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Abstract

A variety of single-band, band ratio, vegetation index, and multivariate algorithms 

were evaluated for mapping bum severity using Landsat TM and ETM+ imagery across 

four bums in interior Alaska. The Normalized Bum Ratio (NBR) outperformed all 

algorithms, both when tested as a single post-fire value and when tested as a differenced 

(prefire -  postfire) value. The NBR was then used to map bum severity at a historical 

bum near Yukon-Charley Rivers National Preserve and a time-series of images from 

1986 to 2002 was analyzed to investigate interactions between vegetation, bum severity, 

and topography.

Strong interactions existed between vegetation and bum severity, but the only 

topographic variable that had a significant relationship with bum severity was elevation, 

presumably due to the strong control of elevation on vegetation type. The highest bum 

severity occurred in spruce forest, while the lowest occurred in broadleaf forest. Areas 

with high bum severity experienced disproportionately more shifts toward spruce 

woodland and shmb classes, while areas with low to moderate severity were less likely to 

change vegetation type. Finally, vegetation recovery, estimated using a remotely-sensed 

vegetation index, peaked between 8-14 years post-fire, and recovery was highest for areas 

with the highest bum severity.



Abstract..................................................................................................................................... iii

Table of Contents..................................................................................................................... iv

List of Figures...........................................................................................................................vi

List of Tables...........................................................................................................................vii

Acknowledgements.................................................................................................................. ix

Chapter 1. Introduction............................................................................................................ 1

Literature cited.............................................................................................................. 5

Chapter 2. Mapping Bum Severity Using Satellite Remote Sensing.....................................7

Abstract..........................................................................................................................7

2.1. Introduction......................................................................................................7

2.1.1. Remote Sensing of Bum Severity.................................................. 0

2.2. Methods.......................................................................................................... 10

2.2.1. Bum Sites.......................................................................................... 10

2.2.2. Algorithms.........................................................................................13

2.2.3. Imagery.............................................................................................. 19

2.2.4. Field Data..........................................................................................21

2.2.5. Vegetation.........................................................................................23

2.2.6. Image Classification.........................................................................24

2.2.7. Statistical Analysis........................................................................... 26

2.3. Results............................................................................................................... 27

2.4. Discussion.........................................................................................................35

Conclusions.......................................................................................................39

Literature Cited..........................................................................................................41

Chapter 3. Interactions Between Bum Severity, Vegetation, and Topography....................46

Abstract........................................................................................................................46

3.1. Introduction........................................................................................................47

3.1.1. Fire Adaptation.................................................................................47

Table of Contents



V

3.1.2. Topographic Influence...................................................................... 48.

3.1.3. Effects of Fire on Post-fire Recruitment and Succession...............49

3.1.4. Objectives........................................................................................... 50

3.2. Methods............................................................................................................. 52

3.2.1 Study Site........................................................................................... 52

3.2.2. Imagery.............................................................................................. 52

3.2.3. Ancillary Data....................................................................................54

3.2.4. Vegetation Classification..................................................................56

3.2.5. Bum Severity Classification.............................................................59

3.2.6. Analyzing Vegetation Recovery...................................................... 60

3.2.7. Statistical Analyses........................................................................... 62

3.3. Results................................................................................................................ 63

3.3.2. Bum Severity by Vegetation Class.................................................. 63

3.3.3. Topographic Effects on Bum Severity............................................67

3.3.4. Vegetation Recovery........................................................................ 67

3.3.5. Post-fire Composition Change and Successional Trajectories 73

3.4. Discussion..........................................................................................................76

Literature Cited........................................................................................................... 83

Chapter 4. Conclusions..........................................................................................................87

Literature Cited................................................................................................ 90



vi

Fig. 1.1. Distribution of fires during the last half-century in Alaska....................... 2

Fig. 2.1. Location of the four bum sites used in the analysis......................................12

Fig. 2.2. Decision tree for bum severity classification of
Landsat ETM+ imagery.................................................................................25

Fig. 2.3. Scatterplots of remotely-sensed data (NBR) vs. field-based bum severity
estimates..........................................................................................................29

Fig. 3.1. Expected successional progression for black spruce stands and broadleaf
stands under different bum severity conditions...........................................51

Fig. 3.2. Eureka Creek study site..................................................................................53

Fig. 3.3. Decision tree for bum severity classification of Landsat ETM+ imagery
using differenced (pre-fire -  post-fire) Normalized Bum Ratio values 
(dNBR) and four classes................................................................................61

Fig. 3.4. Relative cover of pre-fire vegetation classes within the burned perimeter
of the Eureka Creek study site...................................................................... 64

Fig. 3.5. Mean differenced Normalized Bum Ratio (dNBR) values, scaled by 1000,
for pre-fire (June 1986) vegetation classes.................................................. 66

Fig. 3.6. Mean NDVI (a.) and NBR (b.) values (scaled by 1000) for each year of
the Landsat time-series..................................................................................68

Fig. 3.7. Percentage change in NDVI (ANDVI) between consecutive years in the
time series for each vegetation class.............................................................70

Fig. 3.8. Percentage change in NDVI (ANDVI) between consecutive years in the
time series for each bum severity class........................................................ 71

Fig. 3.9. Change in the vegetative cover between 1986 (pre-fire) and 2002............74

Fig. 3.10. Levels of self-replacement for each vegetation class.................................. 75

Fig. 3.11. Prefire vegetation classes at the Eureka Creek study site............................78

Fig. 3.12. Mean NDVI value for control pixels from each image in the time-
series............................................................................................................... 79

List of Figures



List of Tables

Table 2.1. Algorithms evaluated in this study................................................................ 14

Table 2.2. Descriptions of Landsat TM and ETM+ scenes used in this analysis........ 18

Table 2.3. Correlation coefficients for band-to-band radiometric corrections of
satellite imagery............................................................................................. 20

Table 2.4. Modified Composite Bum Index fields used to determine estimates of
bum severity.................................................................................................. 22

Table 2.5. Number of field plots at each bum site......................................................... 23

Table 2.6. Absolute values of Pearson correlation coefficients for remote sensing
algorithms.......................................................................................................28

Table 2.7. Points assigned to each algorithm based on a ranking system.................... 30

Table 2.8. The absolute value of Pearson correlation coefficients comparing
remotely-sensed estimates of bum severity to field estimates, analyzed by 
vegetation type............................................................................................... 31

Table 2.9. Error matrices of Landsat ETM+ bum severity classification using four
severity classes............................................................................................... 32

Table 2.10. Error matrices of Landsat ETM+ bum severity classification using
alternative scenarios.......................................................................................34

Table 3.1. Landsat TM and ETM+ scenes comprising the time-series........................54

Table 3.2. Ancillary data used in the study..................................................................... 55

Table 3.3. Accuracy assessment of Landsat TM vegetation classification from
1986................................................................................................................. 57

Table 3.4. Accuracy assessment of Landsat ETM+ vegetation classification from
2002................................................................................................................. 58

Table 3.5. Differenced NBR (prefire -  postfire) statistics from pixels selected using
post-fire aerial photography.......................................................................... 60



Table 3.6. 

Table 3.7. 

Table 3.8. 

Table 3.9.

Table 3.10.

Number of hectares within the study site experiencing each of the four 
bum severity classes...................................................................................... 63

Proportion of each bum severity class experienced by each vegetation 
type.................................................................................................................. 65

Partial regression coefficients and levels of significance for topographic 
variables regressed against dNBR................................................................67

Partial regression coefficients and levels of significance for bum severity 
(dNBR) and topographic variables when regressed against ANDVI at each 
time interval....................................................................................................72

Percentage of the prefire vegetation, excluding unbumed pixels, that 
experienced self-replacement (indicated in bold) or that changed to 
another vegetation type..................................................................................76



ix

Acknowledgements

I would like to thank my committee chair, Dr. David Verbyla, for his support, 

patience, and assistance throughout this work. His input has improved the final product of 

this thesis tremendously and the project certainly would not have happened without his 

efforts. In addition, I am grateful to my other committee members, Dr. Scott Rupp and 

Dr. Claude Duguay, for their many helpful comments and assistance with manuscript 

preparation. Finally, a warm thanks to my friends in the GIS lab who kept me sane during 

the countless hours spent at the computer.

Funding for this work was provided by the Long Term Ecological Research 

(LTER) program of the National Science Foundation, through a grant to Dr. Verbyla. 

Logistical support, in addition to aerial photography of the Survey Line bum, was 

provided by LTER as well. Data for Yukon-Charley Rivers National Preserve were 

provided by the National Park Service, particularly Brian Sorbel, who is credited as third 

author on the first manuscript. Dr. Verbyla was extremely involved in the final editing 

and structure of the manuscripts and is therefore included as second author on both 

papers.



Chapter 1. Introduction

The boreal forest is the largest terrestrial biome in the world, covering roughly 

one-third of all forested land and accounting for approximately 30% of global terrestrial 

carbon (Kasischke 2000; Conard et al. 2002). Fires are common in these forests and 

provide the predominant form of disturbance, burning between 5-12 million ha annually 

(Stocks 1991; Michalek et al. 2000). Although boreal forests are characterized by 

relatively few dominant tree species, the most abundant species, such as black spruce 

(Picea mariana), are highly flammable and bum readily, thereby contributing to the 

nature of these forests to bum (Lutz 1956). In addition, fires in the boreal forest are 

encouraged by long summer daylight hours and warm temperatures that can quickly 

dessicate forest understory moss layers.

Boreal forest fires are highly variable, both spatially and temporally. In general, a 

small number of very large fires accounts for the majority of area burned, with the driest 

years being especially significant in terms of total area burned (Cahoon Jr et al. 1994; 

Kasischke et al. 2002). Fires in Alaska follow the same pattern and have occurred 

throughout the entire interior region, the area bounded by the Alaska range to the south 

and the Brooks range to the north (Fig. 1.1).

Fires are important to the ecology of Alaska’s boreal forests for several reasons. 

Fires cause a number of physical changes to the environment, including decreased 

albedo, increased soil temperature, increased soil decomposition and ultimately increased 

productivity (Viereck and Schandelmeier 1980; Dymess and Norum 1983; Dymess et al. 

1989). Fire frequency affects vegetation composition by altering the age stmcture of 

forest stands. Fires in interior Alaska are often stand-replacing, and the stands that 

regenerate following fire are therefore generally even-aged. Furthermore, due to the 

successional pathways of interior Alaskan forests, more frequent fires encourage the 

development of broadleaf-dominated communities. Broadleaf communities are generally 

early serai stages toward the development of spruce forests and with frequent fire events, 

spruce forests lack ample time to develop (Van Cleve and Viereck 1981; Yarie 1983).
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Fig. 1.1. Distribution of fires during the last half-century in Alaska.
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One aspect of fire behavior that has a particularly important influence on 

vegetation dynamics is bum severity (Arseneault 2001). All trees found in interior Alaska 

germinate best on mineral soils, not on organic seedbeds (Zasada 1971, Zasada et al.

1983; Greene and Johnson 1998). However, larger-seeded species such as spruce have an 

advantage on organic seedbeds over smaller-seeded broadleaf species (Johnstone and 

Chapin, unsubmitted manuscript). The trade-off is that the smaller-seeded birch and 

aspen seeds are more transportable than spruce seeds and therefore more adapted to wind 

dispersal, a trait with important implications for colonizing burned areas.

Many studies in interior Alaska have addressed bum severity at the plot level, but 

few have addressed questions at the landscape scale. Chapters two and three both address 

questions of bum severity at the landscape scale, studying entire burned regions instead 

of analyzing individual plots within larger bums. Chapter two is a methodological study 

aimed at determining the most accurate index for mapping bum severity using satellite 

imagery in interior Alaska. Identifying a valid and accurate proxy for bum severity is an 

important step that must be taken before other aspects of bum severity at the landscape 

scale can be studied.

Chapter three builds on the work of chapter two by applying the bum severity 

index identified in chapter two toward a more ecological investigation of the interactions 

between bum severity, vegetation and topography. The interactions between vegetation, 

fire, and topography in interior Alaska have been studied for some time but few studies 

have investigated them at scales larger than tens of meters. This study reveals patterns 

occurring over a 17,000 ha historical bum from 1986.

The aim of this work is to further the understanding of how vegetation and fire 

interact with each other as well as with the physical environment. The boreal forests in 

Alaska, as in much of the world, are experiencing rapid change (Serreze et al. 2000). 

Temperatures have increased by as much as 4 C annually in some parts of Alaska, and 

precipitation patterns have changed, becoming drier in some parts and wetter in others 

(Alaska Climate Research Center, http://climate.gi.alaska.edu/Climate/index.html). Such 

dramatic climate changes have the potential to radically alter the pattern of Alaska’s

http://climate.gi.alaska.edu/Climate/index.html


vegetation (Chapin and Starfield 1997; Rupp et al. 2000). By understanding how bum 

severity and vegetation interact, we may be better prepared to predict the future of 

alaska’s boreal forests under the conditions of climate change that we are currently 

experiencing.
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Chapter 2. Mapping Burn Severity Using Satellite Remote Sensing* 

Abstract

This study evaluated 13 Landsat TM and ETM+ algorithms across four bum sites 

in interior Alaska. The algorithms included single bands, band ratios, vegetation indices, 

and multivariate techniques, with each algorithm being evaluated as both a single date 

and bi-temporal model. Based on correlation analysis, as well as accuracy assessment of 

classified bum severity maps, the Normalized Bum Ratio (NBR) outperformed all other 

algorithms tested. The NBR performed well across four bum sites despite differences in 

dates of image acquisition and field data collection, indicating that this algorithm is a 

robust proxy for field measurements of bum severity. Therefore, it is a strong candidate 

for a standardized tool that can facilitate studies of fire-related processes such as 

succession, nutrient cycling, and carbon emissions modeling.

2.1. Introduction

Interior Alaska is a vast geographic and physiographic region covering nearly 140 million 

hectares between the Alaska Range to the south and the Brooks Range to the north. The 

predominant vegetation in this region is taiga, a boreal forest characterized by abundant 

but small and often sparse black spmce trees. Fire is the predominant disturbance in the 

region and it has been an important influence on Alaskan vegetation and ecosystems for 

thousands of years. Wildland fires in interior Alaska are generally stand replacing and 

large, due to the nature of the vegetation and the lack of suppression in the vast, sparsely 

populated interior region (Lutz 1956). Fires are also highly variable, both in space and 

time. The annual area burned varies greatly, with a small number of large fires generally 

contributing the largest portion of the total area burned (Barney 1971; Kasischke et al. 

