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Changing the cropping pattern in a catchment to reduce blue water scarcity and 1 

increase nutritional and economic water productivity, would it? 2 

 3 

Abstract 4 

Water-stressed countries need to plan their food security and reduce the pressure on their limited 5 

water resources. Agriculture, the largest water-using sector, has a major role in addressing water 6 

scarcity and food security challenges. While there has been quite some attention to water 7 

management solutions like soil mulching and improved irrigation, less attention has been paid 8 

to adapting the cropping pattern to save water. Here, we investigate how a change in which 9 

crops are grown where and when can influence the green and blue water footprint (WF) of crop 10 

production, save blue water, reduce blue water scarcity and increase both food and cash crop 11 

production, using FAO’s AquaCrop model. The performance of two potential solutions, first a 12 

strategy of mulching plus drip irrigation, and second a strategy with changing the cropping 13 

pattern in addition to mulching and drip irrigation, were compared in one of the most water-14 

stressed catchments in the world, the Upper Litani Basin in Lebanon. Our results show a 15 

substantial potential for more efficient use of green water resources for food production while 16 

saving scarce blue water resources. Whereas mulching and drip irrigation together decrease the 17 

blue WF in the basin by 4.5%, changing the cropping pattern as well can decrease it by 20.3%. 18 

Food and cash production could increase by 3% and 50% by the changing the cropping pattern, 19 

compared to 1.5% and 2.1% by mulching and drip irrigation. Changing the cropping pattern 20 

could thus significantly reduce water scarcity and enlarge food and cash production in the basin.  21 

Keywords: water scarcity, food security, economic blue water productivity, nutritional blue 22 

water productivity, sustainability assessment, blue water saving 23 
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Increasing global demand for food has resulted in continued agricultural expansion and 25 

intensification during the past decades (FAO, 2017b; Godfray and Garnett, 2014; Tilman et al., 26 

2011). This has helped to increase crop yields and total food production, but has not been 27 

without environmental consequences, including widespread overexploitation and pollution of 28 

limited freshwater resources. Most water-stressed countries have promoted better agricultural 29 

and water management practices, like soil mulching to reduce unbeneficial soil evaporation and 30 

pressurized irrigation to reduce water needs (Ali et al., 2017; Nakawuka et al., 2018; Quemada 31 

and Gabriel, 2016), but this has been insufficient to halt the growing scarcity of water in many 32 

places on earth (Kummu et al., 2016). Food security in water-stressed countries is highly 33 

dependent on irrigation (Belloumi and Matoussi, 2008; Dixon et al., 2001; FAO, 2003) that 34 

supplies by blue water resources like aquifers, streams and lakes, which paradoxically means 35 

that blue water demands are highest where blue water availability is lowest (Mekonnen and 36 

Hoekstra, 2016).  37 

The quantity and spatial distribution of green and blue water resources in a catchment, together 38 

with national targets of food security and self-sufficiency, are key factors to decide where, when 39 

and what crops to cultivate. A sustainable farming scheme that not only plans the timing of 40 

plantation and spatial distribution of crops, but also takes into account crops’ nutritional and 41 

economic productivity (e.g. replacing low-value crops by high-value ones) could be part of a 42 

long-term solution (Davis et al., 2017a; Davis et al., 2017b; Schyns and Hoekstra, 2014). 43 

Crop redistribution based on spatial patterns of crop suitability and water availability can help 44 

to reduce water shortages and produce more food (Haouari and Azaiez, 2001; Matthews et al., 45 

2013; Osama et al., 2017). Several studies in arid and semi-arid regions like Iran, Morocco or 46 

different parts of China reported higher crop water productivity, smaller water footprint and 47 

more potentials for water saving, and conceivably less environmental damage and more socio-48 

economic gain by crop redistribution (Fasakhodi et al., 2010; Schyns and Hoekstra, 2014; Sun 49 
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et al., 2014; Wang et al., 2014; Zhang et al., 2014). A long-term study (1990-2010) on the 50 

impact of cropping pattern modifications on the water demand of irrigated farming in Beijing 51 

