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Classification and mapping of ecological zones on a global scale has been a topic of
research for many years. This research looks at the development of a global spatial
database of ecological zones for the FRA 2000 Repon of the United Nations FAD.
Besides evaluating the most appropriate type of classification scheme for this purpose. it
explores and demonstrates how existing data.. for the United States and Canada.. can be
reclassified to match the FAO classification scheme. Accuracy of mapping is a
synergistic function of error. uncertainty.. and quality. An assessment of the draft FAO
Levelll Ecological Zone map was perfonned which classifies 10-year average. bi­
monthly. smoothed AVHRR-NDVI composites of the conterminous United States by
applying linear discriminant and decision tree analyses. The results of the Iinear
discriminant analysis were more significantly correlated to the FAO classes. although
both approaches suggest that the classification scheme does maximize between-class
variance of the NDVI temporal series.

Resumé

Le present ouvrage a pour but de decrire les moyens de bien representer les zones
ecologiques a l'echelle globale. Cette etude fait panie integrante d'un projet a plus long
terme de developpement d'une base de donnees spatiale des differentes zones ecologiques
appropriees pour l'Organisation des Ressources Alimentaire et Agricoles des Nations
Unies (FAO) a l'interieur du rapport sur l'Evaluation des Resources Forestieres 2000
(Forest Resource Assessment 2000 Repon. FRA2000). Pour ce faire. nous avons evalue
la methode la plus appropriee de schema classificatif utilise pour delimiter les zones
ecologiques a l'echelle globale. Un exemple est fournit demontrant de facon graphique
comment peuvent etre combinees et reclassifiees des donnees existantes des Etats-Unis et
du Canada. Enfin.. nous presentons les resultats de comparaisons de differentes methodes
pour etablir la precision des cartes eco-regionales a l'echelle globale. Pour ce faire. nous
avons utilise l'ebauche d'une carte eco-regionale de la FAO. representant dix ans de
donnees NDVI unifiees des contours des etats americains. la moyenne valeur prises deux
fois par mois. en y appliquant une analyse discriminatoire lineaire et un arbre decisionnel.
Dans ce cas precis. l'analyse discriminatoire lineaire semble etre plus appropriee. meme si
les deux approches suggerent que le schema classificatif maximise la variance entre­
classe de la serie temporelle du NDVI.
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Over the past thirty years. there has been an increasing emphasis on reporting various

environmental statistics by 'ecological zone'. This emphasis is related to the perceived

need that modeling natural processes. which are spatially defined by ecologically

functional units. are required for making informed. environmentally appropriate.

management decisions. Although much recognition has been given to the effects of

global processes on regional conditions. few attempts have been made to delineate a

global ecological zone map that is both consistent and accurate across the globe. The

reasons for this are related to the fact that resource management has traditionally been

conducted at regional to local scales. and that few globally-oriented organizational

structures exist to conduct such a study. Nevertheless. one of the current mandates of the

United Nation's Food and Agriculture Organization (FAO) is to produce a global

ecological zone map. The purpose of this mandate. as will be described later. is related to

the importance placed on reporting Forest statistics by ecological zone within a global

perspective.

1.1) Aim and objectives

The primary aim of this research is to develop a methodology for producing an accurate

global spatial database of ecological zones for the Forest Resource Assessment 2000

Report (FRA2000) of the FAO. The objectives of this study are to:

Objective 1) ldentifj' and evaluate the most appropriale type ofclassification scheme
for a global ec%gical zone map.

This objective addresses the characteristics and constraints of a global ecological

classification scheme. The high level of generalization at the global scale as weil as the

compilation-based approach necessitates the classification scheme be systematic. easily

understood and reproducible. A bener understanding of the constraints and

characteristics helps to justify and explain the approach used.
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Objective 2) Explore ho~,/ existing data can best be combined and reclassified to
achieve a coherent and consistent global ecological zone map

A USA/Canada case study is used to address this objective by illustrating how regional

ecological maps differ in categorical definitions and underlying philosophies. Existing

regional ecological zone systems are reclassified to fit the global ecological classification

scheme. with the results reponed using both maps and tables.

Objective 3) Investigate methodologies through ~"'hicJz error. uncertainty. and quality
factors can be assessedfor a 'compiled' global ecological zone map.

An assessment of accuracy and error is essential for building confidence in the methods

and resuIts of a study. With this knowledge. users cao judge the most appropriate

application of the methods and results. An accuracy assessment is perfonned using 10­

year average. bi-monthly. smoothed (-km AVHRR-NDVI composites of the

contenninous United States by applying discriminant and decision tree analyses. and

compares them to the FAO Ecological Zone map.

1.2) Structure of Thesis

Chapter One establishes a basis for this thesis within the field of ecosystem geography.

and introduces the research questions that will be addressed. Chapter Two provides the

contextual basis for developing a global ecological zone map for the FRA 2000. Within a

global perspective. the types of classification for regional vegetation and ecological zone

mapping are discussed in Chapter Three. Chapter Four explains the conceptual

frameworks and elements of a global classification system and introduces the FAü

Ecological Zone classification scheme. Chapter Five describes the methodology used to

reclassify and compile regional maps. and to assess accuracy and error in the resulting

Ecological Zone map. The United States and Canada are used as a case study to illustrate

the reclassification and compilation process. Only the area within the contenninous U.S.

is evaluated for the accuracy assessment because of data availability. Chapter Six repons



and discusses the results generated from Chapters Five and Six. Chapter Seven. the

concluding chapter. discusses the results within the context of the FRA2000 as outlined

in Chapters Two. Three and Four. and also revisits the stated research objectives.
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1.3) Background

Since its inception in 1945. the FAO has offered direct development assistance by

collecting. analyzing and disseminating information. by providing policy and planning

advice to governments and by acting as an international forum for debate on food and

agriculture issues (including forestry). A specific priority of the Organization is to

encourage sustainable agriculture and rural development: a long-tenn strategy for the

conservation and management of natural resources. Throughout the years of statisticaI

reporting on global forests by the FAO. the aim has remained the same: to support policy

formulation and investment decision-making by Member Governments of the UN. One of

the objectives of this aim is to provide. on a regular basis. information regarding the

world's forest resources. In relation to this. the underlying purpose of the various reports

published through the FAO Forestry Department is to "contribute to the knowledge base

on which reasonable decisions regarding sustainable forest management can be taken at

the global lever' (FAO. 1998). The Forest Resource Assessment 2000 (FRA 2000).

FAO's next periodic evaluation of the world's forest resources. will provide a wide range

of information on the state of forest coyer for the year 2000. Information in the report

will include indicators such as the extent and rates of change in deforestation. biomass.

biological diversity. availability of forest area as a source of bath timber and non-wood

products. and the protective role that forests play in the landscape. Infonnation will be

reported at national. regionaJ. and globallevels. and will also be based on ecological

zones. Information collection will be carried out by national and regional experts in

specific disciplines. and complemented by GIS analyses of multiple data sources and

remote sensing programs. The effort requires a high degree of collaboration and

coordination between many national and international agencies with the results scheduled

for release in January 2000. This approach. which requires the participation of many

regional experts. promotes the use of regionally developed ecoregion boundaries for



global modeling. while also providing a global perspective to countries that utilize the

dataset for regional projects.
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For the purpose of developing a global ecological zone map. the globe is divided into

regions. The Forest Resource Assessment 1990 developed a tropical ecofloristic zone

map that includes Africa. India. Southeast Asia and South America. and used similar

procedures as the current assessment (Figure 1). Therefore. the emphasis of the FRA

2000 ecological zone mapping project is on preparing a map for temperate areas. Due to

national influences on funding for ecologicallvegetation mapping projects. these

temperate regions are defined by politicaJ boundaries. ln addition to areas covered by the

FRA1990. there are seven study regions: Central American countries (including Mexico>:

the European Union: countries encompassed by the Former Soviet Union: China.

Australia: the Far East: and North America. The latter. which encompasses Canada and

the United States. is the focus of this thesis and is used to illustrate methodologies for

compilation and validation that could be adapted to other regions.

2.) Context: A Global Ecologie•• Zone lEZ) map for the U~ FAO's Forest Resource
Assessment 2000

ln the past two decades. there has been an increase in demand for additional infonnation

about forests. forestry. and ecology (Persson and Janz. 1997). Traditionally. forest

inventories. within a nation or sub-nation area. covered parameters such as forest area.

wood volume. and wood increment (the amount of wood fibre accumulated through

forest growth). In addition to traditional forest inventories. the Kotka III Expert

Consultation. (held in Kotka. Finland in 1997). identified a need for better understanding

the character and driving forces of forests for wood supply. The need for this type of

knowledge relates to the growing awareness. within sorne poHcy fonnulation groups. of

the inter-connected nature of global processes. naturaJ or human. From this perspective.

therefore. any attempt at managing these processes requires that ecologically functional

units be delineated and used as a planning unit. With improvements in data collection



procedures and technological capabilities~ the capacity to collect~ compile and analyze

relevant global environmental information to meet this need~ has also improved.
• ~. Douville 11 011'2.7/00

•

•

2.1) Global Forest Inventories: new demands, current problems and potential
improvements

New demands for information have been driven by concerns about the environment~ and

the issues of deforestation which have been brought to the forefront with such initiatives

as the World Commission on Environment and Developmenfs Bruntland Commission

Report ( 1987). and the 1972 and 1992 UN Conferences on Environment and

Development. Within this context of current economic. culturaL and organizational

conditions: compilation of existing datasets~ and the use of readily available and

inexpensive data sources is the approach chosen to develop and evaluate a global

ecological zone map.

Although the compilation approach to mapping ecoregions is less expensive and more

politically acceptable than alternative approaches. data aggregation is often made difficult

due to source inventories from various national and international agencies with highly

varying data collection methodologies. In conducting a study of ecological zone map

compilation. a clear set of definitions for ecological and forest resource tenus are needed.

The definitions must have a number of characteristics if they are to be useful for ensuring

consistency in statistical reports. First. the definitions must be consistent and compatible

with terminology agreed upon in international fora. This was the purpose of the 1997

Kotka III Consultation and of the World Conservation Monitoring Centre (WCMC)/FAO

Ecological Zone Workshop held in July of 1999. Secondly. the definitions must be

flexible enough to pennit the utilization of data sets collected for other purposes.

Additionally. major tenns must accommodate already collected country-Ievel data. Each

country has its own unique way of classifying ecologjcal zones. and forest statistics. and

the standard definitions must be able to accommodate these differences. Lastly. the tenus

must also be readily understandable to a wide audience of users (Bull. 1997).
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The cUITent state of global ecological and forest inventories has not changed considerably

in the past few decades. Although survey tools and computer technologies have

improved. there exist three main obstacles to funher improvement in the next few years.

They can best be captured by three imponant questions: First. do the tools. concepts and

classifications match the objectives of the inventory? Second.. how is the issue of

international harmonization to be addressed? And thirdly. what role does the international

community play in building survey capacity in less developed countnes? (Lanly. 1997)

Although the FRA 2000 will be reponing by ecological zone. it is unlikely. that it will be

able to address these obstacles fully. Nonetheless. il is a wonhwhile attempt to improve

and build upon existing structures.

2.2) Lessons from the past: FRA 1990.

A spatial ecologjcal zone database. especially for temperate areas. that is reliable and

relevant to the reponing of forest statistics at the global level.. has not yet been developed.

Such a database of tropical areas. however. was prepared for the FRA 1990. which has

proven to be useful and relevant for reponing on forested areas. The task for the FRA

2000 is to extend this map to include temperate areas. This initiative is related to new

directions that have called for more emphasis on reponing statistics by ecological zone.

This type of approach is imponant not only for modeling the effects of forest changes on

natural processes globally. but also for comparing how different ecological zones respond

to those changes.
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As an extension to and combination of sample survey approaches. and new computer­

aided lechnology (including GIS). the 1990 Forest Resource Assessment used a remote

sensing-based survey approach to map and report on tropical forests. This was a major

global cooperative effort where institutions and individuals contributed to ail phases of

the implementation from statistical and analytical design. interpretation of satellite data.

to the dissemination of the monitoring methodology to forestry institutions within

tropical countries (FAO. (997).

•

The database and map that was compiled is only a partial coverage. and excludes tropical

areas within Mexico. Central America. China and the Near East. Although not a global

coverage of ecoregions. Ihis initiative proved to be a distinct advancement in reporting of

forest information by functional ecological zones. Aside from the report proper. the

information has proved to he very useful to other projects including the development of a

deforestation model. the assessment of forest biomass. and the design of remote sensing­

based sample surveys in the tropics (Singh. 1998). An example of one benefit of

reporting forest statistics byecoregion is the ability to compare IWO ecoregions that have

an equivalent loss in forest cover. By delineating ecoregion boundaries. impacts on the



loss of biological diversity and biomass flux in the two eeoregions could be monitored to

compare ecosystem resilience to deforestation.
• :M. Douville 14 01/27/00

•

•

ln addition to completing eeological zone maps for tropical areas not included in the FRA

1990. it was reeommended. at the Kotka HI meeting. that specifie definitions of

ecological zone classes for temperate and boreal zones would have to be specified for

developed countries. Currently the FAO has no existing database on developed countries.

although numerous maps and data sets have been compiled by other organizations which

would serve as a logical basis for compilation (Zhu. 1998).

CHAPTER3

3.) Types of Classification for Ecologicsl Zone MappinK

3.1) Dividing up the Earth

The origins of ecological zone mapping stems from the science of vegetation mapping.

This section will briefly describe the science of vegetation mapping. exploring how ilS

terminologyand lexicon have been pereeived as ambiguous. and how it impacts and

relates to ecologieal zone mapping.

The abundance of semantic ambiguity within vegetation mapping stems from numerous

attempts and approaches to tackling the challenge of describing. c1assifying and

explaining a phenomena which. by its very nature. is heterogeneous and multi -faeeted.

Even the very name used to describe the study of vegetation has varied as a function of

which school of thought it deri ves from. They vary from Vegetation Science and Botany.

to Phytocenology or Phytosociology (hereafter referred to as Phytocenology). The union

of Phytocenology with geography places the work of phytocenologists within a spatial

realm. often in the fonu of a vegetation or ecoregion map. The many types of maps

represent the various means for integrating critically imponant biotic and abiotic factors.



