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Abstract

:

Irrigation management is a key factor in attaining optimal yields, as different irrigation strategies lead to different yields even when using the same amount of water or under the same weather conditions. Our research aimed to simulate the water-use efficiency (WUE) of crops considering different irrigation strategies in the Central Valley of Chile. By means of AquaCrop-OS, we simulated expected yields for combinations of crops (maize, sugar beet, wheat), soil (clay loam, loam, silty clay loam, and silty loam), and bulk density. Thus, we tested four watering strategies: rainfed, soil moisture-based irrigation, irrigation with a fixed interval every 1, 3, 5, and 7 days, and an algorithm for optimal irrigation scheduling under water supply constraints (GET-OPTIS). The results showed that an efficient irrigation strategy must account for soil and crop characteristics. Among the tested strategies, GET-OPTIS led to the best performance for crop yield, water use, water-use efficiency, and profit, followed by the soil moisture-based strategy. Thus, soil type has an important influence on the yield and performance of different irrigation strategies, as it provides a significant storage and buffer for plants, making it possible to produce “more crop per drop”. This work can serve as a methodological guide for simulating the water-use efficiency of crops and can be used alongside evidence from the field.
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1. Introduction


Irrigation and irrigation management are the main factors that affect crop yields and water use by making crop development independent from rainfall. However, poor irrigation management can lead to several in-farm and off-farm impacts, such as waterlogging, changes in river flows, erosion and nonpoint pollution [1]. Improving irrigation management increases water-use efficiency (WUE), i.e., the ratio of applied water to crop yield, by decreasing the amount of water necessary to achieve a given production or increasing yields. According to the Food and Agriculture Organization of the United Nations (FAO) [2], agriculture uses ca. 70% of the available freshwater. Therefore, increasing water-use efficiency will allow us to decrease the amount of water used in attaining expected yields [3]. However, the success of irrigation largely relies on proper management and the appropriate selection of irrigation strategies.



Implementing successful irrigation and water management strategies requires knowledge of several physical and empirical aspects of the system [4]. Field experiments are costly and resource consuming [5], and different soil tests and resource management strategies are required in order to obtain the best strategies by heuristic to fit specific cases.



Outputs from simulation models allow different irrigation strategies, soil and crop conditions, and changes in climatic conditions to be tested. AquaCrop [6] is a model that simulates yields dependant on irrigation strategies, climate, field management (soil fertility and field agronomic practices), soil profile, and the presence of groundwater. AquaCrop is able to simulate yields for maize [7,8,9], wheat [10,11,12], sugar beet [5,13,14], potatoes [15,16], barley [17], quinoa [18], and rice [19]. Foster et al. [20] developed the AquaCrop-OS model, an open source code written in MATLAB, which provides the opportunity to incorporate other concepts to assess farming scenarios.



Agricultural production and benefits largely rely on management, i.e., the set of rules and practices followed by farmers to irrigate, fertilize, and harvest crops. Thus, there are several ways to attain a given yield, such as through the irrigation schedule, monitoring systems, precision agriculture, among others. Thus, different farming strategies could give similar yields but produce different impacts on profit and the environment. Therefore, it is plausible to apply standardized methods to compare prediction strategies, considering economic, environmental, and social dimensions. Water-use efficiency (WUE) is a ratio that relates the yield to the water consumed by crops [21]. WUE has been used for maize [22,23], sugar beet [24,25], wheat [12,26], and other crops.



In this paper, we compare different irrigation strategies for a set of plausible combinations of crop, soil, and climate in Central Chile, by means of the WUE values derived from AquaCrop simulations. This methodology aids decision-making processes by presenting estimates of the impact of a given or in-use irrigation strategy. It also provides a heuristic to identify better strategies. Once the best strategy is set, it is possible to identify hardware and software gaps. Thus, this method should be seen as a support for decision-making rather than a method for obtaining precise yield estimates.




2. Methodology


The proposed methodology aims to compare different irrigation strategies using AquaCrop-OS to determine dry yield, water use, and WUE for different crops, considering local soils, weather conditions, sowing dates, and field management practices.



2.1. Water-Use Efficiency


Water-use efficiency (kg m−3) is an indicator related to the water consumed by crops (as evapotranspiration) to produce a certain yield [21]:


  W U E =    Y  E T a     × 100  



(1)




where Y and   E T a   are crop yield (in t ha−1) and actual evapotranspiration (in mm), respectively.




2.2. Irrigation Management


We compared water use, yield, and WUE for four different irrigation strategies: rainfed (no irrigation), soil moisture-based, a fixed interval irrigation every 1, 3, 5, and 7 days, and the optimal schedule for 52 years (Table 1). We implemented a routine that feeds AquaCrop-OS [20] with daily weather data from 1965 to 2016 for maize, sugar beet, and wheat. We tested 12 combinations of soil type and bulk density.



To define the optimal schedule (S), i.e., the date (  d i  ) and amount of water for irrigation (  v i  ) leading to the highest yield (Y) for a given amount of available water, we used the Global Evolutionary Technique for OPTimal Irrigation Scheduling (GET-OPTIS) [27] to estimate the Water Yield Functions (WYF):


     Y *     = m a x  Y  S  : S =    s i    i = 1 ,   … ,   n            =    d 1  ,  v 1   , … ,   d i  ,  v i   , … ,   d n  ,  v n    n ,  d i  ∈ N ;  v i  ∈ R     



(2)







Once WYF were built, we found the irrigation strategies with the greatest crop yield (rainfed, soil moisture-based, and fixed interval) and the lowest water use. Figure 1 summarizes the aforementioned methodology.




