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Abstract 5 

Water productivity is a major challenge in all agricultural regions and despite the use of 6 

pressurized irrigation system, it has not increased as expected in Iran. In addition, in spite of 7 

water shortage in Iran, gardeners because of lack of knowledge in economic consequences do 8 

not welcome deficit irrigation and irrigation scheduling. To this end, optimization of irrigation 9 

water depth in an orange orchard was conducted for two irrigation scheduling methods (with 10 

and without 4 days irrigation frequency) under water and land limitations conditions by 11 

mathematical analysis of production and cost functions. Then, their effect on the net income by 12 

changing in water and fruit price was assessed. Production and cost functions were developed 13 

based on two scenarios of applied water including only irrigation water depth and irrigation 14 

water depth plus rainfall. According to results, when water is limiting, by using the optimum 15 

water depth (Ww), 26% of irrigation water use can be saved that causes only 3% to 4% decrease 16 

in the net income per unit of land and 16% increase in the net income per unit of irrigation 17 

water. In addition, when water limiting is serious, using 46% deficit irrigation (Wew) is more 18 

useful and resultes the highest water productivity, even though it causes 14% to 17% decrease 19 

in the net income per unit of land. However in water limiting condition, if land is not limiting, 20 

using Wew causes the maximum net income per unit of land even 50% to 60% more than full 21 
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irrigation. Moreover, using the optimum water depths in water limitation conditions (Ww and 22 

Wew) increases the water productivity 26% to 47% relative to full irrigation. On the other side, 23 

the net income and the amount of optimum water depths are not sensitive to the price of water 24 

at the present value of water. However, they are highly sensitive to the price of fruit. 25 

Furthermore, having an irrigation schedule causes 27% increase in the net income per unit of 26 

land. According to positive effects of deficit irrigation and irrigation scheduling on the water 27 

productivity and the income, they are highly recommended for addressing water scarcity in 28 

Iran. 29 

30 

Key words: Optimum water depth; Production function; Soil readily available water; Water 31 

limitation; Water productivity 32 

33 

Introduction 34 

Increasing need to food production in Iran that has limited water resources and is subject to 35 

water risks remains a major challenge in the recent years. In addition, water shortage in Iran 36 

threatens its environment, food security and economic that without further action would be a 37 

hotspot region with domestic and global repercussions. Groundwater as the largest available 38 

source of freshwater is under natural and anthropogenic pressures in Iran (Ashraf et sl., 2021). 39 

Intensive groundwater use for agriculture depletes aquifers so that the total and annual 40 

groundwater deficit in Iran is 131.1 and 5.2 bm3 (Iran cabinet approval, 2021). Since agriculture 41 

is the biggest using sector of water and highly water-dependent in Iran, agricultural water 42 

productivity must be improved. Although Iran is known as an arid to semi-arid country, 43 

Mazandaran province located in the north of Iran has an average annual rainfall about 620 mm. 44 
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Then, many gardeners do not pay enough attention to the irrigation scheduling. However, the 45 

annual rainfall is not solely a good indicator for irrigation management, and temporal 46 

distribution of rainfall and the amount of rainfall in each rainfall occurrence must be considered, 47 

as well. The 20-year rainfall in Mazandaran shows that only 30% of the annual rainfall occurs 48 

from April to September and 18% of the annual rainfall occurs in 4 months from June to 49 

September (that is the important time for orange fruit set). Whereas, the evaporation during 50 

these periods are 814 and 623 mm, respectively. In addition, according to National Adaptation 51 

Plan for Water Scarcity report (Iran cabinet approval, 2021), the 10-year precipitation decreased 52 

10% compared to 50-year precipitation in the north of Iran such as Mazandaran province. 53 

Therefore, water supply especially during April to September is a big challenge that lie ahead 54 

for farmers and deficit irrigation coupled with irrigation scheduling are important pathways to 55 

address this problem. A study in the humid climate of Uruguay showed that despite having an 56 

average annual rainfall of 1150 mm, irrigating increased orange and lemon trees yields by 41% 57 

and 29% compared to non-irrigated trees (Petillo, 1995).  58 

On the other side, to increase the irrigation efficiency and water productivity in Iran, the 59 

government has financially supported gardeners to use the drip irrigation in orchards so that 60 

from 1991 to 2017, more than 30,000 hectares of orchards in Mazandaran province were 61 

equipped. However, despite using the drip irrigation system, water productivity have not 62 

increased as expected. One of the main problems is irrigating without scheduling. Irrigation 63 

experts suggest 3 to 4 days irrigation frequency, however, many gardeners irrigate the trees 64 

without a proper irrigation schedule. 65 

Furthermore, the total and annual groundwater depletion in Mazandaran province is around 66 

162.2 mm3and 6 mm3 and based on National Adaptation Plan for Water Scarcity in Iran (Iran 67 

cabinet approval, 2021), agricultural water withdrawal in Mazandaran must decrease 117.8 and 68 
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302 mm3 from groundwater and surface water sources until 2026, respectively. More than 60% 69 

of orange in Iran (84 thousand hectares) is produced in Mazandaran province (Ahmadi et al., 70 

