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Abstract

The problem of efficient use of multi-scale data for land-cover and landscape mapping has already attracted considerable
attention in landscape ecology and some other disciplines. Over the last few decades, however, with the development of
satellite remote sensing techniques, the questions of efficient planetary and macro-regional ecological mapping and modeling
and integration of multi-scale data have become especially pertinent. The purpose of this study is to test the suitability of the
coarse-resolution VEGETATION/SPOT imagery for landscape mapping. Effects of changing spatial resolution on land-cover
proportion estimates were examined in 16 different landscapes using spatially degraded high-resolution imagery from the
Russian satellite, RESURS-F. Comparison of simulated coarse-resolution data and original images and ancillary data for sites
with different landscape patterns, showed strong scale dependence of the landscape characteristics (land-cover proportion,
fragmentation, patchiness) in different case study areas, such as sub-boreal forest, sub-urban areas, and an agricultural region
in the steppe zone.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Over the last decade, the vast territory of the Rus-
sian Federation has been affected by extremely rapid
land-use and landscape changes accelerated to a large
extend by dramatic economic and political changes.
There is a pressing need for more recent data for
up-to-date broad-scale landscape mapping of Russia.
All existing maps of land-use, land-cover, and land-
scapes of the USSR date back to mid-1980s (Milanova
et al., 1999). Recent attempts of landscape analysis
of the European part of Russia (Lioubimtseva and
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Defourny, 1999; Milanova et al., 1999) revealed strong
disagreements between the existing published maps,
published in the 1980s and 1990s and more recent re-
motely sensed information.

Broad-scale landscape mapping and monitoring are
important for rational land-use policy and environmen-
tal management in general, and for the development
of ecological networks and habitat conservation in
particular. Frequent monitoring of the land-cover pat-
tern by moderate-resolution highly-repetitive sensors
is essential both for understanding seasonal dynam-
ics of the vegetation canopy and the landscape-level
processes, and the prediction of year-to-year habitat
and landscape changes. Until recently, the advanced
very high-resolution radiometer (AVHRR NOAA) has
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Table 1
Spectral characteristics of VEGETATION-1, AVHRR/NOAA, and
RESURS-F/MK-4

Vegetation AVHRR/NOAA RESURS-F

Ground resolution
1.15 km 1.1 km ∼25 m

Spectral bands (�m)
0.45–0.50 0.58–0.68 0.460–0.505
0.58–0.78 0.725–1.10 0.515–0.565
0.73–0.96 3.55–3.93 0.635–0.690
1.52–1.80 10.3–11.3 0.810–0.900

11.5–12.5 0.400–0.700
0.580–0.890

been used as the most popular source of remote sens-
ing data for broad-scale landscape and land-use mon-
itoring. However, being initially designed primarily
for meteorological observations, the spectral bands of
AVHRR NOAA are not ideally suited for vegetation
cover and thus cannot satisfy the needs of landscape
mapping and monitoring.

The coarse-resolution VEGETATION sensor pro-
vides a new tool for frequent landscape monitoring
at the same scale as AVHRR but with spectral bands
that are more sensitive to the structure of the veg-
etation canopy, species composition, and water con-
tent in vegetation (Table 1). The VEGETATION Pro-
gram allows the daily monitoring of terrestrial vege-
tation cover through remote sensing, at regional and
global levels (Saint, 1999). The instrument and asso-
ciated ground services for processing and distribution
have been operational since 1998. The first instru-
ment, VEGETATION-1, is a part of the SPOT-4 satel-
lite. Its successor VEGETATION-2 was successfully
put in the orbit on May 2002 as a part of the SPOT-
5 and will become fully operational in September
2002.

On the other hand, more detailed high-resolution
data at the level of individual geotopes is often nec-
essary to understand landscape pattern and dynamics
as well as to evaluate impacts of land use on land-
scape processes. Despite the increasing need for
highly-repetitive coarse-resolution data for regional
and global studies, it is generally understood that area
estimates derived from coarse-resolution data con-
tain serious errors resulting from aggregation effects
(Moody and Woodcock, 1995; Moody, 1998).

The combination of highly-repetitive and inexpen-
sive moderate-resolution imagery with data of high
spatial but low temporal-resolution provides an effi-
cient and reliable tool for many environmental and
land-use applications (Lillesand and Kiefer, 2000;
Woodcock and Strahler, 1987; Mayaux and Lambin,
1995).