With increasingly smaller scales. natural communities need to be mapped with broader

generalizations for revealing regional correlations and global spatial distributions.
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No single person invented the "vegetation map" but a great many people have

contributed to the methodology of producing an image that scientifically reflects the

distribution of Earth' s vegetation. From the first maps made thousands of years ago.

vegetation has been portrayed in sorne fonn or another. but not until the beginning of the

19th century were more scientific and systematic approaches taken to describe its

distribution and character. Alexander von Humboldt. also known as the founder of

modern geography. was one of the tirst to explicitly identify a correlation of

physiognomic features to environmental zones and explore ideas of latitudinal variation

in species variety (1815). This was ail during a time when physiognomic aspects \Vere

rarely separated from the concept of floristics (De Laubenfels. 1975).

Küchler uses the term 'phytocenose' ({phyto-} - plant. {-cenose} - common) to

describe a unique plant community distinct from its corresponding animal community

and environmental setting:

"A phytocenose may be defined as an aggregation oftaxa which are capable of
successfully competing with one another wühin the confines ofa particular
combination ofenvironmentalfeatures they can tolerate. .. (Küchler. 1967)

There are three basic ways of classifying phytocenoses (Küchler and Zonneveld. 1988).

The first approach is based on taxonomie or floristic identification of plants, The second

and often less systematic approach. is based on classes related to morphological.

structural or physiognomic fcatures of plant li fe. The third approach is based on

calibrating vegetation to one or two environmental variables that bcst describe their

distribution. The following sections describe aspects of these classification schemes.

how they are combined. and how applicable they are for global ecological zone mapping.
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3.2) Floristic Classification Schemes

Afloristic classification scheme is often based upon a 1950 international agreement for

taxonomie units of vegetation. Schemes developed floristically are usually hierarchical

and determined according to the binomial system that goes back to the IS th century

Swedish scientist Carl Von Linne (Linnaeus] (Küchler and Zonneveld. 1988). The major

levels of the taxonomie hierarchy are classes. orders. families. genera. species and

subspecies.

A floristic vegetation map is a spatial representation that delineates boundaries of plant

communities by f10ristic composition. The most widely known f10ristic classification

scheme for mapping is the Braun-Blanquet method. In this system. floristic classes

usually do not show ail species within a plant community but are characterized by listing

the more conspicuous or characteristic species of a community (e.g. white pine forest.

oak forest). This often results in numerous categories. resulting in a general avoidance of

tloristic mapping at the macro scale. Other disadvantages of f10ristic maps include

problems that arise for areas where there is species richness or unfamiliarity with the

f1ora. Due to this. many tloristic maps exist for Western Europe (familiar area. relatively

few species) but in contrast. few exist for tropical areas (unfamiliar area. many species).

Large-scale tloristic maps have been described as useful for tracking the historical extent

of f10ristic compositions within an area due to the effects of historical events on species

distribution (i.e. fire. avalanches. agricultural expansion. climate change). The greatest

advantage of f10ristic approaches is that they permit a high degree of detail and accuracy

at large scales. and are therefore preferred on small area maps where field surveys are

logistically possible.
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3.3) Physiognomic Classification Schemes

ln contrast to afloristic approach. a physiognomic approach bases its scheme on

appearance and growth fonn of vegetation rather than taxa. Two main types of

physiognomic criteria are growthform (often called life fonn). and structure.

Growth fonn criteria can be interpreted as phenotypically or genetically fixed adaptations

to the environment (e.g. grass with patches of broadleaf deciduous shrubs and dwarf

shrubs). A growth form division of a phytocenose is technically referred to as a synusia.

which is defined as a ·group of plants of one or several related life-forms growing under

similar environmental conditions' (Küchler. 1967).

Leaf-fonn. height. and coverage of vegetation are the three most comrnon criteria used to

describe the structure of vegetation. which often require the delimitation of arbitrary

boundaries for classification (e.g. canopy coverage c1ass 1 = < 10%. canopy coverage

c1ass 2 = 10-50%. and so on) (Küchler and Zonneveld. (988). The henefit of

physiognomic criteria is that. for the most part. they are scale independent. and can be

applied effectively over floristic realrns and continents.

The value of a physiognomic approach is that it does not presuppose taxonomie

knowledge. and can be used as an initial basis for a deeper investigation into floristic

composition. environmental influences. and historical developments. In relation to this.

another benefit of using physiognornic criteria is that remote-sensed data can represent.

more directly. aspects of growth fonn and structure. than floristic attributes. Global

vegetation and ecological zone maps. therefore. are generally the result of using sorne

physiognomic criteria as the basis or as a component of the classification system used.

Many plant geographers suggest that for an optimized approach. both f10ristic and

physiognomic characteristics should he combined (e.g. grassland-woodland conifers•

shrubs-conifers). This approach may be effective at the regjonal or local scale. however.



for a concise global vegetation map. this is somewhat debatable since the number of

categories created from such a scheme could become too cumbersome and confusing.

The tendency of authors is to become more selective and only choose features helshe

considers essential to describe both structure and floristic composition. When this occurs.

such selectivity varies. from one author to the next. one region to the other. and From one

purpose to the next. If done unsystematically. this approach makes for difficult

comparison if a compilation map were to be prepared.
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3.4) Ecologieal or Biogeocenose Classification Schemes

The vegetation mapper is often called upon to map plant communities or phytocenoses.

although, attempts to show more is not uncommon and phyto-geo-cenoses have been

portrayed in many maps. A phytogeocenose is a plant community considered together

with its physical environment (the terms ecoregion or ecological zone are often applied to

this concept). However. on most maps that ponray phytogeocenoses. the plant

communities are not related to the entire complex of environmental factors but only to

panicularly prominent ones. such as climate or topography. As Küchler points out. it is

difficult to map phytogeocenoses due to their complexity. and that often. ph.vtocenoses. in

conjunction with one or two environmental variables are used. The FRA 1990

classification scheme uses a similar strategy where. landfonn (e.g. lowland or montane)

and precipitation (e.g. wet or dry) criteria are used to define ecological zones.

ln 1898, Schimper developed a world 'ecologjcal-vegetation' map, which assumes that

occurrence and extent are based directly and perhaps exclusively on environmental

conditions. Schimper suggested that the concepts of Forest, grassland. and desen express

directly. the concepts of wet. periodically wet. and dry c1imates respectively. One of

Schimper' s peers, Clements ( 19(6). went even so far as to say that c1imate controls the

vegetation to such an extent that. within the regjon of a given c1imate control. ail types of

vegetation evolve toward a unifonn climax (Küchler. 1967). Concurrently with Schimper

and Clements. Koppen used individual climatic factors (mean temperature and

precipitation) to explain phytocenotic changes. For example. he used an isotherm



representing areas where at least 4 months of the year had an average temperature above

10
0

C in conjunetion with vegetation floristies and structure. to define the boundary

between his temperate and boreal climate types. In 1900. Koppen developed a 'climatie

regions' map of the world and since his climate regions are also based on vegetation

boundaries. his map is as much a representation of vegetation as it is of climate.
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One disadvantage of eorrelating climate to vegetation so strongly is that the parallels

between a c1imate and a vegetation map ean only exist if those clirnatic features

responsible for vegetation changes are reeorded. Sorne important factors. which prevent

vegetation and climate rnaps from being eo-developed. include the reaction of vegetation

to changes in the soil as weil as to anthropogenic influences. However. Koppen. with his

adherence to temperature and precipitation variables. was able to state simply and clearly.

the major aspects of climate important to the general distribution of vegetation.

Interestingly. many current schemes are still based on similar approaches (e.g. Bailey's

Eeoregions of North America. the FAO Global Ecological Zones. and Hou' s Vegetation

Classes of China).

Many research projects. often referred to as "Eeoregion Mapping' projects. focus on the

topie of calibrating vegetation to environmental variables. Sorne maps. referred to as

'vegetation maps·. attempt to portray ecoregions or biogeocenoses and thus. by

implication or direct statement. equate vegetation with the habitat. particularly climate

(De Laubenfels. 1975). One of the reasons for this tendency is that vegetation 'faithfully

portrays the eharacter of the environment. making vegetation mapping an effective way

to present the 'ecological order ofour living space' (Küchler and Zonneveld. 1988).

Although abiotie infonnation has often accompanied vegetation maps sinee the early

rnapping days. such an accompaniment has not always been enlightening because of the

author's subjectivity to often arbitrarily select a single eontrolling feature. ln addition.

crities of this approach. also point out problems that arise from the complexity of climate

as an environmental factor on one hand. and the effects of species tolerance and intra-



community competition on the other. This point of view suggests that any attempts at

coordinating climate and vegetation are doomed to failure. However. one could also

argue that the problem lies in systematically choosing features from each of them. which

are reasonably representative of the types they aim to describe.
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ln the early 1970s. a10ng with concepts of holistics and developments in the study of

ecology. the land-unit mapping approach was developed. Land-unit maps attempt to

portray 'a more holistic view of the land with a more balanced emphasis on land ecology'

(CEC. (997). Not only are structure and floristics important. but equally so is the

combination with other land data. such as soils. water. c1imate and relief. The Ecological

Regions of North America. developed by the Commission for Environmental

Cooperation (CEC) is an example of this land-unit mapping approach. Il is advocated as

an approach that recognizes the importance of considering a full range of physical and

biotic characteristics to explain ecosystem regionality.

The inter-relationship and interaction of living organisms (plant and animal communities)

and their abiotic environment leads to an exchange of materials and a flow of energy

which constitutes what is referred to as an ecosystem. ecoregion. or less commonly. a

biome or biogeocenose. What needs to be kept in mind. for map compilation purposes. is

that while sorne authors have suggested that these terms are synonymous. others have

delineated scale differences between them. For example. Walter describes a

biogeocenose as a basic unit of smaller ecosystems and a biome that of a larger one

(Walter. (973). In contrast. Küchler describes a biogeocenose as synonymous with

ecosystem at ail scales. Nevertheless. regardless of scale and level of generalization. they

represent the same concept: a system formed by the interaction ofa community of

organisms .,vith their physical environment.

ln summary. notwithstanding the varying uses of tenninology. there are many approaches

and objectives for c1assifying vegetation or ecoregions. The most effective approaches.

however. are the ones that can be defended by strong theoretical concepts and definitions



of phytocenology and ecology. However~ as in ail sciences~ sorne degree of flexibility

and subjective interpretation is required and inevitable. as Rowe and Sheard (1981 )

describe:
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"The search for neat. mechanistic. cut-and-dried approaches to land classification is
bound to be disappointingfor il is based on the widespread misconception that
classifications are serendipitous inductive methods by which factual data. cnlnched or
massaged by handy algorithms. can be made to yieldfruitful hypotheses. ..

CHAPTER4

4.) Conceptual Frameworks for Classifyine Ecoreeions on a Global Scale

4.1) Source Map Compilation

Due to the logisticallirnitations of field sampling~ and availability of remotely sensed

data~ small-scale maps often require compilation from source maps~ and subsequent

reclassification. The basic idea is simple: the author collects vegetation maps of the

component parts of his area and combines them into one new map on a srnaller scale

(Küchler and Zonneveld~ 1988). The art of cornpiling a vegetation map consists above ail.

in finding a way that leads from contrast and contradiction to unity and harmony.

Contradictions in sources rnay require a considerable amount of research and

correspondence.

Many pitfalls can be avoided by comparing map types in the light of a given purpose

(Küchler. 1967). The decision to prepare a set of comparable vegetation maps produces

problems of its own: What scale. area~ and classification scheme should be selected?

Producing a compiled srnall-scale ecoregion map requires the consideration of

classification structure and type. Classification structure relates to whether the scheme is

hierarchical or non-hierarchical. a priori or a posteriori. Classification type refers to

whether the scheme is based on physiognomic. floristic. climatic. holistic. or



potential/actual criteria The most practical and efficient way to select maps is first to

define the purpose of the map to be developed. and then identify which maps are useful

based on that purpose. For the most part. the greater the resemblance of purposes and

approaches between the input maps and the proposed compiled map. the better. The

following sections describe the c1assi fication scheme structure and type that best suits a

global ecological zone map.
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4.2) Actual vs. Potential Vegetation

One issue when developing a global vegetation map is whether the source maps are

representations of actual or potential vegetation. and whether they refer to

anthropogenically modified vegetation. A map of actual vegetation represents the plant

cover (natural or anthropogenic) at the moment of investigation. Although this rnay be

useful in sorne circumstances. a major disadvantage of this approach is that the processes

over time. or the dynamics of a phytocenose are ignored. One way of dealing with this

problem is to consider the climax or potential of the natural vegetation (referred to as

'potential natural vegetation') (Kalkhoven and Van Der Werf. 1988).

Natural vegetation is the plant Iife that exists in the landscape unaffected by humans. and

is traditionally considered to be in balance with the abiotic and biotic forces of its site.

Therefore potential natural vegetation is relaled to phytocenose, but with two

assumptions: 1) that humans are removed from the scene. and 2) that the "resulting

succession of plant communities is telescoped into a single moment in order to exclude

the effects of c1imate change' (Küchler. (967).

4.3) A priori and il posteriori schemes

Although most classification schemes for small scale vegetation maps and "ecoregion'

maps are largely based upon Iimited criteria for potential natural vegetation. another

factor to consider is whether or not the scheme is based on an a priori or an a posteriori

method (Brown el al., (980). A priori classification schemes are based on classes



defined before the actual data collection takes place. In this way. classes can be

standardized independent of the area and means used. The ability to standardize classes

makes this approach usefui at the global level for compilation purposes. In contrast. an a

posteriori classification scheme is defined after clustering similarity or dissimilarity of

samples. A posteriori approaches are often used to assess the validity of existing a priori

classification schemes.
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4.4) Hierarchical Classification Schemes

Many authors advocate that a hierarchical classification offers more flexibility because of

its ability to accommodate different scales or levels of generalization of information (see

Walter (1967). Adams (1997). and Bailey (1998». To date. there have been several

attempts to apply a hierarchical system of classification for biogeocenoses or

phytogeocenoses. Examples include:

• Ecoregions of North America by Robert Bailey of the USDA Forest Service ( (998)
• Ecological Regions of North America by the Commission for Environmental

Cooperation ( (997)
• National Ecological Framework for Canada by Canada's Ecological Stratification

Working Group (1995)
• FGDC Vegetation Classification scheme by the U.S. Federal Geographie Data

Committee( (997)
• FAO Land Cover Classification scheme by the UN Food and Agriculture

Organization (1998)

Most of these examples emphasize structurallphysiognomic characteristics at the broadest

lever. and floristic/species characteristics at the most specifie level for defining classes

within a hierarchy. Variations occur due to criteria and indicators used. as weil as how

abiotic factors are incorporated in the hierarchical system.
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The most widely used methods for developing small-scale 'ecological zone' maps are

currently based upon physiognomic/floristic-climatic and land-unit approaches.

