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Abstract: Water scarcity problems may intensify in the future because of the impact of climate change. There are many regions 
were available water resources are nearly fully allocated. In a scenario of reduction of water availability, the 
reallocation of water resources may be required and those uses with high consumption and low priority, such as 
agriculture, could be affected. The decision of reallocation of water uses should be based on the maximization of 
social welfare. To that end, an assessment of the economic implications of lack of reliability in water use is needed. 
Water productivity is an often-applied indicator within the agricultural sector. There are studies about the 
determination of the crop production as a function of irrigation amount and also about the economic evaluation of the 
water productivities at the basin level. However, this information is not directly applicable to the problem of water 
reallocation because it does not account for supply reliability. A methodology for determining a Productivity-
Reliability (P-R) curve and its application in the Guadalquivir basin (Spain) is presented in this work. The P-R curve 
represents the average expected value of agricultural production as a function of supply reliability. This curve is based 
on generally available information such as crop distribution and their market value and also on water availability, 
which depends on hydraulic infrastructure and water management. The P-R curve is obtained by combining the 
results of performance simulations of the water resources system in different scenarios and the crop production with 
the satisfied water supplies. 
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1. INTRODUCTION  

Water resources distribution is likely to be impacted as a consequence of the climate change. On 
such scenario some regions of the planet will have to address with either permanent or temporary 
water scarcity problems. Adaptation and mitigation actions are being prepared for copying with it. 
Among these actions, the redistribution of the resources among the different uses could be 
necessary, and those uses with large demand and low priority, as agriculture, would be the most 
vulnerable (Iglesias et al. 2011). Therefore, the agricultural sector needs tools for improving the 
water management as a measure for sustainable adaptation to climate change. Hydro-economic 
models are could help to identify the best management actions for the adaptation to climate change 
(Molden et al. 2010). Water productivity is a frequently applied indicator which gives an economic 
view of the use of water (Berbel et al. 2011; Kang et al. 2017). Under a climate change framework 
water management needs also to take into account water availability, which in turn depends on the 
natural resources, hydraulic infrastructures and agricultural demands. This study presents a 
methodology which links production and availability as a tool for improving water management in 
the agricultural sector. This methodology has been applied to the Guadalquivir basin, in southern 
Spain. 

2. METODOLOGY 

The proposed methodology has been devolved in five steps (Figure 1) which were described in 
the following sub-sections. 
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Figure 1. Methodology 

2.1 Cropping pattern and Crop Water Production function (CWP function) 

The first step consists in the determination of the cropping pattern, CWP functions and market 
price of the agricultural products. 

The cropping pattern indicates the percentage of area that is dedicated to the different crops. It is 
generally available information, which is shared by river basin authorities and agricultural agencies, 
either regional or national. The CWP function expresses the relationship between unit yield and 
crop evapotranspiration (Stewart et al. 1977). Crop production is a complex process which 
modelling and analysis constitutes a research topic by itself. Water use is analysed as it is a 
principal factor influencing production (i.e. Berbel et al. (2011) state that 62% of the total 
production at the Guadalquivir Basin depends on water). CWP functions are obtained in purpose-
made research for each crop and region, and they are published in agricultural research journals and 
books. Among the available CWP functions, those developed for the study region or for one with a 
similar climate were selected. 

The objective of this study requires the computation of the total production for a given supply. 
Hence a Crop Yield-to-Supply function (CYS function) is obtained by modifying the unit yield 
(UYc) and crop evapotranspiration (ETPc) data from the CWP function into yield (Yc) and supply 
(Sc) taking into account the area that is occupied by the crop (Ac). Those adjustments are done using 
Equations 1 and 2, respectively. 

𝑌! = 𝑈𝑌! · 𝐴! (1) 

𝑆! = 𝐸𝑇𝑃! · 𝐴! (2) 

The crop market price (MPc) and net margin (NMc) are also available information that is shared 
in public databases of agricultural markets and agencies. 
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2.2 Annual supply and reliability 

The second step consists in the simulation of the water resources system performance. The 
objective of this step is determining the supply and reliability. The study is carried out, for a control 
period based on recorded water resources series and for a set of future scenarios considering climate 
change under different socio-economic and emissions conditions. 

