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Highlights 

 

This review highlights the significance of management practices in enhancing water-

related grain yield determinants (evapotranspiration and water use efficiency) with a 

particular focus on the maize crop.  
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Abstract  

Adequate management of N supply, plant density, row spacing, and/or soil 

cover has proved useful to increase grain yields and/or grain yield stability across 

years of rainfed crops. We reviewed the impact of these management practices on 

grain yield water-related determinants (ET, seasonal crop evapotranspiration and 

WUEG, ET,s, water use efficiency for grain production, indicated by the G suffix, per 

unit of evapotranspired water, indicated by the ET suffix, during the season, 

indicated by the s suffix). We highlighted a large number of conflicting results on the 

impact of management on ET and exposed the complexity of ET response to 

environmental factors. We analyzed the influence of management practices on 

WUEG,ET,s in terms of the three main processes controlling WUEG,ET,s: (i) the 

proportion of transpiration in ET (T/ET), (ii) transpiration efficiency for shoot biomass 

production (TEB; where B suffix indicates shoot biomass) and (iii) harvest index (HI). 

We directly related the impact of management practices on T/ET to the effect of 

these practices on crop light interception. Furthermore, we evidenced that 

management practices significantly influence TEB. To optimize WUEG,ET,s, 

management practices should favor soil water availability during critical periods for 

seed set, to benefit HI. The need for improving the performance of existing crop 

growth models for the prediction of water-related grain yield determinants under 

different management practices was also discussed. 
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Introduction 

Water is one of the main resources affecting grain production and thus, the 

grain yield of rainfed crops is closely related to in-season rainfall (Andrade and 

Satorre, 2015; Aramburu Merlos et al., 2015). Many regions suitable for grain 

production where rainfed crops are grown show significant interannual rainfall 

variation (Podestá et al., 1999; Löffler et al., 2005). Water-limited environments often 

found in these regions (Fischer et al., 2014) account for low productivity. For 

instance, estimates of major grain yield reductions due to water limitations across 

climatic zones for the maize crop (Zea mays) were 49% in Argentina, 37% in the 

USA, and 42% in China (Global Yield Gap and Water Productivity Atlas, 2023). For 

soybean (Glycine max), major grain yield reductions were in the order of  62% in 

Argentina and 50% in the USA (Global Yield Gap and Water Productivity Atlas, 

2023). Similar values of grain yield reductions due to water limitations were 

estimated for the sunflower crop (Helianthus annus) in Argentina (≈ 50%, Fischer et 

al., 2014). Adequate management of N supply, plant density, row spacing, and/or 

soil cover, for example, have proved useful to increase grain yields and/or grain yield 

stability in environments with a high risk of low water supply (Caviglia et al., 2019; 

Cooper et al., 2020, 2021). This manuscript reviews the impact of these 

management practices on the water-related determinants of grain yield and the 

mechanisms underlying these determinants.  

Grain yield (GY) can be expressed as the product of seasonal crop 

evapotranspiration (ET) and water use efficiency for grain production per unit of 

water evapotranspired during the season (WUEG,ET,s; Viets, 1962; Howell et al., 

2001; Eq. 1 and Figure 1).  
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GY = ET x WUEG,ET,s        

 (Eq. 1) 

Crop evapotranspiration (ET), the total use of water by the crop, results from 

the combination of two different processes, evaporation (E) and transpiration (T). E 

represents the non-productive loss of water directly from the soil, while T  is the use 

of water by the plant and therefore it is closely related to biomass production. 

WUEG,ET,s  represents the grains (indicated by the G suffix) that can be produced per 

each unit of water evapotranspired (indicated by the ET suffix) during the whole 

growing season (indicated by the s suffix; Sinclair et al., 1984).  

Equation 1 has long been used as a framework for analyzing the mechanisms 

underlying the effects of water availability on grain yield  (Passioura, 1977). The 

following sections focus on the influence of management practices on water-related 

grain yield determinants ET and WUEG,ET,s. The first part of this review addresses 

the influence of management practices on ET and root system characteristics 

influencing water uptake. The second part of this review focuses on the influence of 

management practices on each process controlling WUEG,ET,s: (i) the proportion of T 

in ET, (ii) the transpiration efficiency for shoot biomass production (TEB), and (iii) the 

allocation of shoot biomass to reproductive structures. Finally, we review how well 

some of the broadly used crop growth models predict water-related grain yield 

determinants under different levels of N supply, plant density, or soil covers. Much of 

the review focuses on the maize crop, while some insights into other summer crops, 

in particular sunflower and soybean are also provided. 
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1. Seasonal crop evapotranspiration (ET) 

ET is modulated by: (i) the atmospheric evaporative demand, (ii) crop factors, 

and (iii) soil water availability (Allen et al., 1998; Figure 1). The atmospheric 

evaporative demand is driven by solar radiation, wind speed, vapor pressure deficit, 

and temperature (Allen et al., 1998). In general, it is characterized by the reference 

ET (ETo) using the Penman-Monteith equation, which includes these meteorological 

variables (Allen et al., 1994) or by the vapor pressure deficit (VPD), a variable 

commonly used to calculate crop transpiration efficiency (Sinclair et al., 1984 and 

Section 2.2 of this review). The evaporative demand varies significantly across 

seasons and locations, being lower in humid and cold than in arid and warm 

environments. Crop factors influencing ET, for a given crop, include the crop cover 

(which can be characterized by the leaf area index, LAI, or light interception), crop 

roughness, rooting characteristics, and crops resistances to water transport (Al-Kaisi 

et al., 1989; Villalobos and Fereres, 1990; Rhoads and Bennett, 1990; Steduto and 

Hsiao, 1998a,b). Furthermore, the reduction of ET occurs when soil available water, 

also known as transpirable soil water or extractable soil water (Soltani and Sinclair, 

2012), falls below a critical threshold.  

Water-limited environments are those where the supply of water is insufficient 

to reach the maximum ET value for a particular crop. For maize crops, the thresholds 

values of the fraction of soil available water below which ET or T is reduced (FTSWt) 

range from 0.17 to 0.80 (Table 1; Sadras and Milroy, 1996; Ray and Sinclair, 1997; 

Ray et al., 2002; Della Maggiora et al., 2002; Gholipoor et al., 2013b; Choudhary et 

al., 2020; Devi and Reddy, 2020; Echarte et al., 2023). A comprehensive review 

conducted by Sadras and Milroy (1996) examined the FTSWt in several crops. The 

authors concluded that FTSWt can be influenced by factors such as evaporative 
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demand, root distribution, soil texture, and soil bulk density. Ray and Sinclair (1998) 

further demonstrated that FTSWt is not influenced by pot size (Table 1). Moreover, 

subsequent studies have demonstrated significant differences in FTSWt among 

maize genotypes (Ray and Sinclair, 1997; Ray et al., 2002; Gholipoor et al., 2013b; 

Choudhary et al., 2020; Devi and Reddy, 2020; Echarte et al., 2023; Table 1) as well 

as among different levels of VPD and air temperature (Choudhary et al., 2020; Devi 

and Reddy, 2020; Echarte et al., 2023; Table 1). To the best of our knowledge, no 

studies are elucidating whether management practices can influence maize FTSWt.    

In non-water-limited environments with frequent soil-wetting events, there is a 

weaker influence of crop cover on ET (Allen et al., 1998). This is because solar 

radiation that is not intercepted by a crop reaches the wet soil surface, leading to 

water loss through soil evaporation instead of transpiration from the crop canopy. In 

crops grown with adequate nutrition and without any soil water limitations, ET varied 

between 450 and 900 mm for maize (e.g. Brouwer y Heibloem, 1986; Howell et al., 

1997; Heatherly y Ray, 2007; Facchi et al., 2013; Nagore et al., 2014; Hernández et 

al., 2015; Curín et al., 2020; Marek et al., 2020; Sandhu and Irmak, 2022); between 

440 to 753 mm for soybean (Doorembos and Kassam, 1979; Hattendorf et al., 1988; 

Dardanelli et al., 1991; Payero et al., 2005; Irmak et al., 2013; Alfonso et al., 2020) 

and between 457 to 882 mm for sunflower (Hattendorf et al., 1988; Tyagi et al., 

2000; Karam et al., 2007; Lamm et al., 2011; Tolk and Howell, 2012; Echarte et al., 

2020). Differences among values of ET reported for each crop when water is non-

limiting, would be explained by differences in evaporative demand of the 

environment, the length of plant cycle duration, or in crop management practices.  

Many discrepancies about the effects of management practices on ET have 

been reported. Several authors have found that ET increased in response to plant 
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density (Tambascio et al., 2002; Irmak and Djaman, 2016; Zhang et al., 2019; 

Hernández et al., 2020) but others did not find any consistent ET responses (e.g., 

Persaud and Khosla, 1999; Ogola et al., 2005). Some studies reported maize ET 

increments in response to N supply in non-water-limited environments (Pandey et 

al., 2000; Ogola et al., 2002; Abbas et al., 2005; Adamtey et al., 2010; Barbieri et al., 

2012), whereas others showed no clear trend in ET response to N supply (Reddy et 

al., 1980; Jones et al., 1986; Fernández et al., 1996; Kim et al., 2008; Teixeira et al., 

2014). Conflicting results are also found for the influence of row spacing 

modifications, while maintaining equal plant density, on ET. Row spacing reductions 

were associated with either higher ET (Sharratt and McWilliams, 2005) or lower ET 

in maize (Yao and Shaw, 1964b), as well as with no consistent influence on soybean 

ET (Mason et al., 1982; Reicosky et al., 1985). Differences found in the responses of 

ET highlight the importance of considering the possible interactions among different 

management practices, environmental factors, and the genotype (Cooper et al., 

2020). For example, ET increments produced by N supply tended to be higher under 

no water limitations than in a water-limited environment (Hernández et al., 2015). 

Furthermore, since many of the factors evaluated produce non-linear responses of 

ET, the range at which studies were performed could account for some of the 

discrepancies found in the literature. For instance, ET significantly increased when 

plant density increased from 4 to 8 or from 4 to 12 plants m−2, but above 8 plants 

m−2, plant density did not promote further crop ET increments (Hernández et al., 

2020).  
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1.1. Root system and soil water uptake  

The ability of the root system to absorb and supply water to meet the 

atmospheric evaporative demand is determined by roots distribution and depth 

(Connor and Hall, 1997; Amato and Ritchie, 2002; Dardanelli et al., 2004; Vadez, 

2014; Gao et al., 2022). Root system characteristics vary with crop species, crop 

development, and soil moisture (Hoogenboom et al., 1987; Dwyer et al., 1988; Merrill 

et al., 2002; Sharratt and McWilliams, 2005). Roots explore soil to deeper soil layers 

in maize and soybean as compared to sunflower (Borg and Grimes, 1986; Bremner 

et aI., 1986; Sadras et aI., 1989; Dardanelli et al., 1997). Rapid vertical penetration 

and higher maximum rooting depth increase access to deeper soil water 

(Sponchiado et al., 1989; Turner, 2004; van Oosterom et al., 2016). However, in 

shallow soils or environments with mild water stress, deeper rooting is of no benefit. 

Higher root length density represents a higher degree of exploration within the root 

zone, due to a shorter distance for water movement from the soil to the root surface 

(Connor and Hall, 1997). This parameter decreases with depth (Sadras et aI., 1989; 

Guan et al., 2014), and water availability may change the vertical pattern of root 

distribution (Connor and Hall, 1997). For maize, it was shown that root water uptake 

linearly increased with root length density in well-watered soils (Ma and Song, 2016) 

while it asymptotically increased in water-limited topsoils (Gao et al., 2022).  

Many management practices affect the features of the root system. Results 

from Sharratt and McWilliams (2005) suggest that maize grown at narrow row 

spacing (less than 0.76 m) displays a more uniformly distributed root system that 

promotes more effective water uptake. In agreement with this, soybean sown with 

narrow row spacing (0.25 m) produced 49% more roots per unit of land area but with 

similar root length than in wide row spacing (1.0 m; Mason et al., 1982).  
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Several studies reported the effects of N supply on the root system. N supply 

increased roots biomass and promoted changes in their morphology (Wang et al, 

2005; Echarte et al., 2008; Lopez et al., 2023). Oikeh et al., (1999) observed that 

root growth and distribution of field-grown maize was higher at a moderate N rate 

than at zero or high N supply. Wang et al. (2005) observed that by increasing the N 

supply, the total length of primary roots of maize was reduced while the total length 

of lateral roots increased (Wang et al., 2005). Recently, Gao et al. (2022) analyzed 

the effects of N supply on the maize root system architecture and water uptake and 

concluded that reduced N fertilization boosted root penetration and increased the 

root water uptake from the subsoil. 

The influence of plant density on root system characteristics was also 

reported. Shao et al. (2018) showed that increasing maize plant density from 4 to 9 

plants m-2 increased root biomass and produced a more uniform planting pattern, 

enhanced the proliferation of shallow roots, and increased the water uptake from the 

topsoil, from 50 days after sowing. Higher absorption of water by the crop in the top-

soil layer avoids losses of water by evaporation, which in turn, contributes to a 

greater water use efficiency, as will be shown in Section 2. Peake et al., (2013) 

demonstrated that higher maize plant densities (from 2.4 to 5.5 plants m-2) increased 

the root length density and the maximum rate of soil water extraction. In the same 

direction, increasing soybean plant density from 16 to 32 plants m-2 increased root 

length density by 26.7% (Liao et al., 2022). Accordingly, a substantial increment in 

root density in deeper soil layers was found when increasing sunflower plant density 

from 2.04 to 5.1 plants m-2 (Sadras et al., 1989). Moreover, Sadras et al. (1989) 

indicated that plant density did not affect the ratio between root length and leaf area, 

nor the lower limit of soil available water (i.e. stored water tightly held by the soil that 
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is unavailable for the plants; Soltani and Sinclair, 2012) over the range of plant 

densities investigated.  

Different soil cover strategies influenced root system growth. Plastic film 

mulching promoted significant increments in root biomass and root length at the V6 

stage in maize crops (Zhang et al., 2020). In contrast, soil covered with crop 

residues did not affect the root distribution of maize in vegetative stages (Dwyer et 

al., 1996; Dal Ferro et al., 2014). Accordingly, average root length and root biomass 

measured at anthesis in maize were not affected by a recently established no-tillage 

system; however, root length density and biomass were larger in the top 5 cm and 

shorter in the 5–15 cm soil layer when no-till was compared with conventional tillage 

(Fiorini et al., 2018). Differences between the effects of plastic film and straw 

mulching might be explained by their effect on the soil temperature, which was 

increased by plastic film mulching (Zhang et al., 2020) but decreased by straw 

mulching (Dwyer et al., 1995). 

A large body of evidence indicates that many management practices influence 

root system characteristics, and thus, the capacity of the crop to absorb the soil 

water to cope with the evaporative demand (Figure 1). The influence of these 

management practices on root growth dynamics is a key factor in understanding root 

traits' contribution to final grain yield, especially in environments where crops rely 

upon soil-stored water or in-season rainfall. In these environments, for instance, the 

rapid growth of a profuse root system might lead to faster soil water depletion and 

reduce soil water availability for reproductive periods. The importance of the 

temporal soil water uptake is discussed further in Section 2.3. 
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2. Water use efficiency for grain yield production (WUEG,ET,s). 

Equation 1 highlights the importance of increasing WUEG,ET,s as a way to 

increase and/or stabilize yields in environments with limiting water availability (Figure 

1). Reported values of WUEG,ET,s for crops growing under variable conditions of 

water and/or N supply ranged from 2.8 to 39.0 kg ha−1 mm−1 for maize (e.g. Howell 

et al., 1998; Ogola et al., 2002; Barbieri et al., 2012; Zhang et al., 2014; Hernández 

et al., 2015; Tolk et al., 2016; Nagore et al., 2017), 2.1 to 15.3 kg ha−1 mm-1 for 

soybean (Hattendorf et al., 1988; Dardanelli et al., 1991; Copeland et al., 1993; Ram 

et al., 2013; Ren et al., 2017; Aydinsakir, 2018; Perozzi et al., 2020; Liao et al., 

2022) and 2.5 to 9.4 kg ha−1 mm-1 for sunflower (Hattendorf et al., 1988; Zaffaroni 

and Schneiter, 1989; Mzezewa et al., 2011; Echarte et al., 2020). WUEG,ET,s depends 

on the availability of water, and in general, it tends to be larger in rainfed than in 

irrigated crops (Nagore et al., 2017). The reason for this is that in water-limited 

conditions, reductions in net photosynthesis are lower than reductions in 

transpiration (Farquhar and Sharkey, 1982; Gilbert et al., 2011; Nagore et al., 2017; 

Hatfield and Dold, 2019).  

Several studies agree that increasing N supply, plant densities, soil cover, or 

shortening the distance between rows, increase WUEG,ET,s  in well-watered 

environments (Yao and Shaw, 1964; Timmons et al., 1966; Al-Kaisi and Yin, 2003; 

Lamm et al., 2009; Barbieri et al., 2012; Hernández et al., 2015, 2020; Zhang et al., 

2017; Ali et al., 2018 Alfonso et al., 2020). A recent review evaluating WUEG,ET,s 

response to mulching with different materials and tillage practices, (i.e. ridge furrow 

mulching, flat mulching, straw mulching, rotational tillage, no-tillage, and others) in 

the China Loess plateau, showed that mulching increased WUEG,ET,s by between 9 

to 61% (Zhang et al., 2017). However, lower or no response of WUEG,ET,s to N supply 
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or higher densities were found in water-limited environments (Hernández et al., 

2015, 2020). WUEG,ET,s is a complex trait affected by the genotype (Nagore et al., 

2017), many environmental factors, including water regime (i.e. distribution, intensity, 

and frequency of wetting events), and management practices (Cooper et al., 2023). 

In the following sections, the influence of management practices on WUEG,ET,s is 

analyzed in terms of the three main processes controlling WUEG,ET,s  (i) the 

proportion of T in ET, (ii) the biomass production per unit of transpired water (i.e. 

transpiration efficiency, TEB) and (iii) the allocation of shoot biomass to reproductive 

structures (i.e. harvest index, HI; Figure 1 and 2).  

