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Abstract: A long-term field experiment was conducted from 2002 to 2014 for the evaluation of yield
and water productivity of three winter wheat varieties—Kharkof, Scout 66, and TAM107—under
sprinkler irrigation at New Mexico State University Agricultural Science Center at Farmington,
NM. Winter wheat daily evapotranspiration was estimated following the United Nations Food and
Agriculture Organization FAO crop coefficient approach (ETc = Kc ETo), and crop water use efficiency
(CWUE), evapotranspiration water use efficiency (ETWUE), and irrigation water use efficiency
(IWUE) were estimated for each growing season. There was inter-annual variation in seasonal
precipitation and irrigation amounts. Seasonal irrigation amounts varied from 511 to 787 mm and the
total water supply varied from 590 to 894 mm with precipitation representing a range of 7.7–24.2%.
Winter wheat daily actual evapotranspiration (ETc) varied from 0.1 to 14.5 mm/day, averaging
2.7 mm/day during the winter wheat growing seasons, and the seasonal evapotranspiration varied
from 625 to 890 mm. Grain yield was dependent on winter wheat variety, decreased with years, and
varied from 1843.1 to 7085.7 kg/ha. TAM107 obtained the highest grain yield. Winter wheat CWUE,
IWUE, and ETWUE were also varietal dependent and varied from 0.22 to 1.01 kg/m3, from 0.26 to
1.17 kg/m3, and from 0.29 to 0.92 kg/m3, respectively. CWUE linearly decreased with seasonal water,
and IWUE linearly decreased with seasonal irrigation amount, while CWUE, IWUE, and ETWUE
were positively correlated with the grain yield for the three winter wheat varieties, with R2 ≥ 0.85
for CWUE, R2 ≥ 0.69 for IWUE, and R2 ≥ 0.89 for ETWUE. The results of this study can serve as
guidelines for winter wheat production in the semiarid Four Corners regions. Additional research
need to be conducted for optimizing winter wheat irrigation management relative to planting date
and fertilization management to reduce the yield gap between winter wheat actual yield and the
national average yield.
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1. Introduction

Wheat (Triticum aestivum L.) is the third most common field crop grown in the United States in
terms of planted acreage and total production, behind maize and soybean. For wheat production in
the 2016–2017 fiscal year, 22.316 million tons of wheat were produced in the United States (US) on
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20.23 million hectares of cropland [1], and the projected US wheat planted area for 2017/18 is projected
slightly lower at 18.62 million hectares. While wheat is generally grown in the Great Plains region,
wheat is produced in other regions, including the southwestern United States. Wheat production is
limited by soil water availability, soil qualities, management practices, and climatic conditions [2].
The USDA [3] indicated that wheat yield is lower in the Plains than in the eastern half of the United
States due to the lower yielding spring wheat cultivated in the Plains, non-optimal soil moisture,
higher air temperature during the growing season, and the extreme heat during the crop maturity
period. New Mexico was ranked 33rd in the US in wheat production, with a harvested area of 54,632 ha.
The value of production was $23 million in 2015 and decreased to $17 million in 2017 [1,4]. Wheat has
distinct varieties that are produced in different regions or over different seasons relative to climatic
variation, elevation and moisture availability [5]. In the US Grain Plains, winter wheat variety Kharkof
yield varied from 1755 to 2918 kg/ha and from 1480 to 3577 kg/ha in two nurseries for the 1959–2008
period [6]. Graybosch and Peterson [6] indicated there is little genetic gain for wheat in the southern US
Great Plains with no improvement in yields of newly released varieties. Irmak et al. [2] reported winter
wheat grain yield ranging from 330 to 7990 kg/ha averaging 4550 kg/ha with evapotranspiration
water use efficiency (ETWUE) range of 0.76–0.93 kg/m3 in the South Central Nebraska. Chen et al. [7]
reported winter wheat grain yield that varied from 2947.3 kg/ha to 6248.9 kg/ha in the North China
Plain. Sun et al. [8] reported winter wheat yield varying from 3328 to 5584 kg/ha in the same
environment. Large variation in winter wheat was reported across China by Liu et al. [9]. Winter wheat
yield downward trends were reported by Qiu et al. [10] at annual mean yield decreasing rate of
782 kg/ha due to the reduction in the fallow period. Nielsen et al. [11,12] observed increase in winter
wheat grain yields in the US Central Great Plains by 14.1 kg/ha for 1 mm increase in plant-available
water in the soil profile at planting and by 12.5 kg/ha for every 10 mm of wheat soil-water uptake after
130 mm of water use. Good agricultural practices adoption could help overcome yield depression factor
and stabilize and increase winter wheat under actual and future climatic conditions across the globe.

Winter wheat seasonal water use varies across locations, and the yield-water use relationship also
varies across different regions, which constitutes a challenge for information transfer [13]. It is therefore
important to develop a winter wheat seasonal evapotranspiration-yield production function under
local conditions. Winter wheat seasonal actual evapotranspiration (ETc) was 600 mm and 490 mm
during two consecutive seasons in Southcentral Nebraska [2]. Seasonal ETc varied from 791 to 957 mm
for the three seasons at Bushland, Texas [14]. Irrigated winter wheat ETc varied from 227 to 519 mm as
a function of irrigation regimes while the rainfed winter wheat ETc varied from 213 to 227 mm [15].
Drerup et al. [16] reported winter wheat seasonal ETc of 403 mm and 430 mm at Duelmen, Germany.

