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Abstract

Ecological research provides ample evidence that topography can exert a significant influence on the processes
shaping broad-scale landscape vegetation patterns. Studies that ignore this influence run the risk of misinterpret-
ing observations and making inappropriate recommendations to the management community. Unfortunately, the
standard methods for landscape pattern analysis are not designed to include topography as a pattern-shaping fac-
tor. In this paper, we present a set of techniques designed to incorporate the topographic mosaic into analyses of
landscape pattern and dynamics. This toolbox includes adjustments to ‘classic’ landscape indices that account for
non-uniform landscape topography, indices that capture associations and directionality in vegetation pattern due
to topographic structure, and the application of statistical models to describe relationships between topographic
characteristics and vegetation pattern. To illustrate these methods, we draw on examples from our own analysis
of landscape pattern dynamics in logged and unlogged forest landscapes in southwestern British Columbia. These
examples also serve to illustrate the importance of considering topography in both research and management
applications.

Introduction

Landscape composition and configuration are impor-
tant factors influencing ecosystem function and habi-
tat quality (e.g., Urban et al. (1987) and Turner
(1989)). In the last decade, landscape pattern analysis
has received increasing attention in both the ecologi-
cal research and the management community (Leh-
mkuhl and Ruggiero 1991; Forest Ecosystem Man-
agement Assessment Team (FEMAT) 1993; Jensen
and Bourgeron 1993; Lehmkuhl et al. 1994; Voller
and Harrison 1998; Cissel et al. 1999; Hessburg et al.
1999). Much theoretical research in landscape ecol-
ogy has focussed on quantifying various aspects of
pattern and understanding the effect of disturbance
processes, both natural and human-induced, on the
vegetation mosaic (see, e.g., Gardner and O’Neill
(1991) and Turner et al. (1991a) for reviews). These
studies generally model landscapes as a homogeneous
space in which landscape dynamics arise as a conse-

quence of free interaction between disturbance pro-
cesses and vegetation dynamics. The vast majority of
indices of pattern described in the literature (e.g.,
O’Neill et al. (1988) and Turner et al. (1991a), Riit-
ters et al. (1995)) and compiled into landscape analy-
sis packages such as ‘r.le’ and ‘FRAGSTATS’ (Baker
and Cai 1992; McGarigal and Marks 1994) were de-
signed to capture salient properties of pattern in such
topographically ‘neutral’ landscapes.

However, even casual observation of vegetation
pattern in a mountainous valley reveals that the spa-
tio-temporal dynamics of pattern in landscapes with
prominent topography can be substantially influenced
by the topographic relief. Topography shapes pattern
indirectly through its influence on disturbance re-
gimes and potential successional pathways, and di-
rectly, by creating permanent natural breaks in vege-
tation pattern (Swanson et al. 1998; Turner 1989).
Terrain analysis, or geomorphometry, the science of
describing and measuring various aspects of topogra-
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phy is well developed (see, e.g., Florinsky (1998) for
an overview). Digital datasets describing topography
at various scales exist for many geographic areas, and
software for manipulating topographic information
has become widely available, both in form of stand-
alone programs and as an integral part of many GIS
packages (Pike 2000). In the ecological community,
the importance of topography and topography-related
variation in local site conditions for community struc-
ture, composition and successional pathways is well
established (e.g., McNab (1989) and Pastor and Bros-
chart (1990), Leduc et al. (1992), Moore et al. (1993),
Hadley (1994), Wondzell et al. (1996), Ohmann and
Spies (1998)). There is also an increasing body of
knowledge of how topography influences the fre-
quency, spread, extent, and distribution of natural dis-
turbances such as fire, blowdown, pathogens, and
geomorphic events across the landscape (e.g., Romme
and Knight (1981) and Knight (1987), Walsh et al.
(1990), Butler and Walsh (1994), Hadley (1994),
Walsh et al. (1994), Costello et al. (1995), Veblen and
Alaback (1996), Zhang et al. (1999), Kramer et al.
(2001)). However, while some studies have integrated
different aspects of ecosystem dynamics and their in-
teractions with topography (Swanson et al. 1998,
1992; Allen and Walsh 1996; Wondzell et al. 1996),
our understanding of how topography, disturbance re-
gimes, and vegetation dynamics interact to form land-
scape pattern is still limited. Landscape ecological
research could help to fill this gap by quantifying the
effect of topography on different aspects of landscape
pattern. Presence or lack of such relationships could
then be used to refine or test hypotheses about the
underlying landscape dynamics. Unfortunately, the
theoretical framework of landscape ecology to date
does not provide a well-developed methodology for
analysing pattern and dynamics in landscapes with
strong topography, or, more generally speaking, land-
scapes with a strong underlying physiographic struc-
ture. New methods are required to address research
questions arising from the interplay between the
physical terrain mosaic and ecosystem dynamics.