 

2.1. Proportion of T and E in ET 

Transpiration is the component of ET that is associated with biomass 

production, whereas evaporation (E) represents the non-productive loss of water 

from the soil. The contribution of T and E to ET varies according to the soil wetness, 

particularly in crops with incomplete cover (Ritchie, 1972). In wet soils, E is largely 

controlled by solar radiation reaching the soil surface. As soils get dryer, E is better 

related to the moisture content and soil conductivity characteristics of the uppermost 

soil layer (Tanner and Jury, 1976; Gregory et al., 2000). Crop T is tightly related to 

light interception which largely depends on leaf area index (LAI; Ritchie, 1972; Eavis 

and Taylor, 1979; Villalobos and Fereres, 1990; Mc Naughton and Jarvis, 1991). 

Increasing LAI, in turn, decreases radiation reaching the soil surface and therefore, it 

decreases the E component of wet soils (Walker, 1983; Villalobos and Fereres, 

1990; Eberbach and Pala, 2005; Sauer et al., 2007; Yao and Shaw, 1964). In this 

way, crop cover or LAI largely influences the proportions of T and E in total ET 

(Figure 2), with a greater influence on E in wet environments (Fischer and Turner, 
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1978; Gregory et al., 2000). All management practices that affect LAI and light 

interception have the potential to modify the contribution of T and E to ET. In this 

sense, plant density, row spacing, and N supply practices proved to affect LAI 

(Andrade et al., 2002; Timlin et al., 2014) might differentially affect ET components, 

with a larger impact on E in frequently wet soils. 

Among management practices, plant density is the one with the largest impact 

on LAI and hence on light interception (Hernández et al., 2015; 2020). The response 

of  LAI to plant density is higher in crops with low vegetative plasticity, like maize 

than in crops with larger vegetative plasticity, like soybean or sunflower (Wells, 1991; 

Sadras and Hall, 1988; van Roekel and Coulter, 2011; Andrade et al., 2002, 2005). 

Many studies in several crops have also reported larger light interception as row 

spacing is reduced at a constant plant density (Kasperbauer and Karlen, 1994; 

Flenet et al., 1996; Barbieri et al., 2000; Sharratt and McWilliams, 2005; Drouet and 

Kiniry, 2008; Zhou et al., 2011). Nitrogen deficiency has also been reported to affect 

light interception (Teixeira et al., 2014; Hernández et al., 2015) by decreasing LAI 

(Muchow and Davis, 1988; Wolfe et al., 1988, Gastal and Lemaire, 2002; Boomsma 

et al., 2009). In agreement with the effect of higher plant density, shorter row 

spacing, or N supply on crop light interception, several studies have shown that 

these practices reduce E (Hernández et al., 2015; Rahman et al., 2017). The 

absence of response of E to any of these management practices reported by other 

authors (Yunusa et al., 1993; Sharratt and McWilliams, 2005), could be explained by 

the dependence of their effect on the moisture content of the upper soil layer 

(Ritchie, 1972; Allen et al., 1998). Hernández et al., (2020) found that increments in 

seasonal light interception increased the proportion of T in ET (Figure 3), contributing 
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to the increments in WUEG,ET,s at higher light interception when increasing plant 

density (Echarte et al., 2020).  

Soil water deficit reduces leaf water content, leading to reduced cell turgor, 

plant hydraulic conductivity, and stomatal conductance (Lambers et al., 2008). 

Tissue expansion processes are more responsive to water deficits than stomatal 

conductance (e.g., Sadras and Milroy, 1996); thus, reduced LAI restricts water loss 

in response to drought (Earl and Davis, 2003). Increments of LAI and iPAR 

(intercepted photosynthetically active radiation) in response to increments in plant 

density or N supply, in general, are lower in water-limited than in well-watered 

environments (e.g. Figure 3a). Hernández et al., (2020) found that when maize plant 

density increased from 4 to 8 plants m-2, seasonal iPAR increased 23% in irrigated 

plants and 12% in rainfed plants in a water-limited environment. Since water 

deficiencies reduce leaf expansion (Sadras and Milroy, 1996; Tanguiling et al., 1987; 

Earl and Davis, 2003; Tardieu, 2013), the extent to which management practices can 

improve light interception is limited by water availability (Hernández et al., 2015; 

2020). In addition, in water-limited environments, where the soil‘s upper layer is 

frequently dry, the contribution of management practices to reducing E (and thus 

increasing the proportion of T) through a decrease in radiation reaching the soil is 

not expected to be significant. Depending on management practice‘s impact on light 

interception and frequency of wetting events, increments in the proportion of T in  ET 

as a function of light interception have been detected also in water-limited 

environments (Figure 3; Hernández et al., 2020). 

Practices that do not directly influence crop light interception, like mulching, 

have reduced crop ET in humid environments, presumably by reducing the 

contribution of the E component to ET (Zhang et al., 2017; Adeboye et al., 2017; 
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Chen et al., 2019; Alfonso et al., 2020; Figure 2). For example, in soybean crops, the 

proportion of E in ET decreased from 35 to 29% when conventional tillage with no 

soil cover was compared to no-till management with crop residue cover (Liebhard, 

2022). Alfonso et al., (2020) observed that in a humid environment, the larger the 

stubble biomass, the larger the reduction in soybean crop ET. In agreement, several 

authors reported that surfaces covered with stubble have lower E rates than bare soil 

surfaces (Aase and Siddoway, 1980; Enz et al., 1988; Hatfield and Prueger, 1996). 

Enz et al., (1988), however, noted that E was greater from bare soil than from 

covered soil until the bare soil is dry. But E from a stubble-covered surface is higher 

than that from bare dry soil because of its larger available water. Horton et al., (1996) 

reviewed the effects of straw mulching on a micro-environment without crops, 

highlighting the influence of the soil surface water on the soil surface energy balance 

and resultant soil temperatures. Under wet conditions, most of the incoming energy 

is used to evaporate water, and, temperatures of near-surface bare and mulch soils 

are similar. In dry conditions, the fraction of energy used for evaporation decreases 

more rapidly in bare than in mulched soils with a resultant rapid increase in soil 

temperature (Horton et al., 1996). In addition, mulching insulates the soil surface and 

hence increases resistance to heat and vapor transfer (Chung and Horton, 1987; 

Bussiere and Cellier, 1994). In this sense, reduced evaporation from stubble-covered 

soil has been related to reduced wind speed and lower surface temperatures (Enz et 

al., 1988).  

In summary, a substantial body of experience shows that the proportions of 

ET components can be manipulated by applying different management practices. To 

achieve higher values of WUEG,ET,s, strategies designed to increase T (or decrease 
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E) proportion in ET by promoting increments in the crop‘s light interception and/or 

decreasing the light reaching the soil surface should be considered (Figure 2).  

2.2. Transpiration efficiency (TEB)  

Transpiration efficiency (TEB) refers to the shoot biomass (indicated by the B 

suffix) produced per unit of transpired water (i.e. Shoot biomass/T; Tanner and 

Sinclair, 1983; Vadez et al., 2017). For maize grown in field experiments under 

different environmental conditions and management practices, TEB values ranged 

between 29 to 124.1 kg ha-1 mm-1 (Table 2; Walker, 1986; Otegui et al., 1995; 

Pilbeam et al., 1995; Ogola et al., 2005; Suyker and Verma, 2009; Tallec et al., 

2013; Teixeira et al., 2014; Kunrath et al., 2020; Hernández et al., 2021; Xie et al., 

2022). Similarly, a comparable range of TEB (33 to 93 kg ha-1 mm-1) was reported for 

maize genotypes grown in lysimeter and pot experiments under different 

environmental conditions (Table 2). This similarity is noteworthy considering (i) 

different methods used to partition evapotranspiration (ET) into transpiration (T) and 

evaporation (E; Table 2), (ii) the known limitations of smaller pot sizes on TEB (Ray 

and Sinclair, 1998; Poorter et al., 2012; Chenu et al., 2018), and (iii) the differences 

in resistance to water vapor transfer between leaves and the canopy scale (including 

leaf stomatal resistance and aerodynamic resistance within and immediately above 

the canopy; Jarvis and McNaughton, 1986). In comparison, TEB values for sunflower 

ranged from 17.4 to 19.2 kg ha-1 mm-1 (Sadras et al., 1991), while for soybean, the 

values ranged from 2.96 to 27 kg ha-1 mm-1 (Suyker and Verma, 2009; Liebhard et 

al., 2022). 

The wide range of TEB values observed across different environments is 

generally attributed to variations in vapor pressure deficit (VPD, Tanner and Sinclair, 

1983; Abbate et al., 2004). In general, the reports on VPD lack consistent calculation 
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methods, making it difficult to compare results across different experiments (Abbate 

et al., 2004; Ghanem et al., 2020). However, within a specific field study that 

employed a consistent approach to calculating VPD across various locations, a 

reduction in VPD from 4.35 to 2.1 kPa was found to be associated with a 117% 

increase in TEB (Tanner and Sinclair, 1983). Similarly, in a specific pot experiment, 

TEB increased by 69% when VPD was reduced from 3.6 to 1 kPa while keeping the 

temperature constant (Ray and Sinclair, 2002). In this context, Tanner and Sinclair 

(1983) defined TEB as the ratio between a transpiration coefficient (k) and 

atmospheric vapor pressure deficit (VPD; Eq. 2). This formulation explicitly considers 

the impact of atmospheric conditions on crop transpiration rates and, consequently, 

on shoot biomass production.  

TEB = k/VPD         

 (Eq. 2) 

Where TEB is transpiration efficiency for biomass production, k represents the 

transpiration coefficient, and VPD is the vapor pressure deficit weighted to account 

for the daily cycle of VPD. 

The parameter k in Tanner and Sinclair´s equation (Eq. 2) is defined by 

specific and mechanistic properties of leaf canopy gas exchange in well-watered 

crops with complete cover (i.e. LAI ~ 4). Much of the variation in k among species 

results from  (i) the hexose conversion to plant mass, which is higher for the 

synthesis of plant products rich in carbohydrates compared to those rich in proteins 

and lipids, and (ii) the gradient between external and internal CO2 concentrations, 

which is largely determined by the photosynthesis pathway (~ 0.3 for C3 species and 

~0.7 for C4 species). As maize is a C4 specie and its kernel composition is high in 

starch, it has one of the highest values of k among crop species (Tanner and 
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Sinclair, 1983). Thus, based on the definition of k, a unique value of k is determined 

for each crop species. For instance, maize has a constant value of approximately 9 

Pa for k, while soybean has a value of 4 Pa (Tanner and Sinclair, 1983). As a result, 

TEB tends to remain relatively consistent across different environments characterized 

by varying VPD (Tanner and Sinclair, 1983; Eq. 2).  However, it should be noted that 

a fixed k value may not hold up for crops with low LAI (i.e. below 4) through the 

entire growing season, which is commonly observed in maize at low plant density 

(e.g. maize maximum LAI was ~ 2.5 at 4 plants m-2, Hernández et al., 2021).  

In addition to the influence of VPD on TEB, as described in Eq. 2, soil water 

conditions also play a role in the wide range of maize TEB values shown in Table 2. 

Specifically, under water-limited conditions, maize exhibits higher TEB compared to 

maize grown in non-water-limited environments. The increase in TEB due to low soil 

water availability ranged from 21 to 34 % for field experiments (Ogola et al., 2005, 

Otegui et al., 1995) and from 14 to 23 % in lysimeter and pot experiments (Ray and 

Sinclair, 2002; Vadez et al 2021). These increments in TEB due to low soil water 

availability are primarily attributed to smaller reductions in net photosynthesis 

compared to transpiration rates (Farquhar and Sharkey, 1982; Gilbert et al., 2011; 

Nagore et al., 2017; Hatfield and Dold, 2019). However, it is worth noting that 

reductions in TEB have also been observed in certain experiments, with decreases 

ranging from 8% to 15% (Kunrath et al., 2020) and from 7% to 48% in three 

experiments reported by Vadez et al. (2021). These reductions are associated with 

severe water deficiencies that significantly suppress photosynthesis (Nagore et al., 

2017). 

Management practices can also influence the wide range of maize TEB values 

reported in the literature (Table 2). A complementary approach used to understand 
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the impact of management practices on TEB, which overcomes the assumption of 

complete cover in Eq. 2, involves analyzing shoot biomass production as a function 

of both, photosynthetically active radiation (PAR, Monteith and Moss, 1977) and 

water resources (Sadras et al., 1991; Caviglia and Sadras, 2001). In this context, by 

rearranging the shoot biomass equations based on radiation or water resources, TEB 

can be expressed as: 

TEB = RUEB x gC
-1        

 (Eq. 3) 

Where RUEB (radiation use efficiency for shoot biomass production) 

represents shoot biomass per unit of intercepted PAR (iPAR), and gC (crop 

conductance) represents transpired water per unit of iPAR (Matheews et al., 1988; 

Sadras et al., 1991; Caviglia and Sadras, 2001). Crop conductance (gC or T/iPAR) is 

regulated by a series of conductance that involve (i) leaf stomatal conductance to 

water vapor (gSL) integrated across leaves and (ii) canopy boundary layer 

conductance  (gB) which refers to the aerodynamic conductance within and just 

above the canopy; McNaughton and Jarvis, 1991; Polley et al., 2002).   

When considering plant density management, higher plant densities have 

been associated with increases in maize TEB in well-watered environments. Under 

these conditions, notable increases in TEB have been observed, with increases 

ranging from 12% to 14% when plant density was increased from 4 to 8 plants m−2 

and from 4 to 12 plants m−2, respectively (Hernández et al., 2021). Similar findings 

were reported by Ogola et al. (2005), who observed a 20% increase in TEB when 

plant density was increased from 6.6 to 13.3 plants m-2, and by Walker et al. (1986), 

who reported a 34% increase in TEB for plant density increments from 4.6 to 6.3 

plants m-2. Consistent with these results, it has been observed that higher plant 
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densities lead to significant increases in TEB across a range of pearl millet 

genotypes, without any interaction between genotype and density (Pilloni et al., 

2022). However, Pilbeam et al. (1995) did not find significant maize TEB responses 

to increases in plant density from 3 to 4 plants m-2, which may be attributed to the 

limited range of crop cover explored across densities. Furthermore, Hernández et al., 

(2021) found that the increments in TEB associated with increasing plant density 

were related to reductions in canopy-level conductance (gC) when changing plant 

density (Figure 4, Eq. 3). Decreases in canopy coupling with the atmosphere (i.e. a 

canopy is coupled with the atmosphere when air temperature, VPD, and CO2 

concentration at the surface of the leaves are the same as ambient values, Jarvis 

and McNaughton, 1986) associated with higher aerodynamic resistances at higher 

LAI (Steduto and Hsiao, 1998) could be at the basis of the contribution of gB to 

reductions in gC. Additionally, Pilloni et al. (2022) demonstrated that plant density 

management modifies VPD within the canopy of pearl millet crops. In this work, high-

density treatments significantly reduced the VPD and increased TEB both in 

lysimeter and field conditions. Lower VPD values at higher densities could also 

explain the higher maize TEB observed by Hernández et al. (2021) according to Eq. 

2. Moreover, gC and VPD are closely related since the former represents the 

relationship between T per unit of light intercepted and T is linearly related to VPD 

(Lambers et al., 2008; Gholipoor et al., 2013a). In contrast, in water-limited 

environments, higher plant densities were not effective in increasing water use 

efficiency for grain yield determination (Hernández et al., 2020). 

Similarly, N supply has been shown to increase maize TEB in well-watered 

conditions (Sadras et al., 1991; Caviglia and Sadras, 1991; Teixeira et al., 2014; 

Kunrath et al., 2020). Several studies have reported increments in maize TEB due to 
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N supply, ranging from 20% to 16 % (Hernández et al., 2021, Teixeira et al., 2014; 

Kunrath et al., 2020, Pilbeam et al., 1995). Xie et al. (2023) demonstrated TEB 

increments ranging from 49% (moderate N supply) to 95% (high N supply), while 

Walker (1986) reported a 6% increase in TEB due to N supply. The magnitude of the 

TEB response to N supply across studies may be influenced by the genotypes used 

and the initial soil N conditions in the experimental site. The effects of N supply on 

TEB were primarily associated with increases in (RUEB) (Eq. 3; Caviglia and Sadras, 

1991; Teixeira et al., 2014; Hernández et al., 2021), in contrast to the influence of 

plant density on TEB, which was mainly mediated by changes in crop conductance 

(gC). The contribution of N supply to RUEB has been extensively documented 

(Muchow and Davis, 1988; Wolf et al., 1988; Sinclair and Muchow, 1999; Teixeira et 

al., 2014) and is attributed to higher leaf N content per unit of leaf area, leading to 

increased leaf photosynthesis rates (Sinclair and Horie, 1989; Muchow and Sinclair, 

1994; Vos and van der Putten, 1998; Echarte et al., 2006). However, under severe N 

deficiency, which significantly influences canopy architecture (Uhart and Andrade, 

1995; Boomsma et al., 2009), changes in canopy-atmosphere coupling and 

subsequent effects on crop conductance could be expected. In water-limited 

environments, similar to the influence of plant density, N supply was not effective in 

increasing water use efficiency for grain yield determination (Hernández et al., 2015). 

The wide range of reported TEB in the literature can also be attributed to the 

genotypes used in each study. Only a few studies have explored TEB across 

different maize genotypes (Table 2; Ray and Sinclair, 2002; Choudhary et al., 2020; 

van Oosteron et al., 2016, 2021; Vadez et al., 2021). Significant variations in TEB 

were observed among hybrids in both non-water-limited and water-limited conditions 

(van Oosteron et al., 2021; Choudhary et al., 2020). An estimation of the TEB range 
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across genotypes under non-water-limited conditions is not possible since values for 

each genotype were not provided in the study by van Oosteron et al. (2021) 

conducted under well-watered conditions. Other studies did not observe significant 

differences in TEB among maize genotypes grown in well-watered conditions (van 

Oosteron et al., 2016; Ray et al., 2002). In water-limited environments, maize TEB 

exhibited significant variability across genotypes, with the highest TEB being 50% 

greater than the lowest TEB (Choudhary et al., 2020). During short-term soil drying 

experiments conducted in the vegetative period, the variability in TEB among 

genotypes can be attributed to their ability to minimize reductions in transpiration 

rates while sustaining photosynthesis rates (Nagore et al., 2017). This ability could 

be associated with their capacity to minimize transpiration rates under high VPD 

conditions, which typically occur around midday (Gholipoor et al., 2013a; Sinclair, 

2017). 

In summary, a series of studies have demonstrated that management 

practices, such as increasing plant density and N supply, can promote substantial 

increments in TEB in non-water-limited environments (Figure 1). These practices can 

achieve this by reducing VPD within the canopy and gC (higher plant density) or 

increasing RUEB (N supply). However, in water-limited environments, the 

advantages in TEB appear to be mainly mediated by the genotype, with the little 

effect observed from N supply and increased plant density.   