2019). As such, applying deficit irrigation on orange orchards in Mazandaran can have a central 71 

role to play in addressing these challenges. However, deficit irrigation policies are not 72 

welcomed by gardeners because of lack of knowledge in economic consequences. Thus, for the 73 

irrigation management in an orchard, it is necessary to determine the appropriate level of deficit 74 

irrigation (Ballester et al., 2011; Ginestar and Castel., 1996) and the economic profit (English 75 

and Raja, 1996).  76 

To economically assess the applied water use and determine the optimum water depth, 77 

English (1990) presented a proper method. This method is developed based on production, cost 78 

and income functions. The production function is a quadratic function that has been proven by 79 

other researchers (Sepaskhah and Kashefipour, 1994; Capra et al., 2011; Hughes, 2011; Yasin 80 

and ghazal, 2020). In this method, optimum water use is calculated by mathematical analysis 81 

and the net income then would be determined. This method was used to find optimum irrigation 82 

water management of wheat in the northwestern USA, cotton in California (USA), and corn in 83 

Zimbabwe that showed 15 to 59 percent reduction in water use was economically acceptable 84 

(English and Raja, 1996). In addition, economic analysis of seasonal and intra-seasonal models 85 

of deficit irrigation of sorghum (Sepaskhah et al., 2006) and corn (Ghahraman et al., 2001) were 86 

conducted and results showed that intra-seasonal method (decision making based on water 87 

allocation at different stages of plant growth) produces more reduction (23%) of optimal water. 88 

Economic evaluation of deficit irrigation on 20 citrus orchards in Italy showed that the 89 

appropriate amount of deficit irrigation for land and water limitation conditions is 12.7% and 90 

25.6% of full irrigation (Capra et al., 2011). In a study on orange in Spain, deficit irrigation up 91 

to 30% increased 47% net income per unit of water use (Pérez-Pérez et al., 2010). Another 92 
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study in Spain on tangerine also showed that irrigation up to 80% tree water requirement did 93 

not reduce gross income (Ballester et al., 2011). In a study, the optimal applied water for sugar 94 

beet was determined under land and water limiting conditions and at variable crop price 95 

(Shabani et al., 2018). The crop price was depended to the yield quality. Results showed that 96 

the optimum water depth in land limiting condition increased 1.2% the net income per unit of 97 

land. In addition, under water limiting condition, the net income per unit of water was 98 

maximized and increased the net income by 12%. In a study in Iran, optimum water use for 99 

citrus were obtained by English method (Ebadi et al., 2016). In this study, water use for 100 

maximum yield was obtained 199.8 mm, which did not differ significantly from the water use 101 

when land is limiting. Results showed by using optimum water depth in water limiting 102 

condition, water use was decreased by 36% and water productivity and net income per unit of 103 

water use was increased by 42% and 23%. Economic assessment of deficit irrigation and its 104 

effect on yield and water use efficiency of Basil was conducted by English 1990 method 105 

(Naderianfar et al., 2017). Optimization of production, cost and income functions showed that 106 

25% decrease in water use caused maximum water use efficiency and led to the maximum net 107 

income per unit of water. Optimization of deficit irrigation of sugar beet in different levels of 108 

irrigation water salinity was conducted under water and land limitation (Shamshiri et al., 2020). 109 

The production function was determined by using English method when the price of sugar beet 110 

is variable and dependent on sugar content rate. For salinity of 0 ds/m, optimum amounts of 111 

water to obtain the maximum yield, maximum net income under limited land and maximum net 112 

income under limited water were 1.87, 1.77 and 1.52 m, respectively. In addition, by using the 113 

optimum water depth under water limiting condition, 19% of irrigation water can be saved.  114 

To evaluate the effects of deficit irrigation on the gardeners' net income and to determine the 115 

optimum irrigation water depth, in the current study, economic assessment of different 116 
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irrigation scheduling under water and land limitations have been conducted.  117 

118 

Materials and Methods 119 

The current study was conducted on 60 Thomson navel orange trees (25 years old) in 2018 120 

in Sari (Mazandaran province, Iran) (530, 4.69' E and 360, 45.11' N). Trees were spaced at 6×6 121 

m and were drip irrigated. The climate of the study area is Moderate Caspian weather with hot 122 

and humid summers, and mild and humid winters. According to the 20-year meteorological 123 

data up to 2018, the average annual rainfall and evaporation were 750 and 1100 mm. The 124 

average temperature was 18.2 0c. Many orchards and farmlands have been suffered from water 125 

shortage in different years especially in summers. To obtain production, cost and net income 126 

functions, a split plot experiment in the form of a randomized complete block design with five 127 

replications was performed in 2018. Four irrigation levels that supplies 100%, 80%, 65% and 128 

50% of soil readily available water (RAW) were applied. This condition was considered for 129 

two methods of irrigation scheduling including A1= without fixed irrigation frequency and A2= 130 