This study had several goals. The first goal was to
test the efficiency of VEGETATION imagery applica-
tion for broad-scale landscape mapping in various veg-
etation zones of the European part of Russia with dif-
ferent levels of landscape heterogeneity, human impact
and, fragmentation (quasi-natural forest, forest steppe
with agricultural lands, and sub-urban landscapes).

The second goal was to investigate the effects of
scale on the interpretation of landscape structure and
evaluate errors in land-cover proportion and landscape
pattern associated with moderate-resolution data in
different types of landscape mosaic. Such evaluation
is the initial step in a more global effort to quantita-
tively understand the magnitude of error of land-cover
estimations in different regions of the world.

The last but not least goal of this project was to pro-
vide up-to-date broad-scale landscape and land-cover
classifications of the European part of Russia. The
most recent published vegetation and land-use maps of
Russia (1:4,000,000 and 1:2,500,000) were published
10 years ago and are based on compilation of vari-
ous remote sensing and field survey data depicting the
situation of mid-1980s and earlier (Isachenko, 1988;
Yanvareva, 1991). VEGETATION could provide a use-
ful tool for more operationally frequent monitoring of
land-cover/land-use/landscape changes.

2. Study area and remote sensing data

The experimental part of this study comprises two
phases:

• pre-launch, 1997–1998, when VEGETATION-1
data were not available yet and our main goal was
to develop methods of VEGETATION imagery
simulation using data from other sensors; and

• post-launch, 1999–2001, when all observations
were based on the actual VEGETATION imagery.

The pre-launch phase of the project included
two major efforts: a feasibility study of broad-scale
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landscape mapping of all of Russia using red and
near-infrared bands of AVHRR (channels 1 and 2) in
order to predict the pattern of VEGETATION data,
and land-cover and landscape mapping of case studies
based on high-resolution imagery from F to examine
landscape pattern at the sub-pixel level of AVHRR
and VEGETATION. During this stage of the project
about 60 AVHRR NOAA data images (different sea-
sons of the period from 1993 to 1996) were used to
simulate data from VEGETATION. Spectral charac-
teristics of, VEGETATION and AVHRR sensors are
given inTable 1).

European Russia features high landscape diversity
and is also relatively well documented by traditional
cartographic sources (Goudilin, 1980; Yanvareva,
1991; Isachenko, 1988; Glazovskaja, 1996).

During the post-launch phase VEGETATION-1
imagery available since 1999 were tested in this study
to evaluate their potential for broad-scale land-cover
and landscape mapping compared to the better known
AVHRR data. Several test areas characterized by sig-
nificantly different landscapes were selected in order
to validate the consistency of the landscape mapping.
Covered by high-resolution satellite imagery and
well documented by local large-scale topographic,
land-use, and landscape maps, the test areas served as
references for evaluation of land-cover and landscape
classifications derived from VEGETATION imagery.
Here, I shall describe the application of methodol-
ogy in three distinctively different case studies in
the European part of Russia: the Darwin reserve
(natural boreal forest), the Moscow region (highly
urbanized and agricultural landscape in mixed forest
zone) and the Voronez region (agricultural landscape
in forest-steppe zone).

2.1. Case studies

(a) Darwin reserve: This area is a part of the Upper
Volga province of the Russian plain and is char-
acterized by low accumulative relief (120–150 m
altitude) and cool humid temperate climate. The
area is dominated by spruce and spruce-hardwood
forests (Picea albies× P. obovata) with a high
proportion of birch and pine forests (Betula cz-
erepanovii, Pinus silvestris) and meadows and
peat bogs. Although the configuration and dy-
namics of the present-day landscapes are partly

defined by the creation of the artificial Ribinsk
water reservoir, a western part of the test area
belongs to the Darwin reserve with quasi-natural
landscapes. Part of this area experiences agri-
cultural and forestry impacts, which are re-
stricted to the coastal zone and to river valleys
(Fig. 1).

