
The Impacts Of Forest Management Activities On 
Carbon Stocks And Sequestration In The Aleza Lake Research Forest

Darren Todd Janzen

B.Sc., University of Northern British Columbia, 2003

Thesis Submitted In Partial Fulfillment Of 

The Requirements For The Degree O f 

Master o f Science 

in

Natural Resources And Environmental Studies 

(Forestry)

The University O f Northern British Columbia 

December 2006

© Darren Todd Janzen, 2006

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Library and 
Archives Canada

Bibliotheque et 
Archives Canada

Published Heritage 
Branch

395 Wellington Street 
Ottawa ON K1A 0N4 
Canada

Your file Votre reference 
ISBN: 978-0-494-28420-9 
Our file Notre reference 
ISBN: 978-0-494-28420-9

Direction du 
Patrimoine de I'edition

395, rue Wellington 
Ottawa ON K1A 0N4 
Canada

NOTICE:
The author has granted a non
exclusive license allowing Library 
and Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non
commercial purposes, in microform, 
paper, electronic and/or any other 
formats.

AVIS:
L'auteur a accorde une licence non exclusive 
permettant a la Bibliotheque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par telecommunication ou par I'lnternet, preter, 
distribuer et vendre des theses partout dans 
le monde, a des fins commerciales ou autres, 
sur support microforme, papier, electronique 
et/ou autres formats.

The author retains copyright 
ownership and moral rights in 
this thesis. Neither the thesis 
nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission.

L'auteur conserve la propriete du droit d'auteur 
et des droits moraux qui protege cette these.
Ni la these ni des extraits substantiels de 
celle-ci ne doivent etre imprimes ou autrement 
reproduits sans son autorisation.

In compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis.

While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis.

Conformement a la loi canadienne 
sur la protection de la vie privee, 
quelques formulaires secondaires 
ont ete enleves de cette these.

Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant.

i * i

Canada
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT

In the past decade the issue of carbon (C) stocks and sequestration in forests has 

become an important management consideration and will be increasingly important for 

countries such as Canada with large forested landbases and Kyoto Protocol involvements. 

Managers of forested areas are already faced with a large number of economic, 

environmental and cultural based objectives for those areas under their jurisdiction. In 

many instances, management for C sequestration can be in direct opposition to 

management for other objectives. For this reason, specific knowledge of the impacts of 

forest management on C stocks and sequestration is a key requirement for integration of 

this consideration in forest management.

A series of Landsat Thematic Mapper imagery was obtained for the Aleza Lake 

Research Forest (ALRF) from 1985 to 2003. Relative radiometric correction techniques 

were conducted on the set of Landsat imagery. Each radiometric correction technique 

was assessed using edge detection and comparisons of the output to expected vegetation 

patterns such as equilibrium in old-growth forest radiance and linear increases in 

normalized difference vegetation index (NDVI) values over regenerating clearcuts.

Biomass and woody debris C stocks measured in 2003, 2004 and 2005 were 

related through regression analysis to 2003 Landsat TM image data as well as spatially- 

explicit forest cover data. Two models were developed, a biomass C regression model 

and a woody debris carbon regression model, and from these a series of eight spatial 

datasets detailing C stocks from 1985 to 2003 was created. Landscape level estimates of 

C stocks were analyzed from these datasets after performing Monte Carlo uncertainty

ii
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analysis on model estimates and determining effective sample sizes through spatial 

autocorrelation analysis.

In 2003, the total C stock in biomass and woody debris over the 5,992 ha area was 

588 ± 7 and 77 ± 2 kt, respectively. During the time period from 1992 to 2003 

clearcutting operations accounted for a C loss of 39.9 ± 2.6 kt, while remaining areas 

accounted for a C gain of 31.3 ± 10.3 kt. In total the net change over this time period was 

a C loss of 8.7 ± 10.6 kt. The magnitude of the change in biomass and woody debris 

carbon stocks over this time period was smaller than the associated uncertainty even 

though the uncertainty was only approximately 1.6 % of the total (666 kt), indicating that 

forest management in the research forest has balanced the losses of carbon associated 

with harvesting with the gains of carbon associated with forest growth.

iii
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FOREWORD

The research described in this thesis was part of a larger project with the Canadian 

Foundation for Climate and Atmospheric Sciences to quantify forest carbon stocks in the 

Aleza Lake Research Forest. This project and its related field campaigns and laboratory 

analyses were designed and implemented by Dr. Arthur Fredeen, Dr. Paul Sanborn, Dr. 

Roger Wheate, and Claudette Bois.

This thesis was written with two component chapters that are, at the time of 

writing, in review or in press for journal publication. Chapter one of this thesis was 

written as an overall introduction to the rationale, objectives, study area, and overall 

methodology employed within this body of work. Chapter’s two and three are self- 

contained chapters appearing as they would within peer-reviewed journals.
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CHAPTER 1 -  INTRODUCTION

“That land is a community is the basic concept o f ecology, 
but that land is to be loved and respected is an extension o f ethics. ”

Aldo Leopold, A Sand County Almanac, 1949

1.1 Objectives

Canada is one of many countries which have committed themselves to the

implementation of the Kyoto protocol. Under the protocol, participating countries have

the option of accounting for managed forests in the national carbon budget which

requires that carbon stock changes be monitored on a yearly basis.

At the provincial and federal levels of government, decisions are being made as to

how Canada and its provinces are going to account for domestic forest management.

Strategic recommendations and policies for carbon management will likely be applied to

broad geographical regions. While no specific information currently exists on these

recommendations and policies, it is likely that they will result in incentives or

requirements placed on regional and local forest managers for carbon management.

In 2002, Canada’s leading carbon researchers met for the Pollution Probe Forest

Carbon Management Workshop series. A great deal of emphasis was placed on the need

for pilot projects to better understand forest carbon management (FCM). In an overview

of the workshop series it was stated that:

Canada has very few examples of how to implement FCM. We need to 
know what works and what doesn’t.
Due to the scope and complexity of FCM, a variety of pilot projects are 
required, undertaken in a wide range o f forest types and including different 
forms of land ownership. Some projects may be undertaken specifically to 
enhance carbon sinks, some may enhance sinks as a by-product of other 
objectives and still others may serve purely scientific purposes (e.g., 
application of R&D or the development of models).

(Griss, 2002)

1
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The objectives of this thesis were to (1) develop a methodology to generate maps 

of past, and current carbon stocks for the study area; (2) assess the relationship between 

carbon stocks and forest structure within the study area; (3) assess the impacts of past 

forest management activities on carbon stocks in the study area.

1.2 Study area

This study took place in the UNBC-UBC Aleza Lake Research Forest in central 

British Columbia, Canada. The research forest is in the wet cool variant of the sub- 

Boreal spruce biogeoclimatic zone, located approximately 60 km east of Prince George, 

BC (Fig 1.1). The mean annual temperature of the research forest is 3°C and the mean 

annual precipitation is 930 mm. Mature and old-growth forests are dominated by hybrid 

white spruce (Picea glauca (Moench) Voss x Picea engelmanii Parry ex Engelm.) and 

subalpine fir {Abies lasiocarpa (Hook.) Nutt.) with scattered Douglas-fir veterans 

{Pseudotsuga menziesii var. glauca (Beissn.) Franco) on higher landscape positions, and 

occasional white birch {Betula papyrifera Marsh.) occupying canopy gaps. The research 

forest is composed of a range of ecological communities. A few of these are fairly 

common, while there are many that are more scarce. This study only included the upland 

conifer dominated portion of the research forest, which covers 5,992 ha or 65% of the 

research forest. Thus roads, wetlands, lakes, waterways and deciduous leading stands are 

removed from the analyses.

2
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Figure 1.1. Location o f the Aleza Lake Research Forest (ALRF) within the province o f 

British Columbia, Canada.

CANADA

ALRF

Scale /  Echelle
10

The ALRF has the longest documented record of research oriented forest 

management activities in British Columbia, extending back to 1919. During this time, 

the ALRF has experienced a wide variety of forest management activities, principally 

clearcutting and partial cutting systems. The ALRF landbase is composed of ~ 39% old- 

growth stands, 30% second growth stands less than 30 years of age resulting from 

clearcutting, and 19% partial cut stands (Fig 1.2).

3
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Figure 1.2. Clearcuts and partial cuts within the Aleza Lake Research Forest

Partial Cuts (1920-2003)Clearcuts (1920-2003)

2km2km

1.3 Methodology Overview

The methodological overview of this project is depicted in Fig 1.3. Each major 

task is characterized alphabetically, from step A to step M. An overview of each step is 

presented below along with an index of which chapter or appendix describes the step in 

full detail.

4
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Figure 1.3. Methodological overview o f thesis

Assemble Forest Cover 
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Create Time Series 
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Perform WDCRM Spatial 
Autocorrelation Analysis

Develop Biomass Carbon 
Regression Model 

(BCRM)

Perform BCRM Spatial 
Autocorrelation Analysis

Radiometrically 
Correct Imagery

Develop Woody Debris 
Carbon Regression 

Model (WDCRM)

(A) Collect Archived Landsat Imagery - The first set of source data that was 

collected to generate maps of past and present carbon stocks was satellite 

imagery. A series of Landsat Thematic Mapper and Landsat Enhanced 

Thematic Mapper imagery was obtained which details the Aleza Lake 

Research Forest from 20 July 1985 to 29 July 2003. (Chapter 2)
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(B) Radiometrically Correct Imagery - Landsat data from the 2003 image was 

used to generate models describing plot level carbon stocks in 2003. These 

models were then applied to the earlier Landsat scenes collected. For this 

application to be feasible it was necessary to normalize the radiometric scale 

of all imagery. A review of existing relative radiometric correction 

techniques was conducted along with subsequent accuracy assessment 

measurements. (Chapter 2)

(C) Assemble Forest Cover & Harvest History -  The models used to describe 

carbon stocks also required forest stand structural measurements such as age 

and crown closure. The existing forest cover dataset was updated to reflect 

current stand conditions. Archived timber harvest records were also obtained 

back to 1919 to detail timing and location of historical partial cutting and 

clearcutting as accurately as possible. (Chapter 3 with supplement in 

Appendix 4.1)

(D) Collect Field Data -  A team of researchers and field assistants conducted 

three field seasons of plot sampling within the research forest. Subsequent 

laboratory analyses and allometric equations were used to convert field 

measurements to carbon measurements of ecosystem components. (Appendix 

4.2)

(E) Develop Biomass Carbon Regression Model (BCRM) &

(F) Develop Woody Debris Carbon Regression Model (WDCRM) -  The 29

July 2003 Landsat image and the 2003 forest cover attributes were used to 

describe the biomass and woody debris carbon measurements obtained from

6
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field data. For both measurements, Akaike’s information criterion was used 

to select a model from a set of candidate models provided the model selected 

met all the criteria of regression analysis. (Chapter 3)

(G) Perform BCRM Uncertainty Analysis &

(H) Perform WDCRM Uncertainty Analysis -  To account for both the 

uncertainty in model accuracy and specification as well as the uncertainty in 

predictor variables, Monte Carlo uncertainty analysis was used to generate 

confidence estimates in predicted values for both the BCRM and the 

WDCRM. (Chapter 3 with supplement in Appendix 4.3)

(I) Create Time Series of BCRM Predictions &

(J) Create Time Series of WDCRM Predictions -  Predictions for both models 

were created for every year in which there was also a radiometrically 

corrected Landsat image. For a given prediction date, areas that underwent a 

harvesting activity after that date had their forest cover information altered to 

describe pre-harvest conditions for that stand. (Chapter 3)

(K) Perform BCRM Spatial Autocorrelation Analysis &

(L) Perform WDCRM Spatial Autocorrelation Analysis -  As with all spatial 

analyses that predict a variable across a continuous surface there is a degree of 

spatial autocorrelation present that confounds estimation of the standard error 

of that variable. A generalized model based on semivariograms statistics was 

used to estimate effective sample sizes for the BCRM predictions and the 

WDCRM predictions. (Chapter 3 with supplement in Appendix 4.4)
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(M) Final Analysis of Model Predictions -  To meet the latter two objectives of 

this project, an analysis of model predictions was conducted to assess the 

relationship between carbon stocks and forest structure within the research 

forest and to assess the impacts of past forest management activities on carbon 

stocks in the research forest. (Chapter 3)

8
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CHAPTER 2 -  RADIOMETRIC CORRECTION TECHNIQUES AND 
ACCURACY ASSESSMENT FOR LANDSAT TM DATA IN 

REMOTE FORESTED REGIONS

2.1 Abstract

Subtle change detection analysis in remote sensing relies upon some form of 

radiometric consistency. Radiometric correction techniques developed in previous 

studies often require ancillary information such as atmospheric properties, climate data, 

illumination geometry, ground reference data of pseudo-invariant features (PIFs), and 

satellite calibration data. Most studies do not have the luxury of all these data. A relative 

radiometric correction technique of consistent quality applicable to study areas that lack 

urban development has not been generally accepted by the remote sensing community.

A series of Landsat 5 TM and Landsat 7 ETM+ images spanning 18 years was 

obtained for a primarily forested area in central British Columbia, Canada. Different 

techniques of radiometric correction that do not rely on ground reference data, climate 

data, or the subjective selection of PIFs were assessed for these images. They included 

an atmospheric transfer model which requires no ancillary climate data, a simple scaling 

function, and two scatterplot based regression functions.

Assessment of radiometric consistency was performed qualitatively by using edge 

detection, and quantitatively using analysis of old-growth forests in equilibrium and 

measures of biomass accumulation in clearcuts. For these three methods of assessment, 

the two scatterplot based regression functions yielded the best radiometric fidelity. These 

two techniques can be completely automated and are equally applicable in any Landsat 

TM or ETM based change detection studies.

9
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2.2 Introduction

Satellite image analysis has played a key role in environmental monitoring and 

modelling over the past few decades. Repeat observation of a given area over time yields 

the potential for many forms of change detection analysis. These can be confounded by 

radiometric inconsistency due to changes in sensor calibration, differences in illumination 

and observation angles, and variation in atmospheric effects (Eckhardt et al. 1990).