2.3. Shoot biomass partitioning to reproductive structures (Harvest index, HI) 

The two previous sections addressed the processes contributing to total shoot 

biomass production (i.e. T and TEB). The final grain yield is determined by the 

proportion of the total shoot biomass that is allocated to reproductive structures (i.e. 

harvest index, HI; Sinclair et al., 1990). Grain yield results from the combination of 
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seed number and seed mass. Both grain yield components contribute to explaining 

the responses of grain yield and HI to variations in resource availability (Echarte and 

Andrade, 2003). However, variation in seed number highly accounts for the 

variations in grain yield across growing conditions, while individual seed mass is a 

much more stable trait  (Egli, 1998; Otegui et al., 1995; Chapman and Edmeades, 

1999; Rotundo et al., 2012; Cerrudo et al., 2013). Therefore, understanding the 

effects of water availability on seed number determination is central to understanding 

the influence of management practices on biomass partitioning to reproductive 

structures and final harvest index under different water availability scenarios.  

There is a period during the reproductive growth of the plants when the seed 

set is most sensitive to resource limitations and thus, the physiological status of the 

crops during this period largely influences the seed number (Edmeades and 

Daynard, 1979; Tollenaar et al., 1992; Andrade et al., 1993, 2002b). This period is 

recognized as the critical period for seed number determination and occurs around 

flowering in maize and sunflower (Earley et al., 1967; Hall et al., 1981; Aluko and 

Fisher, 1988; Cantagallo et al., 1997; Cerrudo et al., 2013), and from flowering to 

beginning or middle seed filling in soybean (Jian and Egli, 1995; Egli, 1998; Monzon 

et al., 2021). Several studies have used the plant or crop growth rate (PGRcp or 

CGRcp, respectively) to characterize the physiological status of plants or crops 

during the critical period for seed number determination (Williams et al., 1968; 

Villalobos et al., 1992; Jian and Egli, 1995; Andrade et al., 1999). Although other 

mechanisms can concurrently regulate seed set (e.g. direct effects of water and 

nitrogen deficiencies on kernel abortion, stress-induced changes in hormones), 

PGRcp or CGRcp are regarded as indicators of the amount of carbon available for 

the plant or crop growth and can be used as acceptable predictors of seed set 
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(Andrade et al., 2002b). The relationship between seed number per plant and 

PGRcp is curvilinear for maize and sunflower and almost linear for soybean (Vega et 

al., 2001; Echarte et al., 2004). A particular feature of the seed number per plant – 

PGRcp relationship in maize, is a significant PGRcp threshold for seed set, which 

reflects the abrupt decrease in dry matter partitioning to the ear at low resource 

availability (Vega et al., 2001; Echarte et al., 2004). In contrast, no significant PGRcp 

threshold for the seed set was evident for soybean (Vega et al., 2001). Therefore, 

severely low resource availability can lead to a high proportion of plants growing at 

rates close to or below the threshold for seed set and thus, result in sharp HI 

reductions in maize but not in soybean (Andrade et al., 1999; Vega et al., 2000; 

Echarte and Andrade, 2003; Carciochi et al., 2019).  

In well-watered environments, high plant densities or N supply increase light 

interception during the critical period for seed set and maximize CGRcp (Uhart and 

Andrade, 1995; Andrade et al., 1999; Hernández et al., 2020; Figure 5), contributing 

to higher seed number set and in turn, to larger maize grain yield (Figure 6). Thus, N 

supply avoids HI reductions due to N deficiency (Uhart and Andrade, 1995; Figure 

2). However, high plant densities also promote higher competition for resources 

among plants, leading to lower seed number response to further CGRcp increments 

(Andrade et al., 1999). Therefore, lower HI at high than at low stand density are 

commonly obtained (Tollenaar et al., 1989; Echarte et al., 2000; Kiniry and Echarte, 

2005; Hernández et al., 2020). The effect of plant density on HI depends on the 

maize hybrid characteristics (i.e. with more or less reproductive plasticity; Sarlangue 

et al., 2007). Hence, in non-water-limited environments, positive effects of higher 

plant densities on increasing WUEG,ET,s are mostly mediated by increments in 

biomass production due to higher T/ET and TEB, and not in HI. Increments in grain 
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yield in response to narrow rows were closely related to the improvement in light 

interception during the critical period for seed set (Andrade et al., 2002). However, 

major benefits of reducing row spacing on HI in environments not limited by water 

during critical periods, are expected in crops that would not achieve full light 

interception during critical periods for seed set (e.g. short season and/or erect leaf 

cultivars, or crops subjected to defoliation or nutritional stresses during vegetative 

periods; Barbieri et al., 2000). For instance, Barbieri et al. (2012) demonstrated that 

maize HI increased in response to reduced row spacing only in N-deficient crops. 

Harvest index response to water availability is largely influenced by the 

intensity and moment of water deficiency occurrence. It has been shown that maize 

HI is quite stable under moderate water stress but it sharply drops under severe 

water stress around silking (Sinclair et al., 1990). Low water availability during the 

critical period for seed set limits ET (Nagore et al., 2017) and, in turn, reduces 

CGRcp and seed set (Andrade et al., 2002a; Echarte and Tollenaar, 2006; Nagore et 

al., 2017). In this type of environment, N supply or higher densities fall short to 

increase maize grain yield (Figure 6; Hernández et al., 2015; 2020). Increments in 

plant density in this condition did not increase CGRcp (Figure 5). Thus, in 

environments with a high probability of water deficit during the critical period for seed 

set, it is crucial to apply management practices that promote water conservation 

during vegetative periods, so that water is available during critical reproductive 

stages. Plant density is one of the most frequently manipulated management 

practices when farmers try to cope with limited water availability. In this sense, low 

stand densities not only reduce plant-to-plant competition and avoid PGRcp 

decrease close to threshold values for seed set (Echarte et al., 2004; Hernández et 

al., 2020) but also decrease soil water uptake during the vegetative period and thus, 
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contribute to higher water availability during the critical period for seed set (Echarte 

et al., 2020). Accordingly, wide rows would also contribute to a conservative use of 

water during the vegetative period. In agreement with this, Barbieri et al. (2012) 

showed that soil water depletion during the initial stages of maize growth was higher 

for narrow than for wide row spacing. Higher soil water depletion and ET early in the 

season under narrow compared with wider row spacing were also reported for 

soybean (Taylor, 1980; Reickosky et al., 1982; Nagore et al., 2020; Perozzi et al., 

2020) and for sunflower crop (Vijayalakshmi et al., 1975). A higher soil water 

depletion under narrow row spacing during initial growth stages could be related to 

(i) a more uniform and deeper root system (Section 1.1 of this review, Raper and 

Barber, 1970; Sadras et al., 1989, Sharratt and McWilliams, 2005), and (ii) larger 

increments in T than reductions in E from the soil. In a severely water-limited 

environment during vegetative stages and for most of the critical period for seed set, 

narrow rows decreased soybean grain yield (Mujica et al., 2020), probably 

associated with a more rapid depletion of soil water availability that limited shoot 

biomass production during critical stages. 

In summary, management practices meant to promote higher WUEG,ET,s 

should be adjusted to the environment and consider not only the available resources 

but the dynamics of crop growth and the moment when those resources are more 

necessary for crop growth. In other words, special attention on granting resource 

availability during critical periods for grain yield determination should be paid. Thus, 

management practices are key determinants of effective water use for grain 

production in non-water-limited environments as well as to avoid large grain yield 

reductions under low soil water availability (Figure 1, 2). Future technological 

solutions should focus on combining genotype improvements with management 
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practices to maximize crop productivity. As highlighted by Cooper et al. (2020, 2023), 

such an integrated approach could be the key to unlocking the full potential of 

modern maize genotypes in targeted environments.  

3. Modeling efforts for predicting water-related grain yield determinants 

Crop growth models can largely guide management practices that optimize 

grain production in each environment (e.g. Monzón et al., 2007; Mercau et al. al., 

2014; Rattalino Edreira, et al 2018; Rotili et al., 2019). Likewise, crop growth models 

can expedite the design of crop improvement strategies that integrate genetic gains 

from breeding and crop management strategies that reduce yield gaps for targeted 

environments (Cooper et al., 2016, 2020, 2023). In this sense, modeling approaches 

have made possible the determination of risks or probabilities of certain results 

based on the use of several years of meteorological data (e.g. Bassu et al., 2014; 

Yakoub et al., 2017; Monzón et al., 2018). Many available crop growth simulation 

models were extensively used for guiding crop management (e.g. plant density, soil 

cover, planting date). Examples of these models are DSSAT (Hoogenboom et al., 

2010; Jones et al., 1998), APSIM (Keating et al., 2003), AquaCrop – FAO (Steduto 

et al., 2009) and CropSyst (Stockle et al., 2003). However, to be used as a tool for 

designing management solutions for water limitations, a model should be solid in 

predicting the water-related grain yield determinants (ET, WUEG,ET,s), and in 

particular in those environments that are limited by water. The major interest of this 

section is to review current knowledge on how well some crop growth models 

perform for the prediction of water-related grain yield determinants (i.e. ET, 

WUEG,ET,s) and/or soil water content which contributes to ET and WUEG,ET,s accurate 

predictions, under varying levels of N supply, density or soil cover. For details about 

different approaches in simulating soil water balance refer to Jara and Stockle (1999) 
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for CERES-maize and CropSyst, Keating et al. (2003) for APSIM, and Steduto et al. 

(2009) for AquaCrop. This section was narrowed to discuss the performance of 

different simulation models for the maize crop in particular since extending the 

revision to soybean and sunflower would imply an amount of information that would 

qualify for a separate review.  

The performance of simulation models for the prediction of water-related grain 

yield determinants has been much less evaluated than the performance for the 

prediction of biomass or grain yield. It is noteworthy that in many studies, the 

validation of the models is limited to the prediction of grain yields in environments 

with non or moderate water stress, and is assumed to be valid for simulating outputs 

related to ET, WUEG,ET,s and/or soil water content in any condition of water 

availability. Basso et al. (2016) stated that the CERES-Maize model performance for 

the prediction of water-related grain yield determinants was evaluated in a few 

studies (9 studies for evapotranspiration, and 17 studies for soil water content). 

These authors noted that the validation of seasonal ET simulation of CERES maize 

presented errors ranging from 2.3 to 12%, with larger errors under water stress 

conditions (Anothai et al., 2013 and other references in the review by Basso et al, 

2016). Some studies suggested that large errors for maize ET prediction, in 

particular in water-limited environments, could be reduced by changing the 

parameter that partitions ET between crop T and soil E (López-Cedrón et al., 2008; 

Dejonge et al., 2012; Attia et al., 2021). In agreement with previous findings, more 

recent evaluations of the CERES maize performance indicated good accuracy of the 

model in simulating soil water content in fully irrigated conditions or under moderate 

water stress (Wang et al., 2021; Amiri et al., 2022) but with increasing water stress, 

the accuracy decreased (Amiri et al., 2022; Song and Jin, 2020). CropSyst model 
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showed an advantage over CERES-maize in predicting soil water content as water 

stress conditions increased (Jara and Stockle, 1999). Umair et al. (2017) presented 

ET overestimations of 21% and underestimations of 9% with CropSyst for irrigated 

maize in the arid-semiarid conditions of North China and concluded that CropSyst 

gave an acceptable simulation. AquaCrop model was able to simulate general trends 

in soil water content, maize ET and/or maize WUEG,ET,s (Hsiao et al., 2009; Ahmadi 

et al., 2015; Shirazi et al., 2021), across a range of locations with contrasting 

environments, but failed in severe water stress environments (Heng et al., 2009; 

Katerji et al., 2013). Comparison between observed and predicted soil water content 

with the APSIM model indicated that soil water dynamics were well simulated during 

the maize growing season at different water regimes (Archontoulis et al., 2014; 

Magaia et al., 2017; Chen et al., 2021; Santos et al., 2020; Ebrahimi et al., 2022). As 

well, accurate ET predictions under a wide range of irrigation treatments in the North 

China Plain were achieved with the APSIM model (Sun et al., 2015). Further, Guo et 

al. (2021) showed a close relationship between measured soil E with micro-

lysimeters and soil E simulated by the APSIM model, beneath a maize crop canopy 

in a humid area. Fewer reports, however, examined predicted and observed values 

of ET, WUEG,ET,s or soil water content under varying N supply, plant density, or soil 

cover.  

After carefully calibrating water-related grain yield determinants under varying 

N supply levels, Dokohaky et al. (2016) showed that CERES-maize and a hybrid 

model (CERES-maize + SWAP model, an agrohydrological model; Van Dam et al., 

2008) generally under-predicted the total soil water content for all N supply levels 

(see Table 6 in Dokohaky et al., 2016). These authors concluded that both models 

displayed a general tendency to extract more water than was expected from the soil 
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profile. Kaur and Arora (2018), instead, reported consistent under-estimation of 

maize water use at different irrigation and N regimes, with CERES-maize. By 

contrast, soil moisture simulations with the APSIM model under varying N supply and 

water regimes were acceptable (Magaia et al., 2017). Accordingly, predicted maize 

WUEG,ET,s values with the AquaCrop model under varying water regimes and N 

supply levels closely matched the observed values (Abendinpour et al., 2012). 

Ren et al. (2016) evaluated the performance of the APSIM model for 

estimating total soil water content in 260 cm soil layers during the season, for a 

range of maize plant densities between 5.2 to 9.8 plants m-2. These authors included 

changes in the root water uptake parameter (kl, Peake et al., 2008, 2013) and 

concluded that the improved calibration of the APSIM model yielded reliable 

simulations of soil water content at different plant densities. The performance of the 

AquaCrop model for estimating ET and soil water content under different plant 

densities ranging from 5.9 to 8.9 plants m-2 was evaluated by Sandhu and Irmak 

(2019). The authors noted that despite adopting careful parameterization and 

calibration, the AquaCrop model consistently underestimated soil water content and 

overestimated seasonal ET. Accordingly, the CERES maize model underestimated 

the soil water content during the maize growing season and was not able to identify 

differential soil water depletion among plant densities in the range between 5.2 and 

9.8 plants m-2 (Zhang et al., 2022). 

The evaluation of water-related grain yield determinants simulated with 

CropSyst under no-till with straw mulching and conventional tillage indicated good 

predictions in general but a large deviation of modeled from observed data of soil 

moisture in the first 15cm during a dry period (Sommer et al., 2010). Similarly, 

Monzon et al. (2012) concluded that CropSyst simulated particularly well the 
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cumulative seasonal ET under no-till with straw mulching and conventional tillage, 

although seasonal ET overprediction was consistently evident at low ET values 

(≈200 mm) under both tillage managements. Simulated maize daily ET with mulch 

with the AquaCrop model presented higher accuracy in well-watered than in water 

stress treatments (Ran et al., 2017). Recently, Feng et al., (2022) indicated that 

simulated values of soil water content were underestimated and ET was generally 

higher than the one observed in the field for mulched drip-irrigated maize. APSIM 

model validation showed appropriate simulated vs. observed data relationship for 

soil moisture at different soil layers for maize grown under no-till with straw mulch 

and under conventional management, in wet environments (Yang et al., 2018; Dutta 

et al., 2020).  

In summary, current knowledge on the performance of the most widely used 

crop growth models for predicting water-related maize grain yield determinants (ET, 

WUEG,ET,s) warns about the errors in the simulations of water-related components, 

especially in water-limited environments. This section also draws attention to the 

need for adjustments in model parameters that consider different levels of N supply, 

plant densities, or soil cover to reduce errors in simulations of soil water content, ET, 

and WUEG,ET,s. Improving the prediction of water-related grain yield determinants can 

ultimately improve accuracy for guiding farmers in their management decisions when 

willing to grow maize under rainfed conditions.   

4. Concluding remarks  

We have reviewed the impact of some management practices, particularly N 

supply, plant density, row spacing, and soil cover, on water-related processes 

contributing to grain yield determination. The major focus was on maize but some 

insights for sunflower and soybean were also provided.  
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The first part of this review addressed the influence of management practices 

on crop evapotranspiration (ET) and root water uptake. A large number of conflicting 

results available in the literature regarding the response of ET to management 

practices explored evidence of the complexity of such responses, and highlight the 

importance of considering processes underlying ET, interactions of factors, and non-

linear response of ET to these factors. Most ET responses are mediated by root 

system development and architecture and thus understanding the effects of 

management practices on root system characteristics is a key factor to promote 

adequate soil water uptake that allows to cope with evaporative demand and also to 

avoid or reduce water deficiencies in reproductive periods, especially in 

environments where crops rely upon soil stored water. 

The second part of this review examined the influence of management 

practices on the water use efficiency for grain yield production (WUEG,ET,s); and 

analyzed in particular how management practices influence each of the three main 

processes determining WUEG,ET,s: (i) the proportion of T in ET, (ii) the transpiration 

efficiency for shoot biomass production (TEB) and (iii) the allocation of shoot biomass 

to reproductive structures (i.e. harvest index, HI). The major focus of reviewed 

research literature was on the influence of management practices on increasing 

transpiration (or reducing evaporation) proportion in the total ET. When analyzing the 

influence of management practices on the proportion of T in ET, a distinction can be 

made between those that promote changes in crop light interception (i.e. N supply, 

plant density, and row spacing) and those with no apparent direct effect on crop light 

interception (i.e. soil cover). For the formers, this review analyzed the expected 

impact of management practice in terms of the magnitude of its effect on crop light 

interception. For the latter, a large body of evidence shows that soil cover reduces E 
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component,  mainly in frequently wet environments. However, we found some gaps 

in knowledge regarding the influence of soil cover on the crop environment at the 

canopy level. For example: can reflection from the soil cover significantly affect crop 

light interception?, can the soil cover influence VPD experienced by the canopy? 

Addressing this issue gains relevance in light of the influences of environmental 

changes at the canopy level on TEB. In this sense, the analysis of the effects of 

management practices on TEB was addressed following two different approaches, 

i.e. TEB = k/VPD or RUEB x gC
-1. We showed that management practices that affect 

crop light interception can influence TEB by modifying any of its determinants and we 

highlighted that a fixed k value (Eq. 2) might not be valid for crops with low LAI 

during the whole growing season. The revision of the influence of management 

practices on partitioning to reproductive structures was focused on seed number, the 

grain yield component that better reflects grain yield variability across environments. 