2002). The fire return time is estimated at between 50 and 200 years, depending on the

*manuscript title: Bum severity mapping in interior Alaska using Landsat TM and 
ETM+. Authors: J. Epting, D. Verbyla and B. Sorbel. Submitted to Remote Sensing of 
Environment.
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site and vegetation type (Barney 1971; Viereck and Schandelmeier 1980; Heinselman 

1981; Yarie 1981; Gabriel and Tande 1983).

The length of the fire cycle is important for vegetation development and 

successional dynamics. In some circumstances, short fire return intervals may be 

maintained through positive feedback loops with vegetation (Mann and Plug 1999). The 

fire return interval may also be accelerated by factors related to climate warming, such as 

an increased fire season, greater incidence of severe fire weather, and higher temperatures 

(Wotton and Flannigan 1993; Rupp et al. 2000). Changes to these components are likely 

to influence the structure and composition of interior Alaska’s landscape (Rupp et al. 

2000).

Interior Alaska is a mosaic of vegetation age classes and communities, maintained 

in large part by fire (Lutz 1956; Johnson et al. 2001). Fire behavior is highly variable and 

this variability leads to spatial heterogeneity across the landscape. For example, short fire 

cycles may favor the dominance of early serai, or colonizing species such as aspen, while 

areas with a longer fire cycle would tend to be dominated by later serai species (Mann 

and Plug 1999).

Although fires in interior Alaska are often stand-replacing, there is still a great 

deal of variability in the way that fires bum. For example, fires generally do not bum 

uniformly in interior Alaska, but leave patches of unbumed forest or only lightly charred 

vegetation that act as seed sources for post-fire colonization. Changes in local weather 

conditions along with variability in moisture, fuel conditions, and physical aspects of the 

landscape all contribute to the spatial variability of a post-fire landscape.

Understanding and measuring bum severity at the landscape scale is important 

because variability in bum severity creates a variety of conditions for post-fire 

colonization that ultimately impacts successional dynamics (Arseneault 2001). All tree 

species in interior Alaska germinate best on exposed mineral surfaces (Zasada et al.

1983), and these species demonstrate differential survival and growth on organic surfaces 

that are not completely removed by fire (Johnstone and Chapin 2003). Therefore, 

estimates of bum severity are important for understanding the effects of fire on the
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landscape, and the influence of bum severity on post-fire recovery and successional 

trajectories. Accurate and reliable estimators of bum severity are also necessary for 

studying the interactions between fire behavior, weather, vegetation, and the physical 

nature of the landscape.

Bum severity mapping also has important implications for carbon emissions 

modeling (Cahoon Jr et al. 1994; Kasischke et al. 1995; Michalek et al. 2000; Conard et 

al. 2002). Until recently, boreal forests were considered carbon sinks, because large 

amounts of carbon are stored in their cold soils. However, under climate change 

scenarios, boreal zones will likely become carbon sources (Kasischke et al. 1995), due to 

increased rates of decomposition and soil respiration, along with increased fire activity. 

Boreal fires can emit large pulses of carbon to the atmosphere (Lavoue et al. 2000; Amiro 

et al. 2001), and in one study the Russian boreal forests were found to have contributed 

between 34-49% of the country’s total fossil fuel emissions in 1998 (Conard et al. 2002).

2.1.1. Remote Sensing of Burn Severity

Fire causes substantial spectral changes by consuming vegetation, destroying leaf 

chlorophyll, and altering both aboveground and belowground moisture. Tissue damage 

and loss of chlorophyll both lead to increased reflectance in the visible electromagnetic 

region, along with decreased reflectance in the near-infrared (NIR) region (Jensen 2000). 

In contrast, mid-infrared (MIR) reflectance increases following fire (White et al. 1996), 

and the change in both electromagnetic regions has been effectively exploited for 

mapping burned regions (Jakubauskas et al. 1990).

Algorithms applied to bum mapping have included a wide range of vegetation 

indices, band ratios, and more complex models and have included both single date and bi

temporal approaches. Single date models have several advantages over bi-temporal 

models. They are less expensive, less time-consuming, and they also reduce inherent 

error found in bi-temporal models (Koutsias et al. 1999). This error arises from using two 

separate dates and possibly two different sensors when performing change detection. 

Between-date error can be caused by differences in phenology and vegetation health,
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misregistration of image pixels, varying atmospheric effects, and differences in sensor 

calibration and sun angle. Sensor differences and some atmospheric effects may be 

corrected through radiometric normalization techniques, but differences in vegetation 

phenology may be unavoidable. Another significant problem with using the bi-temporal 

approach in many boreal regions is the limited availability of cloud free images for 

optical sensors.

Single date approaches avoid between-date errors, but the use of single date 

imagery lacks a pre-bum reference with which to compare and may therefore have other 

error associated with it. Unvegetated areas on the landscape, such as gravel bars or rocky 

outcrops, may also have spectral signatures similar to bums, and could therefore cause 

confusion in interpretation.

The objective of this study is to evaluate 13 algorithms for mapping bum severity 

in interior Alaska, by comparing remotely sensed estimates with field estimates of bum 

severity. Landsat TM and ETM+ data are utilized due to the favorable spectral and spatial 

resolution of the sensors, and because of the relative abundance of available imagery.

2.2. Methods

Thirteen algorithms were chosen based on a literature search of remote sensing 

methods for mapping bum severity. Each algorithm was evaluated as both a single date 

and a bi-temporal model in order to determine which approach is most accurate.

The strategy for evaluation involved two stages. The first stage compared the 

correlation between remotely-sensed estimates and field estimates of bum severity at four 

bum sites in interior Alaska. From this analysis, the three top performing algorithms were 

then used to produce a bum severity map at a single site, the Survey Line bum of 2001.

2.2.1. Burn Sites

Four burned regions were evaluated in this study, representing two distinct 

geographic areas. The largest fire, known as the Survey Line fire (SL246), occurred in
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2001 near the city of Fairbanks, in the heart of interior Alaska (Fig. 2.1). The climate in 

the Fairbanks area is semiarid with very cold winters and warm summers. Precipitation 

averages approximately 26cm, most of which falls as summer rain. Annual temperatures 

in the Fairbanks area vary based on elevation and solar insolation, but average 

approximately -3.0°C (Alaska Climate Research Center, 

http://climate.gi.alaska.edu/Climate/index.html). The Survey Line bum site is 

characterized by little topographic relief, an abundance of saturated soils, and relatively 

few densely forested stands. The vegetation varies from white spruce ( )

forest at the river’s edge, to tussock communities and black spruce ( mariana) 

woodland. Denser black spruce or mixed white spmce forest are found in more upland 

areas, as are small pockets of deciduous forest, comprised of trembling aspen ( 

tremuloides) and paper birch ( Betulapapyrifera).

http://climate.gi.alaska.edu/Climate/index.html
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Fig. 2.1. Location of the four bum sites used in the analysis. SL246 burned in the 
summer of 2001 and consumed nearly 45,000 ha, while the YC fires burned during 
the summer of 1999 and consumed a combined total of approximately 47,000 ha.
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The three additional fires, designated YC242, YC248 and YC260, occurred in the 

summer of 1999 within the Yukon-Charley Rivers National Preserve (Fig. 2.1). The 

climate in this region is somewhat colder and wetter than in Fairbanks, with a mean 

annual temperature of -4° C and approximately 30cm of annual precipitation (Alaska 

Climate Research Center, http://climate.gi.alaska.edu/Climate/index.html). The 

topography is much more variable, as well, with rapid elevation rises from the Yukon 

River floodplain to peaks above treeline at over 1000m. The vegetation varies from 

saturated sedge and tussock areas near the river to warm and dry ridges dominated by 

aspen and birch. Open and closed forests of both needleleaf and broadleaf trees are 

common, as is alpine tundra above treeline. The three Yukon-Charley fires were ignited 

by lightning and burned a combined total of approximately 47,000 ha, while the Survey 

Line fire was accidentally ignited by a survey crew and spread to approximately 45,000 

ha. Fire suppression on all of these fires was very limited, so the ground was not 

significantly disturbed by firefighting efforts.

2.2.2. Algorithms

All algorithms were tested using data from the Landsat TM or ETM+ sensors (Table 2.1). 

Three of the algorithms use a single TM or ETM+ band. These are bands 4, 6 and 7.

Band 4, the near-infrared band (0.75-0.90 pm), is sensitive to vegetation structure while 

band 7, the mid-infrared band (2.08-2.35pm), is sensitive to moisture (Jensen 1996). 

Pereira and Setzer (1993) determined that TM bands 4 and 7 were effective in identifying 

fire scars, while White and others (1996) concluded that TM 7 was effective in mapping 

bum severity. Band 6 thermal data (10.40-12.50pm) have been used for mapping fires in 

a number of studies. Lopez-Garcia and Caselles (1991) found brightness temperature was 

effective in mapping a burnt area in Spain, and Cahoon Jr and others (1994) used 

AVHRR thermal data to study fires in Siberian boreal forests.

http://climate.gi.alaska.edu/Climate/index.html
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Table 2 .1 .Algorithms evaluated in this study. Each algorithm was tested with both a 
single date (post-fire) and with a bi-itemporal (prefire -  postfire) approach. Bands are 
written in the Landsat TM/ETM+ format because all imagery used in the analysis was 
from these sensors. All values were converted to exoatmospheric reflectance, except for 
brightness temperature.

Algorithm Description

TM 4 near-infrared band

TM 7 mid-infrared band

Normalized Difference Vegetation 
Index (NDVI)

(TM 4- TM 3) / (TM 4 + TM 3)

Normalized Bum Ratio (NBR) (TM 4- TM 7) / (TM 4 + TM 7)

Soil-adjusted Vegetation 
Index (SAVI)

(TM 4 - TM 3 / TM 4 + TM 3 + L ]* (1 + L) 
where L = soil adjustment factor 0.5

Modified Soil-adjusted vegetation 
index (MSAVI)

(1/2) * ((2(TM4 + 1)) - sqrt(((2 * TM4) + l)2 
-  8(TM4 - TM3)))

Ratio 7/5 TM 7 / TM 5

Ratio 7/4 TM 7 / TM 4

Ratio 4/5 (Structural Index, or SI) TM 4 / TM 5

Principal Component 2 (PC2) linear transformation based on correlation 
matrix of original six bands

Kauth-Thomas -  greenness (KT2) linear transformation contrasting 
TM bands 3 and 4

Kauth-Thomas -  wetness (KT3) linear transformation contrasting TM bands 
1-5 and 7

Brightness Temperature (BT) TM 6 (converted to radiant temperature)

Three band ratios were also chosen for evaluation in this study. These include 

Ratio 7/4, Ratio 7/5, and Ratio 4/5, referred to as the Structural Index because of its 

effectiveness in discriminating between old-growth and mature, secondary coniferous



15

forests (Fiorella and Ripple 1993). Ratio 7/4 and the Structural Index both contrast the 

near-IR band with one mid-IR band, while Ratio7/5 contrasts the two mid-IR bands. 

Kushla and Ripple (1998) tested a number of algorithms and found that the single date 

Structural Index was most highly correlated with post-bum canopy cover. This ratio was 

also correlated to the age of regenerating conifer stands (Fiorella and Ripple 1993). In 

another study comparing Principal Component Analysis, the Kauth-Thomas 

transformation, NDVI, MSAVI, Band 4 and Ratio 7/4, the most accurate representation 

of field bum severity estimates was reached using bi-temporal Ratio 7/4 (Clark 2000).

The remaining algorithms evaluated include vegetation indices and multivariate 

statistical techniques. The vegetation indices are advantageous because they are 

normalized to reduce or eliminate external environmental effects, such as differences in 

sun angles, viewing angles, and atmospheric conditions, along with internal effects like 

variations in topography (Jensen 2000). The most widely used vegetation index is the 

Normalized Difference Vegetation Index (NDVI). NDVI has been used for numerous 

applications involving terrestrial vegetation, including assessments of biomass, leaf area 

index, agricultural crops, and disturbance (Wiegand et al. 1991; Goodin and Henebry 

1997; Xiao et al. 2002). Multitemporal NDVI composites have been used to map burned 

areas on a regional scale using AVHRR imagery (Kasischke and French 1995), and at a 

more local scale using Landsat TM and ETM imagery (Chuvieco and Congalton 1988; 

Lopez Garcia and Caselles 1991; Viedma et al. 1997; Koutsias and Karteris 1998).

NDVI has been effective in remote sensing studies, but it is subject to inherent 

limitations. For example, NDVI may be influenced by background conditions such as soil 

moisture. Because of this limitation, alternatives to NDVI have been developed. These 

include the Soil Adjusted Vegetation Index (SAVI) and the Modified Soil Adjusted 

Vegetation Index (MSAVI). SAVI uses a soil calibration constant, L, to account for 

interactions between the soil and vegetation (Huete 1988). A value of 0.5 has been 

recommended for most conditions and was used as the constant in this study (Huete 

1988). MSAVI improves the soil calibration factor by using a continuous L function to 

control for soil effects (Qi et al. 1994). It has an increased dynamic range over the SAVI,
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and a decreased soil background effect. Therefore, it is expected to be more sensitive to 

vegetation than SAVI (Qi et al. 1994). Rogan and Yool (2001) included SAVI and 

MSAVI along with several other vegetation indices in a study mapping bum severity, and 

found that both of these vegetation indices performed better than NDVI.

Other vegetation indices have been developed to account for atmospheric effects. 

One of these, the Atmospherically Resistant Vegetation Index (ARVI) corrects for 

atmospheric noise, but enhances soil noise and was found to be less sensitive than NDVI 

or SAVI to mapping changes following fire (Koutsias et al. 1999). This index, along with 

the Soil and Atmospherically Resistant Vegetation Index (SARVI), requires prior 

correction of atmospheric scattering and absorption and was therefore not included in the 

present analysis.

