weather conditions. Measure air temperature, wind, and 

atmospheric pressure with Kestrel™ weather gauge and record. 

ii. Turn on M170 data logger. Enter current atmospheric pressure. It is necessary to do this 

separately for both probes. Also set environmental settings so the HMP75 probe is 

“linked”: this will allow the CO2 probe to account for relative humidity in its on-the-fly 

calculation of CO2 ppm. It is necessary to repeat this step every time equipment is turned 

on. (It is advisable to double-check that all environmental settings – oxygen 

concentration, etc. are set to something reasonable). 

iii. Air out chamber until the reported CO2 concentration stabilizes at ambient level. 
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iv. Set chamber on collar, twisting and sealing with a rubber gasket pulled down around 

outside.  

v. Log data at 5 second intervals for 5 minutes (this logging frequency can be set up in 

menu beforehand) 

vi. While CO2 data logging is in process, insert soil temperature gauge in soil adjacent to 

collar at 5 cm depth and record temperature. Repeat at 10 cm depth.  

vii. Remove chamber from collar and allow value reported by logger to return to ambient 

CO2 concentration.  

viii. Replace chamber on collar as before and cover with a shroud to block light (we created 

pillowcase like “shrouds” from a material used for blinds). Repeat 5 minutes of  data 

logging for a dark (respiration only) measurement.  

ix. Photograph collar and make note of any new phenological developments in collar and/or 

plot. 

 

 

Calculation of average flux rate 

i) Convert CO2 flux measurements in ppm to µmol m-3 using the Ideal Gas Law:  

 (n  * (P/(R*Ta)) 

where 

n = CO2  ppm, as measured by the  Vaisala™ GMP343 Carbon Dioxide probe 

P = ambient air pressure, measured in hapa by the Kestrel™ weather gauge 

R = the universal gas constant, 0.08314 hapa m3 mol-1 k-1 

Ta = air temperature in Kelvin within the chamber, as measured by the Vaisala™ HMP75 

Relative Humidity and Temperature probe. There was an individual temperature 
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measurement logged for each of the sixty CO2 flux measurements as the temperature 

varied within the chamber during the five minute measurement period.  

 

ii) For each set of sixty flux measurements (logged at five second intervals for five 

minutes), calculate the change in concentration in µmol m-3 s-1 for each consecutive 

pair of measurements by subtracting one from the other and dividing by five. 

iii) Starting at  the 30 second mark, i.e. the sixth flux measurement,  calculate the 

average change in concentration over the last three flux measurements inclusive, i.e. 

the average of the change in concentration between the fourth and third 

measurements, the fifth and fourth measurements,  and the sixth and fifth 

measurements. Move onto the ninth flux measurement, i.e. the 45 second mark, and 

repeat. This gives the average change in concentration per second over a ten second 

interval i.e. between the 20 and 30 second marks, between the 45 and 35 second 

marks, etc.  There will be nineteen of the average change in concentration 

calculations. Note the first ten seconds are omitted to allow for effects of air pressure 

stabilization within the chamber at the beginning of the CO2 flux measurement 

session. 

iv) Convert each of these nineteen average changes in concentration to a flux in µmol m-

2 s-1 by the volume of the chamber+collar air space and the area of the collar. The 

volume was slightly different for each collar depending on the height of the collar 

aboveground, but was typically close to 0.0103 m3, based on a chamber volume of 

0.0093 m3 and a collar volume of 0.001 m3. The area of the collar base was 0.0314 

m2. 
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v) Calculate the mean of the nineteen average changes in concentration in µmol m-2 s-1. 

This will be the NEE if it was a light reading (no shroud), or the Re if it was a dark 

reading (under the shroud). If the CO2  concentration within the chamber was rising, 

it will be a positive value, and if it was falling, it will be a negative value. The dark 

reading subtracted from the light reading gives the GPP.  
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Appendix M 

CO2  Flux Results by Collar 

All fluxes are in µmol m-2 s-1. Fluxes were measured at intervals ranging from 2 to 9 

days, depending on weather and manpower constraints, between June 24th (Julian Day 176) and 

August 4th (Julian Day 217) 2008.  
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Appendix N 

Photosynthesis Sub-model 

Although the effect of photosynthetically active radiation (PAR) on photosynthesis could 

not be isolated in these data, probably due to confounding factors of site differences, phenology 

and weather, we know that there is a theoretical relationship. By definition, there can be no 

photosynthesis without light. Since the CO2 flux measurements were taken at different times in 

different light conditions, it is necessary to normalize the GPP measurements by PAR so that the 

relationship between GPP and NDVI can be expressed independently of PAR.   

