A STUDY OF THE RELATIONSHIP BETWEEN FOREST DISTRIBUTICN AND
ENVIRONMENTAL VARIABLES USING INFORMATION THEORY
- A Regional Scale Model for Predicting Forest Response

to Global Warming

by
WEI JIANG

B.Sc.(PU) Geography; M.Sc.(PU) Geography

Submitted to the School of Graduate Studies
and Research in Partial Fulfilment of
the Requirements of the Degree of

Doctor of Philosophy

Department of Geography
University of Ottawa

Ottawa, Ontario

April 5, 1996
. Wei Jiang, Ottawa, Canada



iell e

Acquisitions and

Bibliothéque nationale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Wellington Street 395, rue Weilington
Onawa, Ontano Ottawa (Ontano)
K1A ONG K1A ONZ

The author has grarited an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, Iloan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

Your fie  Voire reférence

Qur ble  Notre reférence

L’auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliotheque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa these
de quelque maniére et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
théese a Ila disposition des
personnes intéressées.

L’auteur conserve la propriété du
droit d’auteur qui protége sa
these. Ni la thése ni des extraits
substantiels de celleci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-512-15633-8

Canada



= UNIVERSITE D’OTTAWA
UNIVERSITY OF OTTAWA



ACKNOWLEDGMENTS

I wish to express my sincere thanks to my supervisor, Dr. Michel
Phipps, for his suggestion of this subject and consistent guidance
through each phase of this research. His valuable advice,
insightful thoughts, and careful correction of the thesis drafts
have greatly contributed in shaping this thesis. This thesis would
never come into being without his thoughtful guidance and patient

help.

I would also thank Dr. D. Lagarec and Dr. K. Gajewski in Department
of Geography, University of Ottawa for their valuable suggestions,
guidance and important comments. In the early and the middle stages
of the research, Dr. Lagarec provided many valuable suggestions,
particularly for the analysis of the impact of spatial scale on the
forest distribution entropy. Dr. Gajewskli not only provided
important comment and suggestion in every stage of this research,
but also corrected the draft of this thesis both in academic

aspects and in English grammar.

Great appreciation should also be given to those people who
provided data for this research. Mr. S.L.Gray at the Petawawa
National Forestry Institute provided the forest data. Mr. T. Webb
at the Canadian Climate Centre, Atmospheric Environment Centre
(Downsview, Ontario, Canada) provided the CCC GCM climatic data.

0.J. (Phil) Gallien at the Centre for Land and Biological Resources



Research, National Soil Data Base Unit, Agriculture Canada provided
the soil and soil texture data. Without their help, thesis would

not be able to finish.

Wel Jiang



CONTENTS

CHAPTER 1: INTRODUCTION

...................................... I
CHAPTER 2: LITERATURE REVIEW ..cveencscnnncsascnsasanssnnssssnes 8
2.1 Gap Models ....evennanans Ceeetmescstatatestacnrsannnns 9
2.2 Limitations of Gap MOdelsS .....ivereceacncansansnsnes 12
2.3 Empirical Models ........ feeteaettettttttatancananas 13
2.4.Limitations of Empirical Models ....vevevncrennannnns 19
2.5 The Problems .....: .................................. 20
CHAPTER 3: RESEARCH PLAN .ecvavcnsssransas Cheesecsnnann hameeann 24
3.1 Questions and HypothesSes .....ciierieicenecstncnnnnsas 26
3.2 MethodOlOQY «oceaseenensccsanenassssnssnssnssnsssnsnnn 28
3.2.1 Information Analysis and PEGASE ....c.iveceennn 28
3.2.1.1 The PEGASE Algorithm .......e.cvvevennn 30
3.2.1.2 The PEGASE Procedlire€ ....ssesesassesnns 36
3.2.2 A Knowledge-Based Forest Model for

Predicting Forest Response to Global Warming
at Regional Scales ....cciiiiiieeiiininatancnncenns 41
3.3 StUdY @2 .uverenserrosncncnnnrastssatrscsnasssnssncanse 47
3.4 The Database ....ececiaccrncnnsnsans Cesesisissecannsan 49
3.4.1 Forest Data ....... cevescrassenrresracnenese .. 50
3.4.2 Climatic Data ....ceceee ceesestsensacsarannnn 61
3.4.3 Data of Non-Climatic Variables ........ cesreee 71
3.4.3.1 Soil Texture ..... ceereraeascseenann ves 71
3.4.3.2 surficial Geological Deposits ......... 74

iii




CHAPTER 4:

3.4.3.3 TOPOGIaPRY + vt vieinrneneensannacannnonns

The Construction of the Predictive Model ..........

4.1 The Selection of the Critical Environmental

Varia

B2 =

4.1.1 Analysis Processes to determine the
Critical Environmental VariablesS ......eeeeeeeneeens

4.1.2 The Final Selection
Of the Critical Variables ....... ct et ieserareseanan

4.1.3 Suitability of the
Selected Environmental VariablesS v.oeeeecesconnesones

4.1.4 Suitability of the Selected Environmental
Variables at a scale of study area .....eeu... cesan

4.2 Construction of KBFM's Knowledge Base ..... crettascan

4.2.1 Selection of the Classification
of Forest TYPES «...civeaee Teectesesaasrtesennsneannn

4.2.2. The Knowledge Base of the Relationship
between Forest Distribution and Environmental
Variables .. v.eeisnnnenanns s essseneas cresaasnes . ane

4.2.3 Construction of the Computerized

Knowledge Base Of KBFM. ... uueineenennnnnasncanens
4.3 Validity Test of the KBFM ..... ceennn crersennan ceeen
CHAPTER 5: The Prediction of Forest Response
to Global Warming ..... tetescensrscsnacaa Ceesserenun
5.1 GCMs and Future Climatic Data@ v.eeeeeensecoeenns ceee
5.2 Prediction of forest distribution &
based on climate SCENRATIOS ..uveeeeeennnnnennnnnnnn
CHAPTER 6: DisSCUSSION veveveeaneann ..........;...............
References

APPENDIX

iv

103

103

106

116
119

123

123

131
137



LIST OF FIGURES, MAPS, AND TABLES

Table 1-1 Fundamental equations solved in GCMS ......cvvevnnans 4
Table 1-2 The prediction of global average

temperature increase after global warming ..........c...0 5
Table 2-1 The summary of the main characteristics

of the present generation of gap models and

empirical Models ....c.ceeeiicnincneenccanceaanannaanansnans 20
Figure 2-1 Unresolved question of climate impacts

ON VegeLation tviieriennneaeniiiiiienniatciennscancananans 21
Figure 3-1 The flow chart of the KBFM ............... eeaeneae 43
Figqure 3-2 Knowledge representation in KBFM .................. 44
Fifure 3-3 The structure of the KBFM ....ciiiiiiniinnetanananns 46
Map 3-1 The study 8re€d .c.ccerececscensanscnnnnsan Maarraasrans 47
Table 3-1 Information relative to the

Manitoba forest data@ ....c.ieiiterieanrtertcncancnnrsaranann 51
Table 3-2 Forest types and the number of

corresponding townships ....c.cerneennennieiiaeiiiianns 59
Table 3-3 forest types and the number of

corresponding townships ......c.ciiiiiiiiiiiiiiiiiiinnnn 60
Table 3-4 The information of the 49 weather

stations effectively used ........c..ovviieiiaiann, 63-64
Table 3—52§he classification of annual temperature ........... 67
Table 3-6 The classification of October temperature .......... 67
Table 3-7 The classification of July temperature ............ . 68
Table 3-8 The classification of April temperature ............ 68



Table 3-9 The classification of January temperature .......... 69
Table 3-10 The classification of annual precipitation ........ £5
Table 3-11 The classification of growing degree days ......... 70
Table 3-12 The classification of rainfall in summer .......... 70
Table 3-13 The classification of snowfall ........uveeeennnnn. 71
Table 3-14 Soil teXtuUre dabta@ sueveiiccnrennnnnneceecnnennennnn 73
Table 3-15 Surficial geological deposit data ....veuvewennnnn. 75
Table 3-16 Topography data ... eiieeneeneennnnenesnnennnennns 79
Table 4-1 The explanation of the critical

environmental variable selection .........eeeeeounnnnnn.. 84
Figure 4-1 Environmental variables' contribution

to the reduction of forest distribution

eNEXOPY (STeD 1) tiiriiinnininiiiienesesnnnnnnsannenneennns 86
Figure 4-2 Environmental variables' contribution

to the reduction of forest distribution

entropy (Step 2) .ouieiiiiniinnnennnnnane teesrecennnanaan 86
Figure 4-3 Environmental variables' contribution

to the reduction of forest distribution

entropy (step 3) ...... cheesav e ‘eeststiettasettnnaana 87
Figure 4-4 Environmental variables' contribution

to the reduction of forest distribution

entropy (step 4) ...evriiiiiirnncnnnnn tettiraeenetcrnanns 87
Figure 4-5 Environmental variables' contribution

to the reduction of forest distribution

entropy (step 5) +t.vevriiiieiiinanannn T R R T T T 88

Figure 4-6 Environmental

variables' contribution



to the reduction of forest distribution

ENEIODRY (SEED 6) ittt tiit ittt tttennneennnnenneannnans 88
Figure 4=-7 Environmental variables®' contribution

to the reduction of forest distribution

entropy (step 7) ......... B 89
Figure 4-8 Environmental variables' contribution

to the reduction of forest distribution

BNLTOPY (SEeD 8) ittt ittt ittt ttear et 89
Table 4-2 The most and the second most critical

environmental variables ........iiiiiiiiii i e 90
Table 4-3 Comparison of PEGASE outcomes before

and after selection of environmental variables .......... 95
Table 4-4 The explanation of the sampling areas .............. 97
Figure 4-9 The change of initial and final

entropies as sampliné area changes ........cieiueunnnnnnn 99
Figure 4-10 Variables' contribution to the

reduction of forest distribution entropy

as the sampling area Changes .......eecunennnnnncnnnnnnn. 99
Figure 4-11 Climatic and non~-climatic variables'

contributions to the reduction of forest

distribution entroDY i iivirieetinerinneennnrennenennnn 100
Table 4-5 The outcomes oﬁ;gunning PEGASE for two

groups of forest typeé .................................. 104
Table 4-6 The outcomes of PEGASE anélysis for

group B forest types ..........iiiiiiiiiiiii ettt 106
Table 4-7 The knowledge base of the KBFM ....vvveerunnnn. 108-110

vii



Table 4-8 October temperature and its prediction

Of fOreSt LYPES . iirin ittt itnensennssanenneneanasoncennns 114
Map 4-1 The predictive forest distribution

under the condition of zero climate change ............. 120
Map 4-2 The present forest distribution .........eeciiennnnn. 121
Table 4-9 Comparison of the areas of the

present and the predictive forest ............. teraenaans 122
Map 5-1 The location of CCC GCM grid points

and StUdY @@ .vuieeievrnncencanncannnaanannnns crescsrans 125
Table 5-1 Climatic change for the six grid

points in the study area ......cceeiinniinnnnnennoncnnns 127
Table 5-2 Climatic change in the study area

(SCENATIO0 2) 1ttt cucnnnencncassennasnnanass Ceerecnntaaan 129
Table 5-3 Climatic change in the study area

(scenario 3) ...cieenceans et e e eseterstasettcttarannnnna 130
Table 5-4 Change of the area of the forest types

for three climate scenariocs ..... cteeseeencattstenenns .. 131
Map 5-2 Predictive forest distribution after

global warming (scenario 1) ....... ceceaesensesnann ceee. 132
Map 5-3 Predictive forest distribution after

global warming (scemario 2) ......... cesseeanen T, 133
Map 5-4 Predictive forest distribution after

global warming (scenario 3) ........ R A ¥
Table 6-1 The comparison of the KBFM and other

empirical models ...... cereevan Cetetacntenaans teeerecann 142

viii



ABSTRACT
Many studies on forest or vegetation response to global warming
have been done using the gap model or empirical models. Thus far,
there is no good regional model allowing to predict forest change
at an intermediate scale. In this study, we have developed a
model of this type, called Knowledge Base Forest Model (KBHH),
using an information analytical tool (Pesase)based on information
theory.
Using this model and data from the Canadian Climatic Centre
genral circulation model, we could predict the future
distribution of forest types in the research area : the Province
of Manitoba. The study shows that the KBFM may well be used to
predict the future regional distribution of forest types. Its
main advantages are : (1) environmental variables used as
predictors can be qualitatives (e.g. soil texture) as well as
quantitative (e.g. temperature); (2) the KBFM provides the
possibility to account for the role of soil factors in the forest
response to global warming; (3) the KBFM can predict forest type
distribution using various climatic scenarios; (4) the KBFM can
predict forest type distribution with greater details than

empirical models.



REsve
De nombreuses études sur la réponse de la forét et de la
végétation au réchauffement global ont été faites a l'aide du
modéle dit de la = trouée » et de modéles empiriques. Jusqu'a
présent, il n'existait pas de bon modéle régional permettant
d'explorer les réactions de la forét aux changements climatiques
a échelle moyenne. Dans cette étude, nous avons développé un
modéle de ce genre, nommé Systéme expert forestier (SEF}, a
partir d'une méthode d'analyse de l'information (Pecase) fondée
sur la théorie de l'information.
En utilisant ce modéle et les données des projections climatiques
fournies par le Modéle de circulation générale (MCG) du Centre
Canadien de Climatologie, on a pu prédire la distribution future
des types forestiers dans la zone d'étude : la Province du
Manitoba. L'étude montre que le SEF peut étre trés bien utilisé a
échelle régionale. Ses principaux avantages sont : (1) les
variables environnementales utilisées pour prédire la nouvelle
distri. ution peuvent étre aussi bien qualitatives (ex.: texture
du sol)que quantitatives (ex.: température); (2) le SEF tient
compte du réle des facteurs édaphiques dans la réponse de la
forét au réchauffement'global; (3) le SEF peut prédire la
distribution future des types forestiers & partir de divers
scénarios climatiques; (4) le SEF peut faire des prédictions plus

précises et détaillées que les modéles empiriques.



Chapter 1. Introduction

The earth's energy balance is dominated by atmospheric heat
trapping; about 70% of the incoming solar energy is absorbed by the
earth. This absorbed energy is re-emitted at infrared wavelengths
by the atmosphere and the earth's surface. Eighty five percent of
the radiation emitted by the surface is trapped by water vapour
and greenhouse gases and returned to the earth. This phenomenon is
called the greenhouse effect. The result of this greenhouse effect
is to induce an average temperature of the earth at the surface of
+15°C rather than the -18°C that it would have without the heat
trapping. This greenhouse effect is essential for the existence of
life on earth. Through this process of radiative absorption,
greenhouse gases -- of which carbon dioxide (C0,), methane (CH,) .,
nitrous oxide (N,0), and chlorofluorocarbons (CFCs), together with
water vapour (H,0) and ozone (0,) are the most important -- play a

major role in determining the earth's climate (Rotmans 1990).

Since the industrial revolution, mankind has caused a considerable
increase in the atmospheric content of these gases. The primary
cause of the increased concentrations is the large-scale and world
wide use of fossil fuels to generate heat, power, and electricity
for the growing world population and the rise of life quality.

Changes in land use, especially agriculture, also contribute to the



concentration increase by accelerating the decomposition of soil
organic matter of large areas of land. For more than a century the
use of fossil fuels has been on the increase and this trend is
still continuing. As a result, the atmospheric concentration of CO.
has increased by about 25% since the beginning of this century. The
concentration of some other greenhouse gases has increased by even

larger factors (Rotmans 1980).

Although some scientists doubt the reality of global warming, most
believe that increasing concentration of greenhouse gases will
raise the earth's temperature. "A survey of models reported in
IPCC(1990) and vreviewed 1in IPCC(1982) Iindicated with high
confidéﬁce that an equilibrium climate change due to a doubling of
CO, or its radiative equivalent due to all the greenhouse gases
will warm the Jower atmosphere (troposphere) and cool the
stratosphere and that global average tropospheric warming will
range between 1.5 and 4.5°C ..."(Mendelsohn et al. 1994). The
controversy about global warming is mainly about the magnitude and
the time frame of the temperature increase (Rotmans 1990). The
future temperature curve will depend on fossil fuel use, the
adoptioﬂ. of alternative energy sources and the rate of
deforestation. Increasing concentrations of the greenhouse gases
and rising temperature may trigger both positive and negative

feedback mechanisms, such as the increased uptake of CO, by plants



and the oceans, the increased release of CO. by organic matter in
soils, or increased CH; release from methane hydrates and methane
locked up in peat-bogs and arctic permafrost. In spite of these
uncertainties, the atmospheric CO. concentration is expected to

have doubled by the middle of the next century (Rotmans, 1590).

Today, our prediction of future temperatures mainly comes from a
class of model called General Circulation Models (GCMs). "The aim
of GCMs is the calculation of the full three-dimensional character
of the climate. The solution of a series of equations (Table 1-1)
that describe the movement of energy and momentum and the
conservation of mass and water vapor 1s therefore required.
Generally the equations are solved to give the wind field (i.e.
mass movement) at next timestep. ... The first step in obtaining a
solution is to specify the atmospheric conditions at & number of
grid points obtained by dividing the Earth's surface into a series
of ... grids. Conditions are specified at each grid point for the
surface and several layers in the atmosphere. The equations in
Table 1-1 are then solved at each grid point using numerical

techniques." (Dickinson 1983).



Table 1-1. Fundamental equations solved in GCMs

1. Conservation of energy (the first law of thermodynamics)
i1.e. Input energy=increase in internal energy prlus work done

2. Conservation of momentum (Newton's second law of motion)
i.e. Force = mass * acceleration

3. Conservation of mass (the continuity equation)
i.e. The sum of the gradients of the product of density and
windspeed in the three orthogonal directions is zero

4. Ideal gas law (an approximation to the eguation of state)
i.e. Pressure * value = gas * absolute temperature

Source: A history of and Introduction to Climate Models (Dickinson 1983)

GCMs have limitations at the present time. For example, none of the
GCMs in current use can produce acceptably accurate representations
of even current climatic conditions. All GCMs have basically the
same design; however, they gave different predictions of global
mean climate change and regional distributions of change. The most
important reason, perhaps, is that some climatic feedbacks are not
well understood and simulated in GCMs (Mendelsohn 1994). Moreover,
the predictive accuracy of GCMs is closely related to the grid size
of GCMs, which is limited by the power of computer. In spite of the
limitations, GCMs have the potential to approach the real
atmosphéric situation very closely (Dickinson 1983). Most GCMs
predict that the global mean temperature will increase by 1.9 to
5.2°C as the atmospheric concentration of CO, double in the néxt 100
years. Table 1-2 gives the predictions of several GCMs (Cohen
1991). If we accept the validity of GCM projections, it means that

global warming could be significant and happen at very rapid rate

4



(Hansen et al. 1888).

Facing such a potential and dramatic climate change, scientists

started to investigate the potential impacts of this global

warming. The question of how vegetation and forest communities will

respond to global warming has also attracted many ecologists' and

geographers' attention.

Table 1-2. The prediction of global average temperature increase

after global warming .

General Circulation Models

Global Average
Temperature Increase

(UKMO)

2.8°C

Oregon State University (OSU)
3.5°%

Canadian Climate Centre (CCC})
US National Centre for Atmospheric 4.0°C
Research (NCAR)
National Climatic Data Centre(USA) 4.0°C
NOARA's Geophysical Fluid Dynamics
Laboratory (GEFDL),
NASA (USA) Goddard Institute for Space 4.2%C
Studies (GISS)
United Kingdom Meteorological Office 1.9-5.2°%

* sourca: Applicaticn of the Canadian Climate Centre Gaeneral Circulaticon Model Output for
Regional Climate Impact Studies - Cuideline for Users by Canadian Climate Cantre.



