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Abstract

:

This paper presents a methodology for defining spatial priorities for irrigation development in Vojvodina Province (Serbia). The purpose of the methodology is to take into account several UN Sustainable Development Goals and to try to minimize land degradation, while maximizing water use efficiency. In the first step, areas that can be irrigated over long-term periods with minimal risk of soil degradation were selected in the geographic information system (GIS) environment. Then, three experts used the analytic hierarchy process (AHP) to define the weights of four criteria related to water use efficiency. After that, the consensus model was used to obtain group weights of the criteria. These criteria were standardized and presented as GIS layers. Finally, cell values in all the layers were multiplied by corresponding consensus weights of the criteria. The weighted layers are summarized in the final map representing spatial priorities for irrigation development.
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1. Introduction


As reported by the UN [1], water scarcity already affects around 1.2 billion people while 500 million people are approaching this situation. Similar problems can be expected in the Republic of Serbia (Figure 1a) where the frequency and intensity of droughts have increased, especially during the summer crop-growing season [2]. It has been estimated that agricultural production in Serbia will decrease by 10% in the second half of this century due to climate change. Vojvodina Province (Figure 1b)—as the main agricultural region in Serbia with 75% of agricultural land (more than 16,000 km2)—is particularly vulnerable because the variation in crop yields in Vojvodina is strongly correlated with the amount and distribution of rain during the growing season [3]. Drought events and occurrences of inland excess water in Serbia affect agricultural production and the food industry, which leads to variations of supply and demand, and fluctuations of the price of agricultural products [4]. Drought may become a problem in the future development of Serbia [5].



In the Vojvodina region, there are natural resources and high potential for irrigation development [6]. According to the data of the public water management company Vode Vojvodine, it is possible to irrigate 936,000 hectares of agricultural land in this region [7]. Despite the well-known fact that irrigation increases agricultural productivity, the percentage of irrigated land is very low (3%) (Figure 1c). Intensification of irrigation could ensure stable and increased crop production, and the expansion of exports into foreign markets, which would have a positive impact on the agricultural sector and the entire economy of Serbia [8]. For that reason, the agricultural policy of Serbia prioritizes expanding the area of land under irrigation, especially in Vojvodina Province.



The relevant literature [3,9,10] presents examples of evaluations of the suitability of land for irrigation, where different criteria are analyzed. To the best of our knowledge, the focus in those methodologies was not sustainable development—defined as achieving economic, social, and environmental well-being, without compromising the ability of future generations to meet their needs [11]. Therefore, in this paper, we present a methodology for defining spatial priorities for irrigation development based on three targets defined in the UN Sustainable Development Goals [12]:




	(T1)

	
By 2030, combat desertification, restore degraded land and soil, including land affected by desertification, drought and floods, and strive to achieve a land degradation-neutral world (the goal 15.3);




	(T2)

	
Integrate climate change measures into national policies, strategies, and planning (the goal 13.2);




	(T3)

	
By 2030, substantially increase water use efficiency across all sectors (the goal 6.4).









The structure of this paper is as follows. After the introduction, Section 2 gives an overview of the applied methodology based on the UN Sustainable Development Goals, and the combining of the geographic information system (GIS) and analytic hierarchy process (AHP). The results of the application of the methodology are presented in Section 3, followed by the concluding remarks in Section 4.




2. Materials and Methods


For the purpose of defining spatial priorities for irrigation development based on the three targets indicated in the UN Sustainable Development Goals, we propose treating soil and water conservation criteria separately, not combined as they are in previous case studies. In order to achieve T1 (a land degradation-neutral world), we first selected land that can be irrigated over long-term periods with low (or no) risk of land degradation. These areas are defined according to the physical and chemical properties of the soil. Then, taking into account T2 (integrate climate change measures into planning) and T3 (increase water-use efficiency), the criteria related to water conservation and water use efficiency—availability of water in the root zone, water deficit, drought hazard, and distance from water bodies—were used to define spatial priorities for irrigation. These criteria were analyzed in a group context by using the geographic information system (GIS) and the multi-criteria decision-making method (MCDM) named the analytic hierarchy process (AHP) [13] in combination with the consensus model. Although there are several MCDMs that can be used in combination with GIS, AHP is used in more than 80% of all MCDA–GIS articles [14]. The main reason for this is the fact that AHP is understandable and user friendly, easy to use in group settings, and has the ability to combine qualitative and quantitative data in an effective manner [15]. In this paper, GIS was used to present all the criteria spatially (as maps or raster layers) and to enable their combination (summarization) in the final suitability map for irrigation, while the AHP and the consensus models were used for defining the corresponding criteria weights.