However. due to the difficulties of compiling land-unit maps in a systematic way. the

more traditional approach of combining physiognomic and floristic features with one or

two climatic variables is still favoured for developing a consistent global ecological zone

map.

Several initiatives are currently taking place. which attempt to make approaches to land­

unit mapping more systematic so that they cao easily be incorporated into a map

compilation project. Two examples include the FAO Land Coyer Classification Scheme

and the U.S. FGDe (draft) vegetation classification. 80th schemes are hierarchical.

independent of scale. a priori. and use a set of independent diagnostic criteria that include

floristic. physiognomic and abiotic features. The diagnostic criteria systematically affect

different levels of the hierarchy. Currently. there is collaboration between these two

initiatives in order to harmonize their approaches (FGDe. 1997).

4.6) The FAO Ecological Zone (EZ) Classification Scheme

The approach used for developing an Ecological Zone (EZ) map supported by the UN's

FAG. is based on compiling source maps to create a global coverage under a uni fied

classification scheme. The Kotka III provided a forum for discussing the need for a

global EZ map and classification scheme. The consensus at the meeting was that FRA

2000 should altempt to provide a break down of infonnation on the state of forests. and

on-going changes. by 'ecological zone'. Based on the purpose of the EZ map. sorne

characteristics of an appropriate classification scherne can be fonnulated. Modifying

from Adams' (1 996) suggestions for an improved vegetation scheme for local and global

mapping. the following section describes four basic features of an optimal universal



classification scheme and relates them to the proposed FAO classification scheme in

Table 1. ln brief. four main qualities of an optimal universal classification scheme are:
• M. Douville 25 01/27/00

•

•

Quality 1) The scheme shou/d be based on stnlctura/-physiognomic
characteristics ofpotential natural vegetation combined with one or
tu'o climatic variables. such as temperature and precipitation.

Quality 2) There should be clear(v defined timits for each ofthe categories

Quality 3) There should he sujJicient categories to express variations. but not too
many that il causes confusion.

Quality 4) The classification scheme should he an a priori- and a hierarchica/(v­
based one.
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Table 1: The proposed F:\O Ecological Zone classification scheme (Level 1 and 2):
(~odified from the Sorth American EZ translation table (provided by Zhu. (998».
~otc: L~vd 3 (not shown) lùnhcr divides classes of b·-cl 2 ha.~d on lowland vs. mountain Iandscapc fonnation.

Ali months dry ( or 1/2
the reci italion of 8S3)
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ln relation to the first quality. Adams suggests that structurai characteristics such as

height. cover. and deciduousness should be used at the global scale since they are easy to

standardize and are recognize both in the field and in remotely-sensed imagery. Aoristic

criteria. however. is considered indirectly since it does provide an indicator of structure­

type (e.g. sagebrush == dwarf shrub). Structural propenies provide a common basis with

which to correlate and compile separate f1oristic-physiognomic source maps of di fferent

areas into a global scheme. The complexity of local and regional fluctuations in land use

and land cover. as a result of a variety of factors. suggests that the approach should also

focus on the concept of 'potential natural vegetation.' Therefore the first quality of a

global classification scheme is that it should be based on structural-physiognomic

characteristics of potential natural vegetation combined with one or two climatic

variables. namely temperature and precipitation. As Table 1 illustrates. the FAO EZ

classes are based on temperature and precipitation ranges at the first and second level of

the hierarchy. However. structural propenies of vegetation contribute to the delineation

of classes only at the second and third levels of the hierarchy.

The second quality of the global scheme relates to the limitations of input data sources.

There needs to be a degree of tlexibility to help reduce the need for either modifying

boundaries or re-mapping during map compilation. However. clearly defined limits

between categories need to be made explicit. The FAO EcologicaI Zone scheme

addresses these factors with its emphasis on generalized c1imate-based descriptors. such

as humid. semi-arid. or arid. each with temperature and precipitation limits.

The third quality of a global scheme is that it should have sufficient categories 10 express

variations. but not too many that it causes confusion. ln addition to broad climatic and

vegetation characteristics. the FAO scheme differentiates between mountainous and fiat

geographical areas at the third level of classification for each of the classes (not shown in

table). ft was feh. for the purpose of the forest resource assessment projecl. that it would

be imponant to differentiate between these two landscape types for reponing statistics.
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Lastly. due to the frequent lack of systematic (i.e. non-explicit) methodologies in land­

unit mapping. the more traditional approach of combining physiognomic features with

one or two climatic variables is still favored for developing a comparable global EZ map.

The first (WO levels of classification are based purely upon Koppen's climatic

classification system. The approach provides a hierarchical. a priori and systematic

approach with which to utilize temperature and precipitation data for the translation of

documented climatic-vegetation source maps (quality 4).

The emphasis on developing an a priori classification scheme relates to the importance of

deductively identifying map units according to theoretical relationships between

landfonn. climate. biota and soils. This is in contrast to a more inductive approach of an a

posteriori classification (e.g. cluster analysis). The a priori approach has often been

called ·subjective'. while the a posteriori approach ·objective'. This subjective-objective

dichotomy loses its meaning when the subjective motivation and orientation. which

overrides ail intellectual activities. are considered. The virtue of 'objectivity' is really

explicitness in the interests of mutual understanding (Rowe and Sheard. (981). In

relation to (his view. an a priori approach can be considered to be more applicable to the

development of a global classification scheme. whereas an a posteriori approach can be

considered to be more effective in testing and validating the theories upon which the a

priori approach is based. An a posteriori approach. using multivariate pattern recognition

of NDVI. is used for validating the a priori FAO Ecological Classification scheme. and

will be discussed in subsequent sections.

4.7) Existing Sorth American Ecological Zone Maps

CUITent Ecological Zone mapping activities. conducted by FAO. are concerned only with

geographic regions outside the FRA 1990 EZ map (Figure 1). For each region. the FAO

will organize a study of structural. floristic. and climatic characteristics by using short­

tenu vegetation experts from appropriate geographic regions. Using guidclines set by the



FAO. and with the support of the V.S. Geological Survey's EROS Data Center,

delineation of EZ classes for each geographic region will he conducted. This will entail

taking available maps. and seeing how boundaries match the FAO guidelines with respect

to both bioclimatic and floristic characteristics. Within this context. developing an EZ

map for the United States and Canada is just one component of the FRA 2000 project.

The short tenn goal of this component is to provide a case study for developing a

worldwide EZ map and database that is appropriate for reporting on forestry statistics.

This case study was presented to the participants and experts at the EZ workshop of the

FRA 2000 in Cambridge. UK in July 1999.
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Existing ecological zone datasets for the United States and Canada provide an illustration

of variations in ecological maps due to differences in categorical definitions and

philosophies. The most widely used data sets are those developed under the direction of

Robert Bailey (VSDA Forest Service). and the Canadian Ecological Stratification

Working Group. These two datasets were used as sources for developing a globally­

oriented North American Ecological Zone map.

Bailey's ecoregion map for the United States uses a hierarchical scheme modified from

Crowley ( 1967), and uses c1imate and vegetation as indicators of the extent of each unit.

Similar to the FAO Ecological Zone scheme. the two most general levels or categories

(domains and divisions) are based on the large ecological climate zones identified by

Kôppen (1931 )(Table 2). Climate is emphasized at the broadest levels because of its

"overriding effect on the composition and productivity of ecosystems' (Bailey. 1995).

Each is subdivided. on the basis of vegetation macrofeatures. into 'provinces', which

express a more refined climatic difference than the "domains' and 'divisions' (Figure 2).
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Figure 2: Bailey's Ecoregion Divisions of the United States
(see Table 2 for definilion of codes. M denotes equivalent mountain division)
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The approaches taken to delineate ecoregion boundaries by James Omernik in the United

States, and the Ecological Stratification Working Group in Canada are somewhat

different. Koppen's climatic zones were not used in any substantive way to define the

boundaries. The approach is based on the belief that c1imate-based classifications alone

do not provide enough flexibility or meaning. The authors of these initiatives have

described the methodology as a more 'holistic' land-unit approach, which is considered to

be an improvement upon the older systems of classification. The argument used is that

the earlier ecoregion classifications evolved from schemes based on forests and c1imate

without considering the full range of physical and biotic characteristics. The classification

systems used by Omemik and by the Ecological Stratification Working Group attempt to

recognize that ecosystems of any size or level are not always dominated by one panicular

factor, such as c1imate (CEe. 1997).



Ed Wiken. State of the Environment Directorate for Environment Canada (1998),

provides an example of this ecosystem characteristic which appears to occur across

Nonhem Ontario. Manitoba. and Quebec. He states that the interaction of climate with

ground conditions result in very different forest ecosystem typeS.l 50 even at the macro

scale. when climate interacts with the Hudson Plains (wet clay soils) vs. the Canadian

Shield (shallow sandy soils and rock outcrop). the net results produce distinct ecosystems

in the classification system.
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As a follow-up to the work done by the Ecological Stratification Working Group in

Canada. the Canadian Council on Ecological Areas (CCEA) led and coordinated the

development of a North American ecosystem framework. This project was in response to

initiatives of the Trilateral Committee on Environmentallnformation established by the

United States. Mexican and Canadian govemments. Subsequently. the Commission for

Environmental Cooperation (CEC) provided funher opportunities to enhance and

complete this research. resulting in a compiled map of North America (Figure 3).

1 Personal correspondence wirh Ed Wiken.
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s.) Me.hodology: Compiling and Assessing Ecological Zones of North America

S.t) Compiling Ecological Zone Maps: The USA and Canada Case Study

The first attempt at developing an EZ map for the United States and Canada involved

using the most common data sources: Bailey's Ecoregions for the United States (Figure 2.

including Alaska) and the CEC's Ecological RegÏons for Canada (Figure 3). Instead of

using the entire CEC's North American map. Bailey's ecoregions for the United States

were chosen because of the scheme' s direct reference to Koppen' s climate classes. and

hence to the FAO classification scheme. Bailey's 2nd-Ievel of classification ("Divisions').

were reclassified to the FAO Classitication Scheme using the translation table that

compares Koppen classes to Bailey's (Table 2). Subsequently. a contingency table for the

CEC's Ecoregions of Canada was developed by comparing Bailey's reclassed regions to

the CEC's c1ass descriptions.

[n Table 2. for example. Bailey describes his Humid Domain: Marine Division (240) as

being equivalent to Koppen's Temperate Oceanic c1ass (Do) (equivalent to the FAO's

L.evelll 'Do' c1ass). Koppen's 'Do' c1imate c1ass is defined for areas where '4 to 7

months of the year are above 10°C. with the coldest month above O°C'. For Bailey's

equivalent c1ass. c1imate and vegetation characteristics are given as follows:

.. The average lt!mperature ofthe warmest month is be/ow 72°[-" (22°C.j. hut al least 4 monlhs per
year have an average temperalllre oI5()OF (/()0C.j. The average temperatllre during the cvlJest
month vfthe year is ahvve 32°1-' (OOe). Precipitation is abundant thrvlIgholit the year. but Lv
marked/.\-· redllced during Sllmmer. Cvastal moun/ain ranges in.fluence precipitation markedl.v in
these midd/e latitudes. The mVllntainOlL~COQsts olBritish Columbia and Alaska annlla/l.v receive
6() tv 80 in (/.530 lO 2.040 mm) o..fprecipitativn and more. Nalura/ vegetation in the Marine
Division is need/e/eal/iJresl. In the coa:ual ranges ofthe Pac({ic Northwest. /Jouglas-lir. red
cedar. and spnlce grow IV magnHicent heighls./orming some oIthe dense.~tolail con(ferOlL\'
.lorests with some oIthe world's large.lit trees. ..~

:: hltp:l/www.fs.fed.uslcolorimagemap/ecoregldivisions.htmI. accessed August 1999,
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Similarly. the CEC describes the overlapping and adjacent Marine West Coast Forest
ecoregion as follows:

.. lAI maritime influence is responsible for a high level oIprecipitation. long growin~ season and
moderate temperalllres. Atlean annuallemperature rangefrom JOC in the north to 9°C in north
Ca/(fornia. The mean summer temperature rangesfrom /O°C in the north ta /6°C in the south.
whereas winler temperatures range.trom -fOC lO -JoC. The annllal precipitation ranges/rom as
/iule as 600 mm in the gu(fand San Juan Islands to over 5.000 mm along the north coast oI
Hritish Columbia and Alaska. Overa/l. the windward ..dopes typicaf(v receive about 1.500 to
J.()()O mm o/precipitation per .\lear. VariaLÎons in altitude create widely contrasting ecological
zones within the region. The}" range/rom mi/do humid coaslal rain.f{Jrest 10 cool horealfores/s
and alpine conditions at higher elevalions. The temperate coast forests are composed ofmi~tures
ofwestern red cedar..veflow cedar. weslern hemlock. Douglas Fir, amaha/isJir, Sitka spntc.:e,
Cal(fornù.J redwood and red aider. ln the drier rain-shadow areas, Garry Oak and Pac(fic.:
madrone occur with f)ouglas Fir. Sub-alpine areas are charac/erized hy mOUnlain hemlock and
amabalisfir. Alpine lltndra conditions CIre too severefor growth o/most woody plants except in
d'rvarffiJrm. This zone is dominated bv shnlhs. herhs, mosses, and lichens. .. (CEe. 1997)'J.. . -

As the descriptions illustrate. both schemes describe the class with similar precipitation

and vegetation characteristics. However. the CEC's and Bailey's schemes use different

climatic criteria to describe temperature regime. Following Koppen. Bailey uses two

variables: the number of months above a cel1ain average temperature and coldest month

mean temperate. Altematively. the CEC describes classes with temperature variables

based on mean summer. winter and annual temperature ranges. Sorne comparison.

interpretation and flexibility are needed to accommodate these differences so that they

cao be incorporated into the compiled map. For the West Coast example. by comparing

definitions and by consulting the maps. the CEC's Marine West Coast Forest ecoregion

was reclassed to the Temperate Oceanic (Do) class within the FAO Classification

Scheme. Using similar comparisons. the remaining CEC ecoregions were reclassed to fit

the FAO classification scheme. This approach provides flexibility for map compilation

and places imponance on having and comparing relevant documentation for existing

classification schemes so that they can be translated to the Kotka III compliant FAO

ecological classification system. Through semi-qualitative comparisons of c1ass

descriptions. existing ecological zone maps. such as the CEC' s. can be incorporated into

a global rnap. However. one disadvantage of this approach is that it restricts the number

'hup://www.cec.orglecomaps/eco eng.pdf. accessed August 1999.



of ecoregion maps that cao be translated to ones that are based on and documented with

comparable biophysical and phenological criteria. In light of such a semi-qualitative

approach. this study takes a more quantitative approach to assessing the results of the

compilation. The following section describes a methodology for assessing a portion of

the FAO North American Ecological Zone map by comparing it to an independent data
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source.

