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Tundra represents a specific ecosystem,
fragile and sensitive to any kind of an-
thropogenous impact, such as ruderali-
zation, eutrophication, climate change,
air pollution and many others (CRAW-
FORD 1997; REYNOLDS et TENHU-
NEN 1996). Human induced expansion
of alien (or even local) species is a re-
markable phenomenon in this highly
vulnerable environment. There are many
ways to study problem of invasion. The
possibilities of remote sensing methods
(aerial photography) used for this pur-
pose have not been much explored. They
could offer us an interesting perspective
and new views if we were able to make
the detection and further analyses accu-
rate enough.

Krkono�e Mountains (Giant Mountains,
Riesengebirge) are located in the nort-
hern part of the Czech Republic on the
border with Poland. They represent the
highest mountain range of the country
(maximum 1,602 m a.s.l.). The area has
been protected as a National Park since
1963, in 1992 it was designated as a bi-
lateral Biosphere Reserve. It covers an
area of 60,000 hectares of which 55,000
hectares fall within the Czech Republic
(FLOUSEK 1994).

From the geomorphological, botanical,
and zoological point of view the most
valuable and interesting part of the Bio-
sphere Reserve is to be found in the up-
permost areas above timber-line (in
Krkono�e between 1,200 m and 1,300
m a s.l.) (JENÍK et LOKVENC 1962).
It represents a particular landscape sy-
stem displaying affinities to both subarc-
tic and high-mountain regions (SOUKU-
POVÁ et al. 1995). Together with peaks
it includes the Eastern and Western Pla-
teaus at an altitude between 1,300 m and
1,400 m a.s.l. belonging to the subalpi-
ne and alpine zone. This area is subject
to extreme climatic conditions such as

an exposition to strong cold northwe-
stern winds, average temperature of 0 to
+1°C, daily averages below 0°C for more
than half the year, snow cover lasting
more than 180 days per year and high
annual total of 1,400 mm precipitation
and periodical regelation and deflation
(SOUKUPOVÁ et al. 1995). The Pla-
teaus are formed by crystalline metamor-
phic rocks covered by poor acidic soils
of the alpine sod podzol type, patches of
peatlands and raised bogs, and polygo-
nal and patterned soils. Treeless summits
of Krkono�e preserved a number of phy-
siographic components unique to the
country such as relic populations and
relic community types. The ecosystem
developed under the extreme environ-
mental conditions is called �alpine tun-
dra�. JENÍK et SEKYRA (1995) propo-
sed a special term/subcategory for the
Krkono�e Mountains: �arctic-alpine�
tundra.

The study site is located on the Western
Plateau (1,300 m - 1,350 m a.s.l.) along
the source of the River Elbe and covers
3 square kilometers belonging to the ve-
getated-cryogenic zone of tundra (SOU-
KUPOVÁ et al. 1995). The most typi-
cal plant species include dwarf pine (Pi-
nus mugo), creating large polygons of
dense shrub cover; Nardus stricta - a
typical graminoid dominant, as well as
Calamagrostis villosa and Molinia coeru-
lea. Characteristic natural vegetation ty-
pes according to JENÍK (1961) and MO-
RAVEC et al. (1995) are listed below:

� Alliance Nardo-Caricion rigidae
(NORDHAGEN 1936). Dense uni-
form stands of short-grass Nardus
stricta (partly of secondary origin) at
the localities of high snow cover (100-
150 cm) and deeper soils of humus
podzol type based on granites, pH
around 4.5.

� Alliance Pinion mughi (PAWLOW-
SKI et al. 1928). Dwarf pine alliance
representing the primary shrub com-
munities of subalpine zone with aci-
dophilous and oligotrophic species.

� Alliance Calamagrostion villosae
(PAWLOWSKI et al. 1928). Acidophi-
lous communities of tall-grasses
(Calamagrostis villosa, Molinia
coerulea) and flowering herbs on gra-
nite based wind-protected soils with
long-lasting snow cover.

� Alliance Oxycocco-Empetrion herm-
aphroditi (NORDHAGEN 1936). Oli-
gotrophic communities of boreoarctic
and alpine raised bogs with prevalence
of shrub form and Sphagnum.