Metropolitan Area showed a significant change in blue water consumption of the agricultural 52 

sector (Huang et al., 2012). A recent study claimed that rearranging crop distribution on a global 53 

scale can feed an additional 825 million people, which would be a 10% increase in the global 54 

nutritional productivity. Concurrently, their recommended cropping pattern could decrease 55 

green and blue water consumptions by 13.6% and 12.1%, respectively (Davis et al., 2017b). 56 

To improve sustainable management of scarce water and land resources, various studies suggest 57 

combining crop redistribution practices with multi-cropping (growing two or more crops on the 58 

same field in sequence in different growing seasons of a year), this combination can 59 

substantially increase crop water productivity. In areas with a pronounced dry summer and wet 60 

winter season, multi-cropping facilitates cultivating rainfed crops outside the summer growing 61 

season, thus making better use of the available green water resources in the wet winter period; 62 

this can result in higher water productivity in the region and takes water-stressed countries one 63 

step closer to food security.  64 

To assess how agricultural management strategies can assist coping with food and water crises 65 

in a dry region, we selected Upper Litani Basin in Lebanon, one of the most water-stressed 66 

basins in the world, for this study. Multi-cropping is a common practice in this basin, whereby 67 

particularly summer crops contribute to high blue water scarcity. We evaluated the impact of 68 

mulching, drip irrigation and crop redistribution in combination with multi-cropping on the WF 69 

of crop production in the catchment considering crop varieties and heterogeneity in soil and 70 

climate. We employed the global WF assessment standard (Hoekstra et al., 2011) and 71 

AquaCrop-OS model, the open-source MATLAB version of AquaCrop developed by FAO 72 

(FAO, 2017a) to assess the green and blue WF of major crops in the region and the influence 73 

of alternative agricultural practices on their total, green and blue WF. We suggested two water 74 

https://en.wikipedia.org/wiki/Growing_seasons
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saving scenarios in comparison to the reference scenario (current practice), for which we take 75 

the period 2011-2016. In one scenario, we reflected the effect of introducing mulching and drip 76 

irrigation of the summer crops; in the other scenario we assessed the impact if we additionally 77 

improve the cropping pattern. We investigated how these scenarios can contribute to the 78 

reduction of blue water scarcity and the increase of nutritional and economic productivity of 79 

the catchment. 80 

2. Method and data 81 

2.1. Site description 82 

The Upper Litani Basin - ULB in Lebanon (33° 54' 42.7680'' N, 36° 0' 48.8880'' E) measures 83 

1500 km2. The Upper and Lower Litani Basin together form a total area 2180 km2 (Figure 1). 84 

The Litani River, around 182 km long, originates in the Bekaa plain in the north of the ULB 85 

and drains to Qaraoun Lake, continues south through the Lower Litani Basin and then deviates 86 

west and flows to the Mediterranean Sea. The ULB is a narrow basin, with the Bekaa plain 87 

stretched between two parallel mountain ranges. The ULB has a Mediterranean climate, with 88 

wet winters (November-May) and extended dry summers (April-October). However, its 89 

topographic features and the nearby Mediterranean Sea and Syrian Desert result in a variety of 90 

microclimates. The mean annual temperature in Bekka Valley is about 16 °C - ranging from 5 91 

°C in winter to 26 °C in summer - and the mean annual precipitation varies between 700 and 92 

1100 mm (Ramadan et al., 2012, 2013; Shaban et al., 2014). 93 

 94 

 95 

 96 
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Figure 1. Land Cover Classification Map (year 2014) of Lebanon extracted from WaPOR – 108 

FAO (https://wapor.apps.fao.org/home/WAPOR_2/2) 109 

Farming management practices at the ULB including irrigation method, irrigation depth, 110 

efficiency of each method and the proportion of the cultivated area under each irrigation method 111 

were extracted from our field survey and the available literature; mean values are summarised 112 

in Table 1 (FAO, 2017b; Nouri et al., 2019; USAID, 2014). 113 

 114 

 115 

 116 

 117 

Table 1. Irrigation management at the ULB  118 

Irrigation 

type 

Crop Alfalfa Barley Chickpeas Corn 
Fava 

beans 

Early 

potato 

Late 

potato 
Tobacco Tomato Wheat 

Total 

cultivated 

area at 

ULB (ha) 