Another modification of NDVI, in which TM 7 replaces TM 3, was proposed by 

Lopez-Garcia and Caselles (1991). They concluded that TM 4 and 7 were the most highly 

uncorrelated bands within burned regions, and that the post-fire changes of these bands 

were in opposite directions. TM 4 values decline following fire while TM 7 values 

increase. The authors suggested that the normalized difference of these bands would be 

useful for discriminating burned areas. Koutsias and Karteris (1998) substantiated this 

finding and concluded that the index, defined as TM4 - TM7 / TM4 + TM7, was highly 

effective for mapping burned areas. Key and Benson (1999) coined the term “Normalized 

Bum Ratio’ (NBR) for this index and found the bi-temporal NBR to be more highly 

correlated to field estimates of bum severity than bi-temporal TM4, TM7 and NDVI.

In addition to vegetation indices, two multivariate techniques were also evaluated. 

These include the Kauth-Thomas transformation (KT) and Principal Components 

Analysis (PCA). The Kauth-Thomas transformation was first developed for use with 

Landsat MSS (Kauth and Thomas 1976). It is a data reduction technique that creates new 

axes through linear combinations of the original Landsat bands. The new axes are 

referred to as brightness (KT1), greenness (KT2), and wetness (KT3). KT2 is most 

sensitive to vegetation, while KT3 emphasizes the mid-infrared bands and is sensitive to 

both vegetation and moisture (Crist and Cicone 1984). KT bands 2 and 3 were evaluated
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in this study because they produced the greatest discrimination of the burned area. Linear 

transformation coefficients for Landsat ETM+ were developed by Huang and colleagues 

(2002).

Principal Components Analysis is a multivariate technique that reduces 

multispectral axes into orthogonal data components. The resulting components are based 

on the variance of the original data. For example, the first principal component, PCI, 

contains the maximum proportion of explained variance, while PC2 contains the 

maximum remaining variance. PCA has been used widely in remote sensing and has 

been tested by a number of authors for mapping burned areas (Richardson and Milne 

1983; Rogan and Yool 2001). The second principal component was chosen for this study 

because it is highly correlated to KT greenness and because it is the only component that 

contains information valuable for bum severity mapping (Patterson and Yool 1998;

Rogan and Yool 2001). It was also the only component upon visual inspection that 

discriminated between burned and unbumed pixels.

2.2.3. Imagery

Landsat TM and ETM+ satellite imagery were chosen for this project due to the 

relatively high spatial and spectral resolution of the sensors. The spatial resolution of 30m 

is fine enough to capture changes in community structure, while at the same time 

ensuring that entire burned regions can be studied in a single Landsat scene. Moreover, 

the mid-infrared band is sensitive to moisture and since moisture conditions are radically 

altered following fire, TM7 is a valuable channel for mapping bum severity. Finally, due 

to the long-running nature of the Landsat program, historical fires can be studied once a 

reliable and robust bum severity protocol has been developed.

Two Landsat ETM+ scenes (Path 69/Row 15) were used for site SL246, while 

both Landsat TM as well as ETM+ were used for the YC sites (Table 2.2). For SL246, 

the pre-fire scene was acquired on June 16, 2001, just prior to the fire. The post-fire scene 

was acquired July 21, 2002. Both scenes were terrain corrected to an Albers equal area 

projection by the EROS data center. Terrain correction is the highest level of correction
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available for Landsat scenes and involves the use of a digital elevation model to correct 

for landscape relief (Landsat 7 Science Data Users Handbook 2003). Terrain correction 

also utilizes a digital elevation model with ground control points for accurate 

georeferencing.

Table 2.2. Descriptions of Landsat TM and ETM+ scenes used in this analysis, including 
the date acquired and the WRS location. Each site required both a pre-fire and post
fire image and images were chosen so that the anniversary dates of each were similar. 
The Sep. 16, 1995 TM scene was downshifted 30%.

Burn Fire Start Date Image Date Sensor WRS Path / Row

6/6/2001 ETM+ 69/15
SL246 6/20/2001

7/21/2002 ETM+ 69/15

9/16/1995 TM 66/14
YC242 6/12/1999

9/10/1999 ETM+ 67/14

9/16/1995 TM 66/14
YC248 6/12/1999

9/12/1999 ETM+ 65/14

9/16/1995 TM 66/14
YC260 6/13/1999

9/10/1999 ETM+ 67/14

A single Landsat TM scene from September 16, 1995 (Path 66/Row 14) was used 

as the pre-fire image for all three Yukon-Charley sites (Table 2.2). This scene was 

downshifted 30% in order to include the full area of interest. Two separate ETM+ scenes 

were required for the post-fire imagery. The Sep. 10, 1999 (Path 67/Row 14) scene was 

used to evaluate fires YC242 and YC260, while YC248 was captured by the Sep. 12,

1999 (Path 65/Row 14) scene. All three scenes were terrain-corrected, but an additional
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registration procedure was performed to co-register the TM scene to the Sep. 10 ETM+ 

scene. This was accomplished using 30 ground control points with a second order 

polynomial model and a root mean square error of 18.6 m.

Digital numbers were converted to at-satellite reflectance values using standard 

techniques (Markham and Barker 1986) with the substitution of updated ETM+ (Landsat 

7 Science Data Users Handbook 2003), except for band 6 digital numbers which were 

converted to brightness, or radiant, temperature values. Radiometric correction was then 

performed on all bands except for band 6 in order to normalize radiometric values 

between the two dates. Radiometric correction is necessary when comparing scenes 

across multiple dates because factors such as vegetation phenology, sun angle, satellite 

sensor calibration, and atmospheric conditions can vary between dates. Differences in 

vegetation phenology are not necessarily linear and the choice of imagery dates is 

therefore very important. The other factors are expected to have linear effects, however, 

and can be normalized through the use of linear regression (Du et al. 2002).

Absolute radiometric correction requires the use of radiative transfer codes and 

knowledge of atmospheric conditions (Song et al. 2001). Such knowledge is often 

difficult to acquire, especially for historic scenes. An alternative approach is relative 

radiometric correction. The relative approach normalizes values from one or more images 

to those of a chosen base image, using ‘pseudo invariant features’ (Bums and Joyce 

1981) or ‘radiometric control sets’ (Hall et al. 1991). Pseudo invariant features are areas 

that have little change in spectral value between dates. These generally include bright 

unvegetated regions such as urban areas, as well as dark water bodies. In addition, some 

researchers have advocated the use of mid spectral regions, generally consisting of closed 

canopy forests (Coppin and Bauer 1994).

For this analysis, seven pseudo-invariant features were selected from both bright 

and dark spectral regions. Bright spectral regions were extracted from urban areas within 

the city of Fairbanks for the Survey Line fire and from rock outcrops for the Yukon- 

Charley fires. Dark regions consisted of clear, non-turbid water bodies. The mean 

reflectance values were calculated for each year and for each band and the prefire values
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were regressed against the post-fire values. The slope and error coefficients of the 

regression equation were then used to correct the prefire values to those of the postfire 

images. Coefficients of determination for all bands were greater than 0.97 (Table 2.3). 

The 2001 image was chosen as the reference image for the Survey Line fire because it 

had less atmospheric haze than the 2002 image. For the Yukon-Charley fires, the two 

post-fire ETM+ scenes were used as the reference images and pre-fire TM scene was 

corrected to each of these scenes.

Table 2.3. Correlation coefficients for band-to-band radiometric corrections of satellite 
imagery. Relative radiometric corrections were performed using 14 pseudo-invariant 
features from each image to standardize radiometric values for comparison across 
years. Descriptions of the Landsat scenes are provided in Table 2.2.

TM/ETM+ Burn Site
Band SL246 YC 248 YC 242, 260

1 0.9867 0.9724 0.9718

2 0.9887 0.9960 0.9866

3 0.9927 0.9941 0.9818

4 0.9894 0.9958 0.9868

5 0.9937 0.9730 0.9882

7 0.9908 0.9685 0.9841
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2.2.4. Field Data

Ground truth data for all fires were collected between June and August 2001. Data 

collection was made by the first author at SL246 and by the National Park Service at 

YC242, YC248 and YC260. The protocol for data collection was a modified version of 

the Composite Bum Index, or CBI (Key and Benson 2002). The index was modified by 

the removal of fields irrelevant to Alaskan forests as well as fields requiring prior 

knowledge of local pre-fire conditions. The modification improves efficiency in data 

collection, more accurately reflects conditions in Alaska, and reduces potential problems 

related to observer interpretation. Because data collection at the YC sites utilized most of 

the original CBI fields, the values were standardized such that CBI values from all sites 

were based on the same shared fields.

Field sampling using the CBI involved collection of data across multiple strata, 

from the substrate, to low shrubs, small trees, and overstory trees (Table 2.4). Sites were 

chosen based on two criteria: each area sampled was at least 60m x 60m in size and was 

homogenous in the degree of bum severity. This sampling protocol was designed to 

minimize the sampling of small, patchy areas that would not be resolvable using the 30m 

pixel size of Landsat TM and ETM+. In addition, attempts were made to include 

representative plots from all ranges of bum severity (Table 2.5). At each plot, the degree 

of change caused by fire, from the amount of substrate left on the soil to the condition of 

the herbs, shmbs, and overstory vegetation was visually estimated within a 15m radius. 

For each field in the CBI table, a discrete value between 0 and 3, recorded in 0.5 unit 

increments, was recorded. A value of 0 corresponds to no change caused by fire, while a 

value of 3 indicates maximum change (i.e. no living overstory trees or complete removal 

of duff layer). Values were then averaged across all strata so that the CBI score for each 

plot becomes a continuous variable ranging between 0 and 3.
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Table 2.4. Modified Composite Bum Index fields used to estimate bum severity 
(modified from Key and Benson, 2002).

S T R A T U M
Burn Severity Scale

No Effect Low Moderate High
0 0.5 1 1.5 2 2.5 3

SUBSTRATE
litter / moss 
consumed 0% 25% 50% 70% 90% 95% 100%

duff consumed 0% very light 
char

light
char 25% 50% 75% 100%

HERBS, LOW SHRUBS

% resprouting 100% 95% 90% 70% 50% <20% None

TALL SHRUBS

% foliage consumed 0% 5% 10% 30% 50% 75% 100%

% resprouting 100% 95% 90% 60% 30% <10% <1%

INTERMEDIATE TREES

% green 100% 90% 80% 60% 40% <10% None

% black 0% <5% 5-20% 21-59% 60% >85% 100%

char height 0% 0.5 m 1.5 m 2.25 m 3 m 4 m >5 m

CANOPY TREES

% green 100% 97.5% 95% 75% 50% <10% None

% black 0% <5% 5-10% 11-49% 50% >85% 100%

char height 0 m 1 m 1.8 m 2.5 m 4 m 4-7 m >7 m
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Table 2.5. Number of field plots at each bum site, categorized by bum severity class. 
Bum severity classes are based on the modified Composite Bum Index (see Table 
2.4).

Burn site
Burn Severity Class

unburned low mod high total

SL246 20 11 24 30 85

YC242 2 3 9 18 32

YC248 0 11 18 11 40

YC260 3 15 20 9 47

2.2.5. Vegetation

Vegetation at each of the sampling points was classified into one of seven broad 

classes as modified from Viereck and colleagues (1992). These included closed 

needleleaf forest, open needleleaf forest, needleleaf woodland, broadleaf forest, mixed 

broadleaf-needleleaf forest, scrub, and herbaceous communities. Vegetation was 

determined in the field at the time of sampling (SL246) or was based on field notes and 

digital photographs (YC sites). Closed needleleaf forest includes black and white spruce 

stands characterized by at least 60% cover, while open needleleaf forest ranges between 

25% and 60% tree cover. Needleleaf woodland also contains black and white spruce, but 

the trees represent only 10 - 25% total cover. The more open woodlands may resemble 

scrub communities. They generally are composed of small, slow-growing black spruce 

trees and may also be characterized by tussock vegetation such as cottongrass 

( Eriophorum spp.). Broadleaf forest is characterized as a stand consisting of more than 

75% deciduous or broadleaf trees. These include quaking aspen ( tremuloides),

paper birch ( Betulapapyrifera), and balsam poplar ( balsamifera). This

vegetation type was not divided into closed and open stands because most stands were 

closed. Mixed forest includes areas with at least 75% tree cover where neither spruce nor
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broadleaf trees are dominant. Scrub vegetation is defined as being dominated by shrubs 

and containing less than 10% tree cover. The final class, herbaceous, includes areas 

dominated by herbaceous vegetation such as grasses or sedges with no more than 25% 

shrub cover and less than 10% tree cover. Herbaceous classes were found at the Survey 

Line fire in marshy areas where Calamagrostis grass and various sedges and sedge 

relatives were dominant.

2.2.6. Image Classification

Bum severity was classified on the Survey Line image only. The Survey Line 

bum was chosen for analysis because it contained the greatest number of field plots and 

because high resolution aerial photography was flown immediately following the bum 

and could be used for defining bum severity classes.

A total of six bum severity classifications were made for the SL246 bum. These 

included a single date and bi-temporal analysis of each of the three algorithms most 

highly correlated to field data. Four severity classes: unbumed, low, moderate, and high 

were classified in the bum area. These classes correspond to the same field bum severity 

estimates (modified CBI values) as designated in Table 2.4.

Classes were determined by defining thresholds within the distribution of values 

for each algorithm (Fig. 2.2). Threshold values were determined using lm, true color 

digital aerial photography flown on September 15, 2001, shortly after the fire ceased 

burning. Severity classes were identified and 50 points were assigned to each class 

through visual inspection of the aerial photography. The value for each point was 

determined for all three algorithms. The total range of values was then divided into four 

groups by identifying the minimum and maximum values for each of the bum severity 

classes. Thresholds were chosen subjectively by identifying values within the overall data 

distribution where transitions between severity classes occurred.

