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Abstract

When water is the limiting resource crop production should focus on maximizing return per unit of water consumed rather than return per unit of land watered. Maximizing crop water productivity requires both an accounting of consumed water and an understanding of the crop yield-evapotranspiration relationship. Plots of crop production versus evapotranspiration (ET) from multiple locations appear to indicate there is little correlation between yield and ET. This paper demonstrates that for grain corn the apparent lack of correlation between multiple location yield and ET is due primarily to two factors: 1) differences among locations and seasons in saturation vapor pressure deficit (∆e); and 2) variability in the evaporation component of ET. A strong correlation is shown between corn yield and transpiration normalized for ∆e, with evaporation explaining most of the remaining variability in the yield-ET relationship. An important and interesting conclusion for corn is that water productivity is maximized by full irrigation of a smaller area rather than by deficit irrigation of a larger area with the same volume of water consumed. Thus, for corn, maximizing crop water productivity is consistent with maximizing crop yield per unit of land area. It is hypothesized that this is true for other grain crops.
Introduction
To some extent crop water productivity (CWP) is a matter of perspective. From a basin perspective, when irrigation return flows are reusable downstream, CWP is maximized when crop yield per unit of consumed water is maximized. From a farmer’s perspective, CWP is maximized when crop yield per unit of available water (rainfall + irrigation) is maximized.

Relative Yield and Available Water
Figure 1 shows an idealized relationship between relative crop yield (Y/YP=YRel) and total available seasonal water (available soil water + rainfall + irrigation) relative to the seasonal transpiration potential, TP (water not limiting). Beginning on the left-hand side with the solid green transpiration line, the figure shows the relationships between yield and available water partitioned into transpiration (T), evaporation (E), and drainage (D) components. The dashed blue curve in the figure represents the total evapotranspiration, ET = T + E, relative to TP. The rightmost solid black curve represents the total available water and corresponds to the total consumed water (ET) plus drainage
 relative to TP. At low levels of available water D may be zero as all available water is consumed by ET. The relative yield as a function of available water, ET +D, reaches a maximum of 1.0 and then begins to decline due to water logging and the leaching of nutrients as excessive amounts of water are applied
. 

The difference between the solid black line and the dashed blue ET line in Figure 1 is drainage (D) and represents the “losses” due to “inefficient” and non-uniform irrigation and untimely rainfall. To the extent that these losses are not consumed by non-beneficial evaporation, do not flow to salt sinks, and do not cause water logging or nutrient leaching, they are inconsequential from a water conservation standpoint, since they remain somewhere in the fresh water resource; however, they may represent wasted labor and energy (see Molden, et. al., 2001).

Rainfed crop production and different irrigation technologies will have different evaporation and drainage characteristics, but the yield-T relationship will be constant for a given crop and climate. For example, subsurface drip irrigation may not have any evaporation loss after germination, in which case the ET curve would be offset from the T curve by the amount of the initial evaporation loss and parallel to it. If there were no drainage water, the ET+D curve would be coincidental with the ET curve in Figure 1.

If the drainage water, D, is recoverable for use elsewhere, the maximum crop water productivity is obtained at the point on the ET curve that is tangent to a line running from the origin to the ET curve as depicted by the O-E line in Figure 1. ET greater than this has a declining return to consumed water
. Likewise, if the drainage water is not useable elsewhere, and thus is a true loss, the maximum return to water occurs at the point on the ET+D curve that is tangent to a line running from the origin to the curve as depicted by the O-D line in Figure 1.
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From a farmer’s perspective drainage water is generally lost so the optimal position appears to be to deficit irrigate
. This is particularly true with uncertain rainfall and unreliable irrigation deliveries, which motivate farmers to greatly under-irrigate. “Where a farmer has uncertain rainfall (but often less than required to mature a crop), and inadequate irrigation water to bridge the gap between rain and full ET for his holding, he will seriously under-irrigate to ensure that he captures the maximum value from the free rainfall (which is a function of area cropped).” (Perry, 2002) 
Crop Water Productivity
Transpiration efficiency (TE) and crop water use efficiency (WUE) are used inconsistently in the literature, which may be the caused of some confusion on this subject. Calling these efficiency terms is misleading because doing so implies causality, i.e. crop yield is the result of water consumption. In actuality, water consumption in the form of transpiration occurs as a cost of crop growth. When a plant’s stomata open to allow assimilation of CO2, water is lost. The amount of water loss per unit biomass gain is dependent primarily on characteristics of the plant and the humidity of the plant’s environment. 

