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ABSTRACT

The dynamics of landscape pattern and disturbance were studied in the ‘green belt’
area of Kluane National Park, Yukon. White spruce montane forests and various
sub-alpine and alpine vegetation communities dominate the study area, adjoining the
Kluane Ranges of the St. Elias Mountains. Combining theory on landscape structure and
function, the relationships of disturbance regimes and landscape pattern are examined.
The landscape mosaic was mapped from classification of multispectral Landsat Thematic
Mapper imagery. Landscape pattern was measured using quantitative indices of patch,
class, and landscape attributes. Natural disturbance regimes, important to land cover
development in the region, include fire, insect infestation, and geomorphological
processes. The impact of these disturbances on landscape pattern is governed by the
frequency, intensity, distribution, size, and synergism of their occurrence. The landscape
of the Kluane region experiences infrequent, large-scale fire and insect disturbances and
frequent, smaller-scale fluvial disturbances. Heterogeneity of landscape types is
maintained through the cycles of repeating disturbance; however, the long return interval
of catastrophic disturbance allows some homogeneity to establish in the montane forests.
The high landscape diversity is also a function of highly variable topographic and micro-

climatic conditions.
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CHAPTER 1: INTRODUCTION
Background

The earth’s surface displays varying degrees of environmental heterogeneity
(Pearson 1994). Heterogeneity in landscapes is created by two elements of vegetation
patterns: the differential distribution of species along environmental gradients and the
stage of recovery from disturbance (Romme 1982). Knowledge of spatial and temporal
heterogeneity is essential to understanding population, community, and ecosystem
processes (Johnson and Gutsell 1994),

Traditionally, diversity was investigated at the species, population, and community
levels, and only in the last two decades have diversity concepts been seriously examined
at the landscape scale (Suffling 1988). This recognition was motivated by the need to
understand regional and global processes. Landscape pattern refers to the composition
and configuration of different ecosystems across a region, and is a function of the
distribution of species and environmental conditions (Baker et. al. 1991). Disturbance
regimes (eg. fire, insect outbreaks, windfalls) affect the spatial and temporal
heterogeneity of ecosystems (Denslow 1985, Kamada and Nakagoshi 1996, Johnson and
Gutsell 1994). Landscape pattern also influences the behaviour of disturbance regimes
(Turner ef. al. 1989, Baker et. al. 1991). These effects, either synergistic or antagonistic,
create a complex set of relationships governing the interactions between disturbances and
landscape pattern.

Research Question

The basic premise supporting this research is that landscapes are differentiated



spatially and temporally, and that our understanding of landscape heterogeneity is
incomplete. This research aims to characterize landscape pattern in the Kluane Ranges of
southwest Yukon (Map 2) and to explore links between natural disturbance regimes and
landscape pattern. Also, the dynamics that significant topographic relief add to the natural
disturbance-landscape pattern system are examined. Specifically, this analysis measures
the variation of standard landscape pattern indices over time and space. Particular
emphasis is placed on the role of natural disturbances as causes or factors in the variation
of landscape pattern. Knowledge of natural variations in landscape pattern is important to
understand how landscapes evolve, develop, and react to disturbances. The analytical
portion of this research addresses these questions, albeit over a relatively short period of
time. Using two snapshots of landscape pattern and research from the literature, the
dynamics of landscape pattern and disturbances are explored. This research is not limited
to one or more hypotheses, but rather takes a broad approach to the topic of landscape
pattern and disturbance. As no previous research on landscape pattern has been conducted

in the study area, this comprehensive approach is well suited to open the field of research

for the study area.
Landscape Pattern and Disturbances

Broad scale landscape structure, function, and change are the fundamental
components of landscape ecology (Forman and Godron 1986). As a measure of structure,
indices have been developed to quantify landscape pattern (O’ Neil er. al. 1988). Through
the application of these indices, changes in landscape pattern will be measured for a

portion of the Kluane Ranges in Kluane National Park Reserve. Changing landscape



pattern will be placed in the context of natural disturbances regimes, including insect
infestation, forest fire, and geomorphological disturbances. Kluane National Park Reserve
is situated in the St. Elias Mountains, and is characterized by changing vegetation
communities along climatic and topographic gradients. The spatial configuration of these
communities is established and influenced by climatic, edaphic, and environmental
conditions and continually modified by disturbance regimes. Knowledge of landscape
patterns, and associated links with disturbances, will contribute to the understanding of
ecological processes in mountainous environments. Natural resource managers also
benefit from knowledge of the impact of disturbance regimes on landscape structure.
There is increasing focus on understanding the impact of forest harvesting on landscape
pattern (Mladenoff et. al. 1993) and managing these activities to more closely resemble
natural disturbances (Frelich and Reich 1998, Bergeron et. al. 1998). For example,
sections of the Crown Forests Sustainability Act (CFSA) in Ontario stipulate that forest
harvesting must simulate patterns created by natural disturbance regimes, most notably
fire (CFSA 1994).

Measurements of landscape pattern, as well as providing necessary information for
studies of landscape functioning, allow monitoring of regional ecological changes (Turner
and Gardner 1991). Changes in landscape structure are regulated by the cumulative
history of all disturbances in a region. The response of species and populations to
disturbances creates a mosaic of communities, each at a different stage of recovery
(Johnson 1992). Landscape patterns are also affected by the variable physical conditions

in alpine areas, which determine the distribution of species. Changes in altitude, aspect,



and slope further influence the behaviour of disturbance regimes (Pearson 1994). The
physical and environmental constraints and the history of large scale disturbances are
factors which add complexity to the study of relationships between disturbance regimes
and landscape pattern.

The study of landscape structural characteristics, including spatial and temporal
variations, in the Kluane region will address the deficiency of research on landscape
pattern in high relief areas. Studies linking landscape structure and topographic relief are
rare in the literature, and those that have been published are not current (Romme 1982,
Romme and Knight 1981). There has been some work on landscape pattern and
disturbances in mountainous regions (Trabaud and Galtié 1996), however the role of
topographic relief is seldom fully explored. The linking of natural disturbance regimes
and changes in landscape pattern also represents an important contribution, and one that
has only recently been explored (Tumner and Dale 1991). Many studies have explored
diversity-disturbance relationships, however few have researched the impact of
disturbance on other aspects of landscape pattern (e.g. patch shape). Finally, it is
important for long term studies to establish a baseline of present landscape pattern from
which the impact of future disturbances can be measured.

Study Area

Kluane National Park Reserve (KNPR) occupies the southwestern comer of Yukon
Territory within the St. Elias Mountains. The study area (46 km by 54 km) is located in
the Kluane Ranges southwest of Haines Junction and is almost completely contained

within the park. Steep, narrow mountains dominate the landscape, which includes glacial



and non-glacial lakes and rivers (Environment Canada 1987). The Alsek River flows
through the study area and forms a broad valley supporting open stands of white spruce.
On higher elevation slopes and valleys grow various sub-alpine and alpine tundra,
meadow, and shrub communities (Environment Canada 1987). West of the study area, in
the park interior, exists a vast glaciated landscape devoid of vegetation. Long valley
glaciers link the interior icefields with the “green belt’ region. Strong winds continually
blow down the valley glaciers. The St. Elias mountains create a rain-shadow in the study
area whose climate is generally classified as semi-arid continental with long cold winters
and short warm summers (Beaver 1997). The Kluane region, as a relatively undisturbed
landscape, lends itself well to studies of landscape patterns and natural disturbances.
Chapter Outline

Chapter 1 provides the required background and introduction to the research
objective and study area. The supporting literature and theory is reviewed in Chapter 2.
Beginning with a discussion of the theoretical framework and contributions of the thesis,
this chapter lays the theoretical groundwork for the research. The interrelated principles
of disturbance and the landscape mosaic are presented and examined in the greater
context of landscape development. As the principal supporting discipline, landscape
ecology is reviewed before focussing on the methods and applications of landscape
pattern analysis. The methods used to complete the technical portion of the research are
documented in Chapter 3. Steps include a description of the study area, land cover
classification, landscape pattern analysis, and sensitivity analysis. Chapter 4 reviews the

results of the quantitative landscape pattern analysis. This includes a presentation of the



results at class and landscape scales, temporally, and altitudinally. Chapter 5 forms the
link between natural disturbances and landscape pattern and reviews three principal
acting disturbances ~ forest fire, insect infestation, and geomorphological processes — and
their impact on landscape pattern. Chapter 6 closes the discussion and summarizes the

main findings of the research.



CHAPTER 2: LITERATURE REVIEW

The landscape as a focus of study originated early in the 19" century when A. von
Humbolt introduced the scientific-geographic term ‘landscape’ (Naveh and Lieberman
1994). Defined then simply as a region of the earth (Naveh and Lieberman 1994), the
word also has artistic, cultural, economic, physical, and ecological connotations. Despite
naming a relatively new and growing discipline, the definition of the word has not
changed significantly from its nineteenth century origins. Landscapes are defined with
varying sizes and boundaries in the literature, often dependent on the scale of
investigation. Other broad scale units such as watersheds (very precisely spatially
defined) and ecosystems (less precisely defined) are subsumed within rhe landscape.

Originating in central Europe (Naveh and Lieberman 1994), research on landscapes
and landscape ecology has gained importance in North America, especially in the last
decade (Kupfer 1995). The landscape formed a central theme in geography from the
1880s to 1930s (Dobson 1993). Carl Sauer introduced the term ‘landscape’ to American
geography in 1925 (Bailey 1996). Several influential texts have been published on
landscape ecology (Forman and Godron 1986, Naveh and Lieberman 1994). An
international journal was established in 1987, and significant publication of
pattern-related research has occurred in ecology, forestry, geography, and planning
journals. Introducing the new journal Landscape Ecology, Golley (1987) described the
contributions of landscape as setting the scale and orientation, and the contributions of
ecology as indicating the breadth and holistic approach for the new discipline. Troll

(1971) described the new Landschaft geography, or landscape ecology, as the



regional differentiation of the earth’s surface, examining the spatial interplay of natural
phenomena , a relatively ‘horizontal’ approach, and the functional interrelationships

from a ‘vertical’ view point, the interplay of phenomena at a given site (ecotope) studied
as an ecological system (44).

New technology has provided researchers with instruments to study the whole
landscape. Troll (1971) was especially motivated by the use of aerial photography for the
interpretation of landscapes and their constituent patches. Beyond acrial photography,
satellite imagery and geographic information systems allowed the precise delineation and
quantitative analysis of landscapes (Riitters et. al. 1995). However, more important to the
development of landscape ecology was interest in broad scale processes affecting the
earth’s surface — from ecological to climatological systems.

Ecosystems and Landscape Evolution

Much ecosystem theory can be extended to landscapes simply by increasing the
scale of the concepts. Elements in the hierarchy of systems from species to populations,
communities, ecosystems, and landscapes share many of the same attributes at different
scales. The four definitions presented in Table 1 describe systems comprising biotic and
abiotic components and their interactions. The scale of the system is normally large, but
distinguishing between ecosystems and landscapes is often only accomplished with
superlatives. Defining landscapes, or other large systems, requires consideration of two
critical points: a) landscapes consist of both parts (structure) and processes (function);
and b) scale is crucial to the definition of the whole system and its parts. Table 2 lists
several definitions of the term landscape. Fundamentally, this thesis explores the
interrelationships between landscape pattern (structure) and natural disturbances

(function/process). Moreover, to analyse landscape pattern, the scale used to define the



landscape and its classes and patches must be chosen carefully and rationally.

'l‘able 1. Ecosystem deﬁmtxons.

Millor (1 990)

.. combination of a eommunity and tho chemia! and physical factors making up its
non-livlng environment. it is an ever-changing (dynamic) network of biological,
chemical, and physical interactions that sustain a community and allow it to respond to
changes in environmental conditions. [p.80)

Forman and Godron (1986)

...all of the organisms in a given place in interaction with their nonliving environment.
{p.592]

Raven et. al (1992)

A major interacting system that involves both living organisms and their environment.
[p.744)

Bailey (1996) ... an area of any size with an association of physical and biological components so
organized that a change in any one component will bring about a change in the other
components and the operation of the whole system. [p.167]

Rowe (1961) A topographic unit, a volume of land and air plus organic contents extended areaity

over a particular part of the earth’s surface for a certain time. {p.422)

Table 2 Landsgape deﬁnitions.

Forman and Godron (1 986) R | hmrogomous Iand area compoud ofa dustnr of intomding eeosymms that is
ropeatnd in similar form throughout. [p.11]

Bailey (1996) ...spatially contiguous sites distinguished by materiai and energy exchange between
them. [p.25)

Naveh and Lieberman ...physiographic, geclogical, and geomorphoiogical features of the earth’s crust

(1994) (Western geography, geology, and earth science) [p.4}
The total character of an Earth region (A. Von Humbott) (p.4]
..the total spatiai and visual entity of human living space, integrating the geosphere
with the biosphere and its noospheric man-made artifacts. (Troll, 1971) [p.4]

Funk and Wagnalls A stretch of inland natural scenery as seen from a singie point. [p.444]

Standard Dictionary (1980)

Abstracting a landscape for quantitative pattern analysis requires delineation of its

components. The literature is replete with methods for mapping and classifying

landscapes and their elements (Bailey 1996, Davidson 1992, Sample 1994). The

definition of landscape elements by land cover is common, although European sources

often refer to the hierarchical system of ecotope, land facet, and land system to define

elements holistically rather than thematically (Naveh and Lieberman 1994, Davidson

1992, Troll 1971). The holistic approach to land evaluation may incorporate patterns of



climate, geology, soils, vegetation, and fauna to define landscape elements (e.g. Canadian
Ecological Land Classification system, Table 3), whereas the thematic approach utilizes
only one information layer (eg. vegetation or land cover). The mosaic model of
landscapes is the dominant view for landscape pattern analyses (Wickham and Norton
1994), but alternate interpretations of the land as gradients, networks of corridors, or as
boundaries in a mosaic also exist (Forman and Moore 1992). Constituent patches of a
landscape mosaic may be defined either holistically or thematically. When defined by
land cover, mosaics are well suited to analytical and disturbance studies. Many
disturbances have direct impacts which create new patches or affect patch shape, hence
creating the landscape mosaic.

Table 3. Land units in the Canadian Ecological Land Classification. (Davidson 1992, 32)

Note: the scale varies according to the diversity of the landscape under surve

Ecoprovince An area of the earth’s surface characterized by major assemblages of structural 1:5,000,000
or surface forms, faunal realms, vegetation, hydrological, soil, and climatic
zones.

Ecoregion A part of an ecoprovince characterized by distinctive ecological responses to 1:1,000,000 -
climate as expressed by the development of soils, water, fauna, etc... 1:5,000,000

Ecodistrict A part of an ecoregion throughout which there is a recurring assemblage of 1:250,000 -
terrain, soils, and vegetation. 1:1,000,000

Ecosection A part of an ecodistrict throughout which there is a recurring assemblage of 1:50,000 -
terrain, soils, and vegetation. 1:250,000

Ecosite A part of an ecosection in which there is a reiative uniformity of parent material, 1:10,000 -
soil, hydrology, and vegetation. 1:50,000

Ecoelement A pant of an ecosite displaying uniform soil, topographical, vegetative, and 1:10,000
hydrological characteristics.