Here we emphasized the importance of adjusting the management practice to the 

environment, to favor water resource availability during critical periods for grain yield 

determination. Overall, this review highlights the key role of management practices in 

optimizing effective water use and enhancing grain yields under contrasting soil 

water availability. Moving forward, future technological advancements should 

prioritize the integration of genotype improvements with effective management 

strategies to maximize crop productivity in targeted environments. 

Although many crop growth models that predict both grain yield and water-

related grain yield determinants are available, few studies have validated the water-

related component predictions of these models. And even fewer of them evaluated 

the performance of these models for predicting the influence of management 

practices on water-related grain yield determinants. Some of the most broadly used 
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models present errors in predicting water-related components that are larger in 

water-limited than in non-water-limited environments, exposing the need for 

improvements of existing models. Future joint efforts of researchers running field 

experimentation and modelers to validate and or improve the estimates of water-

related components could help to develop reliable tools to guide farmers‘ 

management decisions based on the probability of occurrence of drought risks in 

long series of years.  

  

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

 Acknowledgements 

This work was supported by Instituto Nacional de Tecnología Agropecuaria (INTA) 

and Facultad de Ciencias Agrarias, Universidad Nacional de Mar del Plata (UNMdP). 

C.S. Alfonso holds a scholarship from the Research Council of Argentina 

(CONICET). H. González holds a post-doctoral scholarship from the Agencia 

Nacional de Promoción Científica y Tecnológica (ANPCyT). M. Echarte and L. 

Echarte are members of CONICET. 

 

 Conflict of interest: There is no conflict of interest for the authors in this 

publication. 

 Funding 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

References 

Aase JK, Siddoway FH. 1980. Stubble height effects on seasonal microclimate, water 
balance, and plant development of no-till winter wheat. Agricultural Meteorology, 
https://doi.org/10.1016/0002-1571(80)90065-5. 

Abbas G, Hussain A, Ahmad A, Wajid SA. 2005. The water use efficiency of maize as 
affected by irrigation schedules and nitrogen rates. Journal of Agricultural and 
Social Science 1, 339–342. 

Abbate, P. E., Dardanelli, J. L., Cantarero, M. G., Maturano, M., Melchiori, R. J. M., 
& Suero, E. E. (2004). Climatic and Water Availability Effects on Water-Use 
Efficiency in Wheat. Crop Science, 44(2), 474. doi:10.2135/cropsci2004.4740  

Abedinpour M, Sarangi A, Rajput TBS, Man Singh, Pathak H, Ahmad T. 2012. 
Performance evaluation of AquaCrop model for maize crop in a semi-arid 
environment. Agricultural Water Management, 10.1016/j.agwat.2012.04.001 

Adamtey N, Olufunke C, Ofosu-Budu KG, Ofosu-Anim J, Laryea KB, Dionys F. 
2010. Effect of enriched co-compost on transpiration efficiency and water-use 
efficiency of maize (Zea mays L.) under controlled irrigation. Agricultural Water 
Management. https://doi.org/10.1016/j.agwat.2010.02.004. 

Adeboye OB, Schultz B, Adekalu KO, Prasad K. 2017. Soil water storage, yield, 
water productivity, and transpiration efficiency of soybeans (Glycine max L.Merr) 
as affected by soil surface management in Ile-Ife, Nigeria. International Soil and 
Water Conservation Research. doi: 10.1016/j.iswcr.2017.04.006. 

Ahmadi SH, Mosallaeepour E, Kamgar-Haghighi AA, Sepaskhah AR. 2015. 
Modeling maize yield and soil water content with AquaCrop under full and deficit 
irrigation managements. Water Resources Management. 
https://doi.org/10.1007/s11269-015-0973-3  

Alessi J, Power JF. 1976. Water Use by Dryland Corn as Affected by Maturity Class 
and Plant Spacing. Agronomy Journal. 
doi:10.2134/agronj1976.0002196200680004000 

Alfonso C, Barbieri PA, Hernández MD, Lewczuk NA, Martinez JP, Echarte L. 2020. 
Water productivity in soybean following a cover crop in a humid environment. 
Agricultural water management. https://doi.org/10.1016/j.agwat.2020.106045.  

Ali S, Jan A, Manzoor Sohail A, Khan A, Khan MI, Ljaz Khan M, Inamullah, Zhang 
J, Daur I. 2018. Soil amendments strategies to improve water-use efficiency and 
productivity of maize under different irrigation conditions. Agricultural water 
management. doi: https://doi.org/10.1016/j.agwat.2018.08.009.  

Al-kaisi M, Brun LJ, Enz JW. 1989. Transpiration and evapotranspiration from maize 
as related to leaf area index. Agricultural and Forest Meteorology. 
doi:10.1016/0168-1923(89)90010-5 

Al-Kaisi MM, Yin X. 2003. Effects of nitrogen rate, irrigation rate, and plant population 
on corn yield and water use efficiency. Agronomy Journal. 
https://doi.org/10.2134/agronj2003.1475. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

Allen RG, Pereira LS, Raes D, Smith M. 1998. Crop Evapotranspiration-Guidelines for 
computing crop water requirements-FAO Irrigation and drainage paper 56. Fao, 
Rome, 300(9). 

Allen, R.G., Smith, M., Perrier, A., Pereira, L.S., 1994. An update for the definition of 
reference evapotranspiration. ICID Bull. 43 2 , 1–33. 

Aluko GK, Fischer KS. 1988. The effect of changes of assimilate supply around 
flowering on grain sink size and yield of maize (Zea mays L.) cultivars of tropical 
and temperate adaptation. Australian Journal of Agricultural Research 39:153–
161. https://doi.org/10.1071/AR9880153 

Amato M, Ritchie JT, 2002. Spatial distribution of roots and water uptake of maize 
(Zea mays L.) as affected by soil structure. Crop Science 
https://doi.org/10.2135/cropsci2002.7730 

Amiri E, Irmak S, Ahmadzadeh Araji H. 2022. Assessment of CERES-Maize model in 
simulating maize growth, yield and soil water content under rainfed, limited and 
full irrigation. Agricultural Water Management, 259, 2022, 107271, ISSN 0378-
3774, https://doi.org/10.1016/j.agwat.2021.107271. 

Andrade FH, Calviño P, Cirilo A, Barbieri P. 2002a. Yield responses to narrow rows 
depend on increased radiation interception. Agronomy Journal doi:10.2134/ 
agronj2002.0975 

Andrade FH, Echarte L, Rizzalli R, Della Maggiora A, Casanovas M. 2002b. Kernel 
Number Prediction in Maize under Nitrogen or Water Stress. Crop Science 
https://doi.org/10.2135/cropsci2002.1173. 

Andrade FH, Sadras VO, Vega CRC, Echarte L. 2005. Physiological Determinants of 
Crop Growth and Yield in Maize, Sunflower and Soybean. Journal of Crop 
Improvement https://doi.org/10.1300/J411v14n01_05 

Andrade FH, Uhart SA, Frugone MI. 1993. Intercepted radiation at flowering and 
kernel number in maize: shade versus plant density effects. Crop Science 
https://doi.org/10.2135/cropsci1993.0011183X003300030013x. 

Andrade FH, Vega CRC, Uhart SA, Cirilo AG, Cantarero M, Valentinuz O. 1999. 
Kernel number determination in maize. Crop Science 
http://dx.doi.org/10.2135/cropsci1999.0011183X0039000200026x. 

Andrade JF, Satorre EH. 2015. Single and double crop systems in the Argentine 
Pampas: environmental determinants of annual grain yield. Field Crops 
Research https://doi.org/10.1016/j.fcr.2015.03.008. 

Anothai J, Soler CMT, Green A, Trout TJ, Hoogenboom G. 2013. Evaluation of two 
evapotranspiration approaches simulated with the CSM-CERES-Maize model 
under different irrigation strategies and the impact on maize growth, development 
and soil moisture content for semi-arid conditions. Agricultural Forest 
Meteorolology https://doi.org/10.1016/j.agrformet.2013.03.001. 

Aramburu Merlos F, Monzon JP, Mercau JL, Taboada M, Andrade FH, Hall AJ, 
Jobbagy E, Cassman KG. 2015. Potential for crop production increase in 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

Argentina through closure of existing yield gaps. Field Crops Research 184 
https://doi.org/10.1016/j.fcr.2015.10.001. 

Archontoulis SV, Miguez FE, Moore KJ, 2014. Evaluating APSIM maize, soil water, 
soil nitrogen manure, and soil temperature modules in the Midwestern United 
States. Agronomy Journal http://dx.doi.org/10.2134/agronj2013.0421. 

Attia A, El-Hendawy A, Al-Suhaibani N, Alotaibi M, Usman Tahir M, Kamal KY. 
2021. Evaluating deficit irrigation scheduling strategies to improve yield and 
water productivity of maize in arid environment using simulation. Agricultural 
Water Management 10.1016/j.agwat.2021.106812, 249 

Aydinsakir K. 2018. Yield and quality characteristics of drip-irrigated soybean under 
different irrigation levels. Agronomy Journal 
https://doi.org/10.2134/agronj2017.12.0748 

Barbieri PA, Echarte L, Della Maggiora A, Sadras VO, Echeverria H, Andrade FH. 
2012. Maize evapotranspiration and water-use efficiency in response to row 
spacing. Agronomy Journal https://doi.org/10.2134/agronj2012.0014. 

Barbieri PA, Sainz Rozas H, Andrade FH, Echeverría H. 2000. Row spacing effects 
at different levels of nitrogen availability in maize. Agronomy Journal 
https://doi.org/10.2134/agronj2000.922283x. 

Basso B, Liu L, Ritchie JY. 2016. A Comprehensive Review of the CERES-Wheat, -
Maize and -Rice Models‘ Performances, Editor(s): Donald L. Sparks, Advances 
in Agronomy, Academic Press,  https://doi.org/10.1016/bs.agron.2015.11.004. 

Bassu S, Brisson N, Durand JL, et al. 2014. How do various maize crop models vary 
in their responses to climate change factors? Global Change Biology 
https://doi.org/10.1111/gcb.12520. 

Boomsma CR, Santini JB, Tollenaar M, Vyn TJ, 2009. Maize morphophysiological 
responses to intense crowding and low nitrogen availability: an analysis and 
review. Agronomy Journal https://doi.org/10.2134/agronj2009.0082. 

Borg H, Grimes DW. 1986. Depth development of roots with time: an empirical 
description. American Society of Agricultural Engineers. 29, 194-197. 
doi:10.13031/2013.30125. 

Bremner PM, Preston GK, Fazekas de St Groth C. 1986. A field comparison of 
sunflower (Helianthus annuus) and sorghum (Sorghum bicolor) in a long drying 
cycle. I. Water extraction. Australian Journal of Agricultural Research 37, 483-
493. https://doi.org/10.1071/AR9860483 

Brouwer C, Heibloem M. 1986. Irrigation water management. Training manual no. 3 
FAO. 

Bussière F, Cellier P. 1994. Modification of the soil temperature and water content 
regimes by a crop residue mulch: experiment and modelling. Agricultural and 
Forest Meteorology https://doi.org/10.1016/0168-1923(94)90066-3 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

Carciochi WD, Schwalbert R, Andrade FH, Corassa GM, Carter P, Gaspar AP, 
Schmidt J, Ciampitti I. 2019. Soybean Seed Yield Response to Plant Density by 
Yield Environment in North America. Agronomy Journal 111:1923–1932  
https://doi:10.2134/agronj2018.10.0635 

Cantagallo JE, Chimenti CA, Hall AJ. 1997. Number of seeds per unit area in 
Sunflower correlates well with a phototermal quotient. Crop Science 
https://doi.org/10.2135/cropsci1997.0011183X003700060020x 

Caviglia G, Klik A, Neugschwandtner RW, Nolz R. 2022. Effects of tillage systems on 
soil water distribution, crop development, and evaporation and transpiration rates 
of soybean. Agricultural Water Management 
https://doi.org/10.1016/j.agwat.2022.107719 

Caviglia OP, Rizzalli RH, Monzon JP, García FO, Melchiori RJM, Martinez JJ, 
Andrade FH. 2019. Improving resource productivity at a crop sequence level. 
Field Crops Research. doi:10.1016/j.fcr.2019.02.011 

Caviglia OP, Sadras VO. 2001. Effect of nitrogen supply on crop conductance, 
waterand radiation-use efficiency of wheat. Field Crops Research 6, 259–266. 
https://doi.org/10.1016/S0378-4290(00)00149-0 

Cerrudo A, Di Matteo J, Fernandez E, Robles M, Pico LO, Andrade FH. 2013. Yield 
components of maize as affected by short shading periods and thinning. Crop 
and Pasture Science doi:10.1071/cp13201 

Chapman SC, Edmeades GO. 1999. Selection improves drought tolerance in tropical 
maize populations. II. Direct and correlated responses among secondary traits. 
Crop Science https://doi.org/10.2135/cropsci1999.3951315x. 

Chen S, Parsons D, Du T, Kumar U, Wang S. 2021. Simulation of yield and water 
balance using WHCNS and APSIM combined with geostatistics across a 
heterogeneous field. Agricultural Water Management 
https://doi.org/10.1016/j.agwat.2021.107174 

Chen Z, Sun S, Zhu Z, Jiang H, Zhang X. 2019. Assessing the effects of plant density 
and plastic film mulch on maize evaporation and transpiration using dual crop 
coefficient approach. Agricultural Water Management 
https://doi.org/10.1016/j.agwat.2019.105765 

Chenu K, Van Oosterom EJ, McLean G, Deifel KS, Fletcher A, Geetika G, Tirfessa 
A, Mace ES, Jordan DR, Sulman R, Hammer GL. 2018. Integrating modelling 
and phenotyping approaches to identify and screen complex traits: transpiration 
efficiency in cereals. Journal of Experimental Botany 69:3181–3194. 
https://doi.org/10.1093/jxb/ery059 

Choudhary, S., Guha, A., Kholova, J., (...), Cooper, M., Vadez, V. 2020. Maize, 
sorghum, and pearl millet have highly contrasting species strategies to adapt to 
water stress and climate change-like conditions. Plant Science 295,110297. 
https://doi.org/10.1016/j.plantsci.2019.110297 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

Chung S, Horton R. 1987. Soil Heat and Water Flow With a Partial Surface Mulch. 
Water Resources Research https://doi.org/10.1029/WR023i012p02175 

Connor DJ, Hall AJ. 1997. Sunflower Physiology. Agronomy Monograph. 
doi:10.2134/agronmonogr35.c4 

Cooper, M., Technow, F., Messina, C., Gho, C., Totir, L. R. 2016. Use of crop growth 
models with whole-genome prediction: Application to a maize multienvironment 
trial. Crop Science, 56, 2141–2156. https://doi.org/10.2135/cropsci2015.08.0512 

Cooper, M; Voss‑Fels, KP; Messina, CD; Tang, T, Hammer, GL. 2021. Tackling G × 
E × M interactions to close on‑farm yield‑gaps: creating novel pathways for crop 
improvement by predicting contributions of genetics and management to crop 
productivity. 2021. Theoretical and Applied Genetics (2021) 134:1625–1644. 
https://doi.org/10.1007/s00122-021-03812-3 

Cooper, M., Tang, T., Gho, C., Hart, T., Hammer, G., & Messina, C. (2020). 
Integrating genetic gain and gap analysis to predict improvements in crop 
productivity. Crop Science. doi:10.1002/csc2.20109  

Cooper, M, Messina, CD, Tang T, Gho, C, Powell, O, Podlich DW, Technow F, 
Hammer GL. 2023. Predicting Genotype×Environment× Management (G×E×M) 
Interactions for the Design of Crop Improvement Strategies: Integrating Breeder, 
Agronomist, and Farmer Perspectives. Plant Breeding Reviews, Volume 46, First 
Edition. (Ed) Irwin Goldman. 467-585. 

Copeland PJ, Allmaras RR, Crookston RK, Nelson WW. 1993. Corn-Soybean 
Rotation Effects on Soil Water Depletion. Agronomy Journal 
https://doi.org/10.2134/agronj1993.00021962008500020008x. 

Curín F, Severini AD, González FG, Otegui ME, 2020. Water and radiation use 
efficiencies in maize: Breeding effects on single-cross Argentine hybrids released 
between 1980 and 2012. Field Crops Research 
https://doi.org/10.1016/j.fcr.2019.107683 

Dal Ferro N, Sartori L, Simonetti G, Berti A, Morari F. 2014. Soil macro- and 
microstructure as affected by different tillage systems and their effects on maize 
root growth. Soil Tillage Research https://doi.org/10.1016/j.still.2014.02.003. 

Dardanelli DL, Ritchie JT, Calmon M, Andriani JM, Collino DJ. 2004. An empirical 
model for root water uptake. Field Crops Research 
https://doi.org/10.1016/j.fcr.2003.09.008 

Dardanelli JL, Bachmeier OA, Sereno R, Gil R. 1997. Rooting depth and soil water 
extraction patterns of different crops in a silty loam Haplustoll. Field Crops 
Research https://doi.org/10.1016/S0378-4290(97)00017-8. 

Dardanelli JL, Suero EE, Andrade FH, Andriani J. 1991. Water deficits during 
reproductive growth of soybeans. II. Water use and water deficiency indicators. 
Agronomie http://dx.doi.org/10.1051/agro:19910905  

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

DeJonge KC, Ascough JC, Andales AA, Hansen NC, Garcia LA, Arabi M. 2012. 
Improving evapotranspiration simulations in the CERES-Maize model under limited 
irrigation. Agricultural Water Management doi.org/10.1016/j.agwat.2012.08.013 

Della Maggiora, A.I., A.I. Irigoyen, J. M. Gardiol, O. Caviglia and L. Echarte. 
2002/03. Evaluación de un balance de agua en el suelo para maíz. Revista 
Argentina de Agrometeorología, 2(2):167-176. 

Devi, MJ, Reddy, VR. 2020. Stomatal closure response to soil drying at different vapor 
pressure deficit conditions in maize. Plant Physiology and Biochemistry 154 
(2020) 714–722 https://doi.org/10.1016/j.plaphy.2020.07.023 

Dokoohaki H, Gheysari M, Mousavi SF, Zand-Parsa S, Miguez FE, Archontoulis 
SV, Hoogenboom G. 2016. Coupling and testing a new soil water module in 
DSSAT CERES-Maize model for maize production under semi-arid condition, 
Agricultural Water Management, 163, 90-99. 
https://doi.org/10.1016/j.agwat.2015.09.002 

Doorenbos J, Kassam AH. 1979. Yield Response to Water. FAO Irrigation and 
Drainage Paper No. 33. United Nations FAO, Rome, Italy. 

