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Ukrainian Carpathians like many other mountainous areas possess significant ecological
and societal values, thus requiring careful spatial management. This in its turn requires the
careful consideration of relations between abiotic conditions and various ecosystem properties.
While detailed spatial databases of these conditions and properties are still lacking for many
regions, currently available remote sensing satellite data are the indispensable source of the
spatially distributed detailed ecological information. Digital elevation models and multispectral
images are especially useful for the acquisition of detailed, up-to-date and cheap spatial data on
ecological factors and conditions.

In this study the modern statistical methods of principal component analysis and the
canonical correlation analysis have been applied to reveal the structure in the relationships
between land surface reflectance values in different wavelength ranges and to investigate the
relationships between the revealed image principal components and the set of topographic
characteristic and indexes for the study area in Ukrainian Carpathians.

Principal component analysis of LANDSAT 7 ETM+ image bands allowed to isolate three
independent spatial components that together reveal the structure in the relationships between
the land surface reflectance values in different spectral channels. Canonical correlation analysis
allowed to discern two main canonical roots, proving the existence of rather strong relationships
between the land surface morphometry and its spectral characteristics. The most important
terrain factor that influences the land and vegetation cover structure appeared to be the
elevation, while the other significant factors included a set of topographic characteristics and
indices.

Key words: remotely sensed imagery, digital elevation models, topographic variables,
principal component analysis, canonical analysis, Ukrainian Carpathians.

Mountainous areas usually play a significant ecological and conservational role and
function as focal points of regional biodiversity, hotspots of rare species habitats,
places where large spans of natural and semi-natural ecosystems are preserved. This,
together with the economical values of mountains as reservoirs of valuable resources,
their cultural values as places where local historical cultural customs and practices
remain intact, their values as desirable significant destinations for tourism and
recreation, determine the need of careful spatial management and planning of land use
and resource utilization activities that affect mountain ecosystems.

This said, mountains are often characterized by dynamic processes and changes
that can be activated under the human impacts. Abiotic conditions of climate, relief,
geological substrate and soils in mountains often show sharp spatial gradients that
reflect on the distribution of species, ecosystems and their properties. Therefore, spatial
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planning in mountainous areas requires the careful consideration of relations
between abiotic conditions and various ecosystem properties.

Carpathians are one of the largest mountain ranges in Europe, providing an
essential habitat and refuge for many endangered species of plants and animals,
containing Europe's largest areas of virgin forests, and constituting a major ecological,
economic, cultural, recreational and living environment in the heart of Europe, shared
by numerous peoples and countries. Ukrainian Carpathians (the narrow part of the
elongated Carpathian arch inside the borders of Ukraine) are the largest and highest
mountain range of the country, hosting the large part of Ukraine biodiversity, being an
important refuge and corridor for plants and animals as well as providing indispensable
ecosystem services and being an important area for local and regional tourism and
recreation. Ukrainian Carpathians have been experiencing dramatic changes in land use
practices during last several decades caused by sharp and profound socioeconomic
transformations, leading to corresponding transformations of land cover, changes in the
distribution and structure of many ecosystems, in the courses of a set of
geomorphologic and hydrologic processes, including dangerous and detrimental ones.
Terrain plays an important function as both the factor determining the course of a set of
important geosystem and ecosystem processes, and the indicator of the various
properties of these systems hidden from direct observation.

The importance of terrain features as a major factor defining the landscape
structure and ecosystem distribution, is especially notable in mountainous areas with
their sharp ecological gradients. At the same time, the detailed spatial characterization
of terrain features is presently possible thanks to the emergence of fine-resolution
DEMs. Their analysis makes possible to define process-oriented terrain attributes —
topographic variables that correspond to ecological gradients that are either
conditioned or indicated by terrain features. The set of these gradients presumably
makes up the biotope, while the corresponding ecologically meaningful topographic
variables quantify biotope composition and could be used in the detailed analysis of the
distribution of biotopes and their constituent ecological gradients.

Our research is aimed at the delineation of ecologically meaningful topographic
variables, which can subsequently be subjected to multivariate analysis to reveal the
spatial structure of abiotic factors variability connected with terrain. Two kinds of such
analysis can be suggested: the principal component analysis that explores the general
orthogonal axes of ecological variation in landscape (landscape ordination analysis),
and the cluster analysis that partitions the area into relatively ecologically
homogeneous units.