Landscapes develop through five natural processes: geomorphology, climate, plant
and animal establishment, soil development, and natural disturbance (Forman and Godron
1986). A region’s landforms form the physical substrate for ecosystems and landscapes.

The processes that create the earth’s geomorphic features and continue to disturb

10



landscapes include plate tectonics, volcanism, erosion, deposition, and glaciation
(Forman and Godron 1986, Bailey 1996). Climate may influence these processes as well
as significantly predetermine which communities of plants and animals colonize a region
(Bailey 1996). Climatological parameters, such as precipitation and temperature
gradients, are used to define ecological zones in Ontario (Hills 1959). Plant and animal
communities, while forming essential components of a natural landscape, may exert
continued influence on its development. Even in the absence of disturbance events, the
composition and configuration of ecological systems may change due to plant succession
and faunal activities. Soils develop according to climatological conditions, underlying
landforms, and plant communities. Acting as a landscape’s surficial substrate, they also in
turn influence the establishment of plant and animal communities. Finally, natural
disturbance is arguably the most tangible method of landscape change. Varying in scale
from large, catastrophic forest fire to a gap opening windfall, disturbances continually
produce distinct patches within a landscape.

Landscape composition and configuration is determined by these mechanisms
(geomorphology, climate, plant and animal establishment, soil development, and natural
disturbance). Continued change is especially linked to disturbance events. Disturbances
tend to be spatially explicit in their influence and affect localized areas. Their application
is therefore uneven, rather than even, across the landscape. The area disturbed and the
spatial distribution may vary widely, but the result is often a network of patches, forming
a landscape mosaic. Patches are areas of relative homogeneity whose areal extent is

defined by the phenomenon under consideration (McGarigal and Marks 1994).

11



Investigations of land cover pattern would define patch boundaries where land cover
varies significantly. Habitat studies may delineate patches differently, based on significant
variation in habitat conditions for a particular species. Patches are consolidated according
to their composition into patch types or classes. A general, reconnaissance classification
scheme may define a dozen patch types, although detailed studies frequently consider
many more classes. The scale and resolution of the study determines the detail required in
defining the patches and classes comprising the landscape mosaic.

The delineation of patches, as elemental landscape units, is fundamentally scale
reliant. When defined as an area of relative homogeneity, the scale at which the patch is
defined must be explicitly stated. Scale may be stated quantitatively (e.g. 1:1,000,000) or
qualitatively (e.g. regional or local). Heterogeneity may always be found within a patch
by increasing the resolution or scale of investigation (Hunter 1990, Frelich and Reich
1995).

This research involves the mapping of the landscape mosaic for a portion of Kluane
National Park Reserve. Due to the resolution of the data used for this exercise, some
generalization was introduced. Given data with a finer spatial resolution, patches
previously considered homogeneous, might in fact be divided into several different
patches belonging to different classes. Small-scale studies (e.g. a continent) define broad
patches, whereas a larger scale study (e.g. a field) within the same landscape would
subdivide those broad patches to finer ones. The classification of patches and classes in a
landscape is scale reliant and contingent on subject focus. The scale of study in this

research would be considered meso-scale based on the area under consideration and the

12



detail at which it is being considered and classified (Bailey 1996).

The literature commonly views landscape patterns and structure synonymously with
vegetation patterns (Suffling 1988, Kamada and Nagagoshi 1996, Romme 1982).
Alternate models may use ecosystems, climate, or soils to define the landscape matrix and
structure. There is convention and simplicity to defining landscapes through land cover.
Also, disturbances tend to operate on landscape patches defined by land cover or
vegetation. They create new land cover patches and produce changes in existing ones.
Change is also frequently caused by successional mechanisms operating within land cover
patches. Plant communities, especially forest systems, may change predictably from one
community to another. Bailey (1996) discourages the use of vegetation alone for defining
ecosystem boundaries since plant communities respond to disturbances. Ecosystems
cannot be solely defined and delineated by vegetation or land cover. They include
physical, chemical, and biological components and processes. This research aims to map
and analyse land cover patterns, rather than ecosystem patterns.

Stability, Resilience, and Landscape Change

The behaviour of ecological systems can be characterized by their stability and
resilience to disturbances (Holling 1974). Catastrophic disturbances, such as fire,
commonly occur in the boreal forest, creating an interesting pattern of stability and
resilience. The boreal forest is a resilient system in light of the catastrophic modifications
resulting from natural disturbances (Denslow 1985). A review of the concepts of stability
and resilience is relevant to the discussion of disturbances and long-term fluctuations in

landscape pattern.
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Stability is a concept that describes two characteristics of system behaviour:
fluctuation and sensitivity. It represents the “ability of a system to return to an equilibrium
state after a temporary disturbance” (Holling 1974, 17) and it measures the number and
degree of fluctuations that occur in a system (Denslow 1985). Stable systems fluctuate
very little, or when they do they can rapidly return to their pre-disturbance state. Feedback
processes operating in the system impose stability (Berryman 1986). An exotic
disturbance will often result in the shift to a new state or structure (Denslow 1985).
Unstable communities may have a high degree of resilience if they contain species and
communities adapted to variable environmental conditions (Denslow 1985, Holling
1974). The sensitivity of these species and communities to disturbances will affect the
stability of the ecosystem. Stability estimation is also sensitive to scale. Communities
may appear unstable if their structure is changing, but long term fluctuations may actually
constitute a stable system (Romme 1982).

Resilience is a measure of the “persistence of systems and of their ability to absorb
change and disturbance and still maintain the same relationships between populations or
state variables” (Holling 1974, 17). In contrast to stability, the resilience of a system is
not related to the sensitivity to disturbance, but is concerned with the ability of the system
to undergo change, and still function as before (Denslow 1985). A system disturbed
beyond the limits of its resilience will change to a new structure characterized by a
different composition and interactions of species (Denslow 1985).

The recognition that change may be a normal part of a landscape’s history has

important implications for measurements of landscape pattern. Delcourt and Delcourt
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(1987) describe the difficulty, but importance, of understanding long-term vegetational
change. Oscillations in the state of a landscape (occurring normally due to disturbance,
but also due to other mechanisms of change) enhance the difficulty of analyzing temporal
variations of landscape pattern. Observations made during peaks or troughs of the
oscillatory cycle must not be interpreted as changes in the mean state of the landscape
(e.g. Figure 1, A versus B). Knowledge of the frequency of mechanisms of landscape
change (e.g. disturbance) is critical to properly measure change.

Ky

* -

.
siale -

B "'5.

time

Figure 1. Temporal patterns of landscape change (A - linear change; B - oscillating
stability).

Natural Disturbance

Disturbances are defined as discrete events which disrupt or change “ecosystem,
community, or population structure and change resources, substrate availability, or the
physical environment™ (White and Pickett 1985, 7). A disturbance event modifies the
communities and spatial configuration of landscapes. New patches are created and form a
patchwork mosaic. In mountainous regions, disturbance responses are greatly affected by
topography, or altitude, aspect, and slope (Pearson 1994). White and Picket (1985)
describe two general kinds of disturbance: destructive events and environmental
fluctuations. Forman and Godron (1986) further distinguish between frequent disruptive

events (to which communities adapt and evolve) and true, infrequent disturbances. The
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mechanisms may be similar, yet the landscape response differs.

Studies have shown that some landscapes which experience frequent disturbance
become resilient through species and community adaptation (Frelich and Reich 1995,
Denslow 1985). Over the long term, disturbances may be a normal part of the functioning
of an ecological system. While systems may be resilient to natural disturbances,
anthropogenic or foreign disturbances may exceed the resilience of a system.
Disturbances may or may not be considered stresses to a system. Stresses, defined as
factors that disturb the normal functioning of a system, imply change beyond normal
thresholds of tolerance (Auerbach 1981, Ivanovici and Wiebe 1981). In this sense, exotic
and especially anthropogenic disturbances are more likely to present a stress to a system.

Knowledge of disturbances attributes is essential to understand their combined
effect on landscape pattern and ecosystem functioning. Turner and Bratton (1987)
describe disturbances as biotic and abiotic vectors. Vectors are defined as physical forces
or animals that move materials or energy in the landscape, and can be distinguished by
their origins, either internal or external (Turner and Bratton 1987). From these
definitions, disturbances can be physical in nature and originate from outside an
ecosystem (eg. fire) or biological and originate from within an ecosystem (eg. insect
infestations). Different associations, such as external biological disturbances, are also
possible (e.g. exotic species). Disturbances with external (exogenous) and internal
(endogenous) origins (Kamada and Nakagoshi 1996) can also be considered extremes on
a continuum (White and Pickett 1985).

Disturbances change the structure of the ecosystem by reorganizing materials and
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energy in the landscape (Hendee et. al. 1990). Homogeneity normally enhances the spread
of disturbances across landscapes since edges or patch boundaries increase resistance
(Forman and Godron 1986). Turner and Bratton (1987) outline some cases where
heterogeneity may increase dispersal rates of disturbances. The effect of landscape pattern
on the spread of disturbances is dependent on the scale of the disturbance and the spatial
arrangement and similarity of landscape elements (Turner and Bratton 1987). The
behaviour of disturbance regimes involves the following characteristics: distribution,
frequency, return interval, rotation period, predictability, area, intensity, severity, and
synergy (Table 4) . Consideration of these factors leads to a better understanding of the
dynamics of disturbance regimes and their relationship with landscape pattern. For
example, a fire regime consisting of infrequent and intense fires will affect landscape
pattern differently than one of frequent and less severe fires.

Table 4 Dlsturbance attnbutes and descnpnons (White and Plckett 1985, Methven and Feunekes 1988).

1 ) AT PRI LTIy :
distribution spniul dmribution inthe landmpc
frequency mean number of events per time period
return interval mean time between disturbances
rotation period mean time needed to disturb an area equivalent to the study area
predictability scaled inverse function of variance in the returmn interval
area or size area disturbed
intensity physical force of the event per area per time
severity impact an the organism, community, or ecosystem
synergism effects of occurrence of other disturbances
Fire

Fire is one of the most important abiotic disturbances that influences the structure
of the boreal forest ecosystem (Mushinsky and Gibson 1991, Hunter 1990, Forman and

Godron 1986). As a disturbance, the impacts of fire on landscape patterns have been
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studied more than any other disturbance regime (Knight 1987). Large, stand-destroying
fires create a ‘shifting mosaic’ of disturbance patches on the landscape (Baker ef. al.
1991). The elements of the landscape mosaic can be defined by their last disturbance, as
shown on ‘stand origin maps’ (Johnson 1992). Disturbance regimes vary spatially in
complex terrain because of the spatial variation of the environmental conditions that
affect disturbance initiation and spread (Baker er. al. 1991). Estimation of fire behaviour
in mountainous forests can be complicated by the erratic, often weather driven nature of
these fires (Agee 1993).

The impact of fire on the boreal forest ecosystem is governed by fire mechanics and
the ecological response or strategy of boreal species. The effect of fire on landscape
structure does not follow general conventions, but shows specific responses in different
vegetation communities (Mushinsky and Gibson 1991). By examining the disturbance
characteristics of fire in boreal forest, some insight can be gained into the relationships of
landscape pattern and fire. The Kluane case is supplemented with examples from other
boreal or alpine forest regions, notably Yellowstone National Park (YNP), where there
has been significant forest fire research and interest (Romme 1982, Christensen er. al.
1989).

Two scales of landscape pattern are produced by forest fires: a smaller scale
partial-fire pattern driven by intensity and severity, and a larger scale whole-fire pattern
controlled by fire size and frequency (Methven and Feunekes 1988). Size and spatial
distribution of forest fires are fundamental characteristics of the disturbance when

considering landscape pattern. The influence of fire on the creation of landscape mosaics
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is significant (Hawkes 1983a, Baker er. al. 1991), but additional information on shape,
size, and spatial distribution of fire dynamics are also important considerations. The
behaviour of a fire is not only dependent on the ambient temperature, wind speed, and
humidity, but also by the spatial distribution of fuels and the structural variation (type,
density, and height) of the vegetation community (Mushinsky and Gibson 1991). The
distribution of the forest itself affects the spread and extent of the fire (Agee 1993). Fires
in mountainous areas tend to be limited to lower elevation forests since they support
greater fuel accumulation. At very higher elevation, plant productivity is reduced, fuels
are scarce, and hence fires are infrequent (Agee 1993).

[n the boreal zone, fires tend to burn large areas mainly because of the available
coniferous fuels (Johnson 1992). Even prior to the significant 1988 fires in Yellowstone
National Park (Christensen et. al. 1989), large fires in YNP were found to have a
significant impact on landscape dynamics (Romme 1982). The effect of fire disturbance
on landscape pattern is dependent on the severity and impact of the fire on the forest
community. A cycle of large, stand-destroying fires will create a shifting mosaic of forest
patches, each created by a specific disturbance event (Baker et. al. 1991). Alternatively,
lower intensity fires will not completely destroy the stand but may open the canopy
thereby altering community structure. In this case, disturbance patches are less clearly
defined spatially and are also structured by numerous disturbance events. The stand
destroying fires create even-aged forest patches whereas the lower intensity fires
contribute to an uneven-aged forest (Hunter 1990). In practice, these two scenarios are

extremes of the behaviour of fire disturbances. Many forests experience infrequent large
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scale fires and also more frequent small scale treefall or geomorphic disturbances. Scale
plays an important role in identifying patterns of heterogeneity and disturbances. In
greater detail, every uneven-aged forest is made up of many even-aged stands (Hunter
1990) and a fine-scale mosaic may be identified in seemingly homogeneous forests
(Frelich and Reich 1995).

Altered community structure (size, age, and spatial distribution of trees) is
produced by forest fires (Mushinsky and Gibson 1991) and increased diversity of this
structure is represented by higher heterogeneity. Supporting disturbance created landscape
heterogeneity, Frelich and Reich (1995) rule out biotic interactions among tree species as
causes of patch formation in the boreal forest. Understory-overstory relationships are
weak in this region in contrast to other forest types. For example, the hemlock/sugar
maple forests of the Great Lakes region have significant overstory-understory
relationships, where the overstory species influence the composition of understory species
and understory species often replace overstory trees (Frelich and Reich 1995). The
absence of such successional relationships in the boreal forest suggest that disturbance
regimes are more responsible for the creation of the landscape mosaic.

In Yellowstone National Park, Romme (1982) found that landscape richness,
evenness, and patchiness were highest under the natural fire regime of large, infrequent
fire events. During this period, natural fires burned significant proportions of the
landscape. When fire suppression policies were implemented, the overall landscape
diversity remained relatively constant in the region, whereas under the natural fire regime

landscape composition and diversity fluctuated greatly (Romme 1982).
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Studies have identified specific relationships of landscape diversity and levels of
disturbance. Suffling (1988) notes that in the boreal forest of northwestern Ontario,
landscape diversity is highest with intermediate levels of fire disturbance. At the
intermediate level of disturbance, any change in the disturbance rate will decrease
landscape diversity (Suffling 1988). When the disturbance rate is low, large homogeneous
forested areas can develop, but if fires are frequent and the rotation period is also short,
then homogeneity is similarly introduced.

