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INTRODUCTION

lrole s(s lrc inhcrcntly dynamic in space and time. Their composition and distribution

t'irrr cltirrrgrr rrol only llrxurglr continuous, subtle, and slow forest development and

srrt 't 'cssiotr, l lr l  ir lso l lr lorr;l lr r l isr'ottl inttotts, occasional, and sudden natural distur-

I l r r r t ' r 's  ( l i r l l r i r r .  l ( ) (X),  (  ) l tv t ' t  ; t t t t l  l , i t t 's t t t t .  l ( )96:  Spics,  - |997).  In addi t ion to natural
pto( r . : , \ ( . \ ,  l l r r r r r ; r r  ; r (  l r \ ' r l r r" .  ; r r r r l  r l rs l r r t l r i rn( ' ( 's  i l fc  lhc st t t t rcc t l l 'nruch contemporary
lorr . r , t  r ' l r ; ru1'r ' { l lot t l i l r lorr ,  ; ' t t t . l  [1r 'yrr  i r t t t l ' l \ t t t tc t .  l ( ) ( ) '1:  l l i i t tc ls ct  1r1. ,2002).  Suoh

, l



Ittttd crlvcr cltunge is widely cttttsiclcred (lre prirrrury cuuse ol' biotl iversily rlccli lc
and species endangerment (Hansen ct a1.,200t). Monitoring n$turul und human-
caused land cover and forest changes, clisturbance processes, an6 spatial pattern is
relevant for the conservation of forest landscapes and their inhabitants (Balmfbrd et
al',2003).In recent years, international political momentum dedicated to conserva-
tion of biodiversity and sustainable development has increased (Table r.l).

Biodiversity conservation and sustainable forest management require the collec-
tion of new kinds of forest and land cover information to complement traditional
forest databases, model outputs, and field observations. Remote sensing and geo-
graphical information systems (GISs) have emerged as key geospatial toors -
together with models of all kinds and descriptions - to satisfy increasing informa_
tion needs of resource managers (Franklin, 2001). But, these are more than tools -
they represent essentially new approaches to forest disturbance and spatial pattern
mapping and analysis because they enable new ways of viewing disturbances and
landscapes, which in turn influence our understanding and manigement practices.
critical developments in the use of remote sensing *a cts uppro-acn", include the
ability to map biophysical (e.g., Iverson et al., r9g9), biochemical (e.g., Roberts et
aI., 2oo3), and disturbance (e.g., Gong and Xu, 2003) characterisics of forest
landscapes over a wide range of spatial scares and time intervals (euattrochi and
Pellier, 1991; Turner et a1.,2003).

This introductory chapter provides a brief landscape ecological foundation for
the importance of detecting and monitoring forest disturbances and changes in fbrest
landscape patterns' We discuss monitoring and scale considerations and then describe
basic stand and landscape dynamics of interest to resource managers. we introduce
landscape metrics, which are then more completely reviewed by bergel (Chapter 7,
this volume). we emphasize a developing understanding of pattern/prlcess recip.oc_
ity in forested landscapes, which is then highlighted by-severi case studies of
different disturbance patterns in widely differing forest environments. Immediately
following this introduction is background material on pertinent remote sensing and
GIS data selection, methods, and applications issues in support of forest pattern
analysis and change detection (Chapter 2). This material leads naturally to the suite
of illustrative examples of remote sensing and GIS approaches in forest harvest
pattern detection (chapter 3), forest insect deforiation rnapping (chapter 4), moni-
toring fire disturbance (chapter 5), and the role of GIS in ror"rt disturbance and
change mapping (chapter 6). subsequent chapters in this book present specific
aspects of spatial pattern analysis, including remote sensing consideiations (chapter
7) and a detailed remote sensing/GlS/pattern analysis lase study (chaptei g)
designed to aid in understanding critical resource management issues. Each of these
chapters has been selected as a representative perspective on developing remote
sensing and GIS approaches, which are increasing$ recognized, in combination
with field data and modeling methods, as the only reasiute *uy to monitor landscape
change over large areas with sufficient spatial detail to allow comparison ofresultant
patterns of different management or nafural disturbance regimes.
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LANI)SCAPE ECOLOGY

' l ' l re t l i r t l i t iorr i r l  l i r t ' r rs ol  l i r lcs l  cr . 'o logy,  nr. ln i tgor lcnt ,  and planning has bccn pr imari ly
()rl scl)arit lc l i tttr lscitpe clctttr 'r ltts sttclt as hotnogcncous lbrest stands or habitat
putchcs.' l ' lrc irrrl lorl lnce: ol inl.cractions arnong different elements in a landscape

was notcrl irr thc car' ly l9tl0s (Forrnan, l98l), coincident with the need for forest

Inalagcutcnt stratogics to consider Iandscape Structure as a requirement for long-

lorm conservation of biodiversity (Noss, 1983; Risser et al., 1984). It has since

become generally accepted that the structure of the landscape influences the eco-

logical processes and functions that are operating within it (Haines-Young and

Chopping, 1996). The discipline of landscape ecology is now widely recognized as

a distinct perspective in resource management and ecological science.
The central goal oflandscape ecology is the investigation ofthe reciprocal effects

and interactions of landscape patterns and ecological processes (Turner, 1989).

Fundamental to such investigation is the awareness that landscape observation is

scale dependent, spatially and temporally, with different landscape patterns and

processes discernible from different points of view and time that are specific to the

organism (e.g., trees vs. earthworms) or the abiotic process (e.g., carbon gas fluxes)

under study (Perera and Euler, 2000). A brief overview of general scale consider-

ations is included in this introductory section; Coops et al. (Chapter 2, this volume)

present concrete spatial data selection issues related to scale.

Lnruoscnpr Srnuctunr, FuNcttott, AND CHANcE

When studying the ecology of landscapes, at least three basic elements must be

considered and understood: structure, function, and change (Forman, 1995; M.