2.3. A Proxy for Economic Performance


A complete economic analysis requires a number of parameters and decisions made by farmers within the season. Even though detailed economical issues are out of the scope of this paper, we used the difference between income and irrigation costs as a proxy for economic performance (U in USD ha−1):


   U  i , j , k   =  P i  ×  F i  ×  Y  i , j , k   − C ×  W  i , j , k    



(3)




where   P i   is the price per crop i (in USD t−1),   F i   is a correction factor for yield for crop i (dimensionless),   Y  i , j , k    corresponds to the crop yield (in t ha−1) for crop i, soil type j, and irrigation strategy k. On the other hand, C is the irrigation cost (in USD mm−1 ha−1) and   W  i , j , k    is the water use for crop i, soil type j, and irrigation strategy k. Regarding price per crop   P i  , we considered values of 231.03, 47.00, and 167.41 (USD t−1) for maize, sugar beet, and wheat, respectively, considering prices for the Chilean market. As AquaCrop-OS determines crop yield as dry yield, we considered that maize and wheat were harvested with a 14% moisture content. Therefore, the correction factor   F i   for those crops is 1.14. On the other hand, sugar beet stores sucrose in the tap root, so a 14–20% sucrose content   F i   is equal to 7.14 [28,29]. Regarding irrigation costs, we considered a mean value of 0.25 (USD mm−1 ha−1) using a center pivot irrigation system with an irrigation efficiency of 85% as a benchmark.




2.4. Application to Representative Conditions in Central Chile


We used data and information for representative conditions of the Central Valley of Chile (Figure 2) to feed AquaCrop and subsequently obtain yield estimates. The annual precipitation is 1025 mm and the average maximum and minimum temperatures are 20.6 and 7.6    ∘  C, respectively [30]. Rainfall occurs during austral winter months (May to August), contributing to 85% of the annual precipitation, while during the growing season, rainfall contribution is less than 10%. Thus, the available water for irrigation heavily depends on winter precipitation. Central Chile comprises almost one third of Chile’s agricultural land, where wheat, maize, and sugar beet are the most important crops as they make up 27.9, 22.5, and 60% of the nation-wide cropped area, respectively [31]. Soils are mainly Andisols derived from volcanic ash. Textures are mainly silty clay loam, silty loam, and loam. The bulk density varies between 0.71 and 1.35 Mg m−3 [32,33,34].




2.5. Model Inputs


We fed our routine with: (1) characteristic sowing dates for maize (November), sugar beet (September), and wheat (August) [35]; (2) a weather database from 1965 to 2016 (Figure 3); (3) crops parameters (Table 2); and (4) soil hydraulic parameters dependant on their bulk densities (Table 3). We considered that each growing season started with 50% of the total available water (more details in Kuschel-Otárola et al. [29]).





3. Results and Discussion


3.1. Dry Yield as a Function of Water Use


Dry yield as a function of water applied (for the whole growing season) for all irrigation strategies are presented for maize (Figure 4), sugar beet (Figure 5), and wheat (Figure 6), considering simulated values from 1965 to 2016 for soils with a low, medium, and high bulk density. These figures are presented in the form of scatter plots, in which each color represents an irrigation strategy: rainfed (RF), soil moisture-based (SMB), fixed interval (FI) every 1, 3, 5, and 7 days, and the optimal irrigation schedule (GET-OPTIS: G-O). In all cases, the best strategies are those that use less water to give higher yields. For all crops, clayey soils plateau, showing that there is an upper limit for yield regardless of the irrigation strategy. Thus, it is clear that certain strategies exist that use much less water than others. Furthermore, lighter soils (with a bulk density less than 1) display a similar behavior. Heavier loamy soils are more sensitive to irrigation strategies, as is shown by the fewer instances of overlapping grouping. These results highlight the importance of the soil texture and bulk density in crop performance.



3.1.1. Dry Yield as a Function of Water Use for Maize


Figure 4 presents dry yield as a function of water use for maize considering simulated values from 1965 to 2016 for soils with a low (1), medium (2), and high bulk density (3) (mean values in Table A1). The results showed that G-O consistently provides the best combination of dry yield and water use, followed by SMB. G-O could save from 105 (for clay loam 3 considering FI-1 for the year 1979) to 827 mm (for clay loam 2 considering FI-3 for the year 2013) of water. For the year 1979 under clay loam 3, G-O and FI-1 achieved dry yield values of 15.21 and 14.92 t ha−1, respectively. For the year 2013 under clay loam 2, G-O and FI-3 achieved dry yield values of 14.81 and 15.35 t ha−1, respectively. According to the study area, irrigation depth for maize ranges from 400 to 800 [40,41] to produce a mean value of 15 t ha−1 [37,40,42]. There are low values of dry yield for loam 2, loam 3, and silty loam 3 considering fixed irrigation strategies. These soils have a very narrow range between saturation and field capacity (see Table 3), where crop production is mainly affected by the stress produced by conditions of lack of aeration in the root zone [22,43], when moisture reaches a value of at least 5% below saturation.