Restoration of heterogeneity in forested landscapes is desired in some cases where
fire suppression has limited the occurrence of natural disturbances. Simulation modelling
in the Boundary Waters Canoe Area (BWCA) of northern Minnesota has revealed that
landscape measures related to the number of patches (e.g. mean age and richness) require
much more time to restore than do measures of the spatial attributes of patches (eg. shape
and size) (Baker 1994). The time required to restore the compositional attributes of
landscape patches (150-250 years) was calculated as longer than the period of alteration
which degraded them (82 years of fire suppression). This suggests that landscape change
occurs over relatively long time periods.

Insect Infestation

Similar to fire, insect outbreaks can have significant impact on forest communities.
An insect infestation occurs when populations of an insect reach epidemic proportions
and tree mortality or damage is significant. Spruce beetles normally inhabit dead, fallen,
and mature trees and are therefore a secondary disturbance agent (Garbutt 1994). When

population levels increase sufficiently, spruce beetle move to healthy trees and an
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infestation occurs (Garbutt 1994). Spruce beetle normally exhibit a two-year life cycle
which includes overwintering twice in the inner bark (Savaria 1994). The effect on the
tree is the reduction of its conductive capacity and its eventual death. This process of
drying is most evident in the needles as they turn from green (current attacks) to red
(attacked the previous year) to grey (attacked two years previous). Under favourable
conditions, a spruce beetle infestation can cause 100% mortality of mature spruce trees in
a stand (Savaria 1994). Some events which permit an outbreak of spruce beetle include
floods, blowdown, and right-of-way clearing (Garbutt 1994). These events increase the
availability of susceptible trees. Clearcut slash is also known to provide suitable
conditions for spruce beetle inhabitation (Berryman 1986). The outbreak can also result
from the influx of spruce beetle from outside the ecosystem. This scenario is thought to
have occurred in the Kluane region in southwest Yukon (Garbutt 1994). In contrast to fire
disturbances, insect infestations normally originate from within the system (under non-
outbreak conditions). Exotic pests have external origins and therefore different (usually
more severe) impacts on the ecosystem.

The frequency of insect infestation disturbances is related to the population
dynamics of the particular insect. Population densities are affected by biotic (host
abundance, host quality, competition), physical (landscape, soil, climate), and disturbance
(weather, human activities) factors (Berryman 1986, 53). The duration of insect outbreaks
is also an important factor in the disturbance regime. At high latitudes, the lifespan of a
spruce beetle individual is 2 years and infestations of standing timber normally decline

after a few generations (Garbutt 1994). Insect infestations do not have the same intensity
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as fire disturbances. Very intense insect infestations cause heavy tree mortality over large
areas. Less intense outbreaks may only kill a small percentage of trees, thereby thinning
the stand and reducing the competition for light, water, and nutrients (Berryman 1986).
Since insects will normally infest stressed trees before healthy ones, they serve to regulate
the productivity of the stand (Berryman 1986). Insect disturbances are not as severe as
forest fire in the sense that they do not destroy the entire vegetative community. Insects
are host specific and any understory shrub or grass populations are not damaged to the
same degree as with fire disturbances. However, many forest communities have evolved
to depend on the post-fire environment of limited competition for establishment and
growth. Forest stands may have more competition when regenerating from insect
infestation mortality, but there is also an increased likelihood of seed survival, unless they
are dependent on fire for regeneration (e.g. serotinous cones).
Disturbance Synergy

Ecosystems are not often affected by only one disturbance regime. Several
disturbances will often affect an ecosystem, either simultaneously or in very quick
succession, and conditions created by one disturbance can impact another. Synergy in the
impact of disturbance regimes is not uncommon and it is gaining importance as a concept
as holistic, landscape approaches to studying ecosystems are adopted. Multiple
disturbances can also have antagonistic (less than additive) effects (Turner and Bratton
1987). The nature of the combined effect of two or more disturbance regimes is governed
by the characteristics of each disturbance and the relationships between them (Turner and

Bratton 1987).
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While most examples of multiple disturbances involve synergy in their occurrence,
antagonistic examples also occur. Turner and Bratton (1987) describe an antagonistic
relationship on a Georgia barrier island where grazing reduces fire frequency by removing
available fuel (fire intensity is also reduced). Spruce beetle activity, under non-outbreak
conditions, may also have an antagonistic effect with fire disturbances since they inhabit
dead and down trees, thereby increasing the decomposition and removal of potential fuel
(Berryman 1986). Susceptibility of insect infested stands to windstorm is another
commonly cited synergy in multiple disturbances (White and Pickett 1985). Turner and
Bratton (1987) conclude that increased landscape heterogeneity enhances the potential for
non-additive, either synergistic or antagonistic, effects of multiple disturbances.
Landscape Pattern Analysis: methods and applications

A landscape mosaic has many measurable attributes related to the configuration and
composition of its patches. Collectively, these attributes are called pattern. There is
ongoing research exploring the effect of heterogeneous land surfaces on global and
regional processes. (Schinel et. al. 1991, Lafleur et. al. 1997). Some landscape mosaic
attributes are relatively simple in concept and measurement, while others are more
complex. The composition of a landscape can be characterized by the number and
distribution of patches and patch types found within. Configuration describes the
arrangement of these patches in the landscape. The landscape ecological literature
contains many references to methods and algorithms that measure these landscape pattern
characteristics (Baker and Cai, 1992; Cullinan and Thomas, 1992; Hulsshoff, 1995;

Ritters et. al. 1995). Methods for measurement of composition, heterogeneity, diversity,
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connectivity and texture have been developed in the last two decades and have benefited
from advances in computer technology. Patch level attributes, such as perimeter, area,
shape, complexity, and adjacency are also frequently measured. O’Neill er. al. (1988)
devised equations for measuring dominance, contagion, and fractal dimension of 94
different landscapes covering the majority of the eastern USA. This important study
demonstrated the practicality of measuring landscape patterns over large areas with
remotely sensed data. In their conclusions, they justify the measurement of landscape
pattern with a small set of indices and point to the recognition of different scales in the
results of the various metrics. For example, dominance and fractal dimension were found
to capture broad patterns, while contagion was sensitive to the fine-grained texture of the
landscapes. Hargis er. al. (1998) found a high degree of correlation between indices of
landscape pattern. A challenge exists for the landscape ecologist to measure indices of
pattern that uniquely measure landscape structure and eliminate repetition of results.
Indices of landscape pattern may be classified according to the component being

measured and the type of structure evaluated: composition or configuration. Table 5 lists

Table S. Types of metncs calculated by Fragstats 2 0

6
Patch density, patch size and variability 5 configuration
Edge 8 configuration
Shape 8 configuration
Core area 15 composition/configuration
Nearest-neighbour 6 configuration
Diversity 9 composition
Contagion and interspersion 2 configuration
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the types and number of metrics calculated by Fragstats 2.0, a popular spatial pattern
analysis program developed by Kevin Marks and Barbara McGarigal at Oregon State
University. These metrics are applicable at one or more scales (patch, class, and
landscape) and quantify either landscape composition or configuration. Metrics
measuring landscape configuration are normally spatially explicit, whereas those
measuring landscape composition are not.

Although simple, area metrics describe fundamental information regarding
landscape composition. Patch and class areas form the statistical basis for the calculation
of many other metrics. Patch density, size and variability metrics quantify elements of
landscape configuration. Describing the number and mean size of patches in a landscape
provides a measure of fragmentation or spatial heterogeneity. Edge metrics measure
landscape configuration and are significant to boundary-related phenomena and landscape
resistance to plant, animal, and disturbance movement. Shape metrics quantify landscape
configuration by measuring patch complexity using a perimeter-area calculation. Core
area is defined as the interior area beyond a given distance from the patch edge.
Describing both landscape composition and configuration, core area metrics are most
significant to studies with a specific focus (e.g. avifauna) (McGarigal and McComb
1995). Nearest neighbour metrics quantify landscape configuration by measuring the
distance to the nearest patch of the same type. Diversity metrics evaluate landscape
composition by considering the richness and evenness of patch types. Finally, contagion
and interspersion metrics, measuring landscape configuration, regard the evenness with

which patches are spatially distributed throughout the landscape. Individual metrics are
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discussed in detail in Chapter 4.

The metrics discussed above assess landscape structure based on the patch base
unit. Image analysis measurements of landscape pattern employ an altemate method of
calculation by measuring pattern in a geometric neighbourhood surrounding a pixel in a
raster grid. This differs from the patch-based approach and produces different results that
require different interpretation. Texture measurements, for example, would be considered
an image analysis method that has no consideration for patches and classes, but still may
reveal significant information on landscape pattern (Musick and Grover, 1990). In fact,
the contagion index calculated in Fragstats 2.0 is considered an image technique since it
calculates “cell’ adjacencies rather than ‘patch’ adjacencies (McGarigal and Marks,
1994). Some image techniques have incorporated patch shape into their analysis by using
geographic instead of geometric neighbourhoods (Dillworth er. al. 1994). Image analysis
methods rely strictly on the raster data model, whereas landscape based methods may use
either the vector or raster models. The distinction lies in the base unit of analysis — the
patch (vector/raster) for landscape based methods and the pixel (raster) for image analysis
methods. This research employs image analysis of satellite imagery for landscape mosaic
definition and patch-based measurements of landscape pattern.

Geographic Information Systems and Remote Sensing

The role of geographic information systems (GIS) in the development of landscape
pattern research cannot be understated. Dobson (1993) defines GIS as “allowing the
digital representation of the landscape of a place structured to support analysis’ (434).

Many of the metrics measuring landscape composition can be calculated without a GIS.
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However, calculating basic statistics (area, number) of patches is more rapid and accurate
using computer software. This convenience of speed translates to an ability to evaluate
more complex and larger landscapes. Metrics describing landscape configuration are even
more dependent on systems that can store and manipulate spatially referenced
information. Beyond the ability to calculate indices of landscape pattern, the use of GIS
for capturing, storing, and measuring change in landscapes is significant. Abstracting
landscapes digitally allows quick analysis of change from one date to another and
efficient storage of extensive information on individual patches and classes. Remote
sensing, as a method of data collection and body of technique and theory, has been
tremendously beneficial to landscape ecological studies. Building on the use of aerial
photography for landscape mapping, satellite remote sensing allows repeated mapping of
land cover over broad areas. The spatial and spectral resolution of modern earth
observation satellites is steadily improving. This is creating new challenges and
opportunities for research.

The algorithms used to calculate indices of landscape pattern may be simple (e.g.
number of patches, or edge density: edge/area) or complex (e.g. fractal dimension).
Simple indices are easily calculated in a geographic information system. User defined
routines can be developed to calculate the more complex metrics. However, there are
several common software programs (e.g. Fragstats, r.le for Grass) that have been written
to meet this need. These programs, developed in the research and academic communities,
allow the rapid evaluation of dozens of landscape pattern metrics. They have passed the

scrutiny of scientific review and have resulted in a proliferation of research using a
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standard measurement technique. Fragstats is arguably the most popular software for
landscape pattern analysis. It was used for this research due its widespread use and
stand-alone application. The raster version will accept as input many common image
formats and will run on any desktop computer without the need for expensive additional
software. The vector version of Fragstats requires Arc/Info and as such is available to a
smaller audience.

Kluane National Park has been the subject of several studies on remote sensing of
mountainous regions (Franklin 1991, Franklin and Wilson 1991, Franklin and Wilson
1992, Franklin and Moulton 1990). While none of these studies examined the Alsek
River region', the vegetation patterns of the studied areas are very similar to those of the
Alsek. The landscape classes (~10) used in this previous work were considered when
developing the classification scheme for this study. An interesting focus of these works
was the use of topographic variables for land cover classification. Franklin and co-authors
report significant improvement in classification accuracies when topographic variables
(elevation, slope, aspect) were used in addition to spectral information. The vegetation in
the study area exhibits a distinct altitudinal distribution which accounts for the
significance of topographic ancillary data to improved classification.

In a related research project (Wurtele and Slocombe 1997a), various approaches to
classifying infested stands using Landsat TM imagery were tested. The methods involved
comparing the spectral signature of areas of known infestation severity (eg. healthy, light,

moderate, or severe infestation). The report showed poor statistical discrimination

'Most of this research was located in the Slims River valley, west of the Alsek River.

29



between the infestation levels for all variables (TM bands, combinations, ratios) tested
due primarily to inadequate reference data’. However, significant resuits have been shown
in numerous remote sensing studies of forest defoliation (Ekstrand 1994, Brockhaus e.
al. 1993, Franklin et. al. 1995). Successful application of satellite or aerial imagery to
mapping of insect infestations would facilitate temporal studies linking disturbances and
changes in landscape pattern. Other geomatics applications to disturbance studies include
fire mapping with global positioning systems and fire behaviour modeiling.
Landscape Pattern in Mountainous Regions

Topographic relief of any magnitude affects the five guiding forces of landscape
development (geomorphology, climate, plant and animal establishment, soil development,
and natural disturbance) and in turn landscape pattern. This impact is magnified in
mountainous regions with significant and variable topographic relief. Certain soil, slope,
or micro-climatic conditions prevent vegetation establishment altogether. In the early
eighteenth century, A. Von Humbolt associated vegetation belts surrounding mountains
to variable micro-climate, thus initiating the field of biogeography (Forman and Godron
1986). Hydrological patterns can be complex in mountainous regions. In the Kluane
region, glacial activity, erosion, and deposition are important relief-influenced factors
impacting land cover patterns and landscape processes. Soils develop differentially along

topographic gradients and vegetation pattern can be affected by these soil catenas.

*Broad areas of insect infestation delincated from aerial surveys proved inadequate to correlate
with the satellite imagery. Field plots or detailed rather than reconnaissance aerial surveys might have
provided better results. However, detection could still be hampered by the open canopy which produced a
mixed spectral signature of infested spruce trees and understory vegetation and healthy spruce saplings.
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Varying rates of snowmelt have been shown to affect the distribution of plant
communities above and below the tree-line (Billing and Bliss 1959).

Above all, it is the landform itself that defines much of the landscape pattem in
mountainous areas. Bailey (1996) attributes microscale variation to edaphic-topoclimatic
differentiation and provides examples of complex mosaics created by differences in
aspect and exposure. High relief can also influence the movement and magnitude of
disturbances through increased heterogeneity (Turner er. al. 1989) and physical barriers.
In Kluane, strong winds frequently blow down mountain valleys off glaciers and impact
fire direction and slope (Beaver 1997, Hawkes 1983a).

There has been much published research on landscape pattern analysis, yet
relatively few have regarded mountainous landscapes (Ripple et. al 1991, Romme 1982,
Kamada and Nakagoshi 1996). Seldom is the entire landscape from valley bottom to

mountain peak considered or the role of high relief in determining pattern.
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CHAPTER 3: METHODS

The research method to investigate landscape pattern involved two principal
phases. The first phase identified the landscape mosaic through a land cover classification
of multispectral satellite imagery. This stage included steps to define the landscape
(number of classes, scale of study), acquire and prepare data, and construct a digital
elevation model (DEM). The landscape pattern analysis was conducted in the second
phase for the entire landscape and for the three broad elevation zones (montane,
sub-alpine, and alpine). To assess temporal variation in landscape pattern, the method
was repeated for datasets from 1989 and 1996. These dates surround a period of intense
spruce beetle (Dendroctonus rufipennis) infestation in the study area that in the long term
will affect landscape pattern.