The methodology presented in Figure 2 was applied to define spatial priorities for irrigation development. In the first step, the areas which can be irrigated over long-term periods with minimal risk of soil degradation were selected in the GIS environment. Then, agricultural experts used AHP to elicit weights of the four criteria related to water conservation and water use efficiency. After that, the geometric cardinal consensus model (GCCM) [16] was used to obtain group weights of criteria. All computations regarding the application of AHP and the consensus model are programed in FORTRAN programming language.



In the next step, these criteria were standardized in the GIS environment. A value on a scale from 1 (low priority for irrigation) to 5 (very high priority) was assigned to each cell in the four criteria layers. Finally, the cell values were multiplied by the corresponding weights of the criteria and summarized in the GIS software using a raster calculator. The final result is the map of the spatial priorities for irrigation development in Vojvodina Province.



2.1. The Analytic Hierarchy Process (AHP)


AHP [13] is a multi-criteria decision-making method that enables decomposition of a complex decision problem into a hierarchy where the goal is at the top level, criteria and sub-criteria (if any) lie below the goal, and alternatives are placed at the lowest level of the hierarchy. In AHP, the decision maker (expert) compares all the elements in pairs at one hierarchy level in relation to all the elements on a higher level using Saaty’s importance scale (Table 1).



In addition, there are many cases [17] when AHP is only used to derive the weights of the criteria. Similarly, in this paper, AHP is used only for defining the weights of GIS layers (which represent the criteria). After all the n criteria are compared in pairs, numerical values that are equivalent to linguistic definitions are ordered into a matrix A, which is symmetric and reciprocal, that is, all the aij values are greater than zero, aij=1/aji, and all the main diagonal elements are equal to one. Then, the weights of the criteria are calculated from the matrix A using one of the several prioritization methods. Here is used the logarithmic least squares (LLS) method [18]—as the required prioritization method for the consensus model used later—where the weights of the criteria are the normalized geometric means of the rows of matrix A:


wi=∏j=1naijn∑i=1n(∏j=1naijn)



(1)







For the LLS, the geometric consistency index (GCI) is used to measure individual consistency:


GCI(A)=2(n−1)(n−2)∑i<j (ln(aij)−ln(wi)+ln(wj))2



(2)







Matrix A is fully consistent if GCI(A) = 0, or it has acceptable inconsistency if GCI < 0.31 for n = 3, GCI < 0.35 for n = 4, and GCI < 0.37 for n > 4 [19]. Otherwise, the expert needs to revise their judgments.




2.2. The Consensus Model


As previously mentioned, AHP is based on the subjective opinion of the expert, which may result in an unreliable and biased decision. This uncertainty can be decreased if there is a group of experts. In such cases, the implementation of a group decision is easier if the level of consensus among the experts is higher [20]. Very often, a full and unanimous agreement of all the experts, which is a classic definition of consensus, is impossible to achieve in real life. In order to automatically increase the level of consensus among experts, AHP can be combined with compatible consensus models. In this paper, the geometric cardinal consensus model (GCCM) [16] was used, which is based on the iterative modification of judgments within individual matrices so that the distance of individual decisions from a group decision is decreased. According to [16], this model consists of the following steps:



Step 1: Let z=0 and Azc=(aij,zc)n×n=(aijc)n×n, c=1,…,m, where m is the number of experts.



Step 2: Let wzg=(w1,zg, w2,zg,…, wn,zg) be the group priority vector obtained by LLS from the group matrix Azg=(aij,zg)n×n, the elements of which are:


aij,zg=∏c=1m(aij,zc)αc



(3)




where z is the number of iterations, and αc is the weights of the experts (in this paper all the experts have equal weights, αc = 0.333).



Step 3: Compute distance between individual judgments aij,zc and the group priority vector wzg for each Azc. This distance is called the geometric cardinal consensus index (GCCI) and is given by Equation (4):


GCCI(Azc)=2(n−1)(n−2)∑i<ji,j=1n(ln(aij,zc)−ln(wi,zg)+ln(wj,zg))2



(4)







If for each c, GCCI ≤ 0.001, go to Step 5. Otherwise, proceed to the next step.