For clarity TE is defined here as the crop aboveground (aerial) biomass (dry matter of stems, leaves, and fruit) divided by the volume of water transpired during the accumulation of that biomass. WUE is the aerial crop biomass divided by the volume of water transpired and evaporated in association with the production of that biomass. Crop water productivity (CWP), after Kinje, et al. (2003) and Zwart and Bastiaanssen (2004a), refers to the economic (grain, fruit, lint, etc.) yield divided by the volume of water consumed (evapotranspiration) in the production of that yield. TE, WUE, and CWP are all expressed in kg per m3.

The inclusion or exclusion of evaporation in the yield-water relationship is crucial. When normalized for ∆e, transpiration (T) and aerial biomass (aboveground dry matter yield
, Ydm) are essentially proportional according to a crop specific constant. In other words, TE, adjusted for ∆e, is more or less constant for a crop (Eq. 1). It is the evaporation (E) component of evapotranspiration (ET) that introduces non-linearity and most variability in the yield-water relationship. 
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Eq. 1

TE′, T′, and T′P in Eq. 1 are the transpiration efficiency, transpiration, and potential transpiration respectively, normalized for ∆e
, and Ydm and YP dm are respectively the aerial biomasses associated with T′ and T′P.

Bierhuizen and Slatyer (1965) proved that TE was linked to the vapor pressure deficit (∆e) and derived the following broadly accepted (Tanner and Sinclair, 1983; Howell, 1990a; Ehlers and Goss, 2003) relationship:
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Eq. 2
Expressing TE in Mg ha-1 mm-1, the k factor has the units of Mg ha-1 mm-1 Pa. Since the mass of 1 ha-mm of transpired water is 10 Mg, the k factor can be expressed simply in Pa. Table 1 is adapted from Ehlers and Goss (2003) to illustrate k factors
 for various C4 and C3 crops. Although Table 1 does not show it there is some variability in k factors for a crop and an apparent slight increase with increasing ∆e. (See Tanner and Sinclair, 1983; Howell, 1990a; and Ehlers and Goss, 2003 for further discussion.)
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Harvest Index
The harvest index is typically defined as the harvested fraction of a crop at maturity. For grain crops the harvest index is the dry matter of the grain yield divided by the aboveground biomass. Howell (1990b) and others have suggested a linear relationship between grain yield, Ygr, and aerial dry matter yield, Ydm, as follows:
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Eq. 3
where a and b are crop specific constants and b can be thought of as the asymptotic harvest index and a as the dry matter required for a harvested yield. According to Howell (1990b) Eq. 3 appears to be valid over a wide range of Ydm and independent of water stress, but dependent on plant density. 
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The relationship between grain yield, harvest index, and dry matter is depicted in Figure 2 using pre-1980 corn variety values of 0.49 and 2.47 for b and a respectively in Eq. 3 (Howell, 1990a). Regression analysis of data (Zwart and Bastiaanssen, 2004b) used in this study resulted in values of 0.68 for b and 2.51 for a, showing a significant increase in the asymptotic harvest index for post-1980 corn varieties. 
Evapotranspiration and Yield
Plots of crop production versus ET from multiple locations appear to indicate there is little correlation between yield and ET. (See Figure 3.) The author contends, however, that this apparent lack of correlation is due primarily to two factors: 1) the data, coming from several different locations and growing seasons, likely have different associated ∆e and thus TE; and 2) the E part of ET is what introduces most of the variability in the yield-ET relationship once the data have been normalized for ∆e. These points are demonstrated by the following analysis. 

[image: image4]In an interesting study, Zwart and Bastiaanssen (2004a) conducted an extensive literature review to develop a database of wheat, rice, and corn grain yields, and cotton seed and lint yields, versus actual ET (ETa). For inclusion in the database ETa had to be measured and the method of measurement reported. Figure 3 shows corn grain yields against ETa from data provided by Zwart and Bastiaanssen (2004b).

Figure 4 shows the corn dry matter yield versus ETa from Zwart and Bastiaanssen (2004b). Reported dry matter yields were used when available. When dry matter yields were not available they were estimated by Ydm=1.48 Ygr + 2.51 in which 1.48 and 2.51 were obtained from regressing the reported dry matter yields and grain yields (r2=0.89). The YP dm curve was plotted as the envelope of likely maximum Ydm values.