Vegetation and forest communities exist in a dynamic equilibrium
with the climatic conditions. Historical and paleoecological
evidence shows that climate change has significant impacts on
forests (Webb 1981, Davis 1989, Davis et al. 1986, Davis et al.
1885). For example, Webb (1981) found that forest species moved
northward as the climate warmed and southward as climate cooled in
the northern hemisphere. Davis (1989) did not agree with Webb's
conclusion and she believed that with climate warming, intact
forest ecosystems have not moved northward as a unit; instead,
species have responded individualistically. Although
pelececologists have varying interpretations of forest response to
climatic change in geological past, one thing is certain: glecbal
warming caused by the greenhouse effect will affect the forests in
many aspects such as species extinction, forest ﬁroductivity
change, forest spatial distribution shift, etc. Many studies have
been carried out; however, scientists do not have a very clear

picture of what these impacts will be.

This thesis will focus on the impact of global warming on forest
spatial distribution shifts. Understanding the impact of global
warming on forest spatial distribution is imporfant both from an
academic point of view and a human application perspective. For
example, an understénding of forest distribution shifts may help us

to assess the potential risk of species extinction, and it can help



scientists to develop ecological strategies to minimize the impact.
Forests are an important natural resource, particularly in Canada.
The knowledge of the impacts of global warming on forest resources
may help government to plan long-term strategies for more

ecologically sound land use practices. It can also help the

forestry industry to assess potential economic impact.



Chapter 2. Literature Review

Research focusing on vegetation response to climate change has
followed two main approaches: (1) paleoecological research, and (2)
modelling. Although paleocecological research does not relate
directly to vegetation response to future global warming, it
provides valuable information about the response to climate changes
of the past. This constitutes a useful basis for understanding

possible forest change.

Modelling is the most frequently used approach for predicting the
potential forest response to global warming. "The advantage of
simulation models is that they permit experimentation and
observations over long periods of time. An Jinvestigator can
manipulate conditions ... and examine responses over decades or
centuries." (Brubaker 1986) . So far much research has been carried
out to predict vegetation, especially forest community, reéponse to
global warming. We may conveniently classify the models that have
been used into two types: gap models and empirical models. Using
both kinds of models, studies have been conducted for two different
objectives: a) predict the composition of the forest by studying
the influence of climatic factors on forest succession at a local-
scale using gap models; or b) predict the shift of vegetation range

at a global or conlitinental scale with empirical models.



2.1 The gap Models

The first version of gap model, called "JABOWA", was developed by
Botkin and his co-workers (1972). Since this time other versions
were developed, such as "FORET" (Shugart et al. 1977, 1979), and
"FORENA" (Shugart 1984). These gap models are "mixed-species" and
"mixed-age" stochastic stand simulators, implemented in FORTRAN and
designed to mimic processes controlling tree establishment, growth,
repiacement and mortality within the forest (Solomon 1586} . Because
of the complexity of the models, simulations are carried out at a
very small scale (1/12 ha). Competition among tree species,
succession of the forest community, and changes in species
composition as a function of time and c¢limate are mimicked
successfully by the models. For example, Shugart et al. (13977)
simulated the dynamics of 33 tree species typical of southern

Appalachian deciduous forest very successfully.

Solomon et al. (1581) were the first to relate forest dynamics and
historic climatic change using this model. They claimed that they
found a2 strong similarity between the vegetation history and the
simulation outcomes produced by the FORET model. Their research
showed the validity of their model in simulating long-term forest
dynamics. Solomon (1986) used the-FDRENA model to simulate the

temporal response of forests to CO,-induced climate change in



eastern North America. Using a local scale model, he explored
forest distribution shifts, changes of forest productivity and
carbon storage change at a sub-continental scale by simulating
forest at 21 1locations, including tundra, north and south boreal
forests, north, west and east deciduous forests. Solomon's research
showed dramatic vegetation shifts as a result of climatic change.
Pastor et al. (1988} included the variables of soil water and soil
nitrogen availability in their gap model. They found that "the
heterogeneity of landscape, particularly the distribution of
various soils, becomes an important factor determining forest
responses to climatic change" (Pastor et al. 1988). However, this
study did not explore how the so0il spatial distribution impact the
behavior of forest response to global warming. Overpeck et al.
(1890) considered that forest disturbances, such as forest fire,
tornado, hurricane, etc., may be very important factors influencing
the behavicr of forest response to climatic change. They included
in their model the probability of catastrophic disturbance causing
the death of all trees on a given plot in their model. They found
that "climate-induced increase in disturbance could significantly
alter the total biomass and compositional response of forest to
future warming, and that an increase in disturbance frequency is
also likely to increase the rate at which natural vegetation
responds to climatic change" (Overpeck et al. 1990). They als§

suggested that "many other factors, like soil dynamics, seed

10



sources, pollution, pests, pathogens, forest management and the
accumulation of fire fuels must be considered in predicting forest
respond to climate change” (Overpeck et al. 19890). Bowes et
al.(1993) used the FORENA model to study the forest responses to
climate change at a regional scale (in Missouri, Iowa, Nebraska,
and Kansas) by choosing three representative simulation locations
in Missouri. The three selected locations represent the three major
land resource areas of that region that have sigrnificant forest
cover. This research was similar to Solomon's but at a smaller
scale. It included a variety of predictions: prediction of forest
species Vcomposition change, prediction of forest spatial
distribution change, change of the forest productivity, and

possible change of future forestry industry in that area.

Basically, a gap model is a local scale model. Some researchers
also used it at a continental and regional scales, such as the

above mentiored Solomon's and Bowes's research.

As a tool to investigate forest response to CO,-induced climate
change, the gap model has been widely used to study the following

questions:

(1) The impact of global warming on species composition of forest

community;

11



{2) The impact of global warming on forest productivity:

(3} The impact of global warming on forest biomass;

(4) To suggest factors that may be important in influencing forest

response to climate change;

ARlthough this model cannot directly simulate the change of a
vegetation boundary, it can investigate this question by
extrapolation from several simulations. The primary advantage of

gap models is their ability to predict transient states.

2.2. Limitations of gap models.

Gap models make a number of contributions to our understanding of
forest response to climate change. However, they have some

limitations.

First, these models were originally developed to simulate forest
succession in a small area (1/12 ha). Dale et al. (1994) pointed
out that "such a gap size may not be adequate for the effective
regeneration of some species". Blso, Urban et al. (1983) recognize
the artificiality of having an upper temperature limit on species

occurrence. These models are not sensitive to small errors in

12



climate parameter estimation {(Botkin et al. 1992).

Another limitation of these models is that "the growth-climate
relationships of species are defined as parabolas with their end
points at the present-day limits of the species in growing degree
days" (Hanson et al. 19889). Davis et al. (1985) noted that "the
growth equation assumes that the current vegetation is in a steady
state with the average climate; that the climate is optimal at the
midpoint and least favourable at the extremes; and the relationship
will not change as the climate changes". In addition, "the
parameterization is based on the realized niche of each species.
It does not consider that the range of a species might be limited
by competition with others, or that species might be able to expand

their ranges in the absence of other species" (Botkin 1985).

Thirdly, when simulating forest response to global warming at a
regional or continental scale using gap models, some variables,
such as soil properties, are not usually taken into account;

however, they are very important in shaping the forest distribution

at regional scales.

2.3 Empirical models

Another approach for predicting vegetation responses to climate

13



change 1s based on models using statistical relationships between
vegetation and climate. Hanson et al. (198%9) call this approach a
"transfer function" model; other pecople call it an "empirical model
"(Gates 1990). This apprcach is based on the existing vegetation-
climate relationships taking into account vegetation or forest
types distributions and selected climate variables. The future
vegetation 1is then projected onto a map based on these
relationships but using new climate scenarios from GCMs. This class
of models can deal with an area much larger than those of gap
models - global or continental scales. Moreover, non-climatic
variables are normally not included. For example, soil properties
are not considered to be important in influencing future vegetation

distribution at these scales.

Box (1981) developed a gquantitative global scale terrestrial
vegetation model using this approach. His model consists of : (1)
a world classification of important terrestrial plant growth forms
(life forms):; (2) a set of predictive variables representing the
main climatic correlates of these forms; and (3) empirically
obtained hypothetical limiting wvalues defining an ecoclimatic
envelope for each plant form. Box classified world vegetation into
41 plant life forms and chose 8 predictive climatic wvariables
including mean temperature of the warmest month, mean temperature

of the coldest month, annual range of monthly mean temperatures,
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average annual precipitation, annual moisture index, highest
average monthly precipitation, lowest average monthly precipitation
and average precipitation of the warmest month. The model relating
plant forms to environmental conditions is based on empirically
derived environmental envelopes composed of an upper and a lower
tolerance limit for each life form with respect to each climate
variable. This model was tested with 65 sites for which climatic
and detailed vegetation date were available. Box found the
predictions for the 65 sites were very successful. These results
suggest that empirical models are able to predict the geperal
features of world vegetation distributions and vegetation
structure. The results also suggest that the basic features of
plant form and vegetation structure are determined primarily by the
general levels and mean seasonal patterns of temperature and
climatic water balance. Box suggested this approach could be used

for predicting the vegetation after climate change.

Emanuel et al. (1985) used the lifezone classification of Holdridge
(1947) to explore gleobal vegetation change following global
warming. This system is a scheme for relating the characters of
natural vegetation to climate indices. Three climatic indices are
used in the Holdridge lifezone classification: average annual
precipitation; mean annual biotemperature and potential

evapotranspiration ratio. Two Holdridge lifezone maps were made:
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one was derived from a worldwide network of approximately 8,000
meteorological stations; the other was based on the predicted
future climate from the GISS GCM. Emanuel et al. predicted a large
decrease in the area occupied by boreal forest (by 37%) and tundra
(by 32%) and an expansion of grassland under a warmer climate. In
this modelling exercise, .precipitation. was kept unchanged at
current levels after global warming; therefore, the problems of
this prediction are obvious since this assumption might not be

true.

In a similar studies, Henderson-Sellers (1991) generalized the
vegetation into desert, tundra, grass and shrub, woods and
rainforest. Two scenarios of future climate from two versions of
GCMs were used for estimating the Holdridge lifezone map after CO,
doubling. She found that the highly generalized vegetation grouping
shows relativeiy little sensitivity to the climate changes produced
by doubling CO,, which is in contradiction to Emanuel et al’s
(1985) predictions. The differences, however, were caused by
Emanuel et al'’'s failure to correctly compute the biotemperatures

resulting from doubling CO, (Henderson-Sellers 1991).

Rizzo et al. (1992) used an empirical model to assess the
sensitivity of Canada's ecosystems to climate change. Unlike the

previous studies, they worked at a continental instead of a global
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scale. The ecosystem classification system they used is the
Ecoclimatic Regions of Canada produced by the Canada Committee On
Ecological Land Classification (Ecoregions Working Group 1989).
Eight ecoclimatic provinces - Arctic, Subarctic, Dry continental
boreal, Moist continental boreal, Maritime boreal, Cool temperate,
Moderate temperate, and Grassland were used in their model. The
climate variables were selected in two steps. First, a group of
experts identified the climate variables which were thought to be
important in controlling each of the separate ecoclimatic
provinces. Secondly, only climate variables that could be generated
from the GCMs were considered. Nine variables satisfied these
constraints -- mean annual temperature, mean July temperature, mean
winter temperature, mean summer temperature and growing season
temperatures, total annual precipitation, total winter
precipitation, total summer and growing season precipitations.
Discriminant analysis was used to derive a series of linear
functions, one for each ecoclimatic province, based on the current
climate variables. Climatic data corresponding to a doubled CO,
produced by the GISS GCM were introduced into the linear functions
to derive the Ecoclimatic Provinces under these new conditions.
Their model suggests that doubled CO, would cause major changes to
Canada's ecosystems: a reduction of the Subarctic, Arctic and
Boreal Ecoclimatic provinces, an increase in the size of the Cool

temperate, Moderate temperate and Grassland ecoclimatic provinces,
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and the formation of Transitional Grasslands and Semi-Desert
ecoclimatic provinces. Rizzo et al. (1992) suggested, however,
that the changes would not be instantaneous because of the time-lag

due to soil development processes and species migration.

Prentice et al. (1992) developed a global biome model to predict
global patterns in vegetation physiognomy. A biome is a combination
of dominant plant functional types. Functional plant types are
groups of species that germinate and grow under similar sets of
environmental conditions, for example dry-deciduous sclerophyll.
This model, innovated many aspects of Box's (1981) model, was based
on a small number of plant functional types applied with an
environmental sieve and dominance hierarchy. Prentice et al. (1992)
selected mean coldest-month temperature, annual accumulated
temperature over 5%, a drought index incorperating the seasonality
of precipitation and the available water capacity of the soil as
the environmental limiting variables. This model predicts which
plant types can occur in a given environment and selects the
potentially dominant types from among them. This model is an
"attempt to translate experimental and observational findings on
the climatic controls of plant distribution into testable
predictions of large-scale vegetation". (Prentice et al. 1992) .
Prentice et al. found their meodel predicted present-day biomes more

accurately than the Holdridge scheme and they believed that their
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model is better than the Holdridge scheme both on empirical and

theoretical aspects.

2.4 Limitations of Empirical Models

Empirical models usually give two kind of predictions, the change
of vegetation boundaries; and the change of the area of vegetation
types. These models usually deal with global or continental scales.
The vegetation predicted by empirical models becomes more general

as the research scales increase.

The use of empirical models depends on three assumptions. First,
the vegetation or species are now, and will remain, in equilibrium
with climate. Secondly, the relationship between vegetation and
climate will be the same after global warming. Thirdly, the chosen
climate wvariables are those which are believed to critica;lyl
control the vegetation distribution, and the secondary effects or

interactions among species are not considered as important. .

Empirical models do not take into account the rate of climate
change. In these models, no matter how fast the climate change, the
simulation output will always be the same as long as the final

climate data is the same. Most ¢of these models do not consider non-
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climatic variables, for example, soils are usually not considered.
Prentice et al.’'s biomes model (1892) is an exception. Moreover,
vegetation and climatic variables are simplistically linked by

linear relationships.

2.5 Problems

As mentioned above, scientists investigate the question of globkal
warming impacts on vegetation mainly using two kinds of models, gap
models and the empirical models. These two classes of models deal

with different scales and answer different questions (Table 2-1)

Table 2-1 The summary of the main characteristics of the present
generation of gap models and empirical models

Items Gap Models Empirical
Models
Local Yes No
Scales Regional * No
Continental No Yes
Global No Yes
Boundary change No Yes
Forest Area Change No Yes
Questions | productivity Change Yes No
Biomass Change Yes No
Species Change Yes No
Transient States

= Although Gap models have been used at a regional scale. It is not fundamentally a regional
scale model.
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Both gap and empirical models have made significant contributions
te our understanding of climate impacts on the vegetation. However,

there are questions remaining (Figure 2-1).

Figure 2-1 Unresclved questions of climate impacts on vegetation.

Model For Predicting
Forest & Vegetation
Response to Global
Warming
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Model 3» Gzp Models 777 Model Models
Global &
Scale > Local Scale Regional Scale Co;::]?tal
How Climatic How How
Variables Eavironmental Climatic
. Impact Varizbles Variables
Su ion Forest Vegetation
- Distribution Distribution
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The first problem is that there is an unresolved spatial scale
between the local scale gap models and the global (or continental)
scale empirical models. Because there are no models dealing with
the regional scale, many important ecological processes (such as
species migration, forest fire) and environmental factors (such as
soil properties) cannot be included in both gap and empirical
models. "Comparative studies of the same phenomena at different
scales would aid in the development of extrapolation rules" (Graham
et al. 1990). The study of the impact of global warming on
vegetation at various scales, therefore, is important. Lenihan
(1993) believed "the development of spatially explicit models that
predict the transient response of vegetation at regional to global
scales will be a major task ...". The development of a regional

scale model will help us to understand forest response to global

warming.

The second problem is that we do not have a model which enables us
to investigate the potential importance of non-climatic factors
(mainly soil properties) on forest response to global warming. The
simulation of the impact of the interaction among climatic and non-
climatic variables on forest has not been well explored. Many
studies have mentioned the potential importance of the impact of
s0il properties on forest response to climatic change (Bernabo

1981, Prentice 1986, Pennington 1986, Pastor et al. 1988). However,
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we do not presently have an appropriate model to investigate this

question.

So far, some people (Bowes et al. 1993) use gap models as a
substitute to study forest response to climatic change at a
regional scale by integrating several simulations. This kind of
research gives the compositional change of plant communities at
each of several simulations, and then produces the regional forest
communities change by interpolation. This kind of approach is not
a really a regional scale study, because many of the regional scale
properties, such as soils, are not included in the model. This
model does not help us to obtain something new at a regional scale.
Empirical models are also less appropriate at a regional scale. The
relationships between forest distribution and climatic wvariables
are obtained by using a spatial boundary matching methods and they
are too general to be applicablé with a sufficient accuracy at
regional scale. Moreover, the inclusion of climatic and non-
climatic wvariables in empirical models will make the spatial

boundary matching impossible.
In summary, we need new models to study forest response to climatic

change at a regional scale. In this study, we will explore one

approach to this problem.
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Chapter 3. Research Plan

The preceding section showed that our knowledge about the response
of vegetation or forest to global warming is limited by the types
of models in use. Although it is known that some of the important
factors or ecological processes which need to be included in
predictive models are not included, we are yet unable to do so
because of the limitation of the models we have. Without the
development of new types of models, our knowledge about global
warming impact will not progress much, since we just repeatedly
apply these two types of models in different areas. We need new
models, based on different predictive techniques, so that we can
explore the vegetation response to global warming at wvarious

scales, and include more environmental factors and ecological
processes. The development of these new models will be an important

task for the scientific community.

The development of regional scale models is particularly desirable
since regional scale models have great potential for application to
practical problems. Except for several large countries in the
world, most national or provincial governments ménage areas of
regional size. For example, the provincial departments in Canada
and most of the national governments in Europe could all benefit

from the use of such models. For the management of natural
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resources, a prediction about vegetation response to global warming
will be very useful to enable appropriate planning. A regional

scale model can provide such scenarios.

Regional scale studies are increasingly being attempted. For
example, a multi-disciplinary project at a regional scale has been
finished in the area of MINK region in United States (Bowes 19893).
A subproject was concerned with the impact of global warming on the
forest resources and the impact on forestry. A similar Canadian
research project is also being carried out in the MacKenzie River

Basin Area of Canada in a project led by Dr. Stuart Cohen.

Today, with the development of GIS technology, most provincial and
national governments have established GIS systems which store a
large number of climatic and other environmental variables. These

data can be helpful in building such a regional-scale model.

This thesis will focus on the following two main aspects: (1) make
full use of available data and develop a new model based on
information theory to predict the forest response to global warming
at a regional scale; and f2) apply this model in a specific area
(province of Manitoba) and test its applicability. It will be
shown that how this model enables us to explore fhe résponse of

forest to global warming in a new way in Chapter 5.
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3.1 Questions and Hypotheses

The research based on this regional scale model will concentrate on

the following gquestions:

(1) How do climatic and non-climatic variables interactively

control the present-day forest distribution at a regional scale?

(2) Which environmental variables (both climatic and non-climatic)
are the critical factors controlling forest distribution at
regional scales? A critical factor is either a climatic or a non-
climatic variable which is a good predictor of forest distribution.
The concept of critical factor will be discussed in detail in

chapter 4.

(3) what could be the cdntribution of an analytical method based on

information theory to construct the predictive model.

This research is carried out based on the following hypotheses:

(1) At a regional-scale, climatic variables are not the only
factors which control forest spatial distribution. Other factors,
like soil texture, parent materials of soil and geomorphological

factors, may also be potentially important.
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(2) The spatial distribution of any forest type is principally
controlled by some critical variables in an interactive way.
Different forest types are not necessarily sensitive to the same

combination of variables.
In addition to the above hypotheses, we also assume:

(1) Vegetation is now, and will, remain in equilibrium with
climate. The relationship between vegetation and environmental
variables will be the same before and after global warming. This
assumption is important because it would be impossible to predict
future forest distribution without this assumption. fhis is due to
the fact that the actual relationship between vegetation and
environmental variables after global warming 1is impossible to

obtain at this point.

