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ABSTRACT
The paper aims at determining land indices and suitability classes for spring wheat for intramontane continental Basins on example of Uimon Basin (Altai Republic, Russia). Star-ting-points approaches are: the Agricultural Soil Suitability Model „Almagra” (De la Rosa, 1992 and 2000) developed for mediterranean regions and a method specifically compiled by Burlakova (1988) for the Altai, based on weighted means of a factor set. 2) For comparison purpose, second, third and fourth version of the same model are developed using three differ-rent types of fuzzy logic approaches. Furthermore, the paper presents ideas how remote sen-sing might interact with the geo-information system (GIS) and modelling of soil and climatic conditions for land evaluation. A rating is classified using five suitability classes adopted from the FAO classification (1976). Social and economic factors are so far excluded, but can be added within a further phase of development.
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1. INTRODUCTION
Appropriate land use is vital to achieve optimum productivity and to ensure environmental sustainability. Inappropriate land use leads to inefficient exploitation and destruction of land resources, to poverty and other social problems, and even to the destruction of civilization. Land is the ultimate source of wealth and the foundation on which civilization is constructed. One of the solutions is land suitability evaluation leading to rational land use planning and an appropriate and sustainable use of natural and human resources (Diepen et al., 1991). Consi-dering these two aspects land evaluation, may be defined as “process of assessment of land performance when used for specific purposes” (FAO, 1976). Or as “all methods that explain or predict the use potential of land” (Diepen et al., 1991). Land evaluation is a key tool for land use planning, either by individual land users, by groups of land users, or by society as a whole. In its vegetative cycle plant physiology implies strict physical minimum requirements to allow crops to grow and prosper. If they are fulfilled at a place during most of the vegetation periods (taking into account the statistical behaviour of the crucial meteorological elements), productivity can be checked.
In the present case, the study aims at a qualitative approach using IT systems and tools, namely Geo-Information Systems (GIS). Efficient field data and functions dealing with temporal variations (e.g. time series) are, however, not fully satisfactory for dynamic regional evaluations and are, therefore, should be integrated into GIS. The present implementation shows adaptation of mediterranean models to the study area, use of existing local models (Altaian) and other mathematical approaches.
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2. STUDY AREA
The study area is characterised by an intramontane continental basin in the Altai Mountains, called Uimon Basin. It is a tilted plain measuring 383.24 km2 with – apart from a couple of isolated rock outcrops - low local relief. The basin is a result of tectonic movements along major structural lines of the mountain range. Administratively, it belongs to the Altai Republic, an area with partial autonomy within the Russian Federation, bordering Kazakhstan, China and Mongolia (Fig. 1). The climate is strongly conti-nental. The warmest month is July with the mean temperature of 16.6°C with possible daily maxima reaching up to 25-30°C. The maximum amount of precipitation for the summer period is 275 mm (June - August), the mean annual precipitation is 499 mm. (cf. Chapter 3.2 and Kelgenbaeva et al., 2003). 
3. DATA BASE
3.1 Soil data
The soils of the Uimon Basin were mapped using different primary geo-information: A first insight into the variety of soil types is given by cartographic documents from the 1960ies, which have been prepared to assist land improvement schemes. A necessary genetic link (for evaluation and detailing) can be established by comparing the indicated soil distribution to a morphogenetic and morphochronological stratification. It delivers different types of clastic Quarternary basin fillings dating from the last deglaciation phase to most recent sediments. Satellite image interpretation, guarternary, topography maps and ground truth form the sources here. The mapping units originating from these documents have been allowed to label the individual fields (mapped from space imagery) according to the dominant substrate/soil unit (Kelgenbaeva et al., 2003). Characteristic for the more humid parts of the intramontane basins of the Altai is a dominance of the fertile chernozem soils. Due to the low relief impact and low soil mass displacement in the area, standard chernozem is more abundant than mountain chernozem of the steeper parts along the basin margins. The following table names the variety of soils from the soil map and their sub-types:
Table 1: Some examples of soils types of the study area.
	TYPE
	Subtype

	Chernozem
	Standard Chernozem (Haplic Chernozem)

	
	Leached Chernozem (Luvic Chernozem)

	
	Meadow Chernozem (Gleyic Chernozem)

	
	Leached Meadow Chernozem-like Soil (Haplic Phaenozem)

	Mountain Forest Soil
	Mountain Forest Soil (Umbric Leptosol)

	
	Mountain Forest Chernozem-like Soil (Mollic Leptosol)

	
	Mountain-Steppe Chermozem-like Soil (Mollic Leptosol)

	Meadow Soil
	Meadow Soil (Umbric Gley)

	Alluvial Soil
	Alluvial Soil (Umbric Fluvisol)

	Chestnut Soil
	Chestnut Soil (Kastanosems)


These units were analysed by field soil sampling for a set of physical and chemical soil parameters: soil texture, soil reaction (pH), humus content, available nitrogen (NO3), available phosphorus (P2O5) available potassium (K2O), cation exchange capacity (CEC).