Study Area

The study area lies on the eastern flank of the St. Elias Mountains in southwest
Yukon (Map 1) (60°45'10"N, 137°30'25"W). This mountainous landscape is young
geologically (mid-tertiary) and has been significantly shaped by recent and continuing
glacial and glaciofluvial actions (Environment Canada 1987). The Alsek River valley
roughly divides the Icefield Ranges (3000-5000 metres) from the Kluane Ranges (~2000
metres) (Map 2). To the west is a vast icefield created by the proximity of this high
latitude mountain range to the Pacific Ocean. East of the study area, across the Shakwak
Trench, is the Kluane Plateau. It is a geologically older landscape of still significant relief
interspersed with large lakes and rivers.

The Alsek River figures prominently in the study area. Flowing south from the
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Map 1. Continental setting of study area.

confluence of the Kaskawulsh and Dezadeash rivers, it is a silt-laden river running along
a heavily braided channel. The river valley supports extensive, open white spruce forests.
Deciduous shrub communities border the river and are also abundant in the sub-alpine.
High elevation slopes support tundra and meadow communities (Douglas 1974). The area
is characterized by steep, narrow mountains, interrupted by distinct valleys (Environment
Canada 1987). A distinct pattern results where vegetated land cover communities envelop
mountain clusters and extend up their valleys and slopes. This dendritic pattern is typical
of geologically young mountainous terrain whereas older landscapes may have more
subdued patterns. The patterns are illustrated well in the digital elevation model created
for this research. Another artifact of mountainous landscapes is patches extending over
broad areas through valleys and alongside mountain slopes. Patches occupying linear
bands on slopes and through valleys increase significantly the amount of edge between

land cover classes.
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Disturbances

Geomorphology and climatic variations are significant contributors to land cover
development in the Kluane region (Franklin 1991). Other notable influences are
permafrost and poor soil development (Environment Canada 1987). Forest fires and
insect infestations are the prominent natural disturbances occurring in the montane forests
of southwest Yukon (Hawkes 1983a). Fire history has been well documented for Kluane
National Park Reserve. The fire regime includes infrequent, variable sized fires (Hawkes
1983a). Shapes of burned areas in high relief regions are highly variable and influenced
by wind, topography, fuel, and moisture conditions (Johnson 1992). Insect infestations
occur at shorter intervals in the Kluane region (Ferris 1991). A recent spruce beetle
infestation (1992-1996) in southwest Yukon has caused significant mortality of white
spruce forests. In time, this will influence landscape pattern and affect other natural
disturbances. In July 1997, a severe fire directly north of the study area was linked to fuel
loading from the spruce beetle infestation (Beaver 1997). Chapter 5 discusses fire, insect,
and geomorphological disturbances occurring in the study area.

Human activities are minimal in the study area due to its protected status and
wilderness character. Since 1976, the area has been designated Kluane National Park
Reserve (22,000 km?) (Theberge 1980). Less than one quarter of the park is significantly
vegetated (Environment Canada 1987) — the remaining portions are non-vegetated or
glaciated. The study area lies within this ‘green-belt’ along the northeastern periphery of
the national park. Visitor access to the park is mostly restricted to Alaska and Haines

highways along the northern and eastern borders. South of KNPR in British Columbia is
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the Tatshenshini-Alsek Wilderness Park and to the west is the Wrangell-St. Elias

National Park in Alaska. These protected areas form an immense contiguous reserve.

Human disturbances include historical mining activity’, limited visitor access (hiking and

rafting on the Alsek) and park management (mostly research). These are currently small

scale impacts, however pressures for development of more visitor facilities could

constitute greater disturbance. The Alsek River is designated a special preservation zone

in the park management plan and is a Canadian Heritage River (Environment Canada

1990).

Land Cover Classes

Review of previous land cover classification studies in the Kluane region (Douglas

Table 6. Land cover classes.

1 spruce forest white spruce forests

2 rock exposed rock and gravel

3 alpine meadows grasses/sedges

4 alpine barrens exposed s0il, some mosses, lichens, grasses/sedges
5 alluvial deposits unstable, river channels

6 alpine tundra mosses and lichens

7 mixed forest classes 1 and 8

8 deciduous shrub willow, balsam, popiar, some grasses/sedges
9 lake lake water

10 river river water (higher sediment load)

12 snow/ice glaciers/snow pack

*There is ample evidence of placer mining, dating to the 1890s and the Klondike Gold Rush. Prior

to regulation of Kluane as a national park, portions of the Kluane Game Sanctuary were omitted from the
park boundary due to high mineral potential, reflecting continued mineral interests in the area (Theberge

1978).
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1974, Franklin and Wilson 1991) led to the development of the classification scheme
outlined in Table 6 (see Appendices K and L for the classification schemes of Douglas,
1974 and Franklin and Wilson, 1991 respectively). Without intensive field work, the land
cover classes were general in nature resulting in a reconnaissance level classification. A
criterion for definition of the land cover classes was detection ability using multispectral
satellite imagery. Refinements to the classification scheme were made mid-process to
reflect the spectral separability of some classes. For example, water was subdivided to
lake and river classes to reflect the distinct spectral and pattern differences between these
features.

The landscape matrix in the study area is white spruce forest. Covering extensive
areas at lower elevation, this community has variable canopy closure. The predominant
community type has an open canopy with a healthy understory of deciduous shrubs
(willow, soapberry). Douglas (1974) surveyed stands up to 220 years old, most showing
some fire history. This highly-mature forest community is especially susceptible to spruce
beetle infestation (Savaria 1994).

The mixed forest class has a lower stem density of white spruce (Douglas 1974)
and an abundance of deciduous shrubs (willow, shrub birch). Located generally at higher
elevation than the white spruce forests, mixed forests grow adjacent to the landscape
matrix along a gradient from full coniferous forest to alpine tundra. The true deciduous
shrub community exists at still higher elevation or on slopes with south or south-east
aspects. Forest stands with a dominant deciduous component are not generally found

within the limits of the study area. However, the KNPR biophysical inventory identifies a
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small deciduous forest community along the south shore of the Dezadeash River at the
northern end of the study area. Deciduous forest was omitted as a land cover class due to
its scarcity.

The deciduous shrub communities give way to a collection of sub-alpine and alpine
vegetation classes. Alpine tundra and alpine meadow differ in their distribution due to
micro-climatic and soil conditions. The tundra community, composed of mosses and
lichens, occupies dry sites with poorly developed soils. Alpine meadow, comprising
grasses and sedges, prefer mesic to wet sites with more developed soils (Douglas 1974).
Based on these characteristics, tundra communities are found at higher elevations than
alpine meadows. Alpine barrens are also found at higher elevations and contain species
from both tundra and meadow communities, although with a high percentage of exposed
soil.

Mountain peaks, ridges, and steep slopes were assigned to the rock class. These
features are found predominantly in high alpine areas. Exposed rock and gravel along
mountain streams and rivers was also included in this class. These include smaller
streams in the sub-alpine and montane and the Alsek River. Alluvial deposits are also
found in significant area along the Alsek River and some mountain streams. Consisting of
fine particles, and thus a different spectral signature from gravel and rock, these were
assigned a separate land cover class. In the summer months, snow and ice are found
mostly at high elevation in the study area. The peaks in the Front Ranges are roughly
2,000 metres and therefore contain small snowcaps year-round. Also, the terminus of the

Lowell Glacier enters the study area in the southwest comer where it meets the Alsek
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Figure 2. Photographs from 1996 field work.
Top - south of Louise Lake; Centre - Dezadeash River near confluence with
Alsek; Bottom - slope west of Dezadeash River.
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River.

The spectral signature of lakes and rivers was noticeably different. Rivers® in the
study area are mostly glacier fed and therefore contain significant amounts of suspended
sediments. None of the lakes in the study area are glacier fed. They are clear and deep and
absorb a high percentage of incoming solar radiation. Due to their different spectral
signatures and their dissimilar shapes, lakes and rivers comprise two land cover classes.
Defining the Landscape Mosaic

Representation of landscapes as mosaics is the dominant model for pattern analyses
(Wickham and Norton 1994). Mosaics are suitable for quantitative measurement and
emphasize landscape structure versus other models that stress landscape function.
However, the process of reducing a landscape to a digital representation has important
implications for subsequent pattern analysis. For example, the number of classes in a
chosen classification scheme significantly affects indices of landscape diversity.

Factors such as the grain, resolution, scale, and extent of the landscape must be
considered carefully both when defining the landscape and when interpreting resuits of
pattern analysis. To simplify interpretation, the landscape should be represented with
equal detail between general land classes and spatially within the landscape (e.g. between
elevation zones). Factors that influence the choice of landscape grain include scale and
resolution of source data used for landscape classification (satellite imagery), grain of

previous classifications, and the focus of investigation. Available reference data for

*The Dezadeash River does not have a glacial source and therefore its spectral signature is very
distinct from that of the Kaskawuish and Alsek rivers. High contrast was observed at the confluence of the
Kaskawulsh and Dezadeash rivers on the Landsat imagery.
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landscape classification may also predetermine the ability to have equivalent detail
throughout the study area. In the Kluane region, few detailed investigations of the alpine
and subalpine regions have been completed (KNPR Biophysical Map Series 1:50,000).
These regions may have more classes than are currently represented. Such assumptions
and conditions related to the landscape definition should be considered when interpreting
the extensive results of pattern analyses.
Data Acquisition and Preparation

Image interpretation, DEM creation, and classification were performed in PCI
EASI/PACE Version 6.0. This image processing software uses a multi-component file
format, whereby many data types are stored within a single file. These types include
images, vectors, graphic masks, and signatures. For this research, all data were
reprojected to Universal Transverse Mercator (UTM), Zone 7 (metres). The study area
selected for analysis comprised approximately 2,500 km’ and was represented by an
image matrix of 1,520 by 1,800 pixels (30 metre pixel size). There were two Landsat
Thematic Mapper images in the multi-temporal dataset (1989 and 1996). Appendix I lists
the specifications for each image. The 1989 image is much larger and covers a significant
portion of eastern KNPR. It was acquired by Parks Canada with a 1990 image that covers
the western icefields. The 1996 image is a quarter scene of the eastern greenbelt portion
of KNPR. The research method was repeated for the 1989 and 1996 images.

Issues concerning the use of satellite imagery for land cover classification include
the cost and availability of images and the time required for processing and field work.

The Landsat § satellite has a sixteen day repeat cycle. This significantly restricts the
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‘window of opportunity’ for finding cloud free scenes. For example, there were no
suitable scenes acquired in 1995 for the study area and this significantly delayed the
research. Additional constraints are imposed by the presence of snow from early fall to
late spring.

After importing the images to PCI EASI/PACE, geometric and radiometric
corrections were applied to enable comparative analysis. The remoteness of the study area
precluded detailed field observations for absolute corrections. A relative procedure was
therefore used to geometrically and radiometrically register the images. The 1989 image,
obtained from Kluane National Park Reserve under a cooperative project, was
georeferenced to UTM Zone 7 when delivered. The 1996 image was corrected to the
1989 image using seventeen pairs of ground control points identified on each image.
GCPs were distributed throughout the image. A widespread distribution (located around
the edges and throughout the body) was not possible due to the difficulty of locating
suitable targets. The lack of roads or human development and the shifting nature of the
Alsek River made GCP selection difficult. For the selected GCPs, pixel coordinates of the
input image (1996) were transformed to determine their corresponding location on the
coordinate system of the target image (1989). The 1996 image was registered to the 1989
master image using a 3 order pelynomial mapping function and a nearest neighbour
resampling algorithm. The image correction was applied to all bands of the 1996 image
(RMS error: 1.31).

Radiometric corrections were applied in a similar fashion with the objective of

reducing the effects of different atmospheric conditions of each image capture. For the
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geometric corrections the 1996 image was corrected to the 1989 image since the 1989
image had been previously georeferenced. Neither image had been processed for
radiometric corrections (excluding systemic corrections). The 1996 image was selected
as the radiometric control since it contained all seven TM bands, whereas the 1989 image
contained only three. Absolute radiometric accuracy was unnecessary for this project —
only relative radiometric equivalency between the images was desired to facilitate
comparable land cover classifications. Using the 1996 image as a master, the 1989 image
was corrected using a linear transformation and radiometric control sets of dark and light
objects (Hall er. al. 1991). Table 7 shows the mean pixel values and number of pixels in
each radiometric control set for each image. Pixels chosen for the control set represent
areas with stable reflectance characteristics. Shadows and snow/ice were typical features
for dark and bright objects respectively. Equations 2 and 3 were used to generate the
transform coefficients (shown in Table 8). The new corrected pixel value was generated

from Equation 1.

Table 7. Radiometric control sets.

Target
Mean Pixel Value 251.02 10.05
Number of Pixels 44 182 44 182 21 182

Mean Pixei Value 254.86 12.05 201.7 5.53 157.85 447

Number of Pixeis 4“4 182 44 162 20 182
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Spatial and non-spatial ancillary data were used in the research method as reference
information for land cover classification and for elevation zone partitioning. Spatially
referenced data sources included a digital elevation model, vegetation and aerial spruce
beetle survey coverages. All spatial ancillary information was imported to the main
EASI/PACE file and reprojected to a common standard. Other non-spatial ancillary

information was used for land cover classification. This information consisted of aerial

Table 8. Radiometric transformation coefficients.
% A EVEEETR f’*‘ﬁ, |.,_ Bt

m, 1.01 110 0.95
b, 1.92 -0.50 2.55
X =mp; +by (1)
bj = (Dg; - DgBri)/(Bg; - Dg;) )
m; = (BR; - DRi)/(Bg; - Dg;) 3)

where x° is the corrected pixel vaiue, m, and b, are the transform coefficients, By, Bs, . Dy, and Dy, are the mean pixei
values of the bright and dark control sets respectively for the i* band of the reference (R) and subject (S) images.

photographs of the Alsek River valley, airborne photographs, and field observations from
limited ground access to the study area. It provided valuable reference during land cover
classification, described below.

A digital elevation model (DEM) was interpolated from 1:250,000 scale NTS
contours. The vector data (interval: 150 metres) was imported to EASI/PACE and
reprojected to the common standard. The PACE program GRDINT was used to
interpolate the vector contour data to develop the DEM. A 30 metre cell size was chosen
to match the spatial resolution of the Landsat imagery. GRDINT uses a morphology

dependent interpolation algorithm that uses neighbourhood functions to classify regions
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as peaks, depressions, or slopes (PCI EASI/PACE Users Manual). When completed the
DEM was represented by a raster grid of elevation values in a 32 bit real channel.
Additional reference information was sought to aid the land cover classification.
Spatial coverages of spruce beetle surveys for 1994, 1995, and 1996 were obtained from
the Pacific Forestry Centre in Victoria, BC. These are generated annually from aerial
surveys of the insect infestation and classify intensity as light, moderate, severe, or dead.
.The vegetation component of the Kluane National Park Reserve biophysical inventory
was also obtained. It is based on work done by Douglas (1974) and shows more than 60
classes of vegetative cover. The distribution of study sites shown in Douglas (1974) is
clustered around roads, rivers, and points with good access. Franklin and Moulton (1990)
have identified internal inconsistencies in the biophysical inventory and the need for its
improvement. The methodology defined here does not address this need, but instead aims
to develop a general land cover classification suitable for landscape level pattern analysis.
The aerial photographs (Line 13-N: A23793-207 and A23793-178 ), ordered from
the National Air Photo Library in Ottawa, were flown in 1974. This series is the most
recent for the study area. An assortment of personal photographs was also taken in July
1996 from various ground and air vantage points. The location and direction of each
photograph was recorded and aided considerably during land cover classification. Field
observations were also made during one helicopter flight through the study area,
including two landings (July, 1997).
Land Cover Classification

The landscape was represented digitally by classifying the multispectral Landsat
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TM imagery of the study area. Review of previous vegetation classification studies
(Franklin and Wilson 1991, Douglas 1974, Franklin and Moulton 1990 ) led to the
development of the classification scheme outlined above. The entire landscape is
represented (as in Franklin and Moulton 1990, Franklin and Wilson 1991), whereas some
earlier studies focussed on only montane vegetation (Douglas 1974) or geomorphic
surfaces (Franklin 1991). Refinements to the classification scheme were made
mid-process to reflect the spectral separability of some classes. For example, water was
subdivided to lake and river classes to reflect the distinct spectral and pattern differences
between these features.