Classifications using several additional types of class aggregation were also 

evaluated. These included three severity classes, three classes with forested pixels only,
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a. Three class algorithm

Fig. 2.2. Decision tree for bum severity classification of Landsat ETM+ imagery at the 
SL246 bum site. Trees are based on bi-temporal Normalized Bum Ratio (dNBR) 
values using both three classes (a) and four classes (b). Similar decision trees were 
used to classify bum severity using single date NBR values, as well as both single 
date and bitemporal values of both Ratio 7/5 values and brightness temperatures.
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and four classes with forested pixels only. Forested pixels included broadleaf forest, 

mixed forest, closed needleleaf forest, and open needleleaf forest. Severity classes for the 

three-class analysis were determined in the same manner as the four-class analysis. Fifty 

independent points were identified for each bum severity class using visual inspection of 

digital aerial photography. Threshold values were determined as before and algorithm 

values were classified based on the relationship to the threshold value. The accuracy of 

the classification was then evaluated using the reference data from 85 field plots based on 

the following breakdown of the modified CBI values: unbumed (0), moderate (.01 to 

1.75), and high (1.76 to 3.0).

2.2.7. Statistical analysis

Pearson correlation coefficients were calculated to compare remotely sensed 

algorithm estimates to field estimates. Correlation coefficients were determined for two 

models: 1) by individual bum (all vegtypes included), and 2) by vegetation type (all four 

bums combined).

Algorithms were ranked following the correlation analysis to determine the three 

top performing models. Absolute values were used for the ranking, since the degree of 

correlation and not the relationship of the correlation was important. For example, there 

is typically a positive correlation with bum severity in mid IR reflectance and a negative 

correlation in near IR reflectance. The ranking system was as follows: the algorithm most 

highly correlated to field data at each bum received three points, the second highest 

correlation received two points and the third highest received one point. All other 

algorithms received zero points. The points were then summed across all bums but each 

temporal approach (single date or bi-temporal) was kept distinct. The algorithm with the 

most points was ranked first, followed by the algorithm with the second highest points, 

etc.
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2.3. Results

In general, the single date approach was more highly correlated to field data than 

the bi-temporal approach, although using both the pre-fire and post-fire imagery did 

improve the correlation for nearly half the algorithms at sites YC248 and YC260 (Table 

2.6). YC242 had the highest overall correlation, while YC248 was lowest. Each fire was 

unique and no algorithm was highest at all sites, although NBR was ranked within the top 

three correlations for all bums using a single date approach and for three of the four bums 

using the bi-temporal approach (Table 2.6). Scatterplots of NBR and bi-temporal NBR 

against field data are shown in Fig. 2.3. When algorithms were ranked, the NBR was 

highest for both the single date and bi-temporal approaches, followed by Ratio 7/5 and 

BT (Table 2.7).

The three vegetation indices NDVI, SAVI, and MSAVI had relatively low 

correlation to field data, with no single algorithm proving superior to the others, although 

NDVI did have higher correlations at SL246 (Table 2.6). In addition to the vegetation 

indices, TM 4 and TC3 also had low correlations and failed to receive any points in the 

ranking (Tables 2.6,2.7).

When the data from all four bums were pooled to examine the correlation by 

vegetation type, in general, forested classes such as broadleaf forest, mixed forest, and 

closed needleleaf forest had high correlation values, while classes with a large component 

of non-woody vegetation (i.e. woodland, scmb, and herb classes) were lower (Table 2.8).

Accuracy assessment of classified bum severity maps produced the same relative 

ranking order as the correlation analysis, with NBR outperforming Ratio 7/5 and BT.

This was true for both the single date and bi-temporal approaches, although bi-temporal 

approaches produced higher classification accuracies for all three algorithms. The overall 

classification accuracy was highest using bi-temporal NBR, at 59%, compared with 56% 

for bi-temporal Ratio 7/5 (Table 2.9). Accuracy increased for bi-temporal NBR when 

three classes were used instead of four (Table 2.10a). In addition, classification accuracy
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Table 2.6. Absolute values of Pearson correlation coefficients for remote sensing
algorithms tested at each bum site. R-values represent the correlation between field- 
based estimates and remotely-sensed estimates. R-values are listed in descending 
order for each bum site and for both the single date (a) and bi-temporal (b) 
approaches. Algorithms are described in Table 2.1.

a) Single date
Burn SL246 Burn YC242 Burn YC248 Burn YC260

Algorithm | r -  value | Algorithm | r -v a lu e  | Algorithm | r -  value | Algorithm | r -  value |
NBR 0.7738 TC2 0.9098 Ratio 7/5 0.6493 Ratio 7/5 0.8037
PC2 0.7572 NBR 0.9033 BT 0.6348 NBR 0.7979
SI 0.7517 SI 0.9026 NBR 0.6300 Ratio 7/4 0.7964

TM 7 0.7431 PC2 0.8719 Ratio 7/4 0.6220 BT 0.7375
Ratio 7/5 0.7232 Ratio 7/4 0.8219 TC2 0.6130 SI 0.7336

NDVI 0.7197 SAVI 0.8096 SI 0.5889 TC2 0.6976
TC2 0.7040 NDVI 0.8068 SAVI 0.4785 PC2 0.6683

Ratio 7/4 0.6764 TM 4 0.7856 NDVI 0.4780 MSAVI 0.5772
BT 0.6745 Ratio 7/5 0.7799 MSAVI 0.4492 NDVI 0.5725
TC3 0.6388 MSAVI 0.7780 TM 7 0.4398 SAVI 0.5667

SAVI 0.6203 TM 7 0.7358 TC3 0.3421 TM 7 0.5177
MSAVI 0.6203 BT 0.7285 TM 4 0.2388 TC3 0.3891

TM 4 0.5848 TC3 0.5574 PC2 0.1477 TM 4 0.3287

b) Bi - temporal
Burn SL246 Burn 'YC242 Burn YC248 Burn YC260

Algorithm | r -  value | Algorithm | r -  value | Algorithm | r -  value | Algorithm | r -  value |
Ratio 7/5 0.7368 NBR 0.8236 BT 0.8010 Ratio 7/4 0.7834

NBR 0.7026 BT 0.8170 TM 7 0.6462 NBR 0.7539
PC2 0.6868 PC2 0.8167 Ratio 7/4 0.6332 BT 0.7332
TC2 0.6684 Ratio 7/4 0.8014 SI 0.6196 PC2 0.7213

NDVI 0.6671 TC2 0.7672 TC3 0.6115 TC2 0.6921
Ratio 7/4 0.6623 TM 7 0.7621 NBR 0.6075 Ratio 7/5 0.6874

TM 7 0.6514 TC3 0.7426 NDVI 0.5582 MSAVI 0.6743
MSAVI 0.5951 MSAVI 0.7297 SAVI 0.5545 SAVI 0.6610

SI 0.5649 SAVI 0.7267 MSAVI 0.5249 NDVI 0.6602
BT 0.5642 NDVI 0.7262 Ratio 7/5 0.5235 TM 4 0.6588
TC3 0.5595 SI 0.7125 TC2 0.3596 TM 7 0.6272

SAVI 0.5486 Ratio 7/5 0.6895 PC2 0.0381 TC3 0.5677
TM 4 0.4937 TM 4 0.6790 TM 4 0.0200 SI 0.1792
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Fig. 2.3. Scatterplots of remotely-sensed data (NBR) vs. field-based bum severity
estimates (CBI) for the Survey Line bum (site SL246). Both a single date (a) and a bi
temporal (b) approach were evaluated. NBR is the Normalized Bum Ratio, a bum 
severity index derived from Landsat bands 4 and 7. Bi-temporal NBR is the 
difference between pre-fire and post-fire algorithm values, while the single date NBR 
utilizes just the post-fire values. CBI is the composite bum index, a ground measure 
of bum severity that measures the ecological change caused by fire integrated over 
multiple strata (see Table 2.4). Increasing bum severity for all axes is shown by the 
unidirectional arrows.
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Table 2.7. Points assigned to each algorithm based on a ranking system whereby the 
algorithm with the highest correlation to field estimates of bum severity at each bum 
received 3 points, the second highest correlation received 2 points, and the third 
highest received 1 point. All other algorithms received 0 points. The points for single 
date approaches and bi-temporal approaches are both shown, along with the total of 
both approaches together. The three best performing algorithms are ranked as 
indicated by the numeric superscript next to the name. Algorithms are described in 
Table 2.1.

Algorithm Single date Bi-temporal Total

NBR1 8 7 15

Ratio 7/52 6 3 9

BT3 2 6 8

Ratio 7/4 1 4 5

PC2 2 2 4

TC2 3 0 3

TM 7 0 2 2

SI 2 0 2

TM 4 0 0 0

TC3 0 0 0

SAVI 0 0 0

MSAVI 0 0 0

NDVI 0 0 0
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increased further when only forested areas were included in the analysis (Table 2.10b,c). 

Forested pixels were defined as those belonging to the broadleaf forest, mixed broadleaf- 

needleleaf forest, closed needleleaf forest, and open needleleaf forest vegetation classes. 

Overall classification accuracies using forested areas only were 71% for four classes and 

81% for three classes. This corresponded to an increase in kappa values from 0.54 to 0.64 

for three classes and from 0.42 to 0.53 for four classes, when compared to classifications 

using all vegetation types.

Table 2.8. The absolute value of Pearson correlation coefficients comparing remotely- 
sensed estimates of bum severity to field estimates, analyzed by vegetation type for all 
bums combined. Sample sizes of each vegetation class are given. Remotely-sensed 
estimates were derived using both the single date and bi-temporal Normalized Bum 
Ratio.

Vegetation Type
| r value |

single date bi-temporal

closed needleleaf forest (n = 66) 0.8175 0.3794

open needleleaf forest (n = 55) 0.5991 0.5303

needleleaf woodland (n = 35) 0.0536 0.0253

broadleaf forest (n = 19) 0.7686 0.5379

mixed forest (n = 10) 0.9199 0.0968

scrub (n = 9) 0.2504 0.0249

herb (n = 10) 0.3318 0.5049
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Table 2.9. Error matrices of Landsat ETM+ bum severity classification using four 
severity classes at the Survey Line fire (SL246). Classifications were created using 
threshold values of the three most highly correlated radiometric indices. Algorithms 
tested include the single-date (a.) and bi-temporal (b.) Normalized Bum Ratio (NBR), 
single date (c.) and bi-temporal (d.) Ratio 7/5, and single date (e.) and bi-temporal (f.) 
brightness temperature. Severity classes were created in an identical way for all three 
algorithms.

a.) NBR (single date)
unbumed low mod high Total Commission

unbumed 7 0 1 0 8 0.125
low 7 8 8 8 31 0.742
mod 2 0 11 14 27 0.593
high 0 0 0 19 19 0
Total 16 8 20 41 85
Omission 0.563 0 0.45 0.537
observed accuracy 0.5294
Kappa 0.3852

b.) NBR (bi-temporal)
unbumed low mod high Total Commission

unbumed 13 1 2 4 20 0.35
low 2 4 5 0 11 0.636
mod 1 3 8 12 24 0.667
high 0 0 5 25 30 0.167
Total 16 8 20 41 85
Omission 0.188 0.5 0.6 0.39
observed accuracy 0.5882
Kappa 0.4175

c.) Ratio 7/5 (single date)
unbumed low mod high Total Commission

unbumed 7 1 1 3 12 0.417
low 7 5 7 1 20 0.75
mod 2 2 12 16 32 0.625
high 0 0 0 21 21 0
Total 16 8 20 41 85
Omission 0.563 0.375 0.4 0.488
observed accuracy 0.5294
Kappa 0.3671
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Table 2.9 (cont’d)

d.) Ratio 7/5 (bi-temporal)
unbumed low mod high Total Commission

unbumed 9 1 1 2 13 0.308
low 6 5 8 3 22 0.773
mod 1 2 10 12 25 0.6
high 0 0 1 24 25 0.04
Total 16 8 20 41 85
Omission 0.438 0.375 0.5 0.415
observed accuracy 0.5647
Kappa 0.4084

e.) Brightness temperature (single date)

unbumed low mod high Total Commission

unbumed 4 1 0 0 5 0.2
low 9 6 11 3 29 0.793
mod 2 1 8 15 26 0.692
high 1 0 1 23 25 0.08
Total 16 8 20 41 85
Omission 0.75 0.25 0.6 0.439
observed accuracy 0.4824

Kappa 0.3033

f.) Brightness temperature (bi-temporal)

unbumed low mod high Total Commission
unbumed 3 1 0 1 5 0.4
low 10 6 10 3 29 0.793
mod 3 1 8 12 24 0.667
high 0 0 2 25 27 0.074
Total 16 8 20 41 85
Omission 0.813 0.25 0.6 0.39
observed accuracy 0.4941
Kappa 0.3137
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Table 2.10. Error matrices of Landsat ETM+ bum severity classification using alternative 
scenarios of differenced Normalized Bum Ratio values at the Survey Line fire (SL246). 
The classification accuracies for three bum severity classes (a), four severity classes 
(b), and four classes with forested pixels only (c) are indicated. Forested pixels include 
closed needleleaf forest, open needleleaf forest, broadleaf forest, and mixed forest.

a.) 3 classes
unbumed mod high Total Commission

unbumed 13 3 4 20 0.35
mod 3 17 11 31 0.452
high 0 4 30 34 0.118
Total 16 24 45 85
Omission 0.188 0.292 0.333

observed accuracy 0.7059

Kappa 0.5411
b.) 3 Classes, Forested only

unbumed mod high Total Commission

unbumed 6 1 0 7 0.143
mod 2 7 3 12 0.417
high 0 4 29 33 0.121
Total 8 12 32 52
Omission 0.25 0.417 0.094

observed accuracy 0.8077
Kappa 0.6409

c.) 4 Classes - Forested only
unbumed low mod high Total Commission

unbumed 6 1 0 0 7 0.143
low 1 1 0 0 2 0.5
mod 1 2 6 5 14 0.571
high 0 0 5 24 29 0.172
Total 8 4 11 29 52
Omission 0.25 0.75 0.455 0.172

observed accuracy 0.7115
Kappa 0.5258
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2.4. Discussion

There was considerable variability in how well algorithm estimates correlated to 

field estimates of bum severity, and the performance of each algorithm was different at 

each bum. Although no algorithm was superior at all four bum sites, the Normalized 

Bum Ratio was the only algorithm ranked within the top three correlations at all bums 

under nearly all scenarios tested. The only instance where NBR was not ranked within 

the top three correlations occurred with the bi-temporal approach at the YC248 bum, the 

smallest and least correlated of all the bums, and possibly anomalous.