700 3200 2800 3800 2000 4400 3200 2800 4300 7800 

S
u

r
f

a
c
e 

Area 
proportion 

(%) 

57 100 90 96 53 100 100 57 79 100 

https://wapor.apps.fao.org/home/WAPOR_2/2
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Irrigation 

depth 

(mm)  

93 76 67 75 76 63 71 67 49 76 
S

p
r
in

k
le

r 

Area 
proportion 

(%) 

21 0 0 4 39 0 0 21 17 0 

Irrigation 

depth 
(mm)  

116 95 84 94 95 79 89 84 61 95 

D
r
ip

 

Area 

proportion 
(%) 

22 0 10 0 8 0 0 22 4 0 

Irrigation 

depth 
(mm)  

78 63 56 63 63 53 59 56 41 63 

 119 

2.2. Water footprint of agricultural crops 120 

We considered water consumption of all sectors in the ULB, including the domestic, industrial, 121 

forestry and agricultural sectors during the period 2009-2016. Data on the water consumption 122 

of the domestic, industrial and forestry sectors were extracted from available literature (see 123 

Nouri et al. (2019)). Water consumption in crop cultivation was estimated using the open-124 

source MATLAB version of AquaCrop, FAO's crop water productivity model (Foster et al., 125 

2017). 126 

From our field survey and the available literature of the ULB, we learned that there are 10 major 127 

crop types (wheat, early potato, late potato, alfalfa, barley, chickpea, corn, fava bean, tobacco 128 

and tomato), 4 major soil types (Orthents, Xeralfs, Xerepts and Xerolls – based on 129 

TAXOUSDA classification system) and 6 major climate zones (using Thiessen Polygons) at 130 

the ULB. In combination of crop type, soil type and climate zone, was divided this basin into 131 

240 LUs, each of which represents a unique combination of crop, soil and climate. However, 132 

15 of the 240 possible combinations are not available in the catchment. The ten major crops 133 

together cover 94% of the cultivated area in the ULB. 134 

Per crop and land unit (total of 225 LU), evapotranspiration (ET) over the growing period and 135 

crop yield were estimated with AquaCrop. Soil moisture and ET were partitioned into green 136 

and blue components on daily basis, with green soil moisture and green ET referring to water 137 

originating from rainwater, and blue soil moisture and blue ET referring to water originating 138 
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from irrigation water, i.e. water withdrawn from surface water or groundwater. This partitioning 139 

was done following the method of Chukalla et al. (2015). Per crop and per LU, the green and 140 

blue water footprint of the crop (in m3/t) was calculated as the green or blue ET over the growing 141 

period divided by the crop yield, following the global WF assessment standard (Hoekstra et al., 142 

2011). 143 

AquaCrop was designed to be applicable under different soil and climate conditions, with no 144 

necessity for calibration once it has been parameterized for a specific crop species. Since our 145 

study is limited to the crops that already had been parameterized in the AquaCrop, the outcomes 146 

of the model were reliable (Chukalla et al., 2015; Steduto et al., 2012). However, to validate 147 

the outcomes for the specific conditions of Litani Basin by using the local data from the ground, 148 

initialization, parameterisation and validation were performed following the guideline by the 149 

FAO - AquaCrop manual: parameterization, calibration, and validation procedure (Steduto et 150 

al., 2012). Data on soil, climate, irrigation, field management and cropping patterns were 151 

collected during the field visit of the Litani Basin funded by the FAO-WaPOR project (FRAME 152 

consortium) in June - July 2017 and the available literature (Nouri et al., 2019).   153 

The simulation period, based on data availability, was from January 2009 to December 2016. 154 

The first two calendar years (2009-2010) were used for initialization of the model. Since LUs 155 

were either used for a single summer or winter crop or for both, the model was initialized in the 156 

first one or two seasons. Summer crops were fully grown in one year and could thus be run for 157 