Step 4: Select the expert c with the highest GCCI value (the distance between individual and group decision), and then modify the judgments of that expert using the following equation:


aij,z+1c=(aij,zc)θ(wi,zgwj,zg)1−θ, where 0<θ<1 



(5)







In this paper θ = 0.8, which is the same as in [16]. Other matrices in the iteration z+1 remain the same as in the iteration z. After that, go back to Step 2.



Step 5: The output of the consensus model includes the corrected initial individual matrices (where GCCI values are less than 0.001), the number of iterations (z), the group matrix (Azg), and group priority vector wzg.





3. Results


3.1. Step # 1


Miljkovic [21] defined soil suitability classification for irrigation using the following soil properties: soil structure and aggregate stability, humus content, CaCO3 status, pH, salinity, sodicity, etc. The classes of soil suitability for irrigation are defined according to the ability to irrigate without degradation of the soil over long periods of time (Table 2, Figure 3a). In the first step of the proposed methodology, the whole area within the first two classes (values 4 and 5) of soil suitability for irrigation was extracted in the GIS environment (Figure 3b). To minimize the risk of soil degradation, only this area will be analyzed.




3.2. Steps #2–4


According to previously published results, the available data for Vojvodina Province, and the opinions of agricultural and irrigation experts, the four water use efficiency criteria important for defining spatial priorities in irrigation development are identified as follows:




	
The total available water in the root zone (AW) was determined as a difference between the water content at field capacity and the wilting point in the root zone. In Vojvodina (where the topsoil depth varies from 0.1 m to 1.5 m), AW ranges from 5 mm to 200 mm [22].



	
The water deficit (WD) during the growing season is the most common way of elaborating the need for irrigation. Water balance represents the difference between precipitation and potential evapotranspiration (ET0). It is calculated using monthly precipitation data from nine principal meteorological stations in Vojvodina from 1971 to 2011 and ET0 using the Thornthwaite method [23].



	
Drought hazard (DH): drought is usually quantified by drought indices, which enable drought characterization, including magnitude, duration, severity, and spatial extent of drought. In this step, we used the drought hazard map from our previous research [22], where drought occurrences were analysed and drought-prone areas in Vojvodina were identified using the four state first-order homogeneous Markov chain model applied to the time series of the standardized precipitation index–SPI [24] calculated on a three-month scale (SPI3) for each month.



	
Distance from water bodies (DW): part of the water for irrigation is lost during transport through the water bodies because of evaporation, percolation, etc. This means that irrigation efficiency is higher when the distance from water bodies is shorter. Here, four buffer zones are drawn around water bodies, each at a distance of 2 km.








The decision problem hierarchy is presented in Figure 4. Then, the three agricultural experts (AE1–AE3) from the Faculty of Agriculture at the University of Novi Sad individually evaluated the criteria in pairs using Saaty’s scale [13] (Table 1). Individual criteria weights were obtained using the LLS method (Table 3). The consistencies (GCI values) of the agricultural experts were computed and presented in Table 3. The results show that all the experts had acceptable inconsistency (GCI < 0.35).



After that, the consensus model was applied and a group decision was obtained. Reaching the consensus required 49 iterations. The GCCI for all the experts was less than 0.001, meaning that a full agreement among the experts was reached. Group weights of the criteria (w(g)) and consensus matrix are also presented in Table 3. The obtained results show that the most important criterion is drought hazard (DH) with a weight of 0.335, the second is total available water in the root zone (AW) with a weight of 0.334, then the criteria distance from the water bodies (DW) (0.175), and water deficit (WD) (0.157).




3.3. Steps # 5–7


In this phase of the methodology, all the criteria are presented as GIS raster layers. The inverse distance weighting method was used to interpolate the water deficit and drought hazard data. As mentioned in the previous section, all the layers were standardized by assigning to each cell a rating on the scale from 1, meaning a low priority for irrigation (light yellow colour), to 5, representing a very high priority (dark brown colour). The ratings are assigned as shown in Table 4. The highest priorities (suitability) for irrigation development are given to the land units with:




	(a)

	
The highest capacity to hold considerable amounts of water (for the AW criterion);




	(b)

	
The highest water deficit (for WD criterion);




	(c)

	
Very high drought hazard (for DH criterion); and




	(d)

	
The smallest distance from water bodies (for DW criterion).