Turner, 1989). Landscape structure generally refers to the distribution of energy,

material, and species. The spatial relationships of landscape elements are character-

ized as landscape pattern in two ways (McGarigal and Marks, 1995; Remmel and

Csillag, 2003). First, the simple number and amount of different spatial elements

within a landscape is generally defined as landscape composition, and this measure

is generally considered to be spatially implicit. Second, the arrangement, position,

shape, and orientation of spatial elements within a landscape are generally defined

as landscape configuration, which is a spatially explicit measure. Within the frame-

work of this book, this meaning of landscape pattern is used to ensure that both the

amount and arrangement of spatial elements of interest are included. In contrast,

some studies equate landscape pattern strictly with configuration and treat compo-

sition as a second landscape characteristic unrelated to pattern (e.g., Martin and

McComb, 2002; Miller et al.,2004).
A landscape can be defined as a spatially complex, heterogeneous mosaic in

which homogeneous spatial elements or patches are repeated in similar form over

an area bounded by the spatial scale at which ecological processes occur (Urban et

al., 1987). For example, juvenile dispersal distance has been used to estimate the

spatial extent oflandscapes in forest birds (Villard et al., 1995); in another example,

a third-order watershed could be the appropriate landscape for consideration of water

flow and quality (Betts et aL.,2002). Mosaic patterns exist at all spatial scales from



t i t lbl l l icr(tscolric lr l l lrc pluttct und universe rrud lhe ty;rc, sizc, slurpe, borrrrt lnry, lnd
urrangelnelrt ol ' landscupc clcmcnts ucross lhis rrursuic i lr l lucrrcc a varicty ul 'eerlkrg-
ical functions.

Landscape/unction generally refers to the ffow ofenergy, materials, and species
and the interactions between the mosaic elements (Forman, 1995). Examples range
from fundamental abiotic processes, such as cycling of water, carbon, and minerals
(waring and Running, 1998), to biotic processes, including forest succession (oliver
and Larson, 1996), and the dispersal and gene flow of wildrife (e.g., Hansson, 1991).
Such biotic and abiotic flows are determined by the landscape structures presenr,
and in turn, landscape structure is created and changed by these flows. The main
processes or flows generating landscape structure formation and landscap e change
over time can be considered as natural and anthropogenic disturbances (e.g., wildfire,
insect infestation, harvesting); biotic processes (e.g., succession, birth, death, and
dispersal); and environmental conditions (e.g., soil quality, terrain, climate) (Levin,
1978). An overview of some of these processes in the forest environment is presented
in a subsequent section of this chapter and in later chapters discussing specific
disturbance processes.

Fonrsr MnNncrmrxr

The goals of forest management have expanded in recent decades to include values
leading to the implementation of different strategies based on concepts of sustained
yield, multiple use, and more recently, ecosystem management. Ecosystem manage-
ment includes the balancing ecological and social (economic and noneconomic)
forest values in the context ofincreasing population growth, resource use, pollution,
and the rate and extent of ecosystem alteration (Kimmins, 2004). Concepts of natural
disturbance emulation encompass the idea of trying to arrange changes in forests
due to human disturbance to more closely approximate those induced by natural
processes (Attiwill, 1994; Hunter, 1990). This is an acknowledgment of disturbances
as one of the fundamental processes and drivers of landscape structure and func-
tioning at all spatial and temporal scales in the field of landscape ecology (Turner,
1987). Principles of landscape ecology help to make this forest management
approach a viable management option by providing a higher-level context for forest
management practices (Crow and Perera,2O04).

Emulating natural disturbance aims to guide local forest management by mim-
icking the natural range of spatial and temporal variation in landscape- and stand-
level forest landscape structures created by past natural disturbances in the given
location (Bergeron et al., 1999; Hunter, 1999; Kimmins, 2004). The presettlement
landscape allowing for natural dynamism is thought to be the ideal condition against
which contemporary landscape diversity and composition ought to be evaluated
(Noss, 1983; seymour and Hunter, 1999). The natural disturbance approach builds
on the underlying assumption that forest ecosystems, long-term forest stability, and
biodiversity will be sustained if the forest structures created by natural disturbaaces
are maintained since they reflect the same conditions under which these ecosysrems
have evolved (Bunnell, 1995; Engelmark er al., 1993; Hunter, 1990). For example,
Hudak et al. (chapter 8, this volume) provide a case study perspcctive of forest

hurvesl untl l ire distul ' lrnnce l)olterns in an areu where both disturbances are known
to havc <lccurrcd.

Consideration ol' the ecological efl'ects of spatial patterns created by forest

harvesting is intportant lbr the management regime (Franklin and Forman, 1987),

and the patterns and processes in landscapes created by natural disturbances gen-

erally display greater variation in time and space than traditional silviculture and
fbrest management (Seymour et al., 2002). Disturbance regimes can be described

by a variety of characteristics; however, the main components include magnitude,

timing, and spatial distribution (Seymour and Hunter, 1999), and each of these

will have an impact on the stand- (or patch-) and landscape-level of the forest

ecosystem. Magnitude generally describes the intensity or the physical force of

the disturbance or the severity of the effect of the disturbance on the landscape
element or organism (Seymour and Hunter, 1999; Turner et al., 2001). Timing of

a disturbance mainly specifies the frequency, which is often expressed not only as
the return interval between disturbances, but also as the duration and seasonality

of a disturbance type (Seymour and Hunter, 1999). The spatial distribution of a

disturbance refers to the extent, shape, and arrangement of disturbance patches
(Seymour and Hunter, i999).

A review by Seymour et aJ. (2002) of disturbance regimes in northeastern North
America contrasts the differences in aspects of these three main characteristics
(magnitude, timing, and spatial distribution) by comparing wildfire with pathogens

and insect herbivory. In the investigated cases, wildfires were of stand-replacing
magnitude, with a return interval of 806 to 9000 years and a disturbance patch size

distribution ranging between 2 and more than 80,000 ha, while pathogens and insect

herbivory disturbance was of a magnitude to create smaller canopy gaps, with a

return interval and patch size distribution ranging between 50 and 200 years and

between 0.0004 and 0.1 135 ha, respectively (Seymour et al., 2002; Figure 1.1).
While the natural disturbance approach may be an ecologically sound premise,

its constraints and limitations also need to be considered. Some issues to address in

the future include (a) society's reluctance to accept this paradigm in ecosystems that

experience disturbances that are very large, severe, and frequent; (b) whether past

disturbance regime effects will be rendered inapplicable in the future due to long-

term climatic variation, invasion of nonnative species, air pollution, human-induced

climate change (Kimmins, 2004); and (c) the difficulty in obtaining and interpreting

historic disturbance data for adequate conclusions about the natural disturbance

characteristics (Appleton and Keeton, 1999).