The simulations are done with the OPTIGES model (Andreu et al. 1996), this models simulates 
the water resources system performance giving back the monthly supplies for each water use. 

2.3 Supply distribution among crops 

The objective of this step is to allocate the total supply among the different crops. This is 
necessary since this information is not generally available and is difficult to access for large scale 
studies. Different angles are considered to distribute the available water resources among users. The 
first, and simplest, is based on crop water requirements and reliability: supplies cover the full water 
requirements when reliability is 100%, and they are restricted proportionally to reliability when it is 
below 100%. The second, and proposed distribution, takes also into account the market price of the 
agricultural products. In this case, when reliability is equal or over 85% the supplies are distributed 
proportionally to reliability; while when it is below 85% the proportional distribution is then 
weighted considering the market price of each product. These rules are represented through 
Equations 3 to 5: 

𝑆!" = 𝑆! · 𝐹!! · 𝐹!! (3) 

𝐹!! =
!"!
!"!!

!!!
 (4) 

𝐹!! =
(!"!/ !"!

!
!!! )·!!!

(!"!/ !"!
!
!!! )·!!!!

!!!
 (5) 

where Sci is the supply to crop c during year i, Si is total supply during the year i, F1c is a factor 
related to the crop water requirements, CWc is the water requirement of crop c, F2c is the weighting 
factor related to net margin, and NMc is the net margin of crop c. 

2.4 Determination of the total production 

This step consists in the computation of the total production by applying the Sci values to the 
CYS function, resulting yield annual values for each crop (Yci). This process is repeated for each of 
the n years of the scenario that is analysed. Then Yci is transformed into production (Pci) by 
applying the market price (Equation 6). 

𝑃!" = 𝑌!" ·𝑀𝑃! (6) 

Finally, the total yield (Pt) for a given scenario is obtained by aggregating the annual production 
of all crops (Equation 7). 

𝑃! = 𝑃!"!
!!!

!
!!!  (7) 

2.5 Compilation of the P-R curve 

The P-R curve is developed plotting the total production versus the reliability, for each of the 
analysed scenarios. 
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3. CASE STUDY: THE GUADALQUIVIR BASIN 

The Guadalquivir basin, located in southern Spain (Figure 2), often suffers water scarcity 
problems because water requirements are in a limit equilibrium with the incoming water resources 
(Rodríguez Díaz et al. 2007; Chavez-Jimenez et al. 2013). There are almost 3,000,000 ha of 
cultivated land, with 861,000 ha of irrigated agriculture. The main crops are: olive (oil), wheat, 
cotton, orange, olive (fruit), rice and corn. Table 1 shows the area occupied by the main crops 
(MAGRAMA-CHG 2013), their market price (Junta de Andalucía 2014) and their CWP function 
(see references in Table 1). CWP functions were selected with some criteria based on the similarity 
of climate of the region where those functions were developed and the Guadalquivir area. Only rice 
CWP function does not fulfil this requirement, although this crop only represents a 1.4% of the 
irrigated area in the study basin. 

 

Figure 2. Guadalquivir basin. Location and distribution of the irrigated agriculture 

Table 1. Guadalquivir basin. Cultivated area, market price in 2014 and CWP functions of the main crops 

Crop 
Cultivated area MP 

2014 
(€/t) 

CWP function 
(Region where developed; Reference) Total Irrigation 

(ha) (%) (ha) (%) 
Olive 
(oil) 1391843 46.8 469099 54.8 366 

Y=-6*10^-6*x^2+0.0011x-2.78  
(Spain; Moriana and Orgaz, 2003) 

Wheat 424424 14.3 67171 16.7 218 
Y=-0.00002164*10^2*x^2-0.0378x-6.4335  
(Mediterranean; Zhang and Oweis, 1999) 

Cotton 135573 4.6 55242 5.4 395 
Y=6.05*x+271.81 
(Turkey; Dağdelen et al., 2006) 

Orange 37984 1.3 37984 1.5 160 
Y=0.162x+16 
(California; Goldhamer et al., 2001) 

Olive 
(fruit) 33308 1.1 23941 1.3 160 

Y=-3*10^-5*x^2+0.063x-16.84 
(Moriana and Orgaz 2003) 