(b) Moscow regionbelongs to the Smolensko-Mosco-
vskaja province of the Russian plain and is char-
acterized by hilly moraine relief with relatively
high altitudes (220–310 m), temperate climate
and rather contrasted potential landscapes. In the
course of a long anthropogenic impact primary
landscapes of coniferous and hardwood forests on
sod-podzolic soils have been totally replaced by
secondary birch and fir-birch forest. The major
part of the test area is occupied by urban and rural
lands with very dense built-up areas and infras-
tructure, and by arable lands, improved pastures,
hay meadows and gardens (Fig. 1).

(c) Voronez regionis a part of the Oka-Volga wa-
tershed. Flat relief on the forested eastern bank
of the Voronez River (150–160 m altitude) and
typical gully relief throughout the rest of the
area characterize the test site. A sub-humid tem-
perate climate, often with droughts, has caused
development of forest-steppe and steppe poten-
tial landscapes with hardwood forests on gray
forest soils and meadow and typical chernozem
steppe. However, almost the whole area is occu-
pied today by agriculture with the exception of
the Voronez nature reserve where land-cover is
oak-lime forest. Gully valleys are occupied by
hardwood woods and shrubs. Agricultural lands
are often protected by anti-erosional shelter-belts
(Fig. 2).

3. Methodology

3.1. Satellite data

Three 80 km× 80 km photographic scenes of
25 m-resolution from RESURS-F/MK-4 camera were
analyzed in order to detect landscape pattern at differ-
ent scales for the three study areas (Darwin: 55◦88′N,
37◦12′E; Moscow: 57◦96′N, 38◦04′E, and Voronez
case study: 51◦76′N, 39◦07′E) (Figs. 1 and 2).
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Fig. 1. Land-cover of Central Russia, VEGETATION-1, August 2000.

Although high-resolution imagery from SPOT-4
would be the best data for VEGETATION imagery
simulation, cheaper images from RESURS-F/MK-4
were substituted due to the budget constraints.

VEGETATION data are now available both in
the form of the VGT-P product—radiometrically

and geometrically corrected original scenes, and the
VGT-PS10 product—10-day corrected composite
imagery over a decade. Synthesis is done through
selection of the best measurement acquired during
10 days. The most commonly used method is the
maximum composite value selection which retains
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Fig. 2. Land-cover of the Oka-Volga watershed, VEGETATION-1, August 2000.

the measurement corresponding to the highest NDVI
value computed on top of atmosphere reflectances.
This selection method tends to decrease the influence
of atmospheric conditions and appears to be the best
known method to remove the worst atmospheric con-
ditions, but ground directional effects are not taken
into account (Saint, 1999). To simulate both products
we used similar data available from AVHRR NOAA.

During the post-launch phase four VGT-P scenes
and three VGT-PS10 were processed in order to ex-
tract information on land-cover and land use and eval-
uate the landscape heterogeneity. The area covered by
VEGETATION images extends from 47◦N to 59◦N
and from 33◦E to 48◦E and includes three well defined
ecological zones: (1) a mosaic of mixed and conifer-
ous boreal forests with insignificant agricultural land
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use in the north of Russia, (2) a complex mosaic of
mixed forest, built-up areas, grassland and crops of
Central Russia, and (3) an agricultural steppe zone on
the south of European Russia.

3.2. Land-cover classification

Maximum likelihood supervised classification was
used for land-cover classification of the case stud-
ies based on RESURS, AVHRR, and VEGETATION
data. The maximum likelihood procedure is based on
Bayesian probability theory. Using the information
from a set of training sites (8–10 training polygons per
class in this study), it calculates the mean and vari-
ance/covariance data of the signatures to estimate the
posterior probability that a pixel belongs to each class
(Eastman, 1999). This classifier is the most accurate
because it takes the most variables into consideration.

In order to avoid the loss of information due to
re-sampling and to keep the spectral integrity of the
original data the images were first classified and only
afterward rectified to the same projection to assure
topological overlay necessary for land-cover compari-
son. The nearest neighbor method was applied for rec-
tification of the resultant thematic files to geographic
coordinates of the database projection. Ancillary data
(large-scale land-cover maps, aerial photography) and
ground truthing field campaigns were used for the ac-
curacy estimation of the land-cover classification.