SCATE

Every organism is an "observer" of the environment, and every observer looks at

the world through a filter, imposing a perceptual bias that influences the recognition

of natural systems (Levin, 1992). Science, in general, can be seen as a product of

the way the world is seen, constrained by the space and time within which humans

inhabit the world (Church, 1996). There is little doubt that ecologists' perceptions

have been revolutionized through availability of satellite imagery; for example:

&
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FIGURE 1.1 Boundaries of natural variation in studies of disturbance in northeastern North
American forests. The hand-fitted diagonal boundary line defines the upper limits on these
disturbance parameters in combination, all of which fall in the lower right of the diagram.
Upper limits of the area and retum interval of severe fires and windstorms were truncated at
lOa Ha and 10a years, respectively. (Adapted from Seymour et al., 2002.)

' "Images from satellites have revolutionized our perception and approaches
to understanding landscapes and regions,'(Forman, 1995: p. 35)

' "More than any other factor, it was this perspective provided by satellite
imagery that changed the ... manager's views about the main threats to
the panda's survival" (Mackinnon and de Wull 1994, p. 130)

Scale is a strong determinant of viewing, and interpreting the environment and
the interest in scale-related research is rapidly increasing (Schneider, 1994). Scale
is often understood simply as dimensions of time and space, but has been defined
in various more complex ways; for example, church (1996) considered scale as a
relative measure set by the resolution of measurements. Schneid er (1994,p.3) defined
scale as "the resolution within the range of a measured quantity." Common to all
scientific definitions of scale, however, is a recognition of the temporal and spatial
dimensions (Lillesand and Kiefer, 2000; Wiens, 1989).

Spnrrnl Scnlr

In ecology, spatial scale is usually considered as the product of grain and. extent
(Forman, 1995; wiens, 1989), which, in remote sensing, relate to resolution (pixel
size) and area of coverage, respectively (Lillesand and Kiefer, 2000). A remote
sensing scientist will typically define spatial scale as a proportion, a ratio of length
on a map to actual length. Small scale, therefore, suggests that a large area is covered;
in other words, the difference between actual and mapping size is great (coarse

spir l i i r l  r lc t i r i l ) .  Al  ct 'o logrsl 's  lypir ' i r l  r [ ' l in i t iorr  o l 'spir t i l r l  sc i t lc  is  l l tc  levtr l  o l  t l t 'grcre
ol 'spl t i i r l  lesolrr l iorr  l r r r t l  sprr t i i r l  cx l r :n l  pcr lccivct l  or  considet 'ot l .  l icr lkrgists t rnclcr-
s l i rnt l  a snr i r l l .sc i r lc  st t r r ly  to cnconl l )a$s a stnal l  arou with l inc spat ia l  dctai l .  Overal l
e:xlonl lrrrl grl irr t lcl inc tlrc rrpllcr and klwor l inrits of resolution of a study; they are

arrakrgous lo lho ovot'ull sizc ol 'a sieve and its mesh size (Wiens, 1989). The spatial
scalo at which rrrcasurclnonts or observations are taken influences the recognition
ol' spatial patterns and underlying processes of the environment and of the organisms

urrder study (Wiens, 1989); this has been calledintinsjc scale, which may determine
thc type of spatial patterns observed. "The intrinsic scale is a property of the

ccological process of interest, for example, tree fall, competition, stomatal control,

or microclimate feedbacks, and it is governed in part by the size of the individual

organisms (or events) and in part by the range of their interactions with their

cnvironment" (Malingreau and Belward, 1992, p. 2291\. Others (e.g., Hunsaker et

al., 2001) have been keen to understand the uncertain4r associated with spatial data

at different scales.
Remotely sensed imagery is an optimal way to collect spatial data across multiple

nested or hierarchical scales; imagery can provide synoptic coverage over large areas,

enabling investigations at the landscape scale, or more detailed imagery can be

collected representing smaller areas, most practically through some form of sampling

framework. As always, limitations exist in the quantities of spatial resolution and

area ofcoverage that can be obtained. Spatial resolution ofimagery depends on the

sensor spectral sensitivity, and the instantaneous field of view, while the area of

coverage depends on the satellite or airborne altitude (swath width) and the instru-

ment total field of view (Lillesand and Kiefer, 2000; Richards and Jia, 1999). Landsat

satellites typically cover an area of 1'85 x 185 km with a sensor spatial resolution

or pixel size of 30 x 30 m for most of the spectral bands; other satellites carrying
Advanced Very High Resolution Radiometer (AVHHR) sensors cover an area of

2394 x 2394 Wn with a spatial resolution of approximately 1 . 1 km. More details on

these fundamental concepts are presented in Chapter 2 of this volume.

Trruponnl Scllr

Temporal scale referc to the frequency with which an observation is made (Lillesand

and Kiefer, 2000), but similar to the spatial scale, it is made up of two components;

the temporal resolution and the temporal extent. The key to temporal scale is change

over time, and this pattern or trend may change with hours, days, months, years, or

centuries. Depending on the research question and the object under study, the tem-
poral scale of the investigation can be very different. For each source of imagery,

the temporal resolution - a sensor-specific component of scale - must be quanti-

fied. Satellites passing frequently over the same area translates into a higher temporal

resolution for a given sensor package; for example, the temporal resolution is 24

days for Indian Resource Satellite (IRS)-P2 satellites (Richards and Jia, 1999), but

1 day for satellites carrying the AVHRR (Malingreau and Belw ard, 1992) .In addition,

the original start of data collection for different sensor packages determines the

maximum possible temporal extent of any earth observation study. Operable satellites

launched many years ago translate into a higher temporal extent; for example, the
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IRS-l '2 sutcll i le wa$ li lullched itt Octobcr lr)r)4 (lt iclrlrrls antl Jit, l()t)9). wlri lc
AVHRR satellites were launchecl in several National Oceanic ancl Atrnospheric
Administration series between June l9T9 ancl May 1991. clearly, the ability ro
monitor frequent landscape changes at the temporal scale desired (e.g., daily) may
be limited by the temporal resolution and extent of a given satellite piatform.