(2) The present forest distribution 1is a reliable indicator of
ecological conditions at a site although historical forest fires,
clear-cut and other human disturbances exert an influence on forest
pattern and weaken the association between forest and environmental

variables.
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3.2 Methodology

The methodology in this thesis includes two parts. One is an
analytical method based on information theory, which is used for
analyzing the relationship between forest distribution and
environmental variables. The other is a knowledge-based forest

model developed for predicting forest response to global warming.

3.2.1 Information Analysis and PEGASE

PEGASE (Partition d'un Ensemble Geographique pour Il'Analyse
Spatiale Ecologique) was developed by Dr. Michel Phipps (1981 a and
b) "as a means of determining ecological relationships among a set
of overlaid choropleth maps" (Davis et al. 1990). It is a method
based on information theory. It has been also called "Mutual
information analysis " by Davis et al. (1990). Since this method
was developed in the late 1970's, it has been used in several
studies. Phipps et al. (1586) used this method to study the
ecological organization of spatial pattern of land use system
pattern and showed that this method was effective. Davis et Dozier
(1990) used this method to develop an ecological land
classification in a 73 square kilometre region of northern Santa
Barbara County, Califo:nia. They explored a new way to divide a

heterogenous region into relatively homogenous subregions based on

28



the analysis of the spatial correspondence between vegetation and
environmental variables including geology, elevation, slope,
seasonal insolation and hill slope pcesition. They demonstrated that
PEGASE is useful in recognizing the vegetation pattern as well as
in land classification. Baudry (1889) studied the relationship
between ecological systems and the combined effects of environment
and agricultural activities. Dumanski et al.(1987) investigated how
soil physical factors and economic factors interact at the farm
level and how agricultural land use evolves as a consequence. These
applications in a variety of situations have shown the relevance of

this method for:

(1) investigating the relationship between a specific qualitative
variable (which is called the dependent variable) and a set of

other variables (which are called the independent variables):;

(2) classifying or grouping cobservations acceording to the relation

between attributes; -

(3) finding the optimal combination of predictive variables to

predict the dependent variable.

According to Phipps (1981 a and b), this method has two essential

characters: (i) its multivariate nature and (ii} its divisive
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classification strategy allowing the classification of sites into
homogeneous groups with regard to their attributes. The
multivariate nature means that this method deals with multiple
variables. As mentioned previously, there are two kinds of
variables: the dependent variable and the independent ones.
Ideally, the variables should be qualitative ones. Since we can
change quantitative variable into qualitative one by classifying
quantitative variable into several groups according its value;
therefore, this method‘can handle both qualitative and quantitative
variables. The ability to deal with multiple qualitative variables
is one of the main advantages of this method. The divisive
classification character means that this method can finally find
the relationships between the dependent and independent variables
by a divisive, hierarchical processes of classification of sites.
This relationship is the basis of the predictive ability of the

methodology.
3.2.1.1 The PEGASE Algorithm:

The best way to present this algorithm is to understand how
information theory is used to study the relationships between two

variables.

Suppose a spatial grid with N cells, and a qualitative dependent
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variable mapped onto this grid (e.g. vegetation) with m possible
ocutcomes (or community types) and a frequency array f, (j =1,.., m)
where f, is the number of cells associated with the jth community
type (N, f,) define a macrostate of this system. Any particular
spatial arrangement of the m outcomes mapped onto the N cells so as
to satisfy the values fj is a possible spatial configuration

subject to the macrostate. The number of potential configurations

is given by:

N!

W)= =

e, !
3

with Y £ =N (1)
i=1

The observed pattern is Jjust cone of these numerous arrangements.
For a system with a finite number of elements, the entropy is given

by Boltzmann's formula:

$(v) =§1ntwm) (2)
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A basic assumption underlying the entropy concept says that all
configurations associated with the macrostate are assumed to be
equally likely to occur. This implies that any configuration,
including the observed pattern, has a probability of occurrence

given by:

p(v) st (3)

Furthermore, the concept of entropy implies that the probability of
any two cells bearing a particuiar community type is equal over the
whole pattern. This spatial homogeneity assumption opposes the
concept of an ecological organization according to which cells
differ in such characteristics as soil, topography and mesoclimate,
and provide community types with wvarious 1living conditions.
Accordiné to Phipps (198la), "... each community type tends to
occupy particular types of siteﬁ and this is reflected by the
probability of encountering this particular type at various
location. This contradiction implies that the actual entropy of the
system is less than the one calculated by equation (2), and the

number of possible patterns is less than that in equation (I)".
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This means that the system contains a negentropy representing the
ecological constraints limiting its freedom. This negentropy is
provided by various independent variables, such as soil,
temperature, precipitation, etc. For example, if the initial set of
cells is broken down according to soil types and if these subsets
have significantly distinct probabilities regarding the community
types, they represent a differentiation of the pattern and an
ecological organization of space. "In terms of information theory,
we may say that looking at the vegetation through the information
channel of an ecological characteristic, introduces negentropy into
the system, thus revealing some order in the pattern" (Phipps

1981a).

Let us assume f,; denotes the number of cells with the jth type of

community and the ith type soil. We have:

DI (4)

and

> £,=f., (5)
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If we suppose that character s introduces a negentropy, we have to
compare W(v) (Equation 1) the number of possible configuraticns of

the system without s and W,(v) the number of configurations with s.

‘The latter is given by:

£.!
) (6)
If,.!

3o

W, (v) = (
i=1

The relationship between, W(v) and W,(v) can be expressed by the

equation:

wiv) = W, (v) = ¢ (where r > = 1) (7)

The factor r represents the factor by which the number of possible
configurations has bheen reduced by knowing character s. From

equation (7), we have:
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log,r =log W(v) - log W (v)

From equation (1) and (6), we have:

nfLL
) -log, (I (———))

log, r = log, {

m
nf.,! = omg,
b =1

If we simplify equation 8, we get:

{8}

{9)

log,r=log, (N!)-3_log, (£.,1)-2 log, (£,.1)+D 3 log, (£,1) (10)
3=1 i=1

=1 1=1

The calculation of the negentropy provided by an environmental

factor {e.g. soil) will be given below.

If number N and f are large enough, equation (10) can be estimated

by using Stirling's approximation:

log.ra-% (Nlog.Ne-ZZ £, log.f”-Zf.j log, £ -3'2 f,.1log,£,.) (11)
] j=1 =

=]l i-1
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This quantity measures the amount of uncertainty removed (or the
negentropy introduced) by knowing the character s. It is a measure
of the ecological constraints exerted by the feature s on the
spatial location of the types of vegetation. It is also known as

the mutual information between both variables v and s.

3.2.1.2 The PEGASE Procedure

In the previous section, we presented a series of mathematic
equations used to measure the relationship between one
environmental variable and the dependent variable. Now suppose we
have k environmental variables and each may introduce a certain
amount of negentropy into the system. Therefore, we want to study
the relationship between oﬁe dependent variable and several
environmental variables. PEGASE is a procedure that allows us first
to calculate the entropies removed by all environmental variables
separately, then to choose the variable which reduces the most
entropy of the community types. This environmental variable is used
to divide the set of cells into a number of subsets according to
the value of this variable in each cell. The subsets resulting from
this division are themselves further re-divided or re-classified
into sub-subsets according to the same rule. Therefore, we have a

stepwise divisive process and the entropy of the system is reduced
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step by step. This divisive process will continue until one of the

following conditions is satisfied:

(1) The number of cells in a subset is less than the minimum number
needed to implement the information analysis by the equation 11
given above. The default number is taken as 30 in PEGASE and it may
be reset by the user. If we use the default number, it means that
the divisive process wili stop 1f the number of cells of a subset

is less than 30.

(2) The subset's entropy is smaller than a predefined minimum
value. Usually we use the default value which is 0.30. In this
case, it is considered that the subset is homogenous enough and
.that the outcome (type of community) is determined for all
practical purpose. Even if we keep dividing this subset, we will

not reduce the entropy of the svstem very much.

{3) The subset's size is larger than 30 and its entropy is larger
than the minimum value (0.30) but none of the remaining variables
provide significant negentropy. It means that "a certain amount of
uncertainty which cannot be removed by the known information

remains® (Phipps 1981 a and b).

This analysis provides us with two important results which can be
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used to predict forest response to glecbal warming., One is a
divisive hierarchical tree-like diagram (see Appendix A), which
shows a progressive reduction of the initial entropy introduced by
environmental variables. This diagram is called a tree. The root of
this tree is the initial whole set of cells. The leaves of this
tree are the terminal subsets (TSS) resulting from the division of
the initial set by a group of environmental variables. Between the
root and the leaf, there are intermediate subsets. It is
interesting that each terminal subset contains information or
"knowledge”, which tells what a combination of environmental
variables interactively predicts a given community type when a set
of specific values are associated. The total number of "knowledge"

obtained equals the number of terminal subsets.

This "knowledge™ can be used to predict community type cell by cell
if we know the values.of the environmental variables in each cell.
Moreover, the same kind of prediction can be made even if the
specific values of a cell are modified subject to climatic change.
This predictive capability is inherent in PEGASE; however, the
function allowing the prediction of vegetation change.has not been
developed so far. This predictive ability makes PEGASE a possible

method to study forest response to global warming.

The other result is that PEGASE finds the sequence of the
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environmental variables according to their contribution to the
entropy reduction. Since we may interpret a variable's contribution
to the entropy reduction as a potential prediction of community
type by knowing the variable, the variable which reduces the most
entropy (or uncertainty) means that we learn most about the
dependent variable (community type) by knowing this variable. In
other words, PEGASE can help us to identify which environmental
variables are critical to the dependent variable (community type).
This function is extremely valuable for constructing a forest
model. When we construct this model, there are many environmental
variables which can potentially influence forest distribution, and
the PEGASE algorithm can select the most critical environmental
variables from a set of candidates. We call those environmental
variables which are good predictors of forest community type the
critical factors or the critical environmental variables. A good
predictor of forest community type is an independent variable which
reduces a significant amount of entropy of forest community in the

information analysis process.

Given its structure, the PEGASE procedure has some similarities
with multiple regression. However, it differs from multiple
regression model in some important aspects. For the multiple
regressién model,lthe relationships between one variable and other

variables are deterministic relations and the variables usually
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should be guantitative. In PEGASE, the relationship is set up by
reducing the entropy of spatial distribution. These relationship is
of a stochastic and non-linear nature. The variables can either be
qualitative or guantitative in PEGASE, which makes it convenient to
handle environmental variables such as soil types, soil texture, or
surficial geological depcsits. Moreover, the hierarchical divisive
diagram is composed of a limited number of relevant combinations
of categories of independent variables. These combinations predict
the categories of the dependent variable. This means that this
method does not consider all the possikle combinations of the
categories of independent variables. The prediction is based on

relevant relationships between dependent and independent variables.

One more important aspect is that the prediction in PEGASE leaves
room for uﬁcertainty. This means that we usually cannot predict a
specific community type with 100% probability when given a group of
environmental variables' values. The prediction is always
associated with a probability. For example, if a cell has a
specific environmental conditions (e.g. the soil texture is sandy,
the annual average temperature is 5.0°C and the annual
precipitation is 520.0 mm), we have 85% probability to predict the
community in this cell will be type A and 15% probability to be
type B. It is rare that we have 100% probability to predict a

cell's community when given a specific environmental conditions.
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This is because of following reasons:

(1) The set of independent variables might not contain all the
relevant information with regard to the spatial distribution of the
dependent variable. The dependent variable may be influenced by
many variables in the real world, and usually it is hard to include
all of them in the analysis. In a study of the relationship between
forest distribution and climatic and edaphic variables, for
example, historical forest fires, clear-cut and other human
disturbances exert an influence on forest pattern and weaken the

association between forest and environmental wvariables:

(2) The nature of the relationship may well be seen as a non-

deterministic one.

Because of these analytical and predictive abilities, PEGASE is an

ideal method to analyze regional scale forest distributions.

3.2.2 A Knowledge-Based Forest Model for Predicting Forest Response

to Global Warming at Regional Scales

PEGASE, as mentioned above, can identify the complex relationship

between environmental variables and the dependent variable
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(community type). This relationship constitutes a set of
"knowledge"” which can be used to predict the dependent variable.
Rfter we obtain the "knowledge" between forest distribution and the
environmental variables, we develop a knowledge-based forest model.
For simplicity, we will refer this knowledge-based forest model as

KBFM.

The KBFM was developed on a platform of IBM compatible personal
computer (80386, 80486, or higher) under the DOS environment. The
programming language used to construct this predictive model is
C/C* and the compiler is the BORLAND C** version 3.1. The model is

described in Figure 3-1.

The data base necessary to build this knowledge base will be
described in detail in the next section. This data base includes
data of present forest distribution and data of environmental
variables related to the forest type distribution. This data base
is used for running PEGASE in order to get the "knowledge" about
the relationship between forest distribution and the environmental

variables as well as predicting the future forest distribution.
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Figure 3-1. The Flow Chart of the KBFM
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The knowledge base is the most critical part of KBFM since the
prediction accuracy depends on the quality of this knowledge base.
The concept of knowledge base comes from the expert system in
computer science. A knowledge base 1s a subsystem of an expert
system. It is "a knowledge set (mainly expert knowledge) formally

represented and stored in computer usable form" {Savory 1988). One
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of the basic forms of knowledge representation is the condition-

action statement which has the form (Kelly 1983):
IF condition THEN actions
The KBFM's knowledge base has the same structure and function as

expert system's knowledge base. A theoretical example of knowledge

representation is indicated in Figure 3-2.

Figare 3-2. Knowledge Representation in the KBFM
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The knowledge base in XBFM has the same functions as the expert
system's knowledge base; however, one important difference between
them is that the knowledge comes from different sources. Knowledge
in KBFM's knowledge base come from an empirical source - the
analysis of the present forest distribution and their associatad
environmental variables using PEGASE. On the contrary, knowledge in
an expert system's knowledge base comes from human experts and is
more subjective. This is not to say that the knowledge in an expert
system 1s not good, but_ this Jjust emphasizes the objective

character of the knowledge in the KBFM's knowledge base.

The GCM prediction of future climate is an input to the KBFM. At
this time, GCMs can only provide a global scale future climate,
which makes the regional-scale studies difficult. There has been
some research exploring ways to obtain regional-scale climate from
GCM predictions (Robock 19383); however, there is no simple and
effective solution. In this study, the global scale GCM predictions
is transferred to the regional-scale (the researich area) using

interpolation. We will talk about this in chapter 5 in more detail.

The display procedures are a group of program functions which
display the predictive forest distribution map and all the database
information on a computer screen. These are the visual output of

the KBFM. The wisual outputs include the maps of present and the
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predictive forest distribution. The overall structure of the KBFM

is shown as Figure 3-3.

Figure 3-3. The structure of the KBFM
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Since the construction of the KBFM is closely related to real data,
we have only given the outline of this model here. The detailed

construction of the model will be explained in Chapter 4.
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3.3 Study Area

The province of Manitoba has been selected as the research area of
this study (Map 3-1). A small part of the north-east of Manitoba
was not included for two reasons. First the climate data in this
area are insufficiently accurate since there are few weather
stations in this area. Secondly, there are enough cells to perform

adequately the analysis in terms of the methodology.

Map 3-1 The study area
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The province of Manitoba was selected as the research area for two
reasons: the diversity of the vegetation and the availability of a

consistent data set.
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Manitoba is one of the Canadian provinces where the whole range of
major bioclimatic zones can be found in a relatively small area.
From the south to the north, there are prairie, broad-leaf forest,
boreal forest, transition zone between boreal forest and tundra,
and tundra. Moreover, two forest boundaries, the southern border of
the broad=-leaf forest and the northern border of boreal forest, are
included in this study area. Such a diversity of vegetation types
is favorable to the development of the research project and the

implementation of PEGASE.

Even though Canadian Forest Inventoryv (Grey et al. 1989) contains
a forest data base at a national level, there are inconsistencies
among the provinces. For example, the different provinces use
different grid systems, the forest inventories were done in
different years, and different classification systems were used.
Moreover, there are inconsistencies in forest data within
provinces. For example, Ontario, Quebec, and British Columbia use
different grid systems within their own territories. In contrast,
Manitoba is a province where a single forest data system exists
over the entire territory. Other relevant data, like climatic,
soils and geological data, are also availlable to support this

study.
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3.4 The Database

The data base for this research is based on the cell system of the
Manitoba forest inventory. Each cell is a Township which has a
unique spatial location code including meridian, township and range
(Table 3-1). A normal township has an area of 92.16 km' and a few
exceptional ones have a smaller area. All the data are stored based
on cell. Each cell has a record which contains the information of
forest type, climatic data, and other data. In addition, each cell
also has a five byte location code which can determine the spatial
location of each cell. This code is essential for mapping purpose

to display the predictive forest distribution.

The data base is composed of two ASCII files. These two data files
contain the same information in two formats for two purposes. The
first one is a data file in which the climatic data are stored in
degrees centigrade for temperature and in millimetres for
precipitation (3ppendix B) . This data file records the present-day
climatic data so that it can be used for calculating future
climatic data. The second data file is organized in a specific
format such that PEGASE can read it directly (Appendix C). In this
data file, the climatic data are classified into groups. For
example, the data for October temperature for a cell is TOZ2 (the

temperature is higher than or equal to 0.00°C and lower than 0.99°C.
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This data file is transformed from the first data file using a

simple computer program.

3.4.1 Forest Data

Forest data of Manitoba come from two different sources. The first
" source is the Canadian Forest Inventory Project undertaken by the
Petawawa National Forest Institute (Gray et al. 188%9). Manitoba
forest data are part of the Canadian Forest Inventory. These data
had been collected by the Manitoba proviacial government from 1961
to 1985 and all records were taken from a detailed, intensive
forest inventory for management purposes. The corresponding

information of Manitoba forest data are summarized in Table 3-1.

The Canadian Forest Inventory data base only covers the area from °
the south of the province to the northern boundary of boreal
forest. The vegetation in the north of the Province is not included
in the inventory. It was therefore necessary to use another source
providing the vegetation of the northernmost part of the province.
" This source is the "Natural Vegetation" map in the Atlas of
Manitoba (Weir 1983). We obtained the vegetation data of tundra and

the transition zone between boreal forest and tundra from this map.

Since the forest data were collected for the management purpose,
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the forest types are classified con the basis of the predominant

genus. A predominant genus is the most abundant genus in a forest

according to the forest coverage description. "This is usually the

first species in the cover type description of the stand in the

source inventory" (Gray et al. 1989). A township is not covered by

one specific forest type; however, it is covered by several forest

types. For each township, the forest inventory gives all the areas

of different forest types classified based on predominant genus.

Table 3-1 Information relative to the Manitoba Forest Data

Province Manitoba
Source agency Province
Inventory Township

Area inventoried

40565 (*10° ha )

Percentage of total inventoried area

6.7% of Manitoba area

Average year of inventory 1975
Inventoried between 1981-1985 30%
Inventoried between 1976-1980 19%
Inventoried between 1971-1975 20%
Inventoried between 1966-1370 25%
Inventoried between 1961-1965 7%

Source:

"canadian Forest Inventory 1983"

Cell reference system
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There are nine types of predominant genus in Manitoba:

(1) Spruce {including black spruce (Picea mariana (Mill.)BSP.) and
white spruce (P.glauca (Moench) Voss)):

(2) Pine (including jack pine (Pinus banksiana Lamb.), red pine (P.
resinosa Ait.), scots pine (P. sp.}), and white pine (P. strobus
L.)):

(3) Fir (balsam fir (Abies balsamea (L.} Mill.)):;

(4) Larch (tamarack (Larix laricina (Du Roi} K.Koch)):

(S) Cedar and other conifers (eastern white <c¢edar(Thuja
occidentalis L.));

(6) Poplar (including balsam poplar (Populus balsamifera L.),
eastern cottonwood (P. deltoides Marsh.), largetooth aspen (P.
grandidentata Michx), and trembling aspen (P. tremuloides Michx.));
(7} Birch (white birch (Betula papyrifera L.)):

{8) Maple {(black maple (Acer nigrum Michx.)):

{9) Other broad-leaved species (including basswood (Tilia americana
L.), black ash(Fraxinus nigra Marsh.), bur oak (Quercus macrocarpa
Michx.), hackberry (Celtis occidentalis L.), hop-hornbeam (Ostrya
virginiana (Mill.) K.Koch), red ash (Fraxinus pennsylvanica Marsh),

white elm (Ulmus americana L.), and willow (Salix sp.)).