Despite certain limitation associated with relatively
low-resolution, the VEGETATION sensor has several
clear advantages over AVHRR as far as broad-scale
land-cover, vegetation, and landscape mapping and
monitoring are concerned. The short-wave infrared
channel of VEGETATION (1.52–1.80�m) proves
especially useful for analyzing structure and species
composition of vegetation canopies. Combination of a
short-wave infrared with red and near-infrared chan-
nels allowed not only clear discrimination between
several categories of forest and non-forest vegetation
but clear definition of several classes of coniferous
and deciduous forests at the level of dominant species
(Picea obovata, Pinus silvestrus, Quercus, Tilia) and
much better discrimination between natural grassland
and croplands compare to AVHRR imagery. Water
bodies (streams, rivers and lakes) appear much clearer
on VEGETATION than on AVHRR images. At the
same time, VEGETATION appeared to be very sensi-

tive to differences in vegetation cover, especially as-
sociated with water content in the vegetation canopy.
Both these features make this new sensor suitable
for mapping riparian vegetation despite relatively
low-resolution.

Comparison of land-use data derived from VEG-
ETATION with AVHRR and RESURS-F/MK-4 data
showed closer results between classifications based
on RESURS and VEGETATION rather than between
RESURS and AVHRR. Despite its moderate spatial
resolution (1 km), the VEGETATION instrument pro-
vides an excellent tool for land-cover/land-use map-
ping as well as broad-scale landscape applications.
Combination of short-wave infrared, near-infrared and
blue channels proved especially useful for discrimi-
nation among different types of vegetation cover and
mapping landscape pattern.

3.3. Interpretation of the landscape pattern

The land-cover maps derived from satellite images
were analyzed in order to compute the distinctive land-
scape pattern. There are many different interpretations
of the term “landscape” (Zonneveld, 1979; Meinig,
1979; Forman and Gordon, 1986). In this study, the
landscape is defined as a heterogeneous land area com-
posed of a cluster of interacting ecosystems that is
repeated in similar form throughout. Landscape pat-
tern may be conceptualized in terms of patches sur-
rounded by a matrix with a dissimilar community
structure or composition (Forman and Gordon, 1986;
Forman, 1996; Milne et al., 1988; Turner et al., 1991).
Landscape studies are largely founded on the premise
that the patterning of landscape elements (patches)
strongly influences ecological processes. Therefore,
the ability to quantify landscape structure is a prereq-
uisite to the study of landscape function and change.
Landscapes are composed of a mosaic of patches.

However, a patch itself at any given scale has an
internal structure that is a reflection of patchiness at
finer scales, and the mosaic containing that patch has
a structure that is determined by patchiness at broader
scales. Regardless of the basis for defining patches, a
landscape does not contain a single patch mosaic, but
contains a hierarchy of patch mosaics across a range
of scales.

In this study, the following criteria were evaluated
in order to analyze the configuration and composition
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Fig. 3. Spatial degradation of images to increasingly coarser resolution.

of landscape pattern: land-cover (dominant type(s)
and proportion of land-cover categories in landscape),
patches (size, shape and connectivity), matrix (poros-
ity), corridors (connectivity). The FRAGSTATS spa-
tial pattern analysis software (McGarigal and Marks,
1995) and Patch/Habitat Analyst 2.2 were used for
quantifying landscape structure. Sixteen classes of
landscape mosaics were identified on the VEGETA-
TION images within European Russia. These classes
can be defined as typical land-cover/land-use combi-
nations with similar spatial patterns at the broad-scale
of VEGETATION imagery.

In order to examine the effect of scale on land-cover
proportions classified RESURS-F/MK-4 images were
spatially degraded to increasingly coarser spatial res-
olution. For the image of original 30 m resolution new
bands were created with a cell-size of 50, 100, 150,
200, 350, 400, 500 and 1000 m (Fig. 3). The original
classified scenes were considered as a reference for
evaluating changes in land-cover proportions. VEGE-
TATION and AVHRR scenes over the same area were
classified in order to provide a comparison between
original and simulated 1 km resolution data. This al-
lowed the examination of the change in land-cover pro-
portions due to error induced by mixing of land-cover
types.