7 years while winter crops are grown in two calendar years so only 6 simulation years was 158 

possible (i.e. winter crops in 2016 could not run the entire crop cycle). The model needed one 159 

year of initialization, which was not included in the water accounting of the ULB. To harmonize 160 

the water accounting periods of summer and winter, the initialization of summer crops was 161 

calculated for 2 years. For LUs with both summer and winter crops, the accounting period 162 

started at the beginning of the second winter crop season. This is why the water accounting was 163 
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accounted for six years for all LUs. By iteration and assessment of results, we learned that after 164 

two years of simulation, the soil water balance was near field capacity at the start of the cropping 165 

season. So, the initial soil water status was at the field capacity for all simulations. This 166 

procedure was done by starting simulations with estimated parameters from the literature and 167 

comparing outputs with measured/observed values, then adjusting the parameters and run the 168 

simulation again. This procedure was repeated until our simulated results closely agreed with 169 

the measured/observed data. The Root Mean Square Error (RMSE) was used as the indicator 170 

to evaluate the model performance presenting the deviation between simulations and 171 

observations. Table 2 present the summary of the model performance for each crop; it 172 

confirmed the reliability of the outcomes of the model. 173 

Table 2. The summary of model performance per crop type  174 

 175 

 176 

1
 Sum of early (58%) and late potato (42%) corrected for their areas.

 177 

2.3. Nutritional and economic blue water productivity of crops  178 

The blue water productivity of each crop in terms of t/m3 is the inverse of the blue WF (m3/t). 179 

The nutritional blue water productivity (NBWP, in kcal/m3) and economic blue water 180 

productivity (EBWP, in USD/m3) of each crop were calculated as follows:  181 

NBWP =
1

WFblue
× nutritional value   

(1) 

EBWP =
1

WFblue
× economic value 

(2) 

Nutritional values of all crops were obtained from nutritional tables (DFC, 2017) and economic 182 

values from the FAOSTAT. The economic value of each crop varied over the study period 183 

(2011-2016); we took annual values for each individual crop. Where FAOSTAT was lacking 184 

Crop Wheat Barley Chickpeas Corn Fava 

beans 

Potato1 Tobacco Tomato Alfalfa 

RMSE 

(%) 

17.25 2.93 5.53 3.46 5.81 6.25 7.12 4.35 NA 
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data for Lebanon, data were taken from countries for which prices are most similar to Lebanon: 185 

barley from Turkey, corn from Jordan, and chickpeas, fava beans, tobacco and wheat from Iran. 186 

The economic and nutritional values of the crops are summarised in Table 3. 187 

The nutritional production (kcal/y) was calculated per crop by multiplying the production (kg/y) 188 

with the nutritional value per crop (kcal/t). The economic production of each crop (USD/y) was 189 

calculated by multiplying the production (t/y) with the economic value per crop (USD/t).  190 

Table 3. Nutritional and economic values of the major crops in the Upper Litani Basin. 191 

Food demand in the ULB was estimated by multiplying the number of inhabitants of the region 192 

by required calories per person. The population was estimated to be 375,000 in 2010 and is 193 

expected to reach 450,000 by 2030 (USAID, 2014). To suggest a sustainable scenario, we 194 

assumed that 50% of the required energy/calorie will be provided by crops by 2030. 195 

Considering 2355 kcal as the daily required calorie for a moderately active person with an 196 

average bodyweight, and assuming that major crops are only sources of carbohydrates (fat and 197 

protein sources are mainly imported to Lebanon and were not included in this study), the total 198 

food demand for the ULB was estimated at 193.5 billion kcal/y (2355 × 365.25 × 450 000 × 199 

0.5) by 2030.  200 

2.4. Blue water availability and water scarcity  201 

 Year  Alfalfa Barley Chick 

peas 

Corn Fava 

beans 

Potato 
 

Tobacco Tomato Wheat 

Nutritional 

value (million 

kcal/t) 

- 2.9 33 16 35 3.9 8.5 0 1.9 33 

Economic 

value (USD/t) 