Abiotic ecological factors include the characteristics of geologic substratum, relief,
climate, soils, and hydrologic processes. Their spatial gradients are the major factor
determining the richness of habitats and the p-diversity in a landscape [21]. The
gradients of ecological factors are often divided into direct gradients that have
immediate physiological importance (e.g., temperature, illumination, water availability,
soil pH) and indirect gradients which have no direct physiological relevance but which
imply some direct gradients or their combinations and which are more easily measured
in the field (e.g., elevation, geology, slope) [1,2].

Data on spatial distribution of the mentioned abiotic factor are therefore crucial for
understanding the spatial distribution of ecosystems and their properties for the
effective management and land use planning in mountainous areas. These data,
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however, are often contained in the different sources of different kinds, often in non-
digital form, lacking metadata, thus requiring their careful coordination before mutual
utilization. New data acquiring usually requires laborious and time-consuming field
studies, especially in the cases of large study areas. These problems are especially
relevant for the developing nations, with their out-of-dated data sources and lacks of
funding for fresh studies.

However, new promising solution came into sight recently in the form of detailed
spatially distributed remote sensing datasets obtained from satellite missions. These
data sources have a set of advantages, among which are the availability and
accessibility of timely datasets and their low costs, as many datasets of rather high
guality have recently become available free of charge via specialized cites on the web.
Yet, while satellite data can be the indispensable source of the detailed spatially
distributed ecological information, they provide only indirect clues and indicators,
requiring the correct and effective interpretation of their data to derive ecologically
meaningful and valuable information.

Two major types of satellite remote sensing data are of particular interest for the
ecological studies: digital elevation models (DEMs) and multispectral images. DEMs
are used for the characterization and analysis of land surface morphometry as the
product of both geomorphological processes and geologic structure. DEM data analysis
allows to calculate topographic variables that make efficient predictors of habitat
characteristics [12]. The multispectral images allow analyzing the spectral
characteristics of landscape that imply the vegetation cover structure, the composition
and state of forest stands, as well as the structure of land use. DEMs and the
multispectral satellite radiometric images are the most commonly used ancillary
environmental data for the spatial prediction and mapping of soil and vegetation [7].
Ready to use datasets representing both types of data are presently available free of
charge, with spatial resolution and quality sufficient enough for regional ecological
studies.

Topographic variables derived from DEM analysis relate closely to the factors and
manifestations of processes that determine habitat characteristics (like solar energy and
water redistribution, soil erosion and accumulation). One example is the Topographic
wetness index (TWI) introduced by Beven and Kirkby [5], defined as

TWI=In(A, /tan B) , where A, is a local catchment area and R — local slope. It

reflects on the balance of water accumulation and drainage over a local neighborhood
and has been shown to correlate well with a set of soil characteristics [4, 10]. As these,
together with the water availability and regimen strongly affect habitat characteristics,
this index could have a significant value as an ecological indicator. For instance, it has
been used for predicting wetlands locations in small catchments across a wide range of
geological, topographic and climatic conditions [15]. Thus, such topographic indexes
can be regarded as indirect ecological gradients sensu Austin [1].

Another kind of the spatially distributed ecologically meaningful indexes can be
derived from the transformations and combinations of different spectral channels of
multispectral imagery. Such indexes will characterize the reflective qualities of the
landscape in respect to the sunlight with different wavelengths. The best known and
most widely used of these is the Normalized difference vegetation index (NDVI),
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easily determined and mapped using the digital analysis of spatial imagery. It is
calculated by the formula

,_ NIR-RED

" NIR+RED

where RED and NIR are the spectral reflectance measurements acquired in the red
and near-infrared spectral channels, respectively [19]. Values of NDVI often correlate
with the Leaf Area Index, plant productivity, biomass, chlorophyll concentration in
leaves, fractional vegetation cover, and some other ecosystem properties which
together indicate the degree of presence and the current state of natural vegetation of
the area [11]. Another example is a Normalized difference water index (NDWI) which
is sensitive to changes in liquid water content of vegetation canopies [9]; having a
similar structure with NDVI, it differs from the latter by the spectral channels used in it
calculation.

While there are plenty of studies concerning digital relief morphometry analysis,
and the studies on the ecological interpretation of multispectral image data, there is the
definite lack of researches that aim at the combined analysis and integration of these
two types of data. Such an analysis will clarify a notion of the spatial distribution of
basic ecosystem properties as being determined by or related to the spatial distribution
of the basic abiotic conditions, making thus possible to insight into the spatial relations
between the properties of land cover and vegetation and their abiotic environment.

Our empirical study aims at the analysis of the relationships between the land
surface reflectance in different spectral channels and the set of land surface
morphometry characteristics as determined for our study area. While the former is
indicative of the vegetation cover structure, the state and composition of forest stands,
as well as the land use structure, the latter being the product of geomorphologic
processes and geologic structure is indicative of some important abiotic ecological
factors.