Drouet JL, Kiniry JR. 2008. Does spatial arrangement of 3D plants affect light 
transmission and extinction coefficient within maize crops? Field Crops Research 
doi:10.1016/j.fcr.2007.12.015 

Dutta SK, Laing AM, Kumar S, Gathala MK, Singh AK, Gaydon DS, Poulton P. 
2020. Improved water management practices improve cropping system 
profitability and smallholder farmers' incomes. Agricultural Water Management 

doi.org/10.1016/j.agwat.2020.106411 

Dwyer LM, Ma BL, Hayhoe HN, Balchin D, Culley JLB, McGovern M. 1996. Root 
mass distribution under conventional and conservation tillage. Canadian Journal of 
Soil Science https://doi.org/10.4141/cjss96-004 

Dwyer LM, Ma BL, Hayhoe HN, Culley JLB. 1995. Tillage effects on soil temperature, 
shoot dry matter accumulation and corn grain yield. Journal of Sustainable 
Agriculture doi.org/10.1300/J064v05n01_07 

Dwyer LM, Ma BL, Stewart DW, Hayhoe HN, Balchin D, Culley JLB, McGovern M, 
1996. Root mass distribution under conventional and conservation tillage. 
Canadian Journal of Soil Science doi.org/10.4141/cjss96-004 

Dwyer LM, Stewart DW, Balchin D. 1988. Rooting characteristics of corn, soybeans 
and barley as a function of available water and soil physical characteristics. 
Canadian Journal of Soil Science doi.org/10.4141/cjss88-011. 

Earl HJ, Davis RF. 2003. Effect of Drought Stress on Leaf and Whole Canopy 
Radiation Use Efficiency and Yield of Maize. Agronomy Journal 
doi.org/10.2134/agronj2003.6880 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

Earley EB, McIlrath WO, Seif RD, Hageman RH. 1967. Effects of shade applied at 
different stages on corn (Zea mays L.) production. Crop Science 
doi.org/10.2135/cropsci1967.0011183X000700020018x. 

Eavis BW, Taylor HM. 1979. Transpiration of soybeans as related to leaf area, root 
length and soil water content. Agronomy Journal 
doi.org/10.2134/agronj1979.00021962007100030015x. 

Eberbach P, Pala M. 2005. Crop row spacing and its influence on the partitioning of 
evapotranspiration by winter-grown wheat in Northern Syria. Plant Soil 
doi.org/10.1007/s11104-004-0271-y. 

Ebrahimi E, Tekeste MZ, Huth NI, Antille DL, Archontoulis SV, Horton R. 2022. 
Measured and modeled maize and soybean growth and water use on pipeline 
disturbed land. Soil & Tillage Research https://doi.org/10.1016/j.still.2022.105340 

Echarte L, Andrade FH, Sadras VO, Abbate P. 2006. Kernel weight and its response 
to source manipulations during grain filling in Argentinean maize hybrids released 
in different decades. Field Crops Research doi.org/10.1016/j.fcr.2005.07.013 

Echarte L, Andrade FH, Vega CRC, Tollenaar M, 2004. Kernel number determination 
in Argentinean maize hybrids released between 1965 and 1993. Crop Science 
https://doi.org/10.2135/cropsci2004.1654. 

Echarte L, Andrade FH. 2003. Harvest index stability of Argentinean maize hybrids 
released between 1965 and 1993. Field Crops Research 
https://doi.org/10.1016/S0378-4290(02)00232-0. 

Echarte L, Echarte MM, Cerrudo D, Gonzalez VH, Alfonso C, Cambareri M, 
Hernandez MD, Nagore ML, Della Maggiora A. 2020. Sunflower 
evapotranspiration and water use efficiency in response to plant density. Crop 
Science doi.org/10.1002/csc2.2000 

Echarte L, Rothstein S, Tollenaar M. 2008. The response of leaf photosynthesis and 
dry matter accumulation to N supply in an older and a newer maize hybrid. Crop 
Science doi.org/10.2135/cropsci2007.06.0366. 

Echarte, L., Sinclair, T. R., & Jafarikouhini, N. Maize leaf rolling and its response to 
drying soil and evaporative demand. Crop Science. 
https://doi.org/10.1002/csc2.21002 

Echarte L, Tollenaar M. 2006. Kernel set in maize hybrids and their inbred lines 
exposed to stress. Crop Science doi.org/10.2135/cropsci2005.0204. 

Edmeades GO, Daynard TB. 1979. The relationship between final yield and 
photosynthesis at flowering in individual maize plants. Canadian Journal of Plant 
Science doi.org/10.4141/cjps79-097. 

Egli DB. 1998. Seed biology and the yield of grain crops. 1st ed. CAB International, 
Oxford. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

Enz JW, Brun LJ, Larsen JK. 1988. Evaporation and energy balance for bare and 
stubble covered soil. Agricultural and Forest Meteorology doi:10.1016/0168-
1923(88)90006-8 

Facchi A, Gharsallah O, Corbari C, Masseroni D, Mancini M, Gandolfi C, 2013. 
Determination of maize crop coefficients in humid climate regime using the eddy 
covariance technique. Agricultural Water Management 
doi.org/10.1016/j.agwat.2013.08.014 

Farquhar GD, Sharkey TD. 1982. Stomatal conductance and photosynthesis. Annual 
Review of Plant Physiology doi.org/10.1146/annurev.pp.33.060182.001533. 

Feng D, Li G, Wang D, Wulazibieke M, Cai M, Kang J, Yuan Z, Xu H, 2022. 
Evaluation of AquaCrop model performance under mulched drip irrigation for maize 
in Northeast China. Agricultural Water Management 
doi.org/10.1016/j.agwat.2021.107372 

Fernández JE, Moreno F, Murillo JM, Fernández-Boy E, Cayuela JA, Cabrera F. 
1996. Water use and yield of maize with two levels of nitrogen fertilization in SW 
Spain. Agricultural Water Management doi.org/10.1016/0378-3774(95)01192-7. 

Fiorini A, Boselli R, Amaducci S, Tabaglio V. 2018. Effects of no-till on root 
architecture and root-soil interactions in a three-year crop rotation. European 
Journal of Agronomy doi:10.1016/j.eja.2018.07.009 

Fischer RA, Turner NC. 1978. Plant Productivity in the Arid and Semiarid Zones. 
Annual Review of Plant Physiology doi:10.1146/annurev.pp.29.060178.001425 

Fischer T, Byerlee D, Edmeades GO. 2014. Crop Yields and Global Food Security: 
Will Yield Increase Continue to Feed the World? ACIAR Monograph. Australian 
centre for international agricultural research, Cranberra. 

Flénet F, Kiniry JR, Board JE, Westgate ME, Reicosky DC. 1996. Row spacing 
effects on light extinction coefficients of corn, sorghum, soybean, and sunflower. 
Agronomy Journal doi.org/10.2134/agronj1996.00021962008800020011x.  

Gao Y, Chen J, Wang G, Liu Z, Sun W, Zhang Y, Zhang X. 2022. Different 
Responses in Root Water Uptake of Summer Maize to Planting Density and 
Nitrogen Fertilization. Front of Plant Science doi: 10.3389/fpls.2022.918043 

Gastal F, Lemaire G. 2002. N uptake and distribution in crops: an agronomical and 
ecophysiological perspective. Journal of Experimental Botany 
doi.org/10.1093/jexbot/53.370.789. 

Ghanem, M. E., Kehel, Z., Marrou, H., & Sinclair, T. R. (2020). Seasonal and climatic 
variation of weighted VPD for transpiration estimation. European Journal of 
Agronomy, 113, 125966. https://doi.org/10.1016/j.eja.2019.125966 

Gholipoor M, Choudhary S, Sinclair TR, Messina CD, Cooper M. 2013a. 
Transpiration Response of Maize Hybrids to Atmospheric Vapour Pressure 
Deficit Journal of Agronomy and Crop Science https://doi.org/10.1111/jac.12010 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

Gholipoor M, Sinclair TR, Raza MAS, Löffler C, Cooper M, Messina CD. 2013b. 
Maize hybrid variability for transpiration decrease with progressive soil drying. 
Journal of Agronomy and Crop Science, 199, 23–29. 
https://doi.org/10.1111/j.1439-037X.2012.00530.x 

Gilbert ME, Zwieniecki MA, Holbrook NM. 2011. Independent variation in 
photosynthetic capacity and stomatal conductance leads to differences in 
intrinsic water use efficiency in 11 soybean genotypes before and during mild 
drought. Journal of Experimental Botany https://doi.org/10.1093/jxb/erq461 

Global Yield Gap and Water Productivity Atlas. Available URL: www.yieldgap.org 
(accessed on: February, 16, 2023) 

Grant RF, Jackson BS, Kiniry JR, Arkin GF. 1989. Water deficit timing effects on 
yield components in maize. Agronomy Journal 
https://doi.org/10.2134/agronj1989.00021962008100010011x. 

Grassini P, Yang HS, Cassman KG 2009. Limits to maize productivity in western 
Corn-Belt: A simulation analysis for fully irrigated and rainfed conditions. 
Agricultural and Forest Meteorology, 
https://doi.org/10.1016/j.agrformet.2009.02.012 

Gregory PJ, Simmonds LP, Pilbeam CJ. 2000. Soil type, climatic regime, and the 
response of water use efficiency to crop management. Agronomy Journal 
https://doi.org/10.2134/agronj2000.925814x. 

Guan D, Al-Kaisi MM, Zhang Y, Duan L, Tan W. 2014. Tillage practices affect 
biomass and grain yield through regulating root growth, root-bleeding sap and 
nutrients uptake in summer maize. Field Crops Research 
https://doi.org/10.1016/j.fcr.2013.12.015 

Guo T, Liu C, Xiang Y, Zhang P, Wang R. 2021. Simulations of the Soil Evaporation 
and Crop Transpiration Beneath a Maize Crop Canopy in a Humid Area. Water 
doi.org/10.3390/w13141975 

Hall AJ, Lemcoff JH, Trapani N. 1981. Water stress before and during flowering in 
maize and its effects on yield, its components, and their determinants. Maydica 
26:19-38. 

Hatfield JL, Dold C. 2019. Water-Use Efficiency: Advances and Challenges in a 
Changing Climate. Frontiers in Plant Science doi:10.3389/fpls.2019.00103 

Hatfield JL, Prueger JH. 1996. Microclimate effects of crop residues on biological 
processes. Theoretical and Applied Climatology doi:10.1007/bf00863558 

Hattendorf MJ, Redelfs MS, Amos B, Stone LR, Gwin RE. 1988. Comparative Water 
Use Characteristics of Six Row Crops. Agronomy Journal, 
doi.org/10.2134/agronj1988.00021962008000010019x 

Heatherly LG, Ray, J. 2007. Soybean and Corn. In: Irrigation of Agricultural Crops, 
Volume 30, Second Edition Editor(s):R.J. Lascano, R.E. Sojka. Agronomy 
Monographs doi:10.2134/agronmonogr30.2ed 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

Heng LK, Hsiao T, Evett S, Howell T, Steduto P. 2009. Validating the FAO aquacrop 
model for irrigated and water defi cient field maize. Agronomy Journal 
doi.org/10.2134/agronj2008.0029xs 

Hernández M, Echarte L, Della Maggiora A, Cambareri M, Barbieri P, Cerrudo D. 
2015. Maize water use efficiency and evapotranspiration response to N supply 
under contrasting soil water availability. Field Crops Research 
doi.org/10.1016/j.fcr.2015.03.017 

Hernández MD, Alfonso C, Cerrudo A, Cambareri M, Della Maggiora A, Barbieri P, 
Echarte MM, Echarte L. 2020. Eco-physiological processes underlying maize 
water use efficiency response to plant density under contrasting water regimes. 
Field Crops Research https://doi.org/10.1016/j.fcr.2020.107844. 

Hernández MD, Alfonso C, Echarte, MM, Cerrudo A, Echarte L, 2021. Maize 
transpiration efficiency increases with N supply or higher plant densities. 
Agricultural Water Management doi.org/10.1016/j.agwat.2021.106816 

Hoogenboom G, Huck MG, Peterson CM. 1987. Root growth rate of soybean as 
affected by drought stress. Agronomy Journal 
https://doi.org/10.2134/agronj1987.00021962007900040004x 

Hoogenboom G, Jones JW, Wilkens PW, et al. 2010. Decision Support System for 
Agrotechnology Transfer (DSSAT): past, current and future developments. 
University of Hawaii, Honolulu, HI, USA. 

Hoogenboom G, Peterson CM, 1987. Shoot Growth Rate of Soybean as Affected by 
Drought Stress 1. Agronomy Journal 
https://doi.org/10.2134/agronj1987.00021962007900040003x. 

Horton R, Bristow KL, Kluitenberg GJ, Sauer TJ. 1996. Crop residue effects on 
surface radiation and energy balance — review. Theoretical and Applied 
Climatolology doi.org/10.1007/BF00863556 

Howell TA, Steiner JL, Schneider AD, Evett SR, Tolk JA. 1997. Seasonal and 
maximum daily evapotranspiration of irrigated winter wheat, sorghum, and corn: 
Southern High Plains. American Society of Agricultural and Biological Engineers 
doi: 10.13031/2013.21321. 

Howell TA, Tolk JA, Schneider AD, Evett, S.R. 1998. Evapotranspiration, yield, and 
water use efficiency of corn hybrids differing in maturity. Agronomy Journal 
https://doi.org/10.2134/agronj1998.00021962009000010002x 

Howell TA. 2001. Enhancing water use efficiency in irrigated agriculture. Agronomy 
Journal http://dx.doi.org/10.2134/agronj2001.932281x 

Hsiao TC, Heng L, Steduto P, Rojas-Lara B, Raes D, Fereres E. 2009. AquaCrop—
The FAO Crop Model to Simulate Yield Response to Water: III. Parameterization 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

and Testing for Maize. Agronomy Journal 
https://doi.org/10.2134/agronj2008.0218s 

Irmak S, Djaman K. 2016. Effects of Planting Date and Density on Plant Growth, Yield, 
Evapotranspiration, and Water Productivity of Subsurface Drip-Irrigated and 
Rainfed Maize. American Society of Agricultural and Biological Engineers 
doi:10.13031/trans.59.11169. 

Irmak S, Odhiambo L, Specht JE, Djaman K. 2013. Hourly and daily single and basal 
evapotranspiration crop coefficients as a function of growing degree days, days 
after emergence, leaf area index, fractional green canopy cover, and plant 
phenology for soybean. American Society of Agricultural and Biological 
Engineers http://dx.doi.org/10.13031/trans.56.10219 

Jafarikouhini N, Pradhan D, Sinclair TR. 2020.  Basis of limited-transpiration rate 
under elevated vapor pressure deficit and high temperatures among sweet corn 
culitvars.  Environmental and Experimental Botany 
https://doi.org/10.1016/j.envexpbot.2020.104205. 

Jara J, Stockle CO. 1999. Simulation of Water Uptake in Maize, Using Different Levels 
of Process Detail. Agronomy Journal. doi:10.2134/agronj1999.0002196200 

Jarvis PG, McNaughton KG. 1986. Stomatal control of transpiration: scaling up from 
leaf to region. Advances in Ecological Research https://doi.org/10.1016/S0065-
2504(08)60119-1. 

Jiang H, Egli DB. 1995. Soybean seed number and crop growth rate during flowering. 
Agronomy Journal https://doi.org/10.2134/agronj1995.00021962008700020020x. 

Jones JW, Tsuji GY, Hoogenboom G, Hunt LA, Thornton PK, Wilkens PW, 
Imamura DT, Bowen WT, Singh U. 1998. Decision support system for 
agrotechnology transfer; DSSAT v3. In: Tsuji, G.Y., Hoogenboom, G., Thornton, 
P.K. (Eds.), Understanding Options for Agricultural Production. Kluwer Academic 
Publishers, Dordrecht, the Netherlands, pp. 157/177. 

Jones JW, Zur B, Bennett JM. 1986. Interactive effects of water and nitrogen stresses 
on carbon and water vapour exchange of corn canopies. Agricultural and Forest 
Meteorolology https://doi.org/10.1016/0168-1923(86)90053-5. 

Kamali B, Lorite IJ, Webber HA, Rezaei EE, Gabaldon-Leal C, Nendel C, Siebert S, 
Ramirez-Cuesta JM, Ewert F, Ojeda JJ. 2022. Uncertainty in climate change 
impact studies for irrigated maize cropping systems in southern Spain. Scientific 
Reports https://doi.org/10.1038/s41598-022-08056-9 

Karam F, Lahoud R, Massaad R, Kabalan R, Breidi J, Chalita C, Rouphael Y. 2007. 
Evapotranspiration, seed yield and water use efficiency of drip irrigatedsunflower 
under full and deficit irrigation conditions. Agricultural Water Management 
https://doi.org/10.1016/j.agwat.2007.03.009 

Kasperbauer MJ, Karlen DJ. 1994. Plant spacing and reflected far red light effects on 
phytochrome-regulated photosynthate allocation in corn seedlings. Crop Science 
https://doi.org/10.2135/cropsci1994.0011183X003400060027x. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

Katerji N, Campi P, Mastrorilli M. 2013. Productivity, evapotranspiration, and water 
use efficiency of corn and tomato crops simulated by AquaCrop under 
contrasting water stress conditions in the Mediterranean region. Agricultural 
Water Management https://doi.org/10.1016/j.agwat.2013.08.005 

Kaur, R., & Arora, V. (2018). Assessing spring maize responses to irrigation and 
nitrogen regimes in north-west India using CERES-Maize model. Agricultural 
Water Management, 209, 171–177. doi:10.1016/j.agwat.2018.07.022  

Keating BA, Carberry PS, Hammer GL, et al. 2003. An overview of APSIM, a model 
designed for farming systems simulation. European Journal of Agronomy 
doi:10.1016/S1161-0301(02)00108-9 

Kim K, Clay DE, Carlson CG, Clay SA, Trooien T. 2008. Do synergistic relationships 
between nitrogen and water influence the ability of corn to use nitrogen derived 
from fertilizer and soil? Agronomy Journal 
https://doi.org/10.2134/agronj2007.0064. 