3.1.2. Dry Yield as a Function of Water Use for Sugar Beet


Figure 5 presents dry yield as a function of water use for sugar beet considering simulated values from 1965 to 2016 for soils with a low (1), medium (2), and high bulk density (3) (mean values in Table A2). Similar to maize, G-O was the strategy that provided the best combination of dry yield and water use, followed by SMB. G-O could save from 48 (for silty loam 3 considering SMB for the year 1979) to 684 mm (for clay loam 2 considering FI-1 for the year 2008) of water. For the year 1979 under silty loam 3, G-O and SMB achieved dry yield values of 12.07 and 8.19 t ha−1, respectively. For the year 2008 under clay loam 2, G-O and FI-1 achieved dry yield values of 15.25 and 14.17 t ha−1, respectively. According to the study area, the irrigation depth for sugar beet has a mean value of 800 mm [40]. The results showed that sugar beet has a potential dry yield of 16 t ha−1, but considering 14–20% sucrose on a fresh mass basis [28], the fresh yield can achieve values from 80 to 114 t ha−1 [29]. Farmers of the study area have a mean fresh yield value of 105 t ha −1 [37,40]. Similar to maize, there are low values of dry yield for loam 2, loam 3, and silty loam 3 considering fixed irrigation strategies.




3.1.3. Dry Yield as a Function of Water Use for Wheat


Figure 6 presents dry yield as a function of water use for wheat, considering simulated values from 1965 to 2016 for soils with a low (1), medium (2), and high bulk density (3) (mean values in Table A3). The results showed that RF was the strategy with the lowest water use (no irrigation), achieving maximum dry yield values from 5.1 (for clay loam 3) to 7.7 t ha−1 (for clay loam 2). The sowing date for wheat was assumed to be 1 August, when water demand is satisfied by water from rainfall. However, if wheat is irrigated (and considering both mentioned soils), dry yield could increase from 5.06 to 8.95 t ha−1 for clay loam 3 (applying 250 mm of water, considering G-O) and from 7.71 to 8.95 t ha−1 for clay loam 2 (applying only 50 mm of water, considering G-O). For clay loam 3, the maximum dry yield value for SMB, FI-1, FI-3, FI-5, FI-7, and G-O was 8.9 t ha−1, but G-O applied the lowest amount of water (250 mm), followed by SMB (400 mm). For clay loam 2, the maximum dry yield for SMB, FI-1, FI-3, FI-5 and FI-7 was 8.9 t ha−1. However, G-O achieved a maximum dry yield of 8.5 t ha−1 and applied the lowest amount of water (50 mm, compared to 340 mm considering SMB). Similar to maize and sugar beet, low dry yield values were attained for loam 2, loam 3, and silty loam 3 considering fixed irrigation strategies.



In terms of the impacts of water use, the best strategy is GET-OPTIS. On the other hand, achieving high irrigation efficiency leads to energy savings. There is a bias towards pressurized systems, but this increases greenhouse gas emissions. Therefore, highly automated furrow irrigation could be an option [44,45].



However, implementing irrigation strategies such as GET-OPTIS and soil moisture-based irrigation requires an important investment in monitoring crop conditions, as well as workers to operate the system in the field. There is also the need for improved weather forecasting and better designs.





3.2. Economic Analysis


The differences between income and cost associated with irrigation for each irrigation strategy are presented in Figure 7, considering simulated values from 1965 to 2016 for soils with a low, medium, and high bulk density. Similar to Figure 4, Figure 5 and Figure 6, the results are presented in the form of scatter plots, in which each color represents an irrigation strategy. The results showed that G-O was the strategy with the largest profits for most of the combinations of crop and soil types.



However, it is worth noting that the implementation and operation of sophisticated irrigation schedules such as G-O requires better design criteria that account for soil variability and not only for topography [46]. A second issue is the need for better automatization and control systems within farms [47,48]. A third important issue is the fact that in Chile, the price of water is negligible, so most economic analyses advise against incorporating control systems [49,50].




3.3. Water Use Efficiency


Water-use efficiency (WUE) as a function of crops for all irrigation strategies are presented in Figure 8, considering simulated values from 1965 to 2016 for soils with a low, medium, and high bulk density. Similar to Figure 4, Figure 5, Figure 6 and Figure 7, the results are presented in the form of scatter plots, in which each color represents an irrigation strategy. The results showed that G-O was the strategy with the highest WUE (from 1.47 kg m−3 for wheat in loam 2 soil to 2.46 kg m−3 for maize in the same soil).



For maize, the best strategy was G-O (from 1.80 to 2.46 kg m−3), followed by SMB (from 1.64 to 2.19 kg m−3), and FI-7 (from 0.84 to 2.23 kg m−3). On the other hand, the strategies with the lowest performance were RF, FI-1, and FI-3. As Chile is characterized by a mediterranean climate, WUE for maize ranges from 1.50 to 2.16 kg m−3 [51]. Regarding sugar beet and similar to maize, G-O achieved the best performance for WUE (from 1.46 to 2.23 kg m−3), followed by SMB (from 1.25 to 1.94 kg m−3), and FI-7 (from 0.60 to 1.91 kg m−3). On the other hand, the strategies with the lowest performance were RF, FI-1, and FI-3. According to Katerji et al. [51], WUE for sugar beet ranges from 6.60 to 7.00 kg m−3 in Spain, but considering that farmers in Chile achieve a mean fresh yield value of 105 t ha−3 [40], this WUE on a fresh mass basis reaches values from 10 to 14 kg m−3. For wheat and similar to maize and sugar beet, G-O achieved the highest performance for WUE (from 1.07 to 1.53 kg m−3), followed by SMB (from 0.82 to 1.51 kg m−3), and FI-7 (from 0.52 to 1.44 kg m−3). Katerji et al. [51] reported WUE values from 1.0 to 1.5 kg m−3 in mediterranean zones. On the other hand, the strategies with the lowest performance were FI-1 and FI-3. Unlike maize and sugar beet, RF achieved high values for WUE (with values over 1.20 kg m−3). This is due to the considered sowing date (early August) when wheat can be watered by rainfall. The harvest date for wheat is between December and January, demanding less water compared to maize and sugar beet. Thus, soil type has an important influence on the yield and performance of different irrigation strategies.