5.2) Statistical Multivariate Pattern Recognition and Accuracy Assessment of the
Sorth American Ecologieal Zone Map

One approach to evaluating the results of an ecological zone mapping exercise is to relate

how weil the ecological zone boundaries correspond to "homogenous' geographic regions

of net primary productivity (Bailey. (984). Ecological zone maps are often used for

assessment and resource management purposes that oflen require estimates of net

primary productivity (NPP). Therefore. one way for assessing the quality of an EZ map is

to measure how weil it retlects homogenous NPP units. The working definition of NPP

for this purpose is as follows:

"Basic or net primary productivity ofan ecological system. community. or any part
thereof. is dejined as the rate al which radiant energy is slored by photosynthetic activity
ofproducer organisms (chiefly green plants). .. (Odum. (971)

There are many approaches for assessing the accuracy of an ecological classification

scheme. For example. in 1981. Rowe and Sheard used frequency and distribution of plant

species for ecological productivity pattern recognition for a large-scale study area in the

NorthWesl Territories. [n 1984. as an alternative approach. Bailey used an indicator of

hydrologie productivity (i.e. runoff per unit area) measured at fifty-three USGS

hydrological benchmark stations to distinguish between two broad ecosystems of the

conterminous United States (Humid vs. Dry Domain). In both cases and scales. it was

assumed that the assessment criteria (plant species or hydrologic runofO were adequately

correlated to NPP.
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One criterion often used to assess land classification. is the nonnalized difference

vegetation index (NOVn derived from National Oceanic and Atmospheric

Administration's Advanced Very High-Resolution Radiometer (AVHRR) data. NOVI.

often referred to as the greenness index. is derived From the retlected solar radiation in

the near-infrared (NIR) and red (RED) wavelength bands via the formula:

NOVI = (NlR - REO)/(NIR + REO)

It is assumed that NDVI can be used as an adequate estimator of NPP since it is sensitive

to the quantity of actively photosynthesizing biomass. This characteristic makes it useful

for assessing changes in seasonal vegetation phenology (Hardy and Burgan. 1999). Reed

et al. (1994) computed twelve phenologically Iinked metrics based on time series NDVI

to identify major land-cover types which are indicative of ecologically homogenous

zones. A separate study of the Iberian Peninsula. by Lobo. Ibanez-Martî. and Giménez

( 1997) suggests that temporal series of NOVI yield relevant ecological information at a

scale large enough to be suitable for regional applications. As Hardy and Burgan

illustrate. however. NOVI responds to complex physiological changes in vegetation.

which limits ils usefulness for singling out influencing factors (e.g. effects of moisture

content). For a general picture of temporal and spatial NPP variation. a NOVI time series

can be used as an independent data source for validating ecological zone classifications.

NDVI data are typically very noisy. and are affected by numerous phenomena. including

cloud contamination. atmospheric penurbations. variable illumination and viewing

geometry. each of which reduces the value of NOVI. Swets et al. (1999). applied a

weighted least-squares Iinear regression approach to temporal smoothing to more

efficiently reduce contamination in the NOVI signal of the contenninous United States at

1. I-km resolution. The original purpose of the smoothed data was for improving

applications involving time-series NDVI. such as land cover classification. seasonal

vegetation characterization. and vegetation monitoring. lt is this dataset. developed by



Swets et al.. which is used as an independent data source for validating the North

American Ecological Zone map. Regardless of spectral noise. they point out that NDVI

has many benefits:
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'One ofrhe mosl commonly ltsed vegetation indices. the normalized d~(rerence

\legetation index (NDV/) takes advantage (~(the rejlective and ab.wrptive characleristics
ofp/anis in the red and near-infrared portions oIthe e/ectromagnetic spectnlm and has
been used in research on vegetation produc:tivily. The combinarion (~(the ND VI with the
frequenr temporal coverage and moderate spatial resollllion ofthe advanced very high
reso/lllion radiometer (A V1IRR) makes this sensor weIl sliited.for regional- IV global­
scafe swdies on eco.\·J'stem dynamic.:s..

The approach used by Swets et al. (1999). was to first calculate the maximum value

composite for a 14-day time period to reduce both cloud contamination and data volume.

a common procedure performed on NOVI data. After this initial step. to funher rcduce

residual effects due to sub-pixel c1ouds. prolonged c1oudiness. persistent haze and other

negative effects. a weighted least-squares windowed linear regression approach to

temporal NOVI smoothing was used. The resulting smoothed curve statistically binds the

results to the original raw data points. They suggest that land classification schemes

operating on smoothed data may reduce the number of misclassified pixels due to one or

more noisy values in the unsmoothed. multi-temporal satellite data.

The resulting dataset derived from the processing described above consists of three files

in band sequential (BSQ) format. each approximately one gigabyte. and containing 260

bands (one for each bi-weekly I.I-km composite from January 1989 to Oecember 1998).

The areal extents of the three files consist of strips encompassing western. mid-western.

and eastem USA: each in Lambert Azimuthal Equal-Area projection with a latitudinal

origin of SaON and a longitudinal origin of 100oW.
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As a validation tool. this dataset was chosen for several reasons. which include:

• the theoretical ability to relate NDVI to net primary productivity
• the applicability of the approach used to smooth the data
• the similarity of purpose between the NOVI dataset and the accuracy assessment
• the extensive. up-to-date and complete nature of the data

(i.e. bi-weekly composites that are consecutive from January 1989 through
December 1998>.

The 260 bi-monthly smoothed NOVI composites for each of the three areal extents

(western. mid-western. eastern United States). were averaged into twenty-six bands

representing lO-year averages for each two-week period. This averaging was performed

for two reasons. The tïrst was to reduce data volume and processing requirements. The

second was to reduce the effects of annual fluctuations on longer-term NPP trends.

The 26-band images for each of the three areal extents were then merged together. This

resulted in a 26-band image of NDVI for the entire study area (conterminous United

States) to be used as an independem data source to assess the FAO Ecological Zone map

of the United States. A water mask derived from the Version 1.2 release of the

International Geosphere-Biosphere Programme (lGBP) North America land cover

characteristics database-f was used to set aIl values of water bodies to zero. Assigning the

value zero to ail water areas assures that these regions are filtered out in the analysis

(Eastman and Fulk. 1993).

The Levelll FAO Ecological Zone Map developed for the United States. that was

developed using the methodology described in the preceding chapters, was reprojected

and rasterized to match the 26-band NOVI image. To see if NOVI values couId he used

to discriminate between ecological zones. an appropriate sample size needed to be

chosen. For this purpose. it was assumed that the time series NDVI dataset followed a

.! http://edcwv.'\\'.cr.usgs.2ovl1anddaac/gkcJglcc.hrml. accessed August 1999. Earth Re.'Wurces Ohservation
Systems (EROS) Data Center. Land Processes Distributed Active Archive L'enter (f).4ALj



ln addition to using a NPP indicator. Bailey ( 1984) suggested linear discriminant analysis

(LOA). a multivariate statistical technique related to ordinary least squares regression and

analysis of variance (ANOVA). as an approach for assessing a priori ecological

boundaries. With the NOVI data ready for processing.. stepwise linear discriminant

analysis was perfonned on the 984-point sample as a first step towards testing the

compiled North American Ecological Zone map.

multivariate nonnal distribution. Therefore. following the general guidelines for the

number of observations required for a 'one-way analysis of variance' (ANOVA). which

is computationally similar to linear discriminant analysis. an initial sample size of 1000

was chosen. ln an attempt to address the issue of di fferent ecological zone sizes. a

stratified random sample approach was used. A 984-point stratified random sample.

based on the nine FAO EcologicaI Zones for the United States. was generated using

ERDAS Imagine software (6 points fell outside the study area). To test the null

hypothesis. which states that the ecological zone NOVI means are not significantly

different from each other. a sample size of 984 aIlows for an alpha (CX) = 0.05. and an

average power (I-~) ofO.80 (see Gatsonis and Sampson. 1989: and Taylor and Muller.

1995).5 If the null hypothesis is true. and the mean of the NOVI values tor each c1ass are

not significantly different.. then the results of the discriminant functions and decision trees

would be meaningless.

•

•

M. Douville -to 01/27/00

• 5Alpha represents the probability of rejeeting the null hypothesis when it is in faet true (TYPE 1 Error).
The power of the test represents the probability of aeeepting the null hypothesis when it is in fact false
(TYPE 1( Error).
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Stepwise discriminant analysis (SDA) was perfonned on the sample to identify which of

the 26 bands best characterize the spatial and temporal variance within the entire dataset.

This step helps develop an efficient model that effectively predicts which group (e.g.

ecological zone) a case or sample point belongs to and is similar to the process used in

stepwise regression. With SDA. aIl the variables are reviewed and evaluated with

reference to its relationship to other variables for detennining which contribute most to

the discrimination between groups. At each step within SOA. the variable that contributes

the most to explaining variance is added to the model. and the iterative review and

evaluation process starts again. The process is repeated until linle or no variance is

explained from further addition of variables and only the "noise' or error variance

remains.

ln SDA. the stepwise procedure is "guided" by two respective F values: a F to enter and a

F to remove value. For a forward SOA approach. which is the approach used here. the

variable with the highest F value is added to the model. The F value is a measure of the

extent to which a variable makes a unique contribution to the prediction of group

membership (1ennrich. (977). The F-statistic is essentially computed as the ratio of the

between-groups generalized variance over the pooled (averaged) within-group

generalized variance. If the between-group variance is significantly larger then it is

assumed that there must be significant differences between means. ln other words. the F-

statistic is a value that represents how much each NOVI band contributes to explaining

the differences in NOVI values between ecological zones.

The F-statistic. in conjunction with the multivariate correlation coefficient called Wilks'

Lambda. provides an indicator of the correlation, between the predictor variables within

the model and the dependent variable (a priori Ecologjcal Zones). As a complement to

the F-statistic. for each additional variable added to the model. the Wilk's Lambda is

calculated by dividing the pooled within-group generalized variance by the total

generalized variance. A value doser to one indicates poor separation between groups.



while values c10ser to zero indicate good separation atleasl between sorne groups. This

characteristic is opposite to other commonly used correlations coefficients (Jennrich.

1977). Regardless of the reversed logic. the Wilks' Lambda can be interpreted as the

multivariate counterpart of a univariate R-squared. that is. it indicates the proportion of

generalized variance in the dependent variables <ecological zones) that is accounted for

by the predictors (NOVI bands).
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As the SDA procedure progresses. both the F-statistic and the Wilks' Lambda values

should become smaller. This trend indicates that. as more and more variables are added.

total and between-group variance increases. whereas pooled within-group variance

decreases. However. for every additional variable added. less and less of the remaining

unexplained total variance can be explained by the newly added variables. This explains

why the F-statistic decreases. and also suggests that the remaining unexplained total

variance is merely 'noise' . Both tests of correlation have corresponding p-values which

represent the probability of error that is involved in accepting the observed result as valid.

or as "representative of the population" (Lachenbruch. 1975). ln this case. a p-value of

.001 for the F-statistic was used to define which variables were to be used in the

classification process.

Using the variables defined by the stepwise process and the 984-point sample. Linear

Discriminant Analysis (LDA). was used to build discriminant functions. also known as

group classification functions. for each of the ecological zones (Hand. 1997). LDA

simultaneously analyses the predictor variables and identifies "patterns" of values of

those variables. Technically. it detennines a linear combination of the predictor variables

that best predicts group membership. LDA uses estimates of significant temporal and

spatial differences within NDVI to define the limits of variation between and within

zones.

For each group (ecological zone). LDA produces a set of coefficients by defining a single

linear combination of variables that best differentiates each c1ass. Using generalized



(Mahalanobis) distances between group means. discriminant coefficients for each

predictor variable are derived using a least-squares approach (see Appendix A for a

description of the equalÏons used by SAS). The values or discriminant scores. for each

discriminant function are calculated for each pixel within the study area (i.e. each 1.1

square kilometre within the contenninous United States). ln this way. a pixel is assigned

a class with the highest discriminant score. or in other words. the closest class centroid

measured in generalized distance.
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The discriminant score for each pixel in the study area is computed as a composite of

each measurement of the predictor variables. weighted by the respective discriminant

function coefficients. The larger the coefficient. the greater is the contribution of the

respective variable to the discrimination between groups. ln addition to understanding the

relationship of the predictor variables to the resulting classification. LDA contributes to

understanding the strength of the relationship between classes measured in relative

generalized distances between class means. Good separability between classes. as

identi fied by the distance between the class means. suggests that the discriminant

functions are successful at distinguishing between classes.

LDA was used to classify pixels into values of a categorical dependent (ecological zones)

based on a set of predictor variables (a time series of NDVn. With good separability

between class means and a high percentage of pixels c1assified into the same ecological

zone as the a priori FAD classes. two inferences cao be made. The first is that the

discriminant functions derived are effective at delineating small-scale ecological zones

using the NDVI inputs. The second is that both classifications are adequate

representations of small-scale NPP trends. There are two main reasons why LDA was

chosen as a method of assessment:

• The first was to classify pixels into classes using a traditionallinear multivariate
technique. The approach builds from the method used by Bailey ( (984) to binomially
delineate betwecn his humid temperate and dry domains for the United States using
hydrologic run-off.