Kiniry JR  and Echarte L. 2005. Letter to the Editor concerning ―Yield Response of 
Corn to Crowding Stress‖ by Hashemi et al. (Agron. J. 97: 839-846, 2005). 
Agronomy J. 97: 1472. https://doi.org/10.2134/agronj2005.0176le 

Koksal A. 2018. Yield and quality characteristics of drip‑irrigated soybean under 
different irrigation levels. Agronomy Journal, 
https://doi.org/10.2134/agronj2017.12.0748. 

Kremer C, Stöckle CO, Kemanian AR, Howell T. 2008. A canopy transpiration and 
photosynthesis model for evaluating simple crop productivity models. In 
―Understanding and modeling water stress effects on plant growth processes”, 
Advances in Agricultural Systems Modeling Series 1 eds L. R. Ahuja, V. R. 
Reddy, S. A. Saseendran and Q. Yu. (Segoe Rd. Madison, WI 53711, USA: 
ASA, CSSA, SSSA, 677 S) http://dx.doi.org/10.2134/advagricsystmodel1.c6 

Lambers H, Chapin FS, Pons, TL. 2008. Ecosystem and Global Processes: 
Ecophysiological Controls. In Plant Physiological Ecology, 2nd ed.; Springer: 
New York, NY, USA, 2008; p. 559. 

Lamm FR, Aiken RM, Aboukheira AA. 2011. Irrigation research withsunflowers in 
Kansas. In: Proc. 23rd Annual Central Plains Irrig. Conf.,Burlington, Colo., CO, 
USA, pp. 169–180. 

Lamm FR, Aiken RM, Kheira AA. 2009. Corn yield and water use characteristics as 
affected by tillage, plant density, and irrigation. American Society of Agricultural 
and Biological Engineers http://dx.doi.org/10.13031/2013.25954. 

Lamptey S, Li L, Xie J, Zhang R, Yeboah S, Antille DL. 2017. Photosynthetic 
response of maize to nitrogen fertilization in the semiarid western Loess Plateau 
of China. Crop Science https://doi.org/10.2135/cropsci2016.12.1021. 

Liao Z, Zeng H, Fan J, Lai Z, et al. 2022. Effects of plant density, nitrogen rate and 
supplemental irrigation on photosynthesis, root growth, seed yield and water-
nitrogen use efficiency of soybean under ridge-furrow plastic mulching. 
Agricultural Water Management https://doi.org/10.1016/j.agwat.2022.107688 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

Löffler CM, Wei J, Fast T, Gogerty J, Langton S, Bergman M, Merril, B, Cooper M. 
2005. Classification of maize environments using crop simulation and geographic 
information systems. Crop Science https://doi.org/10.2135/cropsci2004.0370. 

Lopez G, Ahmadi SH, Amelung W, et al. 2023. Nutrient deficiency effects on root 
architecture and root-to-shoot ratio in arable crops. Frontier in Plant Science doi: 
10.3389/fpls.2022.1067498 

López-Cedrón FX, Boote KJ, Pineiro J, Sau F. 2008. Improving the CERES-Maize 
model ability to simulate water deficit impact on maize production and yield 
components. Agronomy Journal https://doi.org/10.2134/agronj2007.0088. 

Ma Y, Song X. 2016. Using stable isotopes to determine seasonal variations in water 
uptake of summer maize under different fertilization treatments. Science of Total 
Environment doi: 10.1016/j.scitotenv.2016. 01.148 

Magaia E, Samba F, Wesstrom I, Brito R, Joel A. 2017. Modelling maize yield 
response to plant density and water and nitrogen supply in a semi-arid region. 
Field Crops Research http://dx.doi.org/10.1016/j.fcr.2016.12.025 

Marek GW, Chen Y, Marek TH, Heflin KR, O’Shaughnessy SA, Gowda PH, Brauer 
DK. 2020.  Assessing planting date effects on seasonal water use of full- and 
short-season maize using SWAT in the southern Ogallala Aquifer 
region. Irrigation Science https://doi.org/10.1007/s00271-019-00653-3 

Mason WK, Rowse HR, Bennie ATP, Kaspar TC, Taylor HM. 1982. Responses of 
soybeans to two row spacings and two soil water levels. II. Water use, root 
growth and plant water status. Field Crops Research doi:10.1016/0378-
4290(82)90003-X 

Matthews R, Harris D, Williams J, Nageswara Rao R, 1988. The physiological basis 
for yield differences between four genotypes of groundnut (Arachis hypogaea) in 
response to drought. II. Solar radiation interception and leaf movement. 
Experimental Agriculture http://dx.doi.org/10.1017/S0014479700015957. 

McCullough DE, Girardin P, Mihajlovic M, Aguilera A, Tollenaar M. 1994. Influence 
of N supply on development and dry matter accumulation of an old and a new 
maize hybrid. Canadian Journal of Plant Science https://doi.org/10.4141/cjps94-
087 

McNaughton KG, Jarvis PG. 1991. Effects of spatial scale on stomatal control of 
transpiration. Agricultural and Forest Meteorology, doi:10.1016/0168-
1923(91)90010-n 

Mercau JL, Otegui ME. 2014. A modeling approach to explore water management 
strategies for late-sown maize and double-cropped wheat–maize in the rainfed 
Pampas region of Argentina. In ‗Practical applications of agricultural system 
models to optimize the use of limited water. Vol. 5‘. (Eds LR Ahuja, L Ma, RJ 
Lascano) pp. 351–373. (American Society of Agronomy, Inc., Crop Science 
Society of America, Inc., Soil Science Society of America, Inc.: Madison, WI, 
USA) doi:10.2134/advagricsystmodel5.c13 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

Merrill SD, Tanaka DL, Hanson JD. 2002. Root length growth of eight crop species in 
Haplustoll soils. Soil Science Society of America Journal 
https://doi.org/10.2136/sssaj2002.9130  

Messina, CD, Sinclair, TR, Hammer, GL, Curan, D, Thompson, J, Oler, Z, … 
Cooper, M. 2015. Limited-transpiration trait may increase maize drought 
tolerance in the U.S. corn belt. Agronomy Journal, 107, 1978–1986. 
https://doi.org/10.2134/agronj15.0016. 

Messina, CD, Podlich, D, Dong, Z, Samples, M, & Cooper, M. 2011. Yield-trait 
performance landscapes: From theory to application in breeding maize for 
drought tolerance. Journal of Experimental Botany, 62, 855–868. 
https://doi.org/10.1093/jxb/erq329 

Messina, C., D. McDonald, H. Poffenbarger, R. Clark, A. Salinas, Y. Fang, C. Gho, 
T. Tang, G. Graham, G.L. Hammer, M. Cooper. 2021. Reproductive resilience 
but not root architecture underpins yield improvement under drought in maize. 
Journal of Experimental Botany 72(14): 5235–5245 

Mian MAR, Ashley DA, Boerma HR. 1998. An additional QTL for water use efficiency 
in soybean. Crop Science  
https://doi.org/10.2135/cropsci1998.0011183X003800020020x  

Mian MAR, Bailey MA, Ashley DA, Wells R, Carter TE Jr, Parrott WA, Boerma HR. 
1996. Molecular markers associated with water use efficiency and leaf ash in 
soybean. Crop Science 
http://dx.doi.org/10.2135/cropsci1996.0011183X003600050030x 

Monteith JL, Moss CJ. 1977. Climate and the efficiency of crop production in Britain. 
Procedings of the Royal Society of London 
https://doi.org/10.1098/rstb.1977.0140 

Monteleone B, Borzí I, Bonaccorso B, Martina M. 2022. Developing stage-specific 
drought vulnerability curves for maize : The case study of the Po River basin. 
Agricultural Water Management https://doi.org/10.1016/j.agwat.2022.107713 

Monzón JP, Cafaro La Menza N, Cerrudo A, Canepa M, Rattalino Edreira JI, 
Specht J, Andrade FH, Grassini P. 2021. Critical period for seed number 
determination in soybean as determined by crop growth rate, duration, and dry 
matter accumulation. Field Crops Research 
https://doi.org/10.1016/j.fcr.2020.108016 

Monzón JP, Calvino PA, Sadras VO, Zubiaurre JB, Andrade FH. 2018. Precision 
agriculture based on crop physiological principles improves whole-farm yield and 
profit: A case study. European journal of agronomy 
https://doi.org/10.1016/j.eja.2018.06.011  

Monzón JP, Sadras VO, Abbate PA, Caviglia OP. 2007. Modelling management 
strategies for wheat–soybean double crops in the south-eastern Pampas. Field 
Crops Research https://doi.org/10.1016/j.fcr.2006.09.007. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

Monzón JP, Sadras VO, Andrade FH. 2012. Modelled yield and water use efficiency of 
maize in response to crop management and Southern Oscillation Index in a 
soilclimate transect in Argentina. Field Crops Research 
https://doi.org/10.1016/j.fcr.2012.02.001  

Muchow RC, Davis R, 1988. Effect of nitrogen supply on the comparative productivity 
of maize and sorghum in a semi-arid tropical environment. II. Radiation 
interception and biomass accumulation. Field Crops Research 
https://doi.org/10.1016/0378-4290(88)90056-1 

Muchow RC, Sinclair TR. 1994. Nitrogen response of leaf photosynthesis and canopy 
radiation use efficiency in field-grown maize and sorghum. Crop Science 
https://doi.org/10.2135/cropsci1994.0011183X003400030022x 

Mujica CR, Bea SA. 2020. Estimations of rooting depths and sources of plant-available 
water (PAW) in flatland petrocalcic soils under different land uses. Geoderma 
https://doi.org/10.1016/j.geoderma.2019.114019 

Mzezewa J, Gwata ET, van Rensburg LD. 2011. Yield and seasonal water productivity 
of sunflower as affected by tillage and cropping systems under dryland conditions 
in the Limpopo Province of South Africa. Agricultural Water Management 
https://doi.org/10.1016/j.agwat.2011.06.003 

Nagore ML, Della Maggiora A, Andrade FH, Echarte L. 2017. Water use efficiency for 
grain yield in an old and two modern maize hybrids. Field Crops Research 
http://dx.doi.org/10.1016/j.fcr.2017.09.013. 

Nagore ML, Echarte L, Andrade FH, Della Maggiora A. 2014. Crop 
evapotranspiration in Argentinean maize hybrids released in different decades. 
Field Crops Reseach https://doi.org/10.1016/j.fcr.2013.09.026 

Nagore ML, Mujica H, Perozzi F, Darwich G, Pereyra Iraola MM, Bodega JL, 
Martínez DR, Cambareri M, Echarte L. 2020. Dinámica de agua en el suelo en 
soja sembrada a diferentes espaciamientos entre hileras. XVIII  Reunión 
Argentina y IX Latinoamericana de Agrometeorología. 23 al 27 de noviembre de 
2020 (VIRTUAL), Argentina. 

Ogola JBO, Wheeler TR, Harris PM. 2002. Effects of nitrogen and irrigation on water 
use of maize crops. Field Crops Research https://doi.org/10.1016/S0378-
4290(02)00116-8 

Ogola JBO, Wheeler TR, Harris PM. 2005. Water use of maize in response to planting 
density and irrigation. South African Journal of Plant Soil 
doi.org/10.1080/02571862.2005.10634692 

Oikeh SO, Kling JG, Horst WJ, Chude VO, Carsky RJ. 1999. Growth and distribution 
of maize roots under nitrogen fertilization in plinthite soil. Field Crops Research 
https://doi.org/10.1016/S0378-4290(98)00169-5 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

Otegui ME, Andrade FH, Suero EE. 1995. Growth, water use, and kernel abortion of 
maize subjected to drought at silking. Field Crops Research 
https://doi.org/10.1016/0378-4290(94)00093-R 

Otegui ME, Cirilo AG, Uhart SA, Andrade FH. 2021. Chapter 1. Maize. In: V.O. 
Sadras, and D.F. Calderini (Eds), ‗Crop Physiology: Case histories for major 
crops‘. Academic Press, Elsevier, pp: 2-43. Book ISBN: 9780128191941. 
Chapter doi: 10.1016/B978-0-12-819194-1.00001-3. 

Overman AR, Scholtz RV. 2011. Model of yield response of corn to plant population 
and absorption of solar energy. PLoS One 
https://doi.org/10.1371/journal.pone.0016117 

Pandey RK, Maranville JW, Admou A. 2000. Deficit irrigation and nitrogen effects on 
maize in a Sahelian environment. I. Grain yield and yield components. 
Agricultural Water Management https://doi.org/10.1016/S0378-3774(00)00073-1 

Passioura JB. 1977. Grain yield, harvest index and water-use of wheat. Journal of the 
Australian Institute of Agricultural Science 
http://hdl.handle.net/102.100.100/302777?index=1 

Paterniani E. 1981. Influence of tassel size on ear placement. Maydica 26:85-91 

Payero JO, Melvin SR, Irmak S. 2005. Response of soybean to deficit irrigation in the 
semi-arid environment of west-central Nebraska. American Society of Agricultural 
and Biological Engineers https://doi.org/10.13031/2013.20105. 

Peake AS, Huth NI, Kelly AM, Bell KL. 2013. Variation in water extraction with maize 
plant density and its impact on model application. Field Crops Research 
doi:10.1016/j.fcr.2013.02.012.  

Peake AS, Robertson MJ, Bidstrup RJ. 2008. Optimising maize plant population and 
irrigation strategies on the Darling Downs using the APSIM crop simulation 
model. Australian Journal of Experimental Agriculture 
http://dx.doi.org/10.1071/EA06108  

Perozzi F. 2020. Efecto de la densidad de siembra y espaciamiento entre hileras sobre 
el rendimiento de soja en secano en Balcarce Tesis de grado, requisito para 
optar al título de Ingeniero Agrónomo. Facultad de Ciencias Agrarias, UNMdP. 

Persaud N, Khosla R. 1999. Partitioning soil-water losses in different plant populations 
of dry-land corn. Agricultural Water Management 
doi:10.1016/s03783774(99)00032-3 

Pilbeam CJ, Simmonds LP, Kavilu AW. 1995. Transpiration efficiencies of maize and 
beans in semi-arid Kenya. Field Crops Research https://doi.org/10.1016/0378-
4290(95)00011-E 

Pilloni R, Faye A, Kakkera A, Kholova J, Badji R, Faye C, Vadez V. 2022 Higher 
sowing density of pearl millet increases productivity and water use efficiency in 
high evaporative demand seasons. Frontiers in Plant Science doi: 
10.3389/fpls.2022.1035181. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

Podestá GP, Messina CD, Grondona MO, Magrin GO. 1999. Associations between 
grain crop yields in central-eastern Argentina and El Nino-Southern Oscillation. 
Journal of Applied Meteorology 38, 1488–1498. https://doi.org/10.1175/1520-
0450(1999)038<1488:ABGCYI>2.0.CO;2 

Polley HW. 2002. Implications of atmospheric and climatic change for crop yield and 
water use. Crop Science http://dx.doi.org/10.2135/cropsci2002.1310 

Poorter, H., Bühler, J., van Dusschoten, D., Climent, J., & Postma, J. A. (2012). Pot 
size matters: a meta-analysis of the effects of rooting volume on plant growth. 
Functional Plant Biology, 39(11), 839. doi:10.1071/fp12049 

Rahman T, Ye L, Liu X, Iqbal N, Du J, Gao R, Liu W, Yang F, Yang W. 2017. Water 
use efficiency and water distribution response to different planting patterns in 
maize-soybean relay strip intercropping systems. Experimental Agriculture doi: 
10.1017/S0014479716000260. 

Ram H, Singh Y, Saini KS, Kler DS, Timsina J. 2013. Tillage and planting methods 
effects on yield, water use efficiency and profitability of soybean-wheat system 
on a loamy sand soil. Experimental Agriculture, 
https://doi.org/10.1017/S0014479713000264 

Ran H, Kang S, Li F, Tong L, Ding R, Du T, Li S, Zhang X. 2017. Performance of 
AquaCrop and SIMDualKc models in evapotranspiration partitioning on full and 
deficit irrigated maize for seed production under plastic film-mulch in an arid 
region of China. Agricultural Systems https://doi.org/10.1016/j.agsy.2016.11.001. 

Raper CD, Barber SA. 1970. Rooting Systems of Soybeans. I. Differences in Root 
Morphology among Varieties 1. Agronomy Journal 
https://doi.org/10.2134/agronj1970.00021962006200050009x 

Rattalino Edreira JI, Guilpart N, Sadras V, Cassman KG, van Ittersum MK, Schils 
RLM, Grassini P. 2018. Water productivity of rainfed maize and wheat: A local to 
global perspective. Agricultural and Forest Meteorology 
http://dx.doi.org/10.1016/j.agrformet.2018.05.019  

Ray JD, Sinclair TR. 1997. Stomatal conductance of maize hybrids in response to 
drying soil. Crop Science https://doi.org/10.1016/j.plaphy.2020.07.023 

Ray, J.D., Gesch, R.W., Sinclair, T.R., Hartwell Allen, L. 2002. The effect of vapor 
pressure deficit on maize transpiration response to a drying soil. Plant and Soil 
239(1), pp. 113-121. https://doi.org/10.1023/A:1014947422468 

Ray, J.D., Sinclair, T.R. 1998. The effect of pot size on growth and transpiration of 
maize and soybean during water deficit stress. Journal of Experimental Botany 
49(325), pp. 1381-1386. https://doi.org/10.1093/jxb/49.325.1381 

Reddy MD, Murthy IK, Reddy KA, Venkatachari A. 1980. Consumptive use and daily 
evapotranspiration of corn under different levels of nitrogen and moisture 
regimes. Plant Soil https://doi.org/10.1007/BF02197960 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

Reddy, B.K., Angira, B., Blaser, B.C., Stewart, B.A. 2015. Transpiration Efficiency of 
Grain Sorghum and Maize under Different Planting Geometries. Journal of Crop 
Improvement.  29(5), pp. 619-635. 
https://doi.org/10.1080/15427528.2015.1071299 

Reicosky DC, Warnes DD, Evans SD. 1985. Soybean evapotranspiration, leaf water 
potential and foliage temperature as affected by row spacing and irrigation. Field 
Crops Research doi:10.1016/0378-4290(85)90004-8 

Ren B, Liu W, Zhang J, Dong S, Liu P, Zhao B. 2017. Effects of plant density on the 
photosynthetic and chloroplast characteristics of maize under high-yielding 
conditions. Naturwissenschaften. https://doi.org/10.1007/s00114-017-1445-9 

Ren X, Sun D, Wang Q. 2016. Modeling the effects of plant density on maize 
productivity and water balance in the Loess Plateau of China. Agriculture Water 
Management https://doi.org/10.1016/j.agwat.2016.03.014 

Ren YY, Wang XL, Zhang SQ, Palta JA, Chen YL. 2017. Influence of spatial 
arrangement in maize-soybean intercropping on root growth and water use 
efficiency. Plant and Soil, https://doi.org/10.1007/s11104-016-3143-3 

Rhoads FM, Bennet JM. 1990. Corn. Pp. 589-596. In: B.A. Stewart y D.R. Nielsen 
(Eds) Irrigation of agricultural crops. Agronomy 30. ASA, CSSA, SSA, Wisconsin, 
USA. 