Rrsrnncn Drslcrl nNo lNrrnpnETATtoN

Understanding the effect of scale on the detection and understanding of patterns and
causal mechanisms is one step toward the development of common ecological
theories within scales (wiens, 1989). There is no single proper scale at which all
sampling ought to be undertaken (Levin, 1992; wiens, 19g9), and there are no simple
rules to select automatically the appropriate scales of attention (Meentemeyer, l9g9).
Ecological structure, function, and change are dependent on spatial and temporal
scale (Turner, 1989). The identification of the appropriate scale to use will depend
on the organism or phenomenon under investigation. A species- or phenomenon-
centered approach, with recognition of its intrinsic scale tq the identification of
structure, is most relevant in the research design and analysis of forest landscapes.

Arbitrary scale choices can be avoided by anaryzing the variance of measure-
ments across many scales using techniques such as the nearest neighbor method
(Davis et al., 2000), semivariance analysis (Meisel and rurner, l99g), and several
other univariate (spatial correlograms and spectral analysis) and multivariate meth-
ods (Mantel test and Mantel correlogram; Legendre and Fortin, l9g9). Statistical
approaches are typically based on the observation that variance increases as transi-
tions are approached in hierarchical systems (o'Neill et al., 19g6). peaks of unusu-
ally high variance indicate scales at which the between-group differences are espe-
cially large, which suggest the representation of the scale of natural aggregation or
patchiness of vegetation (Greig-Smith, rgsz) or organisms; this is sometimes
referred to as the boundary of a scale domain (wiens, l9g9). A method of identifying
the appropriate scale of remotely sensed imagery uses a high spatial resolution image
chatacteized statistically and then subsequently collapsed to successively coarser
spatial resolutions while calculating local variance (Woodcock and Strahler, l9g7).
The image resolution at which local variance is highest can be deemecl the appro-
priate remote sensing scale in relation to the structural components of the grot-0.

PROCESSES GENERATE PATTERNS

Remote sensing of terrestrial ecosystems in support of resourcc management
involves identifying ecosystems and their biorogical, ecological, and physical char-
acteristics (Franklin, 2001). The definition of an ecosystem and tho r.clcvant char_
acteristics vary with the resource managed and the issue under consirlcration. There-
fore, the expectations that ecologists might have of remote sensing will vary; for
example, species composition and the physical affangement ol'llre vcgctation can
be remotely sensed and used to describe or infer ecosystem attributcs Lrsing straight-
forward methods and readily available data. Advances in remote scrrsirrg tcchnology
continue to expand the capacity to monitor changes of interest i1 ccssystems and

rcsourcc ruull lrgcnrcnt (Wrrhlcl ct al., 2(X)4). l.orest ocosyslents changc over tirrrc
hecuusc lhe trees nlusl grow lo survive, due to competit ion among trees, interactions
lunrong lxrphic leve:ls. lrrt l l irrgc-scalc disturbances. Certain aspects of the current
slute ol' ccosystcln rlyrtlrnisrn can be inf'erred from individual, remotely sensed
irnages, and othcr aspccts can only be assessed using a time series of images. In
lhis section, we provide ecological background on the remote sensing of ecosystem
lttributes with special attention to the dynamic nature of these ecosystem attributes,
(he landscape structure, and composition.

Fonrsr Srnruo Dvruniurcs

Cunent understanding of patterns and processes of stand development have been
I'ully described by Oliver and Larson (1996). Their synthesis is useful as a basis for
understanding the potential contributions of remote sensing. Disturbqnce, meaning
the death of trees that frees growing space, is fundamentally important for stand
development. Oliver and Larson (L996) distinguished between autogenic and allo-
genic forms of disturbance; autogenic processes cause death of individual trees for
reasons that are particular to the tree and ecosystem, and allogenic forms of distur-
bance arise outside of the affected trees or ecosystem. For ease of explaining the
processes involved in stand dynamics and the stand structures that result, Oliver and
Larson first described long-term stand development following a major disturbance,
including autogenic processes responsible for death of trees, and then incorporated
the impacts allogenic forms of disturbance imposed on this underlying pattern of
stand development. Oliver and Larson pointed out that stand development has been
investigated from two perspectives, one based on describing stand structures and the
other based on understanding stand developmental processes. The latter approach
has great value to resource management because it leads to greater capacity for
predicting changes to stands over time. Individual remotely sensed images may be
well suited to the stand structural approach to understanding stand dynamics, while
stand development typically requires multitemporal resolution imagery. Ecological
knowledge must be used to interpret the remotely sensed images to ensure maximum
information extraction occurs from available remotely sensed data (Graetz, 1990).

Forest ecosystems pass through four stages during the course of stand develop-
ment (Figure 1.2). The period immediately following a major disturbance is the
stand initiation stage. During this stage, the important process in stand dynamics is
the establishment of a cohort of vegetation. New vegetation becomes established
when the preexisting vegetation is killed; the number of species and the number of
plants that establish themselves and grow to fill the unoccupied growing space
depends on the ecoclimatic zone, site capacity to supply essential materials (nutrients
and water), and the relative amount of growing space that is made available and the
manner in which it is made available. The period of recruitment ends when the
community of trees first comes to fully ocpupy the available growing space. At this
time, the ecosystem enters the stem exclusion stage. Competition among established
trees is the dominant process affecting ecosystem development and structure during
the stem exclusion stage. Inherent differences among species affect the course of
competition and consequently the stand structures that develop. Virtually no growing
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FIGURE 1.2 Schematic stages of stand development following major disturbances. All trees
forming the forest start soon after the disturbance; however, the dominant tree type changes
as stem number decreases and vertical stratification of species progresses. The height attained
and the time lapsed during each stage vary with species, disturbance, and site. (Adapted from
Oliver and Larson, 1996.)

space becomes available for the establishment of additional trees as the result of
density-dependent mortality (competition). At about the time that the height growth
of successful competitors becomes negligible, these trees begin losing their ability
to maintain their "grip" on the growing space. This diminished capacity might be
abetted by disease or the activities of insects commonly found in the ecosystem and
eventually some trees die.