The classification process relies on spectral differences between landscape classes
that are quantitatively identified from the imagery. Additional reference data (Table 9)
were used to assign spectral clusters an informational label (Table 6). The success of the
classification relies heavily on the accuracy of this additional data. When this information
is used depends on the type of classification being performed. Unsupervised classification
typically uses reference data to assign informational labels to spectral classes or clusters
identified in the imagery. Supervised classification employs reference data to train the

classifier to recognize the spectral patterns of informational classes pre-determined by the
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Table 9. Inputs to land cover

T™ imagery (1989, 1996) digital raster

vegetation coverage digital vector
aerial photographs print
miscellaneous photographs print

field observations textual

bispectral plots of class means (red versus NIR) chart

topographical maps paper

pattem recognition -

location recognition -

An unsupervised/supervised hybrid approach was used in this research method. Due
to the remoteness of the study area, suitable reference data for a straightforward
supervised classification was not available. Therefore, an unsupervised classification was
first performed. The resulting spectral classes identified from this step were assigned to
one of the informational classes in Table 6. The reference data were critically important
for this labelling. One or more of these inputs was used to make the assignment. All of
the class signatures assigned to an informational class were merged. These signatures
were then passed to a supervised classifier to generate the land cover image. The
unsupervised classification and subsequent labelling provided the training to the
supervised classifier.

This unsupervised/supervised hybrid classification benefits from the unbiased
detection of spectral clusters in the data and from operator knowledge of informational

classes. The full classification methodology is described in detail in Richards (1993). The
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initial unsupervised classification and signature generation is done on sub-regions instead
of the entire image. This reduces computation time and allows better discrimination of
spectral class boundaries. Three sub-regions (candidate clustering areas) were chosen
across the image (Map 2). These representative regions each contained the complete
cross-section of classes. The same regions are used to test the sensitivity of the landscape
pattern metrics to different classification schemes. By choosing areas with a good
representation of all land cover types, the initial unsupervised classification will
recognize boundary pixels as legitimate spectral classes so they can be properly added to
adjacent classes (Richards 1993).

A KMEANS unsupervised classifier was selected for the initial clustering (PACE
program ‘ISOCLUS’). Richards (1993) suggests that three to four spectral classes exist
per informational class. Accordingly, the classification parameters included: thirty-five
classes for output; ten iterations; and processing of bands 3, 4, and five. The number of
classes output from the classifier varied between the sub-regions from 24 to 39 classes.
This variation is dependent on the complexity of the region and the inherent range and
clustering of spectral classes. An informational label was assigned to each spectral class
in each of the sub-regions. In consultation with the reference data, certain classes were
easily assigned. Others required more detailed investigation with numerous data sources.
The bi-spectral plots proved extremely useful for the labelling procedure. The near
infrared and red (bands 4 and 3 respectively) class means were plotted for each
sub-region. Each class was grouped with adjacent classes using all appropriate reference

data (vegetation maps, photographs) and general knowledge of the relative difference in

48



spectral signature between land cover classes. The trend of lower near infrared reflection
for non-vegetated cover types and higher reflection for vegetated cover types is the
general principle that guided the distinction of class boundaries on the bi-spectral plots.
Additionally, the matching of spectral classes with informational classes from reference
data aided in the labelling. Occasionally, density slicing of merged spectral classes was
done interactively to ensure that resulting merged classes formed reasonable classes
spatially on the landscape. The final grouping of spectral classes was consistently done on
the bi-spectral plots to ensure that no class was multi-modal. The maximum likelihood
classifier assumes a normal distribution of signatures. Therefore all spectral groups were
contiguous in feature space (bi-spectral plot) and had elliptical or circular boundaries
delineating their constituent spectral classes.

Signatures of all spectral classes in a group were merged together. Consisting of
mean vectors and covariance matrices, signatures could not be merged manually and were
processed using the PACE program ‘MERGESIG’. Once all of the signatures within
regions were merged, the signatures between regions were merged to produce one
signature per informational class for all regions. These eleven signatures were passed to
the maximum likelihood classification (MLC) and a land cover image was generated.
Each pixel in the image was classified according to a maximum likelihood decision rule
where class assignment is based on the highest probability of membership.

The use of topographic variables from the DEM was explored for this
classification, as outlined in Franklin and Wilson (1991). Early tests produced

unsatisfactory results when elevation, slope, and aspect were included as variables with
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spectral bands in an unsupervised classification. These variables contributed heavily to
the classifier, as evidenced by altitudinal banding in the output image. Franklin and
Moulton (1990) note their use of discriminant analysis over maximum likelihood
methods due to its lower sensitivity to the number of variables and normal distribution
assumptions. Without independent data to assess classification accuracies, topographic
variables were not used in this study to aid classification, although their successful

application is recognized.

= 1%

Figure 3. Flow chart of data acquisition and preparation phase.

Table 10. Decision rules employed in knowledge-based reclassification.

lake & river elevation > 1,300 metres or siope > 10 degrees shadow (background)
alluvial deposits | elevation > 1,000 rock
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Two passes of a 3x3 window mode filter were made to smooth the classified image.
This filter changes each pixel to the most common value in a nine pixel window centred
on the cell. Designed to reduce heterogeneity introduced by systematic noise during
image capture, post classification filtering increases the minimum patch size by
introducing some spatial context to the classification. The loss of extremely small patches
is justifiable given the large extent of the landscape. A larger scale investigation may omit
this filtering to preserve fine detail in the landscape mosaic.

The final processing step aimed to correct wrongly classified pixels. Using a
simplified knowledge-based reclassification procedure, classes were reclassified if they
met established decision rules (Table 10). For example, shadows generated by mountain
peaks were labelled as lakes by the classifier. Using an elevation-based decision rule, all
high elevation ‘lake’ pixels were reclassified to shadow. This process enables the
discrimination of classes that are spectrally similar, yet exhibit spatially explicit
differences. Any pixels not meeting a decision rule remained unchanged. Since this
procedure was run post-classification and there were few decision rules, not all pixels
were processed (i.e. some were unchanged). Typically, more complex expert systems for
land cover classification combine the spectral and knowledge-based classifiers and
process all pixels (Wharton 1987, Kartikeyan er. al. 1995). High elevation alluvial pixels
were reclassified to gravel/rock. The decision rules were established after careful
examination of the spatial distribution of land cover classes. Above 1,300 metres a.s.l., no
lakes were found in the study area from examination of topographic maps. Lower

elevation shadows were captured by a slope-based decision rule. All water with a slope
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greater than 10 degrees was reclassified to shadow. Below 1,300 metres at the confluence
of the Kaskawulsh and Dezadeash River (on the east side), there is a steep sloped area
that generated a large shadow. The alluvial reclassification relied on a similar elevation
based rule. Any pixels classified to alluvial above 1,000 metres were revised to
gravel/rock. This is based on the assumption that at higher elevation and slope in the
study area, no significant fluvial deposition occurs. This assumption is valid within the
precise study area, since the major alluvial feature is the braided channel of the Alsek
River.

Typically the final step in image classification is an assessment of classification
accuracy’. The lack of suitable, independent ground observations did not allow an
empirical assessment of classification accuracy. However, the research method was
applied consistently and equally to the 1989 and 1996 images. The entire method,
detailed thus far, was repeated for the 1989 and 1996 images. The procedure was
conducted independently for each of the iterations. Preceding the classification of each
image, new signatures were created and clustered on bispectral plots. The same reference
data were used to label spectral classes. Reference information from the year of image
capture would have been desirable for classification, however the utility of the available

information was not diminished by its absence.

SAn estimation of the percentage of pixels correctly labelled by the classifier is obtained using
independent reference data (ground truth) and commonly expressed in tabular form (confusion or error
matrix) (Richards 1993).
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Figure 4. Flow chart of land cover classification.
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Landscape Pattern Analysis

Measuring changes in landscape pattern involves examining the changing
configuration and composition of the landscape mosaic. The research method quantified
change by assessing landscape pattern for two dates. The deliverables from the land cover
classification consisted of two raster images, one from each 1989 and 1996. These images
are digital representations of the study area landscape in their respective years. They
delineate the extent and shape of eleven land cover classes that comprise the Kluane
landscape. Each class consists of many individual patches. At three scales (landscape,
class, and patch), pattern was measured. Additionally, the landscape was partitioned to
three elevation zones: montane, sub-alpine, and alpine.

Douglas (1974) describes the zonation of elevation bands as: montane (less than
1,300 metres), sub-alpine (1,300-1,750 metres), and alpine (greater than 1,750 metres).
The rationale for partitioning the landscape on altitudinal ranges is based on the
distribution of vegetation communities. Landscape pattern was measured for these zones
to quantify altitudinal changes. The DEM was used to reclassify the land cover image
from each year to three new images, one for each elevation zone. Therefore, eight images
were processed.

All measurements of landscape pattern used the software package Fragstats 2.0
(McGarigal and Marks 1994). Appendix J lists the parameters input to the PC raster
version of Fragstats. The land cover images for each year were exported from
EASI/PACE to a 16-bit binary format. Likewise, the three elevation zones were analysed

independently for each year. Areas outside the zone of interest were classified as
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background and excluded from the analysis.

Landscape pattern was analysed principally at the landscape and class scales. There
are tens of thousands of individual patches in the study area and therefore examination of
individual patch statistics was not practical. There is greater utility for patch statistics in
landscapes with few patches — either large scale studies (e.g. a field) or very small scale

studies using a general classification scheme (e.g. a continent).
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CHAPTER 4: QUANTITATIVE ASSESSMENT OF LANDSCAPE PATTERN

An exhaustive set of metrics is available to the landscape pattern researcher. These
are comprehensive and address many aspects of landscape pattern. This research aims to
investigate disturbance-pattern links and establish a baseline for future landscape pattern
analyses in the Kluane region. Therefore, metrics reflecting disturbance impacts are
presented: area, edge, diversity, shape, contagion. None of the eleven core area metrics
calculated by Fragstats were reviewed since these are more applicable to wildlife habitat
studies. Also, nearest-neighbour calculations were not performed due to software and/or
hardware limitations related to the size and complexity of the dataset for the study area.

The quantitative results of landscape pattern analysis are presented at the landscape
and class scales for both the 1989 and 1996 landscapes. As well, montane, sub-alpine,
and alpine sub-landscapes were analyzed for each year. Full results of all indices
calculated by Fragstats 2.0 are listed in Appendices C through G. Further information and
algorithms for the landscape pattern indices calculated by Fragstats can be found in
McGarigal and Marks (1994).

Interpretation of quantitative landscape pattern results should consider several
issues related to the initial land cover classification. Classification errors in the landscape
mosaic can significantly affect indices of landscape pattern (Hess 1994). In addition, the
chosen classification scheme will greatly affect results of pattern analysis. A landscape
mapped to a detail of twenty classes will generate higher diversity values than the same
landscape mapped to only ten classes. The classification scheme and classification errors

must be carefully considered when interpreting results of pattern analysis. Future studies
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would be more easily comparable if the same study area was chosen. Class area and
proportion would vary for a different study area. However, many of the proportional
indices should not be significantly affected by varying study area size and extent.

Table 11 shows the basic summary statistics for the 1989 and 1996 landscapes. The
study area is 246,240 hectares. Since shadows precluded classification of certain high
elevation areas, the landscape sizes for 1989 and 1996 were less than the total study area.
These unclassified areas are considered background in the landscape pattern analysis. As

a reference, the study area is approximately one third the size of Ontario’s Algonquin

Table 11. Summary results

for 1989 and 1996 landscapes.

M

Total Area (ha) 233,648 222,728
Number of Patches 19,047 19,464
Patch Density (# / 100 ha) 8.15 8.80
Mean Patch Size (ha) 12.27 11.40
Largest Patch Index (%) 11.14 9.90
Patch Richness 1 11
Edge Density (m / ha) 60.03 61.30
Total Edge (m) 14,026,020 13,653,030

Provincial Park. Nearly half of the study area is considered montane, and one quarter each
is sub-alpine and alpine (Figure 10). The 1996 image was captured nearly two weeks later
in the year than the 1989 image, and therefore contained more shadows. Shadows were
observed on steep slopes with a northwest aspect. The differing landscape sizes for 1989
and 1996 demanded more careful consideration of the landscape metrics. For comparative

purposes, the proportional indices (e.g. edge density, m/ha) are more meaningful than



absolute indices (e.g. total edge, m). However, since shadow/background areas are
mainly restricted to the high elevation alpine zone, the comparison of absolute indices for
montane and sub-alpine land cover classes is appropriate.

The 1989 and 1996 images were classified using the same scheme (class list) and as
such have identical patch richness. However, the number of patches is slightly higher in
the 1996 landscape, despite its smaller total size. The higher patch density (8.80 per 100
ha) reflects the smaller mean patch size (11.40 ha) in the 1996 landscape. There was
significant variation in patch size for both the 1989 and 1996 landscapes. The patch size
standard deviation was 254.1 and 225.8 for the 1989 and 1996 landscapes respectively.
Patches ranged in size from 0.09 hectares (1 pixel) to 26,032 hectares (289,249 pixels) in
1989 or 22,050 hectares (245,001 pixels) in 1996. Caution must be exercised when
considering these basic patch statistics since patch size is not normally distributed.
Examining the 1989 and 1996 landscapes more closely reveals that nearly 99% of patches
were less than 100 hectares and more than 85% of patches were smaller than 5 hectares.
Only 28 patches (0.1%) were larger than 1,000 hectares.

Large patches are found in three varieties: rock/gravel at high altitude, deciduous
shrub communities banding across mountain slopes in the sub-alpine, and spruce forest
along the Alsek River valley floor in the montane zone. The large rock patches may be
somewhat of an anomaly. Due to varying slope, aspect, general relief and micro-climate,
these patches should be considered conglomerations of many distinct patches. However,
they appear relatively homogeneous on satellite imagery and are classified as single units.

The resistance in these patches to physical and biological vectors is significant and few
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organisms would interact with them as single patches. The large spruce forest and
deciduous shrub patches are more plausible in their existence. More gentle relief allows
these land cover types to extend across large areas. In practice, not all organisms would
consider them single patches due to finer scale heterogeneity. However, many species and
natural disturbances do interact with these large patches as single units as evidenced by
widespread insect and fire impacts in montane forests.