Rice 35108 1.2 35108 1.4 265 
Y=2*10^-9*x^3-9*10^-6*x^2+0.0149x-4.1943 
(Bouman et al. 2007) 

Corn 17681 0.6 17681 0.7 180 
Y=20.949*x-616.92  
(Dağdelen et al. 2006) 

Sum 2075923 70 706229 82 
 

 

 
Water resources studies on the Guadalquivir basin predict that climate change will impact 

rainfall and water resources. The models predict average reductions ranging from 8 to 70% 
depending on the model and scenario, and significant increases in their variability (Gonzales-Zeas 
et al. 2015) This changes will affect the available water resources and scarcity problems increase in 
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magnitude and frequency, being the agricultural sector directly affected and adaptation measures 
such as water resources reallocation required (Chavez-Jimenez et al. 2015). 

This work is based on the analysis of eight scenarios: one representing the control period (1961-
1990) and seven representing different climate change projections. The characteristics of these 
scenarios are shown in Table 2. The performance of the Guadalquivir basin under such scenarios 
was performed by xxx, using the OPTIGES model, the outputs include series of monthly irrigation 
supplies and reliability. 
 

Table 2. Characteristics of the control and climate change scenarios 

Scenarios Variation of annual streamflow Demand 
(hm3/yr) 

Supply 
(hm3/yr) 

Reliability (%) 
∆µ ∆CV Mean Median 

Control - - 

2583.06 

2252.38 83 92 
DMI1-A2 -47 61 1715.83 52 54 
DMI1-B2 -41 -37 1935.25 63 67 
DMI2-A2 -50 -50 1847.41 59 57 
ETH-A2 -61 93 1286.28 43 46 
ICTP-A2 -8 26 1995.70 72 77 
MPI-A2 -43 14 1771.41 58 64 
SMHI-B2 -44 15 1621.62 55 62 

4. RESULTS AND DISCUSSION 

The P-R curve for the Guadalquivir basin (Figure 3) has been compiled following the above-
described methodology. The production for the control scenario is 1,126 M€/yr, which means a 
water productivity value of 0.5 €/m3, considering a 2,252 Mm3/yr supply served with a mean 
reliability of the 83%. This value agrees with the results of other studies, i.e. Carrasco et al. (2010) 
gives the same water productivity value, Rodríguez et al. (2008) gives a lower value of 0.28 €/m3, 
and the Guadalquivir River Authority’s River Basin Management Plan (MAGRAMA-CHG 2013) 
indicates that the average productivity is 0.77 €/m3. 

 

Figure 3. Guadalquivir basin. P-R curve 

The production decreases for lower reliabilities. The relation between both variables is not 
linear; the P-R curve has a sudden drop in production when reliability moves from 80-85% to 70-
75%. This drop may be explained through the water requirements during the vegetative cycle. Low 
reliability supplies imply that the crop do not have enough water to flower and develop the fruit. 
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The worst scenario considered, the ETH-A2, has a strong reduction in reliability with respect to the 
control period. In such a case the average reliability is 43%, the production is 173 M€/yr and the 
water productivity is 0.13 €/yr, however 1,286 Mm3 still being supplied. This result suggests that 
reallocation of water resources could be done to enhance production. 

5. CONCLUSIONS 

The proposed P-R curve links together the hydraulic performance and the economic assessment, 
and may be a useful tool for water resources systems planners and managers. The P-R curve could 
be determined and compiled with generally available information. This is an important fact, which 
makes it suitable for its application in large scale analysis, providing a basin or group of basins 
overview. The P-R curve helps to identify the minimum reliability level beyond which adaptation 
measures are required. The curve helps to identify the improvement that could be matched with 
managerial, non-structural measures. Moreover, deeper, structural measures effectiveness (as the 
increment of the storage capacity, or the introduction of drought resistant crops) could be tested by 
developing simulated P-R curves. 

The P-R curve of the Guadalquivir basin shows that a 10% reduction in the actual reliability 
would imply a 46% drop of the total production. This highlights the importance of the system 
management. Significant reduction of the reliability (40%) translates into very large production 
drops (84%), although supply only reduces 43%. This suggests that reallocation of the available 
water resources among users should be done if this situation arises. 