Species that have been less successful in competing in previous years may now
expand to fill the vacated growing space and consequently come to dominate the
overstory. However, if some of the growing space tlat comes available is captured by

t t  grr t t t t t r l  s l ( t t 'y .  p iu ' l tc t t l ru ly t t  grot t t t r l  s lo l 'y  l l r i r l  i r r t ' l r r t l t rs rr t lv i rncr. t l  regcrrcr i r l ion ol
ftottlr ltec slleeics, l lrcrr l lrc slittul e:tt lcl 's l l tt: t l tt le:r 'story lrrirrit i ir l iorr stitgr:. Sli lncl slruc-
It lrc bcc:otttcs inclclrsirrgly corrrplex with thc orrsct ol t lrc rrndr:rslory rcirrit iation stage;
lltc iulvaltcetl rr:gcnelrrl iorr tkrcs rrot hlvc sull icicnl growing space to lbrm a lower
slrull ol ' thc c:rnopy. ( 'onsct;uontly, the ecosystem remains dominated by the cohort
ol lror:s [ha[ wcrc cstablishcd alter the initial disturbance. At a later time in stand
tlcvoloprncnt, thc auklgcnic processes release growing space in sufficiently large areas
kr cause patches to return to the stand initiation stage, and as a result the ecosystem
rrnlcrs the old-growth stage. With the release of growing space in these patches,
irrlvanced growth is released, and other regeneration mechanisms operate to cause a
ncw cohort of trees to become established. The establishment of patches of vegetation
ol'new cohorts continues until all ofthe original cohort has been replaced, and at this
lime an old-growth stand exists. In nature, this stage of development is seldom
achieved because in many parts of the globe large-scale disturbances refum the entire
ccosystem to the stand initiation stage. Other forests are influenced by gap-replacing
disturbance, and there continues to be considerable debate about the historical fre-
quency ofgap versus stand-replacing disturbances. One possible valuable application
of remote sensing would be to test some of the assumptions about the frequency and
extent of gap versus stand-replacing forest disturbances (Wulder et a1.,2004).

Oliver and Larson (1996) presented that it is more common for a variety of tree
species ranging from pioneers to long-lived, shade-tolerant species to become estab-
lished during the stand initiation stage (known as initial floristics) than for later seral
stage species to become established after early seral stage species have occupied the
site, modified the environment, and lived a substantial portion of their life cycle
(relay floristics). This is in contrast to ideas of early ecologists, who imagined that
stand development involved a succession of stand cover types. Moreover, Oliver and
Larson (1996) show that forest ecosystems commonly develop a stratified mixed
stand structure during the stand initiation and stem exclusion stages. In stratified
mixed stands, the pioneer species grow most rapidly in the years immediately
following a disturbance and dominate the overstory in the years immediately fol-
lowing the disturbance. Species with inherently slow initial height growth but capable
of surviving in shade, albeit with even slower growth rates, sort themselves into
lower strata during the early years ofthe stem exclusion stage. Species that initially
dominate the upper stratum are usually shorter lived than the more tolerant species
in lower strata, and hence eventually the lower strata are freed from suppression and
dominate the overstory. The difference between the initial floristic pattern of stand
establishment and the relay floristic pattern has practical significance when inter-
preting the pattern of stand development of stratified mixed stands. In the past,
stratified mixed stands have been sometimes misinterpreted to be uneven-aged
stands, whereas in reality members of all strata became established in response to
the same disturbaace. This distinction is particularly important when devising silvi-
cultural interventions to maintain or promote particular stand structures.

Site characteristics such as microclimate and soil conditions vary spatially,
affecting the mix of species that becomes established in the various ecosystems that
make up a landscape. During the stand initiation stage, site characteristics can be
viewed as environmental "sieves" through which species must pass to become
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t rs l i t l t l is l ter t l .  l t r l  cx i t t t tp le.  s l lcc ies v i r fy in t l rc i r  crrprrc i ly  lo lo lcr i r l t :  r l lorrglr l .  gt l rw ()n
nutricnt-p(x)f soils, becorne estahlishccl on colrl sitcs, withslancl cxposrrlc. and snr'-
vive in shade. Many remotely sensed inrages orrly contain inlunnation ahout thc
uppermost canopy layer and not about lower strata and the ground story, but knowl-
edge of ecological habits of the tree species and of the stand development patterns
operating in the region can be used to better interpret current stages in stand devel-
opment of the observed ecosystems and their future stand structures. Some promising
new image data types with three-dimensional capabilities (e.g., light detection and
ranging, LIDAR) are described by Coops et al. (Chapter 2, this volume).

Errrcrs oF DtsruRBANcE oN Srlruo DyNnmrcs nNo Lnruoscnprs

Fire, windthrow, insect attack, and harvesting are examples of allogenic disturbances.
Each type of disturbance has a different impact on ecosystems and landscapes,
thereby having diverse effects on the stand structure created, the species that can
become established in the growing space made available by the disturbance, and
changes to the soil and site conditions necessary for tree growth. The frequency and
spatial extent of major disturbances affect the proportion of a laldscape in each stage
of stand development at any point in time. Remote sensing provides data for moni-
toring disturbances and documenting their effects on each ecosystem in a landscape.
These data can provide a means to monitor the subsequent stand development for
much larger numbers of ecosystems than could be measured by field surveys.