Ritchie JT. 1972. Model for predicting evaporation from a row crop with incomplete 
cover. Water resources research https://doi.org/10.1029/WR008i005p01204 

Ross IJ, White GM. 1972. Thin layer drying characteristics of white corn. American 
Society of Agricultural Engineers 15, 175-179 

Rotili DH, Giorno A, Tognetti PM, Maddonni GÁ. 2019. Expansion of maize 
production in a semi-arid region of Argentina: Climatic and edaphic constraints 
and their implications on crop management. Agricultural Water Management 
https://doi.org/10.1016/j.agwat.2019.105761 

Rotundo JL, Borrás L, De Bruin J, Pedersen P. 2012. Physiological strategies for 
seed number determination in soybean: Biomass accumulation, partitioning and 
seed set efficiency. Field Crops Research doi:10.1016/j.fcr.2012.06.012 

Sadras VO, Hall AJ, Trapani N, Vilella F. 1989. Dynamics of rooting and root-length: 
leaf-area relationships as affected by plant population in sunflower crops. Field 
Crops Research doi:10.1016/0378-4290(89)90088-9 

Sadras VO, Milroy SP. 1996. Soil-water thresholds for the responses of leaf expansion 
and gas exchange: a review. Field Crops Research https://doi.org/10.1016/0378-
4290(96)00014-7 

Sadras VO, Whitfield DM, Connor DJ. 1991. Transpiration efficiency in crops of semi-
dwarf and standard-height sunflower. Irrigation Science 
https://doi.org/10.1007/BF00190015 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

Sadras, V.O., and A.J. Hall. 1988. Quantification of temperature, photoperiod and 
population effects on plant leaf area in sunflower crops. Field Crops Res. 18:185-
196. https://doi.org/10.1016/0378-4290(88)90008-1 

Salah H, Tardieu F. 1997. Control of leaf expansion rate of droughted maize plants 
under fluctuating evaporative demand: A superposition of hydraulic and chemical 
messages?. Plant Physiology https://doi.org/10.1104/pp.114.3.893 

Sandhu R, Suat Irmak. 2019. Assessment of AquaCrop model in simulating maize 
canopy cover, soil-water, evapotranspiration, yield, and water productivity for 
different planting dates and densities under irrigated and rainfed condition. 
Agricultural Water Management, 10.1016/j.agwat.2019.105753 

Santos MVC, de Carvalho AL, de Souza JL, da Silva MBP, Medeiros RP, Ferreira 
Junior RA, Maringolo Lemes MA. 2020. A modelling assessment of the maize 
crop growth, yield and soil water dynamics in the Northeast of Brazil. Australian 
Journal of Crop Science https://doi.org/10.3316/informit.313443861131892 

Sarlangue T, Andrade FH, Calviño PA, Purcell L.C. 2007. Why Do Maize Hybrids 
Respond Differently to Variations in Plant Density?. Agron. J., 99: 984-
991. https://doi.org/10.2134/agronj2006.0205 

Sauer TJ, Singer JW, Prueger JH, DeSutter TM, Hatfield JL. 2007. Radiation 
balance and evaporation partitioning in a narrow-row soybean canopy. 
Agricultural and Forest Meteorology 
https://doi.org/10.1016/j.agrformet.2007.04.015. 

Shao H, Xia TT, Wu DL, Chen FJ, Mi GH. 2018. Root growth and root system 
architecture of field-grown maize in response to high planting density. Plant Soil 
doi: 10.1007/s11104-018-3720-8 

Sharratt BS, McWilliams DA. 2005. Microclimatic and rooting characteristics of 
narrow-row versus conventional-row corn. Agronomy Journal 
doi:10.2134/agronj2004.0292 

Shirazi SZ, Xurong Mei, Buchun L, Yuan L. 2021. Assessment of the AquaCrop 
Model under different irrigation scenarios in the North China Plain. Agricultural 
Water Management, 10.1016/j.agwat.2021.107120,  

Sinclair TR, Bennett JM, Muchow RC. 1990. Relative sensitivity of grain yield and 
biomass accumulation to drought in field-grown maize. Crop Sci. 30, 690. 
https://doi.org/10.2135/cropsci1990.0011183X003000030043x. 

Sinclair TR, Horie T. 1989. Leaf nitrogen, photosynthesis, and crop radiation use 
efficiency: a review. Crop Science 
https://doi.org/10.2135/cropsci1989.0011183X002900010023x 

Sinclair TR, Muchow RC. 1999. Radiation use efficiency. Advances in Agronomy 
https://doi.org/10.1016/S0065-2113(08)60914-1 

Sinclair TR, Tanner CB, Bennett JM. 1984. Water-use efficiency in crop production. 
BioScience https://doi.org/10.2307/1309424 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

Sinclair TR. (Ed.). 2017. Water-Conservation traits to increase crop yields in water-
deficit environments. NY: Springer. https://doi.org/10.1007/978-3-319-56321-3 

Soltani A, Sinclair TR. 2012. Modeling Physiology of Crop Development, Growth and 
Yield, A. Soltani, T.R. Sinclair. CABI International. 322 pp. 

Sommer, Rolf and Djanibekov, Nodir and Salaev, Omonbek, Optimization of Land 
and Resource Use at Farm-Aggregated Level in the Aral Sea Basin of 
Uzbekistan with the Integrated Model FLEOM – Model Description and First 
Application (July 29, 2010). ZEF – Discussion Papers on Development Policy No. 
139, Available at SSRN: https://ssrn.com/abstract=1650631  

Song L, Jin J. 2020. Improving CERES-Maize for simulating maize growth and yield 
under water stress conditions. European Journal of Agronomy, 117, 126072. 
https://doi.org/10.1016/j.eja.2020.126072 

Sponchiado BN, White JW, Castillo JA, Jones PG. 1989.  Root growth of four 
common bean cultivars in relation to drought tolerance in environments with 
contrasting soil types. Experimental. Agriculture 
https://doi.org/10.1017/S0014479700016756 

Steduto P, Hsiao TC, Dirk R, Fereres E. 2009. AquaCrop-the FAO crop model to 
simulate yield response to water: I. Concepts and underlysing principles. 
Agronomy https://doi.org/10.2134/agronj2008.0139s 

Steduto P, Hsiao TC. 1998a. Maize canopies under two soil water regimes II. Seasonal 
trends of evapotranspiration, carbon dioxide assimilation and canopy 
conductance, and as related to leaf area index. Agricultural and Forest 
Meteorolology https://doi.org/10.1016/S0168-1923(97)00084-1  

Steduto P, Hsiao TC. 1998b. Maize canopies under two soil water regimes III. 
Variation in coupling with atmosphere and the role of leaf area index. Agricultural 
and Forest Meteorolology https://doi.org/10.1016/S0168-1923(97)00083-X 

Stockle CO, Donatelli M, Nelson R. 2003. CropSyst, a cropping systems simulation 
model. Euopean Journal of Agronomy https://doi.org/10.1016/S1161-
0301(02)00109-0 

Sun HY, Zhang XY, Wang E, Chen SY, Shao LW. 2015. Quantifying the impact of 
irrigation on groundwater reserve and crop production – a case study in the North 
China Plain. European Journal of Agronomy 
https://doi.org/10.1016/j.eja.2015.07.001 

Suyker AE, Verma SB. 2009. Evapotranspiration of irrigated and rainfed maize-
soybean cropping systems. Agricultural and Forest Meteorology, 
https://doi.org/10.1016/j.agrformet.2008.09.010 

Tambascio L, Della Maggiora A, Irigoyen A, Valentinuz OYJ, Gardiol. 2002. Efecto 
de la densidad de plantas sobre la evapotranspiración y eficiencia en el uso del 
agua en cultivos de maíz y girasol en Balcarce (Argentina). Revista Argentina de 
Agrometeorología. Tomo 2 (1): 1-9. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

Tanguilig, VC, Yambao EB, O’toole JC, De Datta SK, 1987. Water stress effects on 
leaf elongation, leaf water potential, transpiration, and nutrient uptake of rice, 
maize, and soybean. Plant Soil 103, 155–168. 
https://doi.org/10.1007/BF02370385. 

Tanner CB, Jury W.A. 1976. Estimating evaporation and transpiration from a row crop 
during incomplete cover. Agronomy Journal 
https://doi.org/10.2134/agronj1976.00021962006800020007x 

Tanner CB, Sinclair TR. 1983. Efficient water use in crop production: research or re-
search? In: HM Taylor et al. (eds), Limitations to Efficient Water Use in Crop 
Production . Madison. WI: ASA, CSSA and SSSA, pp 1–27. 

Tallec, T., Béziat, P., Jarosz, N., Rivalland, V., Ceschia, E., 2013. Crops‘ water use 
efficiencies in temperate climate: comparison of stand, ecosystem and 
agronomical approaches. Agric. For. Meteorol. 168, 69–81. 
https://doi.org/10.1016/j.agrformet.2012.07.008 

Tardieu F. 2013. Plant response to environmental conditions: assessing potential 
production, water demand, and negative effects of water deficit. Frontiers in 
Physiology 4. https://doi.org/10.3389/fphys.2013.00017. 

Taylor HM. 1980. Soybean growth and yield as affected by row spacing and by 
seasonal water supply 1. Agronomy Journal, 
https://doi.org/10.2134/agronj1980.00021962007200030032x.  

Teixeira EI, George M, Herreman T, Brown H, Fletcher A, Chakwizira E, de Ruiter 
J, Maleya S, Noblea A. 2014. The impact of water and nitrogen limitation on 
maize biomass and resource-use efficiencies for radiation, water and nitrogen. 
Field Crop Research https://doi.org/10.1016/j.fcr.2014.08.002. 

Timlin DJ, Fleisher DH, Kemanian AR, Reddy VR. 2014. Plant Density and Leaf Area 
Index Effects on the Distribution of Light Transmittance to the Soil Surface in 
Maize. Agronomy Journal https://doi.org/10.2134/agronj14.0160 . 

Timmons DR, Holt RF, Moraghan JT. 1966. Effect of corn population on yield, 
evapotranspiration, and water-use efficiency in the northwest corn belt 1. 
Agronomy Journal https://doi.org/10.2134/agronj1966.00021962005800040020x.  

Tolk JA, Evett SR, Xu W, Schwartz RC. 2016. Constraints on water use efficiency of 
drought tolerant maize grown in a semi-arid environment. Field Crops Research 
https://doi.org/10.1016/j.fcr.2015.11.012. 

Tolk JA, Howell TA, 2012. Sunflower water productivity in four Great Plainssoils. Field 
Crops Research https://doi.org/10.1016/j.fcr.2011.11.012.  

Tollenaar M, Dwyer LM, Stewart DW. 1992. Ear and kernel formation in maize hybrids 
representing three decades of grain yield improvement in Ontario. Crop Science 
http://dx.doi.org/10.2135/cropsci1992.0011183X003200020030x. 

Tollenaar, M. 1989. Genetic improvement in grain yield of commercial maize hybrids 
grown in Ontario from 1959 to 1988. Crop Sci. 29: 1365–1371. 
https://doi.org/10.2135/cropsci1989.0011183X002900060007x 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

Turner NC. 2004. Agronomic options for improving rainfall-use efficiency of crops in 
dryland farming systems. Journal of Experimental Botany 
doi:10.1093/jxb/erh154. 

Tyagi NK, Sharma DK, Luthra SK. 2000. Determination of evapotranspiration and crop 
coefficients of rice and sunflower with lysimeter. Agricultural Water Management 
https://doi.org/10.1016/S0378-3774(99)00071-2. 

Uhart SA, Andrade FH. 1995. Nitrogen Deficiency in Maize: I. Effects on Crop Growth, 
Development, Dry Matter Partitioning, and Kernel Set. Crop Science 
https://doi.org/10.2135/cropsci1995.0011183X003500050020x.  

Umair M, Yanjun S, Yongqing Q, Zhang Y, Ahmad A, Pei H, Liu M. 2017. Evaluation 
of the CropSyst Model during Wheat-Maize Rotations on the North China Plain 
for Identifying Soil Evaporation Losses. Frontiers in Plant Science, 8 
URL=https://www.frontiersin.org/articles/10.3389/fpls.2017.01667 .  

Unkovich M, Baldock J, Farquharson R. 2018. Field measurements of bare soil 
evaporation and crop transpiration, and transpiration efficiency, for rainfed grain 
crops in Australia – A review. Agricultural Water Management doi: 
10.1016/j.agwat.2018.04.016.  

Vadez V, Krishnamurthy L, Hash CT, Upadhyaya HD, Borrell AK. 2011. Yield, 
transpiration efficiency, and water-use variations and their interrelationships in the 
sorghum reference collection. Crop and Pasture Science, 62(8), 645. 
doi:10.1071/cp11007 . 

Vadez V, Halilou O, Hissene HM, Sibiry-Traore P, Sinclair TR, Soltani A. 2017. 
Mapping water stress incidence and intensity, optimal plant populations, and 
cultivar duration for african groundnut productivity enhancement. Front. Plant 
Science https://doi.org/10.3389/fpls.2017.00432. 

Vadez V. 2014. Root hydraulics: the forgotten side of roots in drought adaptation. Field 
Crop Research https://doi.org/10.1016/j.fcr.2014.03.017. 

Vadez, V., Choudhary, S., Kholová, J., (...), Prandavada, A., Anjaiah, M. 2021. 
Transpiration efficiency: Insights from comparisons of C4 cereal species. Journal 
of Experimental Botany. 72(14), pp. 5221-5234. 
https://doi.org/10.1093/jxb/erab251 

van Dam JC, Groenendijk P, Hendriks RF, Kroes JG. 2008. Advances of modeling 
water flow in variably saturated soils with SWAP. Vadose Zone Journal 
https://doi.org/10.2136/vzj2007.0060. 

van Oosterom EJ, Yang Z,  Zhang F, Deifel K, Cooper M, Messina CD, Hammer 
GL. 2016. Hybrid variation for root system efficiency in maize: potential links to 
drought adaptation. Functional Plant Biology http://dx.doi.org/10.1071/FP15308. 

van Oosterom, E.J., Kulathunga, M.R.D.L., Deifel, K.S., (...), Messina, C., Hammer, 
G.L. 2021. Dissecting and modelling the comparative adaptation to water 
limitation of sorghum and maize: Role of transpiration efficiency, transpiration 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

rate and height. In Silico Plants 3(1),diaa012 

https://doi.org/10.1093/insilicoplants/diaa012 

van Roekel RJ, Coulter JA. 2011. Agronomic responses of corn to planting date and 
plant density. Agronomy Journal https://doi.org/10.2134/agronj2011.0071. 

Vega CRC, Andrade FH, Sadras VO, Uhart SA, Valentinuz O. 2001. Seed Number as 
a Function of Growth. A Comparative Study in Soybean, Sunflower, and Maize. 
Crop Science https://doi.org/10.2135/cropsci2001.413748x. 

Vega, CRC, Sadras VO, Andrade FH, Uhart SA. 2000. Reproductive Allometry in 
Soybean, Maize and Sunflower. Annals of Botany 85:461-468. 
https://doi.org/10.1006/anbo.1999.1084 

Viets FG. 1962. Fertilizers and the efficient use of water. Advances in Agronomy 14. 
Advances in Agronomy https://doi.org/10.1016/S0065-2113(08)60439-3 . 

Vijayalakshmi K, Sanghi NK, Pelton WL, Anderson CH. 1975. Effects of plant 
population and row spacing on sunflower agronomy. Canadian Journal of Plant 
Science https://doi.org/10.4141/cjps75-075 . 

Villalobos FJ, Fereres E. 1990. Evaporation measurements beneath corn, cotton and 
sunflower canopies. Agronomy Journal 
https://doi.org/10.2134/agronj1990.00021962008200060026x. 

Villalobos FJ, Soriano A, Ferreres E. 1992. Effects of shading on dry matter 
partitioning and yield of fieldgrown sunflower. European Journal of Agronomy 
https://doi.org/10.1016/S1161-0301(14)80008-7. 

Vos J, Van Der Putten PEL, Birch CJ. 2005. Effect of nitrogen supply on leaf 
appearance, leaf growth, leaf nitrogen economy and photosynthetic capacity in 
maize (Zea mays L.). Field Crops Research 
https://doi.org/10.1016/j.fcr.2004.09.013 

Walker GK. 1983. Measurement of evaporation from soil beneath crop canopies. 
Canadian Journal of Soil Science, 63: 137-141. https://doi.org/10.4141/cjss83-
013 

Walker GK. 1986. Transpiration efficiency of field-grown maize. Field Crops Research 
https://doi.org/10.1016/0378-4290(86)90044-4 

Wang Y, Guohua M, Fanjun C, Jianhua Z, Fusuo Z. 2005. Response of root 
morphology to nitrate supply and its contribution to nitrogen accumulation in 
maize. Journal of Plant Nutrition https://doi.org/10.1081/PLN-200034683 

Wang Y, Guo F, Shen, H. et al. 2021. Global Sensitivity Analysis and Evaluation of the 
DSSAT Model for Summer Maize (Zea mays L.) Under Irrigation and Fertilizer 
Stress. Int. J. Plant Prod. 15, 523–539. https://doi.org/10.1007/s42106-021-
00157-1 

Wells R. 1991. Soybean growth response to plant density: relationships among canopy 
photosyntesis, leaf area and light interception. Crop Science 
https://doi.org/10.2135/cropsci1991.0011183X003100030044x  

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

White DS, Bell MJ, Wright GC. 1996. "The potential to use carbon isotope 
discrimination as a selection tool to improve water use efficiency in soybean." 
Proceedings of the 8th Australian agronomy conference, Toowoomba, QLD. Vol. 
728. 