2011 66 263 1082 253 2475 269 3372 417 321 

2012 66 291 1672 218 1705 364 7106 445 391 

2013 66 267 1376 230 1937 460 8358 469 391 

2014 66 284 738 305 1331 440 4368 507 391 

2015 66 216 866 199 1462 417 7828 506 232 

2016 66 216 866 199 1462 417 7828 506 232 
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Blue water availability in ULB was estimated on a monthly basis by deducting the 202 

environmental flow requirement from the natural runoff (Hoekstra et al., 2011). We assumed 203 

here the Availability+ scenario as described in Nouri et al. (2019), in which blue water 204 

availability is defined based on environmental flow requirements at 60% of natural runoff, plus 205 

a moderate level of fossil water abstractions, plus the availability from water storage from a 206 

newly planned irrigation scheme. 207 

Blue water scarcity in the catchment is defined per month as the ratio of the blue water footprint 208 

in that month to the blue water available (Hoekstra et al., 2011; Hoekstra et al., 2012).  209 

2.5. Two scenarios 210 

Two scenarios, S1 and S2, were formulated and compared with the current situation (reference 211 

scenario) in the ULB. S1 includes organic mulching of the soil for all crops and drip irrigation 212 

for summer crops; details of this scenario and its impact of the WF, water scarcity and food 213 

security of the ULB was reported by Nouri et al. (2019). Our results revealed that 214 

implementation of S1 had positive but minor impact on the water saving and consequently more 215 

food production of the ULB. Mulching could decrease the blue WF of the ULB by 3.6%, and 216 

when drip irrigation of summer crops was added, it was reduced by 4.7% in total. This 217 

evidenced that further action is required to alleviate the WF of the basin and enhance the 218 

efficiency of water use to save more water for more crop production. S2 suggested a change in 219 

the cropping pattern in addition to what was done in S1 (mulching and drip irrigation of summer 220 

crops). The cropping pattern was redesigned taking into account the nutritional and economic 221 

values of each crop and their green and blue water consumptions. As a basis for the design of 222 

an alternative cropping pattern, we identified the months in which water scarcity is highest and 223 

which crops contributed most to this water scarcity. To formulate S2, we prioritised the value 224 

of crops in the context of Lebanon food security; we divided ten major crops of the ULB into 225 

three groups of cash crops (fava beans, tomato and tobacco), food crops (early potato, late 226 
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potato, chickpeas, barley and wheat) and feed crops (alfalfa and corn). We assessed the 227 

contribution of each crop to food and cash production. In order to achieve food security and 228 

improve the economic status of the basin, we developed S2 such that sufficient food is produced 229 

(the 193.5 billion kcal/y mentioned earlier) and that the remaining water is allocated to high-230 

value crops. The feed crops were considered as the first to be reduced or removed from the 231 

basin’s cropping pattern. Table 3 list summer and winter crops in crop rotation in a particular 232 

cropping plan at the reference scenario against our recommendation with replaced crops in 233 

scenario 2 (S2).  For instance, corn and alfalfa were considered feed crops in the ULB with the 234 

least priority in the food security, or tomato had a large blue WF; these crops were replaced 235 

with cash crops or suggested to remain uncultivated to save water. 236 

Table 3. Overview of crop relocation in S2 compared to the reference scenario 237 

Reference scenario S2 
Summer  Winter  Summer  Winter  

Fava beans  Alfalfa  Fava beans  Tobacco  

Fava beans  Corn  Fava beans  Tobacco  

Fallow  Corn  Wheat  Fallow  

Wheat  Corn  Wheat  Fallow  

Fallow  Tomato  Wheat  Fallow  

Fallow  Wheat  Fallow  

 238 

 239 

3. Results and discussion 240 

3.1. Water footprints and nutritional and economic blue water productivity of crops  241 
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The average green and blue WFs of the major crops cultivated in the ULB are presented in 242 