The Michaelis-Menton kinetic model describes the basic form of leaf-level 

photosynthetic light response with a simple empirical equation (Douma et al., 2007; Lloyd, 2001; 

Hollinger et al., 1994):    

GPP = (Pmax * I ) / (k + I)       (O-1) 

where,  

Pmax = maximum rate of photosynthesis at saturating light intensity (µmol CO2 m-2 s-1) 

I = light intensity; i.e., photosynthetically active photon flux density (PPFD) aka PAR 
(µmol photons m-2 s-1) 

k = the Michaelis constant = the PFFD at which P is half of Pmax (µmol photons m-2 s-1) 

 

1. Rearranging this equation allows us to solve for Pmax when we know GPP and PAR.  

Pmax = (GPP *(k + PAR)) / PAR)      (O-2) 

For our purposes, 300 µmol m-2 s-1 was chosen as a reasonable value for k, based  on values of k 

calculated for moss by Douma et al. (2007) and for Salix spp. by Muraoka et al. (2002) at High 

Arctic sites in northern Europe.   Twelve Pmax‘s, one for each plot, were calculated based on the 
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plot CO2  measurements closest to the image acquisition date and the PAR recorded at the main 

meteorological station at the time of CO2  measurement (Table N-1 ).  This was done for both 

Week 2 and Week 6 (there were no measurements for plots PT-P, PT-M, and PT-W during Week 

6 so data from Week 5 were used).  

Table N-1.  GPP and Pmax for weeks 2 and 6. 

 Week of July 4th (Week 2) Week of August 2nd (Week 6)  
PLOT GPP PAR Pmax  GPP PAR Pmax  
PD-C -1.14 916.8 -1.52 -0.89 1297.2 -1.09  
PD-A 1.03 1032.2 0.80 -0.26 269.8 -0.55  
PD-G -2.00 1019.2 -2.58 -1.12 503.9 -1.78  
PD-P 0.77 1167.2 0.61 -0.50 718.5 -0.71  
MT-H -0.90 1162.3 -1.13 -0.24 1017.6 -0.31  
MT-I -1.05 975.3 -1.38 0.14 910.3 0.11  
MT-G -0.74 622.6 -1.09 -1.46 351.1 -2.71  
MT-P 0.86 1167.2 0.68 -1.32 718.5 -1.88  
WS-D -3.20 1110.3 -4.07 -2.70 882.7 -3.62  
WS-J -3.57 975.3 -4.67 -3.53 1017.6 -4.56  
WS-G -2.70 1032.2 -3.48 -1.41 660.0 -2.06  
WS-P -1.09 671.4 -1.58 -1.18 578.7 -1.79  

 

 

2. NDVI was plotted against Pmax for each date. Linear, exponential, and polynomial equations 

were explored to see which gave most realistic results. To determine what should be 

considered “realistic”, ranges of CO2 flux values from other Arctic studies as well as Cape 

Bounty were considered. It was found that the relationship was modelled most successfully 

when a combination of two equations was used; at a certain value of NDVI (the lowest point 

at which the two equations intersect switch from an exponential to a linear equation (Table 

N-2 ). The linear and exponential equations’ slopes are very similar in the middle but behave 

differently at the ends (Figure N-1). Having an exponential curve at the top of the slope 

causes unrealistically high values of GPP for high values of NDVI. However the levelling off 
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of the exponential curve at the bottom of the slope provided the most realistic representation 

of the levelling off of GPP to zero for low values of NDVI. This in effect simulates the 

sigmoidal curve which is often used for NDVI: GPP relationships (Vourlitis et al., 2000), but 

our data did not have sufficient range to develop a fully sigmoidal equation.  

Table N-2.  Characteristics of equations relating theoretical light-saturated maximum photosynthesis rate 
(Pmax) and NDVI. 