Regarding soil water holding capacity (SWHC), SMB demonstrated a better performance when SWHC was greater than 0.1 m3 m−3 (Loam 1–2, Silty Loam 1, Silty Clay Loam 2) for maize. For sugar beet, the best strategies were G-O, SMB, and FI-7, while the worst were RF, FI-1, and FI-3. Similar to sugar beet, the best strategies for wheat were G-O, SMB, and FI-7. However, SWHC values over 0.18 m3 m−3 (Silty Clay Loam 2, Loam 2–3, Silty Loam 2 and Clay Loam 2) demonstrate the superior performance of RF.





4. Conclusions


Irrigation is one of the main factors for crop development, therefore we developed a methodology to estimate crop yield and water-use efficiency for different irrigation strategies. We calculated crop yield and its respective water use to estimate water-use efficiency considering local crops, soils, weather conditions, sowing dates, and field management methods. This methodology was assessed using 52 years of weather data (from 1965 to 2016) and seven irrigation management methods (rainfed, soil moisture-based, a fixed interval every 1, 3, 5, and 7 days, and a problem-specific algorithm for optimal irrigation scheduling with limited water supply (GET-OPTIS)). The results showed that GET-OPTIS was the methodology with the best performance (with highest crop yield values, lowest water use, and highest WUE and profits according to the economic analysis), followed by soil moisture-based management. To implement both strategies, an important investment in monitoring crop conditions is required, as well as the design of irrigation systems that take into account irrigation criteria and management. Furthermore, the need for improved weather forecasts and better designs is also crucial. Future studies should focus on the validation of AquaCrop-OS under local conditions, which include GET-OPTIS, to produce “more crop per drop”. This work can serve as a methodological guide for simulating water-use efficiency of crops and can be used alongside evidence from the field.
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Appendix A


Table A1–Table A3 present dry yield and water use as mean simulated values from 1965 to 2016 for maize, sugar beet, and wheat as functions of soil type according to irrigation strategy.





 





Table A1. Dry yield (in t ha−1) and water use (in mm) for maize, as a function of soil type according to irrigation strategy, as a mean value of simulated values from 1965 to 2016. Values outside and inside parentheses indicate dry yield and water use, respectively.






Table A1. Dry yield (in t ha−1) and water use (in mm) for maize, as a function of soil type according to irrigation strategy, as a mean value of simulated values from 1965 to 2016. Values outside and inside parentheses indicate dry yield and water use, respectively.





	
Soil

	
RF

	
SMB

	
FI-1

	
FI-3

	
FI-5

	
FI-7

	
G-O






	
CL1

	
0 ± 0.01

	
15.4 ± 0.27

	
15.45 ± 0.27

	
15.45 ± 0.27

	
15.41 ± 0.28

	
15.34 ± 0.28

	
14.9 ± 0.27




	
(0 ± 0)

	
(867 ± 76)

	
(1034 ± 55)

	
(1006 ± 60)

	
(960 ± 58)

	
(924 ± 59)

	
(549 ± 81)




	
CL2

	
0.48 ± 1.16

	
15.38 ± 0.27

	
15.38 ± 0.29

	
15.45 ± 0.27

	
15.43 ± 0.27

	
15.39 ± 0.28

	
14.94 ± 0.32




	
(0 ± 0)

	
(900 ± 74)

	
(1136 ± 56)

	
(1128 ± 60)

	
(1098 ± 59)

	
(1064 ± 59)

	
(503 ± 85)




	
CL3

	
0 ± 0

	
15.44 ± 0.27

	
15.45 ± 0.27

	
15.44 ± 0.27

	
15.35 ± 0.28

	
15.2 ± 0.3

	
14.95 ± 0.28




	
(0 ± 0)

	
(836 ± 71)

	
(930 ± 56)

	
(884 ± 58)

	
(835 ± 56)

	
(798 ± 58)

	
(610 ± 80)




	
L1

	
0 ± 0.01

	
15.39 ± 0.27

	
15.45 ± 0.27

	
15.45 ± 0.27

	
15.42 ± 0.27

	
15.35 ± 0.28

	
14.91 ± 0.3




	
(0 ± 0)

	
(859 ± 74)

	
(1038 ± 59)

	
(1011 ± 64)

	
(966 ± 62)

	
(930 ± 64)

	
(527 ± 82)




	
L2

	
0 ± 0.02

	
11.87 ± 0.66

	
1.4 ± 0.12

	
2.24 ± 0.08

	
2.87 ± 0.13

	
3.54 ± 0.25

	
12.73 ± 0.87




	
(0 ± 0)

	
(828 ± 94)

	
(573 ± 31)

	
(511 ± 37)

	
(500 ± 49)

	
(505 ± 58)

	
(408 ± 82)




	
L3

	
0.04 ± 0.18

	
14.13 ± 0.42

	
4.92 ± 0.16

	
5.72 ± 0.15

	
6.66 ± 0.19

	
7.57 ± 0.28

	
14.05 ± 0.45




	
(0 ± 0)

	
(832 ± 79)

	
(648 ± 49)

	
(684 ± 58)

	
(697 ± 60)

	
(707 ± 64)

	
(452 ± 87)