• The second was to test the theory represented by the Level (( FAO Ecological Zone
map by abserving whether pixels are classified as predicted using the NDVI lime
series. The discriminant function analysis provides a quantitative basis and approach
for this camparison.
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Discriminant function analysis is based on modeling continuaus variables. which are

assumed to have normal curves within each group. In relation to this requirement. the

main assumptions and restrictions of LDA are as follows:

• Group sizes of the dependent variable should not be grossly different. For the FAO
Ecological Zones of the United States. there were sorne zones which were spatially
much smaller than others. The FAO's Tropical Wet (Ar) zone on the southem tip cf
Aarida was excluded from the study due ta its small size. Prior probabilities based on
the proportion of samples within each class were calculated and factored into the
discriminant functions (Table 4).

• Predictor variables should follow multivariate nonnal distributions~ that is. each
predictor variable has a normal distribution about fixed values of ail other
independents. ln addition. homogeneity of variances (homoscedasticity) and
covariance/correlations need to exist between and within predictor variables.
Discriminant analysis is highly sensitive to outliers within the predictor variables.

Decision tree analysis was used as an alternative approach for classifying the NOVI

values into homogenous units. Decision trees are described as being an alternative to the

more traditional methods of Discriminant Analysis. Cluster Analysis. Nonparamctric

Statistics. and Nanlinear Estimation. However. although the flexibility of decision trees

makes them a very attractive analysis option. this should not imply that their use is

recommended to the exclusion of more traditional methods. Similar to discriminant

analysis. decision tree analysis. also known as classification tree analysis. takes a set of

independent variables to predict class membership. The main difference between

discrimant analysis and decision trees lies in the sequence used to classify data.

Discriminant analysis uses a method that simultaneously considers ail variables for

making decisions. whereas. the decision tree uses a hierarchical approach by considering



only one variable at each stage of the classification hierarchy. Decision trees are often

used for devising prediction rules that can rapidly and repeatedly be evaluated for

assessing the adequacy of linear models. and for summarizing large multivariate datasets.

Therefore. as an alternative approach to classification. decision tree analysis was chosen

for two reasons:
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• To provide an alternative non-finear exploratory approach for uncovering structure in
the data. Interactions and hierarchical relationships between the independent variables
(NDVn. and their relative importance for different classes are rendered explicit with
tTees. (Hansen et al.. 1996).

• To assess the adequacy of the linear discriminant model. Classification trees do not
assume normality or homogeneity in the data.

A tree is constructed by recursively partitioning a data set into purer. more homogenous

subsets of the variables. The method uses a deviance measure. the likelihood ratio

statistic. to compare ail possible splits of the data to find the one split that maximizes the

dissimilarity among the resulting subsets (Hansen et al.. 1996). Tree-based methods are

often used to classify land cover types. and in the process help reveal any hierarchical

and/or non-linear interactions of the variables. The approach of decision tree analysis is

to build a classifier expressed as a decision tree or as a set of roles for the purpose of

predicting a sample point" s c1ass from ils attribute values.

The statistical software package. Statistical Analysis System (SAS). developed by James

H. Goodnight et al.. at SAS Institute Inc. in North Carolina. USA. was used to perform

the discriminant analysis on the sample. A classification program called C5.0. developed

by Ross Quinlan et al.. at RuleQuest Research PtYLtd.. in Australia. was used to perfonn

the decision tree analysis. The discriminant functions and the decision tree derived from

the training (sample) data were applied to the entire SDA-reduced NOVI data set to

derive two a posteriori c1assified maps of the United States (see Appendix C and D).

These maps were then compared. using matrix overlays and tables. to the a priori FAD

Ecological Zone map (Figure 5).
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6. t) A Compiled Ecological Zone Map of North America

By adapting the CEC·s ecological classification scheme in Canada.. and Bailey's

Ecoregions in the United States. a compiled map of FAO Ecological Zones for North

America was produced. The reclassification schemes given in Tables 3 and 4 were

developed by qualitatively comparing each description of the ecological zones from both

data sources to the Global FAO Ecological Zone Level III Classification Scheme given in

Table 1. The scheme provides three levels of detail for representing functional ecological

units in a coherent and consistent way (level III. the most detailed. is shown in the

tables). Figure 4 is a map of the translated classes at level III. During the development

of the compiled ecological zone rnap. sorne edge-matching and conceptual problems were

encountered that needed to be resolved.
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Figure 6: Oraft FAO Ecological Zones of North America
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Table 3

la 1 Western Intenor 8aslns and Pan es

5 3 AtlantiC HI hlands

6 :2 Western Cordillera

7 1 Marine West Coast Forest

5 :! Mlxedwood Shleld
---1ft Mixedwood Plains

3 :! T~I il COrdlllE!ra
---6'1 80real Cordlliera

3 1 Alaska Boreal Intenor
--~ Tai a Pla," -----~--.-------

3 4 Talga Shle/d
4 1 Hudson Plain
5 1 Sotlwood Shleld
9 1 80real Plarn

_-+_~~B:--_:="tC=-,e::..:n.:..:t,,-,ra~I,--U=SA~..:..P...:;I"~I.:..:n:.:::s~ ~_
9:! T@m ",rate Prames

~- -g) West-Central Semt-And Pralrres

E~

TernDerate Sernt+And MOI.mtal 851 b

Temperate Contanental Lawla Oc 1

Tem erat~ Contmentallawla

Tern erate And Lowland 8Wl a

To'!m erate Oceamc Mountaln
Boreal lowland

FI :! 1 Northem ArctlC
_ ~__. --+ ~. + ~2"':::!,+-A1,,-a::...s::..:k.:..:a::......;.T..::u.:..:n..::d,--r3=-- . ~__I

::! 4 Southern Arctlc

Polar lowland

160

1 1 ArCllC Cordillera
:! J Brooks Ran e Tundra

110

140

M230
130

M330

130

M310

M240

Ml20

Mll]

150--330---

150--310

210
~O~-

M220
-r.,Q-.-o-

Csl
C52

8S2b

BSla
BWlb

cc
BW1 ..

cn

F2

Subtro

Polar Mountaln

Tem erate Arld Lowtand

Subtro

Subtro
Subtro
Subito Ical Humld Mounta,"

Tem erale Sem....A.r1d Mountaln 8S1 b

Tem erale Arld Mountarn

Tem erale Oceanlc Lowtand Dol

Boreal Lowfand El
Tem erale OceaOlc Mounlalo 002

Boreal MountalO E2

Polar Mountaln F1
Polar Lowtand FI

Table 4

.!~n:!perale Sem...And Lowtand
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The first challenge that arose was related to the difference in definition and interpretation

of Polar and Boreal Zones in the source maps. The international border between Alaska

and the Yukon highlighted a difference in location set for the nonhem extent of the FAO

Boreal Zone in the initial reclassification. In the Yukon. CEC's 3.2 - Taïga Cordillera and

3.1 - Alaska Boreal Interior (subgroups of Class 3 - Taiga) were originally reclassed as

being within the Polar Zone. These CEe classes are described as having 'numerous lakes.

bogs. other wetlands and forests interwoven with open shrublands and sedge Meadow'

(CEC. (997). These characteristics were initially interpreted as being more typical of

polar tundra under the FAO scheme. Under Bailey's scheme, adjacent areas in Alaska

classified as M131 -Yukon Intermontane Plateau Tayga-Meadow Province and 131­

Yukon Intermontane Plateaus Tayga Province (subgroups of M 130 - Subarctic Mountain

Division and 130 Subarctic Division respectively) were regrouped into the FAO Boreal

Class. The descriptions for Bailey's provinces suggested that boreal forests of stunted

black spruce dominate the landscape. With this initial reclassification scheme. it appeared

that the southem extent of the FAO Polar Zone in the Yukon was much funher south than

the extent set in Alaska with an abrupt change between FAO Polar and Boreal Zones

evident at the international boundary. Although Baileyand the CEe were essentially

describing the same entity. their use of language and its meaning needed to be further

examined to conclude that the CEC's 3.1 and 3.2 classes should be reclassed to FAO's

Boreal. to more closely match adjacent boundaries in Alaska (see Figures 5 and 6). This

discrepancy was due to the interpretations of the textual description of the philosophies

and theoretical frameworks. For instance. delineating what is considered "tundra' vs.

'taiga' or sparsely forested vs. forested regardless of the fact that climatic factors were

similar in both systems. For reclassification purposes, 'sparsely forested areas' in the

CEC's system were considered within the FAO Boreal Zone class definition.
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Figure 5 and 6: Alaska and the Yukon Ecoregions. In the Yukon the 3.2 and 3.1 Taiga Cordillera classes
were originally regrouped into the FAO Polar Class. Upon further comparison with adjacent areas in
Alaska. which fall within BaHey's M131 and 131 Yukon Intermontane Plateaus Tayga Provinces. it was
decided that the FAO Boreal Class would be more appropriate for [his area of the Yukon.



ln addition to the AlaskaIYukon discrepancies, a transitional area that posed another

challenge was along the border between Manitoba. Ontario, Quebec. New England.

Nonhem Minnesota and the nonhern Appalachians. ln the U.S.. these areas belong to

Bailey's 211 - 'Laurentian Mixed Forest Province' and M2ll 'Adirondack-New

England Mixed Forest-Coniferous Forest-Alpine Meadow Province' (subclasses of 210 ­

'Warm Continental Division and M2l0 - 'Wann Continental Division - Mountain

Provinces' respectively). These ecoregions were reclassed into FAO's Temperate

Continental Zone (Oc) in accordance with Koppen's contingency table. Directlyacross

the border. however. the entire CEC's c1ass 5 - -Nonhern Forest" was initially reclassed

to the FAO's Boreal cfass. Over 80 percent ofthis area is covered by forest. with a

graduai transition of mostly coniferous species in the North to mostly deciduous in the

South. ft was the delineation of the boundary between Boreal and Temperate Continental

Zones that needed to be re-examined. With the initial re-classi fication scheme. the

boundary delineation between these two zones was, in most places. the international

border; this initial resuit highlighted incongruency in the way the two data sources were

translated into the FAO Scheme. To deal with this apparent incongruency. the approach

was to divide the subclasses of "5 - Northern Forest" into either Boreal or Temperate

Continental FAO Classes based on a more detailed analysis of species composition and

climate regime descriptions. The nonhern class 5.1 - "Softwood Shield'. containing more

coni ferous species was retained as Boreal. whereas the southern classes 5.2 ­

"Mixedwood Shield' and 5.3 - "Atlantic Highlands'. with more deciduous tree species

and slightly wanner mean annual. summer and winter temperatures. were regrouped into

Temperate Continental. This eliminated the conspicuous ecological boundary that

followed the international border (see Figures 7 and 8).

•

•

•
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Figure 7 and 8: Eastern Canada and USA Ecoregions. In Canada the 5.2 Softwood Shield and 5.3
Atlantic Highlands classes were originally regrouped into the FAO Boreal Class. Upon funher
comparison with adjacent areas in the United States. which fall within Bailey's M211 and 211 Mixed
Forest Provinces within the Warm Continental Division. it was decided that the FAO Temperate
Continental Class would be more appropriate for this area of Canada.
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The case study for the United States and Canada illustrates several concems when

compiling an EZ map based on existing data sets developed within different nations.

Such issues include edge-matching line work between data set boundaries. comparing

differences in climatic indicators used.. and resolving philosophical and terminology

issues regarding the definition and translation of classes. In addition to these issues. the

discrepancies encountered in the two geographical areas described above also relate to

the source data classification hierarchies. and the level at which the initial reclassification

was conducted. Bailey's 2°Olevel (Divisions) and the CEC's (st level of classification

definitions were used for the initial reclassification scheme. Funher investigations of

Bailey's 3rt
! level (Provinces) and the CEC's 2l1lJ level of classification was needed to

resolve edge-matching issues between the two data sources.
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6.2) Statistical Multivariate Pattern Recognition of NDVI Composites of the
Conterminous United States

6.2.1) The Stratified Random Sample

01/27/00

•

One assumption violation which was identified after processing the data. and which

affected the confidence and results of the discriminant and decision tree analyses. relates

to the variable sizes of ecological zones and the design of the stratified random sample.

Although the option in SAS to include a priori probabilities of each c1ass was used in the

analysis. the design of the stratified random sample proved to be the greatest limitation

when confidence was assessed. Using the 984-point sample generated. seven of the nine

classes had corresponding powers greater than 0.80. The two classes with corresponding

powers less than 0.80 were also the two smallest ecological zones: Do - Temperate

Oceanic with only 19 samples and a power of 0.25. and Cs - Subtropical Summer Dry

with a sample of 35 and a power of 0.60 (see Table 5 and Figure 9). One way to address

this concem is to set the minimum number of samples within each c1ass to 50.

Table S: Breakdown of the 984-point stratified random sample used as training data for the linear
discriminant and decision tree analyses

19 0.019 0.019
208 0.211 0.211
301 0.306 0.306
109 0.111 0.111
129 0.131 0.131
35 0.036 0.036
130 0.132 0.132• 52 0.053 0.053
1 0.001 0.001

984 1.000 1.000
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Figure 9: The 984-point stratified random sampie by ecological zone

6.4.2) Stepwise Discriminant Analysis (SDA) Results

SDA was perfonned on the 984-point sample data to identify which of the 26 NOVI

bands best characterize the spatial and temporal variance within all the images. In the

SOA conducted on the NOVI composites. the images representing averaged smoothed

NDVI for July 16-29. and for February 26 to March Il explained 42.7% and 26.5% of

the variance respectively (Table 6). Interestingly. the first four images correspond to

periods of time during which spatially variable seasonal changes in NOVI values occur

most; with summer and spring images being the two most imponant images followed by

images representing autumn and winter. Eleven of the initial 26 composites describe

97.16% of the variance. with a calculated significance ofp = 0.0001 for the F-statistic.

These e1even bands were subsequently used in the LOA and decision tree analyses

(Figure 10).