3.2 Agro-Climatic Data

Due to mostly rather favourable soil conditions, the more severe limiting factors for the selection of crops and yields to be expected are associated to meteorological elements. Agro-climatic factors are establishing a quantitative connection between vegetative processes of specific plants and their in-situ atmospheric environment. To some degree it is, however, problematic, to relate the standardised readings in 2 m above ground at a meteostation to un-known in-field parameter values close to the ground. 
In particular, daily temperature and precipitation data (1995 - 2002) were considered to calcu-late the Hydro-Thermal Coefficient (HTKi), which approximately shows an excess or a lack of humidity during (1) the root growing period (May-June) - termed HTK1 -, and (2) HTK2 for the remaining vegetative period in the area (May-September). 

3.3 Satellite Imagery and Topography Data
High-resolution multi-spectral satellite images of the study area (Table 2) has been acquired and processed within the scope of a long-term joint international co-operation project between the Dresden University of Technology and the Altai University, Barnaul, aiming at the generation of a comprehensive environmental GIS for the area (Prechtel and Buchroithner, 2003; Prechtel, 2003). The benefit of the MK-4 images is a combination of high geometric resolution (around 12 m) and stereo-capability (60% overlap along track; Prechtel, 2000). 

Table 2: Available high-resolution satellite orthophotos, part of the GIS ALTAI-100.

	Sensor
	Date
	Image Parameters
	Processing Stage

	MK-4 (3 Scenes)
	08/30/1995
	Orbit Height: 240 km

Coverage: 140 km x 140 km; 

Original Ground Resolution: 12 m
	Multi-spectral orthoimages (processed at Institute for Cartography)


For direct crop identification from imagery on a field-by-field base, a multi-temporal image set falling within one vegetation period would be a pre-requisite, which is presently not available and hard to acquire as a result of the cloudiness.

The topographic data can be divided into two groups, a first one being an integrative part for the modelling and a second one being an integrative part of the cartographic output. The first group contains a detailed numeric description of the relief (Digital Terrain Model), the second one basically orientation elements like communication lines, settlements, non-agricultural land cover types and drainage elements; all of them have been ready-to-use at the beginning of this project. 

Since the relief forms are among the main steering factors for soil development (directly through displacement of particles, indirectly through an influence on the water and energy household), a DTM with high accuracy definitely has increased the overall accuracy and reliability of the soil assessment model. The classification of topographic and other geo-information in the Russian Federation and, especially, the strict limits for a free use of large-scale topographic maps has so far prevented the generation of a high-quality DTM for the basin. The same restrictions prevent the use of aerial photographs.
4. CLASSIFICATION AND CROP REQUIREMENT TABLE
4.1. Definition of Classes
Depending on the gradations (ranking tables) considered for each of the criteria selected and on the different agricultural uses, five suitability classes are established. [image: image3.jpg]Legend
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The final class defi-nitions were adopted from the FAO classification (FAO, 1976) for the present land evaluation in terms of two suitability orders (S for Suitable and N for Unsuitable): S1 – high suitability, S2 – good suitability, S3 – moderate suitability, S4 – marginal suitability and S5 – no suitability.
4.2 Altai Crop Requirement Table
For the present modelling, ranking tables of land attributes depending on the requirements of Altaian spring wheat is prepared below (Table 3):

Table 3: Category ranking of land attributes for spring wheat given in an ordinal scale. 

	No.

of fac-tors
	Criteria
	Parameter (for soil upper layer 0-20 cm and 
0-40 cm for *, only)
	Suitability Class /Index

	
	
	
	S1
	S2
	S3
	S4
	NS

	1
	Soil type
	St
	Chl, Chp, MoCh, Me
	Chk, Chml, K,
	Mo, MeCh
	A, M, Gf
	Ah, Mr, S

	2
	Depth of humus horizon
	H(A+AB), [cm]
	≥ 60
	≥50 - < 60
	≥ 40 - < 50
	≥ 30 - < 40
	< 30

	3
	Nutrients

	NO3, [mg/100g dry soil] *
	≥ 20
	≥15 - < 20
	≥ 10 - < 15
	≥ 3 - < 10
	< 3

	4
	
	P2O5, [mg/100g dry soil] *
	≥ 10 - < 15
	≥15 - < 20
	≥ 5 - < 10;

 ≥ 20
	< 5
	-

	5
	
	K2O, [mg/100g       dry soil] * 
	≥ 20 - < 25
	≥15 - < 20
	≥ 10 - < 15; 