Because topographic influences can mask or exag-
gerate the patterns of primary concern in a given anal-
ysis, such as differences in landscape pattern due to
management history, a good understanding of topo-
graphic influences on landscape dynamics is also im-
portant in research not primarily concerned with re-
lationships between vegetation pattern and
topography. This is perhaps best illustrated in the con-
text of estimating range of natural or historic variabil-

ity (RNV) as a framework and template for determin-
ing desired ecosystem and landscape conditions
(Swanson et al. 1993; Landres et al. 1998, 1999). If
the dynamics in a landscape are influenced by its to-
pography, two landscapes with different topography
can be expected to have a different RNV, even if they
are otherwise similar with respect to vegetation and
disturbance dynamics. It is often not feasible to con-
duct detailed studies of historic landscape dynamics
for each managed area. Hence, management targets
based on RNV will have to be extrapolated across
space, and thus should be adjusted to account for to-
pographic differences between studied and managed
landscape.

In this paper, we present a set of methods for land-
scape pattern analysis that address the relationships
between vegetation pattern and topography. While the
studies cited above have generally addressed topo-
graphic influence by treating topographic characteris-
tics as separate variables, here we focus primarily on
integration of topography into descriptors of land-
scape pattern. We show how measures of landscape
pattern can be corrected for the underlying topogra-
phy, and develop a set of indices that measure pattern
with respect to topographic gradients. Furthermore,
we develop methods for factoring out topographic
constraints on landscape pattern, and illustrate, how
these methods can be used to compare landscape pat-
tern between areas that differ in their topographic re-
lief, and how RNV can be adjusted to take topo-
graphic differences between landscapes into account.
Throughout the paper, rationale and development of
each statistic is illustrated with examples from a study
of landscape pattern in southern British Columbia,
Canada. These examples also demonstrate the poten-
tial implications of not accounting for topography in
a landscape analysis.

Study area and data sources

The study area from which the examples for this pa-
per were taken consists of the Stein River and
Cayoosh Creek drainage systems, located on the east-
ern flank of the British Columbia Coast Mountain
Range, Canada, and comprising an area of approxi-
mately 200,000 ha (Figure 1a). The terrain through-
out the area is mountainous, with often very steep
side slopes frequently dissected by cliffs, gullies, and
slide and avalanche tracks. Whereas sections of the
Cayoosh Creek main valley, as well as several of its
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sub-drainages, have been subject to logging, the en-
tire Stein Valley, as well as several of the watersheds
in the Cayoosh Creek basin remain roadless wilder-
ness areas. The purpose of the larger study was to ob-
tain a description of range of natural variability for
landscape pattern from the unmanaged watersheds
within the study area and evaluate harvesting impacts
in relation to this baseline. For the purpose of this pa-
per, we focus on the Blowdown Creek drainage, one
of the watersheds in the upper Cayoosh Creek valley,
to show some of the concepts and ideas used in the
broader analysis. The analyses presented here are
meant as illustrations of methods only, and to dem-
onstrate the potential implications of not accounting
for topography in a landscape analysis. A complete
account of the results obtained from the Stein-
Cayoosh study, and discussion of their relevance and
implications is presented in (Dorner 2002).

The examples used in this paper are based on an
analysis of forest cover inventory maps maintained by
the British Columbia Ministry of Forests, which are
derived from orthophotos (approximate scale
1:20,000). Forest cover maps were provided in raster
format at a resolution of 20 × 20 m. BC Ministry of
Environment Terrain Resource Inventory Manage-
ment data (TRIM) spotheight data were used to cre-
ate a digital elevation model at a resolution of 60 ×
60 m.

Approach

Depending on the research objective, topography will
have to be considered at several stages of landscape
analysis, from database preparation through compu-
tation of pattern descriptors, to descriptive and pre-
dictive modelling of landscape pattern dynamics. In
this paper, we discuss approaches for incorporating
topography into landscape analysis that roughly fall
into three categories: 1) adjustment of area and dis-
tance calculations to avoid systematic biases in land-
scape statistics; 2) design of indices that capture char-
acteristics of vegetation pattern in relation to
topography; and 3) use of statistical models to de-
scribe broad-scale relationships between topographic
characteristics and vegetation pattern. Because our
aim is to present techniques that we found most use-
ful in our own analysis, the remainder of this paper
discusses both well-established methods adapted for
the present context and new methods developed

within the context of this study, organised by cate-
gory.

The algorithms described here are designed to
work with data in raster format, but most of the con-
cepts could be easily adapted to be implemented in a
vector-based system. Our spatial analyses use stan-
dard routines provided with the GRASS GIS (West-
ervelt et al. 1991), augmented with custom modules
written in C and C++ to conform to GRASS interface
specifications. Source code is available from the au-
thors on request. All statistical analyses were per-
formed in S-Plus (Statistical Sciences Inc. 1993).