"A classification of forest types based on predominant genus may not
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be appropriate in forest ecological research since two species of
the same genus may have different ecological requirements. In
Manitoba; however, such a classification is acceptable considering
the fact that no better forest data available. This is because that
only spruce, pine and poplar can be the dominant genera at a
township scale in this study area. If trees of other genera exist
in a township, they are never dominant. There are two spruce
species which are black spruce and white spruce in the study area.
Black spruce and white spruce have relatively similar ecological
characteristics at a regional scale. They can grow in pure stands
or in mixtures with each other. Therefore, a spruce dominant forest
is ecologically sensible in the study area. This is also true for
the poplar species in the study area. For the pine genus, there are
several pine species such as Jack pine, white pine, red pine and
scots pine in the study area. Jack pine has some different
ecological properties from white pine, red pine and scots pine;
however, only Jack pine forms large areas forest in this region. A
pine dominant forest in the study area is a Jack pine dominant

forest.

As mentioned above, forest inventory gives all the areas of forest
types classified based on the predominant genus within a township.
We cannot directly use these data in our analysis because we need
to have a specific forest type for each cell in order to run
PEGASE; therefore, we have to generalize a forest type for each
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township based on the forest inventory data. The generalization of
forest types for each cell is done as follows: (1) sum up the areas
of each forest type classified based on the predominant genus in a
cell; (2) generalize a forest type for each cell based on the tep
two forest types which cover the largest areas in a cell. Seven
forest types in southern Manitoba have been classitfied. These

generalized forest types are listed as below:

(1) VE1 - Spruce and other coniferous forest. Altogether, 1222
townships are covered by this forest. This forest type includes

following categories:

{1) Spruce forest is the most dominant forest type covering
more than 75% of a township area. There are 586 townships which

belong to this forest type.

(ii) Spruce forest is the most dominant forest type and covers
35% to 75% of a township area. The second most dominant forest type
is coniferous forest, such as pine, fir or larch forests. There are

636 townships which belong to this forest type.

(iii) Fir forest or larch forest are the most dominant forest
type and spruce forest is the second most dominant. Only 8

townships belong to this forest type; therefore, they have been
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grouped into spruce and other coniferous forest.

(2) VE2 - Spruce and broad-leaf forest. Spruce forest is the most
dominant ferest and covers 35% to 75% of a township area. The
second dominant forest is broad-leaf forest including poplar,
maple, birch, or other broad-leaf trees. There are 273 townships in

this category.

(3) VE3 - Pine and other coniferous forest. There are 890 townships
which are covered by this forest type and it includes two

categories:

(i) Pine forest, the most dominant forest type, covers more
than 75% of a township area. There are 345 townships which belong

to this category.

(ii) Pine forest, the most dominant forest, covers less than
75% of township area and spruce forest is the second most dominant

forest type. There are 545 townships which belong to this éategory.
(4) VE4 - Pine and broad-leaf forest. There are 152 townships

covered by this forest type. Pine forest is the most dominant

forest and poplar forest is the second most dominant forest.
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(5) VE5 - Poplar and coniferous forest. There are 278 townships
covered by this forest type. This forest is composed by two

categories:

(i) Poplar is the most dominant forest. Either one of spruce,
pine, fir, or larch forest is the second most dominant. There are

230 townships belong to this category.

(ii) There are 48 townships in which unspecified broad-leaf
forest is the most dominant forest and spruce forest or pine forest
is the second dominant forest. They are grouped into "poplar and
coniferous forest" because we do not want to create a new forest

type for this small number of townships.

(6) VE6 - Poplar and other broad-leaf forest. There are 618
townships which belong to this forest type. This forest type

includes three categories:

(1) Poplar forest is the most dominant forest type covering
more than 75% of township area. There are 550 townships which

belong to this category.

(ii) Poplar forest is the most dominant forest type covering

35% to 75% of township area. Other broad-leaf forest types are the
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second dominant forest. There are 38 townships covered by this

forest type.

(iii) Other brocad-leaf forest is the most dominant forest in
a township. Only 30 township belong to this category. Since we do
not want to create another forest type for such a small number of
townships; tnesrefore, we group them into “poplar and other broad-

leaf forest*.

(7) VE7 - Open land. The definition of open land is as follows:
Open lands are those townships in which forest covers less than
1000 ha, which is approximately 10% of a township area. Open land
is thus a township in which there is little or no forest. There are
100 townships which belong to this category. It must be noted that
this category does not include prairie, tundra and the transition
zone between tundra and boreal forest. Open land includes following

categories:
(1) Urban areas (e.g. Winnipeg);

(1ii) Those townships in which water body takes up a very high

percentage of the township area;

(iii) Others, such as clear cutting and forest fires cause a

township to become a open land.
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From “Natural vegetation of Manitoba" map (Weir 1983), we obtained

three other types of vegetation. These vegetation types are:

(1) V10 - Prairie. There are 467 townships which belong to this
category. This vegetation type includes four categories:(i) Tall
grass prairie, it is the true prairie with trees confined to water
courses; (ii) Mixed grass prairie, it is continuous with the mixed
prairie of Saskatchewan; (1ii) Sparsely wooded grassland, which is
predominantly grassland with scattered groves of willow and aspen;
and (iv) Wooded grassland, which is the transition from lightly

treed areas to forest.

(2) VE8 - Transition zone between boreal forest and tundra. There
are 1597 townships whick belong to this category. Conifers are

mainly confined to valleys and decreasing stands on uplands.

(3) VES - Tundra. There are 114 townships which belong to this
category. In this area, trees are absent. The most common plants

are stunted willew, lichen, mosses, grasses and sedges.

Therefore, we generalized 10 vegetatidn types for. this study area.
Table 3-2 gives a summary of these vegetation types including the
names of vegetation types, the number of townships for each

vegetation type and the percentage.
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Table 3-2 Forest types and the number of corresponding townships

Vegetation types Number of Township Percentage($)
VE1l 1222 21.4
VE2 273 4.8
VE3 890 15.6
VE4 152 2.7
VES 278 4.9
VEb 618 10.8
VE7 100 1.8
VESB 1597 30
VE9 114 2
V1o 467 8.2

5711

For the purpose of analysis, as we will see later, we generalized

these 10 vegetation types into the following six categories:

(1) V1 - Boreal forest. This includes spruce and other coniferous
forest (VEl), spruce and broad-leaf forest (VEZ), pine and other

coniferous forest (VE3), and pine and broad-leaf forest (VE4);

(2) V6 - Broad-leaf forest. It includes poplar and other coniferous

forest (VE5), and poplar and other broad-leaf forest (VEG);

(3) V7 - Open land. This is the same as the above VE7.
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(4) V8 - Transition zone between boreal forest and tundra. This is

the same as the above VES.

(5) V9 - Tundra. This is the same as the above VE9.

(6) V10 - Prairie. This 1s the same as the above VIO0.

Table 3-3 gives the summary of the generalized vegetation types

including the names of vegetation types, the number of township for

each vegetation type and the percentage.

Table 3-3 Forest types and the number of corresponding townships

Vegetation Types Number of Townships Percentage (%)
Boreal Forest (V1) 2537 44.4
Broad-leaf Forest (V6) 896 15.7
Open Land (V7) 100 1.8
Transition Zone (V8) 1597 28.0
Tundra (V9) 114 2.0
Prairie (V10) 467 8.2
Total 5711 100

Now we have two levels of forest groupings; one is more detailed

and another is more gereral. Both will be used in this analysis; -
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however, we will choose one of them in prediction of forest

response to global warming and this will be explained in Chapter 4.

3.4.2 Climatic Data

All climatic data come from the publication “Canadian Climate
Normals" published by Atmospheric Environment Service, Invironment
Canada(l1982). Most of these data are calculated as the averages of
thirty years from 1951 teo 1980. Since the forest data were
collected in the seventies, climatic data and forest data do match
well. One hundred and sixty nine weather stations' climatic data
for the province of Manitoba are listed in “Canadian Climate
Normals"; however, only forty nine weather stations' information
were used (Table 3-4). The reason is that many weather stations
have less than 30 years of climatic records. Generally, it was
decided to discard climatic data from a weather station if its
records length is less than thirty yeafs. However, there are some
exceptions. We clearly see from Table 3-4 that there are not many
weather stations are located in the north and north-east of
Manitoba , and most of them have been recording data for less than
30 years. Under these circumstances, we do use those climatic data
in the north and north-east of Manitoba even though they are based
on less than 30 years® average. This may possibly impact climatic
data precision; however, it isrbetter to use these data because we
need climatic data in the north and north-east of Manitoba for

interpolation.
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The selection of climatic variables is based on following
principles: (1) data of a climatic variable must be available from
»Canadian Climate Normals"; (2) data of a climatic variable must be
available from GCMs prediction because we need future climatic data
to predict forest response to global warming; (3) a climatic
variable must be pure, which means that this variable cannot be
represented by other variables. For example, drought is not a pure
climatic variable because it is related to many other variables
such as precipitation, temporal distribution of precipitation,
temperature, soil texture, etc. Based on these principles, nine

climatic variables were selected. These variables are:

(1) Annual temperature (normal of annual mean temperature);

(2) January temperature (normal of January daily mean temperature);
(3) April temperature (noxmal of April daily mean tempefature);
(4) July temperature (normal of July daily mean temperature);'
(5) October temperature (normal of October daily mean temperature);
(6) Annual precipitation (normal of annual mean precipitation);
{7) Rainfall in summer (normal of June, July, and August total
precipitation);

(8) Total snowfall (normal of annual total snowfall);

(9) Growing degree days (normal of annual mean dgrowing degree
days). When daily average temperature is higher than 5°C, the
plant is biologically active. Growing degree days represent the

length of growing season above the reference temperature (5°C).
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Table 3-4. Weather stations used in analysis.

Name of the Weather
Station

Geographic Location

Years of Weather

Record
Emerson 49°1'N 97°12'w 36 - 60
Sprague 49°2'N 95°38'W 64 - 65
Waskada 49°2'N 100%45'W 34 - 48
Altona 49°6'N 97°33'W 21 - 32
Morden 49°11'N 98%6'W 39 - 66
Deloraine 49°11'N 100°30'wW 25 - 30
Pierson 49°11'N 101°16'W 43 - 60
Boissevain 49°14'N 100°3'w 24 - 47
Portage La Prairie 49°16°'N 99°50'W 24 - 56
Morris 49°21°'N 97°22'w 61 - 64
Deerwood 49°24'N 98°19'W 26 - 28
Ninette 49°24°'N 99°38'W 58 - 62
Roland 49°25'N 98°0'W 25 - 27
Graysville 49°30'N 98°10'W 48 - 53
Cypress River 49°33'N 99°5'W 32 - 56
Indian Bay 49°37'N 95%°12'w 63 — 65
Souris 49°37'N 100°16'W 53 - 56
St Albans 49°42'N 99°33'W 74 - 76
Virden 49°51°'N 100°56'W 23 - 62
Brandon CDA 49°52'N 99°58'W 90 - 91
Winnipeg Int'l A 49°54°'N 97°14'W 42 - 43
Rivers A 50°1'N 100°19'W 32 - 33
Seven Sisters Falls 50°7'N 96°1'W 18- 20
Hamiota 50°11'N 100°37'W 52 - 58
Minnedosa 50°16'N 99°50'W 84 - 90
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Birtle 50°25'N 100°50'W 61 ~ 65
Great Falls 50°28'N 96°0'W 57 - 59
Gimli 50°38'N 97°3'w 27 - 28
Russell 50%°46'N 101%°17'w 68 ~ 74
Arborg 50°59'N 97°6'wW 19 - 20
Dauphin a 51°%°'N 100°3'W 37 - 38
Moosehorn 51°18'N 98°37'W 31 - 42
Swan River 52°7'N 101°16'W 25 - 48
Grand Rapids 53°11°'N 99°16'W 11 - 14
Pasquia Projet PFRA 53°%43'N 101°35°'W 22 - 25
The Pas 53%°49°'N 101%15'w 57 - 58
Island Lake 53°52'N 94%40'w 10 - 11
The Pas A 53°58'N 101°%'W 37 - 38
Norway House Forestry 54°0'N 97°48'W 9 - 11
Wanless 54°11°'N 101°21'w 29 - 36
Flin Flon 54°46'N 101°51'w 49 - 53
Wabowden 54°55'N 98°38'W 26 - 28
Thompson A 55%48'N 97°52'w 13 - 14
Laurie River Power Site |56°14'N 100°59'W 9 - 10
Gillsm 56°21'N 94%2'w 17 - 20
Lynn Lake 56°51'N 101°2'w 12 - 15
-i.ynn Lake A 56°52'N 101%'w 12 - 13
Brochet A 57°54'N 101%1'w 29 - 31

Churchill A

58°45'N 94%°%'w
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These nine climatic variables give a relatively complete and
detailed description of the climatic conditions. Annual temperature
is the average temperature for the twelve month. Growing degree
days represents the length of growing season. Both of them give a
general picture of the temperature of an area. January temperature
represents the temperature of the coldest month and July
temperature represents the temperature of the warmest month. April
and October temperatures are the intermediate months between the
coldest and the warmest months. January, April, July, and October
temperatures can very well describe the temperature regime of an
area. Annual precipitation gives the general picture of the water
availability of an area. Rain-fall.in summer and annual snowfall

can roughly describe precipitation regime.

As said previously, the climatic data come from 49 weather stations
in Manitoba (Table 3-4) and most of them concentrated in the south
and southwest of the study area. For running PEGASE, the climatic
data for each cell (township) are needed; however, we do not have
weather station in every cell. This problem can be solved by

spatial interpolation method.

The procedure of estimating the value of properties at unsampled
sites within the area covered by existing point observations is

called interpolation. "The rationale behind spatial interpolation
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l1s the very common observation that, on average, points that are
close together 1in space are more likely to have similar values of
a property of interest than points further apart" (Burrough 1986).
It is possible to make a precise statements about the climatic data
at townships in which there are not weather station based on the

climatic data of those 49 weather stations.

Most GIS software provide interpolation function. Considering the
fact of software availability limitation (IDRISI and ARC/INFO) and
the fact that our research area is divided into a grid system, we
used the intefpolation function provided by IDRISI (a raster-based
GIS software, ﬁersion 3.0) to obtained the climatic data for all
the townships for the above nine variables based on these 49
weather stations. Since the quality of spatial interpolation
depends on the number of reference points used, the climatic data
for those townships in the north and north-east are not considered
to be as good as those in the south and south-west. However, there

is no any other method which can give more precise climatic data.

In order to use the climatic data in PEGASE, the climatic data need
to be classified into several classes. The following tables (Table
3-5 to Table 3-13) give the range of climatic data of each class

and its code for all the climatic variables.
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Table 3-5 The classification of annual temperature

Code of Annual Temperature Range
Temperature Class

TAl <-7.00°C

TA2 -7.00 to -6.01°C
TA3 -6.00 to -5.01°%
TA4 -5.00 to -4.01°%
TAS -4.00 to -3.01°%
TA6 -3.00 to -2.01°C
TA7 -2.00 to -1.01°%
TAS -1.00 to -0.01°%C
TA9 0.00 to 0.99°%
T10 .11.00 to 1.99%
T11 2.00 to 2.99°%C
Ti2 >=3.00°C

Table 3-6 The classification of October temperature

Code of October Temperature Range
Temperature Class
TO1 <0.00 °c
TOZ 0.00 to 0.99°%
TO3 1.00 to 1.99°%
TO4 2.00 to 2.99°%
TOS 3.00 to 3.99°%
TO6 4.00 to 4.99°%
TO7 5.00 to 5.89°C
TO8 6.00 to 6.99°C
TO9 >=7.00 °C
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Table 3-7 The classification of July temperature

Code of July Temperature Range
Temperature Class

ULI <12.00°C

UL2 12.00 to 12.99°%
UL3 13.00 to 13.99°%
UL4 14.00 to 14.99°%
ULS 15.00 to 15.99°%
ULé 16.00 to 16.99°%
UL7 17.00 to 17.99°%
ULs 18.00 to 18.99°%
ULS 19.00 to 19.99°%
Uio >= 20.00°%

Table 3-8 The classification of April temperature

Code of April Temperature Range
Temperature Class

APl <-6.00°C
AP2 -6.00 to -5.01°%
AP3 -5.00 to -4.01°%
AP4 -4.00 to -3.01°%
APS -3.00 to -2.01%
AP6 -2.00 to -1.01°%C
AP7 -1.00 to -0.01°%C
AP8 0.00 to 0.99°%
APS 1.00 to 1.99°%
AlQ 2.00 to 2.998°%
All >= 3.00°%C
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Table 3-9 The classification of January temperature

Code of January Temperature Range
Temperature Class

JT1 <-26.00°C
JT2 -28.00 to -27.01°C
JT3 -27.00 to -26.01°%
JT4 -26.00 to -25.01°%
JTS -25.00 to -24.01°%
JT6 -24.00 to -23.01°%C
JT7 -23.00 to -22.01°%
JT8 -22.00 to -21.01°%
JT9 -21.00 to -20.01°%
J10 -20.00 to -19.01°%
J11 -19.00 to -18.01°%
J12 >= -18.00°C

Table 3-10 The classification of annual precipitation

Code of Annual Precipitatidn Range
Precipitation Class

RO1 <420.0mm

Ro2 420.0 to 439.°mm
RO3 440.0 to 459.%mm
RO4 460.0 to 479.%mm
ROS 480.0 to 49%.°%mm
RO6 500.0 to 519.%mm
RO7 520.0 to 539.%mm
RO8 >=540.0mm
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Table 3-11 The classification of growing degree days

Code of Growing Degree

Range of Growing Degree Days

Days Class
GO1 <800.0
G02 800.0 to 899.9
GO03 900.0 to 999.9
G04 1000.0 to 109%8.8%
G05 1100.0 to 1199.9
GO6 1200.0 to 1299.9
GO7 1300.0 to 1399.9
G08 1400.0 to 1499.9
G029 1500.0 to 1599.9
G10 1600.0 to 1699.9
G1l1 1700.0 to 1799.9
G12 >=1800.0

Table 3-12 The classification of rainfall in summer

Code of Rainfall Class

Range of Rainfall

RG1I <200, Omm

RG2 200.0 to 224.9mm
RG3 225.0 to 249.9%mm
RG4 250.0 to 274.9%mm
RGS 275.0 to 299.%mm

RG6

>=300. Omm
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Table 3-13 The classification of snowfall

Code of Snowfall Class | Range of Snowfall
SN1 <100.0mm
SN2 100.0 to 119.9mm
SN3 120.0 to 139.5mm
SN4 140.0 to 159.%mm
SN5 160.0 to 1792.%mm
SNé6 180.0 to 199.%5mm
SN7 200.0 to 2192.9%mm
SN8 220.0 to 239.%mm
SNS >=240. Omm

3.4.3 Data of Non-climatic Variables

The non-climatic variables used in this study include soil type,

soil texture, surficial geological deposit, and topography.