The National Park, and this area in par-
ticular, represents a popular tourist de-
stination (more then half a million visi-
tors per year in 1995, daily maximum
over 2,000 visitors in 1989; MÁLKO-
VÁ et WAGNEROVÁ 1995), and the
refore suffers from rather heavy anthro-
pogenous impact causing various pro-
blems. Among these are: mechanical di-
sturbance of soil and plant cover (i. e.
trampling); dispersal of undesirable and
alien plant diaspores (synantrophization
and ruderalization); fragmentation of
habitats; airborne and other pollution;
eutrophication; acid rain and climate
change.
Native vegetation of the area is often
dominated by Nardus stricta, a species
with a low competitive ability and a high
vulnerability to mechanical disturbance
(e. g., trampling). Communities of this
dominant are endangered by increasing
expansion of grasses, mainly Deschamp-
sia flexuosa, Calamagrostis villosa and
Molinia coerulea (HUSÁKOVÁ 1986).
Communities dominated by Calamagro-
stis villosa, Molinia coerulea, Veratrum
lobelianum, Senecio nemorensis or Cir-
sium heterophyllum, i. e., species produ-
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cing higher biomass, are found in the sur-
roundings of Pinus mugo shrubs, on si-
tes with long-lasting snow cover, in ter-
rain depressions, stream alluvia or on di-
sturbed sites.

The most pronounced changes in plant
composition are caused by unsuitable
alkaline building material (dolomitic li-
mestone; melaphyre) used in the 1970s
and 1980s for paving some roads and
walking trails in the area. This interfe-
rence led to an alteration of chemical soil
properties. Normal pH values range from
3 to 3.6, however close to the road they
can reach up to pH 8 (MÁLKOVÁ et
KÙLOVÁ 1995). The calcareous mate-
rial has a profound effect on the envi-
ronment that was originally nutrient
poor. Alkaline ions are continuously
washed out and spread into the surroun-
dings. This process is enhanced by a high
humidity of the area.

The disturbance facilitates an expansi-
on of many problematic species. These
are (i) typical ruderal species such as
Urtica dioica or Rumex alpinus (the lat-
ter introduced probably by local farmers
in the 16th and 17th centuries as pig fora-
ge); (ii) species native to the Krkono�e
Mountains, but occurring naturally at
lower altitudes, such as Senecio fuchsii,
Hypericum maculatum, Cirsium arven-
se, Tussilago farfara, and Epilobium
angustifolium or (iii) expansive native
species favourized by the conditions,
growing naturally on humid tundra pat-
ches richer in nutrients such as little de-
pressions, stream alluvia, surroundings
of Pinus mugo shrubs and snow fields
(Senecio nemorensis; Cirsium hetero-
phyllum; Veratrum lobelianum; De-
schampsia caespitosa; Callamagrostis
villosa or Bistorta major). All these spe-
cies are penetrating far into low compe-
titive natural communities, forming lo-
bes reflecting the terrain conditions.

This phenomenon (the so-called ecoto-
ne effect) can be studied by remote sen-
sing methods because the species poor
or even monospecific stands of affected
sites are remarkable taller, producing
higher biomass than the oppressed na-
tural communities, typically dominated
by Nardus stricta. In this study, airbor-
ne data are analysed by digital classifi-
cation using software Chips developed
at the Institute of Geography, Copenha-

gen University, Denmark. Historical and
current field data, GPS measurements,
and historical panchromatic photo-
graphs are used as an additional source
of information. Different sources and
methods are compared and possibilities
for application of these methods for ve-
getation mapping are considered. Simi-
lar studies in arctic and alpine environ-
ment were done for example by JORIA
et JORGENSON 1996, TIMONEY et al.
1992 and SPJELKAVIK 1995.
Data available are panchromatic photo-
graphs from 1936, 1964 and 1998; mul-
tispectral photographs from 1986 (chan-
nels 1, 2, 3, 6) and 1989 (channels 2, 3,
4, 6), channel wavelength: Ch1 - 0.48 nm,
Ch2 - 0.54 nm, Ch3 - 0.60 nm, Ch4 -
0.66 nm, Ch6 - 0.84 nm; color slides
(1996); orthophotographs (1997); digi-
tal terrain model; botanical mapping ba-
sed on photographs from 1989 (FI-
�EROVÁ 1992) and GPS measurements
(VÍTEK in BRANI� et al. 1997). Natio-
nal Park authorities or the authors kind-
ly supplied most of these data.
Methodology [further explanation can
be found in CAMPBELL (1987) or JEN-
SEN (1986)]:
! Scanning. Transformation from ana-
logous photography to digital image form.
" Geometric corrections, rectificati-
on. Registration image-to-image (i.e.,
different channels or different years) or
image-to-map (i.e., image to orthophoto).
# Image arithmetics, such as filtering,
calculation of normalized difference ve-
getation index (NDVI) and other indices,
that provide further information on the
vegetation characteristics, just as the
principal component analysis that can
also be used in change detection by com-
parison of the data from different years.
$ Digital classification of the multis-
pectral images:
a) Unsupervised. An automatic classifi-

cation run by a computer according
to a clustering algorithm, in which
spectraly distinct clusters are identi-
fied through an iterative procedure.
Only minimum-maximum numbers of
classes and number of iterations are
to be defined by the user. In this case
the ISO classification has been used
(described for example in CIHLAR
et al. 1996).