Incorporating topography into classic indices:
adjusting area and distance calculations

The predominant representation of spatial data is a
’bird’s eye’ view. The landscape is represented by a
planar map, which depicts the projection of a non-flat
surface into a two-dimensional Cartesian space. Dis-
tances and areas measured on such a planar map un-
derestimate actual surface areas and distances. In
steep terrain, the discrepancy can be considerable.
When the variables of interest in a particular study are
more closely correlated with actual on-the-ground
area or distance than with projected measures, it is
worth considering how, and to what degree, the use
of projected measures might influence results or sta-
tistical power to detect treatment effects.

Example 1: relative importance of fire and logging
disturbance throughout the landscape

We compare the proportion of forested area recently
disturbed by fire and logging respectively in the Stein
and Cayoosh drainage systems. Unlike fire, logging
activity primarily occurs in areas with flat or moder-
ate slopes (median slope is 31 degrees for fire patches
and 15 degrees for logging patches). Total area in fire
and logging patches is 676 ha and 2851 ha respec-
tively when calculated on a planar map, but 851 ha
and 3013 ha respectively when calculated based on
actual surface area. Thus, the figures obtained from
the planar map underestimate total surface area in
wildfires by 20%, but total logged area by only 5%.
If we had not adjusted our area calculations for to-
pography, we would thus have underestimated the
relative frequency of wildfire relative to logging and
hence overestimated the relative contribution of log-
ging to overall disturbance frequency.
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Conceptually, the modifications required to incor-
porate true surface areas and distances into a land-
scape analysis framework are relatively minor. Given

a digital elevation model of sufficient resolution and
accuracy, true surface area can be estimated as pro-
jected area/cos(slope) for each raster cell. A precom-

Figure 1. Forest age class mosaic for (a) Stein River and Cayoosh Creek and, within this landscape, (b) Blowdown Creek (based on 1994
BC Ministry of Forests Forest Inventory data). Blowdown Creek has not experienced major natural disturbance events within the last 40
years. The patches in the first two age classes shown in red represent recent cutblocks. Edge orientation (c), and patch orientation (d) are
shown for the age-class polygons in Blowdown Creek. The red and blue lines in (e) ’Greenness’ (the 2nd band of the Tasseled Cap trans-
formation for Landsat TM data) show two samples of directional transects (See text for discussion).
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puted raster layer containing true surface area for
each cell can be used to weigh the contribution of
each cell in various summary statistics. Similarly, true
surface distance between centre points in adjacent
cells is approximated as �dElev2 � dist2, where dElev
is the difference in elevation between adjacent cells
and dist is the Euclidean distance in the x-y plane.
Since traversal distance for a cell depends on the di-
rection in which the cell is traversed, it is unfortu-
nately not possible to incorporate true surface dis-
tances by using precomputed weights for each cell.

It should be noted that slope-correcting areas and
distances are only two of many possible adjustments
researchers may apply to area and distance calcula-
tions and thus make them more relevant to their spe-
cific research question. In particular, area and distance
calculations could be formulated to take into account
dispersal capabilities and general behavioural charac-
teristics to adapt standard landscape indices to a func-
tional perspective that perceives the landscape
through the ’eyes’ of a particular ecological agent
(Wiens 1985; Kolasa and Rollo 1991).

Indices that capture relationships between
vegetation pattern and topography

Although a first elementary step for calculating met-
rics of spatial pattern in landscapes with a strong to-
pographic relief, incorporating true surface area and
distance into landscape index computations addresses
topography only as a simple nuisance factor. A more
in-depth look at the relationships between topography
and vegetation pattern requires tools that can make
these relationships more explicit. One such tool is
provided by indices that quantify pattern in relation
to underlying topographic characteristics.

Topography shapes and constrains vegetation pat-
tern in several ways. Topography creates a range of
environmental conditions that favour different eco-
logical communities and ecosystem processes. Topog-
raphy, in conjunction with geomorphic processes,
also creates stable vegetation boundaries and vegeta-
tion-free areas throughout the landscape. Finally, el-
evational gradients impose a directionality to which
ecological and physical processes respond to in shap-
ing landscape pattern (Swanson et al. 1998, 1992;
Montgomery 1999). The effects of inhomogeneity in
physical landscape conditions on vegetation compo-
sition have been well-studied, and methods such as

spatial correlation analysis (Legendre and Fortin
1989; Leduc et al. 1992) and electivity indices (Pas-
tor and Broschart 1990) have been used to measure
strength of spatial association between physical char-
acteristics and vegetation pattern within a landscape
analysis framework. In the remainder of this section,
we focus on the other two ways in which topography
may shape landscape pattern: directionality intro-
duced by elevational gradients and constraints im-
posed by stable edges in the vegetation mosaic.

Measuring pattern directionality I: orientation of
patches and patch edges

Direction of vegetation boundaries in relation to to-
pographic gradients constitutes an important aspect of
pattern directionality that both reflects and affects
ecological flow within the landscape (Swanson et al.
1998). As a simple example, consider an avalanche
track. The elongated shape, bordered by long
stretches of edge following the main slope direction
reflects gravity as a key driver of disturbance pro-
cesses and the association of this natural disturbance
type with strong elevation gradients. By dissecting the
upland forest matrix, the avalanche track also changes
drainage and erosion patterns and may impede or fa-
cilitate movement of animals across the mountain-
side, as well as providing additional variety of habitat.