Williams WA, Loomis RS, Duncan WG, Dorvrat A, Nunez AF. 1968. Canopy 
architecture at various population densities and the growth and grain yield of 
corn. Crop Science 
https://doi.org/10.2135/cropsci1968.0011183X000800030013x 

Wolfe DW, Henderson DW, Hsiao TC, Alvino A. 1988. Interactive water and nitrogen 
effects on senescence of maize: II. Photosynthetic decline and longevity of 
individual leaves. Agronomy Journal 
https://doi.org/10.2134/agronj1988.00021962008000060005x 

Wong S, Cowan IR, Farquhar GD. 1985. Leaf conductance in relation to rate of CO2 
assimilation. I. Influence of nitrogen nutrition, phosphorus nutrition, photon flux 
density and ambient partial pressure of CO2 during ontogeny. Plant Physiology 
https://doi.org/10.1104/pp.78.4.821 

Xie, J., Wang, L., Li, L., (...), Fudjoe, S.K., Meng, H. 2023. Optimal Nitrogen Rate 
Increases Water and Nitrogen Use Efficiencies of Maize under Fully Mulched 
Ridge–Furrow System on the Loess Plateau. Agriculture (Switzerland) 
12(11),1799 https://doi.org/10.3390/agriculture12111799 

Yakoub A, Lloveras J, Biau A, Lindquist JL, Lizaso J.I. 2017. Testing and improving 
the maize models in DSSAT: Development, growth, yield, and N uptake. Field 
crops research https://doi.org/10.1016/j.fcr.2017.07.002  

Yang X, Zheng L, Yang Q, Wang Z, Cui S, Shen Y. 2018. Modelling the effects of 
conservation tillage on crop water productivity, soil water dynamics and 
evapotranspiration of a maize-winter wheat-soybean rotation system on the 
Loess Plateau of China using APSIM. Agricultural System 
https://doi.org/10.1016/j.agsy.2018.08.005  

Yao AY, Shaw RH. 1964. Effect of plant population and planting pattern of corn on 
water use and yield. Agronomy Journal 
https://doi.org/10.2134/agronj1964.00021962005600020008x  

Yunusa IAM, Belford RK, Tennant D, Sedgley RH. 1993. Row spacing fails to modify 
soil evaporation and grain yield in spring wheat in a dry Mediterranean 
environment. Australian Journal of Agricultural Research 44:661–676. 
doi:10.1071/AR9930661 

Zaffaroni E, Schneiter A A. 1989. Water‑Use Efficiency and Light Interception of 
Semidwarf and Standard‑Height Sunflower Hybrids Grown In Different Row 
Arrangements. Agronomy Journal 
https://doi.org/10.2134/agronj1989.00021962008100050026x 

Zhang L, Meng Y, Li SQ, Yue SC. 2020. Film mulching optimizes the early root and 
shoot development of rain-fed spring maize. Agronomy Journal 112, 309–326. 
https://doi.org/10.1002/agj2.20039 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt

 

 

Zhang Q, Wang Z, Miao F, Wang G. 2017. Dryland Maize Yield and Water-Use 
Efficiency Responses to Mulching and Tillage Practices. Agronomy Journal 
https://doi.org/10.2134/agronj2016.10.0593 

Zhang S, Sadras V, Chen X, Zhang F. 2014. Water use efficiency of dryland maize in 
the Loess Plateau of China in response to crop management. Field Crops 
Research doi:10.1016/j.fcr.2014.04.003 

Zhang Y, Wang R, Wang S et al. 2019. Effect of planting density on deep soil water 
and maize yield on the Loess Plateau of China. Agricultural Water Management 
doi:10.1016/j.agwat.2019.05.039 

Zhang Y, Yin J, Guo Z, Li J, Wang R. 2022. Simulation of soil water balance and crop 
productivity of long-term continuous maize cropping under high planting density 
in rainfed agroecosystems. Agricultural and Forest Meteorology, 312, 108740. 
https://doi.org/10.1016/j.agrformet.2021.108740 

Zhao J, Yang XG, Liu ZG, Pullens JWM, Chen J, Marek GW, Chen Y, Lv S, Sun S. 
2020 Greater maize yield improvements in low/unstable yield zones through 
recommended nutrient and water inputs in the main cropping regions, China 
Agric. Water Management 10.1016/j.agwat.2020.106018 

Zheng’e S, Zhao J, Marek TH, Liu K, Harrison MT, Xue Q. 2022. Drought tolerant 
maize hybrids have higher yields and lower water use under drought conditions 
at a regional scale. Agricultural Water Management 
https://doi.org/10.1016/j.agwat.2022.107978  

Zhou XB, Chen YH, Ouyang Z. 2011. Row spacing effect on leaf area development, 
light interception, crop growth, and grain yield of summer soybean crops in 
Northern China. African Journal of Agricultural Research 
https://doi.org/10.2134/agronj2016.10.0593. 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erad269/7230747 by guest on 27 July 2023



Acc
ep

ted
 M

an
us

cri
pt 

 

Table 1: Threshold of fraction of transpirable soil water for the decline in transpiration rates (FTSWt) minimum (min), maximum 

(max) and mean, for maize plants grown in pot experiments (Exp.) including different treatments (genotypes, g or vapor pressure 

deficit levels, vpd), at different VPD (kPa) and daytime temperature (°C, when provided), in several studies (source) after Sadras 

and Milroy´s review. 

Exp. # Treatments VPD Temp FTSWt Source 

   kPa °C min max mean  

1 g 1.2 29 0.34 0.59 0.47 Choudhary et al., 2020 

2 g 4.3 38 0.49 0.64 0.56 

1 g 
 

30 0.37 0.60 0.48 Gholipoor et al., 2013 

2 g    > 30 0.35 0.51 0.42 

1 g 

  
0.38 0.60 0.51 Ray and Sinclair, 1997 

2 g 

  
0.36 0.44 0.39 

3 g     0.38 0.41 0.39 

1 vpd 1.2 26 
  

0.42 Devi and Reddy, 2020 

  2.3 30 
  

0.48 

  3.5 34 
 

  0.51 

1 g 1.9 32 0.22 0.42 0.29 Echarte et al., 2023 

2 g 3.8 38 0.36 0.46 0.42 

1 g, vpd 1.0 33 0.36 0.38 0.37 Ray et al., 2002 

  1.1 33 0.33 0.37 0.35 

  2.9 33 0.33 0.35 0.34 

  3.6 33 0.31 0.38 0.35 
# All the experiments were conducted during the early vegetative stages initiating at the 4 to 5 leaves stage. 
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Table 2: Transpiration efficiency for shoot biomass production (TEB, shoot biomass per unit of transpired water, kg ha-1 mm-1) 

minimum (min), maximum (max), and at non-limiting condition (oc) in three types of experiments (field, modeling, and lysimeter 

or pots) for maize grown under different treatments, estimated during different periods and using different methodologies for 

partitioning evaporation from ET, for measuring soil water content (SW) and for estimating ET or T, in studies (Source) that 

partitioned the components of ET (E and T). 

Exp. Exp. Treatments£ TEB (Kg ha-1 mm-1) Period€ Evaporation§ SW₸ and ET or T₿   Source 

type     min max oc
*
     estimate  

Field 1 W (ws, ww) 
and N (L, N) 

54.0 66.0 64.4 Seasonal 
 

ML 
 

NP, SWB Hernández et al., 2021, 
2015  2 54.0 75.0 65.0 

 1 W (ws, ww) 
and D (4, 8, 12) 

57.0 81.8 64.5 Seasonal 
 

ML 
 

NP, SWB Hernández et al., 2021, 
2020  2 56.0 64.3 61.0 

 1 W (ws, ww) 
and D (7, 13) 

47.5 60.6 55.4 Seasonal ML NP, SWB Ogola et al., 2005 

 1 W (ws, ww) 48.3 56.9 56.9 Seasonal x-intercept 
 

NP, SWB Kunrath et al., 2020 
  2 W (ww, ws), LN 56.5 52.0  to silage 

 3 N (L, N) 32.5 45.2 45.2 Seasonal 

 1 Locations, ww 46.0 54.0 50.0# Seasonal model NP, SWB¥ Tanner and Sinclair, 
1983  2  42.0 55.0 48.5#    

 3  37.0 46.0 41.5#    

 4  20.0 26.0 23.0#    

 5  29.0 47.0 38.0    

 1 N (L,N), ww 95.6 107.9 107.9 Seasonal model NP, SWB Pilbeam et al., 1995 

 2 N (L,N), ww 60.7 76.3 76.3 

 3 D (4.4, 3), ww 110.5 124.1 124.1 

 4 ws 60.5   

 1 ww   52.0# Seasonal model Eddy covariance Suyker and Verma, 2009 

 1 N (L, N), ww 31.0 60.0 54.8 Seasonal sc Gravimetry, SWB Xie et al., 2022 

 1 ww   74.3 to silage model Eddy covariance Tallec et al., 2013 

 1 W (ws, ww) 49.0 74.0 49.0 RP model NP, SWB Otegui  et al., 1995 

 2 W (ws, ww) 60.0 83.0 60.0 
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 3 W (ws, ww) 59.0 77.0 59.0 

 4 W (ws, ww) 50.0 65.0 50.0 

 1 D (4, 6), ww 55.5 85.8 82.2 RP ML NP, SWB Walker, 1986 

 2 N (L, N), ww 66.0 94.4 84.8 sc  

Modeling 1   54.0¢  Seasonal  Modeling Grassini et al., 2009 

Lysimeter  1 g, ws 65.0 87.0  ev sc (9 l) WC Choudhary et al., 2020 

and Pot 2 g, ws 62.0 93.0  

 1 W (ws, ww) 
and vpd 
and g 

67.0 84.1 67.8 ev sc (2.2 l) WC Ray et al., 2002 

  65.6 82.3 66.2 

  44.8 56.7 45.6 

  38.9 49.4 40.1 

 1 ww, pot size   41.9 ev sc (2.3 l) WC Ray and Sinclair, 1998 

    50.5 sc (4.1 l) 

    56.3 sc (9.1 l) 

    54.2 sc (16.2 l) 

 1 g, ww   90.7# to  
silking 

sc (51 l) WC van Oosteron et al., 2016 

 2 g, ww   83.5#  

 3 g, ww   81.4#  

 1 g, ww   85.8 to 
silking 

sc (50 l) WC van Oosteron et al., 2021 

 2 g, ww   61.8  

 1 Sg 43.8 46.3 45.1 Seasonal sc (2.5 l) WC Reddy et al., 2015 

 1 W (ww, ws) and g 33.0 63.0 33.0 Seasonal Sc (67 l) WC Vadez et al., 2021 

 2 W (ww,ws) and g 74.0 91.5 80.0  

 3 St and g, ww 48.0 70.0 60.3  

  4 St and g, ww 30.0 31.5¢     
*Non-limiting conditions (oc) refer to plants or crops grown with adequate nutrition and in well-watered conditions, and under 

adequate density management in the case of the field experiments. 

£Treatments include water regimes, W (water stress, ws and or  well-watered, ww); density levels, D (plants m-2); N supply, N 

(non or low N supply, LN or adequate N supply, N); genotypes, g; VPD levels, vpd; spatial geometry, Sg and soil types, St. 
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€ Periods include seasonal, from around sowing to silage (to silage) or to silking (to silking), during the early vegetative period, ev 

(which generally starts 30 days after sowing), and during the reproductive period, RP. 

 § Approaches for estimating the evaporation component of ET include micro-lysimeters (ML), x-intercept of the relationship 

between biomass and ET, modeling, minimization with soil surface cover (sc). The volume of the pots and lysimeters is provided 

between brackets (liters). 

₸Methods for measuring SW include neutron probe (NP) and gravimetry. 

₿Approaches for estimating ET or T include soil water balances (SWB), Eddy covariance, modeling,  and lysimeter or pot weight 

change adjusted for the water applied (WC). 

¢ Estimated with boundary limit function. 

# TEB includes root biomass. 

¥ From Stewart et al. 1977. 

¢ Abnormally low values. 
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Figure Legends 

 

Figure 1: Schematic representation of water-related determinants of grain yield (ET, 
evapotranspiration and WUEG,ET,s, water use efficiency for grain yield) and their 
controlling factors and processes influenced by management practices. N supply, plant 
density, row spacing, and soil cover affect ET through their effects on the root system 
(Section 1.1) and crop and soil cover (Section 1). Additionally, effects of management 
practices on crop and soil cover affect WUEG,ET,s by affecting the proportion of 
transpiration (T) in the total ET (T/ET; Section 2.1), transpiration efficiency for shoot 
biomass production (TEB, Section 2.2) and harvest index (HI, Section 2.3). The dashed 
line represents the direct effects of N supply on TEB and kernel setting. The 
environment, characterized by soil available water (SAW) and the major drivers of 
evaporative demand (vapor pressure deficit [VPD] or also characterized by reference 
evapotranspiration; Section 1), along with genotype effects, influence the response of 
the water-related grain yield determinants to management. 
 
Figure 2: Schematic representation of processes affected by management practices (N 
supply, plant density, soil cover) that influence the controlling factors of WUEG,ET,s:  the 
proportion of transpiration (T) in the total evapotranspiration (T/ET), transpiration 
efficiency for shoot biomass production (TEB), and harvest index (HI). In well-watered 
environments, soil cover influences T/ET by affecting the soil energy balance (EB). 
Higher plant densities increase leaf area index (LAI) which promotes higher 
photosynthetically active radiation interception (iPAR), and in turn, higher T/ET and TEB 
mediated by reductions in vapor pressure deficit (VPD) and crop conductance (gC). In 
addition, higher plant densities maximize crop growth rate during the critical period 
(CGRcp) but may promote higher competition for resources among plants, leading to 
lower seed number response to further CGRcp increments (i.e. higher plant density, in 
general, reduce HI). N supply increases iPAR and radiation use efficiency for biomass 
production (RUEB). Higher iPAR promotes higher T/ET and along with RUEB increases 
CGRcp and in turn, HI. Under severe N deficiency, which significantly influences canopy 
architecture, higher TEB due to lowering gc could be expected (dashed line from iPAR 
to TEB due to N supply). 
 
Figure 3: (A) Seasonal intercepted photosynthetically active radiation (iPAR, MJ m−2) as 
a function of plant density (plants m-2) and (B) Seasonal T/ET ratio as a function of iPAR 

(MJ m−2), for maize grown in irrigated (I) and Rainfed (R) treatments during Season 1 

(S1) and Season 2 (S2). From Hernández et al., 2020. 
 
Figure 4: Crop conductance (gC, mm MJ-1) as a function of plant density for maize 
crops grown in well-watered conditions, during two seasons (S1 and S2). Means 
followed by a common letter are not significantly different among plant densities, at p < 
0.05, within each season. Adapted from Hernández et al., 2021. 

Figure 5: Maize crop growth rate during the critical period for kernel number 
determination (CGRcp, g m-2 d-1) in response to increments in plant density for irrigated 
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maize (I) and rainfed maize (R) with water limitations during the critical period for kernel 
determination. Adapted from Hernández et al., 2020. 

Figure 6: Maize grain yield in response to (A) seasonal crop evapotranspiration (mm) 

for maize with no N supply (No N) and with N supply (N supply; from Hernández et al., 

2015) and (B) plant density (plants m-2) for irrigated maize (I) and rainfed maize grown 

in a dry environment during the critical period for kernel set (R; adapted from Hernández 

et al., 2020).  
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Figure 1: Schematic representation of water-related determinants of grain yield (ET, 
evapotranspiration and WUEG,ET,s, water use efficiency for grain yield) and their 
controlling factors and processes influenced by management practices. N supply, plant 
density, row spacing, and soil cover affect ET through their effects on the root system 
(Section 1.1) and crop and soil cover (Section 1). Additionally, effects of management 
practices on crop and soil cover affect WUEG,ET,s by affecting the proportion of 
transpiration (T) in the total ET (T/ET; Section 2.1), transpiration efficiency for shoot 
biomass production (TEB, Section 2.2) and harvest index (HI, Section 2.3). The dashed 
line represents the direct effects of N supply on TEB and kernel setting. The 
environment, characterized by soil available water (SAW) and the major drivers of 
evaporative demand (vapor pressure deficit [VPD] or also characterized by reference 
evapotranspiration; Section 1), along with genotype effects, influence the response of 
the water-related grain yield determinants to management. 
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Figure 2: Schematic representation of processes affected by management practices (N 
supply, plant density, soil cover) that influence the controlling factors of WUEG,ET,s:  the 
proportion of transpiration (T) in the total evapotranspiration (T/ET), transpiration 
efficiency for shoot biomass production (TEB), and harvest index (HI). In well-watered 
environments, soil cover influences T/ET by affecting the soil energy balance (EB). 
Higher plant densities increase leaf area index (LAI) which promotes higher 
photosynthetically active radiation interception (iPAR), and in turn, higher T/ET and TEB 
mediated by reductions in vapor pressure deficit (VPD) and crop conductance (gC). In 
addition, maximize crop growth rate during the critical period (CGRcp) but may promote 
higher competition for resources among plants, leading to lower seed number response 
to further CGRcp increments (i.e. higher plant density, in general, reduce HI). N supply 
increases T/ET and HI mediated by increments in LAI and iPAR, radiation use efficiency 
for biomass production (RUEB) and CGRcp, and increases TEB through increasing 
RUEB. Under severe N deficiency, which significantly influences canopy architecture, 
changes in gc and in turn in TEB could be expected (dashed line from iPAR to TEB)  
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Figure 3: (A) Seasonal intercepted photosynthetically active radiation (iPAR, MJ m−2) as 
a function of plant density (plants m-2) and (B) Seasonal T/ET ratio as a function of iPAR 

(MJ m−2), for maize grown in irrigated (I) and Rainfed (R) treatments during Season 1 

(S1) and Season 2 (S2). From Hernández et al., 2020. 
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Figure 4: Crop conductance (gC, mm MJ-1) as a function of plant density for maize 
crops grown in well watered conditions, during two seasons (S1 and S2). Means 
followed by a common letter are not significantly different among plant densities, at p < 
0.05, within each season. Adapted from Hernández et al., 2021. 
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Figure 5: Maize crop growth rate during the critical period for kernel number 
determination (CGRcp, g m-2 d-1) in response to increments in plant density for irrigated 
maize (I) and rainfed maize (R) with water limitations during the critical period for kernel 
determination. Adapted from Hernández et al., 2020. 
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Figure 6: Maize grain yield in response to (A) seasonal crop evapotranspiration (mm) 
for maize with no N supply (No N) and with N supply (N supply; from Hernández et al., 
2015) and (B) plant density (plants m-2) for irrigated maize (I) and rainfed maize grown 
in a dry environment during the critical period for kernel set (R; adapted from Hernández 
et al., 2020).  
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