The case study of the research is a 90*70 km rectangular region in the central part
of the Ukrainian Carpathians. The diagonal of this rectangle roughly matches with the
axis of the Carpathians arc, thus the study area encompasses parts of its northern and
southern macroslopes and the surrounding foothill planes.

Two freely available geospatial datasets have been used for the study: SRTM v. 4.1
DEM and LANDSAT 7 ETM+ multispectral image set. The processed SRTM data
version 4.1 [13] are available on-line from CGIAR Consortium for Spatial Information
(http://srtm.csi.cgiar.org). These data are in decimal degrees, in geographic coordinate
system with datum WGS84, with 90 m pixel resolution. LANDSAT 7 ETM+
multiband image (NASA, 2009) has been obtained from the on-line USGS archive
(http://glovis.usgs.gov). The LANDSAT 7 ETM+ image consists of 8 band layers
acquired on October 13, 2009 with 30 m resolution each, already being projected to
UTM coordinate system (datum WGS84) [17]. LANDSAT images were acquired on
May 02, 2000 and have been terrain-corrected by supplier (for the detailed metadata,
look at aforementioned website).

Our preprocessing of data consisted in bringing them to the common resolution and
coordinate system. For this aim, SRTM DEM has been projected onto UTM coordinate
system while the LANDSAT 7 ETM+ dataset has been resampled to 90 m spatial
resolution to match the resolution of the DEM.

NDV
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The analysis of the data has been carried in two steps. In the first step, the principal
component analysis was applied to the set of LANDSAT 7 ETM+ image bands to
isolate the three independent spatial components that together reveal the structure in
the relationships between the land surface reflectance values in different spectral
channels. The second step of analysis consisted in applying the canonical correlation
analysis to analyze the relationships between these components and the set of
topographic characteristic and indexes. Canonical correlation analysis is a statistical
technique that investigates the relationship between two sets of variables. It is based on
the extraction of canonical variates (roots) that are defined as the correlated weighted
sums of variables from each set. Each of the canonical roots can be conceived as
describing some underlying "latent" variable that represents the distinct kind of
relationship between the two sets [20]. The relationships were analyzed in this way
between the first set of three LANDSAT 7 ETM+ image principal components and the
second set that included such spatial variables as elevation values, slopes, the
Topographic wetness index, the index of relief erosion potential [16], and the index of
solar energy redistribution by local topography [14]. The three roots have been derived
that describe the independent components of the common spatial variation in the two
sets of variables.

The results of the principal components analysis of the LANDSAT 7 ETM+ image
data are given in tables 1-3. The first principal component shows rather strong negative
correlations with most of the spectral bands, thus corresponding to the overall
“brightness” of the surface (Fig. 1). It also strongly correlates with elevation values,
thus the increase in the surface elevation in the area is often accompanied by the
decrease in its reflectivity. Visual analysis of its spatial structure and comparing it with
the topographic maps reveal its strong positive relations with the presence and density
of forest stands. It is also positively correlated with the slope values.

Table 1
Principle component analysis of LANDSAT 7 ETM+ image data: eigenvalues of
correlation matrix

Component Eigenvalue % Total - variance
1 3.009 75.22
2 0.727 18.18
3 0.249 6.21

Table 2
Principle component analysis of LANDSAT 7 ETM+ image data: factor loadings
of the spectral bands

Landsat Wavelengths

band number | (micrometers) Component 1 | Component 2| Component 3

2 0.52 - 0.60 -0.95 0.18 0.23
3 0.63-0.69 -0.89 0.45 0.06
4 0.76 - 0.90 -0.70 -0.70 0.15
5 1.55-1.75 -0.91 -0.09 -0.41

154



Table 3
Principle component analysis of LANDSAT 7 ETM+ image data: correlation
coefficients of principal components with topographical variables

Topographical variables Component 1 Component 2 Component 3
ELEVATION 0.436 0.436 0.015
SLOPE 0.362 0.133 0.038
CTI -0.16 -0.079 -0.014
EROSIVITY FACTOR 0.18 0.032 0.023
SOLAR FACTOR -0.061 0.073 -0.052

The second component also positively correlates with the elevation values, but its
relations with other topographic characteristic and indices appeared to be very different
from those of the first component. The second component appears to discriminate well
between deciduous and coniferous forests: dense beech forest stands produce
especially low values. This component also shows very strong (r = 0.95) negative
correlation with the well-known NDV1 index. Low values of this component (and high
values of NDVI) generally indicate the presence of deciduous (mostly beech) forests
characterized by high values of biological productivity and biodiversity. The second
component also better differentiates between different anthropogenic land uses and
land cover types.