Radiometric correction of satellite imagery falls into two broad categories, 

absolute and relative. Absolute radiometric correction converts the digital number of a 

pixel to a percentage reflectance value using established transformation equations or 

atmospheric models (Richter 1990, Song et al. 2001). Relative radiometric correction 

normalizes multiple satellite images to each other. For both categories, the majority of 

techniques developed require ancillary data or the manual selection of pseudo-invariant 

features (PIFs) in the imagery. A more exhaustive comparison of such techniques can be 

found in Yuan and Elvidge (1996), Yang and Lo (2000), and Song et al. (2001).

Most forms of absolute radiometric correction rely on any combination of sensor 

calibration coefficients, atmospheric correction algorithms, and illumination and 

observation geometry coefficients. These data are used in a radiative transfer model to 

correct the imagery to reflectance values. While a considerable amount of research into 

radiative transfer models has been conducted, the application of these models to a 

satellite image often requires both atmospheric and sensor properties for the acquisition 

date of that image. For the majority of archived satellite data detailing remote areas, the 

atmospheric properties are not readily available.
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Relative radiometric correction is usually simpler than absolute radiometric 

correction and requires less computer operating time and less theoretical understanding. 

However, relative correction may hinder comparisons between different sensor types and 

yields values that are unitless as opposed to direct measurements of reflectance. Thus 

image data that have been corrected relatively are only comparable to other imagery 

within that set.

Relative radiometric correction often involves the selection of ground targets 

whose reflectance values are considered constant over time, otherwise known as PIFs, 

and relating these targets to all imagery in the study. Selection of such ground targets 

results in radiometric normalization that is entirely dependent on the abilities, and local 

knowledge of the analyst. There are five generally accepted criteria for a PIF or PIF set 

(Eckhardt et al., 1990). These are:

1. The targets should be approximately the same elevation so that the thickness 
of the atmosphere over each target is approximately the same.

2. The target should contain only minimal amounts of vegetation because 
vegetation spectral reflectance is subject to change over time.

3. The targets must be in relatively flat areas so that changes in sun angle 
between images will produce the same proportional increases or decreases in 
insolation to all normalization targets.

4. The spatial pattern of the normalization target should not change over time.
5. A set of targets must have a wide range of brightness values for the regression 

model to be reliable.

Features used as PIFs in previous studies have included lakes, beaches, new 

asphalt, old asphalt, concrete, and gravel (Caselles and Garcia, 1989; Coppin and Bauer, 

1994; Elvidge et al., 1995; Pax Lenney et al., 1996; Yuan and Elvidge, 1996; Michener 

and Houhoulis, 1997; Yang and Lo, 2000). In many studies, the selection of appropriate 

PIF sets is not problematic and high quality radiometric correction is possible. However,

11
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in other areas the presence of suitable PIFs can be confounded by any combination of 

variable cloud cover, variable climate leading up to the date of image capture, high 

topographic complexity in the imagery and lack of urban development. Additionally, the 

longer the time interval between satellite images the higher the probability that any given 

pixel will have experienced change. It has been noted that, in some areas, manually 

determinable PIFs with constant reflectance do not exist (Du et al., 2001, 2002, Yuan and 

Elvidge, 1996), this is particularly true for remote areas with little or no urban 

development (Olthof et al. 2005).

The time period covered in this study is eighteen years, represented by a series of 

eight satellite images. Due to this long time interval, the study area has experienced a 

substantial degree of change. The terrain surfaces include forests, lakes/wetlands, and 

dirt or two-lane roads. While these conform to two or three of the above criteria, none 

conform to all five criteria and only one (deep lakes) has four of the above five criteria. 

They fail to meet all five criteria because they were the only suitable terrestrial surface 

and therefore the resulting PIF set would have a very low range in brightness values. The 

manual selection of ground targets in this image would therefore introduce a high degree 

of subjectivity. Since the concept of PIFs was first outlined (Schott et al., 1988), many 

quality correction techniques have been developed that rely on PIFs. For this study area, 

however, ideal PIF features were not available.

Four techniques of radiometric correction which require little or no ancillary data 

or subjectivity were performed on the data. The first technique was a form of absolute 

radiometric correction (ATCOR) available from PCI Geomatics Enterprises Inc 

(Richmond Hill, Ont.), based on the Richter model (Richter, 1990; Franklin, 2001).
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Approaches similar to this have been used in previous studies, primarily the dense dark 

vegetation approach (Liang et al., 1997) and the modified dense dark vegetation approach 

(Song et al., 2001). The second technique tested adjusted the origin and scale for all 

images to a common origin and common scale (Yuan and Elvidge, 1996). The third 

technique used the major axis of scatterplots from image pairs to determine PIFs and 

adjusts each image based on the mean and standard deviation of the PIFs (Du et al., 2001; 

2002). Similar techniques have been developed such as the Ridge technique (Song et al., 

2001) and the No Change Set (Yang and Lo, 2000). The fourth technique performed 

median based directional scaling on the transformation from the third technique.

Quality control of radiometric correction was essential to obtaining a meaningful 

result. The best method for assessment of the fidelity of radiometric correction is through 

field measurements of reflectance, but such data are rarely available. Comparing the 

visual appearance of multitemporal imagery is the most common method of testing the 

fidelity of radiometric correction techniques. While edge detection is useful for large 

differences between images, it is highly prone to subjectivity when differences are more 

subtle. Another common method is to compare the outputs of a simple classification 

performed on each radiometrically corrected image in the time series. As an example of 

this method, training statistics are derived from one image and used to classify all 

imagery. Similar classification accuracies signify quality radiometric correction (Heo 

and Fitzhugh, 2000; Song et al., 2001). This has proven successful for coarse class 

structures that would not be expected to change over time, e.g. deciduous, coniferous, 

wetland, lake, etc. However, change would occur for more discrete class structures, such 

as classification of forests by levels of biomass. More simply, subtle change detection,
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such as forest succession, places a higher demand on noise reduction than does landcover 

change detection (Song and Woodcock, 2003).

A third method is to compare the root mean square error (RMSE) between images 

(Yang and Lo, 2000). This method can determine discrete differences if care is taken to 

ensure that the data used in the RMSE calculation have not experienced change, 

otherwise that change is incorporated as error. The assessment methods used in this 

study are similar as they measure error, but specifically for areas that are either expected 

to experience no change, or relatively linear change.

The first purpose of this study was to test techniques of radiometric correction 

that require no ancillary data while maintaining high radiometric consistency for multi

temporal satellite images. The second goal was to develop quantitative methods for 

accuracy assessment which provide more detail of radiometric consistency than that 

provided by classification similarity across a satellite image time series.

14
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2.3 Radiometric Correction Techniques

Landsat 5 TM and Landsat 7 ETM+ imagery were obtained for the Aleza Lake 

Research Forest (-121 km2) in central British Columbia. The satellite images were 

captured on: 20 July 1985, 24 August 1992, 29 July 1994, 23 September 1997, 4 August 

1999, 13 September 1999, 23 September 2000, and 22 July 2003. 4 August 1999, and 23 

September 2000 were the only Landsat 7 ETM+ images. Each image was image to 

image georectified to the median temporal image, 23 September 1997. The root mean 

square errors for all georectifications were less than half a pixel.

Two of the radiometric correction techniques required a working definition for 

what would constitute a significant digital number for this study. A significant digital 

number occurs in such proportion within an image that it is unlikely to be an outlier or an 

extreme deviation from the mean. In previous studies, a significant digital number was 

defined as any having a pixel count of at least 1000 pixels (Teillet and Fedosejevs, 1995; 

McDonald et al., 1998; Song et al., 2001). However, this does not account for the spread 

of the dataset. In this study a significant digital number was mathematically defined by 

equation 1, making the pixel count inversely related to the spread in the dataset

P C ij — P j ' Gy /  Qmax j  (1)

Where: / denotes ‘for a given image’, and j  denotes ‘for a given band’
PCij is the minimum pixel count that will define a significant digital number 
Pj is a constant arbitrary percentage of the image area 
g,j is the standard deviation for old-growth spruce stands
<3max] is the maximum a,y

Pj was defined such that the resulting mean PCy for all imagery of a given band 

was equal to 0.1% of the entire image. Significant pixel counts were defined in this way 

to ensure that data with a higher range of digital numbers had a PCij inversely
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proportional to that range. For the remainder of this paper, a significant digital number is 

a digital number that meets a minimum pixel count of P C tj .

The value for Cy used old-growth spruce stands because these stands are at a life 

stage where growth is equal to mortality, and therefore most stand structural attributes are 

in equilibrium provided the system is not changed by any kind of disturbance (Kneeshaw 

and Burton, 1998; Wells et al. 1998). Using a forest cover data set, the spruce stands in 

the study area that were greater than 210 years of age and 30m in height for all imagery 

were identified as old-growth spruce stands (Kneeshaw and Burton, 1998; Wells et al. 

1998). The underlying assumption for the use of old-growth spruce stands was that these 

stands do not change in reflectance over time. A forested stand will experience 

phenological changes throughout the growing season, even if that forested stand is in 

equilibrium on an annual basis. Phenological changes will alter forest reflectance and 

thus removing phenological effects is one of the primary challenges in using 

multitemporal imagery to monitor subtle changes in forests (Song et al., 2002). 

Therefore, the analysis of the output of the radiometric correction techniques were 

assessed for possible errors resulting from phenological differences between images.

2.3.1 Technique 1: Richter M odel Atmospheric Correction  -  ATCOR (Richter, 1990)

The majority of absolute radiometric correction techniques rely on data that were 

not available for this time series. The algorithms available from PCI Geomatics for 

absolute radiometric correction (ATCOR) were used because the only ancillary data 

required were the solar zenith angle of each image and the location of old-growth spruce 

stands.
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The atmospheric models require the selection of atmospheric properties. These were 

predefined and were either tropical, mid-latitude, or the U.S. standard atmosphere and 

were also either rural, urban, desert, or maritime. For this area the US standard rural 

atmosphere best described the study area. The atmospheric model also uses, sensor 

calibration defaults, and solar zenith angles to calculate reflectance values. A variable, 

optical visibility, has to be calculated for each image to perform the final algorithms in 

the atmospheric correction package. This requires the selection of a target with known 

reflectance values, which were compared to the reflectance values calculated within each 

image.

2.3.2 Technique 2: Origin Fix with Scaling - OFS (Yuan and Elvidge, 1996)

The origin and range for each set of TM bands in the imagery were found to be 

variable. Minimum and maximum significant digital numbers were determined with 

equation 1. The significant origin for each band was the minimum significant digital 

number in the band. The significant range was defined as the maximum significant 

digital number minus the minimum significant digital number. The true origin and range 

of digital numbers were not used because extremely bright and dark outlier pixels were 

present in some images but not in others. Table 2.1 shows the true and significant origin 

and range for each TM band 4 in the image series. The image data were transformed 

using equation 2, based on Yuan and Elvidge (1995):

Qij  = ( Q i j -  Oij) • (Rmaxj /  Rij) + A maxj  (2)
Where: i denotes ‘for a given image’, and j  denotes ‘for a given band’

Q*i is the adjusted pixel value of the transformation 
Qij is the original pixel value
Oij is the significant origin; the minimum significant digital number 
Rij is the significant range; the range between the maximum and minimum 

significant digital numbers
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Rmaxj is the maximum Rt]
A max j  is the maximum value of A ,y  where A ,y  is equal to ( Q i j  -  O f  ■ (R maXj  /  R i j ) 

when is the true origin.

R m a x j  and A maxj  are used for quality control to ensure that the resulting imagery

does not get compressed or contain values less than zero.

Table 2.1. True origin and range and significant origin and range fo r  Landsat Thematic 

Mapper band 4.

True Signi leant

Origin Range Origin ( O f Range ( R f Rtruc/R.sig

20 July 1985 6 131 9 105 1.25
24 August 1992 6 99 13 73 1.36

29 July 1994 5 129 8 103 1.25
23 September 1997 2 87 7 57 1.53

4 August 1999 12 193 18 147 1.31
13 September 1999 0 119 5 78 1.53
23 September 2000 13 115 14 70 1.64

29 July 2003 4 149 7 114 1.31

2.3.3 Technique 3: Pseudo Invariant Feature Regression - PIFR (Du et al. 2001)

In previous studies, a technique for non-subjective PIF selection was developed 

and showed a significant decrease in radiometric inconsistency (Du et al., 2002; Du et al., 

2001; Song et al., 2001). Consider the scatterplot of TM band 4 for two images (Fig. 

2.1). The major axis is the solid black line and the two dotted parallel lines are thresholds 

defined by a deviation I from the major axis. For this technique, the variations in pixel 

values during the period represented by the scatterplot were assumed to be linear, 

spatially homogenous, and normally distributed. All pixels that fall within the threshold 

were considered PIFs for that image pair. For each TM band a scatterplot was created
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using the median temporal image, 23 September 1997, as the y axis and every other 

image as an x axis in a separate scatterplot. As the time series has eight images, seven 

comparisons with the 23 September 1997 image were possible. Any pixel that fell within 

the thresholds for every scatterplot (i.e. for all image bands) was considered a PIF. 

Thresholds were determined by ensuring that the scatterplot of each image pair under the 

resultant PIFs had a correlation coefficient greater that 0.9 and selected a minimum of 

300 pixels (~ 0.07% of the image area) to ensure a quality transformation and a 

maximum of 900 pixels (~ 0.2% of the image area) to minimize the presence of outliers 

due to land cover changes in the transformation. If any one of these three criteria were 

not met, the deviation I from the major axis was adjusted to determine new thresholds. 

The minimum and maximum pixel counts were chosen because lower values tended to 

produce erratic transformation coefficients and higher values tended to include image 

elements which had undergone change in one or more images.
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Figure 2.1. Scatterplot o f Landsat Thematic Mapper band 4 fo r  two images, showing the 

major axis and the deviation I from  the major axis to determine thresholds fo r  the PIFR 

method.