Of the other algorithms tested, both Ratio 7/5 and BT values correlated well to 

field data, although this was more site-specific than with NBR. BT values were well 

correlated only at the Yukon-Charley bums. The satellite imagery used for these bums 

was acquired near the end of the growing season, when leaves were beginning to senesce 

and air temperatures were cooling. This may have increased the difference between 

brightness temperatures for the burned and unbumed regions, because burned regions 

would be much warmer due to the immediate warming effects of the fire, lower albedo, 

and reduced transpiration. Given that the spatial resolution of the thermal band is 60m 

compared to 30m for the other bands evaluated, and that no further corrections for 

atmospheric effects were made, the thermal values were surprisingly well correlated to 

bum severity. Thermal values may prove to be quite useful for bum severity mapping in 

future studies, especially if higher resolution thermal sensors are available and if the most 

appropriate timing of data acquisition is identified.

Other algorithms, including KT2, Ratio 7/4, PC2, and Ratio 4/5 were also fairly 

well correlated to field estimates of bum severity. KT2 (greenness) was more strongly 

correlated than KT3 (wetness), a result that contrasts with Rogan and Yool (2001) who 

found that KT3 was better than KT2 or PC2 for discriminating bum severity 

classifications. Our results are based on correlation to field estimates, however, while the 

results of their study are based on classifications and error assessments. Rogan and Yool 

(2001) also found that SAVI and MSAVI were both more effective than NDVI at 

mapping bum severity, whereas we found that the indices were very similar at all bums



36

except Survey Line where NDVI performed considerably better than both SAVI and 

MSAVI. Patterson and Yool (1998) compared Kauth-Thomas transforms to Principal 

Components Analysis and concluded that KT transforms produced 17% overall higher 

classification accuracies. Our results differed based on the methodology used. For single 

date algorithms, we found KT more correlated than PC, but the opposite was true for bi

temporal values.

Vegetation had a clear influence on the correlation between field estimates and 

algorithm values. Forested cover was more highly correlated to bum severity than non

forested cover and classifications using only forested pixels had kappa values over 15% 

higher than when using all vegetation types. Closed canopy forests generally have less 

understory than more open forests and woodlands, and are therefore likely slower to 

recover following a bum. Because of this, the amount of change detected by the satellite 

imagery is much more likely to match the change detected on the ground. In contrast, in 

areas of much greater shrub cover, the shrubs can quickly resprout following fire and 

may confuse the interpretation of the bum severity, both on the ground and with the 

remotely-sensed imagery. Therefore, areas of open needleleaf forest, woodland, or scrub 

may appear to be severely burned from the ground, but may appear only moderately 

burned from a remote-sensing platform, due to the understory shrub and forb regrowth 

masking the effects of the bum. Similarly, areas with no tree cover may actually show 

enhanced growth following the fire. At the SL246 site, some of the plots dominated by 

shrubs and herbs showed increased NDVI values following the bum. This was especially 

true in marshy areas dominated by sedges and reeds. Presumably, the fire swept over the 

area, burning the upper stalks, but did not bum the entire plants due to standing water. 

Either through enrichment of the soil from ash, or possibly due to increased light or 

decreased competition, or perhaps all three, the plants were able to grow rapidly and 

abundantly and thereby produce a strong spectral signal.

In addition to having the highest correlation to field estimates, the classification 

accuracy using NBR was higher than the other two top performing algorithms. This 

provides additional evidence that NBR is the best discriminator of bum severity, at least
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based on the survey of algorithms evaluated. The present study corroborates research by 

Key and Benson (1999) in Montana who found bi-temporal NBR to be more highly 

correlated to ground data than several other algorithms. It also supports work by Lopez- 

Garcia and Caselles (1991) who advocated the use of the normalized difference between 

Landsat TM bands 4 and 7 based on their degree of independence and in the differing 

response of each band post-fire.

When utilizing the NBR for bum severity mapping, one must decide whether to 

use a single date approach or a bi-temporal approach. The bi-temporal NBR classification 

performed better than the single date NBR classification for all three algorithms tested, 

but the single date approach had higher correlation to field data for most algorithms than 

the bi-temporal approach. Thus, a bi-temporal approach is recommended when 

classifying imagery while a single date approach may be adequate for other applications. 

Kushla and Ripple (1999) found that single date post-fire imagery was most useful for 

mapping post-fire canopy consumption. However, that study was conducted in areas of 

dense coniferous forest. The improved classification result using bi-temporal imagery is 

likely due to the increased range in values that takes place when two images are used (C. 

Key 2002, personal communication). The differencing process creates an increased range 

of values, which facilitates the separation of classes and thereby improves discrimination.

It should be noted that considerable interpretation is involved in mapping bum 

severity. Field estimates in this study relied on visual interpretation and estimation. Use 

of the Composite Bum Index, or some similar ground-based severity index, should help 

to minimize user error. Estimating damage over multiple strata is especially effective 

because slight errors in a single field would likely be ‘diluted’ by the other fields.

Because of this, and due to the high correlation coefficients of forested pixels across all 

sites, it is believed that the use of CBI is appropriate.

Additional interpretation error is introduced in the analysis of aerial photography. 

Due to the high spatial resolution of the photography utilized in this study, the 

designation of the severely burned and unbumed sites was accurate, but areas of 

moderate bum severity were more difficult to distinguish. Moderate bum severities are
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also more difficult to classify, as was evidenced by higher errors of omission and 

commission for low and moderate bum severities. Classifications with three classes had 

higher accuracies than classifications with four classes, likely due to the consolidation of 

the low and moderate severity classes into a single class. These classes are difficult to 

distinguish and by combining them, the classification accuracy improves dramatically. A 

clear tradeoff is evident with respect to the number of bum severity classes, however. 

Classification accuracy improves with a reduction in the number of bum severity classes, 

but ecological relevance may decline. For some studies, the use of only three bum 

severity classes may be irrelevant or uninformative, while for others, it may be 

completely adequate. For example, if one is interested in the biological and ecological 

differences between moderately burned sites and sites with low bum severity, then a 

classification using only unbumed, moderate and high severity classes would be 

unacceptable. Flowever, if a researcher wants to study the differences between severely 

burned sites and not severely burned sites, then a classification with the aforementioned 

classification would be preferred.

Overall, this study showed that a single algorithm, the Normalized Bum Ratio, is 

effective at mapping bum severity at multiple sites and across multiple years. It was also 

effective whether or not data are collected one year or two years post-fire. For the Survey 

Line fire, the imagery and the field data were all collected the summer after the fire 

burned. This contrasts with the Yukon-Charley fires, however, where the imagery used 

was dated the same year as the fire burned but the field data were collected two years 

post-fire. In addition, the dates of acquisition were much different for the two locations. 

The imagery for SL246 was acquired mid summer, whereas the imagery for the YC sites 

was acquired in early fall. It was expected, based on vegetative phenology, that bum 

severity estimates produced with late season imagery would not be as highly correlated to 

field estimates of bum severity as estimates using mid-season imagery. However, two of 

the Yukon-Charley sites, YC242 and YC260, had high correlations to field data, with 

YC242 showing the highest correlations of all the bums studied. The most likely 

explanation for this is due to the nature of the vegetation present at those sites. Both
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YC242 and YC260 contained a high percentage of needleleaf forest, a vegetation type 

that does not lose its leaves and would therefore still have a spectral signal similar to mid

season. In contrast, roughly 45% of the vegetative cover at bum YC248 was comprised of 

the woodland and scrub classes, vegetation types more susceptible to loss of chlorophyll 

and the beginning stages of leaf senescence.

2.5. Conclusions

The Normalized Bum Ratio was found to be an effective tool for mapping bum 

severity in interior Alaska. The index was accurate across multiple sites and across 

multiple dates, suggesting that it is a robust proxy of bum severity. NBR can be used as a 

continuous variable that correlates to field estimates of bum severity, or can be classified 

into bum severity categories by assigning threshold values and determining class ranges. 

Correlations between NBR and field estimates were generally higher using a single-date 

approach, whereas classification accuracies were highest using bi-temporal NBR values.

Because NBR is a relatively simple approach and due to the broad availability of 

Landsat imagery, there is good reason to believe that the Normalized Bum Ratio can 

become a standardized tool for mapping bum severity. The approach is particularly 

useful in the study of historical fires, as well as comparisons across multiple geographic 

regions. Because NBR values appear relatively stable across space and time, it is possible 

with minimal effort to identify threshold values for classification. This can be 

accomplished using aerial photography, field data, or high-resolution satellite imagery. 

Once severity classes are identified, comparisons can be made of fire events occurring 

across broad geographic regions. For example, the bum severity of multiple fire events 

occurring in interior Alaska within a single season can be studied to determine if stand 

age, stand structure, fire size, local weather patterns, or other factors influence the range 

or degree of bum severity. Other studies that can benefit from this research are the 

analysis of post-fire recovery and succession, conversion of forest cover for increased
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productivity, alteration of soil processes, nutrient cycling, and permafrost dynamics, and 

the modeling of carbon emissions for atmospheric studies of global change.
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Chapter 3. Interactions Between Burn Severity, Vegetation, and Topography* 

Abstract:

The effects of fire in interior Alaska have been extensively studied at the plot 

level, but few studies have addressed vegetation, bum severity, and post-fire regeneration 

at the landscape scale. This study addresses the influence of pre-fire vegetation and 

topographic variables (slope, aspect, and elevation) on bum severity, as well as the 

effects of bum severity and topography on post-fire vegetation recovery. It was 

conducted in a historical, 1986 bum that consumed roughly 17,000 ha in Yukon-Charley 

Rivers National Preserve. Vegetation was classified prior to the bum (1986) and at 16 

years post-bum (2002), and a chronosequence of Landsat TM and ETM+ images was 

analyzed to estimate vegetation recovery.

Bum severity, estimated using a remotely-sensed index, was strongly controlled 

by vegetation, with needleleaf forests experiencing much higher bum severity than 

broadleaf forests, shrubs, and woodlands. Elevation also had an influence on bum 

severity, presumably due to its control on vegetation composition. Vegetation recovery 

peaked 8-14 years post-fire, and recovery was highest for areas with the highest bum 

severity. Topography had a lesser influence on recovery than bum severity. Self- 

replacement of the existing vegetation type was common at the bum and was generally 

highest in areas with moderate bum severity. Shifts between needleleaf and broadleaf 

forest were very rare, and in general the area shifted toward an open needleleaf woodland 

and shrubland, especially in areas experiencing high bum severity.

*manuscript title: Post-Fire succession and interactions between vegetation, 

topography and bum severity in interior Alaska. Authors: J. Epting and D. Verbyla. 

Submitted to Canadian Journal of Forest Research
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3.1. Introduction

Interior Alaska is a mosaic of vegetation types maintained in part by variability in 

climate, topography, and disturbance. Fire is the predominant disturbance mechanism in 

this region and fires typically bum at a frequency of 50-200 years (Viereck and 

Schandelmeier 1980; Heinselman 1981; Yarie 1981; Gabriel and Tande 1983; Mann and 

Plug 1999). Fires in interior Alaska are highly variable in both space and time, with 

annual area burned ranging from as little as 1,000 ha to well over 1,000,000 ha 

(Kasischke et al. 2002). Fires can reach enormous sizes as well, with the largest 

approaching 500,000 ha. The spatial and temporal variability of wildland fires in Alaska 

influences landscape dynamics and is critical toward defining the mosaic nature of the 

interior region (Viereck and Schandelmeier 1980). Variability in bum severity creates 

differences in substrate and seedbed quality, which leads to the differential germination 

and survival of boreal forest species (Zasada et al. 1983; Zasada et al. 1987; Johnstone 

2003, submitted manuscript). This variability in germination and survivorship has a 

strong influence on successional trajectories and the subsequent long-term forest 

composition.

3.1.1. Fire Adaptation

Fires in the boreal forests of Alaska are often stand-replacing due to the nature of 

the vegetation. Much of interior Alaska is dominated by black spruce ( ), a

tree characterized by high flammability and the retention of branches at ground level, two 

traits that facilitate the spread of canopy fires (Lutz 1956). This species is not resistant to 

fire but contains serotinous cones, making it fire-adapted (Zasada et al. 1992). These 

cones are often clustered at the tips of the trees, thereby reducing the likelihood of 

exposure to direct flames and killing temperatures. Fires reduce the viability of black 

spruce seeds, but in general a large seed source is maintained following fire (Wilton 

1963; Zasada et al. 1979). White spruce {Picea glauca), is the only other common
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conifer in interior Alaska. This species is less common than black spruce, and has a 

sporadic cone crop. White spruce is generally considered a late successional or ‘climax’ 

species on south-facing and upland sites (Lutz 1956; Viereck et al. 1983), although 

community composition of late serai stages may be more complex than earlier works 

indicate (Mann et al. 1995).

The other common interior Alaska tree species are paper birch ( 

papyrifera), and trembling aspen ( Populustremuloides). Aspen and birch are broadleaf, 

deciduous trees that are generally considered early successional species, although in some 

circumstances aspen stands may by maintained for longer time-periods through a positive 

feedback with fire (Mann and Plug 1999). Aspen and birch are both able to reproduce 

vegetatively following fire. Aspen is a prolific root sprouter and can reach post

disturbance densities of up to 35 suckers per m2 (Zasada and Schier 1973). Paper birch 

sprouts basally from underground stems but is much less prolific than aspen (Greene et 

al. 1999). In addition, both birch and aspen have small, lightweight seeds that are wind 

dispersed and germinate very poorly on organic substrates, making them more or less 

restricted to mineral surfaces (Zasada et al. 1983; Johnstone and Chapin, unsubmitted 

manuscript). These seeds are incredibly abundant and allow birch and aspen to rapidly 

colonize burned areas.