To capture directionality of patches and patch
edges we compute edge orientation, expressed as the
angle between direction of patch edge and slope di-
rection. We traced patch outlines and fitted a line
through each two adjacent edge cells. Edge direction
for each edge cell was then calculated as the average
of the slope of the two lines fitted through the edge
cell and its neighbours. Similarly, slope direction was
calculated for each edge cell as the direction of the
steepest elevation gradient in the digital elevation
model. Edge orientation in relation to slope direction
is then simply the angle between edge direction and
slope direction. Figure 1c shows a map representing
edge orientation for Blowdown Creek, one of the wa-
tersheds in the Cayoosh Creek basin (Figure 1b).

If desired, the information contained in this type
of map can be summarised into a landscape index.
Thus, we compute patch orientation, defined for each
patch, as the ratio of (length of) patch edge following
the slope direction (angle with slope < 30 degrees) to
length of patch edge across slope (angle with slope >
60 degrees). In this calculation the length of patch
edge contributed by each cell is determined as the
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distance across the raster cell (either straight across
or diagonal, depending on edge direction), adjusted
for slope inclination (see previous section on adjust-
ing area and distance calculations). Patch orientation
for Blowdown creek is shown in Figure 1d. Land-
scape edge orientation, the equivalent index com-
puted for all edges over the entire landscape, reflects
the dominant layout of the vegetation mosaic in rela-
tion to topography. Landscape edge orientation index
for Blowdown Creek is approximately 1.8 (i.e., 1.8
times as much edge in slope direction as across
slope). Where appropriate, these indices of pattern
directionality can equally be applied to physiographic
gradients other than elevation, such as moisture gra-
dients or gradients of substrate composition (Keddy
1991).

Example 2: orientation of logging vs. fire patches

Since edges following the slope direction are a visu-
ally dominant characteristic throughout most parts of
the Stein and Cayoosh drainage systems, we were in-
terested in quantifying this characteristic and in de-
scribing the effect of logging on this aspect of land-
scape pattern. Figure 2 shows a comparison of
distributions of patch orientation indices for logging
and fire patches. The two distributions differ signifi-
cantly at the � = 0.05 level (�2 test, p < 0.001). Pre-
dominant orientation of fire patches is well in accor-
dance with the dominant upslope-downslope
directionality of forest edge within the study area.
Conversely, logging patches create a higher propor-
tion of edge running perpendicular to the fall line. If
harvesting replaces fire as the predominant disturb-
ance agent in the area we may thus expect changes in
the pattern of ecological flows and possibly also in
terms of landscape connectivity.

Measuring pattern directionality II: pattern along
transects

A somewhat different approach towards assessing
pattern directionality is based on the concept of
transects following gradients or isoclines. This corre-
sponds to imposing a modified coordinate system
onto the landscape, where travelling outward from a
point in x direction means following the direction of
maximum gradient (e.g., along the fall line) and trav-
elling in y direction means following the isocline
(e.g., along an elevational contour). Many conven-
tional landscape indices and spatial statistics can be

made to incorporate physiographic gradients this way,
provided they can be applied in the one-dimensional
context of transect-based analysis. The following two
examples present two applications of the transect
method: measuring directional forest connectivity and
use of semi-variograms to derive characteristics of
forest patchiness in relation to watershed topography.

Example 3: connectivity of closed canopy forest
habitat in relation to watershed topography

In the Stein-Cayoosh study, we applied the concept
of computing landscape statistics along and perpen-
dicular to topographic isoclines, respectively, to de-
rive indices that capture connectivity along the main
watershed axis, as well as connectivity from upland
to valley bottom areas. The statistic we compute here
is travel distance across each patch of mature and
late-seral forest along topographic isoclines (Figure
3a) and in up-down slope directions (Figure 3b).
Thus, the value for each cell in the maps in Figure 3a
and 3b indicates how connected that cell is to other
mature-forest cells either across (Figure 3a) or along
(Figure 3b) the elevational gradient. To produce these
maps we use the edge cells of each patch as a starting
point and trace along isoclines and along the fall line
respectively until the other side of the patch is

Figure 2. Distribution of patch orientation index values for early-
seral patches originated after fire and logging respectively in the
Stein and Cayoosh Creek drainage basins. The box in the box plots
represents the central 50% of the distribution, the whiskers repre-
sent the central 90%.
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reached. Each cell on the traced transect is then as-
signed the total length of the transect. In areas with
irregular topography this algorithm may leave some
cells not assigned to any transect in the patch interior.
Any such blank spots are filled in by interpolation
from adjacent cells. A landscape connectivity index
can be computed from the maps in Figure 3a and 3b
by taking the (area-weighted) average connectivity
value over the entire forested area. For Blowdown
Creek the value of this directional connectivity index
is 380 m in across-slope direction, and 357 m in up-
down slope direction. Since the distance from valley
bottom to ridgeline (or treeline) is typically shorter
than the distance along the main watershed axis, the
value obtained for connectivity in across-slope direc-
tion should be substantially larger than the value for
upslope-downslope connectivity, unless connectivity
is interrupted by disturbance or permanent breaks in
the forest mosaic. That the two index values are very
similar for Blowdown Creek thus indicates that ter-
rain features and disturbance processes impact con-
nectivity along the main watershed axis more than
connectivity from upland to valley bottom.