[image: image5]The intercept of the YP dm curve on the ET-axis in Figure 4 represents what is referred to here as the basal evaporation (Eb). For this corn data set Eb was estimated at 100 mm. To estimate the actual E and T associated with each Ydm the TE associated with each data point was estimated. If the seasonal average ∆e for each point was known the Bierhuizen-Slatyer (1965) equation (Eq. 2) could have been used. But since ∆e was not available, TE was estimated for each data point as the average slope of two lines (shown as dotted lines, TE1 and TE2, in Figure 5 for the red example data point): one line (TE1 in Figure 5), representing the probable maximum TE, being that passing through Eb on the ET-axis and YP dm at ETa for the data point; and the other line (TE2 in Figure 5), representing the minimum TE, being that passing through Eb on the ET-axis and the data point. Once the TE was projected T was estimated as Ydm divided by TE and E as ETa minus T. 
The summary results for this corn data set are presented in Table 2 and appear reasonable. The ∆e values summarized in Table 2 were estimated assuming a k factor of 9.1 Pa for corn in Eq. 2. As a check the computed average daytime ∆e (1.87 kPa) for Bushland, Texas was compared with the April through September mean vapor pressure deficit (1.26 kPa) calculated from data extracted from the World Water and Climate Atlas (IWMI, 2000). For the semi-arid environment of Bushland, Texas the daytime ∆e can be estimated as 150% of the mean vapor pressure deficit (Howell and Dusek, 1995). Thus, the growing season mean daytime ∆e for Bushland estimated from the climate Atlas is 1.5 * 1.26 = 1.89 kPa, which is very close to the computed average from the T and E disaggregation and validates the procedure.

[image: image6]Figure 6 shows the corn grain yield versus T and ET normalized for the estimated daytime saturation vapor pressure deficit using a reference ∆e of 1 kPa. The amount of normalized evaporation is represented by the distance from the green T′ points to the blue ET′ points for a specific grain yield. Figure 6 demonstrates that when normalized for ∆e the yield and transpiration T are strongly correlated and the variability is largely due to E. 
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It is interesting and important to note from Figure 6 that E, which is the non-productive part of ET, tends to decrease with increasing T particularly as a fraction of ET. This is likely due to the greater effective ground cover of crops having greater T and the fact that E+T is limited by the available latent heat energy. Therefore, from the standpoint of maximizing CWP, evaporation should be minimized by maximizing T, which implies intensification of farming. Thus, in the debate of whether to spread a limited water supply over a larger area and deficit irrigate or to fully irrigate a smaller area, it is concluded from this exercise that CWP is maximized by irrigating the smaller area
.
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If the estimated E in this analysis were reduced by half and moved to T, grain yields would increase by an average of approximately 50% with no change in total consumptive use. As long as ET is unchanged there would be no change in vapor pressure deficit around the surface of the leaves so the transpiration efficiency would remain constant and yields would increase proportional to the increase in T. However, if E were reduced without somehow shifting the reduction to T, i.e., if the total ET were reduced
, there would be a potential increase in ∆e and a coincidental decrease in transpiration efficiency and crop yield. A quick analysis was conducted to evaluate this offsetting effect of reducing E and concluded that, under reference conditions, T would have to increase by up to 30% of the amount of E-reduction to obtain the same pre-E-reduction crop yield. State another way, 30% or less of E is beneficial from the standpoint of lowering ∆e and thereby increasing transpiration efficiency. Accordingly, net water savings from reducing E without an equivalent increase in T are at least 70% of the E-reduction. Under windy conditions the net savings would be even greater.
Conclusion
Maximizing crop water productivity can be a matter of perspective. From a basin viewpoint, when irrigation return flows are reusable downstream, CWP is maximized when crop yield per unit of consumed water is maximized. However, from a farmer’s perspective, CWP is maximized when crop yield per unit of available water (rainfall + irrigation) is maximized. 

From a farmer’s perspective drainage water is generally lost so the optimal position appears to be to deficit irrigate. This is particularly true with uncertain rainfall and unreliable irrigation deliveries, which motivate farmers to greatly under-irrigate. However, the E+T analysis done here leads to the conclusion that CWP is maximized by full irrigation of a smaller area rather than by deficit irrigation of a larger area with the same volume of water. The reason is that E relative to total seasonal ET decreases as T increases. Thus, maximizing crop yield is compatible with maximizing CWP. (If effective rainfall is a significant portion of ET this conclusion may not hold true.)
This paper also demonstrates that for grain corn the apparent lack of correlation between multiple location yield and ET is due primarily to two factors: 1) differences among locations and seasons in mean daytime saturation vapor pressure deficit (∆e); and 2) variability in the evaporation component of ET. A strong correlation was shown between corn yield and transpiration normalized for daytime ∆e, with evaporation explaining most of the remaining variability in the yield-ET relationship. It is hypothesized that this is true for other grain crops.
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Figure 1. Relationship between relative crop yield and total seasonal available water relative to potential TP.