3.4.3.1 Data of Scil Texture

Both soil type and soil texture data are available in the province
of Manitoba. The use of so0il) type in an environmental study may
raise a problem, since the formation of a soil type is a function

of climatic conditions, vegetation, and parent material. A link
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between soil type and vegetation would be difficult to interpret.
In this case, it would be more appropriate to say that the
"vegetation" determines the "type of so0il" rather than the other
way around. Although soil type has been proven to be a good
predictor of vegetation distribution when it is included in the
analysis, we discarded it since it cannot be considered as an
independent environmental variable. However, soil properties are
important to vegetation. Soil texture was chosen as an
environmental variable for two reasons. First, it has an important
influence on soil moisture. Soil capacity for moisture can be very
different for various texture types, such as clay soil and sandy
soil, even when both receive the same amount of precipitation. Soil
moisture can influence plant growth, for example, jack pine forests
are frequently found in sandy soil. Drier soils have higher fire
frequency whieh influence the development of Jack pine forest.
Secondly, soil texture, unlike soil type, is an independent

environmental variable.

Data of soil texture are taken from the map of "Manitoba Soil
Landscapes", which is part of the "Soil Landscapes Of Canada"
project carried out by the Land Research Centre, Research Branch,
Agriculture Canada (1986). Soil htextures are grouped into 7

‘categories as shown in Table 3-14:
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Table 3-14. Scil texture data

Code of Soil Soil Texture Type
Texture Class
ST1 Sand or sandy loam
sT2 Loam or clay loam
ST3 Clay
574 ' Mesic sedge material or Mesic woody forest
STS Fibric sphagnum material
ST6 Hardrock outcrop {(granite)
ST7 Hardrock outcrep (limestone)

STl, S$T2, and ST3 are classified according to the size of soil
particles. Sand or sandy loam (STI1) includes sand, loamy sand,
gravelly sand, fine sandy loam, sandy loam, and gravelly sandy
loam. Loam or clay loam (ST2) very fine sandy loam, silt loam and
loam. Clay (ST3) includes clay, silty clay and heavy clay (Land
Resource Research Centre, Research Branch, Agriculture Canada,
1986) . Clay has a higher percentage of fine soil particles which
results in a higher soil water holding capacity than sand or sandy
soil (ST1). ST4 and ST5 are not classified by the size of soil
particles; however, they are classified by their specific
environments. Mesic sedge material and mesic woodv forest (ST4)
represents mesic to humid soils associated with forest. Fibric

sphagnum material (ST5) répresents an organic material in a
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incomplete degree of decomposition in which the fibric materials
are readily identifiable as to botanical origin. ST6 and ST7 are

rock outcrop and are non-soil.

3.4.3.2 Data of Surficial Geological Deposit

The surficial geological deposit is included as a potential
environmental variable. In the study of forest response to global
warming. as it may be considered as an indicator of soil parent
material. Parent material is the mineral body which existed before
pedogenetic processes were initiated and upon which these processes
acted to produce a soil under the influence of climate and
vegetation. Parent material, as we know, is one of the major
factors which influences soil formation and properties. Since we
cannot get the parent material itself, we use surficial geological

deposit as a substitute for parent material.

Data of surficial geological deposit were taken from the "Surficial
Geological Map of Manitoba" compiled by Manitoba Mineral Resources
Division (1981). There are 12 categories of surficial geological

deposits in Manitoba which are listed in Table 3-15.
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Table 3-15. Surficial geolegical deposit data

Code of Surficial Surficial Geological Deposit Types
Geological Deposit
Class
GE1 Organic deposits
GEZ2 Alluvial deposits
GE3 Beach deposits
GE4 Nearshore, intertidal deposits
GES Beach and nearshore deposits
GE6 Deep basin deposits
GE7 Deltaic deposits
GES8 Glaciofluvial deposits
GES Glacial deposits, mainly derived from
Palaeozolc carbonate rock
Gl0 Glacial deposits, mainly derived from
Mesozoic shales
G1l1 Glacial deposits, mainly derived from
Precambrian bedrock
G12 Bedrock

Surficial geoclogical deposits are classified based on the deposit

environment and the geclogical time. Four types of environments are

classified:

{1} Nonglacial environment, which includes organic deposits (GE1l),
alluvial deposits (GE2)}, beach deposits (GE3) and nearshore and

intertidal deposits (GE4). The corresponding geological time is
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Holocene.

(2) Preglacial and glacial environment, which includes beach and
nearshore deposits (GES5), deep basin deposits (GE6), deltaic
deposits (GE7) and glaciofluvial deposits (GES). The geological
time of these deposits were before the Holocene and after Late

Wisconsinan.

(3} Glacial enviromment, which includes all the glacial deposits
(GES, Gl0 and Gl1)}. The corresponding geological time is Late

Wisconsinan.

{4) Nonglacial environment, which includes the bedrock (G12). The

geological time is pre-Quaternary.

The geological deposits in different deposit environments and at
different geological times usually have: (1) different composition
of clay, silt, sand, gravel, and till; (2) different thicknesses.
Organic deposits (GE1) include marsh, fen, swamp and bog deposits
up to 6 metre thick. It is characterized by se-sonal flooding and
it is generglly found in Precambrian terrain and overlying fine-
textured preglacial lake and glacial till deposits. Alluvial
deposits (GE2) include sand, silt gravel and clay, which can be 1-

30 metré thick. It deposited on flood plains along river valleys,
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on floors of glacial spillways, and as alluvial fans along the base
of escarpments. Beach deposits (GE3) are composed of sand and
gravel, 1-3 metre thick, forming distinct ridges and including
areas of littoral sand and offshore bars. Nearshore, intertidal
deposits (GE4) include coarsening upward sequence of clay, silt and
sand. It is 1-14 metre thick and deposited as a flat plain. Beach
and nearshore deposits (GES) are composed of sand and gravel, 1-4
metre thick, forming distinct ridges, sand blankets (0-1 metre
thick) reflecting form of underlying topography and areas of wave-
washed till and exposed bedrock. Deep basin deposits (GE6) include
silt, sand and clay deposits, 1~30 metre thick, forming extensive
lake plains and a discontinuous veneer reflecting the form of the
underlying topography. There are areas with evidence of extensive
iceberg scouring, areas masked by thin alluvium, and areas of wave-
washed till and exposed bedrock. Deltaic deposits (GE7) include
sand, silt and gravel and it is 1-30 metre thick, coarsening
towards the apex. The surface is flat and gently sloping and there
is extensive dune development in places. Glaciofluvial deposits
(GE8}) include gravel, sand and silt, 1-100 metre thick, deposited
in an ice marginal environment. It inclﬁdes subaqueous outwash
deposited in glacial lakes, and some late glacial valley fill.
Glacial deposits, mainly derived Palaeozoic carbonate rock (GE9)
are 1-10 metre thick, highly calcareous and the typical composition

is 16 percent gravel, 21 percent sand, 44 percent silt and 19
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percent clay. Glacial deposits, mainly derived from Mesozoic shales
(G10) reprzsent a glacial environment. They are 1-10 metre thick,
moderately calcareous and the typical composition is 13 percent
gravel, 33 percent sand, 31 percent silt and 23 percent clay.
Glacial deposits, mainly derived from Precambrian bedrock (Gl1) are
1-5 metre thick and the typical composition is 28 percent gravel,
46 percent sand, 22 percent silt and 4 percent clay. Bedrock (G12)
are Precambrian, Palaeozoic and Mesozoic bedrock of various

lithologies.

The detailed information of the surficial geological deposits is
available from the "Surficial Geological Map of Manitcba" (Manitoba

Mineral Resources Division 1981).

3.4.3.3 Topography Data

We include topography as a potential environmental variable in the
study of forest response to global warming because topography may
possibly impact the forest distribution at a regional scale. We do
not know to what extent topographv can contribute to the forest
distribution since the topography does not greatly vary in the
study area. It is included as a candidate and will be tested using

the PEGASE to see if it is a critical environmental variable.
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Topography data were taken from the map of "Manitoba Relief™
published by Surveys and Mapping Branch, Province of Manitoba in
1979. The relief is classified into five groups according to the
elevation of the township and the classification information is

listed in Table 3-16:

Table 3-16. Topography data

Code of Topography Topography Classification
Class
LF1 the elevation is higher than 1600 ft
LF2 the elevation is between 1300 to 1600 ft
LF3 the elevation is between 1000 to 1300 ft
LF4 the elevation is between 500 to 1000 ft
LF5 the elevation is between 0 to 500 ft

In total, twelve environmental variables are included in the data

base. Some other environmental variables could be very interesting
to be included in this study. For example, forest fire may be a
major ecological factor with regard to forest development at a
regional scale in boreal forest. In terms of the methodology, it is

possible to include this variable in our model; however, it is not
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included because data with the necessary level of detail were not
available. Similarly, human impact on the forest distribution
pattern, such as clear cut and urbanization, is not taken into
account in this study. The exclusion of these variables, as we
mentioned before, will weaken the association between forest

distribution and environmental variables.
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Chapter 4. The Construction of the Knowledge Based

Forest Model

In the previous chapter, we have introduced the methodology and the
procedure of KBFM. Since this model is closely related to the
particular forest and environmental variable data we could not
explain it in detail. In this chapter, we will demonstrate the
processes of KBFM construction at a regional scale so that the
reader can have a better understanding of this model. Its

construction includes following three stages:

(1) Selection of the critical environmental variables:;

{2) Construction of the KBFM's knowledge base;

(3) Test of the validity of the KBFM.

4.1 Selection of the Critical Envirommental Variables.

As we mentioned in chapter 3, a critical environmental variable is
the one which is a good predictor of vegetation distribution. A

non-critical environmental variable, on the contrary, 1s the one
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which is not a good predictor of vegetation distribution. We want
to know if those 12 environmental variables we selected in chapter

3 are the critical environmental variables.

The purpose of the selection of the critical environmental
variables is to discard those environmental variables which do not
play a significant role as predictors of the forest types and keep
only variables playing a key role in the KBFM. This deletion will
make the KBFM's knowledge base more concise, less redundant, and
easier to computerize. Of course, the selection process should
guarantee no significant loss in the precision of the prediction.
In this selection process, we have to answer the following
cquestion: are there some variables which do not contribute much to
the reduction of the entropy of forest distribution so that we can

eliminate them without losing much useful information?

The procedure of critical variable selection includes following

steps:

(1) For all environmental variables, find their contribution to the
reduction of the forest distribution entropy using PEGASE; and rank

them in an order of negentropy importance;

(2) Delete the environmental variable which reduces most forest
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distribution entropy in step 1, then re-run PEGASE excluding this
variable. Then repeat step 1 usiny, the rest of the environmental

variables, until the condition in (3) occurs;

(3) Stop this procedure when the remaining environmental variables
cannot significantly reduce forest distribution entropy. This means
that the remaining environmental variables are not critical

environmental variables.

We will see that this analysis process can be very helpful for
determining the pattern of environmental variables' contribution to

the reduction of forest distribution entropy.

4.1.1 Analysis Processes to determine the Critical Environmental

Variables

We run PEGASE to select the critical environmental wvariables
following the procedure of critical variable selection described
above. In total, eight steps were successively analyzed. Table 4-1
gives detailed information of the variables used in these eight

steps.
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Table 4-1. The Explanation of the critical environmental variable
selection

Steps Variables excluded from the analysis

Step 1 |None(All the 12 environmental variables are included)
Step 2 | OctTem

Step 3 | OctTem, JulTem

Step 4 | OctTem, JulTem, AnnTem

Step 5 | OctTem, JulTem, AnnTem, AorTem

Step 6 |OctTem, JulTem, AnnTem, AprTem, JanTem

Step 7 | OctTem, JulTem, AnnTem, AprTen, JanTem, GroDeg

Step OctTem, JulTem, AnnTem, AprTem, JanTem, GroDeg, SoiTex

Note: OctTem stands for October tempecraturce. JulTem stands for July temperature. AnnTem
stands for Annual average temperaturc. AprlTem stands for April temperature. JanTem stands
for January temperaturc. GroDeg stands for growing degree days. SoiTex stands for soil
texture.

Running the PEGASE analysis with the 12 environmental variables
" (Step 1), the initial entropy is 1.982 with a final entropy 0.784,
representing 60.5% (1.199) of negentropy. The final entropy {0.784)
means that these 12 environmental variables do not provide all the
information of forest distributién. There are some other
environmental variables or factors (such as human disturbance,
forest fire, or random factor, etc.) influencing forest

distribution.

Among the 12 variables, October temperature is the most critical

variable and contributes 65.9% of the total negentropy. The second
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critical variable is soil texture which contributes 13.6% of the
negentropy. Figure 4-1 gives all variables' contribution to the
entropy reduction. At this point we know October temperature is the
most critical environmental variable. We re-run the analysis by
excluding October temperature (Step 2) and we £find that July
temperature becomes the most critical variables among the remaining
11 variables. Spil téxture still remains the second critical
variable (Figure 4-2). We keep doing this analysis step by step and
excluding the most critical variable until only 4 environmental
variables are left. These 4 variables are annual precipitation,
rain in summer, topography, and surficial geological deposits. We
‘stop the analysis Dbecause these 4 variables never contribute
significantly to the reduction of entropy. Figure 4-3 to figure 4-8
give environmental variables' contribution the reduction of entropy

for step 3 to step 8 respectively.

From the above eight analytical steps, we have following

conclusions:

(1) In this study area, temperature (seasonal temperatures or
annual temperature) or temperature-related variables (growing
degree days) are the critical variables controlling the spatial
distribution of forest. In all the steps(step I to step 6) shown in

Table 4-3, this group of variables display the highest negentropy
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Figure 4-1. Environmental variables' contributions to the reduction
of forest distribution entropy (Step 1)

Percentage

n -

0 -

} \ (e, B W

SurGec SoiTex AnnTem JanTer AprTem JulTem OctTem AnnPre RainSmGroDeg Topogr SnowFa
Environmental Variables

Note: SurGeo, SoiTex, AnnTem, JanTem, AprTem, JulTem, OctTem, AnnPre, RainSm, Grobeg,
Topogr, and SnowFa stand for surficial geoclogical deposit, seolil texture, annuval temperature,
January temperature, April temperature, July temperature, October temperaturs, annual
precipitation, rainfall in summer, growing degree days, topography, and snowfall
respectively in Table 4-1 to Table 4-8.

Figure 4-2. Environmental variables' contributions to the reduction
of forest distribution entropy (Step 2)

Percentage

© -
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Environmental Variables
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Figure 4-3. Environmental variables' contributions to the reduction
of forest distribution entropy (Step 3)

Percentage

SuzGeo JolTexAnnTem JanTem ApzTen JulTem OctTem AnnPre RainSmGroDeg Topogr Snowfa
Environmental Variables

Figure 4-4. Environmental variables' contributions to the reduction
of forest distribution entropy (Step 4)

Percentage
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Environmental Vaxiables
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Figure 4-5 Environmental variables' contribution to the reduction
of forest distribution entropy (step 5)

Percentage

Su:Gco-soi.rox AnnTem JanTem AprTom JulTem OctTem AnnPre RainSmGroDeg Topogs 3nowFa
Environmental Variables

Figure 4-6. Environmental variables' contributions of the reduction
of forest distribution entropy (Step 6)

Percentage
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Figure 4-7. Environmental variables' contributions of the reductiocn
of forest distribution entropy (Step 7)

Percentage
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Figure 4-8. Environmental variables' contributions of the reduction
of forest distribution entropy (Step 8)
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values (Table 4-2). The pattern of the reduction of the entropy
shows that one variable of this group contributes &0-70% of the
negentropy while the rest variables of this group together
contribute only 1-5% of the negentropy. This is due to the fact
that temperature or temperature-related variables carry similar
relative ‘informatiop. These climatic wvariables are strongly
correlated and contain redundant information. Therefore, it is not
necessary to include all the temperature and temperature-related

va:iableé in the predictive model.

Table 4-2. The most and the second most critical environmental
variables

Steps The Most Critical The Second Most Critical
Variable Variable

Step 1 | October Temperature Soil Texture

Step 2 July Temperature Soil Texture

Step 3 |Annual Temperature Soil Texture

Step 4 |April Temperature Soil Texture

Step 5 | January Temperature Soil Texture

Step 6 |Growing Degree Days Soil Texture

Step 7 |Soil Texture Snow Fall

Step 8 Snow Fall Topography

Among the all temperature and temperature-related variables,

October temperature is found to be the most critical variable in
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this study. We will discuss this late on.

(2) From step 1 to step 6, soil texture consistently appears as the
second most critical wvariable. When a critical temperature or
temperature-related variable is deleted, soill texture does not
replace the first predictor but remains the second most critical
variable until all the temperature-related variables have been
deleted. As shown in Table 4-2, soil texture becomes the most
critical wvariable in step 7 when all the temperature and

temperature-related variables are deleted.

From this analysis, we may draw the following conclusions:

(1) Temperature and temperature-related variables are the most
critical environmental variables. They contain  redundant
information; therefore, it will not be necessary to keep all of

them in the KEFM.

(2) Soil texture is also a critical environmental variable. It
always ranks the second most critical variable. Information about
forest distribution provided by soil texture is independent of

temperature and temperature-related variables.

(3) Three precipitation-related variables - snowfall, rainfall in
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summer and annual precipitation - contribute about 5-7% of the
total negentropy. Snowfall contributes more to the negentropy than

rain in summer or annual precipitation (Step §).

(4) Surficial geological deposit and topography contribute about 1-
2% to the negentropy individually. They never appear as critical
environmental variables. It does not make difference whether we
include them in the KBFM or not since their contributions are

negligible. Therefore, we can discard these two variables.

4.1.2 The Final Selection of the Critical Variables

Based on the previous analysis of the environmental variables®
contribution to the reduction of forest distribution entropy, we

include following variables in the final predictive model:

(1) January temperature;
(2) April temperature;
(3) July temperature;
(4) October temperature;
(3} Soil texture;

(6) Annual precipitation.
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Annual temperature and growing degree days were not included since
information carried by these two variables is also expressed by
January, April, July and October temperatures. In other words,
annual temperature and growing degree days are more or less
redundant with January, April, July and October temperatures. We
will lose very little information when these two variables are
discarded. January, April, July and October temperatures are
selected because they can very well represent the annual
temperature pattern. Moreover, the data of these variables are

available from the prediction of GCMs.

Among the three precipitation-related variables, annual
precipitation is chosen although it provides léss negentropy than
snowfall and summer rainféll. However, we believe that snowfall and
summer rainfall represent, to some extent, temperature-related
factors. Annual precipitation is obviously the most independent

from the temperature-related factor and was chosen.

 Obviously, soil texture must be included because it always ranks as
the second most critical variable. Other non-climatical variables
will not be included since they are not critical environmental

variables.

Among the above six variables, the combination of July temperature,
annual precipitation and soil texture can very well describe the
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probability of drought. Similarly, the combination of April and
October temperature can very describe the frost-free days.
Therefore, we can treat July temperature, annual precipitation and
soil texture as the proxies for probability of drought and April
temperature and October temperature as the proxies for frost-free

days.

4.1.3 Suitability of the Selected Envirommental Variables

Now we can demonstrate that the selection of the above six
environmental variables and the deletion of the others will not
reduce the quality of the prediction of the forest distribution. We
simply run PEGASE with the six selected environmental variables and
compare the result with the result when we include all the twelve
environmental variables. We find that we get almost the same amount
of information with the six selected environmental variables as we
did with those twelve variables (Table 4-3). When 10 forest types
are used, the entropy removed drops only 1.1% after we discarded
the non-critical environmental variables. It decreases 2.3% when 6

forest types are used.
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Table 4-3 Comparison of the PEGASE outcomes before and after
selection of critical environmental variables.

Forest Before or |Number | Initial | Final Entropy
Classification |After Var. |of TSS |Entropy |Entropy | Removed
Groups Selection (%)
The case when Before 108 1.984 0.784 60.5
10 forest {12 var.)
types are used
P After 107 1.985 0.807 59.4
{6 var.)
The case when Before 104 1.414 0.404 71.4
6 forest types {12 Var.)
are used
After 76 1.415 0.483 69.1
(6 Var.)