Example 4: spatial scaling in relation to watershed
topography derived from directional
semi-variograms

A complementary perspective on scaling and frag-
mentation of vegetation pattern in relation to topog-
raphy can be gained from directional semi-vario-
grams (see, e.g., Legendre and Fortin (1989) or Rossi
(1992) for a detailed description of variograms and
similar statistics). A semi-variogram is a plot of var-
iance in sample value against spatial distance between
sample locations and can thus be interpreted as a plot
of expected change in landscape characteristics as one
travels outwards from a given point in the landscape.
One of the strengths of semi-variograms and similar
spatial statistics lies in the fact that they can be ap-
plied to continuous data and hence do not require in-
terpretation and/or stratification of the data set. For-
mally, the semi-variance for distance d is given as

��d� �
1

2nd

��y �i � d� � yi�
2

where n is the number of samples yi taken distance d
apart. Below we use absolute difference rather than

squared difference as a somewhat more robust esti-
mator of between-sample variability.

The following analysis is based on raw Landsat
TM5 satellite imagery of Blowdown Creek, coregis-
tered to the forest cover maps and resampled to 20 m
cell size using a nearest neighbourhood algorithm.
The semi-variograms are computed for ’Greenness’
(Figure 1e), a combination of several TM5 channels
obtained through Tasseled-Cap transformation (Crist
and Cicone 1984). As the name suggests, this chan-
nel combination emphasises the contrast between
vegetated (’green’) and non-vegetated areas. We es-
tablished transects along and perpendicular to eleva-
tional isoclines by tracing outward along the fall line
and isocline respectively from 200 randomly selected
starting points. Semi-variance was then computed for
Greenness values along these transects (Figure 4).

The variogram analysis picks up key features of
natural and logging-imposed scaling that we mea-
sured in the previous example, but it also emphasises
characteristics of landscape pattern in Blowdown
Creek that are not immediately apparent from the tim-
ber-focussed forest inventory data. Vegetation cover
within the watershed is structured in horizontal bands,
interrupted at regular intervals ( � 500 m) by ava-
lanche tracks. In the previous example, we noted that
this aspect of landscape pattern results in an average
width of 380 m in across-slope direction for mature
forest patches. In the isocline transect variogram the
fragmentation imposed by avalanche tracks is appar-
ent in the initial ’hump’, followed by the dip at 500
m and several minor humps and dips at larger scales
which reflect harmonics of the pattern. The curve
reaches its sill very early: there is no appreciable fur-
ther increase in sample variation beyond the first
hump, indicating no presence of additional pattern at
larger spatial scales. In contrast, the variogram based
on transects following the slope direction shows
change in pattern characteristics across the entire
spectrum of spatial scales, corresponding to the se-
quence of distinct horizontal cover bands. The first
sill roughly reflects the scale of individual bands, one
of them corresponding to the band of unharvested
forest for which we measured up-down-slope connec-
tivity as 357 m above. The pronounced dip after the
second rise is largely due to the spectral similarity of
early-seral forest in the valley bottom and meadow
and shrub vegetation at high elevations. It would have
been absent before the advent of timber harvesting.

Similar to the observations made by Swanson et
al. (1998) for the H.J. Andrews Forest in Oregon, the

735



Figure 3. Maps of indices and construction of relative indices. Panels (a) to (c) show across-slope connectivity, upslope-downslope connec-
tivity, and core distance for mature and late-seral forest in Blowdown Creek. Panels (d) and (e) show maximum potential for across-slope
connectivity and core distance indices. In panel (f), achieved core distance for mature and late-seral forest is shown as a proportion of maxi-
mum obtainable values. Similarly, we calculate the effect of disturbance on index value as the difference between maximum potential and
currently achieved index value. Indices measuring the reduction in index values from maximum achievable values for across-slope connec-
tivity, core distance, and size of mature/late-seral patches are shown in panels (g) to (i). See text for further explanation on how to interpret
these indices.
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variogram analysis for Blowdown Creek thus reveals
both the landscape-structuring force of gravity-driven
processes and the horizontal banding of ecotones re-
sulting from elevational differences in microclimate
and, in the case of Blowdown Creek, harvesting prac-
tices.