 

Linear Equation r2 p Exponential Equation r2 p 

Value of NDVI 
where equations 

intersect 

Week 
2  

3.4601-
(27.513*NDVI) 

0.73 0.007 -
0.225*Exp(10.506*NDVI) 

0.64 0.007 0.180 

Week 
6 

3.2711-(20.893* 
NDVI) 

0.84 0.003 -0.294*Exp(7.492*NDVI) 0.74 0.0007 0.245 

 

 

Figure N-1.  Graphs of the theoretical light-saturated maximum photosynthesis rate (Pmax)  in which two 
equations (exponential and linear) are combined to represent the relationship between NDVI and Pmax for 
the week of:  (a) July 4th; and (b) Aug 2nd . 

 

3. The equations were applied to the NDVI images for each of the two dates. 
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a) The Pmax equations in Table N-2  were applied to the  NDVI  images, generating a Pmax 

raster map for each date.  All negative values of NDVI were assigned to a GPPmax of zero. 

b) Equation 1 was used to solve for GPP at the time of satellite image acquisition, using the 

PAR recorded by the main meteorological station at the time the satellite passed over 

(1117.57 µmol photons m-1 s-1 for July 4th 13:32 MST and 572.2 µmol photons m-1 s-1  for 

August 2nd 12:49 MST) and k = 300 µmol photons m-2 s-1. These equations were applied 

to the Pmax raster maps to create a GPP map for each date. 
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Appendix O 

Respiration Sub-model 

1. For each plot for which there was a significant association between ecosystem respiration 

(Re) and air temperature at the plot level (six out of twelve plots – PD-A, MT-I, MT-H, WS-

P, WS-D, WS-J), a linear regression equation was derived (e.g. Figure O-1) . There was no 

consistent advantage to using soil temperatures over air temperatures in relation to the 

strength of the relationships.  

2. For each of the six plots with temperature – Re equations, Q10 (temperature dependency) and 

the theoretical Re were calculated for the temperature at the time of satellite overpass (Table  

O-1). 

3. These six values of Re (image T)  were regressed against the NDVI of the respective plots 

(Figure O-2). Linear, exponential, and polynomial equations were tested to see which gave 

most realistic results. Linear equations provided the best models.  

4. The equations in Figure O-2  were applied to the NDVI images creating a Re map for July 4th 

2008 at 13:32 MST and for August 2nd 2008 at 12:49 MST.  All NDVI < 0 were mapped to 

Re = 0. 
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Figure O-1.  An example of a linear regression between ecosystem respiration and air temperature at the 
mesic tundra plot MT-H. Data labels refer to the Julian day of year on which the observation was made.  

 

Table O-1.  Coefficients from equations relating respiration to air temperature at each plot, standard error 
of estimate for each equation, and the derived Q10, R10, and theoretical Re for the temperatures measured at 
the Main Meteorological Station at the times corresponding to satellite image acquisition.  

 

Plot 
mean 
NDVI 

Co- 
efficient Slope r2 SE Q10 R10 

July4 
image 

T = 12.8 °C 

Aug 2 
image 

T = 6.1 °C 
PD-A 0.0415 -0.0125 0.0708 0.531 0.239 0.708 0.6955 0.8937 0.4194 
PD-C 0.0415         
PD-P 0.1165         
PD-G 0.1247         
MT-I 0.1359 0.0628 0.0845 0.618 0.266 0.845 0.9078 1.1444 0.5783 
MT-G 0.2199         
MT-H 0.1964 -0.1498 0.0986 0.840 0.150 0.986 0.8360 1.1121 0.4515 
MT-P 0.2009         
WS-P 0.2028 0.4990 0.0827 0.585 0.238 0.827 1.3260 1.5576 1.0035 
WS-G 0.2660         
WS-D 0.2820 0.0197 0.21 0.689 0.44 2.10 2.1197 2.7077 1.3007 
WS-J 0.3318 1.1140 0.109 0.488 0.429 1.09 2.2040 2.5092 1.7789 
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Figure O-2.  Linear regression equations predicting the Re for a given NDVI at the air temperature in °C 
associated with the IKONOS image acquisition on (a) July 4th 2008; and (b) August 2nd 2008.  
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