Note: The case when 10 forest types are used includes VE1l, VE2, VE3, VE4, VE5, VEG6,
VE7, VE8, VE9, V10 and the case when 6 forest types are used includes V1, V6, V7,
V8, V9, V10. A TSS is a terminal subset coming from PEGASE analysis.

4.1.4 Suitability of the Selected Environmental Variables at a

Scale of Study Area

In the previous chapter, we have mentioned that the selection of
environmental variables in the study of forest response to climatic
change depends on the scale of the study area. In this section, we

will demonstrate this assumption and show that the selection of the
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6 environmental variables are suitable to the current study scale
by the following analysis. This analysis help us to understand the

impact of the scale of study area on the selection of environmental

variables.

We chose 92 sampling areas which correspond to a set of decreasing
size, as described in Table 4-4. The first sampling area
corresponds to the entire research area which is approximately 126
by 51 townships (we have 126 rows and each row has not a fixed
number of townships because some of them are water body). The 8
other sampling areas exclude a part of the northernmost research
area. For example, sample area 2 is an area excluding the northmost
26 rows of townships (approximately 100 by 51 townships remain) and
sample area 9 excludes the northmost 100 rows of townships
(approximately 26 by 51 townships remain). Table 4-4 gives the

information of these 9 sampling areas.

We successively investigate the relationship between forest and
environmental variables in each of these sampling areas. The
purpose is to explore how the relationship between forest and
environmental variables will be affected by the change in the

sampling area.
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Table 4-4 The explanation of the sampling area

Sampling Size Area (1000 Description
Areas (row by Square KM)
¢olumn)

Sample Area 1 | 126 by 51 580 The entire research
area

Sample Area 2 | 100 by 51 470 Excludes the northmost
26 rows.

Sample Area 3 |88 by 51 410 Excludes the northmost

‘ 40 rows

Sample Area 4 |76 by 51 357 Excludes the northmost
50 rows

Sample Area 5 | 66 by 51 310 Excludes the northmost
60 rows

Sample Area 6 |56 by 51 260 Excludes the northmost
70 rows

Sample Area. 7 |46 by 51 216 Excludes the northmost

' 80 rows

Sample Area 8 |36 by 51 169 Excludes the northmost
90 rows

Sample Area 9 |26 by 51 122 Excludes the northmost
100 rows

Note: The information of the size and area in this table are approximate values.

By doing the PEGASE analysis for all the nine sampling areas, we
find that the change of the study area has a great impact on
environmental variables' contribution to the reduction of the
entropy of forest distribution (Figure 4-9 to Figure 4-11). Figure
4-9 shows the changes of initial entropy and final entropy as the
sampling area changes. The ratio of the removed entropy, which
equals to the initial entropy minus the final entropy divided by

the initial entropy increase as the study area increase. This means
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that the selection of the environmental variables and the forest
types under the study area (sample area 1 in Table 4-4) reach a
point where we get the most knowledge about the forest types. This
figure alsc suggests that the environmental variables should be
different when dealing with a smaller area (e.g. sample area 9 in
Table 4-4) in order to reduce the entropy significantly. Figure 4-
10 shows the contribution of environmental wvariables to the
reduction of forest distribution entropy (Six other variables are
not shown in this figure because their contribution is small}. We
see that soil texture is the most critical environmental variable
when the sampling area is equal to or smaller than 260,000 square
KM (sample area 6 in Table 4-4) dominantly in prairie or
transitional prairie and southern boreal forest. About 33 - 63% of
the entropy was removed by soil texture. However, as the area
increases, soil texture becomes the second most critical variable
when October temperature becomes the most critical variable. When
we classify the environmental variables into climatic variables
and non-climatic variables, we obtain Figure 4-11 which shows the
contributions of these two group variables. From this figure, we
find a threshold area in this study, about 235,000 square KM, which
differentiates the contributions of climatic and non-climatic
variables to the reduction of forest distribution entropy. When the
sampling area is smaller than this threshold (sample areas 7-92 in

Table 4-4), non-climatic variables are predominant in the entropy

98



Figure 4-9. The change of initial and final entropies as sampling
area changes.
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Figure 4-10. Variables' contributions to the reduction of forest
distribution entropy as sampling area changes
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Figure 4-11. Climatic and non-climatic¢ variables' contributions to
the reduction of forest distribution entropy
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reduction as compared to climatic variables, and when the sampling
area is greater than this threshold (sample areas 1-6 in Table 4-
4), the situation is reversed: climatic variables become
predominant in entropy reduction whereas non-climatic variables

become secondary.

This pattern can be easily understood. Within a relatively small
research area, climate does not change greatly. In other words, all
the c¢ells within this area have relatively similar climatic
conditions. Consequently, climatic wvariables cannot be good

predictors of forest distribution. Conversely, non-climatic

100



variables, such as s¢il texture and topography, can display a
spatial variation in such a small area and, in addition, they can
be strongly related to the variation of forest types. Therefore,
non-climatic variébles can potentially be gocd predictors of forest
distribution in small sampling area. As the size of sampling area
increases, climate becomes more and more spatially variable and
therefore the contribution of climatic variables to the explanation
of forest distribution increases. When the sampling area reaches a
threshold, <c¢limatic and non-climatic variables contribute
approximately the same amount of negentropy to the forest
distribution. If we keep increasing the size of the sampling area,
climatic variables will contribute more than non-climatic variables

to the forest distributien.

Since the research area of this thesis is larger than the threshold
area, climatic variables are more important. Our final selection of

the environmental variables follows these findings.

This anélysis demonstrates a point which forms the basis of this
thesis, that is the selection of the environmental variables for
predicting forest response to Qlobal warming must be related to the
study area. In other words, the selection of the suitable
environmental variables corresponding to the scale is important in

the construction of the predictive model.
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These findings challenge the application of 1local-scale forest
models (Gap models) in a regional scale study. These findings also
justify the importance of developing a regional-scale model in a

regional-scale study.

As we found that October temperature 1s the most critical
environmental variable. We can understand this better after the
analysis of variables' contribution to the reduction of forest
distribution entropy when changing the sampling area. October
temperature is the most critical environmental variable since it
removed the most entropy among all the variables. It is the best
predictor of the distribution of all the vegetation types in the
study area in general. From Eﬁgure_4—10, we can see that October
temperature is not the best predictor of the vegetation types in
the southern study area, where the vegetation types are prairie and
broad-leaf forest. However, October is the best predictor of the
vegetation types in the northern study area, where the vegetation
typeé are tundra, the transition zone between tundra and boreal
forest, and boreal forest. In average, October temperature is the
best predictor of the vegetation types in the study area. The fact
that October temperature is the most critical environmental
variable suggests that the length of growing season 1s more

important than any of the variables actually used.
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4.2 Construction of KBFM's Kneowledge Base.

The construction of the knowledge base is a process of finding the
relationships between forest distribution and environmental
variables, and computerizing these relationships. First of all, we

have to decide which forest groups we are going to use.

4.2.1 Selection of the Group of Forest Types.

As mentioned in chapter 3, we have two ways (or levels) to group
the forest types. One is more detailed forest types and the other
is less detailed forest types. The reasons for using two groups of

forest types are:

(1) We have an option to choose one of them such that we can

construct a KBFM with higher prediction cuality.

(2) We will explore if it is possible to have a KBFM which predicts
the detailed forest distribution, and at the same time with higher

prediction quality.

We now want to decide which level of forest group we will finally

use to construct the knowledge base and the predictive model.
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Again, PEGASE is used to make the decision. We ran PEGASE for these
two group of forest types individually using the selected six

environmental variables. The outcomes are shown as Table 3-5.

Table 4-5. The outcomes of running PEGASE for two groups of forest
types.

Fores Forest Types Number |Initial Final Entropy

Type of TSS Entropy Entropy | Removed
Grouping (%)
Group A |VEl, VEZ, VE3, 107 1.985 0.807 59.4

VE4, VE5, VE6,
VE7, VE8, VES,
V1o

Group B vl1l, V6, Vi, V8,
ve, V10

Noteo: TSS stands for the terminal subset which has been explained in Chapter

Py
e

From Table 4-5, we find that about 10 percent more of entropy is
removed when we use 6 classes of forest types (Group B) rather than
10 classes of forest types (Group A). The higher the amount of
entropy removed, the more knowledge we get from the environmental
variables about the forest distribution, and the higher the guality
of the prediction. This means we have higher probability to do
better prediction using the six selected environmental variables to
predict the forest types in Group B than using the same variables
to predict forest types in Group A. This conclusion is logical

because we have a higher reliability to predict more general forest
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types than to predict more detailed forest types using the same
environmental variables. The prediction model will be constructed

using according to group B for the following two reasons:

(1) We have higher reliability to predict forest types of Group B
than forest types in Group A since 10% more of entropy is removed

when we use the forest types in Group B than in Group A;

(2) The knowledge base will be much simpler when we ﬁse forest
types in Group B than Group A since the former has only 76 terminal
subsets (TSS), and the letter has 107 TSS. As mentioned in chapter
3, TSS are characterized by: (a) a specific combination of classes
of environmental variables, and (b) a tendency to predict a

particular vegetation type.

The disadvantage for choosing Group B is that our prediction is

less detailed in terms of vegetation.

The detailed information of the outcomes of running PEGASE for the

forest types in Group B are shown in Table 1-6.
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Table 4-6. The ocutcomes of PEGASE analysis for Group B forest types

Information Items Values
Initial Entropy 1.415
Final Entropy 0.438
Negentropy 0.977
Adjusted Negentropy 0.987
Entropy Removed (%) 69.1
Adjusted Entropy Removed (%) 69.8
Number of TSS 76

4.2.2. The Knowledge Base of the Relationship between Forest
Distribution and Environmental Variables

Having decided which environmental variables and which forest type
class we will use, we run PEGASE again with the selected
environmental variables and the selected forest types. The final
outcome is a hierarchical and divisive tree with a number of
terminal subsets (TS$S). Each TSS is differentiatgd from others by
a specific combination of the classes of environmental variables.
For example, TSS30 in Table 4-7 is composed of 70 cells. Among
these 70 cells, 59 cells are currently occupied by boreal forest,
10 cells are currently taken by broad-leaf dominated forest (Vé)
and 1 cell is openland (V7). TSS30 was differentiated by TO6

(October temperature 4.0-4.99 °C) and AP8 (April temperature 0.0-

106



0.99°C) and UL8(July temperature 18.0-18.99%°C). TSS30 can be
interpreted as this: if a cell has a combination of the classes of
environmental variables such as TO6+APS8+UL8, this cell has 84.3%
probability to be boreal forest (V1), 14.3% broad-leaf forest (Vé},
and 1.4% open land(V7). From this example, we can see that each
TSS, in fact, provides a2 piece of knowledge which tells the
relationship between forest and environmental wvariables. All the
TS5 obtained from PEGASE constitute KBFM's knowledge base. We
obtained a total of 76 TSS from the PEGASE analysis and all these
TSS are listed in Table 4-7. Therefore, we obtained 76 pieces of
knowledge which together defined the relationship between forest
distribution and the critical environmental variables in study

area.

From Table 4-7, we see that some TSS can be specified only by one
environmental variable. For example, TSSI (V8 91%, V9 9%)is
differentiated by TOl (October temperature < 0.0°C). In this case,
the relationship between forest and environmental variables is very
simple and it means we can predict forest (V8 and V9) with one
environmental variable. However, most of the other TS5 are
Specified by a combination of three to five environmental
variables; this means that the relationships between forest and

environmental variables are far more complicated.
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Table 4-7. The knowledge base of the KBIM

TSS Combinations of Number Predictive Probability
Classes of of Cells | of Forest Types
Environmental
Variables

TSS1 01 1317 VB {918)+V9(9%)

TSS4 TOZ2+JT2 249 V8 (963)+V1(4%)

TSSS TO2+JT4 40 V1(88%)+VE({12%)

TSS15 | TO2+JT3+R0O2 50 V8 (52%)+V1(423)+V7(6%)

TSS16 | TO2+JT3+R0O4 101 V1(58%)+V8(42%) |

TSS17 | TO2+JT3+R0OS 243 V1(72%)+V8{27%)+V7T{1%)

TSS18 | TO2+JT3+R0O6 121 V1(98%)+V8(2%)

TSS19 | TO2+JT3+R0O7 60 V1(97%)+VE (23)}+V7(13)

T8S20 | TO2+JT3+RO8 6 V1(100%)

TSS48 | TO2+JT3+RO3+AP2 24 V8 (673)+V1{21%)+V7 (12%)

TSS49 | TO2+JT3+RO3+AP3 61 V1(82%)+V7(12%) +V7 (6%)

TSS2 TO3 350 V1{95%}+V7(5%)

TSS3 | TO4 443 V1(95%)+V7(5%)

TSS6 TO5+ST1 86 V1(95%)+V6(4%)+V10(1%)

TSS7 TO5+ST2 117 V1(81%)+V7(143%)+V6(53%)

TSS8 TO5+ST6 153 V1 (95%)+V6(3%)+V7(2%)

TSS9 | TOS+ST7 28 V1(100%)

TSS21 | TOS+ST3+AP4 18 V1(78%)+V6(22%)

TSS22 | TOS5+ST3+APS 52 V1(96%)+V7(4%)

T8S23 | TOS5+ST3+AP6 8 V1(100%)

TSS24 | TOS5+ST3+APS 138 V1 (58%)+V6(37%)+V7(5%)

TSS25 | TOS5+ST4+JT5 66 V1(76%)+V7({24%)

TSS26 | TO5+ST4+JT6 58 V1(66%)+V7(44%)

TSS27 | TOS+ST4+JT7 87 V7(46%)+V1(40%)+V6(24%)
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TSS10 | TO6+AP7 71 V1(82%)+V7({13%)+V6(5%)
TSS11 | TO6+A10 104 V6 (65%)+V10(35%)

TSS28 | TO6+AP8B+UL6 2 V6 (100%)

TSS29 | TO6+APB+UL7Y 28 V1{50%)+Ve6(25%)+V7(25%)
TSS30 | TO6+APB+ULS 70 V1(B4%)+Ve(26%)

TSS31 | TO6+AP9+ST1 16 V6 (44%)+V7(25%)+V10(19%)
TSS32 | TO6+AP9+ST3 26 V6 (62%)+V1 (273)+V7(8%)
TSS33 | TO6+AP9+ST4 81 V1(73%)+V6(20%)+V7(7%)
TSS34 | TO6+AP9+STS 25 V1(68%)+V6 (28%)+V7(4%)
TSS35 | TO6+APS+ST6 68 V1(97%)+V7(3%)

TSS50 | TO6+AP9+ST2+RO1 1 V6 (100%)

TSS51 ; TO6+AP9+ST2+R0O2 H Ve (82%)+V118%)

TSS52 | TO6+AP9+ST2+R0O3 41 V1(54%)+V6 (46%)

TSS53 | TO6+APS+ST2+R0O4 71 V6 (52%)+V1(38%)+V7(7%)
TSS54 | TO6+APS+ST2+R0O6 31 V6 (84%)+V1(10%)+V10(6%)
TSS55 | TO6+APS+ST2+R0O7 18 V6 (95%1+V1 (5%)

TSS72 | TO6+AP9+ST2+R0O5+JT8 11 V6 (82%)+V1 (9%)+V10(9%)
TSS73 | TOS+AP9+ST2+RO5+JTI 51 V6 (75%)+V7 (18%)+V10(6%)
TSS74 | TO6+AP9+ST2+R0O5+J10 10 V6 (50%)+V10(50%)
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TSS12 | TO7+5T4 76 V1I(572)+Ve(42%)+V10(1%)
TSS13 | TO7+STS 7 V1{5T73)+V6{29%)+V10(14%)
TSS36 | TO7+ST1+ULS 60 V6 (73%)+V1 (20%)+V10(7%)
TSS37 | TO7+ST1+JT8 5 Ve (100%)
TSS38 | TO7+8T2+J11 67 V10{(64%)+V6(38%)
TSS39 | TO7+8T2+J12 15 V10{80%)+V6(20%)
TSS40 | TO7+ST3+AP9 13 V1O (54%)+V6({31%)+V1(15%)
TSS41 | TO7+ST3+Al0 58 V6 (59%)+V10(17%)+V1(17%)
TSS42 | TO7+ST3+Al11 1% V10 (90%)+V6(5%)+V7(5%)
TSS43 | TO7+ST6+APY 82 V1{92%3)Y+V7(1%)
TSS56 | TO7T+ST1+ULS+R0O3 4 V10(100%)
TSS57 | TO7T+ST1+UL9+R0O4 24 V10{(71%)+Ve (29%)
TSS58 | TOT+S8T1+ULS9+R0O5S 16 Ve (56%)+V10(44%)
TSS59 | TO7+ST1+ULS+R0O6 6 Ve(e7%)+V10(33%)
TSS60 | TO7+ST1+ULS+RO7 18 Ve (B83%)+V1(11%)+V1i0(6%)
TSS61 | TO7+ST1+ULS+RO8B 3 Ve {67%)+V1 (33%)
TSS62 | TO7+ST2+JT9+ULS 112 Ve (B3%)+V1I(12%)+V10(3%)
TSS63 | TO7+8T2+JT9+ULS 31 Ve (65%)+V10(323%)+VT7(3%)
TSS€4 | TO7+ST2+J10+R0Q2 1 V10{100%)
TSS65 | TO7T+ST2+J104+R03 ) V10 (100%)
TSS66 | TO7+8T2+J10+R04 79 V10(79%)+V6(21%)
TSS67 | TO7+8T2+J10+R0O6 41 Ve {63%)+V10(37%)
TSS68 | TO7+ST2+J10+RO7 22 Vo (96%)+V10({4%)
TSS69 | TO7+S5T2+J10+R08 3 Ve (100%)
TSS70 | TO7+8T6+A10+JT9 21 V1(100%)
TSS71 | TO7+ST6+A10+J10 6l V1(72%)4V6(28%)
TSS75 | TOT+S5T2+J10+RO7+ULS8 33 V6 (82%)+V10(9%)+V7(9%)
TSS76 | TO7+ST2+J10+R0O5+ULS 25 Ve (56%)+V10(44%)
TSS14 | TO8+Al10 28 V6 (50%)+V10(25%)+V1 (25%)
TSS44 | TO8+Al11+ST1 44 Ve (82%)+V10(18%)
TSS45 | TO8+Al11+8T2 132 V10 (67%)+V6(33%)
TSS46 | TO8+A11+ST3 77 V10 (94%)+V6(6%)
TSS547 | TO8+A11+5T4 4 Ve (100%)
* TOS+ (<= RO6) None V10(100%)

TOS+ (>= RO7) Ve (100%)

* Knowledge obtained from the south of the rescarch area

All combinations of environmental classes come from the analysis of
the present forest distribution under current climate conditions.

When this knowledge base is used to predict future forest
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distribution, a problem may arise if the combination of future
climatic variables cannot be found under the current climate. This
is due to the fact that global warming causes seasonal temperature
pattern change (e.g. winter temperature usually increases higher
than summer temperature in high latitude area). The solution
consists in choosing the combination of current climatic variables
which is the closest to the future combination. This will, to some
extent, lower the quality of prediction. However, this problem is
unavoidable in all empirical models. This is also the difficulty in

predicting forest response to global warming.

Considering the fact that this knowledge base 1s used for
predicting the forest response to global warming, we will have a
problem if we only use these 76 pieces of knowledge. We are unable
to predict the future forest in the southern research area because
the temperature in this area is predicted to increase to a level
which does not exist so far in the research area. Therefore, none
of the 76 pieces of knowledge will be applicable. The solution to
this problem consists in finding more knowledge from the warmer
area of North Dakota and Minnesota in the United State (National
Atlas - Forest Types 1967, Climate Atlas of North and Central
America 1979) and add them to the knowledge base. We would then
have to use a PEGASE analysis in order to obtain the good quality

"knowledge" about the forest distribution in the areas of North

111



Dakota and Minnesota. To obtain these data and redo this analvsis
is beyond the scope of this study. Because of the simplicity of the
relationship between forest and environmental variables in the
North Dakota and Minnesota areas, we will instead use a simple
method of map overlay to specify the relationship between forest
and climatic variable. We did not include the soil texture in map

overlap analysis because of two reasons:

(1) The data are not available;

{2) More important, the boundary between the two vegetation types
in that area, the prairie and the broad-leaf forest, is mainly
controlled by the annual precipitation, which is very clear when
we overlay the vegetation map and the annual precipitation map.