Edge, defined as the boundary between two land cover classes, is an important facet
of landscape pattern. McGarigal and Marks (1994) report that few species are indifferent
to edge habitat, some prefer it and others avoid it. Disturbances also react significantly to
edge since it represents a contrast in the landscape mosaic and may influence landscape
resistance. The 1989 landscape contains 14,026 kilometres of edge whereas the 1996
landscape contains 13,653 kilometres. Considering the differing landscape sizes, the edge
density (m/ha) is higher in 1996 (61.30) than 1989 (60.03). The ecological significance of
1.27 metres per hectare is difficult to assess. Other metrics, such as shape and diversity
indices, that are not measured in physical units require even more detailed interpretation.
To test the scale of variation in all metrics, a sensitivity analysis was done using
landscapes classified to varying number of classes.

Sensitivity Analysis

The sensitivity analysis was conducted to provide significance to the scale of
variation of the calculated indices, but also to relate the classification scheme to the
landscape pattern results. Meaningful interpretation of landscape pattern indices is aided

by information on the ranges of metrics and their response to landscape characteristics
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(Hargis et. al 1998). It is important to know how classification errors might influence
results and how the classification scheme itself might affect the indices (Hess 1994).
Also, certain metrics may be more sensitive to changing landscape definition. The edge
complexity of a landscape with S classes may not differ much from that of the same
landscape classified to 15 classes. However, the diversity of these two mosaics would be
significantly different. Also, considering subsequent studies may not use the same land
cover classes, the sensitivity analysis will hopefully provide some basis for comparison.
Five different land cover images were produced for two of the regional subsets
using methods that varied the number of resulting classes (Table 12). For each subregion,
three unsupervised classifications and two supervised classifications were performed. The
two supervised classifications used the maximum likelihood classifier and signatures
from the whole scene or the regional subset. Post-classification processing was repeated

for each landscape using the method described in Chapter 4. The three unsupervised

Supetrvised (clipped from main image, eq:ivalont to

using original signatures)
2 Supervised (using regional signatures) 10 9
3 Unsupervised 24 39
4 Unsupervised 1 10
5 Unsupervised 5 5

classifications differed only in the number of classes requested (40, 11, and 5). The
number of classes returned by the classifier varied between the subregions based on the

distribution of spectral values. Only the post-classification filtering was done on the three
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unsupervised classified landscapes. Since the classes were not labelled, the
knowledge-based reclassification was not applicable.

Landscape pattern was measured for each of the landscapes. Results from subregion
1 (listed in Appendix H) show predictable variation in some of the metrics. The diversity
metrics decrease in those landscapes with fewer classes. There are fewer patches in those
landscapes with lower patch richness. Interestingly, the edge density (m/ha) is higher for
landscape #5 than for both landscape #1 or #2 despite its lower patch richness. The
complexity of this subregion accounts for the high edge length in landscape #5. Some of
the added edge length in landscape #5 can be attributed to the larger size of #5 over #1
and #2. Landscapes #1 and #2 vary slightly in size from the others due to the background
(shadow) class. Landscape #3 contains almost double the amount of edge found in
landscape #5.

Shape indices appear inversely related to patch density. Those landscapes with
fewer classes tend to have fewer and larger patches. As patches become larger, their
shape complexity also increases, mainly due to topographic relief. The *landscape shape
index’ (LSI) responds differently from the ‘mean shape index’ (MSI) since it is calculated
as a perimeter-area ratio for the whole landscape instead of the mean of perimeter-area
ratios of all patches in the landscape. The LSI varies similarly to edge density. There was
little variation in all three of the fractal dimension indices. These consider the logarithm
of the perimeter-area ratio in their formula and have a smaller range than the limitless

shape indices.



Temporal Results (1989 - 1996)

In the absence of significant natural or human disturbance, landscape pattern was
not expected to exhibit appreciable change over a period of seven years. In the Kluane
region, disturbances such as fire have extremely long (~200 years) return intervals
(Hawkes 1983a). While disturbance events may occur relatively quickly (days to years),
their impact on landscape pattern (as measured by quantitative indices) may not be
realized for several decades. Results from the landscape pattern analysis of 1989 and
1996 confirm little change over this period. Even though a major disturbance event
(spruce beetle infestation) occurred between these dates, its impact was not noticeable in
the quantitative results. The chosen classification scheme does not distinguish between
infested white spruce stands and healthy ones. Therefore, only if the forest communities
impacted by the infestation change significantly in species composition (e.g. to mixed
forest) would the quantitative analysis observe a change in pattern. Over the long term the
cumulative impact of this and other disturbances (i.e. forest fires) may result in changing
composition and configuration of vegetation communities.

The classification scheme does not include classes related to the level of spruce
beetle infestation for a number of reasons. A classification scheme should describe the
landscape or land cover without reference to the disturbances acting upon it. To do
otherwise might skew results of landscape pattern analysis to highlight disturbed land
cover patches that may not have different pattern from the landscape perspective.
Secondly, the methods used to abstract or define the landscape were not generally capable

of detecting spruce beetle infested forests.
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Assuming negligible change occurred between 1989 and 1996 in overall landscape
pattern, these temporal results further add significance to the level of variation observed
in quantitative metrics. For example, the variation in metrics measured from 1989 to 1996
may be attributable to random variation introduced by the method of analysis (most likely
spectral or classification differences resulting from the satellite imagery).

The summary pattern statistics were reviewed above for the 1989 and 1996
landscapes. Notable changes were also observed in the shape indices. The landscape
shape index varied widely between the 1989 and 1996 landscapes due to higher edge
density in 1996, whereas the mean shape index was stable. The area-weighted mean
shape index deviated from 8.90 to 9.25 from 1989 to 1996 — influenced by larger patches
in the 1989 landscape. As observed in the sensitivity analysis, the fractal dimension
indices varied little between 1989 and 1996, either for the whole landscape or the
elevation zones. The diversity and evenness indices were extremely stable since the
landscape area and patch richness did not vary significantly between 1989 and 1996. Only
slight variation was observed in the interspersion and contagion indices, indicating the
landscape configuration was relatively stable over the 7 year study period. The temporal
analysis generally shows little change in landscape pattern between 1989 and 1996 and
provides invaluable information on the variation of indices under stable conditions.

Class Results

The class results show many of the same metrics used at the landscape scale. These

are presented for the 1996 landscape, as it is more current. The full results for both 1989

and 1996 are listed in Appendices D to G. Landscape pattern results between classes are
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fundamentally affected by classification errors. Erroneously classifying land cover types
will alter metrics measuring composition and configuration. The size and extent of the
study area pre-determines the proportion of area by class — altering the extent of the
study area would change the class area proportions. The study area was defined to capture
a broad range of land cover types at different elevation. Nevertheless, class area is an
appropriate descriptor of basic landscape composition. Over one quarter of the study area
is gravel/rock. Much of this is at high elevation, but many exposed rock areas also exist in
the sub-alpine and montane zones. More than twenty percent of the landscape is white
spruce forest, highlighting the concern expressed during the recent spruce beetle
infestation. Occupying just over ten percent of the landscape each are mixed forest,
deciduous shrub, and alpine meadow land cover types. The remaining classes cover less
than five percent each of the total landscape area. Therefore, the study area is
approximately sixty percent vegetated and forty percent non-vegetated. This ratio would
be much smaller west of the study area in the Icefield Ranges and larger to the north and
east.

Basic patch statistics vary widely between the classes. The meadow land cover type
exceeded all others in number of patches, with nearly one quarter of all patches in the
landscape. However, its mean patch size was only 5.2 hectares. At the other extreme,
there were only 51 river patches, yet their mean size was 63.1 hectares. The rock land
cover type numbered 2,554 patches (13.1%) and also had a relatively high mean patch
size of 23.2 hectares. White spruce forests (spruce forest class) were found in 1,902

patches with a mean size of 25.1 hectares. As noted above, there is great variation in
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patch size. The full indices show large values for both the patch size standard deviation

and patch size coefficient of variation indices.

Shape indices are perhaps more intuitively related to landscape development and

direct disturbance impacts than any other metrics. Disturbance events often directly
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Figure 7. 1996 Landscape - selected indices by class.
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influence resulting patch shape. The area-weighted mean shape index considers
increasing patch size as a beneficial attribute and correspondingly increases the calculated
metric. The mean shape index has no consideration for patch size. It is the mean for all
patches of a perimeter-area calculation adjusted to a square standard (for raster analysis).
Figure 8 shows how the shape index varies for patches with different edge complexity.
The alpine tundra patch (A) lies on an even slope in the south end of the study area. Its
shape index is 1.5, while the more complex shrub patch has a shape index of 5.45. This
deciduous shrub patch covers a small mountain valley reaching up Mount Worthington

and exhibits a typical dendritic pattern found in high relief areas.

‘Figure 8. Selected patches from the 1996 landscape.

A: alpine tundra patch on a south-facing slope north of Goatherd Mountain (shape
index: 1.5).

B: deciduous shrub patch lining a narrow mountain valley north of Louise Lake
(shape index: 5.45).
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The lake land cover type exhibited the lowest MSI and AWMSI due to its close
resemblance to the square standard. Although in many cases singular pixels classified as
water may have skewed this result. Rivers (long, linear, braided patches) showed the
highest MSI and AWMSI values due to their complex shape and large mean patch size.
An earlier analysis (Wurtele and Slocombe 1997b) using the biophysical inventory of
Kluane National Park Reserve showed a very high edge density for the gravel class
(defined as gravel creek beds). The current classification scheme regards gravel and rock
as one class (due to spectral similarity) and the pattern results of these linear features are
lost with the influence of large, alpine exposed rock patches. However, some creeks were
classified as alluvial deposits and contributed to the linear nature (and high shape indices)
of this class found predominantly along river channels.

Interestingly, the mixed forest and spruce forest classes showed similar MSI values
(1.43 and 1.42 respectively) yet much different AWMSI results (6.13 and 10.37
respectively). The mean size of forest patches is over double that of mixed forest patches.
White spruce forests may be considered the landscape matrix and as such their patches
share an edge with many other land cover classes and cover large areas.
Altitudinal Results

Topographic relief defines mountainous landscapes and greatly influences
processes occurring within them. To further explore the dynamics of landscape pattern
and altitude, the quantitative metrics were calculated for three distinct altitudinal zones:
montane, sub-alpine, and alpine (Figure 10). These results are presented at the landscape

and class scales. The study area is roughly one half montane and one quarter each
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sub-alpine and alpine. The montane and sub-alpine zones each have nearly twice as many
patches as the alpine zone (Figure 10). However, the mean patch size of the alpine and
montane zones is nearly twice that of the sub-alpine zone. In the sub-alpine zone, patches
are smaller but more numerous per hectare (resulting in a higher patch density). Also, due
to the smaller patch size, shape complexity is reduced in this zone. When measured at the
same scale, larger patches are more likely to have higher shape indices. This results from
an artifact of the analysis method and data. The minimum patch size in raster analysis is
the size of one pixel. The shape index for a patch represented by one pixel is equal to that
of the square standard — the least complex shape. Larger patches can potentially vary
more from this square standard. Patches represented by one pixel may in fact have more
complex shapes, but only detectable at finer scales of resolution.

The maximum Simpson’s diversity index for a landscape with 11 land cover types
is 0.91. The Simpson’s diversity index for the 1996 landscape measures 0.84 while the
montane, sub-alpine, and alpine zones are 0.80, 0.80, and 0.50 respectively. The alpine
zone is lacking patch richness (8 land cover types) compared to the sub-alpine and
montane zones (10 and 11 respectively) and an equitable distribution of area among these
types. The rock class dominates (over 70%) the alpine zone. The sub-alpine, with a
smaller mean patch size, has very high evenness values. It is not dominated by any one
class, rather the alpine meadow, deciduous shrub, and rock land cover types are roughly
equal in proportional abundance. The alpine and montane zones contain land cover types
(rock and spruce forest respectively) that clearly dominate and may be considered the

landscape matrix.
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Figure 9. 1996 Landscape - selected indices by altitudinal zone.

At the class scale, some noticeable variations in pattern metrics can be observed

between altitudinal zones. Land cover types exhibit uneven distribution of area among the

altitudinal zones. While most land cover types belong in majority to one zone (Table 13),

all types (excluding lake, river, and alluvial deposits) can be found in each zone.
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Interestingly, the snow/ice class is found throughout all three altitudinal zones (even in
late summer) owing to the terminus of the Lowell Glacier at the Alsek River in the
southwest corner of the study area.

As noted above, larger patches exhibit more complex shapes. The edge density of
individual land cover types is correspondingly higher in that altitudinal zone where its
area is greatest. The landscape shape index (LSI) varies similarly to edge density.
Deviating slightly from the pattern of edge density and landscape shape index, the mean
shape index (MSI) is also maximized in the altitudinal zone with greatest area. These
trends are not followed by the shrub class. The area of deciduous shrub in the montane
and sub-alpine zones is reasonably similar — nearly 14,000 and 12,000 respectively —
however patch shape varies significantly between these altitudinal zones. Deciduous
shrub edge density is much higher in the sub-alpine (28.41 m/ha) than the montane
(15.96). The mean shape index is also higher in the sub-alpine zone. This is explained by
the prevalence of deciduous shrub land cover in sub-alpine mountain gulleys that have
highly irregular, dendritic shapes. In the montane zone, in the valley bottom, there is less

variable relief and deciduous shrub patches have less complex shapes.
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Figure 9. Altitudinal Zones
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Table 13 Dommant alntudmal zone occurrence by area.

alpinc bamm sipine
alluvial deposits montane
aipine tundra sub-aipine
mixed forest montane
deciduous shrub montane/sub-aipine
lake montane
spruce forest maontane
rock alpine
alpine meadow sub-alpine
river montane
snowl/ice aipine
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CHAPTER 5: NATURAL DISTURBANCE AND LANDSCAPE PATTERN IN KLUANE

Natural disturbances play a significant role in the creation of landscape mosaics,
especially in the boreal forest (Frelich and Reich 1995). However, knowledge of the
temporal fluctuations of landscape structure and the effect of disturbances on these
variations is incomplete (Baker 1994). The previous chapter reviewed the results of the
quantitative analysis of landscape pattern in the Kluane region. This chapter reviews the
principal disturbance regimes acting on the Kluane landscape and examines their role in
determining variations in pattern. Most disturbances produce heterogeneous, patchy
effects and tend to increase the diversity of landscapes (White and Pickett 1985, Kamada
and Nakagoshi 1996), however in some cases may increase homogeneity when they are
very severe and impact large areas (Trabaud and Galtie 1996).

Aspects of landscape configuration are influenced by the distinct characteristics of
disturbance regimes. Individual disturbance characteristics (Table 4) must be examined to
understand the impact of a disturbance regime on landscape structure. These attributes
impact landscape pattern in specific and different ways. For example, the size and shape
of very intense disturbance events are often directly related to the size and shape of
resulting landscape patches. However, if a disturbance event is less intense this
relationship may be less prominent. The frequency of disturbance is also significant since
it will determine the stage of regeneration possible and may also affect disturbance
specific properties, such as fuel loading in the case of fire or the availability of host
material in the case of insect pests.