The type and severity of disturbance affects the success that can be achieved by
each regeneration strategy. For example, forest fires commonly consume the forest
floor, thereby eliminating advanced regeneration and therefore some species such as
balsam fir, which rely on advanced growth to become established after disturbance and
are prevented from being a future part of the ecosystem after fire. Clark and Bobbe
(chapter 5, this volume) provide background and an example of using remote sensing
for portraying fire impacts, and Hudak et al. (Chapter 8, this volume) include fire
disturbance in the presented case study. A contrasting example on the role ofdisturbance
in favoring particular regeneration strategies is what happens when the disturbance
removes selected species from the overstory but does not eliminate the ground story,
such as occurs with outbreaks of defoliating insects (Seymour, 1992; Figure 1.3). In
these instances, species regenerating from advanced growth might have an advantage
in acquiring the growing space made available, and species that are intolerant of shade
might be limited in their capacity to regenerate. Hall et al. (chapter 4, this volume)
develop an approach useful in mapping insect disturbance using remote sensing.

Disturbances can create atypical stand structures in ecosystems that had been in
the stem exclusion or understory reinitiation stages at the time of disturbance. These
relatively young stands would typically have complete overstories of trees belonging
to one cohort if only allogenic processes were in play, but after a major disturbance
that does not completely eliminate the original cohort, these stands will have more
than one cohort visible from above. Such disturbed stands will exhibit greater spatial
variability in stand structure than undisturbed stands. It is possible that these dis-
turbed stands will have structure commonly associated with old-growth stands, and
these structures might mislead some into believing that they are stable, old-growth
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1 regeneration develops vigorously. lfhere remnant
Spruces B and C (from the original old-growth stand)

do not blow down or succumb to bark beetles, thev

Vlrgln rtund <:n. ltt(ro

Typical post-harvest structure ca. l89O

Large, old red spruce dominate the overstory of the
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FICURE 1.3 Development of typical spruce-fir stand after logging and budworm attack circa
1860-1970. (Adapted from Seymour 1992.)
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dccrcasc growth, and thc irnpact on growth trriglrt vary ovor l i tttc. l iol ttxittttplc, l irc

can release nutrients held in recalcitrant organic matter, thercby incrcasing plant

growth immediately after the fire, but fire also decreases the total stock of nitrogen

existing on the site, which may decrease long-term potential productivity.

A disturbance affecting a large area can reduce the number of tree species that

can disperse seeds onto the disturbed areas. Dispersal distance varies among species

depending on mode of dispersal, seed size, and special appendages on seeds that

facilitate dispersal. Therefore, species such as trembling aspen with very light seeds

that can disperse in wind for great distances can disperse seeds onto large disturbed

a.reas, whereas species with heavy seeds and no wings or other appendages to facilitate

dispersal can only disperse a short distance from their site of origin (Burns and

Honkala, 1990). In some circumstances, species with restricted dispersal distances

maintain a presence in stands that become established because variations in the severity

of the disturbance leave islands of living trees throughout the disturbed area to serve

as seed sources. For example, small patches of burned or lightly bumed forest are

sometimes found scattered across a bumed landscape, and seeds from species such

as white spruce can disperse from these refugia into the surrounding disturbed area.

Large-scale disturbance is an integral part of numerous landscapes affecting the

species found and the distribution of land area among stages of development. As a

consequence,large-area forest fires affect virtually all of the boreal forest of central

Canada on a regular basis (Stocks et al.,2OO3). Only tree species that are adapted

to regenerate after fire are found in this region. Moreover, most stands are in the

stem exclusion stage or early in the understory reinitiation stages because the fire

frequency precludes many stands reaching the old-growth stage. Similarly, wide-

spread outbreaks of spruce budworm in the spruce-fir forests of eastern North

America profoundly affect stand development and the landscape (Baskerville, 1975).

Spruce budworm outbreaks occur at 30-year intervals, and in northern New Brun-

swick there were two age classes of ecosystems existing at the beginning of the

outbreak: 30-year-old forest stands originating from the immediately previous out-

break and 60-year-old stands originating from the outbreak before the last one

(Figure 1.4). There is widespread mortality in the 60-year-old stands, causing those

ecosystems to return to the stand initiation stage. In the 30-year-old stands, the effect

of spruce budworm mortality is to thin stands and shift species composition to a

higher percentage of spruce and birch and a lower percentage ofbalsam fir, although

balsam fir usually continues to be the largest proportion of these stands. In this

manner, disturbance has largely determined the landscape characteristics and signif-

icantly affected stand development of most stands in the region.

PATTERNS GENERATE PROCESSES

lmpncrs oF PATTERNS oN EcotoctcAl PRocESsEs

.lrrsl as physical and ecologioal procosscs generate landscape structure, landscape

stt u(:turc influences physical and ecologictrl processes. Specifically, landscape pattern
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FIGURE 1.4 Natural succession in the Green River fir-spruce-birch forest' The two columns

represent two sequences both beginning in 1875 but with differing initial conditions' The

blackened tops represent disfiguration by intensive budworm feeding. The hatched cones

represent white spruce trees, the unshaded cones are firs' and the rounded trees are hardwoods'

(Adapted from Baskerville, 1975.)

has been found to affect rates of wind and water erosion, intensity of natural distur-

bances (Foster, 1988), plant and animal movement (Beier and Noss' 1998)' survival

(DohertyandGrubb,2o02),afireproduction(Robinsonetal.,1995).Here,abrief
ieview is provided of the components of landscape pattern that have been shown to

exert a strong influence on ecological processes. Such patterns are considered prior-

ities for measurement in remote sensing (Gergel, chapter 7, this volume).