4 days irrigation frequency and in five replications. For A1, the soil moisture was monitored 131 

daily and the irrigation was performed when the soil moisture reached the maximum allowable 132 

depletion. Irrigation water depth for this case was RAW (equation 1). For A2, the soil moisture 133 

was measured on the irrigation day and irrigation water depth (D) and irrigation water volume 134 

(V) was calculated using equations 2 and 3. 135 RAW = (FC − PWP) × ρb × MAD × Z × Pw                                                                              (1) 136 D = (FC − θ) × ρb × MAD × Z × Pw                                                                                            (2) 137 

V = D × A                                                                                                                                              (3) 138 

Where, FC= gravimetric field capacity (%), PWP= gravimetric permanent wilting point (%), 139 

θ= gravimetric soil moisture (%), ρb= soil bulk density (gr/cm3), MAD= Maximum allowable 140 
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depletion, Z= root depth (m), PW= percentage of the wetted area (%) and A= tree spacing (m2). 141 

To determine the soil characteristics, the soil was sampled (Figure 1) and the soil texture was 142 

determined by hydrometer method. It showed that topsoil had clay loam texture and bulk 143 

density was 1.34 gr/cm3 and subsoil had loam texture and its bulk density was 1.38 gr/cm3. 144 

Water productivity (WP) was also obtained using Equation 4. 145 

WP =
YieldAppliedWater                                                                                                       (4) 146 

147 

Fig. 1- The study area, drip irrigation installation on orange trees and soil sampling 148 

For economic assessment, English (1990) method was used in which the optimum water use 149 

for growing season is obtained by mathematical analysis of production-water and cost-water 150 

functions. In this method, production (y(w)), cost (c(w)), and net income (iL(w)) functions are 151 

as equations 5, 6, and 7, respectively. The total irrigated area and net income for the total 152 

irrigated area were also calculated by equations 8 and 9.  153 

y(w) = c1w2 + b1w + a1                                                                                                     (5) 154 

c(w) = b2w + a2                                                                                                                  (6) 155 
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iL(w) = Pc × y(w) − c(w)                                                                                                   (7) 156 

A =
WtW                                                                                                                                                (8) 157 

if(w) = A × [Pc × y(w) − c(w)]                                                                                                  (9) 158 

Where, y(w) is yield per unit of land (kg/ha), w is water use depth (mm), c(w) is cost per 159 

unit of land (Rls/ha), iL(w) is net income per unit of land (Rls /ha), Pc is fruit price (Rls /kg), 160 

if(w) is net income for the total irrigated area (Rls), A is the total area of the orchards (ha), Wt161 

is total water supply (mm) and a1, b1, c1, a2 and b2 are constants (Note that the monetary unit in 162 

this study is based on Iranian currency, Rial). In these functions, applied water (W) was 163 

considered in two scenarios including 1-only irrigation water depth, 2- irrigation water depth 164 

plus rainfall. Variable costs include water, fertilizer, horticultural oil, insecticides, pesticides 165 

and fungicides, herbicides, fertilizing operations, spraying operations, herbicides operations 166 

(including mechanical and chemical control), pruning, depreciation of irrigation equipment, 167 

transportation, electricity and fruit harvesting costs. Fixed costs also include land preparation, 168 

buying seedlings, planting seedlings and land (leasing land) costs. After determination of 169 

production, cost and income functions, the optimization was performed to maximize the net 170 

income. Therefore, the derivative of the function of net income for the total irrigated area must 171 

be zero (equation 10). 172 

∂𝑖𝑓(𝑤)∂w = A ×
∂𝑖𝑙∂𝑤 + 𝑖𝑙 ×

𝜕𝐴𝜕𝑤 = 0                                                                                                                   (10) 173 

Based on this optimization, six optimum water depth (OWD) were determined as follows. 174 

1. Optimum water depth  for the maximum yield (Wm): 175 

For maximizing the yield, the derivative of the production function must be zero (Figure 2 176 

and Equation 11) (Sepaskhah and Akbari, 2005).  Then, the water use for maximum yield is as 177 

equation 12. 178 
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𝜕(𝑦(𝑤))𝜕𝑤 = 0                                                                                                                             (11) 179 

wm =
−b12c1                                                                                                                               (12) 180 

2.Optimum water depth when land is limiting (Wl): 181 

If land is a limiting factor, the derivative of the total area with respect to the water use depth 182 

must be zero (Equation 13). Therefore, the optimal function of net income is as equation 14 and 183 

the optimum water use when land is limiting is as equation 15. 184 

∂𝐴∂w = 0                                                                                                                                                (13) 185 

∂𝑖𝑓(𝑤)∂w = A ×
∂𝑖𝑙∂𝑤 = 0            →           𝑃𝑐 ×

𝜕(𝑦(𝑤))𝜕𝑤 =
∂(𝐶(𝑤))∂w                                               (14) 186 

wl =
b2−b1Pc2c1Pc                                                                                                                                       (15) 187 

3.Optimum water depth when water is limiting (Ww): 188 

When water is limiting, the derivative of the total area with respect to the water use depth is 189 

as equation 16 and the optimal function of net income is as equation 17. Therefore, the optimum 190 

water use when water is limiting is as equation 18. 191 

𝜕𝐴𝜕𝑤 =
−𝑊𝑡𝑤2                                                                                                                                            (16) 192 