As the SDA procedure progressed. both the F-statistic and the Wilks' Lambda values

decreased. This trend indicates that. as more variables were added to the model. total and

between-group variances increased and pooled within-group variance decreased. The

Wilks' Lambda for these eleven images was 0.0568. with a corresponding F-statistic of

5.3590. suggesting a strong relationship between the NDVI values (predictors) included

in the model and at least sorne the FAO Ecological Zones (responses).
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Stepwise Discriminant Analysis Results
ln Jla!'!r of :0131 Jmouf1l ai o(;)lI;l'lCi!'" l<llned b each

J 64.12 42 ;"125 .427~26 'J 3558 a OClOl
~ J5:$ :'65336 1 691402 'J 157.1 00001
3 J 2927 974':9 ; 789911 'J 118.4 00001

• .1 'J1El 1 3 7 :'99 , 817::10 Jl~ COOQl
5 J 10:1 16711 : 85 39:3 Jœ17 a COll
8 J '007 16121 86 01.13 J0677 o OCJ(J1

J 0996 25~ 906Œ3 )07:1 C COJi
6 J09S.4 13034 919i:'8 J0835 G:m'
9 ) CJ8.l9 11597 : 95 œ.:.4 30619 o 'Dr
10 J 04:5 10330 96 120.4 30593 o:J:{Ji
l' lO4:'5 ~ 037.1 97 1578 ]0568 o ilXIl
1- -.;.4 li'
1] ) 02:B C :0)1

14 J Qi?, aIOI
15 J 01ES C COll
15 ) a~~3 aDJ'
15 Jalol8 O::xxJ'
14 J(Œ() a :rrli

Table 6: Stepwise Discriminant analysis results: Total amouot of variance explained
b)· each predictor ,"ariable

•
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Tolal Variance Explained by Input Variables

01/27/00
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•

200

Bi-Weekly 1~y_r .".age NOVI composite images
(anly the 11 most InfiuentiaJ independent predidor variables are shawn)

Figure 10: Graph of Total Variance e~plained by predictor variables

6.2_1) Linear Discriminant Analysis Results

.,"

•

Using the variables defined by the stepwise process and the 984-point sample. LDA was

used to build discriminant functions for each of the ecological zones. Using a least­

squares approach and generalized (Mahalanobis) distances between ecological zone

means. a set of coefficients and constants were developed that define single linear

combinations of variables that best differentiate each class. Table 7 is a matrix of

generalized distances between ecological zone means. By showing generalized distance.

the matrix reveals the relative relationships (distance) between the ecological zones. For

example. the table reveals that average values of sample pixels classed as temperate

continental are more similar. in the NOVI time-series. to those classed as temperate semi­

arid (O! == 9.77). than to those classed as subtropical arid (02 == 28.51).

Table 8 gives a Iist of the coefficients and constants used to calculate the discriminant

scores for each pixel and class. The discriminant score for each pixel in the study area is



computed as a composite of each of the eleven NOVI images. weighted by the respective

discriminant function coefficient- The larger the coefficient. the greater is the

contribution of the respective variable to discriminate between groups. For example. the

February 26 to March II composite image of averaged. smoothed NDVI is more

important for determining if pixels are classed Subtropical Summer Dry (cl = 2.187) than

for determining whether they are Temperate Continental (cl = 1.258). In other words. the

NOVI values within the Subtropical Summer Dry Zone are more unique. during this time

period. than for what is occurring within the Temperate Continental Zone. This is

consistent with the fact that Spring. and hence ·green-up·. starts earlier in the subtropical

summer dry zone than in the temperate continental zone. NOVI values for this time

period in the temperate continental zone are not greatly different from values of other

winter months .
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Table 7: ~Iatrh of ~ahalanobis(D~) values for eomparison between the 9 predicted and a
prio,i ecologieal zones*

789 11 t8 ta 67 2265 1112 1286 t681 2756
1596 3 Tl 903 22~S 1697 2710 1863 3T 28
1620 9n 237 900 1704 T976 1262 1802
26 TS 21 t6 777 440 2284 24 T7 856 9 : 1
T496 T601 T534 2317 4Œi 1738 1402 25.66
t400 2363 T545 21 SU T4n 667 1680 2501
2065 t769 1094 891 1404 1942 405 985
2958 2851 1450 763 2385 25 f() 802 588
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Table 1: Linear Discriminant Constants and Coefficients

linear Discrimin.nt Fune:tion Co"-lInti and Coeffidentl
Olscnm,nart ;co'es for t!3ch funct:on 'il"ld p,x~1 (ca;!!) are der",ed fr'lm apolYlng the follow.ng equallon

Co.tridena of:

OC DM DI!J 016 Df1 ,011 Dt9 OMO

-30:: 7).1 .::.'8: 419 .2S0 Sil -:::9083 -310 1S9i -305 2136 ·255 ::os .2:.: :œ
: D3 1051 0719 0691 1 :'SC: 0240 097.1 :759
1 ~4 1.38 149E • :!OS 1554! :118i 1 :77 1531
1 :63 C 983 0896 '.0 -05:6; 1.38 1350 .: 4'5

-1 :al ·1871 ·1994 .~~ 01431 .1823 -1 971 -1 146
~ :12 G :113 0361 0268 -0576; -O:Œ 019: -J :101
1564 1551 13i: '24 1.13, 1 52' 0385 1 :38
~ 951 -eS65 .o6~ O~ -06ê6i 0702 0157 "J 639
T 97~ 1616 1691 ' 383 1627, 16E13 0'243 1 .:as

-1 C35 ~ Q.l4 -D 721 -D 5613 -o.t99' -07J8 0196 -: :'8
-i 5:10 .: 9.t3 ·261.t -25.15 ·237S' ·26:'0 -3 ::'9 ·2666: =~4 :: 473 HO: 3832 3 ]:91 3338 3:02 :: 689

•

•

~ote: DIJ corœsponds 10 lhL: discriminam funclion for T~mPL:ratL: Oc~anic. DI~ = T ~mPL:rat~ ContinL:nlal.
Dr5 = T~mPL:ratL: SL:mi-Arid. Df6 = TL:mPL:ratL: Arid. DIï = Suhtropical Humid. DfS = Suhlropical SummL:r
Dry. DI\} =Suhtropical SL:mi-Arid. DilO =Suhtropical Mid.

The confusion matrix in Table 9 shows how the training data for the discriminant

analysis were c1assified using the discriminant functions. The overall correlation between

the predicted classes and a priori FAO Ecological Zone classes was 73.2%. When the

same discriminant functions were applied to the entire study area~ the confusion matrix

revealed a correlation of 70.7% (Table 10), The largest difference between the training

data prediction results and the study area extrapolation occurred in the Temperate

Oceanic Zone. the c1ass with the least confidence due to its small sample size. The

discriminant functions accurately predicted 36.8% of the training data (classed Temperate

Oceanic) to be Temperate Oceanic. When the discriminant functions were applied to the

entire study area 42.7 % of the Temperate Oceanic pixels were c1assified correctly. This

increase in correctly c1assified pixels for the entire study area in contrast to the training

data may suggest the effects of the linear function to partially account for the random

variation in the design set. For the remaining classes. the study area prediction resuhs

were approximately 5% to 10% less than the training data results.
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Table 9: Resubstitution summary on the training data using the derived linear discriminant functions

Resubstitution Summary using the linear Discriminant Fundions _ ____.
Humber of Observations and Proportion (by rowj classified inlo each Ecological Zone: _
(training sample accuracy only)

7 4 0 3 0 19
O..J&IW 0105 021 0 0158 0105 0 1

2 173 19 0 14 a 0 208
0003 0.&32 0091 0 0067 0 0 1

6 31 225 21 4 1 13 301
0002 001 0.745 0.007 0013 0.1))3 0042 1

0 2 16 n 1 0 8 109
a 0.018 0146 0.66 0009 0 0073 1
5 7 2 0 10& 7 3 129

0039 0054 0015 0 0.806 0054 0023 1
1 0 3 2 5 22 2 35

0029 0 0086 0057 0146 0.62] 0051 1
a 3 10 11 8 0 82 13:1
0 0023 oon 0085 0062 0 0.631 1
a a 0 6 1 a 9 52

• a 0 0 0115 0039 0 0173 1
21 218 279 112 1-&1 -0.732

Table 10: Resubstitution summa~'on the entire study area (conterminous l:nited States) using the derived
Iinear discriminant functions

ErrOl'".m. for U",., Discrimi".nt Analysis
L1near UlSCOmlnant Predieted Grou

530%

147069

346%

194%

262061

2134%

977537

8.40901
3069%

401851

1110%

12~%

1326%

10.13%

1617072

2325597

1005032

7577120

Grand Tolal10

118%

2494

70867

15587

1729

695

889

004%

067%

009%
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095%

642%
486747

144328

250158
1436%

62.25%

9261

11468

98853

9

36966

52132

14247

425%

071%

63)%

378%

620%

5.44%

107650
26 79%
879220
1160%

8

295

7676

1899

9128

23157

27870

002%

285%

28690

033%

023%

2.85%

227%

335%

1515%

155179
59.21%

3 4 5 6

76 59 2678 29154

434 20860 77872 64224

2433 12697 155080 540992

8227 1413 24703 8319

11615 1240460 150257 2759

62891 10379 21253 1025

50899 219511 1741577 13973A

31461 44489 14$3 2140

219% 944% 74.89% 601%

0.72% 76.11% 929% 0 17%

0.29% 1.51% 1844% 64.33%

3.14% 054% 943% 317%

0.04% 208% 7 75% 6.39%

42.16% 706% 14.45% 070%

0.02% a01% 067% 725%

2.22% 2045% 28.88% 10.40%
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6.2.4) Decision Tree Analysis Results

01/27/00
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A decision tree was generated using the same 984-point stratified random sample and 11

bi-weekly averaged. smoothed NDVI images that were used to train the discriminant

functions. Using C5.0. developed by RuleQuest Research mc.. a tree with 117 tenninal

nodes was built with an error rate of 0.09 (or 91 % of the training data were predicted to

be the same class as the a priori class by the decision tree) (see Appendix B). In many

respects. the logic of the tree is intuitively more straightforward than that of the linear

discriminant functions. For illustrating how to interpret the results. Figure 11 shows

approximately one sixth of the resulting tree as translated into a flowchart. Table II

shows the confusion matrix of the training data when the decision tree was applied on

them.

The decision tree method was more successful at classifying the training data because the

tree 'over-fif the data. ln other words. since no thresholds were defined as to how far the

tree should grow. small groupings of the independent variable were created. which

merely attempt to model random variation in the design set. This resulted in a much

lower error rate for the training data than for the classification of the entire study area.

With this overfitting. when the same decision tree was applied to the entire study area. a

much higher error rate occurred. Instead of the 91 % correlation between predicted and a

priori classes. only 67.2% of the pixels were classified the same (Table (2). Again. as

with the discriminant analysis. the least correlated class was the Temperate Oceanic

Zone. For the training data. 57.9% of the training data dassed Temperate Oceanic were

predicted correctly using the decision tree. When the decision tree was applied to the

entire study area only 42.9 qf of the Temperate Oceanic pixels were classified into the

same a prior class. For the remaining classes. the study area prediction results were at

least 15 to 20 % less correlated than the training data predictions. Pruning of the tree.

which was not performed in this study. couId have addressed the problem of ·overtit".

Pruning would have considered the predicted error rate on new cases and limited the

amount of times the decision tree branched. This process would have reduced the amount

of modeling perfonned to account for mere random variations of the design set.
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Figure 8: Partial Oowchart of the Decision Tree trained from the 984-point stratified sampi
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Table Il: Resubstitution Summary on the training data using Decision Tree analysis

Rnubstitution Summary llling th. Decision f,.e
Number of Observadons and Proportion (of l'CM} ctasifled Inlo each Ecologh:al Zone:
Irai"," Hmple aCC:.Jracv onlyi

11 ) .lI a 2 0 01 19
0.519 o,m 0211 : OOJO 0105 0105 o·m J cm! 1.1D1

a 191 .11 0 7 0 0 01 2011
0000 0.947 00191 oeco 0034 oID) oero 'J l)))1 1.1D1

1 ~ 2181 5 :2 4 1: 301
0003 GJlJ 0.9241 OC17 0007 0003 0013 00031 1.IDJ

1 0 91 94 1 2 1 l' '09
0009 O~ 00831 0.862 0009 0018 0003 JOO9I 1.1D1

1 1 01 0 125 a 2 01 129
ocoa 0008 00001 ocœ 0.969 al))) ,] OOO! 1.1D1

1 J li 1 2 30 0: J5
a 0:'9 000] 00291 0029 0Q:,7 0.857 00001 1.1D1

0 2 51 :2 J 0 li 130
0000 0015 00381 0015 0031 al))) 00081 1.1D1

a 0 01 3 0 U' 52
al))) o OOJ 00001 oc~ 0000 0019 0.8461 1.1D1

15 209 J01! 1œ '''3 l6 !J84

• Total Trainin 0.913

Table 12: Resubstitution Summary of the entire study area (conterminous United States) using
Decision Tree analysis
E~M.trix for Decision Tree A,.
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6.5) Assessment orthe Compiled North American Ecological Zone map based on
Linear Discriminant and Decision Tree Analysis Results

Even though the decision tree over-fit the data. the overall confusion matrix. which

compares the resulting classification to the FAÜ classes. is similar to that of the Iinear

discriminant function aoalysis results (70.73% correlation vs. 67.21 %). Both appear to

be less correlated with the FAD classes in rnountainous regions. This effect cao be seen

along the eastem rnargins of both the temperate oceanic and the subtropical summer dry

classes which follow the Cascade Mountain Range. the Sierra Nevada and the Rocky

Mountains of the temperate semi-arid classes (see appendices C to F). This can be

attributed to the effects of elevation on vegetation and hence the values of NDVI. At

higher elevations and on steep slopes. vegetation may be limited due to local conditions

of soil and c1imate. The result is a poor fit of the NOVI values in mountainous regions

both for the decision tree and discriminant function models.

Both approaches reveal comparable dissimilarities to the FAD classes along the QCC

isotherrn for the coldest month in which Bailey and Kôppen used to delineate between

Temperate and Subtropical zones. The a priori FAO class boundary between Temperate

Semi-Arid and Subtropical Semi-Arid in North Texas/Oklahoma. as weil as the boundary

between Temperate Continental and Subtropical Humid on the southem side of the

Appalachians to the Ozark Plateau appear not to follow the a posteriori classification

trend. For the Texas/Oklahoma region. it appears that the isotherrn is more northerly than

what the variance of the NDVI values suggest. Conversely. In the Appalachian /Ozark

region it appears that it is more southerly than what the NOVI values suggest.