≥ 20
	< 5
	-

	6
	
	Humus, [%] 
	≥ 6
	≥ 4 - < 6
	≥ 2 - < 4
	≥ 1 - < 2
	< 1

	7
	Acidity
	pH
	≥ 6.4 - < 6.5
	≥ 6.6 - < 7.0
	≥ 7.1 - < 7.5
	≥ 7.6 - < 8.0;
	≥ 8.1

	
	
	
	
	
	
	< 6.3
	

	8
	Nutrient availability
	CEC, [meq 
100 g-1]
	≥ 40
	≥25 - < 40
	≥ 12 - < 25
	≥ 6 - < 12
	< 6

	9
	Flood damage
	Flood frequen-cy, [%]
	< 20
	≥20 - < 40
	≥ 40 - < 60
	≥ 60 - < 80
	≥ 80

	10
	Seasonal
	HTK1
	1.0- < 1.2
	≥ 0.8 - < 1.0
	≥ 1.2 - < 1.6
	< 0.8
	≥ 1.6

	11
	water supply
	HTK2
	1.0- < 1.2
	≥ 0.8 - < 1.0
	≥ 1.2 - < 1.4
	< 0.8
	≥ 1.4


Abbr.: Ah - Alluvial-humid leached meadow soils, A - Alluvial meadow soil, Chk - Standard carbonated Chernozem, Chl - Leached Chernozem, Chml - Meadow–leached Chernozem soil, Chp – podsolized Chernozem, M - Meadow–forest soil, K - Chestnut soil, , Mo - Mountain-forest-chernozemic soil, MoCh - Moun-tain Chernozem, Mr - Marshy soil, S* - Solonetz, GF – Grey forest soil, MeCh, - meadow Chernozem soils, Me -Meadow soils.
5. APPROACHES
5.1 Weighted Means (WM) Approach 

The Altai landuse suitability model for spring wheat (ALSW) was derived at by using the following models: The first, the Soil Suitability Model „Almagra” and the Land Capability Model “Cervatana”/MicroLEIS System which are based on maximum limitation procedure and developed for mediterranean regions (cf. De la Rosa, 1992 and 2000). The second, the crop yield forecasting models which are specifically developed for the Altai conditions by Burlakova L. (cf. Burlakova, 1988) using method of weighted means. The advantages of the MicroLEIS models are: runs under MS-Dos, freely available in internet and interactive program. The disadvantages: closed system, do not integrated to RS and have no links to GIS. The Burlakova’s model was also not integrated into RS and GIS. 

Under the present study, following are the specific improvements over the previously mentioned approaches: i) addition of field and MK-4 satellite image data, geology, quaternary, soil, DEM, drainage, erosion and food frequency data ii) integration of data into a GIS (ArcGIS 9.0) environment, increasing the number of evaluation factors (up to 11) and carto-graphic presentation of outputs. Finally, the new “Altai Land Suitability Model for Spring Wheat” was calculated using the following formula (parameters being put on importance in decreasing order):

SI = St, HTK1 HTK2 (H(A+AB) pH (H K (N (P( Ffl (CEC)))))               (1)
where: SI - Suitability Class/Index (SI), St – SI of soil type, HTK1 and HTK2 - SI of hydrothermal coefficients 1 and 2, H(A+AB )  - SI of humus depth layer, pH - SI of soil reaction, H - SI of humus content, P - SI of available phosphorus, N – SI of available Nitrogen, P – SI of potassium, Ffl - SI of frequency to flooding and CEC - SI of cation exchange capacity.
5.2 Fuzzy Logic Minmax Approach
In 1965 Prof. Lotfi Zadeh from the University of California in Berkeley published a paper on the theory of fuzzy sets; that paper has given rise thousands of papers on fuzzy mathematics and fuzzy systems theory. In this chapter, fuzzy logic with a continuous gradation of land (soil) values ranging from “very well suitable” to “not suitable” are considered. Below, we define the truth of a statement or value as being the confidence (MF) we have that a statement or value is correct. The truth is measured numerically, in most fuzzy systems literature ranging from zero (false) to one (true). For the fuzzification was applied Gauss Membership Function (Gauss MF) prepared in mathematical software Matlab using Fuzzy Toolbox. Example of calculation of Gauss MF values in Matlab is presented in Fig.2. For the defuzzification was procedure was used Smallest of Maximum (SOM)/Minmax approach. It was chosen in order to present the minimum potential of land units. 
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Fig 2: Visualisation of Gauss membership function calculation procedure in Matlab.
5.3 Fuzzy Logic Gauss Membership Function Approach

This is a combined approach where used Gauss MF and homogeneous features of soil and other natural properties. Here used central and maximum Gauss MF values (e.g. 0.97 and 0.99 accordingly). 
5.4 Fuzzy Theory Set Joint Membership Function Approach
For the forth approach used Joint Membership Function (JMF) approach which belongs to Fuzzy Theory Set methodology.  Here is the overall suitability assessment of land units are based on a weighting factor of the relevant land characteristics.  The JMF provides a weighted sum of the different land characteristics (A, B, … Z). 