3.1.2. Topographic Influence

Terrain variables such as slope, aspect, and elevation are critical factors for 

defining vegetation communities in interior Alaska (Van Cleve and Viereck 1981; 

Viereck et al. 1983; Yarie 1983; Van Cleve et al. 1996). Topographic control of solar 

insolation results in variable microclimates, soils, and vegetation on north-facing versus 

south-facing slopes. North-facing slopes at high latitudes receive little solar radiation and 

generally contain cold soils with considerable permafrost. In addition, elevation is a 

critical factor controlling vegetation. Trees thin out as elevation approaches treeline and 

in many areas within interior Alaska only low shrubs and herbs (i.e. alpine tundra) are 

found above approximately 850m.
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3.1.3. Effects of Fire on Post-fire Recruitment and Succession

Fire critically affects vegetation composition in interior Alaska, creating 

heterogeneity at multiple scales. At a regional scale (tens to hundreds of km), the amount 

of area burned, as well as the return time between fire events, has important effects on 

vegetation development and successional trajectories. Short fire return times are likely to 

maintain early serai, hardwood-dominated communities, whereas longer return times are 

expected to lead toward late successional communities dominated by black or white 

spruce (Greene and Johnson 1999; Mann and Plug 1999; Rupp et al. 2000; Johnstone and 

Chapin, unsubmitted manuscript). At a finer scale (< tens of m), variability in bum 

severity creates heterogeneity in organic horizon thickness, soil temperature and 

moisture, and depth to permafrost, all of which have profound effects on post-fire 

colonization and recruitment. Extremely hot fires can destroy both above and below- 

ground propagules, leading to a dearth of post-fire recruitment capacity. However, 

because fires are typically variable in intensity, and due to the insulating nature of the 

boreal forest floor, large, continuous areas of high bum severity are probably rare. 

Therefore, local aerial seedbanks are likely to be available for post-fire colonization and 

in areas where underground buds are not destroyed, sprouting will occur very rapidly 

following the bum.

The quality of post-fire substrate is crucial for germination and successful growth. 

In general, all tree species found in interior Alaska have higher success rates on mineral 

soil than on charred or organic material (Zasada et al. 1983; Zasada et al. 1987; Johnstone 

and Chapin, unsubmitted manuscript). This is likely due to the rapidity with which moss 

layers can desiccate and cause seedling mortality. Larger seeded species such as black 

and white spmce have an advantage in a desiccating environment, and thus have higher 

survival than aspen or birch on organic substrates (Zasada et al. 1987; Greene and 

Johnson 1998). Because aspen and birch have lightweight seeds, however, they are more 

adapted for wind-dispersal and are more likely to colonize areas in which underground 

propagules have been destroyed, such as in the highest severity bums. Regardless of 

species type, colonization following fire in the boreal forest occurs quite rapidly, with the
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bulk of seedling recruitment occurring in just the first three to five years (Foote 1983; St- 

Pierre et al. 1992).

Predicting successional trajectories following fire is difficult because many, often 

interacting, variables influence the rate and direction of succession. Successional patterns 

also may follow many pathways, and because it is nearly impossible to study a landscape 

for a century or more, these pathways are not always identified. In general, however, two 

broad pathways of successional development following fire can be recognized in interior 

Alaska. These are self-replacement and relay floristics. Self-replacement occurs when the 

dominant vegetation type (broadleaf or needleleaf in this study) prior to fire is also the 

dominant vegetation type following fire. As defined here, self-replacement indicates the 

immediate return of the dominant vegetation, with no significant intermediate 

communities. Relay floristics, on the other hand, describes a series of changing serai 

communities, each lasting from several years to several decades. For spruce-dominated 

communities, self-replacement is expected to occur most commonly in areas of low bum 

severity where mineral soils are precluded by an organic mat (Fig. 3.1). Areas of high 

bum severity, on the other hand, would likely experience changes in vegetation through 

relay floristics because high severity bums would generate favorable seedbeds for 

hardwood species (Fig. 3.1). Communities dominated by aspen and birch, however, are 

likely to be facilitated by fire, such that fire of any severity will be beneficial toward 

maintaining these stand types.

3.1.4. Objectives

The objectives of this paper are 1) to determine the interactions between prefire 

vegetation, topography, and bum severity, 2) to measure the influence of bum severity 

and topography on post-fire vegetation recovery, and 3) to determine if successional 

trajectories are evident at 16 years post-fire.
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Fig. 3.1. Expected successional progression for black spruce stands and broadleaf stands 
under different bum severity conditions.
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3.2. Methods

3.2.1. Study Site

The area studied is known locally as the Eureka Creek bum. It lies partially within 

the Yukon-Charley Rivers National Preserve (Fig. 3.2). This area experiences warm 

summers and very cold winters with a mean annual temperature of approximately -  4°C 

and approximately 30 cm of precipitation per year, which falls predominantly as summer 

rain (Alaska Climate Research Center, http://climate.gi.alaska.edu/Climate/index.html). 

The topography of the site is variable, extending from the floodplain of the Yukon River 

at 300m elevation, up steep hillsides to the top of an alpine tundra-covered dome at an 

elevation of 1500m.

The Eureka Creek fire burned over 12 days, from June 29 to July 10, 1986. 

Although the fire was short-lived, it burned over 17,000 ha, with rates of spread as high 

as 3 km/h (National Park Service). Conditions were extremely favorable for fire in late 

June due to extended dry conditions and high daytime temperatures. The fire began in the 

eastern portion of the bum perimeter and spread mostly west and north on several active 

fronts. The largest rate of spread occurred on 5 July. Cooler temperatures and rain by 9 

July helped to extinguish the active fire.

3.2.2. Imagery

Six Landsat TM and ETM+ satellite scenes between 1986 and 2002 formed the time- 

series (Table 3.1). The 1986 scene was acquired only three days before the fire ignited. 

Additional scenes were chosen based on availability as well as the requirements of 

minimal cloud cover and similar acquisition dates.

http://climate.gi.alaska.edu/Climate/index.html
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Fig. 3.2. Eureka Creek study site, located in Yukon-Charley Rivers National Preserve. 
The fire occurred in June 1986 and burned approximately 17,000 ha.
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Table 3.1. Landsat TM and ETM+ scenes comprising the time-series. 
The fire burned from 29 June to 10 July 1986. Imagery was chosen 
based on availability of cloud-free scenes within the summer growing 
season.

Year Sensor Month / Day Path / Row

1986 TM 0 6/26 6 7 /1 4

1988 TM 07/02 6 6 /1 4

1991 TM 0 8/20 6 6 /1 4

1994 TM 07/11 6 6 /1 4

2000 ETM+ 0 6/24 6 7 /1 4

2002 ETM+ 06/07 6 6 /1 4

3.2.3. Ancillary Data

Ancillary data included plot level field data, aerial photography and topographic 

data (Table 3.2.). Plot-scale vegetation data were collected between 1986 and 1988 

within Yukon-Chariey Rivers National Preserve and were provided by the National Park 

Service. A digital elevation model (DEM) and scanned topographic maps (DRGs) were 

produced by the US Geological Survey and downloaded from the Alaska Geospatial Data 

Clearinghouse website (http://agdc.usgs.gov/data/usgs/geodata/). The DEM has a spatial 

resolution of approximately 60m, but was resampled to 30m for parity with the Landsat 

imagery. Slope and aspect were derived from the DEM. The original topographic maps 

were produced at a scale of 1:63,360 and the scanned maps were used with a spatial 

resolution of approximately 6m. Individual files were cropped and mosaicked to form an 

area encompassing the burned perimeter, and the final layer was then projected to UTM 

Zone 7.

http://agdc.usgs.gov/data/usgs/geodata/
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Aerial photography from multiple dates was used in the analysis. Pre-fire photos 

from 1984 along wth post-fire photos from 1986 were scanned and digitized to a cell size 

of 5m. Five images from each year were orthorectified using the digital elevation model 

and then coregistered to the mosaicked DRG. Digital true-color 35mm images with a cell 

size of approximately lm were also acquired in early September 2002 from an altitude of 

approximately 3,000m. The timing of this acquisition was made so that deciduous trees 

and tall shrubs contrasted sharply with coniferous forest. These images were co

registered to the earlier aerial photos using approximately 20 control points per image 

and an RMS error of less than 0.4m.

Table 3.2. Ancillary data used in the study.

Data Type Description/Cell Size

Field plots

1985-1988 National Park Service 
field plot vegetation data 174 plots

Imagery

1986 aerial photography (pre-fire) 
color infrared 1:65,000 lm

1988 aerial photography (post-fire) 
color infrared 1:65,000 lm

2002 aerial photography (post-fire) 
color 35mm digital lm

Topographic Grids

elevation 30m

slope 30m

aspect 30m

Scanned Topographic Maps

Digital raster graphic 6m
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Individual Landsat scenes were registered to the mosaicked DRG using a second 

order polynomial transformation with a minimum of 30 control points per scene and a 

maximum root mean square error of 15m. Radiometric rectification was performed in 

order to reduce radiometric differences associated with the use of multiple sensors, dates, 

and atmospheric conditions (Hall et al. 1991). Images were first converted to at-satellite 

reflectance values using the equations of Markham and Barker (1986), substituting 

updated coefficients for Landsat 7 ETM+ scenes (Landsat 7 Data Users Guide 2002). 

Fourteen pseudo-invariant features (PIFs) were chosen, seven each from bright and dark 

spectral regions. Dark regions included clear, unvegetated water bodies while bright 

regions consisted of unvegetated slopes and rocky outcrops. Spectral values for each PIF 

were calculated for each band and for each Landsat scene. Calibrations were made with 

the 2000 scene as the base image due to its clear skies and limited atmospheric influence. 

PIF values for each band and year were regressed against the base image and the 

resulting slope and intercept coefficients were then used to calibrate each scene to the 

base image. Coefficients of determination for all bands and for all years were greater than 

0.96.

3.2.4. Vegetation Classification

Vegetation was classified for two dates: June 1986, the pre-fire Landsat TM 

scene, and June 2002, a Landsat ETM+ scene acquired 16 years post-fire. For both dates, 

an unsupervised classification was conducted using the isodata algorithm with 128 

spectral classes. Unsupervised classification was chosen over supervised classification 

due to a limitation of available training data. Spectral classes were grouped using field 

plot data (1986) or high resolution aerial photography (2002) into six vegetation types 

based on Viereck and colleagues (1992). The classes include closed needleleaf forest, 

open needleleaf forest, needleleaf woodland, broadleaf forest, mixed forest, and shrub.
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Closed needleleaf forest includes black and white spruce stands characterized by 

at least 60% tree cover, while open needleleaf forest contains between 25% and 60% tree 

cover. Needleleaf woodland, on the other hand, has a very open tree canopy characterized 

by sporadic spruce trees with only 10 - 25% total cover. Broadleaf forest is characterized 

as a stand consisting of more than 75% broadleaf trees. In the study region, this 

vegetation class is composed predominantly of quaking aspen ( tremuloides) and

paper birch ( Betulapapyrifera). Mixed forest includes areas with at least 75% tree cover 

where neither spruce nor broadleaf trees are dominant, and shrub communities are areas 

containing generally low-growing (< 2m) shrubs with less than 10% tree cover.

Prefire vegetation classes were determined by analyzing field data and scanned 

color infrared photography from 1984. Thirty field data plots were used in labeling 

spectral classes to vegetation classes. One hundred forty-four plots were used for 

classification accuracy assessment. The overall accuracy for this vegetation classification 

was 74% (Table 3.3).

Table 3.3. Accuracy assessment of Landsat TM vegetation classification from 1986 (pre
fire). Reference data are from National Park Service field plots.

Satellite

data

CN

ON

WD

BD

MX

SH

total

CN ON

Reference data 

WD BD MX SH

4 0 0 0 0 1

0 10 5 0 1 2

0 5 20 0 1 3

1 0 0 14 2 0

0 1 0 0 7 0

0 4 9 2 1 51

20 34 16 12 57

total

5

18

29

17

8
67

144

overall
accuracy 0.74
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Post-fire vegetation classes were determined using lm resolution, digital aerial 

imagery flown in September 2002. Sixty points were assigned to each of the six 

vegetation classes by visual inspection of the digital imagery. Broadleaf vegetation was 

evident in the imagery due to the yellow color of the leaves which were at the peak of fall 

color, and needleleaf vegetation was classified based on the density of trees, which was 

clearly evident in the images. Thirty points from each vegclass were used to categorize 

the 128 spectral classes and the remaining 30 points were used for accuracy assessment. 

The overall accuracy of this classification was 84% (Table 3.4).

Table 3.4. Accuracy assessment of Landsat ETM+ vegetation classification from 2002 
(16 years post-fire). Reference data are from lm digital aerial photography flown in 
2002.

Satellite

data

CN

ON

WD

BD

MX

SH

total

CN ON

Reference data 

WD BD MX SH

25 2 0 0 2 0

2 25 0 0 0 1

0 2 25 1 1 3

2 1 0 26 3 0

1 0 1 2 24 0

0 0 4 1 0 26

30 30 30 30 30 30

total

29

28

32

32

28

31

180

overall
accuracy 0.84
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3.2.5. Burn Severity Classification

A bum severity map was created using the Normalized Bum Ratio (Key and 

Benson 1999). This index utilizes infra-red (IR) energy, both in the near and mid IR 

portions of the electromagnetic spectrum (eq. 3.1).

near IR -  mid IR / near IR + mid IR (eq. 3.1)

Landsat TM or ETM+ bands 4 and 7 represent the near IR and mid IR, respectively. The 

near IR and mid IR bands are sensitive to burned regions and exhibit changes in opposite 

directions following a bum (Lopez-Garcia and Caselles 1991). The NBR has been 

evaluated in Alaska where it performed better than all other algorithms tested (Epting et 

al., submitted manuscript).

A bi-temporal, or differencing, approach was used for classifying bum severity. 

The bi-temporal approach utilizes the difference between pre-fire (1986) and post-fire 

(1988) NBR values and is superior to a single date approach when classifying imagery 

for bum severity (Epting et al., submitted manuscript). Four severity classes were 

determined: unbumed, low, moderate, and high severity. NBR values corresponding to 

severity class were located by analyzing color-infrared, large format aerial photography 

acquired one month following the fire. Fifty points were created for each of the four bum 

severity classes by visual inspection and bi-temporal NBR values at those points were 

assigned to the corresponding severity class (Table 3.5). Threshold NBR values were 

then determined based on the distribution of algorithm values, such that the classes 

derived from aerial photography most closely matched the severity based on algorithm 

output values (Fig. 3.3). The accuracy of a bum severity classification using these four 

classes and these methods is expected to be approximately 60% for all vegetation types 

and 71% for forested areas (Epting et al., submitted manuscript).
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Table 3.5. Differenced NBR (prefire -  postfire) statistics from pixels selected using 
post-fire aerial photography.