b) Supervised. Class characteristics are
defined by the user through iden-
tifying each channel spectral bounda-
ries directly (Parallelepiped classifica-
tion, as in this study) or more typically
by means of training classes (other ty-
pes of supervised classification).

% Interpretation of results and ground
truthing. One of the most important
steps, where the results are verified and
a meaning of each class is determined,
mainly in the case of unsupervised clas-
sification. The great spatial detail of the
airborne data (pixel size 0,4 m) lead to a
variety of side information that are dif-
ficult to interpret, such as soil water con-
tent, health status of the vegetation etc.
& Final arrangements. Filtering of the
classified image on account of reducing
the number of misclassified pixels and
simplifying the polygons that are too di-
verse. The aim is to make the results
comprehensible, useful, and possible to
vectorize and to present.
' Vectorizing of the resulting image on
account of transfering it into GIS and
making it available to broader range of
users.
( Performing class statistics, compa-
rison of resulting data derived from dif-
ferent years, accuracy assessment and
further analyses.
The supervised classification resulted in
nine classes: open water; wet areas;
dwarf pine polygons; Nardus dominated
stands (alliance Nardo-Caricion rigi-
dae); higher vegetation (tall-grass and
herbs communities of Calamagrostion
villosae alliance); ecotone effect (alte-
red vegetation along the roads); paved
roads; walking trails and unclassified
pixels. The study is in preliminary sta-
ge; therefore the final results cannot be
presented here. The vegetation analysis
so far showed clear evidence of growing
extension of road affected area over time.
The �ecotone effect� can easily be re-
cognized on multispectral images, and
its extend agrees with the GPS ground
measurements done by BRANI� et al.
in 1997-1998, with the first method far
less time consuming than the second.
The use of aerial photography (i. e., ana-
logous data) converted into digital form
causes technical problems related to rec-
tification (e.g., fitting channels together),
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radiometric and geometric correction
with often unknown parameters, diffe-
rences in exposure, light adjustment etc.
(BAKER et al. 1995). On the other hand,
digital analysis of these photographs pro-
vide unique enhancements, facilitates the
correction of differences in viewing geo-
metry and statistical analysis, make prin-
ting and presentation of results easier and
provide other functions, which would be
more difficult with manual techniques
(POPE et al. 1996). Its great advantage
over the satellite imagery is the high spa-
tial resolution, indispensable for detai-
led vegetation studies (BAKER et al.
1995). Furthermore, historical data sets
covering the entire country since the
1950s are available (from the archive of
the Military Institute of Topography in
Dobru�ka) and aerial data are relatively
inexpensive to obtain in the Czech Re-
public. Use of satellite and aerial data
for the vegetation mapping in tundra en-
vironment has been compared in the stu-
dy of Mosbech et HANSEN (1994).
Remote sensing has many advantages as
well as disadvantages over other me-
thods. One has to understand what to
expect from such a method, what is pos-
sible to detect and in which detail. Ve-
getation in remotely sensed images is
described as a continuum rather then as
distinct classes. Owing to this fact our
effort to classify pixels into few definite
classes can lead to mistakes and confu-
sion. The images contain complex of
information about the whole stand rat-
her then detailed information about in-
dividual plants, therefore it is not usual-
ly possible to describe the vegetation by
classic plant communities (according to
the Braun-Blanquet´s conception), but
more by a particular dominant species,
so-called vegetation mapping units
(FRANK 1988, FRANKLIN 1994).
I would like to thank the Krkono�e Na-
tional Park authorities, Jan �TURSA,
Dana FI�EROVÁ and Ondra VÍTEK for

help and providing the data, to Birger
HANSEN and his team at Copenhagen
for the chips software and a guidance,
and also to my colleges Lenka PAPÁÈ-
KOVÁ and many others for help and
support. The research was partly suppor-
ted by grant GA CR 206/98/0727.
Thanks a lot.
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