Table 1.  Typical k factors for various crops. Adapted from Ehlers and Goss (2003).





Crop�
Type of CO2 fixation�
k


(Pa)�
�
Sorghum


Corn


Wheat


Barley


Oat


Potato


Lucerne


Soybean


Pea


Faba bean�
C4


C4


C3


C3


C3


C3


C3


C3


C3


C3�
13.8


9.1


4.5


4.0


3.5


6.2


4.3


4.0


3.8


3.1�
�






�


Figure 2.  Relationship of grain yield, aerial dry matter yield, and harvest index for corn.
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Figure 3.  Corn grain yield versus actual ET. Derived from data provided by Zwart and Bastiaanssen (2004b).
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Figure 4.  Corn dry matter yield versus actual ET. Derived from data provided by Zwart and Bastiaanssen (2004b).





Table 2.  Corn yield-ET summary results from estimated TE in Figure 4. 


�
ETa �(mm)�
Ygr �(Mg ha-1)�
Ydm �(Mg ha-1)�
CWP�(kg m-3)�
WUE�(kg m-3)�
TE�(kg m-3)�
∆e�(Pa)�
 T **�(mm)�
 E **�(mm)�
�
Minimum�
167�
1.0�
4.0�
0.22�
0.85�
2.37�
720�
62�
100�
�
Maximum�
1071�
15.6�
28.6�
3.99�
7.08�
12.65�
3841�
856�
361�
�
Average�
495�
8.8�
15.5�
1.88�
3.37�
5.60�
1838�
325�
170�
�
Median�
442�
9.0�
16.1�
1.68�
3.14�
5.63�
1617�
281�
162�
�
Std. Dev.�
200�
3.2�
4.9�
0.70�
1.15�
1.95�
677�
183�
51�
�
CV�
0.40�
0.37�
0.31�
0.37�
0.34�
0.35�
0.37�
0.56�
0.30�
�
**	With the exception of the average, T and E cannot be summed to get ETa because the summary T and E values are not necessarily for the same data points.
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Figure 5.  Example of TE estimation (dashed line) for sample (red) point and extrapolation of E and T. The dashed line represents average of TE1 and TE2.
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Figure 6.  Corn grain yield versus T+E normalized for the estimated daytime saturation vapor pressure deficit using a reference ∆e of 1 kPa.








� ASCE Member, PhD, Vice President, Keller-Bliesner Engineering , 78 East Center Street, Logan, UT 84321-4619; PH (435) 753-5651; FAX (435) 753-3619; email: akeller@kelbli.com


� Here drainage includes surface runoff as well as deep percolation from rainfall and irrigation.





� Implicit here is that the available water is distributed throughout the growing season such that there are no concentrated periods of extreme drought.


 


� Because the nature of the yield-ET curve, maximum crop water productivity will generally occur at maximum ET.





� At the farm level greater total yield can be obtained by somewhat deficiently irrigating a larger area than by fully irrigating a smaller area using the same total volume of irrigation water. However, this does not necessarily mean that the maximum economic return is at a yield point less that YP because the input costs associated with irrigating a large area may offset any gains in total yield. Also the risks associated with deficit irrigation are greater than those with full irrigation, so the expected value yield may actually be less.





� Throughout this paper aerial biomass and aboveground dry matter are used interchangeably.





� T is normalized for humidity by multiplying by a reference ∆e (i.e., 1 kPa) divided by the mean daytime ∆e.





� Note that at ∆e of 1 kPa the k factor is numerically equivalent to TE expressed in kg m-3.





� When effective rainfall is a significant portion of the potential ET, CWP may be maximized by supplemental irrigation of a larger area. This depends largely on perspective (farmer versus basin) and whether rainfall on fallow land is lost to consumptive use or recharges the basin water supply.





� Reducing E without a corresponding increase in T seems rather unlikely since water saved by reducing E, whether it be through mulching, weeding, or change in irrigation method, would most likely be available for T.
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