Al l  l l r r t lsc i rpcs i r le c l r i r l i rc l r : r ' izct l  hy t lc :gr 'ecs ol  l re lctrrgcrtc i ty ( l ) l r lc l t i l tc$s) i t l
t l i l ' lcrcrrt sctlcs; cli l l 'cring substri ltcs (soils, hedr<lck), natural dislurbitncrrrs (l ircr, insect
outbreaks), and hur.nan activity (lorcstry, roacl bLrilding) all crcatc pittchincss actoss
a landscape. The "patch-corridor-matrix" model (Forman, 1995) has bccome a cen-
tral component of landscape ecology in theory and in practice:

A patch is a homogenous area that differs from its surroundings (Forman,
1995). A woodlot surrounded by farmland and a wetland immersed in
upland habitat are examples of patches. Patch shape often correlates with
the intensity of human activity. Intense human activity often results in
simpler, less-convoluted patch shape
Corridors are a form of patch in that they differ from the surrounding
areas. However, they are usually identified as strips that aid in flows
between patches (Lindenmayer, 1994). Corridors fulfill a number of roles,
including facilitating animal dispersal, wildlife habitat, preventing soil
and wind erosion, and aiding in integrated pest management (Barrett and
Bohlen, 199i). A riparian buffer strip might serve as a corridor for forest
songbirds (Machtans et al., 1996) or a kilometers-wide forested strip could
serve as a corridor for cougar (Beier, 1995). The life history traits ofeach
species determine the characteristics of corridor habitat
The matrix is the most extensive component of the landscape, is highly
connected, and controls regional dynamics (Forman, 1995). For instance,
in the Canadian prairies, small woodlot patches occur in a matrix of natural
grassland or agricultural development

The landscape structures briefly described above (patches, coridors, and matrix)
influence, and are influenced by, landscape flows. These flows include diverse ele-
ments such as wildlife (Lindenmayer and Nix, 1993), soil and nutrients (Stanley

and Arp, 1998), and water (Campbell, 1970). For example, Haddad (1999) demon-
strated that pine plantations impede the movement of butterflies between patches of
early successional forest.

One of the central principles of landscape ecology is that all ecosystems are
interrelated, with movement or flow rate dropping sharply with distance but more
gradually between ecosystems of the same type (Forman, 1995). Thus, a very
heterogeneous landscape (with many patch types) is marked by a relatively low
degree of movement (flow) and a large amount of resistance.

FnncmrNrnnoN, CoNNEcnvrry, AND lsorATroN

Fragmentation is the "breaking apart" of habitat. This can occur as a result of natural
processes such as forest fires or anthropogenic disturbances such as road building
or timber harvesting. Different views exist about definitions regarding "habitat loss"
and "fragmentation." Wilcove et al. (1986) suggested that fragmentation is a com-
bination of habitat loss and isolation; however, recently the emerging consensus is
that habitat loss and fragmentation should be described separately (Andr6n, 1994;
Fahrig, 1998, 2002; Mazerolle and Villard, 1999). Fragmentation is often defined

FIGURE 1.5 Unfragmented (A) versus fragmented (B) landscapes with the same amount ot

lrlbitat present in each landscape.

;rurely as the breaking apart of habitat and does not always imply habitat loss. For

instance, holding habitat area constant, a landscape can either be fragmented (i'e''

many patches) or unfragmented (i.e., one patch) (Figure 1.5). While habitat loss and

tiagmintation are often confounded in real landscapes (i.e., they occur together),

we emphasize that it is important to determine which of these is ecologically

important; if populations respond to habitat fragmentation, land managers may be

able to design landscapes that mitigate risks.

Landscape fragmentation effects may be grouped into a few major categories,

including edge, patch size, and distance between patches (connectivity)

(Schmiegelow and Mdnkkdnen, 2002). For example, edges are the result of vege-

tation boundaries in the landscape and may result from (a) enduring features (soils,

drainage, slope); (b) natural disturbances; or (c) human activities such as forest

harvesiing oi fur- development. An edge effect may be caused by differences in

moisture, temperature, and light that occur along the boundary between different

adjacent patch types (Saunders et a1., 1991). A number of studies have reported

increased rates of predation at forest edges (Paten, 1994); however, this appears to

be context dependent (Bat6ry and B51di, 2004). Many organisms are affected by the

size of favorable habitat patches. Such species are termed area sensitive (Freemark

and Collins, 1992). Robbins et al. (1989) found that "area" was one of the most

significant habitat features for many neotropical migrant bird species. Area sensi-

tivity tras also been observed for amphibians (Hager, 1998). Although some debate

exists about the area sensitivity of plants, a number of published studies reported

lower genetic diversity and higher rates of extinction in smaller populations (Bell

et al., l99I; Damman and Cain, 1998).

In some cases, fragmented landscapes have been shown to exhibit the same

characteristics as those observed in island archipelagos by MacArthur and Wilson

(1967). Isolation of habitat seems to compound the effect of small patch size on the

ability of some species to persist and recolonize. These findings can be understood

betterif placedinthecontextof theconcept of metapopulations.Themetapopulation

concept requires that population dynamics be studied beyond the scale of local

poputations. "Equilibrium," rather than occurring in a single, local population, might

2.
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occur i ts l  rcsul l  o l ' i r  nunr l )cr  o l ' in l r rc( f rurcelet l  srrhpol t t r lu l i rxts l l t i r l  iu 'e r l is l t ' i l ' rutcr l
across a rcgion (Husband and Barrell, 1996). lbpulaliorr clyrrirrrt ics alc tlre rcsult ol '
a series of local extinctions and recolonizalions in habitat patchcs (Lcvins, 1970).
If the subpopulation of one patch becomes extinct, then it rnay cventually be reool-
onized by dispersers from a subpopulation that exists in a neighboring patch. This
is the "rescue effect"; for a species to spread or persist, individuals must colonize
unoccupied habitat patches at least as frequently as populations become extinct
(Hanski and Ovaskainen, 2000). As fragmentation progresses, the distance between
patches (isolation) of mature forest increases. This distance limits the ability of
organisms to disperse and colonize new habitat patches.

It is important to note that, in addition to the studies briefly described above
indicating a significant influence of landscape pattern on species distributions, there
are many studies that reveal only weak or nonexistent landscape pattern effects (Delin
and Andr6n, 1999; Game and Peterken, 1984; McGarigal and McComb, 1995;
Schmiegelow et al., L997; Simberloff and Gotelli, 1984). Indeed, the majority of
evidence indicates that it is habitat loss rather than fragmentation per se that is the
most important influence on species occurrence, reproduction, and survival (Fahrig,
2003). This appears particularly to be the case in forest mosaics (for reviews, see
Bender et al., 1998; Mtinkkcinen and Reunanen, 1999). This idea reinforces the notion
that it is important for remote sensing to provide accurate classifications of landscape
composition in addition to input data to analyses of landscape configuration.