	
SCL1

	
0 ± 0

	
15.4 ± 0.27

	
15.45 ± 0.27

	
15.45 ± 0.27

	
15.41 ± 0.28

	
15.33 ± 0.28

	
14.9 ± 0.34




	
(0 ± 0)

	
(862 ± 79)

	
(1023 ± 54)

	
(994 ± 60)

	
(948 ± 59)

	
(911 ± 60)

	
(561 ± 91)




	
SCL2

	
0 ± 0.02

	
15.39 ± 0.27

	
15.45 ± 0.27

	
15.45 ± 0.27

	
15.42 ± 0.27

	
15.36 ± 0.28

	
14.9 ± 0.29




	
(0 ± 0)

	
(882 ± 69)

	
(1075 ± 55)

	
(1052 ± 60)

	
(1012 ± 59)

	
(975 ± 59)

	
(540 ± 80)




	
SCL3

	
0 ± 0

	
15.4 ± 0.27

	
15.45 ± 0.27

	
15.45 ± 0.27

	
15.4 ± 0.28

	
15.32 ± 0.28

	
14.93 ± 0.32




	
(0 ± 0)

	
(876 ± 76)

	
(1025 ± 54)

	
(998 ± 59)

	
(954 ± 59)

	
(917 ± 60)

	
(565 ± 87)




	
SL1

	
0 ± 0.01

	
15.39 ± 0.27

	
15.45 ± 0.27

	
15.45 ± 0.27

	
15.42 ± 0.27

	
15.35 ± 0.28

	
14.89 ± 0.33




	
(0 ± 0)

	
(859 ± 74)

	
(1038 ± 59)

	
(1011 ± 64)

	
(966 ± 62)

	
(930 ± 64)

	
(535 ± 83)




	
SL2

	
0.01 ± 0.04

	
15.34 ± 0.28

	
11.21 ± 0.27

	
12.36 ± 0.26

	
13.79 ± 0.37

	
14.62 ± 0.29

	
14.84 ± 0.33




	
(0 ± 0)

	
(890 ± 78)

	
(920 ± 57)

	
(958 ± 63)

	
(987 ± 65)

	
(990 ± 68)

	
(515 ± 97)




	
SL3

	
0 ± 0

	
12.31 ± 0.52

	
4.91 ± 0.16

	
5.61 ± 0.15

	
6.39 ± 0.19

	
7.16 ± 0.28

	
12.98 ± 0.58




	
(0 ± 0)

	
(778 ± 76)

	
(582 ± 43)

	
(605 ± 56)

	
(611 ± 58)

	
(616 ± 63)

	
(454 ± 89)








Soil types: CL: Clay Loam; L: Loam; SCL: Silty Clay Loam; SL: Silty Loam for low (1), medium (2), and high (3) bulk density. Irrigation strategies: RF: Rainfed; SMB: Soil moisture-based; FI: Fixed Interval every 1, 3, 5, and 7 days; G-O: GET-OPTIS.













 





Table A2. Dry yield (in t ha−1) and water use (in mm) for sugar beet, as a function of soil type according to irrigation strategy, as a mean value of simulated values from 1965 to 2016. Values outside and inside parentheses indicate dry yield and water use, respectively.






Table A2. Dry yield (in t ha−1) and water use (in mm) for sugar beet, as a function of soil type according to irrigation strategy, as a mean value of simulated values from 1965 to 2016. Values outside and inside parentheses indicate dry yield and water use, respectively.





	
Soil

	
RF

	
SMB

	
FI-1

	
FI-3

	
FI-5

	
FI-7

	
G-O






	
CL1

	
0.9 ± 1.19

	
14.31 ± 0.76

	
14.28 ± 0.76

	
14.28 ± 0.76

	
14.29 ± 0.76

	
14.31 ± 0.76

	
14.41 ± 2.93




	
(0 ± 0)

	
(823 ± 77)

	
(1038 ± 52)

	
(981 ± 58)

	
(936 ± 61)

	
(906 ± 64)

	
(654 ± 161)




	
CL2

	
1.58 ± 1.76

	
14.31 ± 0.76

	
14.28 ± 0.76

	
14.28 ± 0.76

	
14.28 ± 0.76

	
14.28 ± 0.76

	
14.36 ± 2.91




	
(0 ± 0)

	
(849 ± 89)

	
(1043 ± 62)

	
(1016 ± 68)

	
(986 ± 72)

	
(963 ± 76)

	
(585 ± 152)




	
CL3

	
0.25 ± 0.5

	
14.32 ± 0.76

	
14.28 ± 0.76

	
14.29 ± 0.76

	
14.35 ± 0.76

	
14.53 ± 0.76

	
14.55 ± 2.95




	
(0 ± 0)

	
(822 ± 60)

	
(954 ± 55)

	
(912 ± 59)

	
(863 ± 58)

	
(835 ± 61)

	
(737 ± 184)




	
L1

	
1.16 ± 1.41

	
14.31 ± 0.76

	
14.28 ± 0.76

	
14.28 ± 0.76

	
14.28 ± 0.76

	
14.3 ± 0.76

	
14.36 ± 2.91




	
(0 ± 0)

	
(809 ± 78)

	
(1038 ± 52)

	
(981 ± 59)

	
(936 ± 62)

	
(906 ± 64)

	
(632 ± 162)




	
L2

	
1.17 ± 1.49

	
9.39 ± 0.86

	
0.83 ± 0.1

	
1.59 ± 0.11

	
2.18 ± 0.14

	
2.74 ± 0.2

	
10.49 ± 0.49




	
(0 ± 0)

	
(619 ± 91)