This is also the case in the south of our research area.

Two pieces of knowledge were created by the map overlap method.

These two pieces of "knowledge" are:

(1) If the October temperature is greater than or equal to 7.00
degree centigrade (T09) and the annual precipitation 1is greater
than 520.0 millimetre, the forest type will be broad-leaf forest

with 100% probability:

(2) If the October temperature is greater than or equal to 7.00
degree centigrade (TO9) and the annual precipitation is less than
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520.0 millimetre, the vegetation type will be prairie with 100%

probability.

In the KBFM, October temperature is the most important variable
controlling forest distribution (Table 4-8). A specific category of
October temperature corresponds to one or more forest types. For
example, when October temperature falls into the category of
TOI (October temperature <0.0°C), the only possible forest types are
tundra and the transition zone; when October temperature falls into
the categories of TO3 (October temperature >=1.00°C and <1.99%) and
TO4 (October temperature >=2.00°C and <2.99°C), the only possible
forest type is boreal forest (VI) and some openland (V7). For the
categories of TOI, TO3, and TO4, we can make good prediction of
forest distribution just by knowing October temperature. However,
a2 good prediction becomes difficult for the categories of 702
(October temperature >=0.00°%C and <0.99°C), TO5 (October temperature
>=3.00°C and <3.99°C), TO6 (October temperature >=4.00°C and
<4.99°C), TO7 (October temperature >=5.00°C and <5.99°C), and 708
(October temperature >=6.00°C and <6.99°C) (Table 4-8). In these
cases, we need additional information. The uncertainty of the
categories of T02, TO5, TO6, TO7, and TO8 can be greatly reduced by
adding other environmental wvariables. As Table 4-8 shows the
category T02, for example, VI and V8 can be well differentiated by

adding the variable January temperature. Under the condition of TOZ2
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+ JI2 (TS54), we have a 26% probability of predicting the
transition zone between boreal forest and tundra (VS). We have a
B8% probability of predicting V1 under the condition of T02 + JT¢
(TSS5). For the category of TO2 + JT3, there is still some
uncertainty, which is reduced by adding annual precipitation. When
the annual precipitation is higher (T§S16 - T5S520), it favors
boreal forest (Vi); when the annual precipitation is lower (TSS15,
T5s548), it favors the transition zone between boreal forest and

tundra (V8).

Table 4-8 October temperature and its prediction of forest types

October Number of cells |Forest types and probability
temperature

TOl 1317 V8(91%),V9(9%)

TO2 955 V1(56%),V8(41%),V7(2%),V6(1%)
TO3 350 V1(95%),V7(5%)

TO4 443 V1(95%),V7(5%)

TO5 692 V1{80%),V7(14%),V6(6%)
TO6 743 V1(46%),V6(41%),Ve(7%),V7(6%)
TO7 908 vVe(47%),V1i0(26%),V1(26%),V7(1%)
TO8 285 V10(61%),V6(36%),V1(3%)
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In the north of the research area, soil texture did not contribute
much to the reduction of the entropy and this fact can be found in
the categories of TCl, T02, TO3 and TO4. However; soil texture
becomes very important in the south and this fact can be found in
the categories of TO5, T06, TO7, and TO8. Comparing TSS31, TSS32,
TSS33, TSS34, and TSS35 in Table 4-7, for example, a combination of
TO6 + APY plus different soil texture will predict different
forest. Sand or sandy loam soil texture (T06+AP9+ST1) predicts
broad-leaf forest (44%) and prairie (192%). Clay soil texture
(TO6+AP9+ST3) predicts broad-leaf forest (62%) and boreal forest
(27%). Loam soil texture (TO06+AP9+ST2) also predicts broad leaf
forest (66%) and boreal forest (23%). Other soil textures (ST4, STS

and §T6) mainly predict boreal forest (68-97%).

Precipitation is an imporfant variable differentiating prairie from
broad-leaf forest. Comparing TS5§856, TSS57, TSS58, TSS59, TSS60 and
T5561 in Table 4-7, when the annual precipitation is less than
480mm (RO3, R04), we have very high probability of predicting
prairie (TSS56 100% and TSS$57 71%); however, when the precipitation
is higher than 480 mm (RO5, RO6, RO7, and R0O8), we have higher
probability of predicting broad-leaf forest (TSS58 56%, TSS59 67%,
TSS60 83%, TSS 61%). TS5S64, TSS565, TSS66, TSS67 and TSS68 have
exactly the same functions. Precipitation is also important in the
two pieces of knowledge from the area of North Dakota and
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Minnesota. The slight difference is that 3520mm annual precipitation
is associated with the boundary of broad-leaf forest and prairie

because higher temperature favors higher evaporation.

4.2.3 Construction of the Computerized Knowledge Base of KBFM.

Computerization of the knowledge base is a process of translating
each TSS in Table 4-7 into a knowledge in a condition-action
statement. A condition-action statement contains a logical
condition which controls the program to go to one specific branch
according to the the boolean value of the logical condition.

Typically, it is like:

if ( logical condition 1 = TRUE)
forest type = as
else if (logical condition 2 = TRUE)

b;

forest type

forest type = n;
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The leogical condition here is the combination of boolean equations
of the critical environmental variables. For example, the knowledge
provided by TSS12 ( TO7+ST4 predicts V1(S57%)+V6{42%)+V10(1%}) ) in

Table 4-7 can be computerized using programming language C as:

if((OctTem>=5.0) && (OctTem<6.0) && (SoilTex=—ST4) )

{
i1f((r=rand()$10)<6)
return 1;
else
return 6;
}

This section of a program means that if a cell satisfies the
following conditions: October Temperature >= 5.0 and October
Temperature < 6.0 (October temperature is greater than or equal to
5.0°C and less than 6.0°C) and Soil Texture ==ST4 (soil texture is
Mesic Woody Forest), this cell has a 60% probability to be boreal
forest (V1) and a 40% probability to be broad-leaf forest (V§). The
prairie is ignored since the actual probability of being a prairie
is only 1%. Here, a random number generator function in programming
language C, rand(), is introduced to determine the forest type of
this cell in such a way: the value of r (r = rand() mod 10) is
obtained by taking the module of a random integer number by 10,
which always yields an integer value with a range 6f 0 to 9. If it

is a value less than 6, then it returns forest type V1 represented
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by integer 1, otherwise it returns forest type V6 represented by

integer 6.

TSS1 is an exceptional case when it was computerized. TSS1 says
that we have approximately a 90% probability to predict the
transition zone between tundra and boreal forest (V8) and a 10%
probability to predict the tundra (V9) when the October temperature
of a given cell is lower than 0.0°C. If we use the method described
above to computerize it, we will not be able to predict a spatially
continuous tundra but the predicted tundra will evenly scatter
inside the transition zone between tundra and boreal forest (V8).
The solution is that we do not use a random number generator
function to decide a cell to be tundra (V9) or the transition zone
between tundra and boreal forest (V8) instead we use a cell's
October temperature to predict. If the October temperature of a
cell is lower than or equal to -0.9°C, this cell will be tundra
(V9) and if the October temperature of a cell is lower than 0.0°C
and higher than -0.9°C, this cell will be the transition zone
between tundra and boreal forest (VR). The value of -0.9°C was

obtained by spatial boundary matching.

This exceptional computerization of TSSI1 makes the prediction of
present . tundra distribution reasonable. However, it will not be

applied to the prediction of forest response to global warming
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because there will be no any cell in which the October temperature

is lower than 0.0°C (TOl) after global warming.
4.3 Validity Test of the KBFM

It is logical to assume that a model would not be reliable if it
cannot predict the present forest distribution well. Under this
assumption, we can test the validity of the KBFM by comparing
present forest distribution with the predicted forest distribution
under the present climatic condition (a 0.0 degree centigrade

temperature change and 0.0 mm precipitation change).

Comparing the predictive forest distribution (Map 4-1) with the
current forest distribution (Map 4-2), we find the boundaries
between forest types match very well. We also find that the total
surface area of each forest types agree very well (Table 4-9). The
areas of the two forest distributions can be compared using cell
difference ratio, which is the difference in the number of cells
between predictive forest.and current forest divided by the number
of cell of specific forest type of present forest distribution. The
predicted broad-leaf forest, prairie, and transition zone are very
close to the current forest. Their cell difference ratios are as
low as 1.9%, 3.0%, and 3.8% respectively. Boreal forest has a

relatively higher cell difference rate -6.8%, but it is still
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Map 4-1 The predictive forest distribution under the condition of
zero climate change. :

[0



Map 4-2. The current forest distribution
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acceptable. Tundra has the highest difference rate 64.03%. This is

due to the fact we only use one environmental variable, October

temperature, to predict tundra in our model and to the fact that

the total number of tundra cells is relatively small.

All these figures show that the XBFM can predict the area of the

prairie, broad-leaf forest, boreal forest, and the transition zone

between boreal forest and tundra quite well.

outcomes demonstrates the wvalidity of this KBFM.

Table 4-9. Comparison of the

This predictive

areas of the present and the predicted

forest

Forest types | Present Predicted Difference Cell
Forest Forest (Cell Difference
(Cell {Cell Number) Ratio
Number) Number)

Boreal 2425 2261 -164 -6.8%

forest '

Broad-leaf 893 210 - 17 1.9%

forest

Tundra 114 187 73 64.0%

Transition 1597 1657 60 3.8%

zone

Prairie 487 481 14 3.0%

Note: The positive signs means the predictive forest area is larger

forest area and negative sign means reverse.
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Chapter 5. The Prediction of Forest Responses to Global

Warming

5.1 GOMs and Future Climatic Data.

In order to predict future forest distribution as a response to
global warming, we need to develop scenarios of future climatic
change. Future climatic data can be drawn from the predictions of
GCMs. 2As mentioned in Chapter 1, there are several versions of

GCMs.

In this research, the future c¢limatic data come from the second
generation of the Canadian Climatic Centre GCM (CCC GCM) provided
by the Canadian Climatic Centre. We use the CCC GCM's prediction

for several specific reasons:

(1) It has a higher grid point resolution than many other GCMs with
a transform grid of 3.75° longitude by 3.75° latitude. Since this
research is carried out at regional scale, higher resolution is
highly desirable and will provide better estimates of the predicted
vegetation. However, even this model has a quite coarse resolution

for this study.

(2) The model accounts for full diurnal and annual cycles.
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(3) Ocean and sea-ice treatments involving the specification of
ocean transports permits a good simulation of 1*CO. (present-day)

ocean temperature distribution and ice boundary.

(4) It has a modified treatment of land surface processes and

hydrology which is somewhat more sophisticated than the usual

"hucket™ treatment.

(S} There is a parameterization of cloud optical properties
feedback, which is important on cloud properties. This 1is a

persistent problem in GCMs (Boer et al. 1931).

The basic average features of the simulated climate change due to

green-house gases by the CCC GCM are:

(1) A globally average surface temperature increase of 3.5 degrees
with the increase over the land larger than that over ice-free

ocean;

(2) A precipitation and evaporation increase of 4% over the globe
with the increase in precipitation larger over the ocean and the

increase in evaporation larger over the land;

{3) Bn average decrease in soil moisture of the order of 6.6% with
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larger values occurring in northern hemisphere during summer;

{4) A decrease in cloud cover of zbout 2.2%;

{5) A major decrease of the mass of sea-ice amounting to 66%, and

(6) Marked changes in other quantities in the polar regions (Boer

et al. 1891).

Map 5-1 The location of the CCC GCM grid points and study area

»
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Source: Application of the Canadian Climate Centre General Circulation
Model output for rigional impact studies, Guidelines for Users (Cohen 1931)
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Six CCC GCM grid points fall within the research area and 14 others
surround this study area. Map 5-1 shows the location of all the
grid points within the research area and 10 surrounding grid
points. Feur surrounding grid points in the.south of the study area
cannot be shown in Map 5-1 because they are out of the map. For
simplicity, we give each grid point within the study area a short
name according to its spatial location in the study area. The two
grid points in the south are called the southwest (SW) and
southeast (SE). The two grid points in the north are called the
northwest (NW) and northeast (NE). The rest two grid points in the
middle are called the central-west (CW) and central-east (CE). The
magnitudes of temperature increase is obtained by subtracting the
predicted climate of 2*CO* with the climate of 1*C0O*. The climate
change for the 6 grid points are shown in Table 5-1. Adding these
changes to the current climate data, we get the future climate data
for these 6 grids. We can see a pattern of the climate change in
our research area from Table 5-1. The basic changes predicted for

these & grids are:
(1) Precipitation increases for all these 6 grids. In the north,

the precipitation increases about 100mm, which is higher than that

in the south with an increase about 30mm;
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Table 5-1. Climate change for the six grids in

the study area

1 Grid January |{April July October Annual
Geographic Tem. Tem. Ter. Tem. Precip.
Location Increase | Increase | Increase | Increase | Increase
50,.1°N, 101.3% 7.2°% 8.5°C 4.8°C 3.1% 6.8
(Southwest)
50.1°N, 97.5% 7.1% 6.4°C 4.3% 2.9°% 33.9
(Southeast)
53.8°N, 101.3% 4.3% 2.6°%C 4.2% 2.2% 29.5
{Central-west)
53.8%°N, 97.5% 4.9% 2.1% 4.5% 1.9% 16
(Central-east)
57.5°%N, 101.3% 3.1% 0.9°% 2.9% 1.6°C 111.6
(Northwest)
57.5°N, 97.5% 3.5% 1.4°% 3.3% 1.5°C 118.7
{(Northeast)

Average 5.0°% 3.7% 4.0% 2.2°% 52.8

The unit for

Note: Tem. stands for temperature. Precip. stands for precipitation.
precipitation change is millimetre.

(2) Temperature increases for all these 6 grids. It is clear that

temperature increases more to the south than in the north. For
example, January temperature increases up to 7 degree centigrade in
the south; however, it increases only 3 to 3.5 degree centigrade in

the north;

(3) January and July temperature increases are higher than those of
Rpril and October temperature. For example, the average temperature
increase for January is 5 degree centigrade; however, the average

temperature increase for October is 2.2 degree centigrade.
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The climatic data predicted by CCC GCM are questionable if we just
consider those data in our research area in isolation. For those 6
grid points in the study area (Map 5-1), April temperature, for
example, increases by 8.5°C in the Southwest grid point (50.1N,
101.3W); however, it only increase 0.9°C in the Northwest grid
point (57.5N, 101.3W). This is due to the fact that GCMs give a
relativély satisfactory picture of future climate at global scale;
however, they have much less certainty on a regional scale (Robock
et al. 1993, Hansen et al. 1991). Because of the limited resolution
of GCMs, we cannot get good quality future climate data at regional
scale. In this research, we deal with this by choosing three
climate scenarios about the way in which global change in

regionally distributed:

(1} Scenarioc 1. We assume that climate will change uniformly in our
research area. We use the average climate change data of the six
grid points (Table 5-1) as the climatic change data for the entire
research area, and we get future climatic data by adding the
average climatic change data (both temperature and precipitation)
to the current climatic data. The advantage of this scenario is
that it removes the large variation among grid points. The
disadvantage is that it also removes the pattern of climatic
change. Moreover, a uniform climate change over the entire study

area seems unrealistic.
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(2) Scenario 2. We assume climate changes homogeneously at the same
latitude. This means that areas at the same latitude undergo an
increase ¢of the same magnitude for temperature and precipitation.
Under this assumption, we use the average of the climate change
data of the two grid points in the same latitude to represent the
climate change at this latitude (Table 5-2). Future climatic data
for all the areas can be c¢btained by interpolation based on the
data in Table 5-2. The advantages of this scenario are: (a) it
keeps the South-North climatic change pattern obtained from CCC GCM
prediction and (b) it also, to some extent, buffers the great
variations among grid points. The disadvantage is that it ignores

any East-West climate change pattern.

Table 5-2. Climatic change in the study area (Scenario 2)

Geographic | January April July October Annual
Location Tem. Ten. Tem. Tem. Precip.
Increase Increase Increase Increase Increase
46.39°N 8.9% 11.7% 3.6% 3.1% 34.4
50.10°N 7.1% 7.4% 4.5% 3.0% 20.3
53.81°N 4.6% 2.4% 4.4°% 2.1% 22.8
57.52°N 3.3% 1.2°% 2.6°% 1.6 111.6
61.23°%N 5.0% 1.8% 4.0% 1.5°% 110.6

Note: The data for the latitude of 46.39N come from four grid points which are not
shown in Map 5-1. Tem. stands for temperature. Precip. stands for precipitation. The
unit for precipitation change is millimetre.

(3) Scenario 3. We assume the CCC GCM predicts future climate. We
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use the climatic change data predicted by the CCC GCM for the six
grid points in the research area and other 14 grids around the
research area (Table 5-3). Future climatic data for all the
research areas can be obtained by interpolation based on these 20
GCM grid points. The advantage is that the climate change pattern
is well-preserved but the disadvantage is that the large variation

of climatic change among grid points seems questionable.

Table 5-3. Climatic change in the study arxea (Scenaric 3)

Grid Janvary |2April July October Annual
Geographic Tem. Ten. Tem. Tem. Precip.
Location Increase | Increase | Increase | Increase | Increase
46.39°N,105.0% 8.9% 11.2°% 4.1% 3.3% 80.1
46.39°N,101.25°%W |8.9% 12.2°% 3.6°%C 3.2% 71.0
46.39°N,97.5% 8.9% 11.3% 3.7°% 3.1% 7.9
46.39°N, 93.75% 8.1°% 5.8°% 3.5% 2.7°% 9.9
50.1°N,105.0% 8.2°% g.2% 4.3% 3.1°% 21.1
50.1°N,101.25% 7.2°% 8.5% 4.8% 3.1°% 6.8
50.1°N, 97.5°% 7.1% 6.8°C 4.3% 2.9% 33.9
50.1°N, 93.75% 6.3%C 2.9% 4.0°% 2.9% 82.7
53.81°N, 105% 5.1% 2.8% 3.6°%C 2.5% 47.2
53.81°N,101.25% |4.3°C 2.6°%C 4.2°% 2.2°% 29.5
53.81°N, 97.5%°W 4.9% 2.7°% 4.5% 1.9°% 15.7
53.81°N,93.75°W 5.5% 5.6°C 4,3% 1.8°C -5.6
57.52°N,105.0% 3.3% 0.6°C 2.7°% 1.9% 107.2
57.52%°,101.25% |3.1°% 0.9% 2.9% 1.6°C 111.4
57.52°N, 97.5%W 3.5% 1.4°% 3.3% 1.5°% 118.7
57.52°N, 93.75°W 6.2°C 3.7°C 3.6°%C 1.8°% 111.9
61.23°N, 105.0% 3.3% 2.1% 2.8% 1.3% 58.5
61.23°N,101.25% |3.8°% 1.6°C 3.0°% 1.4°% 116.5
61.23°N,97.5%W  5.0% 2.1°% 3.4% 1.6 106.8
61.23°N,93.75% 6.2°C 1.9°C 5.6°C 1.7%

Note: The data for the latitude of 46.39N come from four grid points which are not
shown in Map 5-1. Tem. stands for temperature and Precip. stands for precipitation.
The unit for precipitation change is millimetre.
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5.2 Prediction of forest distribution based on c¢limate scenarios

Based on the predictions of KBFM, global warming will have a great
impact on the forest distribution in the research area under all
climate scenarios described above. The predictions of forest area
change are given in Table 5-4 and the future forest distribution
after global warming are shown in Map 5-2, Map 5-3, and Map 5-4 for

scenario 1, scenario 2 and scenario 3 respectively

Table 5-4. Change of the area of the forest types for three climate
scenarios

Current Scenario 1 Scenario 2 Scenario 3
Forest forest
Types Cell No. | Cell | Increase jCell | Increase Cell } Increase

No. No. No.