∂𝑖𝑓(𝑤)∂w = A ×
∂𝑖𝑙∂𝑤 + 𝑖𝑙 ×

−𝑊𝑡𝑤2 = 0                                                                                                         (17) 193 

ww = √a1×Pc−a2Pc×c1                                                                                                                                         (18) 194 

4.Equivalent water depth when water is limiting (Wew): 195 

This water depth produces the net income per unit of water equal to that of full irrigation 196 

(Equation 19). Therefore, the equivalent water use in water limiting situation is as equation 20. 197 

𝑖𝑙(𝑤𝑒𝑤)𝑤𝑒𝑤 =
𝑖𝑙(𝑤𝑚)𝑤𝑚                                                                                                                                                 (19) 198 
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Wew =

−(Pc.b12+4Pca1c1−4a2c12b1 )+√(Pc.b12+4pca1c1−4a2c12b1 )2−4Pcc1(Pca1−a2)2Pcc1                                        (20) 199 

200 

5.Equivalent water depth when land is limiting (Wel): 201 

This water depth is the depth at which the net income per unit of land is equal to the net 202 

income per unit of land under full irrigation (Equation 21). Therefore, the equivalent water 203 

depth in land limiting situation is as equation 22. 204 

205 

il(wel) = il(wm)                                                                                                                                               (21) 206 

Wel =

−(Pcb1−b2)+√(Pcb1−b2)2−4PcC1(𝑃𝑐𝑏124𝑐1 −𝑏1𝑏22𝑐1 )2Pcc1                                                                  (22) 207 

6.Water depth in breakeven situation (Wk): 208 

This depth is the depth at which gross income is equal to costs (Equation 23) and is obtained 209 

from Equation 24. 210 

211 𝑖𝑙(𝑤𝑘) = 0                                                                              (23) 212 

Wk =
−(Pcb1−b2)+√(Pcb1−b2)2−4PcC1(Pca1−a2)2Pcbc1                                                                                 (24) 213 

214 

Fig. 2- Mathematical view of optimum irrigation water depths under water or land limitation 215 
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Economic evaluation of optimum irrigation water depths 216 

For economic evaluation of the calculated optimum water depths, some indices have been 217 

used as follows. 218 

1.Water saving (WS) (%): 219 

WS =
(Wm−WOWD)×100Wm                                                                                                                                      (25) 220 

Where Wm is the water depth for full irrigation and WOWD is other optimum water depths. 221 

WS is the water, which can be saved when OWD is used, compared to when Wm is used. 222 

2.Yield reduction (YR) (%): 223 

YR =
(Y𝑊𝑚−YOWD)×100Y𝑊𝑚                                                                                                                                       (26) 224 

Where Y𝑊𝑚and YOWD are the yield values when Wm and other OWD are used, respectively. 225 

YR is yield reduction when OWD is used compared to when Wm is used. 226 

3.Net income reduction per unit of land (IRUL) (%): 227 

IRUL =  
(iL(w)wm−iL(w)OWD)×100iL(w)wm                                                                                        (27) 228 

Where iL(w)Wm and iL(w)OWD are the net income per unit of land for Wm and other OWD, 229 

respectively. IRUL is net income per unit of land when OWD is used compared to when Wm is 230 

used. 231 

4.Net income per unit of water use (IUW) ($/m3) 232 

IUW =
iL(w)OWDWOWD                                                                                                                                                (28) 233 

Where iL(w)OWD is the net income per unit of land ($/ha) and WOWD is optimum water use 234 

(m3/ha). 235 

5.Net income increase per unit of water use (IIUW) (%) 236 
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IIUW =  
(IUWOWD−IUW𝑤𝑚)×100IUW𝑤𝑚                                                                                            (29) 237 

Where IUWWm and IUWOWD are the net income per unit of water use for Wm and other 238 

OWD, respectively. 239 

6.Net income per unit of yield (IUY) ($/kg) 240 

IUY =
(iL(w)OWD)×100YOWD                                                                                                                                      (30) 241 

Where iL(w)OWD is the net income per unit of land and YOWD is the yield value for OWD. 242 

7.Net income reduction per unit of yield (IRUY) (%) 243 

IRUY =
(IUYWm−IUYOWD)×100IUYWm                                                                                                                            (31) 244 

Where IUYWm and IUYOWD are the net income per unit of yield for Wm and other OWD. 245 

Note that by using Ww, Wl, Wel, Wew and Wk, water use per unit of land (one hectare) 246 

decreases compared to when Wm is used and therefore the area which can be irrigated will be 247 

more than one hectare. This equivalent irrigated area (IA), equivalent yield (EY) and increased 248 

equivalent yield (IEY) were obtained using equations 33, 34 and 35. Moreover, the net income 249 

increase per unit of land (IIUL) when W is equivalent to Wm was calculated.  250 

IAOWD =
WmWOWD                                                                                                                                                      (32) 251 

EYOWD = IAOWD × YOWD                                                                                                               (33) 252 