4. Results and discussion

4.1. Effects of scale on land-cover proportion

Fig. 4 shows the land-cover proportions of the
RESURS-F/MK-4 scene of the Moscow region ag-
gregated to the increasingly coarser scales. The pro-
portion of the dominant mixed forest exhibits a rapid

increase and overestimation at the coarser levels of
spatial aggregation at the expense of non-dominant
land-covers (rural built-up lands, arable lands and or-
chards). These results show that dominant land-cover
classes are progressively overestimated with increas-
ing resolution due to the spatial mixing of land-covers.

Moreover, certain land-covers tend to exhibit con-
siderable overestimation at a certain resolution level.
Two classes of medium representation on Moscow im-
age (grassland and coniferous forest) showed peaks
of positive proportional error for the measurements
around 50 and 200 m resolutions, respectively. Simi-
lar results were noted for the curve of broad-leaved
forest on the Voronez scene. This phenomenon might
be related to the spatial organization of patches of the
covers in question in the landscape. At some reso-
lution levels, pixel aggregation results in “clumping”
of very small patches of the same land-cover to the
bigger entities, contaminated by mixed pixels but still
well identifiable as the same class. Such peaks of an
overestimated land-cover are then followed by a de-
crease of the area due to the domination by the most
frequent class in the image. For example, closely lo-
cated numerous individual ponds, well identifiable at
25 or 50 m resolution images of the first case study
(Darwin) tend to clump into several bigger homoge-
nous water bodies at 100 m resolution or coarser. The
same is happening with small-size patches of agricul-
tural lands (all case studies). The same phenomena re-
sulted in considerable simplification of the dendritic
landscape structure in the case 3 (Voronez) at the res-
olution coarse than 400 m. Such clumps of patches,
distinctive at a finer scale, in fact represent bigger-size
mixed-cover individual patches at a coarser scale and
probably another hierarchical level of landscape dif-
ferentiation (Fig. 5).
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Fig. 4. Land-cover proportion vs. image spatial resolution.

Fig. 5. “Clumping” of landscape patches caused by the change of scale.
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At a resolution coarser than 400, the less exten-
sive classes with small-size patches (water bodies and
built-up areas) are almost entirely lost because of the
spectral mixing of pixels.

Thus, two basic spatial effects contribute to area es-
timate error: first, the tendency of dominant classes
to increasingly dominate the landscape when mea-
sured at the coarser scale; second, specific to each
landscape over- and under-estimations of areas caused
by the characteristics of landscape pattern, such as
patchiness, connectivity, shape and size of landscape
patches.

4.2. Effects of scale on landscape patches

The interaction of patch shape and size can in-
fluence a number of important ecological processes.
Patch configuration and size have considerable im-
pact on the perception of landscape pattern on the
map. Patch shape has been shown to influence
inter-patch processes such as small mammal migra-
tion (Buechner, 1989) and woody plant colonization
(Hardt and Forman, 1989), and may influence ani-
mal foraging strategies (Forman and Gordon, 1986).
However, the primary significance of shape in deter-
mining the nature of patches in a landscape seems to
be related to the “edge effect” (Forman and Gordon,
1986; Forman, 1996). In order to examine how the
scale effect on the area estimates is modulated by
the spatial pattern, two different indices of landscape
metrics based on perimeter–area relationships were
computed to evaluate the shape of landscape patches:
the shape index and the fractal dimension of a patch.
The first index SHAPE= (4πAi × 100)/P2

i , where
Ai and Pi are patch area and patch perimeter, re-
spectively andπ = 3.14519. This patch shape is
evaluated with a circular standard; the shape index
is maximum for circular patches (SHAPE= 100)
and decreases approaching to 0 as patches become
increasingly non-circular (Table 2). The smallest val-
ues characterize the most complex shapes of patches,
while the largest ones—the simplest.Gulinck et al.
(1993) applied this index in the evaluation of the
landscape complexity of Flanders, Belgium. While
there are other means of quantifying patch shape, the
shape indices based on area circularity are widely
applicable and used in landscape ecology (Griffiths
et al., 1993; Gulinck et al., 1993; Forman and

Table 2
SHAPE index of landscape patches (100= shape of the circle)

Index SHAPE

25 ma 50 ma 100 ma 200 ma 400 ma 800 ma

Built-up 0.098 2.609 4.878 5.777 15.14 50.228
Mixed forest 0.277 0.473 1.492 6.937 14.351 27.971
Grassland 0.149 1.334 29.180 10.423 15.034 50.228
Arable 0.079 0.408 0.901 6.598 15.377 8.4701
Coniferous 0.274 3.627 5.853 11.835 28.762 2.5320
Water 3.816 7.522 14.199 20.300 34.819 78.953

a Resolution.