The spatial distributions of suitability ratings (regarding all the analyzed criteria) are presented in the suitability maps (criteria layers) for irrigation (Figure 5a–d). All the layers are identically georeferenced and have the same pixel resolution, which enables the GIS overlay analysis.



Finally, the cell values were multiplied by the corresponding consensus weights of the criteria and these weighted layers are summarized in the final map (Figure 5e). This was done using the raster calculator in GIS. Notice that only the area selected in Step 1 (the first two classes of soil suitability for irrigation presented in Figure 3b) was analyzed. Thus, we created the map with spatial priorities for irrigation development, the purpose of which was to minimize land degradation and to maximize water use efficiency.



According to the obtained results, the areas with the highest priorities (rating 5) for irrigation development are located in the central-eastern part of Vojvodina and cover 2.4% of the analyzed area. These areas are rated as the most suitable due to the combination of favorable soil properties (high water holding capacity), dense network of natural and artificial watercourses, and adverse climatic characteristics such as high deficit in the soil water balance and high drought hazard. The second most suitable areas (rating 4) are mostly located in the southwestern parts, but also in the central-eastern and northern parts of the Vojvodina region. They cover 23.5% of the analyzed area. This map can be used by the government of Vojvodina as a helpful and trustful foundation for defining land with priorities for irrigation development. Although this map is based on objective and scientific data, it allows the policy makers from the government to modify the spatial priorities according to political, social, and economic criteria which are not analyzed in this paper.





4. Conclusions


In this paper, we presented a methodology for defining spatial priorities for irrigation development, the main goal of which was to try to achieve several UN Sustainable Development Goals, mainly related to a land degradation-neutral world and water use efficiency. For that purpose, we proposed to treat soil and water conservation criteria separately. This means that we decided to first select the land with minimal risk of soil degradation (which can be caused by long-term irrigation), and then to evaluate those areas using water use efficiency criteria. In the future, affected by climate change, water use efficiency will become even more important than it is now. This is true especially for the agricultural sector where irrigation accounts for 70% of global water withdrawals [13]. This is the reason why we highlighted the water use efficiency criteria in defining spatial priorities for irrigation. The central part of the methodology is the combination of AHP and GIS—today almost considered to be the standard procedure for any spatial land evaluation—used in a group context together with the consensus model. We believe that group decision making can help the involved experts make wiser decisions and that it can decrease the risk related to the bias and subjectivity of experts. In addition, the consensus model used here can help experts to increase the consensus level among them automatically, and it satisfies the Pareto principle of social choice theory. Finally, it is important to notice that our selection of the water use efficiency related criteria was mainly based on the available data. We believe that in future work, we should try to include more UN Sustainable Development Goals and other relevant socio-environmental–economic criteria.
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Figure 1. Map of the Republic of Serbia (a) and Vojvodina Province (b), with existing irrigation systems (c). 
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Figure 2. The methodology for defining spatial priorities for irrigation development. 
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Figure 3. Defining analyzed area. 
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Figure 4. Decision problem hierarchy. 
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Figure 5. The criteria layers and the final map with spatial priorities for irrigation. 
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Table 1. Saaty’s importance scale.
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	Definition
	Importance





	Equal importance
	1



	Weak dominance
	3



	Strong dominance
	5



	Demonstrated dominance
	7



	Absolute dominance
	9



	Intermediate values
	(2,4,6,8)
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Table 2. Irrigation suitability soil classification [21].
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	Irrigability Class
	Description
	Irrigation

Suitability Value





	I
	No limitation for sustained use under irrigation
	5



	II
	Slight soil limitation for sustained use under irrigation
	4



	IIIa
	Moderate soil limitation for sustained use under irrigation
	3



	IIIb
	Severe soil limitation for sustained use under irrigation
	2



	IIIc
	Very severe soil limitation for sustained use under irrigation
	1
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Table 3. Individual judgment matrices (AE1–AE3) with priority vectors, and consensus matrix with group priority vector.
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Table 4. The four criteria with five classes and corresponding suitability ratings.
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	Suitability Rating
	AW
	WD
	DH
	DW





	5—the most suitable
	160–200 mm
	275–297 mm
	Very high
	0–2 km



	4
	120–160 mm
	254–275 mm
	High
	2–4 km



	3
	80–120 mm
	233–254 mm
	Moderate
	4–6 km



	2
	40–80 mm
	212–233 mm
	Low to moderate
	6–8 km



	1—the least suitable
	<40 mm
	191–212 mm
	Low
	>8 km
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