IEYOWD =
(EYOWD−EYWm)×100EYWm                                                                                                        (34) 253 

Results  254 

Technoeconomic analysis when only irrigation water depth is considered (W= I) 255 

In order to economic assessment, production and cost functions for each irrigation 256 

management were obtained by equations 5 and 6 (Table 1 and Figure 3). In this scenario, only 257 
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the irrigation water depth was considered as the applied water. Then, the optimum irrigation 258 

water depths for two irrigation scheduling methods were calculated (Table 2). 259 

Table 1- Production and cost functions in different irrigation managements (w= I) 260 

Irrigation scheduling Production Cost 

A1 Y(w) = -0.00219w2 + 0.64989w + 3.1397,     R2=0.93 
C(w) = 189.416w + 586428,     

R2=0.86 

A2 Y(w) = -0.00174w2 + 0.64929w - 3.1303,     R2=0.93 
C(w) = 179.525w + 589763,     

R2=0.84 

261 

Results showed that the optimum water depth to obtain the maximum yield for without 262 

irrigation frequency was 148.3 mm, whereas it was 186.5 mm for 4 days irrigation frequency, 263 

which according to economic analysis (table 3), this 26% more applied water causes 12% 264 

increase in the yield and 27% increase in the net income per unit of land. 265 

266 

Fig 3- Income and cost functions and optimal water depths for variable irrigation frequency (A) and 4 days 267 

irrigation frequency (B) (W= I) 268 

Table 2- Optimum water depths in different irrigation managements (W= I) 269 

Irrigation 

scheduling 

Wm

(mm) 

Ym

(ton/ha) 

Ww

(mm) 

Wl

(mm) 

Wel

(mm) 

Wew

(mm) 

Wk

(mm) 

A1 148.3 51.3 109.3 146.2 144.0 80.6 49.1 

A2 186.5 57.4 136.9 184.0 181.4 100.5 61.1 

270 
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When water is limiting, the optimum water depth (Ww) for A1 and A2 were 109.3 and 136.9 271 

mm that reduced irrigation water use by 26% and 27% and then increased the net income per 272 

unit of water by 16% and 16%. Although using Ww had positive effect on the water 273 

productivity, it reduced the net income per unit of land by 14% and 15% for A1 and A2, 274 

respectively. However, in this case, if there is no land limitation, with this amount of saved 275 

water, 36% and 36% more land can be irrigated, which leads to 26% and 27% increase in yield. 276 

This status increases the net income per unit of land by 16% and 16% that is the highest net 277 

income per unit of land.   278 

The equivalent water depth when water is limiting (wew) for A1 and A2 were 80.6 and 100.5 279 

mm that reduced water use by 46% and 46%. However, this status reduced the yield by 20% 280 

and 22%. Therefore, although using Wew had a positive effect on water use, water productivity 281 

and the net income per unit of water, it resulted the lowest net income per unit of land (exclude 282 

Wk) 283 

Table 3- Economic analysis of optimum water depths in different irrigation managements (W= I) 284 

index 
Irrigation 

scheduling 

Wm Ww Wl Wel Wew Wk

WS 

(%) 

A1 -- 26.3 1.5 2.9 45.7 66.9

A2 -- 26.6 1.4 2.8 46.1 67.3

YR 

(%) 

A1 -- 6.5 0.02 0.1 19.6 42.0

A2 -- 7.5 0.02 0.1 22.4 47.7

IRUL 

(%) 

A1 -- 14.4 0 0 45.7 100

A2 -- 14.6 0 0 46.1 100

IIUW 

(%) 

A1 -- 16.2 1.5 3.0 0 -100

A2 -- 16.3 1.4 2.8 0 -100

IRUY 

(%) 

A1 -- 8.4 0 0 32.4 100

A2 -- 7.7 0 0 30.5 100

A1 34.6 43.9 35.1 35.6 51.2 60.6
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WP A2 30.8 38.8 31.2 31.6 44.3 49.2

IA 

(ha)

A1 -- 1.36 1.01 1.03 1.84 3.02

A2 -- 1.36 1.01 1.03 1.86 3.05

EY 

(ton/ha)

A1 51.3 65.1 52.1 52.8 76.0 89.9

A2 57.4 72.4 58.2 59.0 82.7 91.7

IEY 

(%)

A1 -- 26.9 1.5 2.9 48.0 75.1

A2 -- 26.1 1.4 2.8 44.0 59.7

IIUL 

(%)

A1 -- 16.2 1.5 3.0 0 -100

A2 -- 16.3 1.4 2.8 0 -100

285 

When land is limiting, the optimum water depth for A1 and A2 were 146.2 and 184.0 mm, 286 

respectively. This condition has almost no significant change on water use, yield and water 287 

productivity. The highest net income per unit of land was obtained from this case, which is the 288 

same with full irrigation. This result is almost the same when wel is used. These findings 289 

matches well with Ebadi et al. (2016) and Ballester et al. (2011) results.  290 

For water productivity, the best beneficial water productivity was obtained from Wew and 291 