Major Axis

3-»

Thresholds (dashed lines) 
' are defined by the 

' perpendicular deviation 
(I) from the major axis

J

Landsat Thematic Mapper Band 4 
23 September 1997

Each TM band has a single dataset describing the PIFs for every image in that 

band. For each TM band, the appropriate PIF dataset was used to calculate the standard 

deviation and mean for the pixel values for every image. Table 2.2 shows the standard 

deviations and means for TM band 4, as well as the gains and offsets used in the image 

transformations.
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Table 2.2. Pseudo-invariant feature statistics fo r  Landsat Thematic Mapper band 4.

SD Mean Gain Offset Sref
20 July 1985 13.86 60.08 1.15 71.79 68.84
24 August 1992 7.04 50.03 2.25 27.85 112.78
29 July 1994 12.28 56.42 1.29 67.68 72.95
23 September 1997 3.92 33.27 4.05 6.03 134.60
4 August 1999 15.88 88.44 1.00 52.19 88.44
13 September 1999 6.99 39.90 2.27 49.97 90.66
23 September 2000 5.54 49.05 2.87 0.00 140.63
29 July 2003 12.53 60.75 1.27 63.67 76.96

Gain for any given image was defined as the maximum standard deviation for all 

imagery for a given TM band divided by the standard deviation of the TM band for that 

image. This ensures that the gain was greater than or equal to one so that the data were 

stretched (not compressed). Sref was defined as the gain multiplied by the mean. The 

offset for any given image was defined as the maximum Sref for all imagery of a given 

TM band minus the Sref of the TM band for that image. This calculation for offset 

ensures that it was greater than or equal to zero so that the output data cannot be negative. 

Due to the large variation in the standard deviation and mean of the imagery under the 

PIFs in this study, the resulting gain and offset also have large variation. When 

transformed using the gain and offset, the imagery falls outside the eight bit range (0- 

255) and therefore 32 bit storage was used for the transformation output. The output was 

then scaled as 32 bit data to match the 0-255 range of the other radiometric correction 

techniques.

2.3.4 Technique 4: Median Based Directional Scaling - MBDS

The large variation in gain and offset from the PIFR technique resulted in the 

minimum and maximum significant digital numbers being highly variable across the
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imagery for a given TM band using PIFR radiometric correction. To account for this, 

median based directional scaling was performed on the resulting imagery from the PIFR 

technique. The median was chosen over the mean as the median was less sensitive to

these extreme outliers. For each channel, two range calculations were performed using 

equation 3, the median minus the minimum significant digital number and the maximum 

significant digital number minus the median.

Q l = ( Q i j - m ij ) - ( R l KJ / R ^  + m^ (3)

Where: i denotes ‘for a given image’, and j  denotes ‘for a given band’
Qy is the adjusted pixel value of the transformation
Qij is the original pixel value
nij is the median value
Ry is the range above or below the median

R"Ka j  is the maximum range above or below the median
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2.4 Radiometric Correction Accuracy Assessment

In addition to change detection studies, radiometric correction is also utilized in 

satellite imagery mosaics, where adjacent images are aligned. In most of these studies 

the only method of quality control is edge detection along the image transition seams. 

Although this method gives a strong indication of the quality of image matching, the 

assessment is qualitative and subjective. The radiometric correction technique is deemed 

accurate when the results match what is desired and not necessarily what is correct (Du et 

al., 2001). A mosaic of the imagery from this study was used to artificially create a seam 

for every image pair. The mosaic is composed of alternating rows, the first row contains 

eight cells with each cell depicting a different image, while the second row is a single cell 

depicting a single image. A mosaic of the NDVI from each image was used as it enabled 

easier edge detection (fig. 2.2). OFS performed better than ATCOR but not quite as well 

as PIFR and MBDS. The PIFR technique had very similar results to the MBDS 

technique for the majority of the image. Extreme dark and bright objects, such as the 

lake in the top row in the 1997 and 1994 cells, usually had a more significant edge with 

the PIFR technique than with the MBDS technique.
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Figure 2.2. (A) Legend depicting NDVI image mosaic structure; (B) original data; (C) 

origin fix  with scaling (OFS); (D) Richter model atmospheric correction (ATCOR); (E) 

pseudo-invariant feature selection (PIFR); (F) median based directional scaling 

(MBDS); inner black boundary denotes extent o f study area.
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Since edge detection is highly qualitative, it was coupled with quantitative 

analysis. Two forms of quantitative assessment which do not rely on field measurements 

or classification similarity were performed on the radiometric correction techniques. The 

first was a comparison of the old growth spruce stands, which were examined for the 

similarity between means and standard deviations for each TM band. Although 

phenological differences would have occurred between image dates, these changes were 

thought to be relatively small. The best technique will be that which produces the most 

identical reflectance patterns for these old-growth stands (fig. 2.3 and fig. 2.4).

Figure 2.3. Mean values o f Landsat Thematic Mapper band 3 fo r  old-growth spruce and

fir  forest with (A) No radiometric processing; (B) Origin fix  with scaling (OFS); (C)

Richter model atmospheric correction (ATCOR); (D) Pseudo-invariant feature

regression (PIFR); (E) Median based direction scaling (MBDS).
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Figure 2.4. Mean values o f Landsat Thematic Mapper band 4 fo r  old-growth spruce and

fir  forest with (A) No radiometric processing; (B) Origin fix  with scaling (OFS); (C)

Richter model atmospheric correction (ATCOR); (D) Pseudo-invariant feature

regression (PIFR); (E) Median based direction scaling (MBDS).
No Radiometric Processing
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The mean pixel value for each image in a TM band group should be equal with 

perfect radiometric correction under the assumption of constant reflectance over time in 

old-growth spruce stands, and therefore a line with zero slope in fig. 2.3 and fig. 2.4 

would illustrate perfect radiometric correction.

Under perfect radiometric correction the means for a spectrally constant spatial 

unit should be identical across all imagery for a given band and a given technique. 

Likewise, the range of digital numbers for a given spectrally constant spatial unit should 

also be identical. For this assessment of accuracy, the range of digital numbers was 

indicated by standard deviations. For a given band and technique, eight measurements of
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the mean and the standard deviation were calculated for old-growth spruce stands, one 

measurement for each image. The correction techniques were evaluated according to the 

consistency of these values (tables 2.3, 2.4). The MBDS performed slightly better than 

PIFR and significantly better than the others. Table 2.3 shows that MBDS performed the 

best with two exceptions. PIFR was slightly better for TM band 1, and ATCOR was 

better for TM band 5. In table 2.4, MBDS was significantly better overall than every 

other technique.

Table 2.3. Standard deviations o f mean old-growth radiance across all years by 

radiometric correction technique. Lower values indicate higher homogeneity o f means.

TM1 TM2 TM3 TM4 TM5 TM7
Original 5.75 8.45 5.69 14.58 6.32 4.45

OFS 1.52 1.20 0.85 4.48 5.53 2.39
ATCOR 5.93 2.70 3.48 7.98 1.80 2.99

PIF 0.78 1.52 1.16 3.23 2.72 0.80
MBDS 0.89 0.76 0.73 1.89 2.42 0.81

Table 2.4. Standard deviations o f standard deviations o f old-growth radiance across all 

years by radiometric correction technique. Lower values indicate higher homogeneity o f

the standard deviations.

TM1 TM2 TM3 TM4 TM5 TM7
Original 0.32 0.35 0.17 2.44 1.08 0.46

OFS 0.47 0.34 0.30 0.56 0.89 0.44
ATCOR 2.11 0.98 1.45 1.88 1.53 1.47

PIF 0.52 0.86 0.43 2.21 1.38 0.61
MBDS 0.22 0.30 0.09 0.38 0.38 0.29

The other form of quantitative assessment performed on the data was a 

measurement of growth in clearcuts that were planted prior to the first image in the time 

series and have undergone no silvicultural treatment that would affect biomass, stand 

volume, or leaf area index, such as fertilization, thinning, manual brushing, and herbicide
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spraying. The expected growth pattern of a forest stand after a stand initiating event is 

highly dependent on site factors, species, and climate. Within a short time frame the 

annual increase in LAI and crown cover of a forest has been found to be relatively 

constant (Coppin and Bauer, 1994). There is a strong correlation between either of leaf 

area index or crown cover with NDVI in developing coniferous stands (Ripple et al., 

1991; Gong et al., 1995; Chen, 1996; McDonald et al., 1998; Franklin, 2001). Three 

cutblocks, clearcut harvested and replanted with white spruce, were used for linear 

regression analysis with mean NDVI as the dependant variable and number of months 

since planting as the independent variable. Each cutblock was analyzed separately, and 

to increase the number of samples, mean NDVI was calculated for eight approximately 

equal areas in each stand. The average annual NDVI increase and r2 value for each 

clearcut and each radiometric correction technique can be seen in table 2.5. Although the 

calculation of absolute values of the NDVI are dependant on the radiometric correction 

technique the average annual increase for NDVI on these cutblocks was approximately 

0.0031 to 0.0047 for all radiometric correction techniques.

Table 2.5. Linear regression statistics fo r  Normalized Difference Vegetation Index 

(NDVI) values versus time fo r  three cutblocks fo r  each radiometric correction technique. 

Al l p  values significant at alpha = 0.05.

Stand 1 Stand 2 Stand 3
Annual NDVI 

Increase r2
Annual NDVI 

Increase r2
Annual NDVI 

Increase r2
O r i g i n a l 0.0081 0.08 0.0070 0.06 0.0211 0.30
ATCOR 0.0112 0.25 0.0110 0.19 0.025 0.37

OFS 0.0088 0.53 0.0085 0.38 0.0064 0.45
PIFR 0.0090 0.64 0.0083 0.49 0.0127 0.80

MBDS 0.0100 0.64 0.0094 0.45 0.0083 0.71
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All forms of radiometric correction improved the correlation between NDVI and 

time since planting as compared to the original data. In all cases, PIFR and MBDS 

performed better than the other techniques. In terms of average r2 value, the PIFR 

technique yielded slightly better results than the MBDS technique. In all cases, the 

greatest sources of error in regression were the images from 23 September 2000, 13 

September 1999, and 23 September 1997, indicating a strong phenological effect in these 

young stands. The calculation of r2 values using all non-September imagery increased 

the average r2 value to 0.67 for the original data, and 0.87 for PIFR, however the number 

of samples was reduced to 40 from 64 with the omission of the September imagery. The 

order of r2 values from non-September imagery by radiometric correction technique was 

the same as the order of r values by radiometric correction technique from table 2.3. 

Table 2.6 shows the average annual NDVI increase and r2 values by radiometric 

correction technique with the omission of September imagery.

Table 2.6. Linear regression statistics fo r  Normalized Difference Vegetation Index 

(NDVI) values versus time fo r  three cutblocks fo r  each radiometric correction technique 

with the omission o f all September imagery. All p  values significant at alpha = 0.05.

Stand 1 Stand 2 Stand 3
Annual NDVI 

Increase r2
Annual NDVI 

Increase r2
Annual NDVI 

Increase r2
Original 0.0152 0.58 0.0151 0.53 0.0278 0.81
ATCOR 0.0154 0.73 0.0162 0.65 0.0282 0.81

OFS 0.0109 0.83 0.0116 0.75 0.0070 0.67
PIFR 0.0099 0.87 0.0103 0.85 0.0122 0.87

MBDS 0.0116 0.83 0.0123 0.77 0.0088 0.80
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2.5 Discussion

All four radiometric correction techniques vastly improved the radiometric 

consistency from the original images. The poorest results were produced by the ATCOR 

technique, probably due to a weak correspondence between the aerosol model used and 

the study area conditions. With the inclusion of atmospheric data and an aerosol model 

specifically developed for this study area, the ATCOR technique may have yielded a 

better result.

The performance of the OFS technique was of medium quality. It may be suitable 

for low detail classifications or change detection analysis, but not as suitable for studies 

analyzing subtle differences within the imagery. The output produced by PIFR and 

MBDS were significantly better than the other techniques. PIFR produced results that 

appear to be slightly better for monitoring vegetative growth on disturbed areas (tables

2.5 and 2.6) while the MBDS appears to be slightly better for monitoring overall 

vegetative presence (tables 2.3 and 2.4). The MBDS yielded the best visual result, 

similar to PIFR, except for extremely dark and extremely bright objects where MBDS 

performed better than PIFR.

The PIF set selected for each TM band was of particular interest as the 

automatically selected targets were unrelated to the features that have been selected 

manually in other studies (Caselles and Garcia, 1989; Coppin and Bauer, 1994; Elvidge 

et al., 1995; Pax Lenney et al., 1996; Yuan and Elvidge, 1996; Michener and Houhoulis, 

1997; Yang and Lo, 2000). Many of these studies used urban areas which are not present 

in this study area. The study area was roughly 90% forest, 4% lakes, 4% fields and 2% 

other features. Of the forested area, roughly 75% was coniferous, while mixedwoods and
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deciduous equally share the remaining forested area. Table 2.7 shows the count of PIFs 

for each band for the features selected by the PIFR technique. While deep dark lakes are 

probably the most commonly selected ground target; this study indicates that the 

reflectance of the lakes in this study area was not constant. This discrepancy could be a 

mere anomaly, or caused by a lack of lake depth, a high wind event, variable sediment 

loads among other possibilities.

Table 2.7. Pixel count and percent o f pseudo-invariant features by band and type.