	
(565 ± 38)

	
(497 ± 44)

	
(463 ± 50)

	
(447 ± 51)

	
(354 ± 70)




	
L3

	
1.52 ± 1.71

	
11.89 ± 0.8

	
3.84 ± 0.25

	
4.58 ± 0.28

	
5.42 ± 0.33

	
6.36 ± 0.42

	
12.41 ± 0.35




	
(0 ± 0)

	
(726 ± 88)

	
(585 ± 44)

	
(571 ± 53)

	
(589 ± 60)

	
(609 ± 61)

	
(441 ± 83)




	
SCL1

	
0.76 ± 1.04

	
14.31 ± 0.76

	
14.28 ± 0.76

	
14.28 ± 0.76

	
14.29 ± 0.76

	
14.31 ± 0.76

	
14.86 ± 0.58




	
(0 ± 0)

	
(827 ± 74)

	
(1039 ± 51)

	
(979 ± 57)

	
(933 ± 60)

	
(902 ± 63)

	
(678 ± 110)




	
SCL2

	
1.12 ± 1.42

	
14.31 ± 0.76

	
14.28 ± 0.76

	
14.28 ± 0.76

	
14.28 ± 0.76

	
14.29 ± 0.76

	
14.83 ± 0.66




	
(0 ± 0)

	
(826 ± 89)

	
(1060 ± 54)

	
(1001 ± 61)

	
(960 ± 65)

	
(931 ± 67)

	
(644 ± 108)




	
SCL3

	
0.7 ± 1

	
14.31 ± 0.76

	
14.28 ± 0.76

	
14.28 ± 0.76

	
14.29 ± 0.76

	
14.31 ± 0.76

	
14.88 ± 0.55




	
(0 ± 0)

	
(831 ± 79)

	
(1046 ± 51)

	
(983 ± 57)

	
(938 ± 60)

	
(908 ± 63)

	
(689 ± 100)




	
SL1

	
1.16 ± 1.41

	
14.31 ± 0.76

	
14.28 ± 0.76

	
14.28 ± 0.76

	
14.28 ± 0.76

	
14.3 ± 0.76

	
14.83 ± 0.54




	
(0 ± 0)

	
(809 ± 78)

	
(1038 ± 52)

	
(981 ± 59)

	
(936 ± 62)

	
(906 ± 64)

	
(656 ± 107)




	
SL2

	
1.42 ± 1.74

	
14.02 ± 0.77

	
9.68 ± 0.55

	
10.96 ± 0.61

	
13.47 ± 0.76

	
13.68 ± 0.79

	
14.72 ± 0.54




	
(0 ± 0)

	
(819 ± 92)

	
(804 ± 53)

	
(849 ± 60)

	
(934 ± 70)

	
(919 ± 75)

	
(614 ± 106)




	
SL3

	
0.72 ± 1.09

	
11.02 ± 0.82

	
3.8 ± 0.24

	
4.51 ± 0.28

	
5.32 ± 0.33

	
6.23 ± 0.42

	
11.96 ± 0.36




	
(0 ± 0)

	
(690 ± 75)

	
(536 ± 39)

	
(527 ± 47)

	
(546 ± 54)

	
(569 ± 55)

	
(468 ± 85)








Soil types: CL: Clay Loam; L: Loam; SCL: Silty Clay Loam; SL: Silty Loam for low (1), medium (2), and high (3) bulk density. Irrigation strategies: RF: Rainfed; SMB: Soil moisture-based; FI: Fixed Interval every 1, 3, 5, and 7 days; G-O: GET-OPTIS.













 





Table A3. Dry yield (in t ha−1) and water use (in mm) for wheat, as a function of soil type according to irrigation strategy, as a mean value of simulated values from 1965 to 2016. Values outside and inside parentheses indicate dry yield and water use, respectively.
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Soil

	
RF

	
SMB

	
FI-1

	
FI-3

	
FI-5

	
FI-7

	
G-O






	
CL1

	
2.79 ± 1.95

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
3.8 ± 4.15




	
(0 ± 0)

	
(525 ± 90)

	
(715 ± 55)

	
(664 ± 61)

	
(637 ± 68)

	
(617 ± 67)

	
(170 ± 208)




	
CL2

	
4.01 ± 2.14

	
8.01 ± 0.47

	
8 ± 0.47

	
8 ± 0.47

	
8 ± 0.47

	
8 ± 0.47

	
3.78 ± 4.12




	
(0 ± 0)

	
(545 ± 104)

	
(727 ± 75)

	
(706 ± 80)

	
(688 ± 85)

	
(673 ± 85)

	
(135 ± 174)




	
CL3

	
1.3 ± 1.43

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
3.96 ± 4.16




	
(0 ± 0)

	
(519 ± 71)

	
(633 ± 55)

	
(604 ± 59)

	
(582 ± 63)

	
(564 ± 63)

	
(229 ± 257)




	
L1

	
3.19 ± 2.02

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
3.99 ± 4.18




	
(0 ± 0)

	
(513 ± 84)

	
(715 ± 55)

	
(663 ± 60)

	
(636 ± 67)

	
(616 ± 67)

	
(167 ± 196)




	
L2

	
3.05 ± 1.7

	
4.89 ± 1.14

	
0.81 ± 0.07

	
1.07 ± 0.09

	
1.28 ± 0.11

	
1.5 ± 0.16

	
4.69 ± 3.31




	
(0 ± 0)

	
(372 ± 133)

	
(319 ± 32)

	
(286 ± 35)

	
(270 ± 41)