Gordon, 1986; Forman, 1996). Patton (1975)pro-
posed a diversity index based on shape for quantifying
habitat edge for wildlife species and as a means for
comparing alternative habitat improvement efforts
(e.g. wildlife clearings). This shape index measures
the complexity of patch shape compared to a standard
shape. If the landscape boundary represents true edge
or the shape of the landscape is particularly important,
then the landscape shape index can be a useful in-
dex, especially when comparing among landscapes of
varying sizes. Several other measures of shape based
on the area–perimeter relationship are summarized by
Haggett et al. (1977).

The other basic shape index used in this study is
the fractal dimension. In landscape ecology research,
patch shapes are frequently characterized via the frac-
tal dimension (O’Neill et al., 1997; Milne et al., 1988;
Turner and Ruscher, 1988; Iverson, 1988; Xu et al.,
1993; Burrough, 1981, 1985). A fractal dimension >1
for a two-dimensional patch indicates a departure from
Euclidean geometry (i.e. an increase in shape com-
plexity). Fractal dimension approaches 1 for shapes
with very simple perimeters such as circles or squares,
and approaches 2 for shapes with highly convoluted,
plane-filling perimeters. Fractal dimension equals two
times the logarithm of patch perimeter divided by the
logarithm of patch area (McGarigal and Marks, 1995).

The appeal of fractal analysis is that it can be ap-
plied to spatial features over a wide variety of scales.
Topologically, a line is one-dimensional. The dimen-
sion D of a fractal line on a plane is a continuos
function with range 1≤ D ≤ 2. The fractal dimen-
sion 1 ≤ D ≤ 2 quantifies the degree to which a
line fills the plane. Mathematical fractals exhibit ex-
act self-similarity across all spatial scales, such that
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successive magnifications reveal an identical structure.
Natural objects do not display exact self-similarity.
However, many of them do display some degree of sta-
tistical self-similarity or semi-self-similarity, at least
over a limited range of spatial scales (Barnsley, 1988).
Mandelbrot (1977, 1982)introduced the concept of
fractal and proposed a perimeter–area method to cal-
culate the fractal dimension of natural planar shapes.
The perimeter–area method quantifies the degree of
complexity of the planar shapes. The degree of com-
plexity of a polygon is characterized by the fractal di-
mension (D), such that the perimeter (P) of a patch is
related to the area (A) of the same patch and can be for-
mally represented by logP 
 0.5D logA (McGarigal
and Marks, 1995). For simple Euclidean shapes (e.g.
circles and rectangles),D is close to 1 (the dimension
of a line). As the polygons become more complex,
the perimeter becomes increasingly plane-filling and
P 
 A with D close to 2. Only a very small group
of fractals have one certain fractal dimension, which
is scale invariant. These fractals are calledmonofrac-
tals and are rarely found in nature. Most natural frac-
tals have different fractal dimensions depending on the
scale (Barnsley, 1988). They are composed of many
fractals with the different fractal dimensions and are
calledmultifractals.

Measured at the original resolution of the images,
for all land-cover types in all tested landscapes the
shape index of patches bigger than (6–7) × 105 m2 is
very small—generally<6. The shape index shows the
maximum variance in the landscapes of the scene of
the Moscow region. The landscape of dissected plains
with arable lands and a dense dendritic gully network
of the Voronez region test area can be easily visu-
ally recognized as a combination of very simple rect-
angular large patches of arable lands and extremely
complex and highly connected forest and shrubland
patches (shape index values 0.05–0.2). A mixture of
small and relatively simple patches characterizes one
part of the Darwin scene, while large complex patches
characterize the rest of this image. At the 150 m res-
olution the number of patches in each land-cover cat-
egory decreases and patches smaller than 3× 105 m2

are not detectable any more. Small neighbor patches
with the same land-cover are aggregated in the big-
ger ones (e.g. several lakes of (2–5)×105 m on image
appear as one lake of 1.4 km2). Relatively large ho-
mogenous landscape patches (all grassland and wood-