Deep Dark 
Lakes

Late Serai Stage 
Deciduous

Late Serai Stage 
Coniferous

Late Serai Stage 
Mixedwood

Band Count Percent Count Percent Count Percent Count Percent Total Count
TM1 9 2.8 26 8.2 269 84.6 14 4.4 318
TM2 0 0.0 9 3.5 225 86.5 26 10.0 260
TM3 0 0.0 92 17.3 330 62.0 110 20.7 532
TM4 0 0.0 10 1.5 636 93.9 31 4.6 677
TM5 0 0.0 216 27.1 377 47.3 204 25.6 797
TM7 0 0.0 180 29.1 315 50.9 124 20.0 619

The use of unnecessary radiometric precision leads to increased computational 

complexity, cost and time (Duggin and Robinove, 1990). The computational complexity 

was highest for the ATCOR techniques. OFS, MBDS, and PIFR all use very simple 

image transformation functions, which are easily automated and are suitable for large 

data sets. However, the outputs from MBDS and PIFR for this study required 16 bit or 

32 bit data to prevent loss of radiometric range. Overall, MBDS produces the most 

widely applicable results, although PIFR may be more specifically suited to studies 

interested solely in low density vegetation as it produced more consistent results for 

clearcuts.
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OFS, PIFR and MBDS are all radiometric correction techniques that could be 

automated in most commercial image processing software packages. For PIFR and 

MBDS the only inputs beyond image channels would be a minimum acceptable 

correlation coefficient, and, for MBDS, a mask describing a no-change area to calculate 

significant pixel counts. A minimum correlation coefficient of 0.9 was possible even 

with the small area extent of this study (-12 lkm 2).

MBDS and OFS require that the highest and lowest significant reflectance be 

determined across all imagery. Significant reflectance was the reflectance over an 

arbitrarily defined area-based proportion of the time series of imagery, i.e. 0.1% of the 

image area. An example of a feature in this study that violates that requirement would be 

white clouds. Any such features should be masked out for scaling operations, bearing in 

mind this will reduce the effective image area. The equation for calculating PCij 

incorporates the standard deviation of old-growth spruce stands which may not be present 

in other studies. A quick comparison was performed on the output range of significant 

digital numbers using PCij equal to an arbitrary constant and the results were similar to 

the results using PCjj as defined in equation 1. The correlation between the range of 

significant DN’s to the true range of DN’s was higher using equation 1, but not 

significantly.

The assumption of constant reflectance in old-growth spruce forests appears to be 

true for this study area. For every TM band, none of the radiometric correction 

techniques or the original data indicated a consistent decline or increase in reflectance for 

these forests over time. The radiometric correction technique that performed best was 

MBDS, which in all cases was only slightly better than PIFR.
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The assumption of constant or near constant rates of increase for the NDVI over 

regenerating clearcuts over time also appears valid. An increase in the correlation 

between NDVI and time since planting for these regenerating clearcuts was observed 

from the original data to the PIFR technique. For this method of assessment PIFR was 

deemed to be slightly more accurate than MBDS. While inclusion of the September 

imagery was not statistically detrimental to the old-growth analysis, it was found to 

confuse the relationship between mean NDVI and time.

The ranking of each radiometric technique by assessment method, from best to 

worst is shown in table 2.8. All three methods of assessment show similar results in 

terms of these rankings, although determining a ranking from edge detection is highly 

subjective, especially for the comparison between OFS, PIFR, and MBDS.

Table 2.8. Ranking o f radiometric correction technique performance from  best to worst.

Edge
Detection

Old-Growth
Assessment

NDVI vs. Time 
Regression

MBDS MBDS PIFR
PIFR PIFR MBDS
OFS OFS OFS

ATCOR ATCOR ATCOR
Original Data Original Data Original Data
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2.6 Conclusions

Many change detection study areas have few ground targets of constant 

reflectance that can be used for radiometric correction, especially in remote areas. This 

study utilizes radiometric correction techniques that require either no ground targets, or 

only one target of constant reflectance. Although the literature has stated that areas with 

vegetation should be avoided as a ground target, they were found in this study area to be 

the most accurate in terms of having constant reflectance. Assessment methods showed 

that the phenological shift in reflectance of old-growth spruce stands from July to 

September was minimal compared to the overall reflectance of these stands.

The two best techniques of this study could be easily automated and incorporated 

into available remote sensing software. The MBDS and PIFR techniques demonstrated 

relative strengths and weaknesses, which should be a consideration in their selection. 

Overall, MBDS performed better for very dark and bright objects and for reducing edge 

effects while PIFR performed better for discrete measurements of change in objects 

relatively close to the median digital number.
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CHAPTER 3 -  SPATIAL AND TEMPORAL MODELING OF 
CARBON STOCKS FOR A SUB-BOREAL FOREST

3.1 Abstract

In the past decade the issue of carbon (C) stocks and sequestration in forests has 

become an important management consideration and will be increasingly important for 

countries such as Canada with large forested landbases and Kyoto Protocol involvements. 

Managers of forested areas are already faced with a large number of economic, 

environmental and cultural based objectives for those areas under their jurisdiction. In 

many instances, management for C sequestration can be in direct opposition to 

management for other objectives. For this reason, specific knowledge of the impacts of 

forest management on C stocks and sequestration is a key requirement for integration of 

this consideration in forest management.

A series of Landsat Thematic Mapper imagery was obtained for the Aleza Lake 

Research Forest (ALRF) from 1985 to 2003. Vegetation and woody debris C stocks 

measured in 2003 and 2004 were related through regression analysis to 2003 Landsat TM 

image data as well as to spatially-explicit forest cover data. Two models were developed, 

a biomass C regression model (BCRM) and a woody debris C regression model 

(WDCRM), and from these a series of eight spatial datasets detailing C stocks from 1985 

to 2003 were created. Landscape level estimates of C stocks were analyzed from these 

datasets after performing Monte Carlo uncertainty analysis on model estimates and 

determining effective sample sizes through spatial autocorrelation analysis.

In 2003, the total C stock in biomass and woody debris over the 5,992 ha area was 

588 ± 7 and 77 ± 2 kt respectively. During the time period from 1992 to 2003

35

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



clearcutting operations accounted for a C loss of 39.9 ± 2.6 kt, while remaining areas 

accounted for a C gain of 31.3 ± 10.3 kt. In total the net change over this time period was 

a small and non-significant C loss of 8.7 ± 10.6 kt.
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3.2 Introduction

For the first reporting period of the Kyoto protocol starting in 2007, operational 

forest managers will have to develop another tool for their toolbox to facilitate effective 

forest management. Under the protocol and its supporting accords, participating 

countries are required to account for activities that convert forested land to non-forested 

land (deforestation), or non-forested land to forested land (reforestation or afforestation) 

(UNFCCC 2002). Additionally, participating countries can opt to include human- 

induced greenhouse gas changes associated with forest management activities on all 

managed forest lands (Houghton et al. 2001). Forest management activities implemented 

at an operational scale can have a significant impact on the C budget of national forests 

(Kurz et al. 2002). Forest managers operating within nations opting to include forest 

management activities in their national C budget will likely be required to develop and 

utilize tools to assess C stock changes across their jurisdictions for the first reporting 

period of Kyoto.

We sought to understand the impacts on total ecosystem C stocks of managing 

forests for sustainable timber production with clearcutting and partial cutting harvesting 

systems in sub-boreal forests. The intent of this study was to quantify and assess these 

impacts in the Aleza Lake Research Forest (ALRF) of British Columbia, Canada through 

regression of plot measurements with subsequent spatial and temporal extrapolation to 

the entire study area.

The ALRF has the longest documented record of research oriented forest 

management activities in British Columbia, extending back to 1919. During this time, 

the ALRF has experienced a wide variety of forest management regimes. Until the
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1940’s, forest harvesting involved selective removal of coniferous trees less than 12” in 

diameter at breast height through hand falling and horse logging (Decie 1967). These 

harvests resembled clearcuts for even-aged pure conifer stands or partial cuts for uneven 

aged or mixedwood stands. From around 1940 to 1970, diameter limit logging of uneven 

aged spruce stands became the most common practice. This type of harvesting removed 

-60%  of merchantable volume and left small or damaged spruce trees as well as 

undesirable subalpine fir and deciduous trees (Decie 1967). Clearcut harvesting became 

the common practice in the 1970’s. Throughout that decade, many stands were left to 

regenerate naturally and plantation failure was prevalent throughout the area (Butt 1988). 

Following the 1970’s, site treatments to prepare clearcut stands for tree planting were 

generally employed. In the 1980’s windrowing was the most common form of site 

treatment, briefly it involves dragging logging residues into rows followed by subsequent 

burning under favourable conditions. In the late 1980’s broadcast burning, where the 

entire stand is burned, became the more commonly employed site treatment as it was 

believed to reduce brush competition for a longer time period compared to windrowing 

(Butt 1988).

One method of spatially quantifying the impacts of these diverse forest activities 

on C stocks is through remote sensing analyses. There have been many studies 

examining the relationship between optical remote sensing and forest C, forest biomass, 

leaf area index, and net primary productivity (Mickler et al. 2002; Song et a l  2002; 

Turner et al. 2002; Hall et al. 2003). Optical remote sensing data are generally more 

responsive to the vegetative community of a stand than are stand level variables such as 

stand age or stand height, especially in juvenile stands (Franklin 2001). This sensitivity
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is critical in describing the effects of forest management on C stocks because the removal 

of the overstory tree canopy is just one link in a chain of silvicultural activities that will 

determine the character of the developing plant community (Hauessler et al. 2002). 

Some remote sensing data (e.g. Advanced Very High Resolution Radiometer) are well 

suited for studies that cover very broad geographic regions encompassing forests of entire 

nations (Dong et al. 2003) while other data (e.g. Landsat TM/ETM+, Ikonos) are better 

suited for local scales (Zheng et al. 2004). Using both archived and acquired Landsat 5 

TM and Landsat 7 ETM+ data, we were able to describe our study area with a spatial 

resolution of 30 m and with eight image capture dates spanning much of the last two 

decades (1985 to 2003).

To generate accurate estimates of biomass C stocks from field measurements and 

Landsat data, it was necessary to develop derived indices from the latter that bear strong 

relationships to the field measurements. The normalized difference vegetation index or 

NDVI (Rouse et al. 1973) is the most common of these indices and has been used in a 

wide array of studies to predict forest volume, biomass and leaf area index (Curran et al. 

1992; Lee and Nakane 1997; Fazakas et al. 1999). The modified soil adjusted vegetation 

index (mSAVI) was developed to describe sparsely vegetated areas such as clearcuts by 

adjusting the index values to account for the effect of background soil reflectance (Qi et 

al. 1994). The tasselled cap transformation is a standardized principal components 

analysis introduced by Kauth and Thomas (1976) and updated by Crist and Cicone 

(1984) and Crist et al. (1986) and produces three datasets, called brightness (TCI), 

greenness (TC2), and wetness (TC3). The normalized difference wetness index (NDWI) 

(Gao 1996) and TC3 have been found to be well suited to describe stand level
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characteristics such as LAI, biomass and volume of mature forests (Horler and Ahern 

1986; Cohen et al. 1995; Collins and Woodcock 1996; Franklin et al. 2000; Hansen et al. 

2001).

A common method used to model woody debris in forested stands is non-linear 

regression analysis. In northern forests, a general ‘u’-shaped pattern of woody debris 

biomass or volume accumulation is often found along forest chronosequences (Lambert 

et al. 1980; Agee and Huff 1987; Spies et al. 1988). The ‘u ’-shaped pattern describes the 

relationship between the addition of new woody debris and the decay of existing woody 

debris. Following disturbance, the remaining woody debris decays with little or no new 

inputs of woody debris until a new forest establishes and ultimately experiences mortality 

events whereby woody debris is added to the system. The stand eventually reaches a 

stage where the input of woody debris is equal to the decay of existing woody debris. 

This pattern has been observed in undisturbed (Lambert et al. 1980), naturally disturbed 

(Lee et al. 1997; Sturtevant et al. 1997; Tyrrell and Crow 1994; Hely et al. 2000) and in 

clearcut forest (Sturtevant et al. 1997) chronosequences.

When quantifying biomass and woody debris C stocks to satisfy objectives or 

requirements for the Kyoto protocol it will be essential to establish the precision of the C 

stock measurements (Brown 2002). Phillips et al. (2000) state that little effort has been 

made to analyze the sources of error in C budget models and how these errors propagate 

to determine the overall uncertainty of projected C stock changes. This could be due to 

the difficulty of conducting traditional error analyses for model parameters and variables. 

Crosetto et al. (2000) state that Monte Carlo uncertainty analysis techniques are well 

suited to spatial modeling as only in rare circumstances is it possible to develop a formal
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error analysis (e.g. using the first-order Taylor method). Monte Carlo uncertainty 

analyses have been used in the current study to assess model output uncertainty as a 

result of propagation of input data errors through the model as well as uncertainty in the 

model coefficients (Crosetto and Tarantola, 2001).

The upper-limits of resolution for spatial extrapolation of our measured C stocks 

were set by the pixel size of the Landsat images (30 x 30 m), but in practice spatial 

autocorrelation between adjacent pixels can be very high for satellite imagery (Griffith 

2005). Calculation of confidence intervals from model outputs are greatly 

underestimated without characterizing the degree of spatial autocorrelation among the 

interpolated C stock predictions. If the observations in an analysis are not fully 

independent, as in the current study, the amount of independent data is a fraction of the 

maximum possible sample size (Dale and Fortin 2002). In such studies, to correctly 

estimate the uncertainty of landscape parameters the effects of spatial autocorrelation 

must be mitigated by either reducing the resolution to such a scale where spatial 

autocorrelation is non-significant or by determining an effective independent sample size 

to use in statistical calculations and tests.

In this study, eight Landsat images detailing 18 years of forest management in the 

Aleza Lake Research Forest (ALRF) were obtained and related to 105 plots sampled in 

2003 and 2004 to determine spatially explicit maps of total C present in biomass and 

woody debris. There were three objectives for this study: (1) to develop methods to 

describe C stocks in the ALRF with Landsat data and field measurements of C stocks, (2) 

to characterize the uncertainty and spatial autocorrelation in predictions of these C stocks, 

and (3) to assess the changes in these C stocks during the 18 year period covered by
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obtained satellite imagery. The data supporting this research represent an investment of 

time and money that is unlikely to be suitable for operational forest managers. However, 

the modeling methods presented here could be used in conjunction with broad scale C 

budget models to establish the validity of results obtained for localized areas.
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3.3 Methods

3.3.1 Study Area

This research was conducted within the UNBC-UBC Aleza Lake Research Forest 

(ALRF) which is in the sub-Boreal spruce biogeoclimatic zone (Delong 2003), located 

approximately 60 km east of Prince George, BC, Canada (fig. 1.1). The mean annual 

temperature of the research forest is 3°C and the mean annual precipitation is 930 mm 

(Jull 1992). Mature and old-growth forests are dominated by hybrid white spruce (Picea 

glauca (Moench) Voss x Picea engelmanii Parry ex Engelm.) and subalpine fir {Abies 

lasiocarpa (Hook.) Nutt.) with scattered interior Douglas-fir veterans (Pseudotsuga 

menziesii var. glauca (Beissn.) Franco) on higher landscape positions, and occasional 

white birch (Betula papyrifera Marsh.) occupying canopy gaps. The research forest is 

composed of a range of ecological communities. This study only included the upland 

coniferous portion of the research forest, which covers 5,992 ha.