	
(263 ± 40)

	
(156 ± 137)




	
L3

	
3.67 ± 1.95

	
6.49 ± 0.9

	
2.45 ± 0.19

	
2.74 ± 0.21

	
3.04 ± 0.25

	
3.33 ± 0.3

	
5.96 ± 3.12




	
(0 ± 0)

	
(436 ± 114)

	
(376 ± 41)

	
(361 ± 48)

	
(377 ± 57)

	
(377 ± 60)

	
(209 ± 152)




	
SCL1

	
2.6 ± 1.88

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
6.29 ± 3.31




	
(0 ± 0)

	
(515 ± 84)

	
(716 ± 54)

	
(662 ± 58)

	
(634 ± 66)

	
(613 ± 65)

	
(264 ± 196)




	
SCL2

	
3.26 ± 2.08

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
6.19 ± 2.95




	
(0 ± 0)

	
(536 ± 101)

	
(735 ± 60)

	
(683 ± 66)

	
(657 ± 73)

	
(637 ± 72)

	
(238 ± 168)




	
SCL3

	
2.57 ± 1.89

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
6.3 ± 3.31




	
(0 ± 0)

	
(522 ± 83)

	
(722 ± 54)

	
(665 ± 58)

	
(637 ± 66)

	
(615 ± 65)

	
(252 ± 177)




	
SL1

	
3.19 ± 2.02

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
8.01 ± 0.47

	
6.26 ± 3.29




	
(0 ± 0)

	
(513 ± 84)

	
(715 ± 55)

	
(663 ± 60)

	
(636 ± 67)

	
(616 ± 67)

	
(242 ± 181)




	
SL2

	
3.88 ± 2.19

	
7.94 ± 0.48

	
5.73 ± 0.38

	
6.24 ± 0.44

	
7.07 ± 0.56

	
7.56 ± 0.55

	
6.27 ± 3.29




	
(0 ± 0)

	
(517 ± 103)

	
(557 ± 59)

	
(568 ± 68)

	
(596 ± 81)

	
(606 ± 84)

	
(222 ± 180)




	
SL3

	
2.55 ± 1.72

	
5.67 ± 0.68

	
2.42 ± 0.19

	
2.68 ± 0.21

	
2.97 ± 0.23

	
3.23 ± 0.28

	
5.45 ± 2.53




	
(0 ± 0)

	
(385 ± 91)

	
(341 ± 35)

	
(328 ± 39)

	
(342 ± 47)

	
(341 ± 48)

	
(197 ± 127)








Soil types: CL: Clay Loam; L: Loam; SCL: Silty Clay Loam; SL: Silty Loam for low (1), medium (2), and high (3) bulk density. Irrigation strategies: RF: Rainfed; SMB: Soil moisture-based; FI: Fixed Interval every 1, 3, 5, and 7 days; G-O: GET-OPTIS.
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Figure 1. Methodology used in this research to calculate water use, crop yield, and water-use efficiency (WUE) for each irrigation strategy using AquaCrop-OS. 
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Figure 2. Study area location. 
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Figure 3. Minimum and maximum temperature (  T  m i n    and   T  m a x   ), reference evapotranspiration (  E T o  ), and precipitation (  P P  ), as representative of Central Chile [29]. Mean values for the period 1965 to 2016. Values were extracted from the Explorador Climático website (http://explorador.cr2.cl/) and ETo was estimated according to Walter et al. [36]. 
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Figure 4. Dry yield as a function of water use for maize for soils with low (1), medium (2), and high (3) bulk densities under different irrigation strategies: RF: Rainfed; SMB: Soil moisture-based; FI: Fixed interval every 1, 3, 5, and 7 days; and G-O: GET-OPTIS considering simulated values from 1965 to 2016. 
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[image: Water 12 02930 g004]







[image: Water 12 02930 g005] 





Figure 5. Dry yield as a function of water use for sugar beet for soils with low (1), medium (2), and high (3) bulk densities under different irrigation strategies: RF: Rainfed; SMB: Soil moisture-based; FI: Fixed interval every 1, 3, 5, and 7 days; and G-O: GET-OPTIS considering simulated values from 1965 to 2016. 
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Figure 6. Dry yield as a function of water use for wheat for soils with low (1), medium (2), and high (3) bulk densities under different irrigation strategies: RF: Rainfed; SMB: Soil moisture-based; FI: Fixed interval every 1, 3, 5, and 7 days; and G-O: GET-OPTIS considering simulated values from 1965 to 2016. 
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Figure 7. Profits for maize (a), sugar beet (b), and wheat (c) as functions of soils with low (1), medium (2), and high (3) bulk densities under different irrigation strategies: RF: Rainfed; SMB: Soil moisture-based; FI: Fixed interval every 1, 3, 5, and 7 days; and G-O: GET-OPTIS considering simulated values from 1965 to 2016. 
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Figure 8. Water-use efficiency (WUE) for maize (a), sugar beet (b), and wheat (c) as a function of soils with low (1), medium (2), and high (3) bulk densities under different irrigation strategies: RF: Rainfed; SMB: Soil moisture-based; FI: Fixed interval every 1, 3, 5, and 7 days; and G-O: GET-OPTIS considering simulated values from 1965 to 2016. 
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Table 1. Considered irrigation strategies.
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	Irrigation Strategy
	Acronym
	Criteria





	Rainfed
	RF
	Crop water demands are satisfied only by rainfall.



	Soil moisture-based
	SMB
	Crop is irrigated to field capacity (FC) when soil water content (SWC) reaches a threshold.