Appendices E and F show where dissimilarities between the a priori and a posteriori

classifications occur. This iIlustrates that although the isotherm is perhaps an adequate

representation of the generalized boundary between temperate and subtropical zones.

regional variations do appear to exist. This may perhaps illustrate the timits of scale for

the Global FAO Ecological Zone map. For these areas. a comparison to the USOA



publication on World Crop Areas and Climatic Profiles (1994) suggests that climatic

variables. such as average dates of last spring freeze or first autumn freeze. may be more

influential in characterizing and describing the distribution of vegetation and crops than

mean temperature of coldest month alone.
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Another similarity between the results of the two approaches is the low correlation of the

Temperate Oceanic class (42.99% for the discriminant function. and 42.76% for the

decision tree). In addition to the problems outlined in preceding sections regarding

sampie design and the smaU number of samples within this class. another reason for the

low correlation is related to the land form type. The class is comprised of mountainous

regions and complex landfonns with a wide range of vegetation from dense temperate

rainforest to alpine tundra. Landscape complexity within each ecological zone. and how

weil the sample reflected this complexity in tum. affected how well the linear

discriminant and decision tree analyses were able to predict class membership.

The largest discrepancies between the two approaches were in the subtropical arid and

subtropical summer dry classes. where the decision tree was 12% and 10% less

successful than the discriminant analysis. respectively. There are two possible

explanations for this result. The first is that the linear discriminant function was more

successful at dealing with prior probabilities related to the stratified random sample.

since. in addition to the temperate oceanic class. these two classes had a smaller

proponion of the training data. The second explanation relates to the way in which the

approaches deal with within-dass variance of the training data. In the a posteriori

classified map of the discriminant function. it appears that the delimitation of the classes.

based on highest discriminant score. are more homogenous and bounded more by

changes in NDVI due to elevation than the decision tree results. Only two of the classes

(Temperate Semi-Arid and Temperate Oceanic) had higher correlations using the

decision tree approach. albeit only slightly (0.23% and 0.81 % higher than the results of

the discriminant functions respectively).
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The focus of this research was to develop a means for accurately representing ecological

zones at the global scale. This research is part of a broader project for developing a

spatial database of ecological zones for the UN FAO's FRA 2000 Report. The thesis

begins with a brief discussion of ecological classification schemes appropriate for global

applications. For map compilation. the Koppen system of climate classification within a

hierarchical framework is used as a basis for the FAO ecological classification scheme.

An illustration of how existing data are combined and reclassified was made using the

United States and Canada as an example. Methods for assessing accuracy of ecoregions

maps at the macro scale were addressed with an assessment of the draft FAD Level n
Ecological Zone map. This assessment was performed by classifying IO-year average. bi­

monthly. smoothed AVHRR-NDVI composites of the conterminous United States using

linear discriminant and decision tree analyses. The results of the linear discriminant

analysis were more signitïcantly correlated to the FAO classes. although both approaches

suggest that the classification scheme does maximize between-class variance of the

NDVI temporal series.

Small-scale vegetation mapping is essential to integrate the various parts of the continents

together. and establish a basis for detailed research. The task of developing a global

"Ecological Zone' (EZ) map. is part of an attempt to improve the way in which the FAO

provides information on the world's forest resources on a regular basis. New information

demands have led the reporting by the FAO to deal more with the 'ecologjcar context of

forest resources. However. the complexity of the 'ecoregjon' concept has created a

challenging task for geographers and environmental scientists interested in projects

related to 'ecoregion' mapping. The first objective of this research was to identify and



evaluate the most appropriate type of classification scheme for a global ecological zone

map. In support of that objective. it was deemed that the language and usage of the

ecoregion concept be carefully considered. The FAO Global Ecological Zone

Classification scheme was presented in Chapter 4 in the context of an optimum

c1assitication scheme. For a developing a compiled global representation of ·ecoregions.·

the classification scheme has the following broad characteristics:
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• the scheme is based on structural-physiognomic characteristics of potential natural
vegetation combined with one or two c1imatic variables:

• il has clearly detined limits for each of the categories:
• it has an optimally sufficient number of categories to express variations. without

causing confusion:
• and it is systematically hierarchical and a priori.

The second objective. to explore an approach for combining source data to achieve a

coherent and consistent global FAO Ecological Zone map. was addressed with the United

States and Canada as a case study. The short term goal of this component. was to provide

a case study for developing a worldwide EZ map and database that is appropriate for

reporting on forestry statistics. Using data sets developed under the direction of Robert

Bailey (USDA Forest Service) for the United States. and the Commission for

Environmental Cooperation in Canada. a compiled map of FAO Ecological Zones.

directly related to Koppen' s Climate classes. was developed. The compilation process

used Bailey's ecoregions. with their direct references to Koppen·s. as a basis for

subsequently reclassifying the CEC' s classes. For translation to the Kotka III compliant

FAO Ecological classification system. the approach places importance on having relevant

documentation of existing classification schemes. Through qualitative comparisons of

c1ass descriptions. the CEe's map was incorporated into a globally oriented North

American Ecological Zone map. This macro persPective promotes the use of regionally

developed ecoregion boundaries for global modeling. while also providing a global

perspective to countries that utilize the dataset for regional projects.



An assessment of accuracy and error is essential for building confidence in the methods

and results of a study. With this knowledge. users can evaluate and judge the most

appropriate application of the methods and results. To fulfill the third objective of the

research. an accuracy assessment was performed to quantify how weil the FAO

Ecological Zone map of the United States corresponds to temporal and spatial changes in

NDVI values. The main assumption. for this approach. was that NDVI provides an

adequate indicator of net primary productivity (NPP). The key hypothesis was that the

FAO Ecological Zones of the United States are significantly bounded by temporal and

spatial changes in NDVI. Using Linear Discriminant and Decision Tree analyses. it was

concluded that the FAO Ecological Zone map adequately represents spatial and temporal

homogeneity of variance within the NOVI at the macro-scale. There were several

objectives that were addressed in validating the FAO Ecological Zone Map:
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• The tirst was to identify and describe the spatial and temporal homogeneity of
variance within 26 images of smoothed and averaged bi-monthly NDVI composites
for a ten-year interval.

• The second objective was to assess the overall correlation of the a priori FAO
ecological c1assitication to the a posteriori classification of NDVI using linear
discriminant and decision tree approaches. This involved both spatial and statistical
comparisons between the datasets to show discrepancies and similarities between the
representations.

• The third objective of the validation was to provide a methodology that can similarly
be applied to other regions of the globe for assessing ecological zones.

The comparison of the linear discriminant and the decision tree analyses proved to be

infonnative for describing the spatial and temporal between- and within-c1ass variance of

the NDVI within the context of ecological classification. Based on NDVI as a measure of

NPP. and regardless of sample design problems. both the Iinear discriminant function and

the decision tree results suggests that the Level II FAO Ecologjcal Zone classes for the

United States are an adequate representation of discrete ecological units at the macro

scale. For the approach used here. the linear discriminant function produced a better error



rate (70.73%) than the decision tcee (67.21 %). In addition to the error rates. the

ecological zone map developed from the discriminant analysis suggests that the linear

functions were able to delineate more successfully, between- and within-class variance

due to effects of elevation than the decision tree. However. the similarity of results

suggest that both approaches couId be used to assess the accuracy of small-scale a priori

ecological classification schemes using NDVI composites as predictor variables. In

addition. these approaches could also be used to help resolve edge-matching issues

between national or regional data sets. such as those between Canada and the United

States
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7. t) Future Research

Explorations into the structure of "data' are a part of continuing processes of research that

scientists in general and data analysts in particular are constantly engaged in. Il is their

task to separate the signal from the noise. and to characterize the signal based on existing

theories or hypotheses of reality (Breiman et al., 1984). This has been an on-going

process since the beginnings of science. Two broad areas of technology are instrumental

in contributing to that process. and thereby furthering the bounds of our knowledge base.

One is computer-aided technology. and the second. satellite technology. Il is

incomprehensible how theories on the dynamics of global processes could be interpreted

and modeled efficiently without the integration of these two technologies.

From the AVHRR sensor orbiting around the earth, the software written to process and

analyze the data collected. to the visualization systems to view them. both these

technologies have become powerful vehicles through which the structural complexity and

dynamics of macro scale ecological processes cao be visualized. characterized. and

understood. Satellite technology is also a powerful contributor to increasing streams of

data that can be processed and analyzed. NASA's Earth Observing System (EOS) is an

example of how a vast repository of data and data products are being created with the



broad objective of studying global change in ail domains of the Eanh' s ecologjcal

system.
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ln concert with the benefits of these two technologies. data analysis tools such as

discriminant analysis and decision trees provide complementary support to make sense of

the analyzed data. and aid in deciding on varying hypotheses of reality. This research is a

clear illustration of how these two analytical tools can be applied to investigate the

validity of ecologjcal classification schemes. The development of both these approaches.

in the past 20 years. is related to the ability of technology to enable analysts to sieve

through and handle massive amounts of data. The following areas of funher research are

related to different approaches for applying ecological theory to large amounts of

geographic data. The first area of investigation relates to the nature of the input data.

Since smoothed NOVI data. as was used in this study. is not available for the entire

world. an investigation into applying the same approach on non-smoothed NOVI data

would be useful for gaining insight into the effects of the smoothing function. Secondly.

for an alternative approach to incorporating annual fluctuations of NDVI. it has been

suggested that the integral of temporal NOVI (another possible estimator of NPP). or the

area under the curve. could also be used (Goward et al.. 1987). In addition to NOVI

values. incorporation of elevation. slope information and other data sources as predictor

variables would be useful for further investigating the stratification of ecological regions.

Next. problems due to sampling structure could be investigated. These include varying

the sampie size of the training data. and setting minimum limits on the number of sampie

points within each c1ass. In addition. the number and scale of a priori ecoregions used as

the dependent variable could be varied. For example. instead of using Bailey's

boundaries for Ecoregion Divisions (2
00 level of hierarchy). his boundaries for Ecoregion

Provinces could be used (3n1 Ievel). As an alternative and for a comparison between

theories. Omemik's ecoregions boundaries could be used instead of Bailey's.



Finally. for visualizing the confidence of the a posteriori classifications. an explicit

approach for devising a confidence map would help in visualizing the confidence of the

[WO approaches. An in-house add-on to C5.0 called "C50mapi" al the EROS Data Center

was used to generate a confidence map from the decision tree although it is not presented

here due to its 'black box' approach. Further refinement of the decision tree could also be

investigated through pruning and 'bootstrapping' to analyze the effects of these tools on

the final classified image. For developing a confidence map of the discriminant analysis.

such questions as to how to quantify the similarity of discriminant scores need to be

addressed <i.e. for each pixel. how similar were the first 2. 3 or 4 scores?).
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The primary aim of this research focussed on the development of a methodology for

producing a reHable global database of ecological zones. It identified and evaluated

appropriate classification schemes. explored combinations and reclassification

mechanisms for existing data. and investigated how error and uncertainty contribute to

the final quality. This research also illustrated the integrative merits of weIl-proven

statistical and alternative data analysis methods and tools brought to bear on remotely­

sensed satellite-derived data using computer-aided data processing and visualization

systems. This research has drawn together various areas of scientific knowledge.

processes. philosophies. and analyses. From this synthesis. it cao be concluded that the

FAO Ecological Zone Map adequately exemplities the temporal and spatial homogeneity

of variance within the NDVI.
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Appendix A: Equations used by SAS for the calculating Iinear discriminant functions• M. Douville 75 01127/00

Pairwise Generalized Squared Distances Between Groups

-1
(X - Xl' COV (X

i j i
x ) - 2 ln PRIOR

j j

Calculations for constants and coefficients for each linear discriminant function

-1 -1

x

j

Constant = -.5 x' cov

j

X + ln PRIOR

j j

Coefficient Vector COV

Generalized Squared Distance Function of observations to class means:

• 2
D (X) =

j
{X-X l' cov

j

-1
(X-X ) - 2 ln PRIOR

j j

Posterior Probability of \1embership in each ecological zone:

Pr {j 1 Xl
2

exp { - . 5 0 ( X)) .1

j

2
SUM exp ( - . 5 D (X))

k k

•

where: D= = generalized square distance (Mahalanobis distance)
PRIOR = prior probability of class (based on proponion of samples within each c1ass)
COV = within-group covariance
i.j =subscripts to distinguish between ecological zones
X =p-dimensional vector containing the quantitative variables (~DVI) of an observation (pixel)

X =a p-dimensional vector containing the variable means (of NOVI) within each ecological zone
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The tïrst part identities the version of CS.O. the run date. and the options with which the system
was invoked. CS.O constructs a decision tree from the 984 training cases in the tïle sampled.data.
The tree itself can be paraphrased as:

"[f NDV[ value for the bi-weekly average. smoothed composite for July 16 - 29 is less than or
equal to 132. and if January IS - 28 is less than 108 and if June 18 - July 1 is less than 108 and if
February 26 to March Il is greater than 106. then the pixel is Subtropical Arid ·•

Every leaf of the decision tree is followed by (n) or (n1m). Where the value of n is the number of cases in
the file that are mapped [0 [his leaf. and m is the number of them classified incorrectly by the leal'.

CS.O INDUCTION SYSTEM [Release 1.09] Sat JulIO 23:38:01 1999
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.ie'::.3 - :"7 >

:-:::3-2: 0> :23:
: ... iec3-:7 > :29:

: .. _:~:5-29 <= :2~: S~C~=ç~=a: S~~~-~:d :2.01
:~:5-23 > :1~: 5~:~=~:=a: ~~~~~ ~2.aJ

01/27/00

ie·=3 - : -; < co : :2 9 :
: .. . ~ec3-:7 <= :2~: 3~~~r~p:=a: 5~~~-Ar:j (2:.~;

iec3 -: ï > :24:
:_._:-:=v:3-d~c2 <= :29: :-e..~è:-3.:.e Ar:..:i ;-:.~.':.:J~

::::::v:9-dec2 > :29: S..x::r:::p:.::a':" S.a.rr.':"-~':"d::.L:J:

~~v:1-d~c~ <= :2~:

: ... :~:5-13 > :2C: 5~c:~:~:=a: 3~~èr ~~ ~2.G}

:~:5-2= <= :2::
.:·~~e:3-:~':"y: <= .