Overall, the ALRF landbase, including non-forested areas, is composed of ~ 39% 

mature stands, 30% second growth stands resulting from clearcut harvesting over the last 

30 years and 19% partial-cuts created largely between 1940 and 1970. A more complete 

description of the ALRF and its forest management history can be found in Jull and 

Karjala (1995).

3.3.2 Carbon Stock Measurements

A  total of 105 randomly located plots were measured in the ALRF during the 

summer months of 2003 and 2004. All plots were located to ensure that no stand edges 

or ecological or management boundaries were within a 40 metre radius of plot centre. 

Within each plot, measurements were made for the following components: large trees,
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small trees, shrubs, herbs, coarse, small and fine woody debris, stumps, snags, forest 

floor, and mineral soil to one metre in depth. The sampling methods were based on the 

protocol proposed by the National Forest Inventory Committee (NFISG; Canadian Forest 

Inventory Committee 2002) and have been previously described as modified in Fredeen 

et al. (2005). The plot layout (fig. 3.1) specified zones for the measurement of the 

following forest C stocks. Large tree diameters at breast height (trees > 9.0 cm dbh) were 

assessed within an 11.28 m radius plot (-400 m2) and small tree diameters (trees > 1.3 m 

in height and < 9.0 cm dbh) within a 3.99 m radius plot (-50 m2) around the plot center. 

For large trees and small trees, volumes were derived from allometric growth and yield 

data (Standish et al. 1985; Penner et al. 1997; Jenkins et al. 2003; Li et al. 2003). 

Biomass measurements were derived from volumes using known wood densities (J. 

Parminter, Ministry of Forests, Victoria, British Columbia, unpublished data) and tree C 

contents were taken from Lamlom and Savidge (2003). Shrubs, herbs, and fine woody 

debris were destructively sampled in 4 x 1 m microplots. Samples for these three 

components were ground to fine powder and analyzed with the Dumas combustion 

method (Kirsten 1983) using an NA 1500 elemental analyzer (Fisons Instruments SP, 

Milano, Italy). Coarse woody debris (woody debris > 7.5 cm diameter at transect) and 

small woody debris (1 cm < woody debris < 7.5 cm diameter at transect) were measured 

along two 30 m transects and volumes were calculated using the line-intersect method 

(Van Wagner 1968, 1982; Marshall et al. 2000). Conversions for woody debris 

measurements to mass were based on established decay class wood densities (D. Sachs 

1997, Forest Research Ecologist, Vancouver, British Columbia, unpublished data). 

Biomass to C conversions for woody debris matter were assumed to be 50% (Laiho and
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Prescott 1999). Samples of the forest floor and mineral soil were also taken from each 

plot. Mineral soil and forest floor C stocks will not be addressed in this paper as they 

were not found to be significantly different across stand ages, in this study and others 

(Fredeen et al. 2005; Gutrich and Howarth 2006), and landscape C stock changes could 

not be accurately predicted.

Figure 3.1. B ird’s eye view o f the plot design used fo r  field  sampling, based on Canada’s 

National Forest Inventory sampling protocol.

Large Tree Plot 
(radius = 11.28m)

Small Tree Plot 
(radius = 3.99m)

N3
Microplots 

(area = 1m)

Plot Center

Coarse Woody 
Debris Transects 

(length = 30m)

3.3.3 Landsat Data and Forest Cover Data

Eight mostly cloud-free Landsat TM or ETM images were obtained to facilitate 

extrapolation of plot measurements to the ALRF landbase. The image acquisition dates
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spanned 18 years of forest management: 20 July 1985, 24 August 1992, 29 July 1994, 23 

September 1997, 4 August 1999, 13 September 1999, 23 September 2000, and 22 July 

2003. The 4 August 1999, and 23 September 2000 images were the only Landsat 7 

Enhanced Thematic Mapper images and a recent study has shown that image products 

from these two satellites exhibit a high degree of similarity (Vogelmann et al. 2001) and 

so have been treated as identical to TM images in this study.

The Landsat data were image to image georectified to the median temporal image 

(23 September 1997) with a maximum root mean square error of 0.5 pixels (15 metres). 

A comparison of available radiometric correction techniques was performed on the 

dataset. A method employing scatterplot-based regressions based on automated pseudo

invariant feature selection was determined to have the highest radiometric fidelity and 

was adopted in this study (Janzen et al. in press).

For each Landsat image, additional indices were derived including NDVI, 

mSAVI, NDWI, and Tasselled Cap Transformation indices (Brightness, Greenness, 

Wetness). Additional dependent variables were extracted from provincial forest cover 

map polygons, including leading species, average tree dbh, average tree height, a stand 

productivity index, crown closure, and stand age (table 3.1) (Ministry of Forests and 

Range 2005). Spatial data describing ecological site series based on soil and moisture 

regimes (Delong 2003) was obtained from the ALRF society.
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Table 3.1. List o f potential dependent variables fo r  modelling biomass carbon and woody 

debris carbon stocks.

Variable Description
Landsat
TM1 Landsat measurement of blue reflectance
TM2 Landsat measurement of green reflectance
TM3 Landsat measurement of red reflectance
TM4 Landsat measurement of near infrared reflectance
TM5 Landsat measurement of mid infrared reflectance
TM7 Landsat measurement of mid infrared reflectance

NDVI Normalized Difference Vegetation Index 
(Rouse e t al. 1973)

mSAVI2 Modified Soil Adjusted Vegetation Index 
(Qi eta l. 1994)

NDWI Normalized Difference Wetness Index 
(Gao, 1996)

TC1 Tasseled Cap 1 - Brightness measurement 
(Kauth and Thomas, 1976; Crist and Cicone, 1984)

TC2 Tasseled Cap 2 - Greenness measurement
TC3 Tasseled Cap 3 - Wetness measurement

Forest Cover
Stand Age Estimate of age for dominant cohort of trees
Stand Height Estimate of height for dominant cohort of trees

Stand DBH Estimate of diameter (@ breast height) for dominant 
cohort of trees

Stand Volume Estimate of stand volume (all cohorts)
Site Index Estimate of stand productivity
Crown Closure Estimate of crown closure (all cohorts)
Site Series Classification of moisture and soil nutrient regimes

3.3.4 M odeling Approaches

Two forest C component stocks that could be predicted by the available 

dependent variables were identified - biomass and woody debris. For both component 

stocks, regression models were constructed a priori using only those dependent variables 

which were significantly correlated to the plot measurements. To address 

multicollinearity, any variables which were significantly correlated to each other were not 

included within the same model.
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Akaike’s Information Criterion (AIC) (Anderson et al. 2000) was used to select 

the most parsimonious model (i.e. the model that used the fewest variables to explain the 

greatest amount of variation) from the set of a priori defined models. Any model which 

was found to have non-normally distributed residuals as determined by the Shapiro- 

Wilkes test (Shapiro et al. 1968) or serially correlated residuals as determined with the 

Durbin-Watson statistic (Durbin 1970) was removed from the set of candidate models. 

These two tests were conducted on the model as a whole as well as on three subsets of the 

plot data, these being plots from stands that were either undisturbed, previously clearcut 

or previously partial cut. These three subsets were also tested to ensure that the sum of 

their respective residuals were not significantly different from zero. In brief, a 

conservative approach to ensuring the model had normally distributed and unbiased 

residuals was employed because a primary objective of this study was to sum spatially 

predicted C stocks to obtain a forest-level C total, and even a small degree of bias or 

asymmetry would produce a misleading summation. When simple linear or non-linear 

models were found to be insufficient to describe plot data, breakpoint analysis (Toms and 

Lesperance 2003) was used to divide the landscape into two strata which could be 

modeled separately for the parameter of interest.

Models were developed with Landsat data from the 2003 image and forest cover 

data adjusted to reflect conditions in 2003. The final models were then applied to 

previous image acquisition dates to generate corresponding C stock estimates. A 

radiometric correction procedure was used to minimize those differences between images 

that did not correspond to actual changes of the forest stands. Some radiometric 

infidelity between imagery might still persist and cause a model developed from the 2003
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image to perform less adequately on any non-2003 image. To determine whether model 

performance has been significantly impaired, model predictions across the time series 

were compared for old-growth stands which, in previous studies, have been shown to be 

of an age where forest tree volume is in relative equilibrium temporally and over broad 

spatial scales (Kneeshaw and Burton 1998; Wells et al. 1998). Old-growth stands were 

identified using a conservative definition: stands greater than 200 years old and greater 

than 30 m in average dominant tree height (Ministry of Forests 1992; Wells et al. 1998). 

The mean model prediction for these stands were compared using t-tests with a 

Bonferonni correction for multiple comparisons.

3.3.5 Uncertainty and Spatial Autocorrelation Analysis

To assess model prediction accuracy, Monte Carlo uncertainty analyses were 

performed using SIMBLAB 2.2 (European Commission -  IPSC). This type of 

uncertainty analysis was conducted as a simulation. A model was run hundreds to 

thousands of times with systematic perturbations of the input variables and constants 

using defined probability distribution functions. Correlations between input variables 

and constants can also be used to control the correlation between perturbations. The 

range of outcomes from the simulations indicates the level of uncertainty in the 

prediction, and these outcomes can also be tested for normality.

The probability distribution functions for model coefficients were constructed 

using standard error estimates from the regression analyses. The maximum uncertainty 

in input variables was either assumed to be 5% for Landsat variables (Thome 1997; 

Thome 2001; Chander and Markham 2003) or 10% for forest stand ages (BC Ministry of
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Forests and Range 2005). The correlations between model coefficients and model 

variables were also used in the analysis. To create the perturbations of the input variables 

used in the uncertainty analysis, a Latin hypercube sampling scheme was selected as it 

provides a good estimate of the population distribution function of the output (Stein 

1987), improving the ability to detect non-normal uncertainty. More information on the 

uncertainty analyses employed can be found in appendix 4.3.

To estimate the standard errors for total C in the landscape it was necessary to 

determine the effective sample size as there was a large amount of spatial autocorrelation 

in predictions. The effective sample size was determined with a spatial autocorrelation 

approximation formula appropriate to the spatial autocorrelation structure of the data. 

The spatial autocorrelation approximation formula determines an effective sample size 

using the maximum interpoint distance and the range parameter ‘r ’, which is the distance 

at which the covariance is non-significantly different from zero (Griffith 2005; equation 

8B). Both the spatial autocorrelation structure and the range parameter were determined 

using the software, Rookcase (Sawada 1999). More information on the spatial 

autocorrelation analyses employed can be found in appendix 4.4.
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3.4 Results

3.4.1 M odel Creation

Best-fit regression equations were generated a priori, to permit spatial 

extrapolation of measured biomass and woody debris C stocks across the ALRF landbase 

using the following approach and considerations. With respect to biomass C, the forest 

cover variables, stand age, stand height and stand dbh were found to be significantly 

correlated with forest biomass C (a=0.05). However, there was a strong collinearity 

between them and so stand age alone was used because it had the strongest correlation 

with biomass C. Among the Landsat indices and variables, the highest correlations 

between biomass C were with TM2, NDVI, NDWI, and TC3. Collinearity was high 

between NDWI and TC3 so they were not incorporated within the same model. Any 

multiple linear regression models tested with any permutation of these variables resulted 

in residuals that were heteroscedastic and serially correlated, specifically with respect to 

larger residuals for stands with higher C stocks. Scatterplots depicted non-linear 

responses of the independent variables to biomass C and as a result the biomass C data 

were divided into two strata based on crown closure. Using breakpoint analysis, the 

optimal breakpoint to differentiate forest stands was determined to be at a crown closure 

of 40%. A set of models were then derived a priori for each crown closure stratum. The 

most parsimonious model as determined with AIC had an r2 of 0.67 and is shown below.
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Biomass Carbon Regression Model (BCRM)

For crown closure < 40%:

Biomass C (t h a 1) = -  5.6 * TM2 -  0.96 * TC3 + 212 

For crown closure > 40%:

Biomass C (t ha *) = -  183 * NDVI -  266 * NDWI + 292

In contrast to biomass C, Landsat measurements of forest radiance and derived 

indices were not significantly correlated to the woody debris C stocks, and thus Landsat 

variables were not included in any candidate model of woody debris C stocks. Three 

variables from the available forest cover information (table 3.1) had a significant 

correlation to woody debris carbon stocks. In order of decreasing strength, these were 

stand age, stand height, and stand dbh. These variables were all highly multicolinear, and 

thus the only variable used to describe woody debris was stand age. All attempts to 

derive a single equation to describe all the data, either with simple linear regressions or 

any other non-linear models tested (quadratic, logarithmic, exponential, polynomial) 

produced poor visual fits to the data, heteroscedasticity, and non-normally distributed 

residuals. Thus, breakpoint analysis was used and the functional relationship of stand age 

and woody debris was determined to shift at a stand age of ~ 118 years. Linear and non

linear models were tested while incorporating this breakpoint, allowing any functional 

form for either component of the range of stand ages. The final woody debris model with 

an overall r2 of 0.64 is shown below. While a classic ‘u’-shaped quadratic equation was a 

good fit for woody debris C stocks in young to mature stands, it was inadequate for 

mature to old-growth stands.
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Woody Debris Carbon Regression Model (WDCRM)

For stand ages <118 years:

Woody Debris C (t ha4 ) = .0015 * Age2 -  0.18 * Age + 12 

For stand ages >118 years:

Woody Debris C (t ha4) = 26 * Logio (Age) - 43

The BCRM and the WDCRM were tested using the quality control tests outlined 

in the methods section. For both models, the residuals were normally distributed, non- 

serially correlated, and unbiased for the entire set of plot data as well as for the three 

management based subsets of plot data: previously clearcut, previously partial cut, and 

undisturbed forest stands.