NBR values
severity class

X sd min max N

unburned 22.05 46.67 -83.91 116.25 50

low 146.19 74.03 23.29 343.92 50

moderate 477.04 109.21 215.52 671.08 50

high 607.03 166.08 334.42 867.14 50

3.2.6. Analyzing Vegetation Recovery

The Normalized Difference Vegetation Index (NDVI) has been widely used for 

estimating biomass and leaf area index of forested regions (Dong et al. 2003), for 

monitoring disturbance in forests (White et al. 1996; Lyon et al. 1998; Remmel and 

Perera 2001; Wilson and Sader 2002) and for monitoring post-fire vegetation recovery 

(Jakubauskas et al. 1990; White et al. 1996; Viedma et al. 1997; Henry and Hope 1998; 

Kushla and Ripple 1998; Ricotta et al. 1998; Diaz-Delgado et al. 2003). NDVI and the 

Normalized Bum Ratio (NBR) were calculated for each year of the time-series to 

evaluate the pattern of post-fire vegetation recovery. In addition to mean values by year, 

the change in NDVI, termed ANDVI, was also analyzed (eq. 3.2).

ANDVI -  [NDVIb-NDVIa / NDVIa * 100] (eq. 3.2)

where

NDVIa = mean NDVI value for the first date in the time interval 

NDVIb = mean value for the second date in the time interval
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Fig. 3.3. Decision tree for bum severity classification of Landsat ETM+ imagery using 
differenced (pre-fire -  post-fire) Normalized Bum Ratio values (dNBR) and four 
classes.

Positive values of ANDVI represent a positive relative increase in NDVI between the two 

dates, whereas negative values represent a drop in NDVI. This metric was chosen as a 

means of more descriptively following the recovery process, because the time interval 

between dates is not consistent.

ANDVI in the burned regions was compared to ANDVI in unbumed, control 

regions. Control regions were chosen systematically based on image quality and in order 

to represent all vegetation classes. Control regions were equal in size (100 pixels or 300m
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x 300m) and 10 regions were created for each vegetation class in the area within 80km of 

the bum perimeter.

Successional trajectories were determined by estimating the vegetation 

composition at year 16 post-bum and comparing it to the pre-fire vegetation. A 

crosstabulation matrix was created to quantify changes between the 1986 and 2002 

vegetation classifications. For example, the analysis determines the number of pixels 

classified in 1986 as closed needleleaf forest that converted to shrub in the year 2002. 

Areas exhibiting the same vegclass at both years are considered to have undergone self

replacement, while areas that changed vegetation classes from spruce-dominated to 

broadleaf-dominated experienced relay floristics.

3.2.7. Statistical Analyses

Multiple linear regression was used to evaluate the contribution of topographic 

variables to bum severity and to determine the influence of topography and bum severity 

on recovery levels. For both analyses, a randomly generated dataset of 1200 points was 

created out of the more than 190,000 total pixels. Slope and aspect were transformed 

prior to analysis to meet assumptions of independence and normality. Slope was 

transformed using a square-root transformation, and aspect was transformed using eq. 3.3 

(Beers et al. 1966).

[Cosine (Xmax -  Xobserved) + 1] (eq. 3.3)

Aspect was transformed twice, once to contrast north and south-facing aspects 

and once to contrast east and west facing aspects. For the N-S contrast, Xmax = 180 and 

for the east-west contrast, Xmax = 90)(Kushla and Ripple 1997). For the first stepwise 

regression analysis, differenced NBR (dNBR) was treated as the dependent, or response 

variable while slope, aspect, and elevation were treated as independent variables in the
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model. For the second analysis, ANDVI was the response variable while dNBR, slope, 

aspect, and elevation were treated as treatment, or independent variables.

3.3. Results

3.3.1. Burn Severity by Vegetation Class

Prefire vegetation based on a classification of 1986 Landsat TM imagery 

consisted predominantly of open needleleaf forest (46%), followed by closed needleleaf 

forest (19%) and needleleaf woodland (14%) (Fig. 3.4). Together, all three spruce- 

dominated communities represented nearly 80% of the total vegetation cover. Mixed 

needleleaf-broadleaf forest accounted for roughly 10% of the total vegetation, followed 

by shrub-dominated areas (8.8%). Broadleaf, or deciduous forest, represented less than 

2% of the vegetated cover.

Most of the vegetation within the bum perimeter experienced moderate bum 

severity (Table 3.6). In contrast, low and high bum severity areas each represented close 

to 20% of the total burned area and unbumed vegetation represented 8% of the total area.

Table 3.6. Number of hectares within the study site experiencing each of the 
four bum severity classes

Burn severity Area (ha) % of total

unbumed 1494 8%

low 3272 18%

mod 9782 53%

high 3813 21%

Total 18,361 100%
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Fig. 3.4. Relative cover of pre-fire vegetation classes within the burned perimeter of the 
Eureka Creek study site. Unvegetated or unclassified pixels are not included in the 
analysis. CN = closed needleleaf forest; ON = open needleleaf forest; WD = needleleaf 
woodland; BD = broadleaf forest; MX = mixed broadleaf/needleleaf forest; and SH = 
shrub. See text for vegetation community descriptions.
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Bum severity varied by vegetation type (Table 3.7). Closed needleleaf forest 

experienced the highest bum severity, while broadleaf forests and shrubs experienced the 

lowest. Nearly 41% of all closed needleleaf vegetation experienced high bum severity, 

compared to only 3% for broadleaf vegetation. In addition, the mean differenced NBR 

(dNBR) value, a proxy for bum severity, was twice as high for closed needleleaf forest as 

high as for broadleaf forest (Fig. 3.5). Mixed forest had the second highest mean dNBR 

value and accounted for approximately 30% of all severely burned vegetation.

Table 3.7. Proportion of each bum severity class experienced by each vegetation type.

Burn Severity
Vegetation Class

SH BD WD ON MX CN

Unburned

Low

Mod

High

18.3

29.2

45.2

7.3

15

33

49.1

3

14.7

28.9

52.6

3.8

6.7

16.7 

60.2 

16.4

5.1

13

51.4

30.5

2.8

8.8

47

40.9

Within needleleaf vegetation classes, increasing tree density resulted in increasing 

bum severity (Fig. 3.5). In addition, closed needleleaf forest had over twice the relative 

high bum severity area as open needleleaf forest, and more than ten times the relative 

high bum severity area as needleleaf woodland (Table 3.7). The mean dNBR values for 

broadleaf forest, shmbs, and needleleaf woodland were low (Fig. 3.5), and all three 

classes experienced between 2-5 times as much unbumed area as severely burned area 

(Table 3.7).
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Prefire Vegetation

Fig. 3.5. Mean differenced Normalized Bum Ratio (dNBR) values, scaled by 1000, for 
pre-fire (June 1986) vegetation classes. dNBR is a proxy of bum severity, with high 
values indicating a higher level of bum severity. Standard error bars are indicated (+/- 
2 std. err. of mean). SH = shrub; BD = broadleaf forest; WD = needleleaf woodland; 
ON = open needleleaf forest; MX = mixed forest; and CN = closed needleleaf forest.
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3.3.2. Topographic Effects on Burn Severity

Elevation was the only topographic variable that was significantly related to bum 

severity in the multiple regression analysis (Table 3.8). On average, higher elevations 

experienced lower bum severity than lower elevation areas. Elevation explained the 

largest proportion of variance in dNBR values, but the variability explained was low 

(1.7%). Slope and aspect both explained less than 0.5% of the variance in dNBR.

Table 3.8. Partial regression coefficients and levels of significance for topographic 
variables regressed against dNBR (n = 1200). Slope and aspect were both 
transformed prior to analysis. Aspect was transformed twice, once to contrast east 
and west aspects (aspect_EW) and once to contrast north and south aspects 
(aspect_NS).

variable r2 P

slope 0.001 0.4696

aspect_NS 0.000 0.6439

aspect_EW 0.001 0.4942

elevation 0.017 <.0001

3.3.3. Vegetation Recovery

Vegetation recovery following the bum was estimated using both NDVI and NBR 

(Fig. 3.6). NDVI values dropped sharply two years following the fire, then increased 

continuously until reaching a peak in year 14 (2000). The same trend was evident with 

NBR values, except that the decline immediately following the fire was greater for 

NBR, and NBR values never approached pre-fire levels. The pattern of recovery was



68

a. Normalized Difference Vegetation Index

Year

b. Normalized Burn Ratio

Year

Fig. 3.6. Mean NDVI (a.) and NBR (b.) values (scaled by 1000) for each year of the 
Landsat time-series. The 1986 scene was acquired just 3 days before the bum and 
represents the pre-fire vegetative condition. Control regions are located outside of the 
bum perimeter.
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also slightly different between the two indices. The strongest increase in overall NBR 

values occurred between post-fire years 2 and 5, whereas NDVI had the greatest increase 

between years 5 and 9.

Vegetation recovery, estimated by the change in NDVI between time intervals 

(ANDVI), varied by vegetation type (Fig. 3.7), with a noticeable difference between 

needleleaf types and broadleaf types. ANDVI was strongly negative during the first two 

years post-fire for all vegclasses, with needleleaf and mixed forests having the greatest 

declines. Although closed needleleaf, open needleleaf, and mixed forests experienced the 

greatest drops in ANDVI values between 1986 and 1988, they also exhibited the highest 

ANDVI values during the second and third time intervals, between 1988 and 1994. These 

years had high recovery rates for all vegetation types, although broadleaf forest had the 

lowest values. During the most recent two time intervals, between 1994 and 2002, 

recovery was essentially flat for all vegclasses.

Recovery also varied with respect to bum severity (Fig. 3.8). The most severely 

burned vegetation in 1986 had the highest rates of recovery between 1988 and 1991.

ANDVI for high bum severity areas rose from -84.2% to almost 90% between the first 

two time intervals. After 1988, high bum severity areas had the highest ANDVI values 

across all subsequent time intervals (Fig. 3.8). The pattern of recovery also appeared to 

vary based on bum severity. Moderate and low severity burned areas peaked between 

1991 and 1994 while recovery in high severity bums peaked between 1988 and 1991 

(Fig. 3.8).

Bum severity had a significant linear relationship with ANDVI for all time 

intervals (Table 3.9). The partial regression coefficients for slope and elevation were 

significant for two of the five time intervals, but explained much less of the variation in 

ANDVI as did bum severity. Neither the north-south nor east-west aspect transformations 

had significant partial regression coefficients for any of the time intervals.
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Time Interval

Fig.3.7. Percentage change in NDVI (ANDVI) between consecutive years in the time 
series for each vegetation class. Negative values indicate a decline in NDVI, whereas 
positive values indicate an increase.
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Time Interval

Fig. 3.8. Percentage change in NDVI (ANDVI) between consecutive years in the time 
series for each bum severity class. Negative values indicate a decline in NDVI between 
the two years, whereas positive values indicate an increase.



Table 3.9. Partial regression coefficients and levels of significance for bum 
severity (dNBR) and topographic variables when regressed against 
ANDVI at each time interval. * indicates a significant relationship at 
p<0.05.

Time interval Variable r2

dNBR 0.7773*
Slope 0.0000

86-88 aspect_ns 0.0000
aspect_ew 0.0002
elevation 0.0004
dNBR 0.0345*
Slope 0.0141*

88-91 aspectns 0.0018
aspectew 0.0001
elevation 0.0004
dNBR 0.0052*
slope 0.0307*

91-94 aspectns 0.0008
aspectew 0.0021
elevation 0.0090*
dNBR 0.0050*
slope 0.0002

94-02 aspectns 0.0000
aspectew 0.0000
elevation 0.0062*
dNBR 0.0864*
slope 0.0018

00-02 aspect_ns 0.0012
aspectew 0.0003
elevation 0.0010
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3.3.4. Post-fire Composition Change and Successional Trajectories

Between 1986 and 2002, needleleaf woodland increased by 45%, while shrub- 

dominated vegetation increased by over 10% (Fig. 3.9). All other vegetation classes 

decreased during the same time period, with needleleaf forest, both open and closed, 

experiencing the greatest decline in cover.

Successional trajectories in the burned region were estimated under the broad 

context of self-replacement and relay floristics. The highest levels of self-replacement 

occurred in woodland and shrub communities, while the lowest levels occurred in closed 

needleleaf and mixed forests (Table 3.10). The woodland and shrub classes also 

experienced higher levels of self-replacement in high severity bums than the other 

vegclasses, but overall all vegetation types experienced the most self-replacement under 

conditions of moderate bum severity (Fig. 3.10).

The conversion of pre-fire forest communities to woodland and shrub classes 

accounted for the majority of vegetation change (Table 3.10). Shifts between needleleaf 

forest and broadleaf forest were extremely rare, at least by post-fire year 16, as were 

shifts from non-forested classes to forested classes. Bum severity apparently influenced 

vegetation changes. Areas that experienced high bum severity were much more likely to 

shift toward woodland and shrub communities, regardless of the pre-fire vegetation type 

(Table 3.10). In fact, 82% of all high severity pixels in 2002 were classified as either 

woodland (69%) or shrub (23%).
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Vegetation Class

Fig. 3.9. Change in vegetative cover between 1986 (pre-fire) and 2002 (16 years post- 
fire). Positive values indicate an increase in cover, while negative values indicate a 
decrease in cover. Vegetation types were determined using an unsupervised 
classification with 128 spectral classes (see text for details). WD = needleleaf 
woodland; SH = shrub; BD = broadleaf forest; MX = mixed forest; CN = closed 
needleleaf forest; ON = open needleleaf forest.
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Burn Severity

WD SH ON CN BD MX

Vegetation class

Fig. 3.10. Levels of self-replacement for each vegetation class based on the degree of 
bum severity. Only pixels undergoing self-replacement were included in the analysis. 
Self-replacement occurs when the vegetation class in 2002 is the same as in 1986 (pre
fire). WD = needleleaf woodland; SH = shrub; ON = open needleleaf forest; CN = 
closed needleleaf forest; BD = broadleaf forest; MX = mixed forest.
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Table 3.10. Percentage of the pre-fire vegetation, excluding unbumed pixels, that 
experienced self-replacement (indicated in bold) or that changed to another 
vegetation type. The final column indicates the mean proportion of vegetation 
that shifted to the respective vegetation class by 2002. MX = mixed forest; CN = 
closed needleleaf forest; BD = broadleaf forest; ON = open needleleaf forest; SH 
= shrub; WD = needleleaf woodland.