Figure 2, as well as the nutritional blue water productivity (NBWP) and economic blue water 243 

productivity (EBWP). The results show that wheat scores best in terms of NBWP and fava 244 

beans in terms of EBWP. These two crops are winter crops, which explain the relatively large 245 

share of green water in the total WF. After wheat, corn has the highest NBWP, but corn is 246 

mainly used as feed for livestock and does not directly contribute to human food supply. Alfalfa, 247 

another feed crop, has a very low NBWP. Interesting results are found for tomato: according to 248 

(USAID, 2014), tomato is mainly planted in the basin for its cash value, but its EBWP is 249 

actually quite low. Tomato had indeed the highest amount of US$ per tons (Skaf et al., 2019). 250 

However, the EBWP is very low due to high blue WF. Tomato has a low NBWP as well. Since 251 

food security is the goal the peroject, the main focus is one more food production (and cash 252 

production for food import purposes) than feed production. Since meat and dairy products were 253 

assumed unnecessary in food security purposes, the lowest value were given to feed crops.  254 

Figure 2. Annual green and blue water footprint of major crops in the Upper Litani Basin and 255 

their nutritional blue water productivity and economic blue water productivity in the period 256 

2011-2016. 257 
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Annual production of food crops (in kcal/y) and cash crops (in USD/y) and the current food 258 

demand in the basin are shown in Figure 3. The current food production is estimated at 186 259 

billion kcal/y and the cash production is 67 million US$/y. Wheat gives the largest contribution 260 

in the basin to total production of food-kcal, while fava beans contribute most to cash crop 261 

production. Tomato has a relatively high annual blue WF in the basin, but contributes relatively 262 

little to cash production. The food production can be increased most efficiently by wheat 263 

production. Tobacco and fava beans deliver the most US$ per cubic meter of water. 264 

Higher food production is essential at the ULB since the food demand is not met currently, as 265 

presented in Figure 3. This is supported by the recent study on food security and sustainable 266 

agriculture in Lebanon that claimed about 80% of the food demand is imported (Skaf et al., 267 

2019; UNHCR, 2017). Our results suggest that most priority should be given to wheat and 268 

potato whereas corn, alfalfa and tomato are the last in the list. Mourad et al. (2019) reported 269 

that animal production in MENA increased by 50% compared to the last decade, about half of 270 

the feed crops produce locally. This study recommended a shift in the diet to reduce WF.  271 

 272 

Figure 3. Annual food crop and cash crop production in the Upper Litani Basin in the period 273 

2011-2016, and its food demand. 274 

3.2. Changing the cropping pattern 275 
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Since the food demand of the ULB is more than local food supply (food trade is not included 276 

in this study), higher food production is desirable. Besides, blue water footprint in the summer 277 

is to be reduced to become sustainable, as the basin suffers significant to severe blue water 278 

scarcity in the months July to September (as presented in the reference scenario in Figure 5 – 279 

The black line presenting the water availability of the ULB placed lower than the average 280 

monthly blue WF during this period). The summer crops of corn and alfalfa are feed crops 281 

(lower priority) and they have large blue WFs in times when the water scarcity is highest. 282 

Tomato is a cash crop with low EBWP and large blue WF in the dry summer months. This 283 

means that these three crops have the least priority/value in terms of food security of the basin. 284 

If these three crops could be replaced by crops with higher nutritional and/or economic values 285 

(food or cash crops), the ULB could save a substantial amount of water while increasing food 286 

security and economic benefits. 287 

Based on the WFs of all major crops and their economic and nutritional values, scenario S2 has 288 

been formulated such that wheat production in the wintertime is increased as well as tobacco 289 

cultivation in summertime. Wheat production is increased as a way to increase food production, 290 

tomato production in summer is stopped, and the summer crops corn and alfalfa are replaced 291 

by tobacco. Table 5 shows the spatial and temporal cropping pattern in both the reference 292 

scenario and scenario S2. In the reference, there is a total of 6,500 hectares of fallow land, which 293 

we cut down to 3,920 hectares in S2. Part of these fallow lands could be cultivated in winter 294 

without impact on blue water use in the driest months.  295 

Table 5. Overview of cropping patterns in different land-use types in the Upper Litani Basin in 296 

the reference scenario and under scenario S2. 297 

Reference (current situation) 