REFERENCES 

Andreu J, Capilla J, Sanchis E (1996) AQUATOOL, a generalized decision-support system for water-resources planning and 
operational management. J Hydrol 177:269–291. doi: 10.1016/0022-1694(95)02963-X 

Berbel J, Mesa-Jurado MA, Pistón JM (2011) Value of Irrigation Water in Guadalquivir Basin (Spain) by Residual Value Method. 
Water Resour Manag 25:1565–1579. doi: 10.1007/s11269-010-9761-2 

Bouman BAM, Lampayan RM, Tuong TP (2007) Water Management in Irrigated Rice: Coping with Water Scarcity.  
Carrasco JM, Máximo Pistón J, Berbel J (2010) Evolución de la productividad del agua en la Cuenca del Guadalquivir 1989-2005. 

Econ Agrar y Recur Nat 10:59–69. 
Chavez-Jimenez A, De Lama B, Garrote L, et al. (2013) Characterisation of the sensitivity of water resources systems to climate 

change. Water Resour Manag 27:4237–4258. doi: 10.1007/s11269-013-0404-2 
Chavez-Jimenez A, Granados A, Garrote L, Martín-Carrasco F (2015) Adapting Water Allocation to Irrigation Demands to 

Constraints in Water Availability Imposed by Climate Change. Water Resour Manag 29:1413–1430.  
Dağdelen N, Yılmaz E, Sezgin F, Gürbüz T (2006) Water-yield relation and water use efficiency of cotton (Gossypium hirsutum L.) 

and second crop corn (Zea mays L.) in western Turkey. Agric Water Manag 82:63–85. doi: 10.1016/j.agwat.2005.05.006 
Goldhmar D, Arpaia ML, Salinas M (2001) Evaluation of Regulated Deficit Irrigation on Mature Orange Trees Grown Under High 

Evaporation Demand.  
Gonzales-Zeas D, Garrote L, Iglesias A, et al. (2015) Hydrologic determinants of climate change impacts on regulated water 

resources systems. Water Resour Manag. doi: 10.1007/s11269-015-0920-3 
Iglesias A, Garrote L, Diz A, et al. (2011) Re-thinking water policy priorities in the Mediterranean region in view of climate change. 

Environ Sci Policy. doi: 10.1016/j.envsci.2011.02.007 
Junta de Andalucía (2014) Observatorio de precios y mercados. Consejería de Agricultura, Pesca y Desarrollo Rural.  
Kang S, Hao X, Du T, et al. (2017) Improving agricultural water productivity to ensure food security in China under changing 

environment: From research to practice. Agric Water Manag 179:5–17. doi: 10.1016/j.agwat.2016.05.007 
MAGRAMA-CHG (2013) Ministerio de Agricultura, Alimentación y Medio Ambiente-Confederación Hidrográfica del 

Guadalquivir. Plan hidrológico del Guadalquivir 2009-2015.  
Molden D, Oweis T, Steduto P, et al. (2010) Improving agricultural water productivity: Between optimism and caution. Agric Water 

Manag 97:528–535. doi: 10.1016/j.agwat.2009.03.023 
Moriana A, Orgaz F (2003) Yield responses of a mature olive orchard to water deficits. J Am Sociaty Hortic Sci 128:425–431. 
Rodríguez N, Sánchez MT, López J (2008) Un análisis de la eficiencia socioeconómica del agua en el regadío andaluz. Rev Española 

Estud Agrosociales y Pesq 217:183–208. 
Rodríguez Díaz J, Weatherhead E, Knox J, Camacho E (2007) Climate change impacts on irrigation water requirements in the 

Guadalquivir river basin in Spain. Reg Environ Chang 7:149–159. doi: 10.1007/s10113-007-0035-3 
Stewart JI, Cuenca RH, Pruitt WO, et al (1977) Determination and Utilization of water production functions for principal California 

crops. W- 67 Calif. Contrib. Proj. Rep. University of California, Davis.  
Zhang H, Oweis T (1999) Water–yield relations and optimal irrigation scheduling of wheat in the Mediterranean region. Agric Water 

Manag 38:195–211. doi: 10.1016/S0378-3774(98)00069-9 