Constraints imposed by stable edges in the
vegetation mosaic: maximum achievable and
relative landscape indices

In the previous examples we have illustrated how av-
alanche tracks naturally fragment forest pattern in
Blowdown Creek. Other topographic or topography-
driven features, such as stream courses, cliff faces,
rocky outcrops, or elevational vegetation boundaries
naturally structure and fragment vegetation pattern in
a similar way. Making the constraining effects of such
features explicit allows us to isolate them from other
pattern-shaping factors and account for them in fur-
ther analyses. The first step in this process is to strat-
ify the study area into sections that do not support
vegetation, or do not support the vegetation type or
types of interest in a given study, and sections that do.
In our study we were primarily interested in forest.
Thus, we identified a ’potential forest’ class, consist-
ing of areas that were either currently in closed can-

opy forest or were currently regenerating from dis-
turbance and likely to develop into closed-canopy
stands. The remaining areas were assigned to a ’non-
forest’ class, which included both areas permanently
non-vegetated such as waterbodies and areas such as
avalanche tracks or alpine meadows, where frequent
disturbance and high snowpack accumulation will
likely prevent establishment of closed-canopy forest
in the near and intermediate future. This stratification
process produced a binary map of ’potential forest’.
Landscape index values calculated for the potential
forest mosaic provide a description of the constraints
the physical landscape configuration imposes on the
forest mosaic.

Example 5: potential core distance, relative
achieved core distance, and reduction in core
distance due to disturbance in blowdown creek

Examples 3 and 4 illustrated that across-slope con-
nectivity within the band of unharvested upslope for-
est is limited by a series of avalanche tracks. Using
the ideas presented in the previous paragraph, it is
possible to quantify the amount of natural fragmenta-
tion created by avalanche tracks and other topogra-
phy-related constraints. We produced a map of poten-
tial forest for Blowdown Creek, which represents a

Figure 4. Directional semi-variograms for the east slope of Blowdown Creek. Distance pairs are calculated from the Tasseled Cap channel
Greenness shown in Figure 1e. Graphs are based on a sample of 200 randomly placed gradient and isocline transects respectively.
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scenario where logging and natural disturbance pro-
cesses such as fire are eliminated as factors shaping
the forest mosaic, leaving topography-related con-
straints as the only landscape-shaping factor. Figure
3d shows the result of applying the across-slope con-
nectivity index introduced in the previous section to
the potential forest map. In Blowdown creek, the val-
ley bottom areas have the highest potential for closed-
canopy forest connectivity along the main watershed
axis. Consequently, a disturbance in the valley bottom
has a proportionally higher impact on this type of
connectivity than a disturbance of equivalent size in
an isolated patch of upland forest.

Indices computed for the potential forest mosaic
can also be used to calculate relative indices that mea-
sure realised pattern in relation to potential achievable
values. The construction of such relative indices is
exemplified in Figure 3. Panel 3 c shows distance to
the nearest patch edge from within closed canopy for-
est (core distance), a measure similar to the core-area
metric described in the literature (e.g., McGarigal and
Marks (1994)). Core distance is calculated by grow-
ing a distance surface from patch edges towards the
patch interior. Again, distances between adjacent cells
are adjusted for slope inclination, and so the shortest
path between two cells may not be a direct route on
the plane. Thus, the spread algorithm iteratively con-
verges on the shortest path to an edge for each cell.
Starting with the edge cells, for which distance to
patch edge is set to zero, the algorithm spreads to ad-
jacent cells by propagating to them the sum of cur-
rent distance to edge plus the additional distance to
the cell centre. In each step, the new distance value is
assigned to a cell only if it had either no distance
value or had a larger distance value. The algorithm
terminates when no cells change value. The area-
weighted average core distance for closed-canopy
patches in Blowdown Creek is 74 m. Panel 3 e shows
the same calculation applied to the map of potential
forest. We find that topography in Blowdown Creek
constrains average core distance to 106 m. Thus, the
landscape in its current state is achieving 70% (74/
106) of its potential, with an average of 32 m (106-
74) or 30% lost due to disturbance processes.

The concepts of relative achieved index values and
reduction in core distance due to disturbance pro-
cesses can also be shown in a spatially explicit fash-
ion. To produce a map of relative achieved core dis-
tance, we calculate the ratio of achieved to potential
index value for each cell in the landscape. Figure 3f
shows relative core distance for Blowdown Creek.

Similarly, reduction in core distance due to disturb-
ance is calculated as the difference between local po-
tential index value and locally achieved index value.
Examples of maps showing the effect of disturbance
on index values for three indices (across-slope con-
nectivity, core distance, and size of patches of closed-
canopy forest) are shown in Figure 3g, 3h, and 3i.