	Fixed interval every 1 day
	FI-1
	Crop is always irrigated every day to FC. SWC target does not necessarily reach a threshold.



	Fixed interval every 3 days
	FI-3
	Crop is always irrigated every 3 days to FC. SWC target does not necessarily reach threshold.



	Fixed interval every 5 days
	FI-5
	Crop is always irrigated every 5 days to FC. SWC target does not necessarily reach threshold.



	Fixed interval every 7 days
	FI-7
	Crop is always irrigated every 7 days to FC. SWC target does not necessarily reach threshold.



	GET-OPTIS
	G-O
	Crop is irrigated following an optimal schedule. i.e., date and an irrigation depth (not necessarily to FC).










 





Table 2. Conservative (constant) and generally applicable parameters for maize, sugar beet, and wheat [20] in the Central Valley of Chile [29].
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Parameter

	
Crop






	

	
Maize

	
Sugar Beet

	
Wheat




	
Conservative (generally applicable)




	
Base temperature (   ∘  C)

	
8.00

	
5.00

	
0.00




	
Cut-off temperature (   ∘  C)

	
30.00

	
30.00

	
26.00




	
Canopy cover per seedling at 90% emergence (CCo)

	
6.50

	
1.00

	
1.50




	
Canopy growth coefficient (CGC)

	
1.25

	
1.05

	
0.50




	
Maximum canopy cover (CCx)

	
96.00

	
98.00

	
96.00




	
Crop coefficient for transpiration at CC = 100%

	
1.05

	
1.10

	
1.10




	
Decline in crop coef. after reaching CCx

	
0.30

	
0.15

	
0.15




	
Canopy decline coefficient (CDC) at senescence

	
1.00

	
0.39

	
0.40




	
Water productivity, normalized to year 2000 (WP)

	
33.70

	
17.00

	
15.00




	
Leaf growth threshold (Pupper)

	
0.14

	
0.20

	
0.20




	
Leaf growth threshold (Plower)

	
0.72

	
0.60

	
0.65




	
Leaf growth stress coefficient curve shape

	
2.90

	
3.00

	
5.00




	
Stomatal conductance threshold (Pupper)

	
0.69

	
0.65

	
0.65




	
Stomata stress coefficient curve shape

	
6.00

	
3.00

	
2.50




	
Senescence stress coefficient (Pupper)

	
0.69

	
0.75

	
0.70




	
Senescence stress coefficient curve shape

	
2.70

	
3.00

	
2.50




	
Considered to be conservative but can or may be cultivar specific




	
Reference harvest index (HIo)

	
48

	
70

	
48




	
GDD from 90% emergence to start of anthesis

	
800

	
842

	
1100




	
Duration of anthesis, in GDD

	
180

	
0

	
200




	
Coefficient, inhibition of leaf growth on HI

	
7

	
4

	
10




	
Coefficient, inhibition of stomata on HI

	
3

	
-

	
7




	
Maximum yield (t ha−1) (more details in Kuschel-Otárola et al. [37])

	
15

	
100

	
7











 





Table 3. Bulk density (  ρ a  ), saturation (  θ s  ), field capacity (  θ  f c   ), permanent wilt water content (  θ  p w p   ), and saturated hydraulic conductivity (  K s  ) [38], as representative of the Central Valley of Chile [29,33,39].






Table 3. Bulk density (  ρ a  ), saturation (  θ s  ), field capacity (  θ  f c   ), permanent wilt water content (  θ  p w p   ), and saturated hydraulic conductivity (  K s  ) [38], as representative of the Central Valley of Chile [29,33,39].





	

	
Sand

	
Silt

	
Clay

	
    ρ a    

	
    θ s    

	
    θ  f c     

	
    θ pwp    

	
    K s    






	
Soil

	
(%)

	
(g cm−3)

	
(m3m−3)

	
(mm day−1)




	
ClayLoam 1

	
22

	
48

	
30

	
0.72

	
0.73

	
0.45

	
0.30

	
3415.9




	
ClayLoam 2

	
35

	
38

	
27

	
0.97

	
0.64

	
0.57

	
0.33

	
269.1




	
ClayLoam 3

	
39

	
28

	
33

	
1.39

	
0.47

	
0.34

	
0.26

	
132.4




	
Loam 1

	
34

	
42

	
24

	
0.71

	
0.73

	
0.44

	
0.28

	
3517.8




	
Loam 2

	
31

	
46

	
23

	
1.07

	
0.60

	
0.59

	
0.40

	
69.5




	
Loam 3

	
41

	
37

	
22

	
1.13

	
0.57

	
0.55

	
0.34

	
110.3




	
SiltyClayLoam 1

	
10

	
52

	
38

	
0.78

	
0.70

	
0.46

	
0.32

	
2382.0




	
SiltyClayLoam 2

	
11

	
52

	
37

	
0.81

	
0.69

	
0.50

	
0.32

	
1903.3




	
SiltyClayLoam 3

	
15

	
49

	
36

	
0.86

	
0.68

	
0.50

	
0.36

	
1534.2




	
SiltyLoam 1

	
27

	
50

	
23

	
0.71

	
0.73

	
0.44

	
0.28

	
3571.7




	
SiltyLoam 2

	
22

	
51

	
27

	
0.98

	
0.63

	
0.59

	
0.38

	
183.9




	
SiltyLoam 3

	
24

	
51

	
25

	
1.03

	
0.61

	
0.59

	
0.44

	
76.3








Index numbers 1, 2, and 3 correspond to soils with a low, medium, and high bulk density, respectively.
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