Ww. When Wew was used, the water productivity were 51.2 and 44.3 kg/m3 and when Ww was 292 

used, they were 43.9 and 38.8 kg/m3 for A1 and A2, respectively. In addition, the lowest water 293 

productivity was obtained from full irrigation (Wm).  294 

295 

Technoeconomic analysis when irrigation water depth plus rainfall is considered (W= 296 

I + R) 297 

In this scenario, the applied water was considered as the sum of irrigation water depth and 298 

the effective rainfall depth during the irrigation season. Then, production and cost functions for 299 

each method of irrigation scheduling were obtained by multiple regression analysis that resulted 300 

the coefficient of determination (R2) of 0.93 and 0.93 for A1 and A2 for production function 301 
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and 0.86 and 0.83 for cost function (Table 4 and figure 4). The irrigation season in the study 302 

area is April to September and the effective rainfall during this period was 129.1 mm. For the 303 

rainfall lower than 5 mm, the effective rainfall was considered zero.  304 

Table 4- Production and cost functions in different irrigation managements (W= I + R) 305 

Irrigation scheduling Production Cost 

A1 
Y(w)= -0.00219w2 + 1.2156w - 117.276,    

R2=0.93 

C(w)=189.416w+561975,     

R2=0.86 

A2 
Y(w)= -0.00174w2 + 1.0987w - 115.961,    

R2=0.93 

C(w)=179.525w+566586,     

R2=0.84 
306 

Then, the optimum water depths for two methods of irrigation scheduling were calculated 307 

(Table 5). Results showed that the optimum water depth to obtain the maximum yield for 308 

without irrigation frequency was 277.4 mm, whereas it was 315.6 mm for 4 days irrigation 309 

frequency, which this 14% more applied water caused 12% increase in the yield and 27% 310 

increase in the net income per unit of land. 311 

312 

Fig 4- Income and cost functions and optimal water depths for variable irrigation frequency (A) and 4 days 313 

irrigation frequency (B) (W= I + R) 314 

315 

Table 5- Optimum water depths at different irrigation managements (W= I + R) 316 
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Irrigation 

scheduling 

Wm

(mm) 

Ym

(ton/ha) 

Ww

(mm) 

Wl

(mm) 

Wel

(mm) 

Wew

(mm) 

Wk

(mm) 

A1 277.4 51.3 257.6 275.3 273.1 239.2 178.2 

A2 315.6 57.4 287.9 313.1 310.5 262.7 190.2 

317 

In this scenario when water is limiting, the optimum water depth (Ww) for A1 and A2 were 318 

257.6 and 287.9 mm. According to economic analysis (table 6), using Ww increased the water 319 

productivity and the net income per unit of water. However, it reduced the yield and the net 320 

income per unit of land. If there is no land limitation, with the saved water, 8% and 10% more 321 

land can be irrigated, which led to an increase in the yield and the net income per unit of land 322 

that is the highest net income per unit of land. The equivalent water depth in water limiting 323 

condition (wew) were 239.2 and 262.7 mm for A1 and A2 that increased the water productivity 324 

by 9% and 10%; however it reduced the net income per unit of land by 8% and 9%.  325 

Table 6- Economic analysis of optimum water depths in different irrigation managements (W= I + R) 326 

index 
Irrigation 

scheduling 

Wm Ww Wl Wel Wew Wk

WS 

(%) 

A1 -- 7.1 0.8 1.6 13.8 35.8 

A2 -- 8.8 0.8 1.6 16.8 39.8 

YR 

(%) 

A1 -- 1.7 0.0 0.1 6.2 42.0 

A2 -- 2.3 0.0 0.1 8.5 47.7 

IRUL 

(%) 

A1 -- 3.3 0 0 13.8 100 

A2 -- 4.1 0 0 16.8 100 

IIUW 

(%) 

A1 -- 4.2 0.8 1.6 0 -100 

A2 -- 5.1 0.9 1.7 0 -100 

IRUY 

(%) 

A1 -- 1.6 0 0 8.0 100 

A2 -- 1.8 0 0 9.0 100 

WP 

(kg/m3) 

A1 18.5 19.6 18.6 18.8 20.1 16.7 

A2 18.2 19.5 18.3 18.5 20.0 15.8 

A1 -- 1.08 1.01 1.02 1.16 1.56 
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IA A2 -- 1.10 1.01 1.02 1.20 1.66 

EY 

(ton/ha) 

A1 51.3 54.4 51.7 52.1 55.8 46.4 

A2 57.4 61.5 57.9 58.3 63.2 49.9 

IEY 

(%) 

A1 -- 5.9 0.8 1.5 8.8 -9.7 

A2 -- 7.1 0.8 1.6 10.0 -13.2 

IIUL 

(%) 

A1 -- 4.2 0.8 1.6 0 -100 

A2 -- 5.1 0.9 1.7 0 -100 

327 

When land is limiting, the optimum water depths were 275.3 and 313.1 mm for A1 and A2, 328 

respectively. This condition has almost no remarkable change on water productivity and yield. 329 

The net income per unit of land in this status is the same with full irrigation.  330 