JMFx = (1MF1 + (2MF2 + … + (nMFn
         (2)


and

      (1 + (2 + … + (n = 1


 (3)

     The choice of weights ((1, (2,… (n) is of critical importance. This can be obtained on the basis of expert knowledge and local advice, experimental data, previous land evaluation me-thods, etc. In present case applied the same weighting procedure suggested by Burlakova (1988). The maximum (MOM) Gauss MF values used here.
6. GENERATION OF SUITABILITY MAPS
Input data were integrated into ArcGIS 9.0. The Arc Macro Language (AML) Program was used for the evaluation procedures for the above mentioned four approaches. 
7. RESULTS, DISCUSSION AND CONCLUSIONS
The land suitability for spring wheat based on 11 evaluation criteria is classified according to the 1) Weighted Means Approach, 2) Fuzzy Logic Minmax Approach, 3) Fuzzy Logic Gauss Membership Function Approach 4) Fuzzy Theory Set Joint Membership Function Approach. There are 11 evaluation criteria plus erosion vulnerability factor (but it does not included in formula 1) were used in present study. In Fig. 5 (a, b, c and d) portions of obtained spring wheat suitability maps are presented. In Table 4 agreements and differences of obtained results amongst the four applied classification approaches are presented. There is a good agreement between the 1st, 2nd and 3rd approaches are observed, so the difference only show where land units have a degree of suitability somewhat near class limits (as in U3, U5, U8 and U9). When using the fourth 
Table 4: Suitability classification results according to different evaluation methods.

	Land Units
(U)
	Suitability  valuation of summer wheat by different approaches

	
	Classical Weighted Means Approach
	Fuzzy Logic

Minmax Approach
	Fuzzy Logic Gauss Membership Function Approach
	Fuzzy Theory Set Joint

Membership Function Approach

	
	I
	II
	III
	IV

	U1
	S4
	S4 (0.21)
	S4 – S5 (0.96 -1.0)
	S2 (0.65)

	U2
	S4
	S4 (0.18)
	S4 – S5 (0.99 -1.0)
	S3 (0.53)

	U3
	S1
	S4 (0.39)
	S2 – S1 (0.99 -1.0)
	S1 (0.81)

	U4
	S2
	S2 (0.60)
	S1 – S2 (0.95 – 0.98)
	S2 (0.78)

	U5
	S3
	S3 (0.39)
	S5 – S4 (0.94 – 0.98)
	S2 (0.72)

	U6
	S2
	S2 (0.62)
	S2 – S1 (0.98 – 0.99)
	S1 (0.87)

	U7
	S3
	S3 (0.42)
	S3 – S4 (0.96 -1.0)
	S2 (0.76)

	U8
	S3
	S5 (0.12)
	S4 – S5 (0.99 -1.0)
	S2 (0.60)

	U9
	S2
	S4 (0.45)
	S1 – S2 (0.98 -1.0)
	S2 (0.73)

	U10
	S4
	S5 (0.14)
	S4 – S5 (0.99 -1.0)
	S3 (0.53)

	U11
	S5
	S5 (0.12)
	S4 – S5 (0.99 -1.0)
	S5 (0.08)


approach we find that the suitability classes of flood frequency, climate factors and erosion susceptibility is in effect ignored by suitability classes of soil properties. Yet, these properties should have little impact on those lands on the assessment of suitability. This is a disadvantage of the fourth approach.
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In order to judge the efficiency of the classification methods the classification results are compared with prepared landuse map. It was prepared based on field survey of 2002 and agronomy report of 2002 of Ust-Koksa Region. The results obtained with the third approach show a better agreement (correlation coefficient r = 0.986) with actual landuse data than those obtained with the first (r = 0.927), second (r = 0.87), and fourth (r = 0.45) approaches.

The weighted means method and Fuzzy Theory Set Joint Membership approaches permit to determine suitability classes without further specifications. Land units that have a degree of suitability intermediate between classes are either strongly favoured or downgraded by attributing a single suitability class. Compared to the above mentioned methods, Fuzzy Logic Minmax and Gauss Membership Approach are able to describe the degree of belonging of the land unit to each of the suitability classes independent of class limits. A disadvantage of the fuzzy logic approach is the extensive calculation procedure. The good results obtained with the fuzzy logic approaches are, however, promising concerning its further development for and application in the field of land evaluation.
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Fig. 5: Portions of land suitability maps for spring wheat based on the: 


	a) Weighted Means Approach, 


	b) Fuzzy Logic Minmax Approach, 


	c) Fuzzy Logic Gauss Membership Function Approach,


	d) Fuzzy Logic Joint Membership Approach (cf. colour version in digital form).
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Fig.1: Location map of the study area.
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