Andrdn (1994) proposed that landscape configuration is only important below
a threshold in the proportion of suitable habitat at the landscape scale. Only at low
levels ofhabitat are patches small and isolated enough to result in patch size effects
or restrictions in movement (Gardner et al., 1991). This results in multiplicative
impacts of fragmentation on habitat loss. A number of theoretical studies supported
this "fragmentation threshold" hypothesis (Fahrig. 1998: Hill and Caswell, 1999;
Wiegand et al.,2OO5; With and King, 1999), but it has rarely been demonstrated in
nature (Trzcinski et al., 1999). However, this may be because "suitable habitat" has
rarely been defined according to the requirements of individual species.

Pnrorcrvr Mooruruc oF SpEcrEs OccunnrNcr Usrttc Grospmnl Dnrn

To determine rates of change in the amount and pattern of habitat at any spatial
scale, it is clearly necessary to have accurate definitions of habitat for different
species. Remotely sensed data have been used extensively to develop habitat models;
these are inexpensive to develop in comparison to models based on detailed vege-
tation data collected in the field (Osborne et al., 2001; Vernier et a1.,2002) and
provide an opportunity to generate predictions about species distributions over large
spatial extents at relatively fine resolutions (Betts et al.,2OO6; Gibson et a7.,2004;
Linke et al., 2005). Such models are usually probabilistic in nature, but a wide range
of modeling techniques are available, including classification trees, neural networks,
generalized linear models, generalized additive models, and spatial interpolators
(Segurado and Araujo, 2004). Models have been developed to cover aspects as
diverse as biogeography, conservation biology, climate change research, habitat or
species management (Guisan and Zimmermann, 2000), and vegetation mapping (J.

Fl  Fnrnkl i r r .  l ( )95).  As l l rc resolrr l iot t  o l  tct t totc ly sct tsod t lutu i t t tprovcs,  thc rut tge
ol'potctrl ial upplicutiorrs is l ikely to ittcreuse (Coops et al,, Chapter 2, this volunte;
Wulder et al.. 2(X)4).

LnNnsclpr Mrrnrcs

'lir study the efl'ects of landscape structure on ecological processes, it is necessary
to develop methods to quantify spatial patterns into measurable variables before
lirrks to ecological processes can be determined (Frohn, 1998). Landscape metrics,
rrl indices, have been developed to meet this need (Diaz, 1996). Early landscape
nrctric studies presented only a few metrics, typically dominance (the degree to
which certain kinds of landscape patches or classes predominate in the landscape),
contagion (the extent to which similar patches are clumped together), and shape
(the form of an area or a patch as determined by the variation of its border) (Forman,

1995; O'Neill et al., 1988). Today, an extensive array or suite of landscape metrics
and indices exists (Elkie et al., 1999:, McGarigal and Marks, 1995). The suite of
available landscape metrics can be considered to include specific measures of area,
cdge, shape, core (or interior) area, nearest neighbor/diversity/richness/evenness,
interspersion/juxtaposition, contagion/configuration, and connectivity/circuitry
(Gergel, Chapter 7, this volume; McGarigal et al., 2000).

The large number of metrics that have been developed to describe and quantify
spatial structure often appears to be overwhelming, and the question of metric
redundancy has frequently arisen. Initially, use ofmetrics that have known ecological
relevance and application should be considered. However, some standard approaches
have been employed to deal with the issues of redundancy and number of metrics
for a given application. For example, Riitters et al. (1995) used a factor analysis to
reduce to a few components more than 50 specific landscape metrics applied to 85
maps of land use and cover in the United States. Recent studies have concluded that
it is possible to identify a parsimonious suite of metrics using principal components
analysis to characterize much of the spatial patterns existing in a boreal forest
landscape subject to many common disturbance processes (S. Cushmaa, personal
communication, April and October, 2002; Lirke and Franklin, in press).

In addition to the issue of appropriate metric selection, there are several other
factors known potentially to influence the interpretation and use of landscape metrics
(Haines-Young and Chopping, 1996), including, for example, metric uniqueness,
sensitivity, abrupt versus continuous edges, statistical quantification, study area
extent, and scale or resolution. Another important characteristic of landscape metrics
to consider is their actual behavior over a wide range of landscape structures; the
instance of nonlinear landscape metric behavior over scale is briefly mentioned here:

1. Hargis et al. (1998) investigated the relationships between six landscape
metrics and the proportion of two landcover types across simulated land-
scapes, also controlling for the size and shape of patches. Most metrics
were linearly associated at the lower landcover proportion range but had
nonlinear associations at higher proportions, which limits their direct
comparability across different regions

3
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controlled conditions (Neel et al.. 2(X)4)

An awareness of all of these interpretational effects and metric behavioral lim-
itations must be embedded in any landscape quantification attempt. A detailed
discussion of spatial pattern analysis using landscape metrics is presented by Gergel
in Chapter 7.

coNcrustoN
Understanding forest disturbance and spatial pattern is increasingly recognized as
essential to effective and sustainable forest management in many forest environments
around the world. We hope that this introduction has provided some insight into the
challenges that are further elaborated in later chapters; the developing appetite in
landscape ecology and conservation biology for spatial data and models that work
with complex phenomena; the relationships between pattern and process, process
and pattern; the specific details of remotely sensed and GIS data selection; the
importance of scale; the myriad issues in fire and insect, forest harvesting, and other
disturbance monitoring; and the emerging role of landscape metrics and modeling
landscapes. The literature and practice offorest disturbance and spatial pattern using
remote sensing and GIS approaches are diverse and increasingatan astonishing rate
as new perspectives and insights take hold. We expect this presentation will be useful
to those involved in this interesting and exciting endeavor, in the implementation
and continued development of remote sensing and GIS approaches, and in their
application to forest ecosystems and processes. We anticipate progress in these areas
will help shape future directions in the important work of forest resource mapping,
monitoring, and management.
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