Overall, when irrigation water depth plus rainfall is considered to obtain production and cost 331 

functions, using the optimum water depths has the weaker effect of the net income.  332 

Discussion 333 

To investigate the effect of applied water on the income, their relationship were plotted 334 

according to according to 1- only irrigation water depth was considered (Figure 3) and 2-335 

irrigation water depth plus rainfall was considered (Figure 4). Results showed that for both 336 

variable and 4 days irrigation frequency, by increasing the applied water, the net income 337 

increases up to a maximum and then decreases. In addition, applying full irrigation and using 338 

Wm resulted the highest yield and net income per unit of land. However, when the land is not 339 

limiting, applying the deficit irrigation and using Ww resulted the highest net income per unit 340 

of land. Because by the saved water resulted from the deficit irrigation, the larger areas of the 341 

orchard can be put under irrigation. Furthermore, having an irrigation schedule causes 27% 342 

increase in the net income per unit of land. 343 

To obtain the exact effect of deficit irrigation on the income, the optimum water depths were 344 
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determined and then were assessed economically. In the previous studies, the effect of deficit 345 

irrigation were assessed under two scenarios of applied water for determining of production 346 

and cost functions including only the irrigation water use and (such as English, 1990; Capra et 347 

al, 2011; Ebadi et al, 2016) and irrigation water use plus rainfall (such as English and Raja, 348 

1996; Sepaskhah and Akbari, 2005; Sepaskhah et al., 2008: Mousavi et al., 2010; Shabani et 349 

al., 2018). In the current study, both scenarios were used to have the proper assessment. Since 350 

the trees use the rainfall for the production, it is logical to consider the irrigation water plus 351 

rainfall as the applied water in production and cost functions. According to this fact, by using 352 

178 and 190 mm water, the net income per unit of land was zero and using 277.4 and 315.6 mm 353 

applied water resulted the highest net income per unit of land for A1 and A2, respectively. 354 

An important point in this scenario that have been missed out in the past studies is about the 355 

equivalent irrigated area (IA) for the deficit irrigation when there is no land limiting condition. 356 

In the previous studies, the equivalent irrigated area (IA) for the deficit irrigation when there is 357 

no land limiting condition was obtained by using the optimum water depths resulted from when 358 

irrigation water depth plus rainfall is considered. Whereas, to extend the irrigated area only the 359 

irrigation water is needed (W=I) and it is not needed to consider the rainfall (W=I+R). Then, 360 

although the irrigation water use plus rainfall must be considered to obtain the production and 361 

cost functions, to calculate the equivalent irrigated area (IA) for the deficit irrigation when there 362 

is no land limiting condition, only the irrigation water depth must be considered. On the other 363 

hand, when land is not limiting, both tables 3 and 6 can be used only when all applied water is 364 

supplied by irrigation. Therefore, the exact assessment of economic effects of deficit irrigation 365 

is presented in table 7. 366 

Table 7- Economic assessment of deficit irrigation in different irrigation managements 367 
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index 
Irrigation 

scheduling 

Wm Ww Wl Wel Wew Wk

Saved irrigation water (%) 
A1 -- 26.3 1.5 2.9 45.7 66.9 

A2 -- 26.6 1.4 2.8 46.1 67.3 

Yield Reduction 

(%) 

A1 -- 1.7 0.0 0.1 6.2 42.0 

A2 -- 2.3 0.0 0.1 8.5 47.7 

Net income reduction per 

unit of land (IRUL) (%) 

A1 -- 3.3 0 0 13.8 100 

A2 -- 4.1 0 0 16.8 100 

Net income increase per 

unit of irrigation water (%) 

A1 -- 16.2 1.5 3.0 0 -100 

A2 -- 16.3 1.4 2.8 0 -100 

IA 

(ha) 

A1 -- 1.36 1.01 1.03 1.84 -- 

A2 -- 1.36 1.01 1.03 1.86 -- 

EY 

(ton/ha) 

A1 51.3 68.5 52.1 52.8 88.6 -- 

A2 57.4 76.4 58.2 59.0 97.6 -- 

IEY 

(%) 

A1 -- 33.4 1.5 2.9 72.6 -- 

A2 -- 33.1 1.4 2.8 69.9 -- 

Equivalent net income 

increase per unit of land 

(IIUL) (%) 

A1 -- 31.2 1.5 3.0 60.0 -- 

A2 -- 30.6 1.4 2.8 50.0 -- 

368 

Based on these results using Ww resulted 26% saved irrigation water and reduces the net 369 

income per unit of land about 3% to 4% (it can be approximately called as 25% deficit 370 

irrigation). In addition, using Wew resulted 46% saved water and reduces the net income per 371 

unit of land about 14% to 17% (it can be approximately called 45% deficit irrigation). 372 

Therefore, when there is water limitation coupled with land limitation, the optimum water depth 373 

can be Ww or Wew. Selecting Ww or Wew is depending on how much our limitation is critical. 374 

Gardeners generally select based on the net income per unit of land that causes them to select 375 