Synergy between disturbance regimes can alter the expected impact of any one
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disturbance. The most notable synergistic disturbance dynamic in Kluane is that of insect
infestations and fire fuel loading. Whereas the size, shape, and spatial distribution of
disturbance events are spatially explicit attributes, intensity and synergy describe
additional biological and physical factors.

Three principal natural disturbances in the boreal forest — fire, insect infestation,
and geomorphological processes — are reviewed with particular emphasis on their role in
forming landscape patterns. The scale of investigation is at the landscape level, however,
species and community processes are important since their cumulative and combined
effects influence the larger scale landscape responses. Therefore, elements of fire and
insect ecology are presented to study disturbance mechanics from species, community,
and landscape perspectives. Finally, the quantitative results are placed in context of the
disturbance-landscape pattern review.

Fire

Disturbance characteristics of fire and its behaviour in the boreal forest ecosystem
are summarized in Table 14. The frequency of fire events is perhaps one of the most
important characteristics of the disturbance regime. The interval between catastrophic
fires generally determines the available fuel loads and stage of succession or regeneration
possible. Frequent fires will consume fuel, affect the possible severity of subsequent fires
and may prevent climax stages of succession from establishing. Hawkes (1983a)
calculated the average fire interval in Kluane National Park Reserve at 179 years, with a
range from 113 to 238 years. He identified a general trend of increasing mean fire interval

from southern to northern climatic regions in Kluane National Park. The current study
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area comprises sites from Hawkes’ (1983) southern and central climatic regions. When
human-caused fires are eliminated from the fire history, the interval may be extended to
200-300 years. Also, since study plots were located near fire boundaries, Hawkes (1983a)
reports that the mean fire interval would likely increase with randomly distributed plots.
Alexander and Dubé (1983) observed that half of the forest zones in Kluane National
Park showed evidence of fire within the past 80 years. They also suggest that the wide age
distribution and low maximum age of forest stands in Kluane is suggestive of recurring
fire and geomorphic events. Fire history studies in Kluane show that fire is a recurring
landscape disturbance but that it occurs relatively infrequently due to low incidence of
lightning (Greater Kluane Land Use Planning Commission 1991). The low frequency of
fire in Kluane has contributed to the extensive coverage of mature forest stands.

To place the low fire frequency of Kluane in perspective, other areas of the boreal
forest have significantly shorter fire intervals. An area east of Great Slave Lake, NWT
had a measured interval of 40-100 years (Hawkes 1983a). Forests of Yellowstone
National Park are characterized by a 300 year major fire cycle, with few large fires
occurring between (Romme 1982). An extremely long fire interval (1,000 years) has been
identified in high elevation conifer forests of New Brunswick (Hunter 1990) and an
extremely short interval (less than fifty years) was found in northwestern Ontario boreal
forests (Suffling pers. comm.). Romme (1982) reports high geographic variation in the
frequency of fires in the sub-alpine zone of the northern Rocky Mountains. Light surface
fires have been more frequent in sub-alpine forests of the northern Rockies.

The fire history of Kluane National Park Reserve reveals significant variation in
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fire size (Hawkes 1983a). Large fires were found to have more elongated shapes, due to
strong down valley winds, whereas smaller fires had variable shapes less influenced by
wind and more by environmental conditions (Hawkes 1983a). High rates of spread tend
to result in large fires and elliptical shapes (Johnson 1992). In addition to wind, steep
slopes can affect fire behaviour and increase the movement of fire through the vertical
strata of vegetation (Hawkes 1983a). Also, topographic breaks and wide outwash fans

provide effective fire control — limiting the size of fires (Hawkes 1983b).

Table 14 Fire charactenstncs in Kluane

e | LR )
distribution mflueneed by topognphy fuel loads, and the distribution of vogouuon
frequency low
return interval long
rotation period long
predictability high
area or size large
intensity variable
severity variable
synergism affected by all disturbances that influence fuei ioad and structure

The determination of fire behaviour from available fuel loads generally
underestimates the potential of fire in the sub-alpine zone (Agee 1993). Low biological
productivity of alpine areas slows fuel accumulation and retards the occurrence of high
severity fires, thus resulting in long fire intervals (Romme 1982). The type of fuels and
the rate of accumulation have significance for the type, intensity, and frequency of fires in
forest ecosystems. Table 15 lists the principal factors causing boreal fires to have high
rates of spread (Johnson 1992). The types of fuels in the boreal forest (mostly conifer)

allow rapid spreading of fires, resulting in large areas disturbed. The low productivity of
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alpine forests reduces the rate of production of fuel material (i.e. plant growth is slower)
but accumulation of these materials is increased due to slower decomposition of material
on the forest floor. The high intensity of boreal fires is caused in part by the crown fire
regime active in the boreal region (Johnson 1992), which is a function of the vertical
continuity of fuels in the forest. These ‘ladder’ fuels facilitate the spread of the fire from
surface fuels into the crown. Once a crown fire is established, large areas of forest can
burn and entire stands can be replaced (Agee 1993). However, fires in mountainous
regions may not always spread according to fuel loads, since they are additionally

constrained by topographic features and micro-climatic influences.

Table 15 Factors responsnble for the high rate of spread in conifer fuels (Johnson 1992).
of fislé I Gor O T B AR A L e P
acwmulation of significant fomt floor of doad biomass

greater abundance of fine fueis in the form of needies, smalil twigs, resinous products, and
small bark flakes

lichens and mosses common on forest floor
retention of branches of ail sizes

crown shape of trees aliows easy access of flame from ground to crown
moisture content of conifer foliage is low

[n Kluane, the frequency of fire is low and its intensity variable. Therefore,
landscape patches may not have a singular disturbance origin. Oswald and Brown (1990)
have documented the specific regeneration characteristics following fire in the Kluane
region. The distribution of trembling aspen is closely linked to fire disturbance. Healthy
regeneration of shrub and deciduous species occurs within the first five years and is
followed by a transition to late seral species such as white spruce.

A mosaic pattern of vegetation within burned areas in Kluane National Park

Reserve has been reported (Hawkes 1983a). The remnant vegetation in these areas
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develops from sprouts and individuals that survive fire due to the spatial variation of
moisture content of the fuel and soil. The fire severity or impact and subsequent
regeneration may vary significantly spatially within a burned area (Delcourt and Delcourt
1983). In simple terms, fire disturbances increase the heterogeneity of forested landscapes
(Kamada and Nakagoshi 1996). In Kluane, Hawkes (1983a) suggests that landscape
diversity would decrease if human-caused fires are suppressed. However, this change
would occur slowly based on the vegetation succession rate. In concurrence, Morrison
and Swanson (1990) report significant variation in fire frequency between proximate sites
in the Cascade Range of central-western Oregon. This spatial variation of fire frequency
in mountainous areas serves to increase the heterogeneity of the forested landscape.

A significant fire occurred in 1924 in the upper Donjeck River, north of Kluane
National Park (Hawkes 1983b). The resulting forest patch created by this fire is visible on
a 1977 Landsat Multispectral Sensor image of the area. Located between Arch and Wade
creeks east of the Donjeck River, the fire patch shows evidence of the combined impact
of topography and micro-climatic conditions on fire behaviour. The patch shape is
elongated owing to the strong down valley winds and stretches into the subalpine, its
spread likely aided by steep slopes. There are no fire patches clearly visible on the
Landsat Thematic Mapper imagery used in this research, although the fire history studies
conducted by Hawkes (1983a) included field plots within the current study area.

With the exception of small human-caused fires in the southern portion of the study
area, there are no known recent fire occurrences in the study area. However, the highly

complex patch shapes of the mixed and white spruce forests, especially northwest of
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Mush and Bates lakes, are indicative of fire origin. The mixed forest land cover type,
consisting of shrub and deciduous species and white spruce, establishes following fire
disturbances. Mixed forest patches were observed in abundance adjacent to the dominant
forest land cover. The open canopy of the white spruce forests, while a function of
climate, may also indicate low intensity fire disturbances (R. Garbutt pers. comm.) While
disturbance origin patches are visible on the classified land cover maps, a low intensity
fire regime may not create clearly defined patches, but will have a more distributed effect
over the landscape. These seemingly conflicting impacts represent a complex fire history
and suggest that fire influences landscape pattern in two ways: 1) by creating distinct
patches and 2) by altering community composition (creating gradients of land cover).
Insect Infestation

Biotic disturbances, such as insect infestations, are also active in the study area and
have impacted large areas and influenced landscape pattern. The recent spruce beetle
(Dendroctonus rufipennis) infestation in southwest Yukon caused significant mortality of
white spruce stands. The spruce beetle is common to spruce forests of western Canada
and has been labelled one of the most destructive pest of mature stands (Savaria 1994).
The relationships and ecology of the forest/insect system are fundamental to
understanding impacts on the landscape pattern.

Environmental conditions are known to affect the viability of insect populations.
The recent spruce beetle infestation in southwest Yukon is thought to have been enhanced
by successive mild winters and warm, dry summers (Garbutt 1994). Warm winter

conditions allowed many of the spruce beetle to survive from one season to the next and
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the warm, dry summer conditions accelerated the development of the population. The
other factor involved in this spruce beetle infestation was the enormous supply of mature
white spruce stands. The catalyst may have been an influx of spruce beetle from outside
the ecosystem (Garbutt 1994). This is a good example of a feedback loop whereby
landscape pattern affected the behaviour of the disturbance regime. The draining of a
glacial lake® in the Alsek valley 150-200 years ago (Clague 1979a) created fertile
conditions for the development of white spruce forest, which is now reaching maturity
and therefore susceptible to insect infestation (Garbutt 1994). Spatial variations in micro-
climatic conditions also affect the development and distribution of insect populations.
The disturbance characteristics of insect infestations are summarized in Table 16.
The primary influence on the spatial distribution of insect populations of disturbance
regimes is the heterogeneity of the forest. Large, homogeneous stands of susceptible trees
will allow the insect population to grow and spread throughout a large area. However, if
suitable forest stands for the insect are sparse and disconnected, then the distribution of
the infestation will be more limited. Major spruce beetle infestations for the Yukon
Territory occur at roughly ten year intervals (Ferris 1991), however the severity of
infestations varies. It is reported that the recent infestation in southwest Yukon was the
most severe in fifty years (Garbutt 1994). Studies of landscape pattern and insect
infestation are not as numerous as those considering the effects of fire. However, many of

the same aspects of fire and patterns of landscape diversity and heterogeneity apply

“The upper shoreline of the most recent glacial lake in the Alsek River valley reached 640 metres
a.s.l. (Douglas 1974). It was caused by a surge of the Lowell Glacier across the valley. Beach ridges are
clearly visible along some slopes.
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equally well to insect disturbance regimes. Succession after insect infestation is similar to
successional patterns after fire, although specific regeneration is characteristic of a
complex mosaic, dependent on disturbance intensity, seed availability, and environmental
conditions (Denslow 1985). The intensity and severity of the disturbance plays a
significant part in determining impacts on landscape pattern. High tree mortality
associated with intense insect outbreaks, resulting in the destruction of the majority of the
stand, will create large areas of homogeneous forest cover. The structure of the
pre-disturbance landscape determines much of the behaviour of the insect infestation, and
therefore also much of the resulting impact un landscape pattern. Landscapes with low
diversity and heterogeneity are more susceptible to outbreaks of forest pests (Hunter
1990). Acting as a positive feedback relationship, forests of low diversity will allow more
infestation of insects, and thus create more homogeneity. Contrary to this relationship,
landscapes with existing heterogeneity are not as sensitive to insect infestation, therefore
outbreaks are not as severe, and heterogeneity is maintained.

Table l6 [nsect mfestanon charactensncs in Kluane

dmnbution miobb dopcnds on Mmgomny of forest
frequency variable, sensitive 1o age structure of stand
return interval frequent

rotation period long

predictability high, known from studies of population dynamics
area or size variable, sometimes large

intensity low

severity high

synergism affects fuel loads and susceptibility to wind throw

The impact of insect infestations on landscape pattern in the study area is less significant

than that of fire disturbances. Since insect outbreaks target specific tree species, only
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those communities containing the host species are affected. The impact of insect
infestations is directed therefore to the white spruce and mixed forest communities. In
these communities the insect disturbance plays a significant role in maintaining
heterogeneity.

Geomorphological Processes

The complex geological and glacial history of the Kluane region has had significant
impact on land cover development. Glacial movements have exposed new areas for
vegetation establishment and caused significant lake formation (Hawkes 1983a). A
significant disturbance, such as rapid lake formation, represents a discrete event in time
that can be used to establish the maximum age of forest stands in the valley.

Seismic activity, such as earthquakes and volcanoes, is significant in the region,
although it occurs relatively infrequently (Clague 1979b). The creation of outwash fans
and the deposition of alluvium and loess create landscape patterns with more frequency.
Annual and diumnal variations of creek runoff, associated with variable glacial or
snowpack melt, impact riparian vegetation throughout the region. Hawkes (1983a) reports
that alluvial deposits first support balsam poplar communities, then succeed to coniferous
species. White spruce stands that do not show evidence of fire history typically occur on
alluvial and lacustrine gravel deposits (Douglas 1974). In many cases, shifting drainage
patterns prevent the succession of riparian vegetation to white spruce (Theberge 1972).
Debris flows represent a major disturbance to riparian communities and vegetative land

cover on steep slopes (Figure 2 - centre) in mountainous areas (Grey and Wilson 1990,

Hawkes 1983b).
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Notable characteristics of geomorphological disturbances are the scale and
frequency of their occurrence. Infrequent disturbances related to seismic and glacial
activity impact large areas, while more frequent fluvial disturbances impact relatively
smaller areas. Occurring somewhere between these extremes of frequency and scale are
events such as slope failures, which retard vegetation establishment, especially at higher
elevations.

Geomorphological disturbances, similarly to fire and insect disturbances, are very
focussed in their impacts. They affect primarily drainage features and high elevation
areas. However in a mountainous landscape such as Kluane, this area impacted is large.
Debris flows along mountain creeks and rivers significantly increase patch shape
complexity. As mentioned in Chapter 4, the linear creek system has a highly irregular
shape, thus increasing edge length. Without fluvial disturbances, mountain streams might
not in fact be represented as a land cover type at the landscape scale. In many forest
ecosystems, canopy closure over creeks is complete and thus only larger rivers are
discernable at the landscape scale. Creeks in mountainous regions develop into complete
systems with various land cover types.

Disturbance Synergy

The most commonly cited example of disturbance synergy in Kluane is the impact
of insect infestations on fire risk (through increased fuel loading). Romme (1982)
attributes accelerated succession and fuel accumulation to the infestation of mountain
pine beetle (Dendroctonus ponderosae) in Yellowstone National Park. Many of the fuel

characteristics in conifer forests that allow boreal forest fires to rapidly spread (Table 15)
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are enhanced by insect infestation. Tree mortality and defoliation results in the large
accumulation of fine fuels. In southwest Yukon, Savaria (1994) describes the increased
fuel loads caused by spruce beetle infestation and suggests that forest flammability is
maximized in the year following tree mortality. Studies of spruce beetle infestations in
Engelmann spruce (Picea engelmannii) forests have noted that site flammability
increases, especially if large areas are disturbed (Agee 1993). The recent spruce beetle
infestation in the Kluane region has significantly increased the risk of fire (Beaver 1997).
Increased fuel loading and micro-climatic conditioning of the forest floor and canopy
(greater sun penetration) result in higher risk of fire in infested stands (Beaver 1997,
Division of Forestry 1998).