Boreal 2425 2954 | 21.8% 3111 | 28.3% 3122 | 28.7%
Forest
Broad 893 1158 129.7% 7086 -20.9% 839 -6.0%
leaf
Forest
Transi- | 114 0 -100% 0 =-100% 0 -100%
tion
Zone
Tundra 1597 0 -100% 0 ~100% 0 -100%
Prairie | 467 1384 | 196.4% 1679 1259.5% 1535 | 228.7%
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Map 5-2. Predictive forest distribution after global warming
(Scenario 1)
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Map 5-3. The predictive forest distribution after global warming
(Scenario 2).
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Map 5-4 The predictive forest distribution after global
(Scenario 3).

warming
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(1) Under all the three climatic scenarios, the area of boreal
forest will expand by about 21.8% to 28.7%. The area of prairie
will also expand up to 196.4% to 259.5%. The area change of broad-
leaf forest is different among the three climate scenariecs. In
scenario one, the area of broad leaf forest will increase by about
29.7% because of a high increase of annual precipitation. For
scenario two and scenario three, its area will shrink 20.9% and

6.0% respectively.

(2) Under all the three climate scenarios, tundra and the
transition zone between tundra and boreal forest will disappear in
the research area after global warming. The area currently covered
by tundra and the transition zone between tundra and boreal forest
will be replacéd by boreal forest because of the temperature

increase.

(3) The northern border of boreal forest will move northward
dramatically and it will go beyond the research area. The southern

border also will move northward about 120 to 180 km.

(4) The southern part of the present-day boreal forest will be
replaced by either broad-leaf forest or prairie depending on how
the precipitation will change. If précipitation does not increase
much, the southern part of boreal forest will be replaced by
prairie as temperature increases. However, if precipitation
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increases sufficiently, the southern part of boreal forest will be
replaced by broad-leaf forest. The predictions of broad-leaf forest
are different among the three climatic scenarios. In scenario one,
the annual precipitation increases 52.2mm for the entire research
area, and the southeast part of boreal forest will be replaced
mainly by broad-leaf forest because of the relatively higher of
annual precipitation. On the contrary, the southwest part of boreal
forest is mainly replaced by prairie because the annual
precipitation is lower. In scenario two, the southern part of
present boreal forest will be mainly replaced by prairie because
precipitation in the south of the research area will only increase
by 20-23mm. Therefore, the environment will become relatively drier
and the area of prairie will expand. Scenario three is intermediate

between scenarios one and two.

The prediction of forest responses to climate change at a regional
scale thus depends on the future climatic pattern predicted by
GCMs. The reliability of the predicted future forest depends on two
aspects: (a) the forest model itself; (b) the future climate data.
So far, GCMs cannot provide satisfactory future climatic pattern
for regional scale study. This will limit our ability to predict

future forest distribution at regional scale.
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Chapter 6. Discussion

From this study, we find that the quality of the prediction of
forest response to climatic change at a regional scale is limited
by the quality of future climatic prediction. At present, GCMs can
not provide good quality future climatic data for regional scale
studies because of the limitation of computational power. The
improvement of the future climatic data will help the improvement
of the precision of the prediction of forest response to global

warming at regional scale.

Although GCMs cannot give satisfying future climatic prediction for
a regional scale studies, people can still explore the potential
impacts of global warming on forest at regional scale with a number
of climatic scenarios and a good forest model. The KBFM is such a

forest model.
It is interesting to compare the XBFM's predictions with other
models' predictions. At present; however, there are some

difficulties for the comparison because of following reasons:

(1) There is not other regional scale studies in the area of

Manitoba;
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(2) The use of different GCMs prediction in different studies makes
the comparison difficult since the prediction of future forest or

vegetation depends on the future climatic data.

The study done by Rizzo et al. (1992} is the most comparable to the
KBFM's prediction among all the studies. As we discussed in Chapter
2, Rizzo et al. (1992) explored the sensitivity of Canada's
ecosystem to climatic change. This study covered the province of
Manitoba. However, the future climatic data they used were from
GISS GCM prediction and the scale of the study was at a continental

scale.

The prediction by Rizzo et al. (1892) is quite different from
KBFM's prediction. In the province of Manitoba, Rizzo et al. (1332)
predicted: (a) a much larger area of prairie than KBFM's prediction
and it also predicted that prairie will occupy most area of
Manitoba after global warming; (b) a disappearance of boreal forest
and the area currently occupied by boreal forest will be replaced
by prairie and the cool temperate forest (equivalent to the broad-~
leaf forest in KBFM); (c)} a relative larger area of cool temperate
forest. The common predictions between Rizzo et al.'s model and the
KBFM are that both tundra and the transition zone between boreal

forest and tundra will disappear in the province of Manitoba.
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The great difference of the predictions between Rizzo et al.'s
model and the KBFM is mainly caused by the uses of different GCMs'
predictions. The CCC GCM's prediction used by KBFM predicted less
temperature increase than the GISS GCM's prediction which was used

by Rizzo et al.’s model (Table 1-2).

Comparing the predicted future vegetation distribution, we can see
the advantage of the KBFM which gives much more detailed forest
distribution influenced by soil texture pattern, precipitation and
temperature distribution. However, Rizzo et al.'s model only gave
a rough vegetation distribution and less detailed vegetation

boundaries, which is less meaningful at a regional scale.

This KBFM is a new approach to regional scale modelling of forest
response to climate change. This research shows it can be very well
used for this research. It has two predictive functions:(l} It can
predict the future forest distribution, and give a clear forest
distribution pattern at a regional scale; (2) It can also predict

the change of the area of forest types.

The KBFM is a different approach from gap models. However, it has
some similarities with the empirical models. The KBFM and other
empirical models assume that the present-day vegetation is

equilibrium with the climate. They use the relationship between
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present vegetation distribution and environmental variables, to
predict future vegetation distribution. The future vegetation
predicted by the KBFM and the empirical models are a kind of
"potential vegetation” after global warming. This means that if
global warming occurs in the coming 100 years, as the GCMs
predicts, and then the climate stabilizes afterward, the future
vegetation will eventually develop under the new climatic
conditions given sufficient time for species migration and soil

development.

The new aspects incorporated in this KBFM are:

(1) The KBFM uses PEGASE, an analytical method based on information
theory, to find out the relationships between vegetation and
environmental variables whereas other empirical models use spatial
boundary matching methods and other statistical methods to
characterize the relationships. The advantages using PEGASE are:
(a) it can handle multiple environmental variables; (b) it can
handle nominal, ordinal and numerical variables such that both
climatic and non-climatic variables can be included; (¢) it can
effectively figure out the quality of the relationship between
forest and environmental variables using the concept of entropy,
negentropy, redundancy and probability; (d) the most important

thing is that the relationships we obtained from PEGASE can be
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computerized and form a knowledge base, which can be efficiently
used for predicting £future vegetation. However, the spatial
boundary matching method used by other empirical models do not
have these advantages. Moreover, other empirical models are hard to
apply at a regional scale because the inclusion of both climatic
and non-climatic variables makes the model construction

complicated.

{2} The KBFM has been developed using a series of analytical
processes including: {(a) the selection of critical environmental
variables; (b) the analysis ¢of the impact of the scale on the
selection of the critical environmental variables; (c) the
flexibility of handling different 1levels of forest types
generalization. These processes cannot be well done in other
empirical models. However, these processes are helpful for the
construction of a high quality model. They make it clear why we
choose specific environmental variables, why we exclude others, and
to what extent we lose the predictive ability when we exclude some
environmental variuples. Since we have many environmental variables
which are potentially important to forest distribution at regional

scale, we need these analytical processes.

(3) The KBFM uses a data base to store the infermation necessary

for the prediction. In this model, the study aréa was divided into

141



approximately 6400 small cells

water body.,

{since there are some cells cover

the number of cells which are used for analysis are

5693), vegetation and forest information was organized cell by cell

to form a data base. Using this data base and the Xnowledge base,

we can conveniently and efficiently predict future forest for

various climatic scenarios with the help of a computer.

Table 6-1. The comparison of the KBFM and other empirical models

Models KBFM Empirical
Models
Method to get the
relationship between PEGASE Boundary
vegetation and environmental matching
variables
The way to represent the Knowledge base None
relationships
The way to store correlated Data base Maps
data
The way to predict Cell base Boundary base
prediction prediction
Changes of Changes of
By-product of prediction vegetation vegetation type
koundary and areas
vegetation type
areas
Vegetation predicted Potential Potential
vegetation vegetation

Flexibility

Flexible to
Predict various
climatic
scenarios

Difficult to
predict various
climatic
scenarios
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(4) The KBFM does not directly predict the change of the boundaries
between forest types. The prediction unit is a cell. The change of
area of a specific forest type is automatically obtained by mapping
the cell system with the simulated vegetation types. More
important, the forest boundaries show up auvtomatically after all

cells have been predicted.

Frém these analyses, it is clear that the KBFM is better than other
empirical models to deal with forest response to global warming at
a regional scale. In this application, the KBFM 1s used at a
regional scale, but it does not mean that it can only be used at
that scale. It can also be used at continental and global scales.
When the KBFM is used at continental or global scales, it should

use different environmental variables and a different size of cell.

The KBFM is not perfect at this point and it has room to be
improved. First, the way PEGASE handles quantitative environmental
variables is to convert them into qualitative data. For example,
October temperature 1.00-1.99°C is classified as TO3 in this study.
People may also classify October temperature 1.50-2.49°C as TO3. It
means that some information carried by the quantitative
environmental variable may be lost during this conversion. In other
words, different classification of quantitative variables may

possibly have slightly different outcomes of the critical
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environmental variable selection and the final prediction.
Secondly, the prediction of future forest by KBFM is based on the
correlation of forest and environmental variables. The detailed
mechanism is not very well explored in this study. It needs to be

improved in the future.

Being a new and powerful model, the KBFM has a great potential to
be improved and updated. For example, we can relate future forest
distribution not only to the future environmental variables but
also to the present forest distribution. This means that the
present-day forest type of a cell can also be included in KBFM and
performs an influence on its future forest type. It is also
possible to divide the future 100 years into several intermediates
{e.g. 20 years) and predict forest distribution changes
progressively. Improving these two aspects will allow the KBFM to
show the dynamic process of forest response to climatic change.
Technically, there is no fundamental difficulty for these

improvements, but it needs more work and more time.
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Appendix A

The tree-like structure created by the stepwise divisive process of PEGASE is given here for the
analysis of obtaining the knowledge base. The total tree structure is given in several pages because
it is impossible to draw this big tree in one page. In each page, a set or a subset is divided by a
variable into a number of subsets or terminal subsets. The position of this set or subset in the tree is
given as the level. For example, level 2-1 means that the set or subset is at the second level of the tree
and it is the first subset at level 2,

For each set (tree root), subset (non-leaf node) or terminal subset (leaf node, also called 7:55), the
information given includes:

1. the number of cells in the set. It is 5693 cell in the example below;

2. the initial entropy, which is 1.42 in the example below;

3. the number of cells for each forest types. In the example below, V1, V6, V7, V8, V9, and V10
represent specific forest types; and the number on the right side of the equation is the number of cells
for the specific forest type. In this example, we have V1=2421, V6=882 A V7=212, V8=1597,
V9=114, and V10=467;

4. the environmental variable which divides this set into subset. In this example, it is OctTem, whick
is October temperature.

Here is the example:

5693

1.42
V1=242]
V6=882
V7=212
V8=1597
V9=114
V10=467
var.

OctTem
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Appendix B

Here is the file which contains the climatic data. The units for temperature and precipitation
(including rainfall in summer and snowfall) are degree centigrade and millimetre respectively.
The data are organized cell by cell and each cell has a record which is a row of data. The data are
also organized in such a way that data in the same column represent the same climatic variables
The meanings of each column is explained in following table,

Column No. | Data Column No. | Data

1 Spatial Location Code 6 October Temperature
2 Annual Temperature 7 Annual Precipitation

3 January Temperature 8 Rainfall in Summer

4 April Temperature 9 Growing Degree Days
5 July Temperature Snowfall

This is a huge data file that contains about 6,000 records; therefore, we cannot give all the data
here. We just give a very small part of them so that the reader can have some ideas about the data
file.

Here is the data file:

101 -4.2-27.4 4.1 15.7 0.1 460.9251.4998.4 171.8
102-4.2-27.4-4.115.7 0.1 460.9251.4998.3 171.8
103 4.2-27.4 4.1 15.7 0.1 460.9251.4998.4 171.8
104 -4.2 -27.4 4.1 15.7 0.1 460.9 251.4 998.4 171.8
105 -4.2-27.4 4.1 15.7 0.1 461.0 251.5998.5 171.8
106 -4.2 -27.4 -4.1 15.7 0.1 461.1 251.6952.8 171.9
107 -4.6 -27.4 -4.8 15.3 -0.1 454.9 244.9951.1 174.4
108 -4.6 -27.4 -4.8 15.2 -0.1 454.8 244.7 949.2 174.6
109 -4.6-27.4 -4.8 15.2 -0.1 454.7 244.5 947.0 174.7
110 -4.6 -27.4 4.8 15.2-0.1 454.6 244.3 9447 174.9
111 -4.6 -27.4 4.9 15.2 -0.1 454.4 244.1 942.1 175.0
112 -4,6 -27.4-4.9 15.1 -0.1 454.2 243.8 939.3 175.2
113 -4.6 -27.4-5.0 15.1 -0.1 454.0 243.5936.2 175.4
114 -4.7 -27.4 -5.0 15.1 -0.1 453.8 243.2 932.8 175.6

4523 -3.5-26.2-3.3 15.9 0.6 520.4 284.7 1026.0 209.4
4524 -3.6 -26.3 -3.4 15.8 0.5 525,3 287.0 1019.7214.9
4525-3.7-26.4-3.515.8 0.4 530.2289.4 1014.4219.4



4526 -3.7-26.4-3.515.7 0.4 534.4291.4 10128 224.0
5043 -3.9-26.4-4.715.8 0.8450.2245.4993.0178.6

6527 -1.6 -24.4 -2.4 18.0 2.9440.9 231.6 1337.2 163.1
6528 -1.6-24.4-2.4 18.0 2.9441.5231.6 1335.1 163.2
7351-2.0-247-3.117.2 3.2561.0268.7 1251.3321.0
7401 -0.6 -22.7 0.4 17.6 3.5472.0256.4 13949 139.9

8432 0.2-21.7 0.7 18.1 4.5505.3 264.6 1481.5 151.3
8433 -0.0-21.9 0.418.1 4.4511.2269.1 1466.8 157.4

9406 1.1-20.3 2.0 18.4 5.1 484.0 256.5 1570.2 147.1
9407 1.1-20.2 2.018.5 5.2482.9255.7 1580.1 146.3

11049 1.6-19.7 2.519.0 5.7 544.1 284.7 1648.4 133.1

12647 1.9-18.9 3.0 18.7 5.7 566.9 305.9 1650.0 121.9
12648 1.8-19.0 2.9 18.8 5.7 568.5 306.3 1639.3 123.5
12649 1.8-19.0 2.9 18.8 5.7 568.0 305.0 1643.5 124.8
12650 1.8 -19.1 2.3 18.9 5.8 567.5 302.6 1643.1 126.7
12651 1.7-19.2 2.8 18.8 5.7 567.0 301.7 1648.5127.3



Appendix C

The second file of the KBFM's data base is a data file used for PEGASE analysis. This data filc is
composed by two parts: the header and the data.

The header part contains the information which is read by PEGASE program. This information
includes: (1) the data file name (e.g. MANL) ; (2} the number of cells (e.g. 6100); (3) the
number of column (e.g. 51} and the number of rows (e.g. 125) for the cell system; (4) the number
of dependent variables used for analysis (e.g. 12); (5) the default maximum cell number for
stopping the division (e.g. 30); (6) the default minimum entropy for stopping the analysis (e.g.
0.30); (7) and the prionity sequence of dependent variables which is used when two dependent
variables reduce the same amount of entropy. In this case, the PEGASE program needs to know
which variable to choose (e.g. 234510126879 111 14 13 15), The second part of the
header gives the number of classes of each variable and the corresponding codes. In short, the
header gives a default information for the PEGASE. When running PEGASE, the user can follow
the menu to input or change the default information if he/she wants to.

The second part of the file is the data. The data are organized cell by cell and each cell has a
record which is a row of data. The data are also organized in such a way that data in the same
column represent the same variables The meanings of each column is explained in following table.

Column No. | Data Column No. | Data
1 Spatial Location Code 9 July Temperature Code
2 Vegetation Type Code 10 October Temperature Code
3 Geological Deposit Class Code | 11 Annual Precipitation
4 Soil Type Code 12 Rainfall in Summer Code
5 Soil Texture Code 13 Growing Degree Days Code
6 Annual Temperature Code 14 Topography Code
7 January Temperature Code .| 15 Snowfall Code
April Temperature Code Permafrost Code

Note: This data file contains information of soil type and permafrost, but there are not used in the analysis.

This is a huge data file, which contains about 6,000 records. Therefore, we cannot give all the
data here. We just give a very small part of them so that the reader can have some idea about the
data file.



MANIL.
610051125121
202230030
234510126879111141315
110 Vege.

1 VE1

2 VE2

3 VE3

4 VE4

5 VES

6 VE6

7 VE7

8 VES8

9VE9

10 V10

2 12 Geo.depos.
1GE1

2 GE2

3GE3

4 GE4

5 GES

6 GE6

7 GE7

8 GE8

9 GE9S

10 G10

11 Gl11

12 Gl2

3 7 Soil.depos.
1 ST1

28712

3 8T3

4 5T4

58T5

6 ST6

7 ST7 -

4 13 Soil.type
1 SO1

2802

3 S03

4 S04

5805

6 S06

7 SO7

8 SO8



9 509
10 S10
11 S
12812
13 S13
5 12 Tem.annu.
1 TAl
2TA2
3TA3
4TA4
STAS
6 TA6
7TA7
8 TAS
9 TAS
10 TIO
11 TI1
12 TI2
6 12 Tem.jan,
1JT1
2J12
3JT3
4JT4
SITS
6 JT6
7117
8JT8
S JT9
10J10
11 J11
12J12
7 11 Tem.apr.
1 AP1
2AP2
3 AP3
4 AP4
5 AP5
6 AP6
7 AP7
8 AP8
9 AP9
10 A10
1T All
8 10 Tem july
1UL1



2UL2
3UL3
4 UL4
SULS
6 ULS
7UL7
8 UL8
9 UL9
10 U10
9 8 Tem.oct.
1TO1
2TO2
3 TO3
4TO4
5TOS
6 TO6
7TO7
8 TO8
10 10 Rain_annu.
1 RO1
2 R02
3R03
4 R04
S ROS
6 RO6
7 RO7
8 RO8

- 9RO9
10R10
11 6 Rain_grow
1RGI
2RG2
3RG3
4 RG4
SRG5
6 RG6
12 12 Degr.day
1 D01
2D02
3 D03
4 D04
5D05
6 D06
7D07
8 D08



9 D09

10D10

11 D11

12 D12

13 5 Landform

1LF1

2LF2

3LF3

4 LF4

SLFS

14 9 Snowfail

1 SN1

2 SN2

3 SN3

4 SN4

5 8§N5

6 SN6

7 SN7

8 SN8

9 SN9

15 4 Permafrost

1 PM1

2PM2

3 PM3

4 PM4

0

0

103 811 17423
104 811 17423
10581117423
106 81117423

LUS B VN B VS Iy 53 ]

12643 5 1 1 3101111
12644 5113101111
12645 51 41210111

614

8
8

138
12646 12101110 8