1986 Vegclass

2002 Vegclass MX CN BD ON SH WD X

MX 4.3 1.9 13.5 1. 1 1 . 1 0 . 8 3.8

CN 2.4 5.6 1. 1 1.5 0.4 0.3 1.9

BD 2.4 1. 1 7.9 0.9 1 . 2 0.7 2.4

ON 13.3 16.3 5.8 12.4 5.4 5.1 9.7

SH 2 1 . 1 16.7 48.9 15.7 45 27.4 29.1

WD 56.5 58.5 2 2 . 8 68.4 46.9 65.7 53.1

3.4. Discussion

At the Eureka Creek site, pre-fire vegetation had a strong influence on bum 

severity. Areas vegetated with spruce forest experienced higher bum severity than 

broadleaf forests and unforested areas. Moreover, this pattern was density dependent, 

with increasing density resulting in increasing bum severity, a result matching that of 

Michalek and colleagues (2000). The mechanism for the pattern is likely the high 

flammability and structural characteristics of spruce, namely the retention of flammable 

branches to ground level, which promotes higher intensity fires and thus greater damage. 

Not only was the bum severity of broadleaf forests lower than that of spruce, but many of
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the broadleaf forests occurring in the vicinity of the site were not burned at all (Fig. 3.11). 

This supports the widely accepted belief that broadleaf forests are less likely to bum and 

will bum with lower intensity than spruce forests, due to low flammability and lack of a 

crown fuel ladder (Dymess et al. 1986). Moreover, broadleaf forests typically lack the 

moss and Ledum spp. understory of spruce forests which dessicate readily and are highly 

flammable.

Vegetation is clearly influenced by topography, due to variability in solar 

insolation, moisture, temperature, and soil processes (Lutz 1956; Viereck et al. 1983).

This is especially tme at high latitudes where the sun elevation is low and permafrost is 

abundant. Because bum severity is believed to be determined to a large extent by 

vegetation, it was hypothesized that topography would also be an important control over 

bum severity. However, at the Eureka Creek site, only elevation was found to have a 

significant relationship with bum severity. Previous studies have found elevation, along 

with one or more other topographic variables, to be important influences on fire damage 

(Kushla and Ripple 1997; Diaz-Delgado et al. 2003). Elevation is important due to its 

influence on vegetation, moisture, and temperature. The treeline is interior Alaska is quite 

low and elevations above approximately 850m generally support only assemblages of 

low shrubs and perennial herbs. These areas have little fuel and cold soils and therefore 

generally experience low bum severity. In this study, less than 1% of the area that burned 

above 850m elevation experienced high bum severity, compared to over 20% for the area 

below 850m. Historically, very few fires have occurred in alpine tundra (Kasischke et al. 

2002). It is therefore likely that alpine tundra inhibits the spread of fire, a pattern that was 

evident at the Eureka Creek bum site where the fire essentially burned out above 

timberline (Fig. 3.11).

Vegetation recovery at the site, estimated by NDVI values, occurred rapidly but 

appeared to level off by post-fire year 14. Between 2000 and 2002, both NDVI and NBR 

values declined, but this is likely due to the dates of the imagery used. The 2002 scene is 

the earliest in the chronosequence, having been acquired on 7 June. This is still early in 

the phenology of interior Alaska’s vegetation and therefore reflectance values are
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Fig. 3.11. Prefire vegetation classes at the Eureka Creek study site. The burned perimeter 
is outlined in black, and the highest point within the image is indicated. Notice that the 
bum did not penetrate into the broadleaf stands, nor did it spread deeply into the area 
above treeline.
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Fig. 3.12. Mean NDVI value for control pixels from each image in the time-series.
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lower as a result. This conclusion is supported by a strong phenological control on NDVI 

throughout the chronosequence (Fig. 3.12). When phenological differences are 

removed, NDVI values in 2000 and 2002 are quite similar and it is therefore probable 

that a plateau in vegetation recovery is reached by post-fire year 14.

The Normalized Bum Ratio was included in the chronosequence analysis as a 

comparison to NDVI, and interestingly, NBR showed a similar but not identical pattern 

of recovery. NBR showed a greater proportionate decline immediately following the fire, 

even dipping into negative values. NBR also had a greater proportionate increase in 

NDVI between 1988 and 1991, suggesting that it is more sensitive to ecological change 

than NDVI. At the same time, the control regions showed less variability and less 

phenological influence using NBR values compared to NDVI. Because this index is 

sensitive to changes in the environment but is also less sensitive than NDVI to between- 

date differences, it may be a useful tool for monitoring post-fire recovery in future 

studies.

ANDVI varied throughout the chronosequence both by bum severity and to a 

lesser extent by vegetation type. Areas experiencing high severity bums showed both the 

largest decline in ANDVI as well as the largest increase in ANDVI. The high recovery 

rates of severely burned stands are consistent with earlier studies which have found not 

only the greatest germination and survival, but also the highest growth rates of tree 

seedlings on the most severely burned surfaces (Dymess and Norum 1983; Zasada et al. 

1983,1987)

The pattern of recovery by prefire vegetation type closely mirrored that of bum 

severity, presumably due to the correlation between bum severity and vegetation type. 

For example, closed needleleaf forest, which experienced the highest bum severity of all 

vegetation types, showed a similar pattern of recovery to that of high bum severity areas. 

Closed needleleaf forest had both the largest decrease in ANDVI during the first two 

years after the bum as well as the greatest increase in ANDVI between post-fire years 5- 

8. Similarly, broadleaf forest, which experienced the lowest bum severity, showed the 

smallest changes in ANDVI throughout the time-series.
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Post-fire vegetation at year 16 was dominated by needleleaf woodland and shrub 

communities. Both of these communities increased substantially in overall cover at the 

site, whereas all forested classes declined in cover. The two structurally distinct forest 

classes, broadleaf and needleleaf, did not appear to change radically, a trend similar to 

that found in the boreal forests of Canada (St-Pierre et al. 1991; Greene and Johnson 

1999). Instead, the needleleaf forest shifted toward a more open woodland canopy 

structure. This pattern matches other studies which have found shifts following bums 

from closed to open needleleaf forests (Kushla and Ripple 1998). Ecologically, the 

pattern seen is likely indicative that the needleleaf forest will remain intact, but that the 

canopy will close over time, perhaps in another 10-20 years (Foote 1983).

More in doubt is the trajectory of shrub-dominated communities. These 

communities may, in fact, be nascent broadleaf stands that are classified at post-fire year 

16 as shrubs. Because the structural characteristics of tree saplings closely resembles that 

of a tall shrub community, the two may be indiscernible with the resolution of imagery 

used in this study. In any case, it is likely that at least some of the shrub areas will 

develop into broadleaf stands. If this occurs, it matches the predicted outcomes portrayed 

in Fig. 3.1, namely the conversion of spruce stands through relay floristics into a 

community dominated by broadleaf vegetation.

Alternatively, these areas may indeed be comprised primarily of shrub species and 

not broadleaf tree species, and would therefore likely succeed to a spruce forest or 

woodland. Studies in interior Alaska estimate the duration of shmb-dominated serai 

stages in black spruce succession between 6 and 26 years post-fire (Lutz 1956; Dymess et 

al. 1983; Foote 1983). Additional serai stages, dominated by broadleaf trees, may 

develop, or alternatively, succession from shrub to spruce may occur. It is possible that 

the shrub classes contain a substantial component of spmce saplings, but because the 

signal is dominated by the broadleaf vegetation, the needleleaf component is overlooked. 

Unfortunately, adequate field data were not available to determine the likely trajectories 

of these sites, and further research is warranted.



82

In the absence or near absence of fire, successional dynamics were found as well. 

Under conditions of no disturbance to light disturbance, 30% of mixed forest succeeded 

to needleleaf forest and 25% of hardwood stands converted to mixed forest stands. These 

are both predicted outcomes under the most widely published successional models for 

interior Alaska, where hardwood species are eventually replaced by spruce, first forming 

mixed stands and eventually spruce-dominated forests (Lutz 1956; Viereck et al. 1983).
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The boreal forest is a critical component of the Alaskan landscape, covering 

approximately 30% of the state’s interior region (Van Cleve et al. 1991). The vegetation 

in this region is a landscape mosaic of varying forest types and stand age classes, shaped 

by climate, disturbance, and the physical makeup of the landscape (e.g. parent material, 

topography, hydrology, etc.). The interactions between the physical parameters and the 

biotic communities are strong, with many feedback systems linking together. For 

example, vegetation is a strong control on fire, influencing where fires occur as well as 

the severity of the bum (Dymess et al. 1986; chapter 3)

Interactions between the physical controls exist as well. Climate is a strong 

control of fire, because fires are more likely to be triggered by critical weather events (i.e. 

warm, dry, windy conditions). Fire also may influence climate due to the forcing effect of 

increased atmospheric CO2 caused by the massive amounts of carbon released following 

large fire boreal fire events (Lavoue et al. 2000; Amiro et al. 2001; Conard et al. 2002). 

Finally, topography is linked into the system as well, because topography controls 

vegetation composition and structure (Van Cleve et al. 1996), which then has a control on 

bum severity and other aspects of fire behavior.

This study addressed some of the relationships between physical and biological 

elements of the boreal forest. In particular, the relationships between vegetation, bum 

severity and topography were investigated (chapter 3). In order to study bum severity at a 

large ecological scale, the use of remotely-sensed data was employed, and an accurate 

and reliable proxy of bum severity was first confirmed (chapter 2). Remote sensing has 

an advantage over plot-scale ecological studies because it allows for the study of entire 

fire events, thereby increasing the likelihood of identifying spatial patterns.

The patterns identified in this research verify many beliefs about the boreal forest, 

but do so at a larger ecological scale than has commonly been addressed to date. For 

example, a clear relationship was identified between vegetation and bum severity, with 

spmce stands experiencing much higher bum severity than broadleaf stands. This result 

corroborates research in other areas of the boreal forest (Hely et al. 2001; Wang 2002) as

Chapter 4. Conclusions



88

well as in Alaska (Dymess et al. 1986). In addition, by simply looking at the area burned 

in Fig. 3.12, one realizes that the majority of broadleaf stands in the area remained 

outside of the fire perimeter, and the fire appears to have burned around those stands. 

Similarly, the fire failed to advance into higher elevations, presumably due to lack of fuel 

in the alpine tundra.

The relationship between topographic variables (slope, aspect and elevation) and 

bum severity was more tenuous than that with vegetation, and only elevation appeared to 

be significantly related. This is likely due to the correlation between elevation and 

vegetation, most notably the reduction in available fuel as elevation increases toward 

timberline. Aspect also has a strong control on vegetation in interior Alaska, as in most 

high latitude environments, due to the drastically different conditions on north and south- 

facing slopes (Viereck et al. 1983; Yarie 1983; Van Cleve et al. 1996). The relationship 

was probably not significant, however, because spruce trees can occur on both northern 

or southern exposures, thereby creating the potential for high bum severity on all 

topographic aspects.

A relationship was also identified between vegetation recovery and bum severity 

(chapter 3). High bum severity areas showed the highest rates of recovery, a conclusion 

that might seem at first paradoxical. Given the biology of Alaska’s boreal forests, 

however, it makes sense. High severity bums remove the deep organic layers and expose 

mineral soil, the most successful seedbed for all tree species found in the interior (Zasada 

et al. 1987; Greene and Johnson 1998; Johnstone and Chapin, unsubmitted manuscript). 

Due to the more favorable seedbed characteristics of severely burned sites, seedlings also 

show higher rates of growth and survivorship on these sites than on less severely burned 

sites (Dymess and Norum 1983; Zasada et al. 1987).

The long-term effects of bum severity on the landscape are somewhat more 

difficult to address, given the number of years after fire that were evaluated in this study. 

The development of recognizable secondary forests in interior Alaska can take between 

26-50 years for spruce stands and perhaps 20 years for aspen and birch following 

disturbance (Viereck and Schandelmeier 1980; Foote 1983). However, it is clear that
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vegetation in the study area shifted toward both a more open structure and also toward a 

greater broadleaf component. Moreover, the areas experiencing the highest bum 

severities were the ones most likely to shift toward these more open and more broadleaf- 

dominant vegetation types. This may be a precursor of future ecological shifts in the 

boreal zone, where climate changes are altering both the fire regime as well as other 

abiotic controls on vegetation (Wotton and Flannigan 1993; Peng and Apps 1999; Rupp 

et al. 2000).

What is difficult to address is what the future vegetation at the study area will 

look like. The area classified as spruce woodland is likely to remain woodland, or else 

gradually form a more closed-canopy spruce forest. However, the area classified as 

shrubs is more complicated and portions of that area may, in fact, be nascent broadleaf 

forests. A community of tall shrubs has a structure very similar to a community of 

broadleaf tree saplings and may therefore be indiscernible when viewed from a satellite 

sensor. It would be of particular interest to revisit the site in another 10 years and classify 

the vegetation again to see if the area is indeed shifting toward having a larger broadleaf 

component.

This research is part of an ongoing effort to understand the interactions between 

fire, vegetation, and physical factors in the boreal forest. The boreal forest is currently 

undergoing rapid change and there is a strong likelihood that increasing summer 

temperatures in Alaska and western Canada will lead to increased bum severity 

(Flannigan and Van Wagner 1991; Flannigan et al. 2000). The long-term consequences of 

such changes are profound, and only by understanding the links in the system can we be 

prepared for the changes that are likely to come.
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