The recent spruce beetle infestation in the study area may have been a more
extreme than usual disturbance event. However, these outbreaks are normal events in the
white spruce forests of the Kluane region, occurring at roughly ten year intervals (Ferris
1991). Therefore the fire interval figures reported by Hawkes (1983a) should not decrease
substantially (increase frequency of fire) with the recent insect infestation.

Pattern and Disturbance in Kluane

Fire disturbances occur within the montane zone and to a lesser in the lower sub-
alpine. In these zones, fire occurs predominantly within forested land cover types. The
high shape index values measured in the forest and mixed forest classes reflects the
irregular interface between these two classes and fire origin patches. Generally, the high
shape index values for the montane zone are attributable to the complex forest interface,

but also to the abundant occurrence of other land cover types adjacent to and within
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drainage features. The linear nature of rivers and creeks and their shifting nature in the
study area creates complex edge shapes with adjacent meadow, shrub, and forested
vegetation communities. Similarly, high diversity is a function of these other land cover
types, although disturbance-driven successional mechanisms in the forested landscape
certainly contribute. In the absence of fire disturbance. landscape diversity would likely
remain high due to the presence of other land cover types. At a finer scale of
investigation, diversity within forested ecosystems (considering individual forest stands
as patches) would decrease in the absence of fire disturbance.

The low fire frequency within the study area has allowed the establishment of large
areas of mature forest communities. More frequent fire disturbances would create a
mosaic of early to mid-successional communities (Delcourt and Delcourt 1983).
However, the large expanse of mature white spruce has allowed significant infestation by
spruce beetle. The impact of this disturbance has created gaps in the canopy where re-
growth may occur. The average age of the spruce forest community has decreased as a
result of the recent insect infestation — any stimulated re-growth will not significantly
alter species composition since healthy young spruce saplings are plentiful. The
abundance of dead, standing trees (snags) will affect pattern in a number of ways. It may,
for several decades, increase fire occurrence and as some dead, standing trees fall, gaps
will be created in the forest thereby altering the fine texture of the canopy surface.

Geomorphological disturbances play a critical role in determining landscape
patterns, especially at higher elevation. High diversity values are related to complex land

cover patterns surrounding drainage features in the montane, but in the sub-alpine and



alpine, debris flows (visible in Figure 2) are significant causes of high diversity. They
create large gravel/rock (tallus) patches where vegetative land cover would have
otherwise established on more stable slopes. The complex landforms (gulleys, ridges,
slopes) and processes (erosion, landslides, micro-climate) in the sub-alpine contribute
considerably to the low patch size and high diversity measured in this zone. While the
alpine shares many of these attributes, it lacks richness of land cover types. As the
interface between the alpine and montane, the sub-alpine contains a high number of land

cover types and experiences disturbances common to areas above and below it

altitudinally.
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CHAPTER 6: CONCLUSION

The study area landscape has developed according to the spatial variability of
topographic, edaphic, and micro-climatic conditions in the region. It has also been
impacted by the combined influences of disturbances on a number of scales. The size,
frequency, distribution, intensity, and synergy of these disturbances have been reviewed
along with the initial factors responsible for landscape development. The mechanisms of
landscape development and change, including natural disturbance, have been reviewed to
place in context the investigations of landscape pattern.

Land cover for the study area was classified from multispectral imagery for 1989
and 1996. Using a digital elevation model, the resulting land cover images were stratified
to three elevation zones. Landscape pattern was measured using Fragstats for each
elevation zone and the landscape as a whole. This quantitative analysis produced a myriad
of landscape pattern indices. Metrics measuring attributes of landscape structure related
to the impact of disturbance regimes were presented in three ways: temporally, by land
cover class, and by altitudinal zone.

Landscape pattern analyses of these land cover mosaics revealed little variation
over that time period. This is consistent with the long return interval of the major natural
disturbances occurring in the region. A landscape experiencing more rapid disturbances
may show some variation in landscape pattern over a decade. The Kluane landscape
experiences longer cycles of landscape change, due to its cold, dry climate (low
productivity) and infrequent disturbances. However, the landscape remains a diverse one.

Topographic and micro- climatic gradients are largely responsible for the complex mosaic
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of land cover communities in the study area.

Spatial variation of landscape pattern within the study area is significant. Landscape
diversity is highest in the montane and sub-alpine zones. The alpine zone exhibits lower
diversity due to a lower patch richness and predominance of the gravel/rock land cover.
The sub-alpine zone contains an even distribution of montane and alpine communities.
The braided-channel along the Alsek river is not an insignificant contributor to the high
diversity values of the montane zone. The montane and alpine zones consist of many
large patches, whereas the mean patch size in the sub-alpine zone is significantly smaller.
However, patch size was found to vary considerably. There were many small patches in
the study area — 85% were less than 5 hectares.

Patch shape complexity is generally lowest in the sub-alpine, with the montane and
alpine zones showing highly irregular patches. In this mountainous landscape, large
patches become more complex as regulated by changes in elevation, slope, and aspect. In
most cases, patch shape complexity of land cover classes is maximized in the altitudinal
zone with the greatest area.

The Kluane region experiences infrequent, large and small scale fire and insect
disturbances. More frequent, small and medium-scale geomorphological disturbances
also affect landscape pattern. On a much longer interval are catastrophic disturbances
such as earthquakes, volcanoes, and glacial lakes. These disturbance regimes play
important roles in maintaining diversity and heterogeneity in forest ecosystems.
Heterogeneity also functions as a moderator of impacts from subsequent disturbances,

natural and anthropogenic. Fire and insect infestations impact mostly montane forests and
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adjacent communities. Geomorphological disturbances and topographic variation create
the diverse land cover mosaic outside of the landscape matrix.

Disturbances in alpine regions are influenced by changing vegetation patterns and
environmental conditions and enhanced by topographic variation. The boreal forests show
resilience and stability as a result of the co-evolution of these disturbance regimes and the
vegetation communities. Stability is most noticeable over the long term, as catastrophic
changes are part of the natural disturbance cycle. The ability to maintain landscape
functioning and re-establish structure with catastrophic disturbance regimes is
characteristic of high resilience.

Due to the long return interval of disturbances in Kluane and the low productivity
of the region, long-term studies are required to effectively assess the role of disturbances
in landscape pattern. In the absence of empirical evidence over the entire disturbance-
landscape cycle, modelling approaches to disturbance-landscape behaviour may allow
more rapid investigation of the relationship. However, the challenges of simulating a
complex environment of changing land cover and disturbances are significant. Yet,
modelling landscape pattern under disturbance regimes of differing frequency and
intensity may present the best option to overcome the limitations on effective research
imposed by long term disturbance and landscape change cycles. Also, to fully explore the
dynamics of landscape pattern and disturbance, a more focussed study area might be
useful, especially when considering the focussed impact of many disturbances.
Researching a smaller area at a greater scale (conducting a detailed land cover

classification versus reconnaissance level) may be the next logical step to explore in
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depth the pattern-disturbance relationship.

Natural resource managers may benefit from this characterization of landscape
pattern and associated links with natural disturbances. The long return intervals of
disturbances and variable scale of landscape change are important considerations for their
management activities and educational programs. Also, the techniques for land cover
classification may prove useful in any future endeavours to update the vegetation layer of
the biophysical inventory.

Landscape patterns in the Kluane region are influenced by fire, insect, and
geomorphological disturbance regimes, normally producing higher diversity and more
complex, irregular patch shapes. However at the landscape scale, the contributions of
landforms and geomorphology to landscape pattern are equally significant. Disturbances
and a complex landscape substrate give the Kluane landscape high diversity measures.
The abundant number and area of non-forested land cover types, especially adjacent and
within drainage features, influence landscape pattern by increasing diversity, patch shape
complexity, and edge densities. The changing distribution and frequency of disturbances
and variable landforms along the altitudinal gradient enhance the complexity of the

pattemn-disturbance system in Kluane.
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Appendix I: Landsat Thematic Mapper Acquisition Parameters and Specifications

TM Bands 345 1,2,34,586,7
" Scene Centre 60°44'56"N 60°32'48"N
137°58'17T"W 137°25'56"W
Scene (WRS - Track/Frame) 61/17 60/18
" Database Size (Cols x Rows) 4718 x 6919 3820 X 3531
Datg Aqquireq B August 27 »Sﬁopgequier‘ 8 o

b. Landsat 5 Tbemanc Mapper Bands.

1 0.45-052 biue
2 0.52-0.60 green
3 0.63-0.69 red

4 0.76 - 0.90 near IR
5 1.55-1.75 mid IR
7 2.08-2.35 mid IR
6 104-125 thermal
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Appendix J: Fragstats Command-Line Parameters

in_image Input iandscape file. 1989.raw
out_file Basename for output ASCI files. 1989
celisize Size of cell (metres) in the input image. 30
edge_dist Distance from patch edge (metres) for core area caiculations. 200
data_type Type of input file. 4 (16-bit binary, no
header)

rows Number of rows in image. 1800
cols Number of columns in image. 1520
background Value of background (interior) cells. 99
max_classes Maximum number of patch types that couid be present in landscape. Usedto | $

caicuiate relative patch richness. (Default: none. Metric not caiculsted)
weight_file Name of ASCI| file containing weights for each combination of patch type. $

Used to caiculate contrast weighted edge indices. (Default: none. Metric not

calculated)
id_image Method for assigning patch IDs to each patch in the landscape and creating $

a patch ID map to relate patch statistics. (Defauit: do not produce ID image)
desc_file Name of ASCII file containing character descriptors for each patch type. class.txt
bound_wght Proportion of the landscape boundary and background class edges to be S

considered edge. (Defauit: 0)
diags Should diagonal neighbours be evalusted when finding cells that make up a S

patch. (Default: yes)
prox_dist Search radius (metres) to use for calculating the proximity index. 200
nndist Should nearest neighbour distance be caiculated. yes
patch_stats Write patch statistics to output file. yes
class_stats Write class statistics to output file. yes

Note: § indicates the default value was used.
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Appendix K: Land cover classes from Douglas (1974)

Balum Poplar

‘ Balsam Poplar / buffaloberry dedduous forest

Populusbalsamlbn/&‘hapord/ua canadans aden ;& o

Balsam Poplar / boarberry deciduous forest

Balsam Poplar I buffalo bunchgrass-bearberry deciduous
forest

Poplar
Seouler’s wnllowl buffaloberry deccduous fomt
Trembling aspen / bearberry deciduous fomt

Popq/qsbalsamlfammm!osmphylasuva-uﬁs -

Populus balsamifera / Festuca almlca-Am!as!aphylos uva-
' ' uns

, le
Salix sooulor/ana / Shepordh aanadensls
Populus aumulo:dos /An:tosmphylos uva-ursi

--»

Conlbfous Fonst
White spruce Plooa g/auca
White spruce-tembling aspen / buffaioberry twin flower Ploaa g/aum-Populus Wnuloidas /Shapordla
mixed forest aanaabns/s—t/nnm bomalo

White spruce / béarbérry 7
White spruce / aulacomium moss comferous hmt
White spruce / shrub birch /crowberry comferou: fomt

Plooa glam /. An:tas!aphylos uva-ursi

Ploaa glauca / Aulaoomn/um palusha
Ploaa glauca/ Bo!ula glandulasa / Epon nlgmm

White spruce / reindeer lichen coniferous fomt Plooa g/auca / Cladma aIbuscula
White spruce / shrub birch / sedge fen ‘ 7 Pfoaa glauca / Betula ghndulosa / Camxaquaﬂlls
White spruce / hyp;\um moss coniferous forest N ' Pm;gb;ca / Hyp;&m;avolutum
White spruce ! grayleaf wullow o Plaaa glaum / Sall:\'g/auas
Whute Spruce / thuidium moss comferous fomt Pioaa glauca / Thu/dium abiannum
' Grassiand / mesdow -

V Prairie Sagmrt Yukon wheatgrau shmb grnsllnd

Ammma Mgm-Agmpymn yukm

————

Prame Sagewort - Glaucous bluegrau shrub gnuhnd Ammis:a frigida-Poa glauca
' Pra-ine Sagewon:lr; me;dow 7 Am:msla Mbﬁa-A;r;mEa mp;s;rs 7

. Yukon wheatgrass dry meadow N Agmp;r;n;/kme )
TCanadian reedgrass. meadow o Cahmagmﬂ;;l;a;iams o
P Purple re;;ﬁ;:ss dry mbadow B - B . Calamagl;sasp:lrpu‘l;;o;n; -
Sabulosa sedge dunes Carexsatubsa -
‘-Sedqe 7 7 - R Glmxé;uaﬂ'lis - -
FYeIlow dryas (mountain avens) S ' Dryas dummondii ) -

Fiekd oxytrope-Prairie sagewortdrymeadow  Onytropis campostris-Artemisia frgidla )
. Enﬁm lnvod whne moun;a;;na;—m;iéﬁr;n;d& >BI):;IIIW 7 —:4 —u M’ _
»' Yellow dtyas dry meadow - Dryas drummondii (;oJm—cm-&al- pha;a) ;ﬁ o
'Rough fescue mesdow o " Festuca attsica o
'Nofthem sweet vetch dry meadow | Hedysarum boresie D
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Appendix K: Land cover classes from Douglas (1974) (continued)

Shrub

‘Glandular birch / Aulacomnium shrub | Betuia glandulosa / Aulacomnium palustre
Shrub bircn-cowmm - willow / rough fescue Betula glandulosa-salix myrtilifolia / Festuca altsica
Soapberry shrub " Sheperdia canadensis S
.Soapbenylroughfescueshrub - Shopardia mnadansis/Fés‘m;éﬂ;vlba
Soapberry / red fescue shrub " Sheperdia canadensis / Festuca nutra
Common juniper-bearberry - ;unw J&un?s?@ta}ﬁ Mmi .
-Creepmg iumper shrub - F;u;h;ms;akonmlfs 7
 Alaska willow shrub - Salle/Axens/s )
‘Wilow/ sedge /sphagnum fen s.a//x/c.mxaquaa/msmagnum
Setchel wilow shrub . saxSetchiliana
: , e o
-Wlllowlaurch/heath/krummholz shrub mosmc N 4-,5;’/&,/75“‘!5 -
dwarfed vascular plants ’ - .

‘Subaipine®
Willow Shrub o s

*the alpine and subalpine vegemlon zones of KNPR have not been mmﬁgated as thoroughly as the montane zone, and
thus the species composition is less well known.
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Appendix L: Land cover classes from Franklin and Wilson (1991)

} white spruce

1 - Spruce forest

2 deciduous shru; o ;  willow, balsam, poplar, some grasseslsodges -
Smiedforest 777 classes 1and2 -
| 4. ou’garing g&am B -  peat bogs o S -
| 5 alpine tundra - ’m;s;es and Iichens - o

6. ;p;r;e r—neadM _ grasses an&;;edges o -
' 7. alpine barrens R "we;pbsed soil so;lemmosses. llchens grasses/sedges '
8. gravel and alluvial deposits -

9. wéter ’ Iake and Slims nver A

10. eoliaﬁ depésits . deita area Slims nver 7
' 11. montane grassland :dry grassland. exposed soillrock 7
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