Maps of potential index values and relative index
values are useful for visualising the relative impor-
tance of topographic constraints versus disturbance
dynamics as factors driving landscape pattern. They
also provide an indication of the magnitude and spa-
tial scale of impact a disturbance of a given size and
location exerts on overall landscape pattern, and
might be usefully incorporated into a management
decision support tool. Thus, the map of potential core
distance (Figure 3e) illustrates that valley bottom ar-
eas have the highest potential for contributing to core
distance in Blowdown Creek. Consequently, logging
along the valley bottom reduced average core dis-
tance for Blowdown Creek much more than logging
an equivalent amount of upland forest would have
done. Whereas the effect of disturbance on core dis-
tance is generally confined around the actual disturb-
ance patch (Figure 3e), disturbance impacts on other
measures of mature/late-seral forest connectivity and
fragmentation extend further into the surrounding
landscape. For example, the impact of disturbance on
patch size is pervasive throughout the watershed (Fig-
ure 3i), whereas the impact on across-slope connec-
tivity is intermediate in its extent (Figure 3f). Thus,
spatially explicit calculation of relative landscape in-
dices can map out, how far-reaching the impact of a
particular harvesting operation is for different aspects
of landscape pattern, and thus for the species that re-
spond to these aspects.

Note that relative index values should not be con-
sidered an improved version of the original index
with topographic constraints factored out. Relative in-
dex values capture the dynamic potential of a partic-
ular system, given the bounds imposed by its unique
topography. As such, they are useful for illustrating
disturbance effects and evaluating alternative harvest-
ing options in light of landscape-level impacts. How-
ever, 100% achieved core distance may still mean a
high degree of forest fragmentation in a naturally very
fragmented landscape. A neighbouring watershed that
is naturally less fragmented, but has lost 50% of its
core distance to disturbance processes, may provide
better habitat for species dependent on large, uninter-
rupted tracts of mature or late-seral forest. Thus, the
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quantity which ecological agents ’perceive’ and re-
spond to is likely better captured by absolute index
values.

Putting it all together: statistical models of
topographic influence on landscape pattern

To gain a deeper understanding of the effects of to-
pography on vegetation pattern and dynamics it is
necessary to formulate and test hypotheses and create
predictive models for the topographic drivers of land-
scape dynamics. Depending on the data representa-
tion (numeric vs. categorical, value surfaces vs. uni-
form patches or polygons) there are a variety of
established statistical methods which researchers can
choose from that relate landscape pattern to topo-
graphic variables. Electivity indices (first described in
Jenkins (1979)), correlation analysis, and regression
analysis can relate pattern to a single variable. Mul-
tivariate regression techniques can be employed to
build predictive models of topographic influence and
estimate the degree to which pattern is determined by
topography. Spatial correlograms and Mantel tests of-
fer alternatives to classical statistical methods when
spatial scaling of associations between vegetation
mosaic and physical landscape is of concern (Legend-
re and Fortin 1989; Leduc et al. 1992). These tech-
niques are also useful for analysing data that are char-
acterized by slow trends and absence of sharp edges
and hence not well represented by a mosaic of uni-
form polygons. In the remainder of this section, we
present two examples that use indices presented in the
previous sections in conjunction with regression anal-
ysis and simple statistical models to gain a better un-
derstanding of the relationships between landscape
pattern and topography.

Example 6: RNV in landscape pattern from spatial
replication: factoring out the constraints imposed by
watershed topography

Range of natural, or historical variability in ecosys-
tem conditions and processes has become an impor-
tant input to forest management (Swanson et al. 1993;
Attiwill 1994; Morgan et al. 1994; Lertzman et al.
1997; Landres et al. 1999), and many studies have
used historic reference conditions as a baseline for
describing landscape change due to intensive forest
management and evaluating proposed management
alternatives (e.g., Baker (1994) and Cissel et al.

(1994), Mladenoff et al. (1994), Ripple (1994), Wal-
lin et al. (1996)). One of the goals of the Stein-
Cayoosh study was to derive quantitative estimates of
range of natural variability in landscape pattern from
spatial, rather than the more customary temporal rep-
lication. We constructed the distribution of landscape
index values from a sample of unlogged watersheds
to serve as a proxy of RNV for all watersheds in the
study area (Figure 1a). For a given landscape metric,
each watershed thus contributes one sample value,
and the overall distribution of sample values can be
interpreted as an estimate of RNV for that landscape
metric. However, the observed variability in this dis-
tribution is a product of both stochasticity in land-
scape dynamics and topographic differences among
sample watersheds, and it is the first of these two
components that provides the spatial equivalent of
range of historical variability.

In the previous examples we have shown that con-
straints imposed on landscape pattern by topography
can be captured by computing landscape index val-
ues for the potential forest mosaic. Regressing
achieved against potential index values allows us to
determine, how much of the overall variability in
landscape index values between watersheds can be
attributed to differences in topographic constraints
alone. For the core distance index (Figure 3c), achiev-
able core distance is constrained to be smaller than
the core distance value calculated for the potential
forest mosaic. In a plot of achieved core distance
against potential core distance the sample values ob-
tained are therefore constrained to the area below the
y = x line (Figure 5). For a hypothetical landscape
with a potential core distance value of zero the
achieved index value must therefore also be zero, and
it is reasonable to assume as a null hypothesis that
range of variability in core distance should increase
as maximum achievable core distance increases. This
relationship between achieved and potential core dis-
tance values was incorporated into the regression
analysis by forcing the intercept of the regression line
to zero and by weighting the contribution of individ-
ual sample values by the inverse of their potential
core distance. Similarly, the width of the RNV distri-
bution is assumed to increase proportionally with po-
tential index value.