Land use 

type 

Area(ha) Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct 
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1 700 Fallow Corn Fallow 

2 4300 Fallow Tomato Fallow 

3 4400 Fallow Early potato Fallow 

4 5500 Wheat Fallow 

5 500 Fava beans Fallow 

6 2300 Wheat Corn Fallow 

7 3200 Barley Late potato 

8 2800 Chickpeas Tobacco Fallow 

9 700 Fava beans Alfalfa Fallow 

10 800 Fava beans Fallow Corn Fallow 

11 6500 Fallow 

 298 

a Extended area compared to the reference. 299 

b Reduced area compared to the reference. 300 

c New land use type compared to the reference. 301 

 302 

The food and cash production for the reference and two alternative practices of S1 and S2 for 303 

major crops are shown in Figure 4. Wheat represents the highest share of food production; this 304 

is in line with the latest study in Lebanon (Nasrallah et al., 2020) . The harvested area of wheat 305 

was increased in S2 in order to produce more food; this set-up led to the fulfilment of the food 306 

Scenario S2 (changed cropping pattern) 

Land use 

type 

Area (ha) Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct 

3 4400 Fallow Early potato Fallow 

4 15480 a Wheat Fallow 

5 500 Fava beans Fallow 

7 3200 Barley Late potato 

8 2800 Chickpeas Tobacco Fallow 

11 3920 b Fallow 

12 1500 c Fava beans Tobacco Fallow 



 
 

16 
 

demand of the region. In terms of economic production, S2 yields slightly higher benefits 307 

compared to the current situation and S1 as a result of the growth in tobacco cultivation. 308 

 309 

Figure 4. Food and cash production per crop type in the Upper Litani Basin in the reference 310 

(R), scenario S1 (mulching and drip irrigation), and scenario S2 (mulching and drip irrigation 311 

plus change in cropping pattern). 312 

3.3.  Blue water saving and water scarcity reduction 313 

Figure 5 shows the average monthly blue WF of major crops and forestry and the domestic blue 314 

WF for the reference scenario, scenario S1 (mulching and drip irrigation) and scenario S2 315 

(mulching and drip irrigation plus changing cropping pattern). The summer crops are irrigation 316 

dependent, while most winter crops are rainfed (Nasrallah et al., 2020). In S2, the low-value 317 

crops of corn, alfalfa and tomato were replaced with high-value crops of wheat (nutrient value) 318 

and tobacco (economic value). This change yielded a reduction in cultivation area during the 319 

dry summer and an increase in the harvested area during the wet winter. As shown in Figure 5, 320 

the change of cropping pattern in S2 reduces the blue WF in the summer months sufficiently to 321 
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ensure that the blue WF remains below water availability, while in the reference scenario and 322 

S1, the blue WF in the summer months exceeds blue water availability. Details of the impact 323 

of different irrigation practices on each crop were lengthily discussed by (Nouri et al., 2019). 324 
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327 

Figure 5. Average monthly blue WF versus water availability in the Upper Litani Basin in the 328 

reference (5a) and under scenario S1 - mulching and drip irrigation (5b) and scenario S2 -329 

mulching and drip irrigation plus change in cropping pattern (5c). The black line presents the 330 

water availability of the ULB throughout the year. 331 

Table 6 shows how scenarios S1 and S2 differ from the reference scenario in terms of the annual 332 

green and blue WF and the total nutritional and economic production of the region. Scenario 333 

S2 takes full benefit from the available green water resources in the ULB, while reducing the 334 

consumption of blue water resources. Mulching and drip irrigation (S1) result in a blue water 335 

saving of 8 million m3/y. An additional change in cropping pattern (S2) results in a total blue 336 

water saving of 36 million m3/y. The latter scenario also results in the highest nutritional and 337 

economic production. 338 

Table 6. Annual green and blue WF, blue water saving, and crop production in the Upper Litani 339 