Table 3
Fractal dimension of landscape patches (1= simple perimeter,
2 = convoluted perimeter)

Index Fractal dimension

25 ma 50 ma 100 ma 200 ma 400 ma 800 ma

Built-up 1.521 1.411 1.409 1.365 1.282 1.209
Mixed forest 1.480 1.454 1.388 1.303 1.260 1.221
Grassland 1.506 1.447 1.300 1.343 1.309 1.209
Arable 1.522 1.467 1.408 1.323 1.273 1.292
Coniferous 1.512 1.371 1.348 1.306 1.256 1.179
Water 1.390 1.348 1.308 1.293 1.254 1.200

a Resolution.

land patches bigger than 4 km2 detected on images
were analyzed) show much higher shape index values
(12–23) with 150 rather than with 45 m resolution (in-
dex values 0.5–1.2) for the same landscape patches.
This difference is even higher for lakes: 70–95 with
150 m resolution (very simple configuration) against
2–5 with 30 m resolution (Fig. 6).

At the same, time the fractal dimension of individual
patches changes from 1.39 at the original resolution to
1.29 at the resolution of 200 m and to 1.2 at 800 m for
water bodies, from 1.52 to 1.36 and 1.2, respectively,
for built-up areas, and from 1.52 to 1.4 and 1.29 for
arable lands, showing a clear decrease of patch com-
plexity (Table 3). Fig. 6 shows the decrease of fractal
dimension of all patches in all land-cover classes on
Moscow image. Although the landscapes of the three
case study areas were featured by totally different pat-
terns (quasi-intact forest area, big urban area with sur-
rounding transitional zones, and an agricultural region,
strongly affected by gully network), the range of frac-
tal dimensions did not exhibit considerable variabil-
ity associated with specific land-cover types (Fig. 7).
Compared to the SHAPE index, the fractal dimension
did not appear to be sensitive to the “clumping” effect.
Apparently, the lack of self-similarity of curvy patch
boundaries caused by the change of scale can be bet-
ter captured by comparison of the patch shapes with
the ideal shape of a circle.

The decrease of the fractal dimension exhibits close
to a linear relationship with the spatial resolution of
images and approaches to 1 for many land-cover types
at 1 km resolution of VEGETATION. Such a relation-
ship suggests the possibility of using the fractal dimen-
sion along with land-cover proportion and some other
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Fig. 6. Shape index of landscape patches vs. spatial resolution.

Fig. 7. Fractal dimension of landscape patches vs. spatial resolution.
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landscape indices in regressional models estimating an
overall landscape complexity on high-resolution data
using cheaper data of the lower resolution. Other in-
dices of landscape metrics such as Shannon diversity
index and connectivity indices should be also tested
at different scales for modeling high-resolution land-
scape complexity from the low-resolution imagery.

Shape is a difficult parameter to quantify concisely
in a metric. All shape indices have important limi-
tations. First, vector and raster images use different
shapes as standards. Perimeter length will be biased
upward in raster images because of the stair-stepping
pattern of line segments, and the magnitude of this
bias will vary in relation to the grain or resolution
of the image. Also, as an index of “shape”, the
perimeter-to-area ratio method is relatively insensitive
to differences in patch morphology. Thus, although
patches may possess very different shapes, they may
have identical areas and perimeters and shape in-
dexes. For this reason, these shape indices are not
useful as measures of patch morphology; they are best
considered as measures of overall shape complexity.
Because the method used to calculate a fractal di-
mension involves perimeter–area calculations, these
fractal indices are subject to some of the same limi-
tations as the shape index discussed above. However,
perhaps the greatest limitation of the fractal indices is
the difficulty in conceptualizing a fractal dimension.
True fractals are abstractions. However, they are very
rich abstractions that bring to light two essential qual-
ities of the landscape pattern, such as self-similarity
and scale-dependence.

5. Conclusions

Despite certain limitation associated with rela-
tively low-resolution, the VEGETATION sensor has
several clear advantages over AVHRR as far as
broad-scale land-cover, vegetation, and landscape
mapping and monitoring are concerned. The VEG-
ETATION instrument provides an excellent tool for
land-cover/land-use mapping as well as broad-scale
landscape applications. Combination of short-wave
infrared, near-infrared and blue channels proved es-
pecially useful for discrimination among different
types of vegetation cover and mapping landscape
pattern.