The regression analysis indicates that in the un-
managed watersheds achieved core distance increases
significantly with increasing potential core distance (p
< 0.001, see Figure 5). Thus, RNV expectations
should differ considerably for watersheds at the low
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and high end of the spectrum of potential core dis-
tance values. The RNV estimate obtained before ad-
justing for topography, which is shown to the left of
the y-axis, provides a fair representation of the RNV
for the mid-range of the potential core distance spec-
trum. However, the majority of logged watersheds
within the study area also tend to have low potential
core distance (Figure 5). Thus, the unadjusted RNV
would be inappropriate as a quantitative guideline for
management in these watersheds. A trend towards a
decrease in core distance below RNV conditions in
response to logging is still apparent, but the effect is
not as strong as it would have appeared before taking
into account the constraining influence of topography.

Example 7: orientation of patches in relation to
slope position

In Examples 1 and 2 we have shown that fire and
logging regimes can differ with respect to predomi-
nant location of disturbance patches within the land-
scape as well as with respect to patch orientation in
relation to slope direction. Figure 6 presents a more
in-depth representation of patch orientation in relation
to slope position for both logging and wildfire
patches. Again, we use quantile lines to represent the
RNV estimate for patch orientation derived from fire
patches. The marginal boxplots for the two distribu-
tions plotted to the left of the y-axis and below the
x-axis summarise the observations from examples 1
and 2; the logging regime differs from the fire regime
both with respect to patch orientation and with respect
to slope position. However, the graph also illustrates
that orientation of fire patches changes with slope po-

Figure 5. Landscape core distance index for a sample of 13 unlogged watersheds in the Stein and Cayoosh Creek drainage systems. The
graph shows achieved vs. maximum potential index values, regression of achieved vs. maximum potential index values (solid black line) and
range of natural variability (RNV) for core distance, estimated from the sample of unlogged watersheds. RNV is represented by the 5% and
95% quantiles of the distribution of index values. The marginal boxplot shows the RNV estimate for core distance without taking topo-
graphic constraints into account. The grey lines in the graph represent RNV for core distance as a function of potential maximum landscape
core distance. For comparison, the six most heavily logged watersheds within the study area are shown (the labels give proportion of forested
area logged).
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sition. For gentle slopes, the distribution of patch ori-
entation values for logging patches is not significantly
different from that of fire patches. The landscape-
shaping difference between fire and logging regimes
in this case is the preference of logging for valley
bottom areas with gentle terrain (apart from overall
higher disturbance rates in logged watersheds). Con-
sequently, a management guideline to shape cutblocks
with stronger orientation in slope direction would not
necessarily serve to bring overall landscape pattern
closer to RNV. From an RNV perspective, the recom-
mendation would be to also shift logging into steeper
upslope areas. Needless to say, both ecological and
economic considerations would advise against adopt-
ing RNV-based guidelines in this respect.

Conclusion

In this paper, we have illustrated a set of quantitative
techniques for integrating topography into pattern
analysis at several levels, from adjustment of land-
scape indices to account for true surface area and dis-
tance metrics, through design of indices that assess

pattern in relation to watershed topography, to higher-
level analysis of relationships among topography, for-
est pattern, and forest management. Our examples
demonstrate that topography can play a prominent
role in structuring the vegetation mosaic. The meth-
ods described above not only helped us to gain a more
complete understanding of landscape pattern within
the study area; they also made it possible to quantify
topographic influence on landscape pattern and help
to separate out the effects of topographic constraints
from those of disturbance. In studies where topo-
graphic influence is not a primary research question
in itself, our methods could help researchers to gauge
the importance of topography in their study area and
decide, whether biases introduced by topographic ef-
fects are severe enough to warrant explicit consider-
ation. The set of methods described in this paper is
not intended as a ready-made, complete package, but
rather as a set of concrete examples illustrating some
novel approaches towards integrating gradients and
constraints into pattern analysis. We believe that con-
cepts and algorithms can easily be adapted to work
with a variety of pattern measures, as well as differ-
ent types of constraining influences and physical gra-

Figure 6. Patch orientation vs. median slope for wildfire and logging patches. The marginal boxplots represent the independent distributions
for patch orientation and slope respectively (see also Figure 2). The graph also shows RNV for patch orientation, estimated from the fire
patches. This RNV distribution is represented by central tendency and quantiles (see Figure 5). The regression lines in the figure indicate the
change in RNV with median slope.
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dients. We hope that some of the ideas and observa-
tions outlined here will stimulate more interest in the
landscape-shaping influence of the underlying physi-
cal terrain and in the development of novel ap-
proaches for revealing, assessing, and reasoning
about topographic influence on landscape pattern and
processes.
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