The first and the second principal components also correspond well to the two first
components of the tasseled cap transformation [6]. The third component shows very
weak linear correlation with the topographic characteristic and indices, however its
visual analysis revealed that its high values strongly associate with the locations of
subalpic meadows. This component can thus effectively be used for the detection and
monitoring of the location and extent of valuable subalpic grassland communities in
Ukrainian Carpathians with a number of rare and endangered species.

The images of these components are given in Fig. 2 and Fig. 3.

Canonical correlation analysis has been used to analyze the relationships between
these components and the set of DEM-derived topographic characteristic and indices.
Most of the variability in the two sets of variables has been explained by the first
canonical root, which is strongly correlated with the elevation values (Tab. 4-6). The
second root positively correlates with the slope values and the mass movement
potential and negatively with the solar radiation influx.
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Fig. 1. LANDSAT 7 ETM+ Principle component 1 image; lighter tone corresponds
to higher values.
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Fig. 2. LANDSAT 7 ETM+ Principle component 2 image; lighter tone corresponds
to higher values.

156



Table 4
Canonical roots’ eigenvalues

Root 1 Root 2 Root 3 Root 4
Eigenvalue 0.416 0.065 0.009 0.001

Table 5
Canonical correlations
Canonical root Canonical - R CRa_ 23?'%" i Chi-sqr.
1 0.645 0.416 477756.2
2 0.256 0.065 59963.7
3 0.094 0.009 7457.2
4 0.027 0.001 556.1
Table 6
Canonical factor loadings
Topographical variables Root 1 Root 2 Root 3 Root 4
ELEVATION -0.98 -0.023 0.194 -0.016
SLOPE -0.523 -0.729 0.405 0.03
PLAN CURVATURE -0.143 -0.135 -0.336 0.386
PROFILE
CURVATURE 0.19 -0.012 0.224 0.583
CTI 0.256 0.268 -0.127 -0.084
EROSIVITY
FACTOR -0.226 -0.419 0.418 -0.271
SOLAR FACTOR -0.06 0.649 0.632 0.034

The results of this study prove the existence of rather strong relationships between
the land surface morphometry and its spectral characteristics. These relationships
imply the more fundamental relations between the ecosystem distribution and
properties and the character of abiotic conditions.

The two major moprhometric factors of land cover differentiation appeared to
correspond to the distinction between the high and low altitudes (canonical root 1), and
also between the steep shady slopes and sunlit flat areas (canonical root 2). The
analysis of the spatial distribution of the canonical factors scores and residuals can
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indicate the state of vegetation, the degree of its correspondence to abiotic factors and
conditions, the character and degree of anthropogenic disturbances.

Multispectral images can be used to derive characteristics and indices relevant to
the assessment of the state of vegetation cover and its properties that determine the
ecological value and significance of habitats. The widely used NDVI index has been
shown to correlate with plant [3] and animal [18] species diversity, as well as the
carbon fluxes and storages [8, 11]. In our case the analysis has shown that areas with
high NDV1 values (that mostly correspond to highly productive deciduous forests) are
generally found on steep slopes in low elevations (Fig. 3). It is at variance with the

prevailing conservation strategy in Ukrainian Carpathians, where most protected areas
are located in high altitudes.
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Fig. 3. The distribution of the average NDV1 values in relation to elevation and
slope

The current availability of detailed remotely sensed satellite data makes it a useful
tool for analyzing the relationships between the ecosystem distribution and properties
and the abiotic factor that shape them. The results obtained in this study reveal the
presence and character of such relationships in the study area in the central part of
Ukrainian Carpathians. While this study mostly analyzes local dependencies, the
inclusion of non-local measures (e.g., the averages and variances of variables
calculated inside the moving windows of variable sizes) and also texture measures can

possibly provide more insights into the spatial relationships, ecological structures and
processes in mountainous landscapes.
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JOCIIZKEHHA 3B°A3KIB MIK PEJIBE®POM TA CIIEKTPAJIBHUMH
XAPAKTEPUCTUKAMM EKOCUCTEM YKPATHCHKHX KAPIIAT 3
BUKOPUCTAHHAM JAHUX CYITYTHUKOBOI'O 3HIMAHHA

O. MxkpTusin
JIvgiscokuil HayionanvHull yrisepcumem imeni leana @panka,
eyn. I1.[Jopowenka 41, Jlvsis, 79000. Vkpaina, e-mail: alemkrt@gmail.com