Scale-related limitations of the instrument strongly
vary depending of heterogeneity and complexity of the
landscape in the area of study. On the high-resolution
images degraded to the coarser spatial resolutions
the proportion of the dominant land-covers exhibits
a rapid increase and is prone to be strongly overesti-
mated at the coarser levels of spatial aggregation at
the expense of non-dominant land-covers. This result
shows that dominant land-cover classes are progres-
sively overestimated with increasing resolution due
to spatial mixing of land-covers. Proportions of dom-
inant land-cover types are increasingly overestimated
in highly heterogeneous landscapes with progressive
coarsening of scale. This phenomenon was previously
reported by many authors (Mayaux and Lambin,
1995; Moody, 1998; Moody and Woodcock, 1995;
Hay et al., 1997).

The increasing error in the land-cover proportion
within the landscape is accompanied by the loss of
information on complexity and morphology of indi-
vidual landscape patches. Patch configuration and size
have a great ecological importance. Shape of individ-
ual patches has enormous impact on our perception
of landscape pattern on satellite imagery and estima-
tion of land-cover proportion. Overestimation of dom-
inant land-cover is higher in the highly heterogeneous
landscape mosaic with complex shapes of patches.
Basic shape indices of landscape metrics based on
parameter–area relations of patches, can help us to
assess this loss of information on land-cover propor-
tion and patch complexity caused by the coarser spa-
tial resolution of data. The fractal dimension of land-
scape patches seems to be especially appealing for
assessing the effect of spatial resolution on the land-
scape patchiness because it can be used at a very broad
range of scales making comparable imagery of very
different resolution. The decrease of fractal dimension
exhibits close to a linear relationship with the spa-
tial resolution of images and approaches to 1.2 for
many land-cover types at the 1 km resolution of VEG-
ETATION. Such a relationship suggests the possibility
of using the fractal dimension along with land-cover
proportion and some other landscape indices in regres-
sional models estimating an overall landscape com-
plexity on high-resolution data using cheaper data of
lower resolution, such as VEGETATION. Further re-
search is needed to examine the relationship between
the fractal dimension of landscape patches at different
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scale ranges and different hierarchical levels of land-
scape heterogeneity.

However, we should use such indices with caution,
as the perimeter-to-area ratio method is relatively in-
sensitive to differences in patch morphology. Thus, al-
though patches may possess very different shapes, they
may have identical areas and perimeters and shape in-
dexes. For this reason, these shape are best considered
as measures of overall shape complexity rather than
patch morphology. Looking at the patch level, it is
important to understand that patches are dynamic and
occur on a variety of spatial and temporal scales. Their
boundaries are meaningful only when referenced to a
particular scale or range of scales. As one moves from
a finer resolution to coarser resolution, patches may
be distinct at some scales (i.e. domains of scale) but
not at others.

Assessment of land-cover proportion and landscape
complexity of low-resolution data, such as VEGETA-
TION or AVHRR at a sub-pixel level, using a combi-
nation of regressional analysis of landscape metrics
along with in-field observations and high-resolution
data can improve the quality of land-cover mapping
at the continental or global scale. Such an approach
suggests conceptualizing individual land-cover types
(i.e. mixed forest, coniferous forest, grassland, agri-
cultural, etc.) as more realistic landscape mosaics,
partly preserving information about their sub-pixel
land-cover combinations and shape complexity of
landscape patches typical for each land-cover.

VEGETATION imagery proved to be an efficient
new tool for broad-scale land-cover mapping and land-
scape analysis despite its relatively low spatial resolu-
tion. The errors in correct representation of land-cover
proportion within individual landscapes and loss of
information on complexity and morphology of land-
scape mosaic, caused by the low spatial resolution,
can be partly corrected by analyses of landscape met-
rics (shape indices of patches) and better understand-
ing of relationships between the landscape complex-
ity and spatial image resolution in different vegetation
zones.

In addition to these findings, the results of this
project allowed the production of new land-cover maps
of the European part of Russia (1:4,000,000 scale),
containing up-to-date sub-pixel information about the
landscape mosaics represented by mixed pixels on the
satellite image. This is just one of the initial steps of

the efforts to update the existing land-cover maps of
Russia.
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