Basin for the reference and two scenarios.  340 

Annual WF and crop production Reference  Scenario S1 Scenario S2 

Green WF (million m3/y) 47 48 71 

Blue WF (million m3/y) 177 169 141 

Blue water saving (million m3/y) - 8 36 
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Nutritional production (billion kcal/y) 186 190 196 

Economic production (million US$/y) 67 68 102 

Average blue water scarcity per month in the reference and scenarios S1 and S2 is presented in 341 

Table 7. In the reference and in scenario S1, the blue water footprint exceeds blue water 342 

availability for four months per year. This means that the ULB faces moderate to severe water 343 

scarcity in summer with the current cropping pattern and crop calendar, no matter what 344 

mulching practice or irrigation technique is used. Through a changed cropping pattern as in S2, 345 

low water scarcity is achieved throughout the year, with the blue water footprint remaining 346 

below the threshold of maximum water availability. 347 

Table 7. Monthly blue water scarcity in the Upper Litani Basin in the reference scenario and 348 

the two scenarios.  349 

Green-coloured months have low scarcity (≤1.0); yellow-coloured months have moderate water 350 

scarcity (1.0-1.5); orange-coloured months have significant water scarcity (1.5-2); red-coloured 351 

months have severe water scarcity (>2.0). 352 

4. Conclusion 353 

This research investigated the impact of changes in management practice and the cropping 354 

pattern on the annual green and blue WF, blue water saving, water scarcity, and food and 355 

economic production in the Upper Litani Basin in Lebanon. The existing situation was 356 

compared with two scenarios: organic mulching and drip irrigation (S1) and cropping pattern 357 

change in addition to mulching and drip irrigation (S2). Our results show that implementing 358 

mulching and drip irrigation will have a minor impact on the annual green and blue WF, blue 359 

Scenario Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct 

Reference 0.60 0.60 0.42 0.37 0.60 0.88 1.00 1.25 1.64 1.83 2.13 0.70 

Scenario S1 0.55 0.54 0.39 0.35 0.56 0.85 0.97 1.15 1.47 1.79 2.15 0.76 

Scenario S2 0.58 0.59 0.43 0.39 0.62 0.92 0.97 1.00 0.99 0.99 1.00 0.65 
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water saving, water scarcity, and food and economic production compared to the significant 360 

positive impact of changing the cropping pattern. Mulching and drip irrigation together could 361 

increase green WF by 2.1%, decrease blue WF by 4.5% and increase food and economic 362 

production by 2.1% and 1.5%, respectively, compared to the current situation, while a change 363 

in cropping pattern could increase green WF by 51%, decrease blue WF by 20.3% and increase 364 

food and economic production by 3% and 50%, respectively.  365 

This research demonstrates the potential of changing the cropping pattern in enhancing water 366 

and food security in a semi-arid region. Also, this promotes a plant-based diet and encourages 367 

taking half of the required daily calorie from food crops; this is in line with the Food-Based 368 

Dietary Guideline (FBDG) manual to promote healthy eating in Lebanon (Bahn et al., 2018).  369 

The outcome of this study showed that careful consideration is needed in development and 370 

implementation of alternative agricultural management practices with food and water security 371 

purposes. No optimal scenario can be found to work for all basins; local studies are needed to 372 

evaluate possible scenarios and their potential impacts on water and food resources considering 373 

their environmental, social and economic impacts. This study can help policy makers, water 374 

managers and farmers for the sustainable management of water resources as one of main drivers 375 

of food security. 376 

In terms of future development, the outcomes of this paper and the coupled paper by this team 377 

(Nouri et al., 2019) will further investigate the economic perspective of water footprint 378 

reduction under adaptive management practices in the case of mulching, drip irrigation and crop 379 

redistribution scenarios. Further investigation is needed to consider virtual water trade of the 380 

region and better understand trade-offs between a certain level of food self-sufficiency and local 381 

water saving. Also, the robustness of changing the cropping pattern under climate change needs 382 

to be studied. 383 
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 505 

Figure A-1. Crop contribution in the blue water consumption of the ULB in current practice 506 
(Reference scenario) on a monthly basis (2011-2016) 507 
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