3.4.2 Uncertainty and Spatial Autocorrelation Results

Uncertainty was calculated for stand age ranges. For the WDCRM, the 

uncertainty for these stand age ranges could be directly determined, as the only predictor 

variable was stand age. To calculate the uncertainty for these stand age ranges for the 

BCRM, the mean values for the predictor variables had to be calculated for each stand 

age range. For example, for a stand age range of 60 to 80 years, the mean value for TM2, 

TC3, NDVI, and NDWI had to be determined for these stands and an uncertainty analysis 

was performed using these calculated means. Each analysis of uncertainty was examined 

for the presence of a normal distribution of predictions in all cases and for both models. 

The uncertainty in both models was relatively constant (table 3.2), with standard 

deviations ranging from 21 to 38 t ha4 and 2.5 to 4.6 t ha4 for the BCRM and WDCRM.
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Table 3.2. Standard deviation o f uncertainty fo r  a singular prediction from  the Biomass 

Carbon Regression Model and the Woody Debris Carbon Regression Model fo r  stand

age ranges.

Stand Age 
Range (years)

BCRM 
Uncertainty 

(t ha1)

WDCRM 
Uncertainty 

(t ha1)
Oto 19.9 30.3 2.9

20 to 39.9 21.4 2.5
40 to 59.9 25.0 3.7
60 to 79.9 21.7 4.2
80 to 99.9 35.9 4.1

100 to 119.9 36.9 4.4
120 to 139.9 37.5 4.6
140 to 249.9 34.1 3.3

250+ 26.8 3.4

For each set of model predictions, the spatial autocorrelation structure was 

assessed through analysis of correlograms and was determined to be exponential. For the 

BCRM and WDCRM predictions, the effective sample sizes were reduced from 95,878 to 

777 and 85, corresponding to a reduction of 99.2% and 99.9% respectively.

3.4.3 Carbon Stocks -  M ature and Old-Growth Stands

The average biomass and woody debris C stock predictions of old-growth (> 200 

years and > 30 m height) and mature (remaining stands > 140 years) stands is shown in 

table 3.3. There was no significant trend in the change of these carbon stocks over time, 

supporting the hypothesis that these stands were in relative equilibrium.
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Table 3.3. Mean o f model predictions fo r  biomass C and woody debris C (t ha'1) in old- 

growth (stands > 200 years and > 30 m height) and mature (remaining stands > 140

years) stands fo r  a sub-Boreal forest in British Columbia, Canada

Old-Growth Stands Mature Stands
BCRM WDCRM BCRM WDCRM

Jul-03 137.6 ±4.1 18.9 ± 1.6 129.2 ± 1.9 16.3 ±0.6
Sep-00 137.4 ±4.1 18.8 ± 1.6 127.5 ± 1.9 16.1 ±0.6
Sep-99 148.1 ±4.1 18.8 ± 1.6 139.1 ± 1.8 16.1 ±0.6
Aug-99 135.8 ±4.1 18.8 ± 1.6 129.0 ± 1.8 16.1 ±0.6
Sep-97 140.4 ±4.1 18.7 ± 1.6 132.0 ± 1.8 16.0 ± 0.6
Jul-94 140.3 ±4.1 18.6 ± 1.6 135.3 ±1.9 16.0 ±0.6

Aug-92 132.2 ±4.3 18.8 ± 1.9 127.1 ± 1.9 15.7 ±0.6
Jul-85 123.1 ±6.2 18.8 ±2.3 120.2 ± 2.2 16.2 ±0.7

The BCRM was developed using the 2003 Landsat image. Although the model 

can be used for other imagery within the set, there was additional uncertainty in these 

estimates due to slight differences in the radiometric scale of each image compared to the 

2003 image. To test the significance of this additional uncertainty, the means of old- 

growth and mature stand predictions for each time period were compared to the July 2003 

predictions using t-tests with Dunn’s Bonferonni correction for multiple comparisons 

(table 3.4). Three images had significantly different mean biomass carbon stocks in 

mature forests with reference to the 2003 image and no images were significantly 

different for old-growth stocks. While not conclusive, the significant differences in 

mature stands indicate potential biases of -1.3 to -5.7%, 0.3 to 4.4% and 1.9 to 5.9% for 

the July 1985, July 1994 and September 1999 images respectively.
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Table 3.4. p-valuesfor the difference between the mean o f old-growth (stands > 200 

years and > 30 m height) and mature (remaining stands > 140 years) stands fo r  selected 

images compared with the July 2003 image. Bolded text indicates significance at an 

alpha level o f 0.05 after applying a Bonferonni correction fo r  multiple comparisons.

Old-Growth
Stands

Mature
Stands

Sep-00 0.971 0.412

Sep-99 0.073 < 0.001

Aug-99 0.761 0.889

Sep-97 0.624 0.180

Jul-94 0.635 0.016

Aug-92 0.397 _ 0.313

Jul-85 0.053 < 0.001

3.4.4 Carbon stocks -  Young Regenerating Stands (0-25 years)

Biomass and woody debris models were used to predict biomass and woody 

debris C stocks over time for three stands clearcut harvested in 1980 and contrasted with 

plot level measurements of actual C stocks made in 2003 and 2004 in clearcuts of 

variable ages (fig. 3.2). Thus, the chronosequence of measured plots represent sampling 

in 2003 from clearcut stands which were harvested between 1980 and 1995 while the 

model predictions pertain only to three stands which were clearcut harvested in 1980. 

The only instance where the same stands were being detailed by both sets of data was for 

model predictions in the year 2003 and plot measurements from stands harvested in 1980. 

Model predictions of woody debris appeared to correspond reasonably well with 

measured values, but modeling was based solely on age and plot level measurements and 

therefore predictions were only responsive to age. By contrast, model predictions of 

biomass were based on Landsat data and thus were responsive to any stand characteristic 

that influences the amount of energy irradiated to the satellite sensor. Biomass
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predictions by stand age matched plot level C measurements for stand age ranges of 5 to 

10 years and 17 to 23 years, but were poorly matched for stand ages between 11 to 16 

years.
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Figure 3.2. Means o f biomass (A) and woody debris (B) carbon stocks within a sub- 

Boreal forest in British Columbia, Canada, fo r  a chronosequence o f plot measurements 

(symbols and upper x  axis) and fo r  model predictions by age o f stands which were 

clearcut in 1980 (columns and lower x  axis).
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3.4.5 Carbon stocks -  2003

Model predictions for biomass and woody debris C stocks within forest stand-age 

ranges showed a broadly linear increase throughout the chronosequence of stands in the 

ALRF (fig. 3.3). Not surprisingly, the predicted C stocks were higher in older stands. 

The standard errors of the means for these age classes were largest in age classes 3 to 7 

and 9. While the uncertainty of individual predictions was relatively similar for these age 

ranges, the standard errors were larger because these stand ages were fairly rare across 

the landscape. The C stocks within stand age ranges of different levels of stand 

productivity were also depicted in fig 3.3. This stand productivity index is a measure of 

the average height of an unshaded tree after 50 years of growth. For each stand 

productivity index range, age class one and age class eight stands contain approximately 

30-501 ha"1 and 150-1701 ha"1 respectively.
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Figure 3.3. Mean o f predicted C stocks fo r  2003 age classes within a sub-Boreal forest in 

British Columbia, Canada, fo r  the entire forest and fo r  selected ranges o f stand 

productivity. Missing data in the figure are due to stand age and stand productivity index 

combinations that do not exist within the forest.
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3.4.6 Carbon stocks -  Total Carbon Stocks

Total C predicted with the BCRM and WDCRM from 1985 to 2003 for the 5,992 

ha upland coniferous portion of the ALRF is shown in table 3.5. As stated previously, it 

was found that there may be significant biases in the BCRM predictions for July 1985, 

July 1994 and September 1999 due to radiometric inconsistency with the July 2003 

image, from which the BCRM was developed. With these three images removed, the 

changes from year to year were small relative to the total carbon stock of biomass and 

woody debris with the lowest estimate in August 1999 being 4.7% smaller than the 

highest estimate in August 1992. Due to the potential for radiometric inconsistency, the 

earliest image that can be compared to 2003 was August 1992. From 1992 to 2003, the 

change in C stock with a 95% confidence interval was a loss of 8.7 ± 10.6 kt, with the
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ALRF having 674.3 ± 7.4 kt C in 1992 and 665.6 ± 7.3 kt C in 2003. The complete 

spatial datasets for these years are shown in fig. 3.4 and fig. 3.5 for 1992 and 2003 

respectively.

Table 3.5. Biomass, woody debris and biomass + woody debris C stocks from  1985 to 

2003 fo r  a sub-Boreal forest in British Columbia, Canada. Significance was tested with 

an a=0.05 after applying a Bonferroni correction fo r  multiple comparisons.

Biomass
Woody
Debris

Biomass + 
Woody Debris

Jul-03 588.3 ± 6.9b 77.3 ± 2.2a 665.6 ± 7.3b
Sep-00 569.6 ± 7.0c,b 77.1 ± 2.2a 646.7 ± 7.3c,b
Sep-99 617.9 ± 7.0a 77.1 ± 2.2a 695.0 ± 7.3a
Aug-99 562.0 ± 7.0c 77.1 ± 2.2a 639.1 ± 7.3c
Sep-97 589.9 ± 7.0b 77.7 ± 2.2a 667.6 ± 7.3b
Jul-94 599.9 ± 7.0a,b 77.5 ± 2.2a 677.4 ± 7.4a,b
Aug-92 596.8 ±7.1 a,b 77.5 ± 2.3a 674.3 ± 7.4a,b
Jul-85 597.8 ± 7.3a,b 76.9 ± 2.4a 674.7 ± 7.7a,b

* all units in kt C
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Figure 3.4. Biomass, woody debris, and biomass + woody debris C predictions fo r  1992

in a sub-Boreal forest in British Columbia, Canada.

Biomass carbon t Woodv debris carbon

5 15 25

Woody debris carbon (t ha")
0 100 200 

Biomass carbon (t ha")

Total biom ass and woodv debris carbon

Biomass + woody debris carbon (t ha )
0 1250 2500 5000

i I
Metres

62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.5. Biomass, woody debris, and biomass + woody debris C predictions fo r  2003

in a sub-Boreal forest in British Columbia, Canada.
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The total C stock changes from 1992 to 2003 were separated into four classes to 

assess the impact of current and past management in the ALRF. Class one details new 

clearcuts, (NCC) which are stands that were harvested between 1992 and 2003 whereas 

class two details old clearcuts (OCC) which are stands that were clearcut prior to 1992 

but mostly after 1980. Class three details old partial cuts (OPC) which are stands that 

were partial cut prior to 1992. These stands were logged primarily between 1945 and 

1970 using a diameter limited harvesting system. Class four contains all the remaining 

stands, comprising all undisturbed primary forest (UPF). Not surprisingly, the mean and 

total C stocks for biomass, woody debris and biomass + woody debris for these classes 

were highly dissimilar (table 3.6).

Table 3.6. Changes in average (t h a ')  and total C stocks (kt C)from 1992 to 2003fo r  4 

forest classes within a sub-Boreal forest in British Columbia, Canada: 1) forest clearcut 

harvested between 1992 and 2003 (NCC), 2) forest clearcut harvested prior to 1992 

(OCC), 3) forest partial-cut prior to 1992 (OPC), and4) undisturbed primary forest 

(UPF). Positive values indicate a gain from  1992 to 2003.

Average change from 1992 to 2003 (t ha'1) Total change from 1992 to 2003 (kt)

Class Total Area 
(ha) Biomass Woody

Debris
Biomass + 

Woody Debris Biomass Woody
Debris

Biomass + 
Woody Debris

NCC 323 -121.2 ±7.5 -2.2 ± 2.5 -123.5 ±8 .0 -39.2 ± 2.4 -0.7 ± 0.8 -39.9 ± 2.6
OCC 1507 12.1 ±2.8 -1.4 ±0.9 10.7 ±2.9 18.3 ±4.2 -2.1 ± 1.3 16.2 ±4.4
OPC 1411 -0.2 ± 3.7 0.6 ± 1.2 0.4 ± 3.9 -0.3 ±5.2 0.9 ±1.7 0.6 ±5.5
UPF 2793 4.6 ±2.5 0.6 ±0.8 5.2 ±2.7 12.8 ±7.1 1.7 ±2.2 14.5 ±7.5
Total 6034 -1.4 ± 1.6 0.0 ±0.5 -1.4 ±1.7 -8.5 ±10.1 -0.2 ± 3.2 -8.7 ±10.6

The greatest magnitude of change on a per hectare basis was in recent clearcuts 

(NCC), where 123.5 t ha"1 of biomass and woody debris C was lost relative to the original 

stand stocks in 1992. Gains in biomass and woody debris C per hectare were observed in 

the three remaining classes, although the gains per hectare were of much smaller
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magnitude than the losses observed in NCC stands. The change in total biomass and 

woody debris C stocks over this time period was not significantly different from zero 

change. The large losses of biomass and woody debris C due to recent clearcutting 

across -300 ha of the ALRF were balanced with the small gains of carbon due to stand 

development in the remaining -5700 ha of the ALRF.
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3.5 Discussion

In total, eight separate datasets each of biomass C stocks and woody debris C 

stocks were created, describing the Aleza Lake Research Forest in central sub-boreal 

British Columbia from 1985 to 2003. Uncertainty in predictions from the biomass carbon 

regression model (BCRM) and woody debris carbon regression model (WDCRM) were 

estimated with the 2003 data and the relationship between stand age and predictive 

uncertainty was used to describe the uncertainty in the remaining datasets. Spatial 

autocorrelation analysis was used to determine effective sample sizes, which when used 

in conjunction with the uncertainty estimates, allowed for realistic estimation of 

landscape C characteristics.