VYkpainceki Kaprnary, sik i 6arato iHIIMX TipCbKUX TEPUTOPIi, CTAHOBJIATH 3HAYHY LIHHICTh
3 IPUPOJOOXOPOHHOI Ta CYCHUIBHOI TOYOK 30pYy, L0 BHUMarae HaJeXKHOI yBard [0
IIPOCTOPOBOTO YNPaBIIiHHA IMMH Teputopismu. Lle, B cBOI0 depry, moTpedye peTenbHOro
BUBYEHHS 3B’SI3KiB MK a0lOTMYHUMH yMOBaMH Ta Pi3HHUMH BIACTHBOCTSIMH €KOCHCTEM. Xoda
Juisi 6aratboX pETiOHIB CBITY Hapa3si BIACYTHI JOCTaTHBO JETalbHiI 0a3W MaHHWX MO0 TaKUX
YMOB 1 BIIACTHBOCTEH, HasBHI B HAIl 4ac JaHi CYIIyTHHKOBOTO 3HIMaHHS € HE3aMiHHUM
JDKEpeJIOM JIETalTbHOI IPOCTOPOBO PO3IOALICHOT eKOIOTIYHO1 iHGopMatii. OcoOMuBO IIHHUMU
B I[bOMY BimHOImIECHHI I1H(poBI Momem penbedy Ta MYyIbTHKAHAIBbHI T€0300paXKCHHS, SKi
JI03BOJISIFOTh OTPUMYBATH JIEeTajbHY, aKTyajbHy B 4aci Ta JEIIeBy MPOCTOpOBY iHdopmariro
1010 €KOJIOTIYHUX YMOB 1 YHHHUKIB.

B nmaHoMy nociipKeHHI BHKOPHUCT@HO Cy4YacHi CTATUCTUYHI METO/AM aHalli3y TOJIOBHUX
KOMITOHEHT Ta KaHOHIYHOTO KOPEISLIHHOrO aHaji3y AJsl BUSBJICHHS CTPYKTYPH 3B’SI3KiB MiX
3HAUEHHSMHM BIJIOMBHOI 3/aTHOCTI 3E€MHOI TMOBEPXHI Yy PI3HHX JIOBXKHHAX XBHIb, Ta
JOCIIJDKEHHST 3B’SI3KiB MK BHABICHHMH TOJIOBHUMH KOMIIOHEHTAMH T€0300pakeHHS Ta
HabOpOoM MOpP(GOMETPUYHMX XapaKTepUCTHUK Ta IHJEKCIB, B MeXaxX JOCHIJHOI MIISTHKH B
VYkpaincekux Kapnarax.

AHaJi3 ToJI0OBHUX KOMIIOHEHT CIIEKTpAIbHUX KaHaliB reo3obpaxkennss LANDSAT 7 ETM+
JI03BOJIMB BHAUTUTH TP HE3AJICKHI IIPOCTOPOBI KOMIIOHEHTH, SIKI pa30M BUSBISIIOTH CTPYKTYPY
3B’SI3KIB MK 3HAYCHHSIMM BiIOMBHOI 3/1aTHOCTI 3€MHOI MOBEPXHI y PI3HUX CHEKTPaJIbHUX
kaHanmax. KaHOHIYHWI KOpeNsIidHui aHali3 JO3BOJUB BHOKPEMHUTH JBa TOJOBHI KAaHOHIYHI
KOpEHi, TOBiBIIX iCHYBaHHS JTOCHTH CHIJIBHOTO 3B 3Ky MK MOp(oMeTpiero 3eMHOT ITOBEpXHI Ta
il CIeKTpadbHHMH XapakTepucTHKamu. HaiOinpm BakamBuM (aKTOpOM penbedy, SIKHHA
BIUIMBA€E HA CTPYKTYPY Ha3eMHOIO i BEreTaliiHOro MoKpoBY, BUSBHUIACH aOCOIIOTHA BHCOTA, B
TOM 4ac K iHIN 3HAYymi (pakTopW BKIIOYAIN HHU3KY MOP()OMETPHYHHX XapakTEPUCTHUK Ta
1HJIEKCIB.

Kniouosi crosa: nmucranuiiiHi 300pakeHHs, mudposi moxeni pensedy, MopdomerpuuHi
XapaKTEepUCTUKH, aHaJi3 TOJIOBHUX KOMIIOHEHT, KAHOHIUHUH aHani3, Ykpaincbki KapnaTu.
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