: .. . :ec25-~a~:: <= ::6: 3~~~=p:=a~ Sè~~-~:.d \~_~,

:ei:26-:r.ar:: > ::6: :-.a.'!lçe:-a::e M:d :2.8/:.:::'
:'~e:3-:~':"y: > :23:
__ .. a~g:~-25 > :2~: ~a~çera:è 5~~:-Ar:~ ~22.J :.J:

::l~g:3-2'S <" :'22:
.~=v:3-j~~2 > ::s: 5~:~~ç:~a: S~~~-~:~ (2_~

. :~.~:3-:~~y: ::3: ~~~Cè~a~e ~:d 2_8~

:~~e:a-:~:y: > :23: 7~~era~e S~~:-~:j ~S.J _.

.. :~:5-2; <~ :89:
: .. . 3~g:~-2~ <= :J9: 3~c~~~ç:=a: 5~: -A~:d ~3.8;

:l'~g:'3-26 > :::;9:
.... ~=v:9-dec2 <= ::2: :~'!lpe:-a::e Ar:d (3.J:

:::::v:9-dec2 > ::2:
: ... :·~e:3-:~:y: <= ::7: S~~~~p~=a: 3~~-Ar:d l3.8;

:~e:3-:'~':"y: > ::7: :-e.~çe:-a~e Ar.:..d ~3.Q/:.::;'

:a:::5-23 > :.::;~:•

:~::e:3-:~:y: <= :2::
.:~t2~-~a~:: > ::1:

: ... :~t:25-rr;a~:: <== :~:: 5:....:..c:.~::p:,::a~ M:.:::' .3.8
:et2E-~ar:: > :2:: S'~~:-=ç:::a~ S~~~e:- ~~

:~i:26-~a:-:: <~ ::~:

: 3. J,: . 8 i

.:~:'y:6-29 <= .

:'~':"y:-5-29 > ::2:
.:~:.~-2: > ::::

.." ""lI_ .... ,.J 1

.. açr9-22 <=

aç~~-2: > ::3:
.:·..=.:y:6-2~ > :28: .5~c:'='-:P:-::.3.: Se..rn:'-Ar:.:i .3.~\

:~:y:6-29 <= :2~:

: ... a~g:3-26 <= :2:: S~t.:-:::p:.::a':" Ar'':; (9.J'
a~g:j-26 > :2:: 5ub:r~p:=a':" Sern~-Ar:i :3.8 .. ~

.:c~3-2: <= :2::

.... =c~3-2: <= ::~: ~~~e~a:~ ~.~

:::c:. 3 - 2: > :.:. 4 :

'A ,.,..... "'" : . J:

•

.:~':"y:6-29 > ::7:
: .. . :ec26-~a~:: <~ ::4: ~a~çe~a~e ~:~ (5.0:

:ei:26-mar:: > ::~: S~ctr~p:=a: S.a.~:.-Ar:i

:~:y:6-29 <= ::7:
.... a~g:3-26 > ::4: S~c~~~pical Sem~-.~:j (::.c:

a~g:3-26 <= ::4:
.. :::::v:9-dec2 <= ::5: Sub:raç':"ca: S.a.~~-Ar:.d \~.J)

~='tJ:9-deo::2 > ::5: St;j:~ropica: .~:'d. (4.0'::.8}
: .~ .:.. y : :5 - 2 9 > :. .; 2 :
... . açr9-22 > :32:

, ... a~g:3-26 <= • __ .

: ... :::::v:'9-dec2 <= __ ~ .

.. ' .:eb26-:na=-:: > :23: S:'±::r:::ç:::a':" S~~.mer"]ry (:3.JJ:L8i
:ei:25-~a=-:: <= :23:
: ... :".ov:g-iec2 0> :27: S:ili::!'~p:~a"- Sem:.-Ar:i ':5.:))

::cv:9-dec2 <= :27:
: ... ~ay2:-:·..:::e3 <co :42: :'em~e=-a:;e Co~t::::ent:a': (2.0/:.0)

~ay2:-:~e3 > :42: :'e.~perat:e Se.~~-Ar':"d (6.0)
~=v:9-d~c2 > :3::
... .~ay2:~;~e3 <~ :4C:

: ... açr9-22 > :35: Sub::rcpi~al S~~er u~ (2.0/:.0)
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.:~:"y:-5-:~ <= :.;:: 5:":'=t.~::~:=3._ .5err::-A.:"':.d ,3~':;

:~:y:6-29 ~ :~:: 7~~~e~a~è S~~-Ar:d .2.0;
~ay2:-:~~3 ~ :~C;

. _ .3:..;.g:'3 -26 > :';6:
.. :nay2:-:·~e'; > 52 _:::. S. J'
~ay2:-:~e3 <= :53:
: .. . :~~~:9-:~:y: <~ :52: S~~~~ç:=a: ~~~:j

:~e:3-:~~y: > :52: S~~~=p:=a: S~~~e~

~~g:;-26 <= :~6:

____ :a~:S-:8 > :2;:

3.r:~9-2:2 > :'49: 5t±:.~:p:",::a: 3~rn:.-A.=-:':: :3.J .. "",
:a...~.:5-:':3 <= :27:

<= :~6: Sub~~=~:=a: S~:-Ar:j :9.2
> :45: S:.;J:~:-:;;:.-=a:' :-:~~:i 5.J :.J"

. , .. :~~:3-:~:y: > :52: 3~~~~~:=a: S~~:-A~:j

: '~:'. ~ : s - : .~:y: < =
: ... ~ay2:-:~::e';

~ay2 : - : ·~",e';

. "\ .............

:a:::5-2~ > :':;5:
., :'~~e:S~:~:y: <:: :'6~: s'x:.~=;::.::a_ S'~~~~~ =~..

:~~e:3-:~:y: > :6:: ~~ç~~~~~ =Cèa~:.:: '~.~.

~.3.:::~-::S <= :35:

Jry : ~ . ~. : ..,; .

~3.:::5~23 > :22:
.. _. :a:::S-2~ > :3:: 5~t.~=p:.=a: ~u.~.:.j .~.w.

:a..":.:S-2.3 <= :.~c:

.... a~g:~-26 > :5~: 7~mpera:2 ~=~~~~e~~a: 9.8,
a:.;.g:~-26 <.:: :5'::
.... :a:::5-23 <= :25: :~çe~a~e ~=::~:r.er.~a:

:ar.:S-23 > :26: s~c:~=p:~a: ~~T.~d ~2.J:

;::. J.

2 S . ~ :.:::

.6. :::

a~!'9-2: <= :3~: :~'!lçe~~:e ·::Jr.::::e:::a:
3ç~9-22 > ::;9:
: ... a~g::;-26 > :57: ~~T.çe~a~e :ce~~~=

a~g:3-26 <= :57:

. :~~~:3-:~:y: <= :5~:

: ... 2'.;_y:E-'::~ <= :55: 3L,;j:~:".:;::.=a: ~·~"r.:.i

:~:y:6-29 > :55: 3~=~~:~:=a: S~~~e~

:~~~:3-:~:y: > :5~:

.~~~:5-~~ <= ::7: ~2m~e~a~~ 5è~~-.~:j

~3:::5-2B > ::7:

•
.;~:y:6-29 > :59:

-:·";:'·~:~-:·~:Y: >
: ... a~g:~-26 <= . ~~ç~ra~e 5~~:-~:~ ~2.2 :.~;

a~g:3-26 > :56~ ~~~pe~a~e C~~~:~e~~a: :03.J 4.J\
:~",~:3-:~:y: <= :56:
._ .. ::.;':'y:5-29:> :6~: :-a'TIç.:ra~è :c~a:::.~ ;'2.:J _.:1

:..;:y:6-29 <= _~_.

: ... 3.~g:3-25 <= :6:: 7t2..'!':çèr3.:~ -=:::-:::':"::.=::r:.:.a: ~':.J~

3~g:3-26 > :5:: ~~~pe~a~~ S~~:-Ar:j 7.:,:.J~

:~_y:6-29 <= :59:

•

.::~v:~-jec2 > :23:
.:~~e:g-:~:y: <= :~c:

... ::ec26-:!la~:: > ::9: 5t±t.~:~:::a':' Ar::i. .3.C':'::::
:et25-:na~:: <= ::9:
: ... a~~9-22 <= _L:J: :er:lçe~a~e :Cèa:".:'C (2.(:;':.0.

a~~9-22 > :25: Su=~~=p:=a: Se'!l:-Ar:d (3.0:
:'~e:3-:~:y: > :40:
... :!lay2:-:~r.e3 <= :40:

... ~~v:3-·jec2 <= :35: :-e.~pera~e Sè.~~-Ar:d (:~.ai _.\oJJ

~8v:9-dec2 > :35:
: ... :ar.:5-29 <= :22: ~e~çe~3~è Ar:d ,2_0;

:~.:5-29 > :22: :~~pe~3~e Se~:~Ar:d :3.J :.0;
~ay2:-:~ne3 > :40:

. .. jec3-:7 <= ::9: S~t.~~p~=a: H~~~j :3.0,:.0]
jec'; - : 7 > :: g :

: ... ::é:v:g-dec2 > :36: :'e~pe~a~e C~n~~::en~a':' [2.:)::.0)
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. :-~_y_ -29 <= :~7; 3~:.=-::p;..:a: 3è!r.;.-A=.:.i :2.:"
~-,,;:y: -23 :> :.:/: :empe~a:.e 5è'ni-A.::":':: :5&:::.J~

ol/27/00

~=v:~-jec2 ::3:
- .. ap=-23-~ay6 <~ ::;:

; ~ .. 3ç~9-~2 <~ ::6: 7a~ç~~a~~ S~:-A::d ,74.~

3~~9-2: > ::6: 3~c~~:~:=a: 3~~~.~:d :3.J
3ç~2~-~ay~ > ::3:

3 _J:

.a~g:3-26 > :~3: 7a~çe~a~~ 5~~~-.~~~ :~7.w 3.J'
a:;g:3-26 <= :33:

~ry.2. J:
::;~e:3-::;:'y: ~ :36:
: ... :ec25-~a~:: <= ::3: ~~pe~a~~ .~~d ~2.8·

:~~26-~a~:: > ::3: 7a~pe~a~~ 5è~~-Ar:= :S.J.2.:\
:a:::::-:~ <= ::::

. :.c:.~ -~: <= . ~,

.... 0.,,1 •

.~ay:: '~::'2:: :~=: :-:.'!:ç~~a~e M:"~ \~_::

~ay~_ -'.;::e3 ~ :~:: :--=~~~!"3:'~ 3~:---\.r:'::: - ~

.~..;:'y:6~:3 .,. :SÎ: :--=mr:e~~:~ ~::i .3.~:

::;:y:6-29 <= :57:
.~ay::- :'~~e3 <= . ~~~pe=-a:e :=~::~e~:a: '~.: :.:
~ay2:':~~e3 > :35:
... a~g:3-26 <= :~2: ~~~pera~e C~~~~~€~~a~ .3.: _.~

3,:;g:3 26 ;Jo :~::: :-e..'!!;:e~3:e St2-rn:'-~:'.:i __ ",

... ,."

..... ."j 1•
3.:.;g:~-2 ,. :5~ _
__ .aç!:' ~-~ay6 ~- ::1: :-e~;:è!:':r:::: Se!:'.: r\:-:.:i ._

a;!:' 3-~ay6 > :':9:
... :-~~e::3 -: ".;:'y: < = :~:: S:;i::.=-::;: :::a: ;.;~..!!::i

:~~è:3-:~:y: > :3::
.. :ec26-~a~:: > :22:

: ... :~c26-~a~:: <= _~o: S~c~r:ç:=a: ~~~:~

.:~:5-23 > ::5: 7~~~~ra~e

:3.:",.:5-:!3 <:= ::5:
... ~a~:~-2S <= :88:

.... =c~3-2: > :~3: :~p~ra~è ~=~t:~e~~a:
.. ,,,\ .."" .
... v_u

.~~c3-:: > ::~: :~T~era~e 5~~:-A~~~ .3.::
=e·::.3 - :"7 < = :: .::: :
:." .~eb26-~a=-::<=

~ei:26-:!!a=-:: >

:a:::'S-2e :> :':9:
.... ~ay2: - : :;.~~~

~ay2: - ~'~e~
... . ::c::-2:

~~çera~e C=~~:~è~~3: ::~.8 2.:
~empera~e S~~~-Ar~d :2.8:

.5è!ni -Ar::i . 3 _G,:

•

=c:.S-2: <= :~5:

... . ~ay2:-::;.~e~ > :38: ~a~pe~a:e 3~T.:-A~::i :3.J
~ay2:-:·~è3 <= :38:
.... a;::""23-~ay6>:23= ":"empera:'è ':~~~:.:!~r:.:'a: ~7.J.: .. :J;

a;!:'2~-~ay6 <= :23:
: ... :~:y:6-29 > :5:: 7~mp~=-a:e SaT.:-r\~::i i6.C'

:~:y:6-29 <= : _:
: ... ~c::3-2:<=: 5: 7~T.p~~a:e S~~:-A::d :2.0:

:c:S-2:>:J :~~pe=-a:e ~::~::~e~:a: (2.~!



e e

Predicted group Inelnbership froln linear discrilninant analysis

e

~

oo
c
~
tr

Appendil C: Map of Prcdiclcd Group Mcmhcrship l'rom Lincar Discriminant Analvsis

00
o

o
:::::
1.Jg
o



e e

Predicted group membership from decision tree analysis

Temper."
Continental

e

~

~
c
~
ft"

00

o

Appendix D: Map of Prcdiclcd Group Mcmbership t'rom Dccision Trec Analvsis

.......
1,)

~



e e

'hlarl. al'~~ 1I\l\irah·llI••·I~ .... llh 1'1,"1\110',1 ~1l1\1111l~'I1I\"'I"'"\1I\1~ "'IIl~1 III .. l.IK' ....U·

e

~
coc
~.

~

SubtropiCiI
5em1-Arid

Tempera..
ContlMntal

00
t.J

o

-l\ppciiüïl-r.::-lJîfrcrcnc~éiVJap oT-rreoicieoGroup Nicillocrsnilf fi'üillürlcar IJlsfrlllUnam Analysis

-­I.J
-..,J

8



e e

Ihl...k ~R"".lIl1h""lr IfllI"l. ~lIh 1~ ...S."1...1~n,"l' 1""I.'I".>lIlI''''" 1"'1" ..1'" Ok,,,,,,,,'

e

~
oo
c
~
;:r

Subtmplcal
SemI·Md

Tempera"
Conti'*'ta1

oc
l.o.I

o

Appendix .': Difference Map of Predicted Group Mcmbcrship l'rom Dccision Trec Analysis

....
t..J

~