Interestingly, the Landsat measurements and derived indices were able to provide 

more information to describe the plot data then were the forest cover variables, which 

included stand age, average tree height, average tree DBH, and stand volume. In 

addition, non-normally distributed residuals resulted in each case when forest cover 

variables were used within the tested models.

The equation for the stands with crown closures < 40% showed that increasing 

radiance of Landsat TM band 2 corresponds with lower stocks of biomass C. Conversely 

in the equation for the higher crown closure areas, increasing values of NDVI correspond 

with a lower stock of biomass C. We believe the source of this relationship was the 

presence of grasses and deciduous vegetation which appear to increase radiance values 

disproportionately to the increase in forest C stocks. This may cause stands characterized 

by the presence of these types of vegetation to have higher radiance despite also having 

lower C stocks. Negative relationships between forest biomass/abundance and the NDVI
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have been observed in other forests (Lee and Nakane 1997; Feeley et al. 2005). As 

expected, the tasselled cap wetness component was found to positively correspond to C 

stocks in the equation for low crown closure stands while the NDWI was found to 

negatively correspond to C stocks in high crown closure stands.

The BCRM was developed from the radiometric characteristics of the 2003 

Landsat image. The model was subsequently used for the remaining imagery, which 

relied on the assumption that that imagery had similar radiometry to the 2003 image. The 

degree of radiometric inconsistency between images was determined by using the 

modeled predictions of old-growth and mature stands as they have been found in this area 

to be in equilibrium in terms of biomass over a broad spatial and temporal scale 

(Kneeshaw and Burton 1998; Wells et al. 1998). In terms of predicted biomass in old- 

growth stands, the July 1985 and September 1999 images were found to be almost 

significantly different from the July 2003 image with a t-test with a bonferroni 

adjustment for multiple comparisons (a=0.05) (table 3.4). Using the same approach to 

compare mature stands, the July 1985, July 1994 and September 1999 images were found 

to be significantly different, even after applying a bonferroni adjustment for multiple 

comparisons. While the images were not found to be significantly different for both 

stand ages, it was felt that there was potential for the presence of bias in predictions from 

these three images, warranting their exclusion from subsequent analyses. The amount of 

bias present in biomass predictions produced from the remaining imagery was considered 

to be small enough compared to the magnitude of the uncertainty in the model itself.

The 95% range of a single prediction of biomass C in the mature and old-growth 

sub-Boreal stands in our study was 64 -  195 t ha '1 C and 86 -  190 t ha '1 C respectively.
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This was similar to that reported for second-growth aspen/birch/maple stands (30 -  300 t 

ha '1) in Michigan (Crow 1978) but substantially lower than that reported for old-growth 

coastal and montane forests (364 -  465 t ha'1) in Washington and Oregon (Smithwick et 

al. 2002). The mean C stock across all stands in the research forest in 2003 was 81 t ha '1 

which was higher than spatially averaged estimates for boreal forests in Canada, ranging 

from 19 (Botkin and Simpson 1990) to 69 t ha"1 (Houghton et al. 1983). This was 

expected from previous assessments of plot-level data from this study (Fredeen et al. 

2005)

The patterns of stand recovery following clearcut disturbance were also evaluated 

using two approaches, a space for time substitution with plot data in clearcuts of different 

ages and a single set of clearcuts assessed with model predictions over multiple image 

years. In fig. 3.2(a), the biomass carbon stocks of regenerating clearcuts estimated using 

the two approaches were similar for management periods A and C but dissimilar for 

management period B, in which model predictions were eightfold higher than plot 

measurements. This discrepancy is believed to be due to the effect of vigorous deciduous 

vegetation present in the stands harvested in 1980 (depicted by the model predictions) but 

that were absent in the stands harvested between 1987 and 1990 (depicted by the plot 

measurements). The site treatment employed in the early 1980’s clearcuts was 

windrowing whereas the clearcuts depicted by plot measurements in management period 

B were broadcast burnt. In this area it has been shown that deciduous vegetation may be 

responsible for as much as 90% of the total stand biomass in the first decade following 

clearcut harvesting (Pypker and Fredeen 2002). A survey of silviculturalists indicated 

that windrowing was believed to be much less effective than broadcast burning in

68

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



suppressing the growth of competitive deciduous vegetation (Butt 1988). From our plot 

measurements, the average number of large (> 9.0 cm dbh) and small (< 9.0 cm dbh and 

> 1.3 m in height) stems per hectare of deciduous tree species was 180 ± 100 and 3400 ± 

1600 respectively for the 1980 clearcuts and 0 ± 0 and 120 ± 90 respectively for the more 

recent clearcuts of similar ages. Thus, we believe that the discrepancy observed in 

management period B was an artifact of individual stand history and that this artifact 

demonstrates the potential influence that site preparation treatments can have on the total 

carbon stock of a regenerating forest.

The WDCRM predicts that the amount of woody debris C following disturbance 

was ~ 11.8 t ha '1, whereupon stocks decrease until the accumulation of new woody debris 

surpasses the decay of existing woody debris, around 60 years following disturbance, at 

which point there was ~ 6.6 t ha"1 of C. The woody debris C stock then experiences 

annual increases, albeit a declining trend, up until at least 250 years following 

disturbance, at which point there was ~ 19.3 t ha '1 of C. There was insufficient data to 

describe trends for older stands.

Very similar patterns were found in boreal forests in Newfoundland, Canada, 

where the initial, low point, and mature woody debris volumes were modeled at ~ 68, 17,

O 1
and 48 m ha' respectively. The low point age occurred at 55 years, while mature stands 

plateaud at ~ 90 years, and much older stands were not assessed (Sturtevant et al. 1997). 

Total C stocks were much higher in forests within the Cascade Range of Western Oregon 

and Washington, where initial, low point and mature stands measured at 46, 25, and 86 t 

ha '1 respectively (Spies and Franklin 1988). Much older low points of around 200 years 

were found in hemlock stands in Olympic National Park, Washington, USA, the dramatic
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difference due to larger tree sizes taking significantly longer to decay (Agee and Huff 

1987).

The change in total C stock from 1992 to 2003 was -8.7 ± 10.6 kt (table 3.6) over 

the eleven year period, which corresponded to a loss of 1.3 ± 1.6 % of the total C stock in 

2003. The changes in C from 1992 to 2003 were smaller than the degree of uncertainty 

around these changes, but it was still possible to determine the effect of management on 

this research forest by analyzing the changes in C stocks separately for forest stands 

grouped by management history. Stands clearcut between 1992 and 2003 (NCC), had the 

largest relative changes in carbon stock. The loss of 39.9 ± 2.6 kt C in these stands 

represented the loss due to harvesting minus the gain of growth in these clearcuts over 

this time period. This loss represents 6.0 ± 0.4% of the total C stock of 2003 in the 

ALRF. The stands which most directly compensated for this loss were those harvested 

by clearcut prior to 1992 (OCC). These older, regenerating clearcuts sequestered 16.2 ±

4.4 kt C over this eleven year period. Stands harvested by partial cutting systems prior to 

1992 (OPC) had negligible C gains relative to the associated uncertainty (0.6 ± 5.5 kt C). 

By contrast, stands that had never been harvested (UPF) had a C gain that was almost 

significantly different from zero (a=0.05) (14.5 ± 7.5 kt C).

Converting the total change in C stocks from 1992 to 2003 to a rate of C flux per 

hectare resulted in an annual source of 161 ± 388 kg ha '1 year'1. This was much lower 

than the 1130 kg ha'1 year'1 found in the forests of Washington and Oregon from 1972 to 

1991. In Washington and Oregon more C was harvested than was sequestered and the C 

balance in the detrital pool showed that decomposition was greater than accumulation 

(Cohen et al. 1996).
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The data which were collected and methodologies that were employed represent 

an investment of time and money that is unlikely to be suitable for operational forest 

managers to conduct across a forested landbase. To conduct carbon budgets analyses in a 

timely and cost-efficient manner would likely rely upon empirical growth and yield 

models and forest inventory data coupled with C budget tools such as the Carbon Budget 

Model of the Canadian Forest Service (CBM-CFS) (Kurz et al. 2002) and the Forest 

Carbon Budget Model (FORCARB) (Heath and Smith 2000). The methods employed 

here may help in reducing uncertainty of C stock estimates for these traditional carbon 

budget models (Heath and Smith 2000), but these methods also lack predictive 

capabilities. The methods presented here could be used in localized areas to establish the 

validity of results derived over a broader scale with other empirical growth and yield 

based C budget tools. Additionally, this type of analysis is highly responsive to 

individual stand dynamics and is spatially explicit which would afford forest managers 

opportunities to compare site treatments and silvicultural systems from stand to stand.
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3.6 Conclusions

Two models were developed to describe biomass and woody debris C stocks for a 

sub-boreal research forest. These models were used to predict C stock and C stock 

changes over an 18 year time period in which Landsat imagery could be obtained. Monte 

Carlo uncertainty analyses and semivariogram-based spatial autocorrelation analyses 

were integral to the realistic reporting of model results.

Biomass C stocks measured in age classes appeared to follow a fairly linear 

increase, with the most rapid increases occurring between stand ages of 20 -  80 years. 

Woody debris C stocks, after taking forest management history into account, followed a 

general ‘u’-shape, but continue to increase even after stand maturity was reached. Old- 

growth stands and mature stands appeared to be in an approximate equilibrium in terms 

of biomass and woody debris C stocks over this time period and spatial scale. Total 

landscape C stocks were higher than those measured in boreal forests but lower than 

those measured in forests of northern USA. The estimated change in forest C stocks from 

1992 to 2003 (-1.3 ± 1.6%) was relatively small compared to both the uncertainty in the 

C stock change and the actual total C stock of the forest. The ALRF was interpreted to 

have balanced C gains due to regrowth in older clearcuts (>11 years) and growth of 

undisturbed primary forest growth with C losses from young (<11 years old) clearcuts.
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CHAPTER 4 -  SUMMARY

The objectives of this study were to (1) develop a methodology to generate maps 

of past and current carbon stocks for the research forest; (2) assess the relationship 

between carbon stocks and forest structure within the research forest; (3) assess the 

impacts of past forest management activities on carbon stocks in the research forest.

The methodology employed to map past and current carbon stocks is highly 

repeatable and is applicable to moderately homogenous forest tracts. The choice of the 

satellite sensor used will have obvious impacts on the resolution and spatial extents of the 

modeling. More importantly, this choice will also have direct impacts on the possible 

temporal resolution and the overall modeling capabilities. Radar sensors and LIDAR 

data would potentially have higher capabilities to describe high biomass forests but will 

also have less archived imagery available. MODIS and AVHRR will have the highest 

temporal range, but the spatial resolution and extents are likely too coarse for operational 

forest managers.

Eight Landsat images were used to describe plot level carbon stocks collected 

from two summers of field work. The satellite imagery had to be radiometrically 

corrected with high accuracy so that models built from relationships between the plot 

data and the 2003 satellite image could be applied to the other satellite imagery. Of the 

tested radiometric correction techniques, the best performance was found to be with a 

median based directional scaling of the output of an automated pseudo-invariant feature 

regression. Two models were built to describe the plot level carbon stock data, one 

model describing biomass carbon stocks and the other describing woody debris carbon
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stocks. Akaike’s information criterion was used to select the most appropriate model 

from a set of candidate models. The modeling approaches require a rigorous analysis of 

model output to ensure that both the predictions and their associated uncertainty were 

normally distributed so that accurate landscape level measurements can be computed. 

Realistic computation of standard errors for these landscape analyses requires an 

estimation of the independence between landscape elements so spatial autocorrelation 

analysis was used to estimate an effective sample size for both sets of model predictions.

There are several advantages to the methodologies employed in this thesis in 

comparison to conventional empirical growth and yield based carbon budget models such 

as the Carbon Budget Model of the Canadian Forest Service (CBM-CFS) (Kurz et al. 

2002) and the Forest Carbon Budget Model (FORCARB) (Heath and Smith 2000). The 

data developed from this study is spatially explicit and has significantly reduced 

uncertainty (Heath and Smith, 2000). The Landsat imagery was also much more 

responsive to individual stand dynamics than conventional carbon budget models. The 

biggest costs of performing this type of analysis were source data acquisition, software 

licensing, and wages. While this study used a large set of comprehensive plot data, the 

modeling approach could have been performed using existing forest cover data and 

published volume to biomass to carbon conversions. Acquisition of satellite imagery 

does not need to be a large cost as much satellite data is available for free or a small 

processing fee. The only software used in this analysis which may be viewed as an extra 

cost are a GIS analysis package such as ArcGIS and a raster data analysis package such 

as IDRISI or PCI. Therefore, the largest expense will likely be wage related costs.
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Finally, the methodologies outlined in this thesis lack predictive capabilities which may 

be necessary for some types of forestry management.

There were many relationships between forest carbon stocks and forest structure 

to examine. Following a clearcut in the Aleza Lake Research Forest, forested stands 

seem to sequester carbon rapidly during the following four decades; although the timing 

of this sequestration may be heavily dependent on silvicultural treatments. Forested 

stands older than 40 years in the ALRF have a diminishing increase in C stocks from year 

after year until the stand reaches an equilibrium or near-equilibrium state at a stand age of 

140 to 200 years old.

Woody debris carbon stocks were found to decrease after a clearcut harvest, 

reaching a minimum stock approximately 60 years after harvest. After 60 years, woody 

debris carbon stocks begin to increase and regain their initial post-harvest carbon stock 

after 115 years. Around this time, the annual increase in woody debris carbon stocks 

begins to diminish, reaching an equilibrium or near-equilibrium state at a stand age of 

greater than 250 years of age. Interestingly, the age at which woody debris carbon stocks 

reach equilibrium is much older than the age when the stand reaches biomass carbon 

equilibrium. This is likely due to a significant lag period where woody debris stocks do 

not increase due to a lack of woody debris inputs from the regrowing vegetation.