Ww. Using Ww (25% deficit irrigation) has the most beneficial results in this condition and 376 

caused the highest net income per unit of irrigation water. However, if there is a serious problem 377 

in water availability, using Wew is much better. 378 
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It is worthy of note that although for the maximum yield, 45% more irrigation water is 379 

applied by using Wm, the net income per unit of land is increased 14% to 17%. This is due to 380 

the big difference in the price of unit of fruit compared to the price of unit of water. On one 381 

hand, many farms are irrigated by illegal wells and farmers do not pay the water cost. On the 382 

other hand, the irrigation water price in Iran is subsidized and based on government pricing that 383 

is too low. The changes in the optimum water depths relative to the percentage increase in water 384 

price was plotted in figure 5 that shows by increasing even up to 500% in water cost, the 385 

optimum water depths do not have any remarkable change. 386 

387 

Fig. 5- The changes in the optimum water depths relative to the percentage increase in water price 388 

In addition, the changes in the net income relative to the applied water at the base water 389 

price, 100% and 300% increase in the water price for 4 days irrigation frequency was plotted 390 

in the figure 6. According to this figure, although by increasing the price of water, the applied 391 

water for the maximum yield (Wm) is reduced, this reduction is not significant. On the other 392 

hand, the net income is not sensitive to the water price and by increasing in the water price even 393 

up to 300%, there is no remarkable change in the net income. 394 
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395 

Fig 6- Relationship between the net income and the applied water at different water price for 4 days 396 

irrigation frequency 397 

On the other side, the changes in the net income relative to the applied water at the base fruit 398 

price, 10% and 50% increase in the fruit price for 4 days irrigation frequency was plotted in 399 

figure 7. This figure shows that 50% increase in the fruit price causes a remarkable increase 400 

(more than 100%) in the net income. These issues show that the yield plays a greater role than 401 

the water on the net income.  402 

403 

Fig 7- Relationship between the net income and the applied water at different fruit price for 4 days irrigation 404 

frequency405 

The water and wastewater price in Iran compared to other countries (Figure 8) shows that 406 

water price in Iran is much lower than other countries. In developed countries, however, higher 407 

water price encourages farmers to use more advanced irrigation and water management 408 

methods. 409 
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410 

411 

Fig 8- Water and wastewater price in Iran compared to other countries (World Bank Group, 2017)412 

When water is limiting and there is no land limitation, the highest net income per unit of 413 

land was obtained by using Wew (45% deficit irrigation). Whereas, in the previous studies, Ww414 

was expressed. As it is shown in figure 9, when the irrigation water plus rainfall is considered 415 

to obtain the equivalent irrigated area (IA), Ww has the most beneficial results. However, as it 416 

was mentioned in the current study, only the irrigation water must be considered and in this 417 

situation, when Wew is used, the larger areas of the orchard can be put under irrigation by 418 

applying the saved water that results in the highest net income per unit of land.  419 

420 

Fig 9- The net income and equivalent net income in water limiting condition for 4 days irrigation frequency 421 

422 
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Conclusion 423 

The following conclusion can be drawn from the current study is that having an irrigation 424 

schedule causes 27% increase in the net income per unit of land. In addition, if water is not 425 

limiting, using Wm causes the highest net income per unit of land. In water and land limiting 426 

condition, if there is minor to moderate water limiting, using the optimum water depth (Ww) 427 

can save 26% of irrigation water use that causes 3% to 4% decrease in the net income per unit 428 

of land but 16% increase in the net income per unit of irrigation water. Whereas, when there is 429 

sever water limiting condition, using Wew is more useful that although it causes 14% to 17% 430 

decrease in the net income per unit of land, it saves 46% of irrigation water use.  431 

Based on results, when rainfall occurs, the irrigation water plus rainfall must be considered 432 

to obtain production and cost functions. However, to assess the effect of deficit irrigation, only 433 

the irrigation water must be considered to determine the equivalent irrigated area (IA). 434 

Therefore, when there is water limiting condition with no land limiting, using Wew (46% deficit 435 

irrigation) causes the maximum net income per unit of land even 50% to 60% more than full 436 

irrigation. Because by using Wew, the larger areas of the orchard can be put under irrigation. 437 

Moreover, the maximum water productivity was obtained from the optimum water depth in 438 

water limitation conditions (Ww and Wew). On the other side, at the present price of water and 439 

fruit, the net income and the amount of optimum water depths are not sensitive to the price of 440 

water. However, they are highly sensitive to the price of fruit. It was due to the big difference 441 

in the price of unit of fruit compared to the price of unit of water which causes the yield to play 442 

a greater role than water on the net income. 443 

Overall, this study points out that having an irrigation schedule and using 25% and 45% 444 

deficit irrigation in water limiting condition are proper solution to address water scarcity in Iran. 445 
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In addition, economic return is a key factor doubled with technical analysis that experts should 446 

consider to have the irrigation scheduling acceptable by farmers. Moreover, it is necessary to 447 

focus on efforts that highlight the water value among water users. The policy makers also can 448 

assist in addressing this challenge by realistic pricing of water and removing the regulations 449 

that support excessive use of water to move agriculture toward sustainable production.  450 
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