Overall carbon stocks were assessed over the eighteen year time period covered 

by the satellite image series. The estimated standard error as a proportion of the total 

research forest carbon stock was about 1.1 percent (670 ± 7.3 kt). Although the estimated 

uncertainty was small, it was still much than the estimated change in the total carbon 

stock from 1992 to 2003, which was 8.7 ± 10.6 kt. As the magnitude of this change was

75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



smaller than the magnitude of uncertainty, the change in carbon stocks was broken down 

and analyzed separately for disturbed areas and undisturbed areas.

Stands which were clearcut between 1992 and 2003 had the most dramatic shifts 

in carbon stock. The loss of 39.9 ± 2.6 kt C in these stands represents the loss due to 

harvesting minus the gain of growth over this time period and represents 6.0 ± 0.4% of 

the total C stock of 2003 in the ALRF. The stands which most directly compensated for 

this loss were stands that were harvested by clearcut prior to 1992, which gained 16.2 ±

4.4 kt C. Old partial cuts had no significant difference in total carbon stocks over this 

time period, gaining 0.6 ± 5.5 kt C. The most common type of stand in the ALRF are 

undisturbed stands. These stands had smaller gains per hectare than regenerating 

clearcuts, but nevertheless gained 14.5 ± 7.5 kt C. Overall, the Aleza Lake Research 

Forest appears to have been maintaining the total carbon stock of the research forest by 

balancing carbon gains associated with forest regrowth and carbon losses associated with 

forest harvesting.
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APPENDICES

4.1 Historical Harvest Records

Throughout the Aleza Lake Research Forest there were areas that were described 

incorrectly by the forest cover dataset. In many cases the age depicted in previously 

harvested stands within the forest cover dataset was inaccurate and in some cases entire 

harvests were not present at all. Historical harvest data were obtained by collecting 

crown timber sales from the Prince George City Museum, the Ministry of Forests 

Regional District Office in Prince George, and the Aleza Lake Research Forest office. In 

much of the later harvesting the map of the harvest within the timber tenure document 

could be easily matched with the outlines visible in the satellite imagery. For the earliest 

timber sales it was necessary to match the legal land parcel lot number in the timber 

tender document to the earliest available map displaying these lot numbers. Fig 4.1.1 is 

the earliest harvest known in the Aleza Lake Research Forest, occurring on lot 2689 in 

1919.
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Figure 4.1.1. Tender for crown timber, 1919. First harvest within the Aleza Lake

Research Forest.
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4.2 Plot Sampling Methods

Plot sampling was conducted throughout the summers of 2003, 2004 and 2005. Plot 

locations were positioned within the upland coniferous portion of the Aleza Lake 

Research Forest with random coordinates. Upon location of plot centre, a visual 

inspection was conducted to ensure that the forest cover did not change within a 40 metre 

radius. The analysis conducted on the biomass carbon regression model in this thesis 

used only those plots that were sampled in 2003 and 2004, for a total of 105 plots. The 

woody debris model also used plots sampled in the first month of 2005, for a total of 121 

plots. All sampling followed National Forest Inventory Sampling Guidelines (NFISG; 

Canadian Forest Inventory Committee 2002), unless specified otherwise.

(*Excerpted from  Fredeen et al. 2005; reproduced with permission*)

Biomass carbon stocks 

For each plot, large trees (>1.3 m tall and >9.0 cm DBH) were measured non- 

destructively (diameter and species identification) over a 400-m area surrounding 

the plot centre (fig 3.1). Height was estimated from DBH using allometric 

equations generated from ALRF permanent sampling plot data (C. Farnden and 

M. Jull, Prince George, British Columbia, unpublished data). Large-tree volumes 

and aboveground biomass components of foliage, stem bark, and stem wood were 

estimated using established allometric relationships of Penner et al. (1997) and 

Standish et al. (1985), respectively, and where necessary, Jenkins et al. (2003). 

Live total and fine root biomass was calculated using equations from Li et al. 

(2003).

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Small trees and shrubs (>1.3m in height and <9.0 cm in basal diameter) were

also nondestructively measured (diameter and species) over a smaller area (i.e. 50

m2; fig 3.1), and total and component biomass for trees ranging from 2.5 to 9 cm

DBH were estimated using Jenkins et al. (2003). Stemwood volumes of trees

with DBH measuring <2.5 cm were determined using small-tree (2.5-9 cm DBH)

allometric relationships. Known wood densities for tree species in British

Columbia were used for all small trees and shrubs (J. Parminter, Ministry of

Forests, Victoria, British Columbia, unpublished data).

Carbon contents of tree biomass were estimated using the measured values of

Lamlom and Savidge (2003). Shrub stemwood was determined using measured

number of stems, mean stem height, and the measured average dimensions and

density of individual stems. Woody shrubs (<1.3 m in height) and herbaceous

t 2
plants were destructively harvested and accumulated separately within four 1-m 

microplots located along transects (fig 3.1), and carbon contents were determined 

as explained next. Nonvascular plants (mosses, liverworts) and lichens, though 

functionally important, were not included because of their low contribution to 

carbon stocks (R. Botting, J. Campbell, and A. Fredeen, UNBC, unpublished 

data).

Woody debris carbon stocks

All woody debris stocks including tree stumps were evaluated. Coarse (>7.5 cm 

in diameter) and small (1.0-7.5 cm in diameter) woody debris as well as 

accumulations of piled downed wood (referred to as “piled woody debris” in this

91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



paper) were estimated according to NFISG methods along two orthogonal 30-m 

transects (fig 3.1). Briefly, diameters and tilt angles were measured and the decay 

class of each piece was categorized into 1 of 5 decay classes ranging from lowest 

(intact bark, solid wood, round) to highest (barkless, twigless, soft or fragmented 

wood, oval). Total volume of coarse woody debris was calculated using a line- 

intersect method according to Van Wagner (1968, 1982) and Marshall et al. 

(2000) and converted to a mass basis using established decay class wood densities 

from the ALRF (D. Sachs, Forest Research Ecologist, Vancouver, British 

Columbia, unpublished data). All fine woody debris (<1.0 cm in diameter) was 

sampled in four separately harvested 1-m2 microplots concurrently with woody 

and herbaceous plant biomass (fig 3.1). Finally, tree stumps were enumerated and 

the diameter inside the bark, height, and percent sound wood recorded for each 

stump within a 4-m radius of the plot centre (fig 3.1). The carbon content of all 

woody debris, after correcting for density, was assumed to be 50% (Laiho and 

Prescott, 1999).

Soil and forest-floor carbon stocks

Soil and forest-floor carbon stocks were sampled according to modified NFISG 

procedures, as indicated schematically in fig 4.2.1. Two belowground pools, soil 

and forest floor, were measured directly. Soil carbon was estimated by 

subsampling 6.6 cm increments within two separate excavations to 46.6 cm depth 

within two plot quadrats in all plots and to 106.6 cm depth in approximately 25% 

of the plots (fig 4.2.1). Soil samples were obtained using a 9.6 cm inside diameter
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steel cylinder and slide hammer (Soilcon Laboratories, Richmond, British 

Columbia). Soil morphology, including soil texture, moisture regime, and 

drainage regime, was described from excavated pits (Soil Classification Working 

Group 1998; Meidinger 1998). Forest floor, including all litter and decomposed 

wood, was estimated at each site in 12 independent cores, three from each of the 

four microplots. (Author’s note: This was increased to 24 cores in 2004 and 2005 

by adding an additional three samples fo r  each o f an additional 4 microplots, 

located at the 13.5 metre mark along each transect.) Cores were sampled using a 

fabricated coring bit (inside diam. 5 cm) mounted on a battery-driven power drill 

according to the design and specifications of Nalder and Wein (1998). Depth, dry 

mass, and bulk density of the mineral soil and forest-floor samples were 

measured. Individual core samples were analyzed separately but not considered 

separate replicates if from the same microplot. Stones were mostly absent from 

soils, representing <2% of the total sample mass. As a result, no corrections were 

made for their presence.
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Figure 4.2.1. Diagram o f mineral soil core sampling fo r  either 0-46.6 cm or 0-106.6 cm  

depth a t the A leza Lake Research Forest. M ineral soil carbon fo r  nonsam pled depth 

intervals (average*) was interpolated from  levels within sampled depths.
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* Average values for depth increments between samples determined by 
averaging the samples above and below.

Carbon content analysis

Forest-floor and soil samples were air dried, bulk densities determined, and 

subsequently ground to a fine powder using a coffee grinder followed by mortar 

and pestle. Woody biomass was ground to a fine powder using a hammermill 

(Micron Powder Systems; model W; Summit, New Jersey, USA). Subsamples 

(18-22 mg for mineral samples, 4-8 mg for biomass samples) of all ground or
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milled carbon stock samples were analyzed following the Dumas combustion 

method (Kirsten 1983) using an NA 1500 elemental analyzer (Fissons Instruments 

SP, Milano, Italy) for percent carbon determination. All samples were analyzed 

in duplicate, more if agreement was <95% between first and second subsamples. 

Total carbon concentration was taken as equivalent to organic carbon in all soil 

and biomass materials, although total carbon may have included unmeasured but 

likely minor amounts of charcoal in forest floors. Carbonates may occur in the 

fine-textured glaciolacustrine sediments, but at greater depths than were sampled 

in this study.
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4.3 Uncertainty Analysis

The uncertainty analysis conducted on the Biomass Carbon Regression Model (BCRM) 

and the Woody Debris Carbon Regression Model (WDCRM) was conducted with Simlab 

2.2. The steps in performing an uncertainty analysis with this software are:

(A) After developing the model obtain the standard deviations of the model 

coefficients, and the correlation between these uncertainties.

(B) Determine through literature review or independent data the inherent

uncertainty in the predictor variables, and any correlation between these 

uncertainties if appropriate.

(C) Input the model coefficients with the appropriate distribution of the

error/uncertainty in each parameter.

(D) Input the predictor variables at a particular state for which you wish to test 

uncertainty and with the appropriate uncertainty in that state. For instance to 

test the uncertainty in predictions of woody debris for 20  year old stands, the 

predictor variable age should be set to 20  +/- 10%.

(E) Configure the correlation matrix to describe the correlation between

uncertainties for all parameters.

(F) Select the methodology for generating a random sample of possible values for 

each input factor.

(G) Input the model formula and run the uncertainty analysis.

This process was straightforward for the WDCRM. However, for the BCRM there 

were two complications. The first complication was that age was not a predictor variable 

so estimating the uncertainty around predictions for a certain age wasn’t directly possible.
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To estimate uncertainty for any given age, the average values for the predictor variables 

were determined for stands of that age. For instance, to calculate the uncertainty 

associated with 40 year old stands, the average value for TM2, NDVI, NDWI, and TC3 

were determined for 40 year old stands. These values were input into Simlab with a 5% 

uncertainty (five percent being one standard deviation).

The second complication was that stands of any age could be calculated using one of 

two models, the low crown closure model or the high crown closure model. In age class 

7 stands (120-140 years old) approximately 77% of the stands had a crown closure of 

40% or more meaning that 77% would be calculated with the 2nd model formula and the 

other 23% with the 1st model formula. Simlab does not allow a conditional statement to 

run different models at the same time. This means that the uncertainty could only be 

estimated for one stratum at a time, and to generate an overall uncertainty in stands of a 

given age was impossible unless all stands of that age were only in one stratum. This was 

not desired so another variable was created, called the Crown Closure Factor (CCF). The 

CCF was setup as a discrete variable that could take two possible values. These two 

values were 0 or 1.5708. This variable could be assigned such that each value was 

assigned only a proportion of the time. With age class 7 the CCF variable would take 0 

as a value 23% of the time and take 1.5708 as a value 77% of the time. In trigonometry 

the cosine and sine of this latter value is 0 and 1 respectively. A model could then be 

created which used the CCF variable and trigonometry to calculate the prediction for both 

strata but nullify one of the strata according to the proportion defined within the CCF 

variable by multiplying that strata by zero. The uncertainty formula was as follows:

BCRM = (212 -  5.6 * TM2 -  0.96 * TC3) * sin(CCF) + (292 -  183 * NDVI -  266 * NDWI) * cos(CCF)

97

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.4 Spatial Autocorrelation Analysis

The spatial autocorrelation of a continuous surface will generally be high, 

especially in remote sensing images. To estimate an effective sample size of model 

predictions from which to calculate standard errors, an approximation formula was used 

given that the spatial autocorrelation structure or pattern was exponential. An 

exponential spatial autocorrelation structure or pattern is the most common type of 

pattern and it simply implies that the degree of similarity between points or areas 

decreases exponentially with distance. The spatial autocorrelation structure of the model 

predictions is shown in fig. 4.4.1 and was determined with the ROOKCASE program 

(Sawada, 1999).

Figure 4.4.1. Exponential spatial autocorrelation structure in biomass carbon

regression m odel predictions in the Aleza Lake Research Forest 
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After determining the spatial autocorrelation structure the following 

approximation formula was used to determine an effective sample size (Griffith 2005).

N* = 1+ _________iLi_________
(1 + 51 .4879 -7-^— ) 1,7576

^max

Where: N* is the effective sample size

r is the distance at which spatial autocorrelation becomes non-significantly 
different from zero 

dmax is the maximum interpoint distance

99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.5 Aleza Lake Carbon Maps

Figure 4.5.1. Predicted biomass and woody debris carbon stocks in the Aleza Lake
Research Forest for 20 July 1985.
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Figure 4.5.2. Predicted biomass and woody debris carbon stocks in the Aleza Lake 
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Figure 4.5.3. Predicted biomass and woody debris carbon stocks in the Aleza Lake
R £searchF orest^ r23Septem ^  1997.
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Figure 4.5.4. Predicted biomass and woody debris carbon stocks in the Aleza Lake 
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Figure 4.5.5. Predicted biomass and woody debris carbon stocks in the Aleza Lake
Research Forest for 13 September 1999.
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Figure 4.5.6. Predicted biomass and woody debris carbon stocks in the Aleza Lake
Research Forest for 23 September 2000.
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