Winter wheat average yield across the State of New Mexico was 1681, 1480, and 2018 kg/ha in
2015, 2016, and 2017, respectively, against national average yields of 2858, 3719, and 3376 kg/ha for the
respective years, representing on average 52% of the national average yield [1]. Efforts should be made
to improve winter wheat yield in the southwestern United States. In the Four Corners region, the lack
of the irrigation water from the Navajo Indian Irrigation Project (NIIP) during the initial crop stage
affects winter wheat plants’ standing before dormancy. The severe drought during the winter period
affects plant survival from dormancy, winter wheat yield, and the total production in this region.
The objectives of this study were to evaluate long-term grain yield of winter wheat and to determine
water productivity of three winter wheat varieties under semiarid climate at Farmington, New Mexico.

2. Materials and Methods

2.1. Station Area

A long-term experiment was conducted at the New Mexico State University (NMSU) Agricultural
Science Center at Farmington (Latitude 36.69’ North, Longitude 108.31’ West) for the period of
2002–2014. Minimum air temperature (Tmin), maximum air temperature (Tmax), average air
temperature (Tmean), mean relative humidity (RHmean), wind speed (u2), and solar radiation (Rs)
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were collected on a daily basis from an automated weather station installed at the site by the New
Mexico Climate Center. Annual average weather conditions are summarized in Table 1. The daily
average weather data were used for daily reference evapotranspiration estimation during each winter
wheat growing season.

Table 1. Seasonal average climatic conditions (September–July) at the study site during winter wheat
growing seasons from 2002 to 2014.

Year
u2 Tmax Tmin Tmean RHmean Rs

(m/s) (◦C) (◦C) (◦C) (%) (MJ m−2)

2002–2003 2.8 12.0 2.1 7.0 68.8 14.6
2003–2004 2.9 12.6 2.7 7.7 59.0 15.4
2004–2005 2.7 12.0 1.7 6.8 61.9 15.6
2005–2006 2.9 12.5 2.5 7.5 58.1 15.3
2006–2007 2.8 13.0 3.4 8.2 60.3 15.0
2007–2008 3.3 13.8 2.4 8.1 56.6 16.2
2008–2009 3.7 16.6 3.5 10.0 46.8 16.1
2009–2010 3.7 15.5 2.7 9.1 52.6 15.5
2010–2011 3.8 15.9 2.9 9.4 46.1 16.1
2011–2012 3.4 15.3 3.1 9.2 56.6 15.4
2012–2013 3.7 14.6 2.0 8.3 60.1 15.2
2013–2014 3.3 14.3 1.9 8.1 64.0 14.8

Average 3.3 14.0 2.6 8.3 57.6 15.4

u2, wind speed; Tmax, maximum air temperature; Tmin, Minimum air temperature; RHmean, mean relative
humidity; Rs, solar radiation.

2.2. Experimental Design and Crop Management

Three varieties of winter wheat (Kharkof, Scout 66, and TAM107) were arranged in a complete
randomized block design with four replications. These winter wheat varieties were continuously
used as checks in a large Southern Regional Performance Nursery for winter wheat coordinated by
the USDA based at the University of Nebraska-Lincoln. The planting rate was 112 kg of seed per
hectare. Germination test was done before planting and the germination rate varied with seasons
from 91 to 98% and averaged 96%. The planting date, harvesting date, applied fertilizer rate,
seasonal precipitation, and seasonal applied irrigation are summarized in Table 2. The field was
kept weed-free by herbicide application or hand weeding as needed. The crops were inspected for
insect infestation and treated prior to any significant damage occurring. Irrigation scheduling was
based on reference evapotranspiration and winter wheat crop coefficients. The field was fully irrigated
by a center pivot irrigation system to avoid any water stress. The pivot was equipped with Mid
Elevation Spray Application (MESA) with pads mounted on flexible drop hoses.

Table 2. Wheat planting and harvesting date, and the applied fertilizer rate, precipitation, and irrigation
applied during the 2002–2014 period.

Year
Planting Harvesting N-P2O5-K2O-ZnSO4 Precipitation Irrigation Water Supply

Date Date (kg/ha) (mm) (mm) (mm)

2002 2-October-2
2003 6-October-3 30-July-3 280-57-67-0 164 559 723
2004 6-October-3 20-July-4 151-58-34-0 151 610 761
2005 27-September-5 19-July-5 151-58-34-0 167 578 745
2006 4-October-6 20-July-6 103-56-65-0 80 511 591
2007 4-October-7 26-July-7 166-54-64-19 190 605 795
2008 24-September-8 20-July-8 146-54-63-7 97 686 783
2009 15-September-9 11-August-9 168-58-67-0 122 711 833
2010 15-September-10 10-August-10 168-58-67-0 130 635 765
2011 16-September-11 1-August-11 185-0-0-0 142 704 846
2012 11-September-12 1-August-12 112-58-67-16 114 737 851
2013 16-September-13 26-July-13 230-117-135-40 89 732 821
2014 13-July-14 233-45-54-0 107 787 894
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2.3. Crop Seasonal Evapotranspiration Estimation

Crop seasonal evapotranspiration (ETc) was determined through the FAO crop coefficient
approach (ETc = Kc ETo) [17,18]:

ETc = Kc× ETo (1)

Grass reference evapotranspiration was estimated with the standardized Penman-Monteith
equation [19].

ETo =
0.408∆(Rn−G) + (γCn u2/(T + 273))(es− ea)

∆ + γ(1 + Cd u2)
(2)

where ETo is the reference evapotranspiration (mm day−1), ∆ is the slope of saturation vapor pressure
versus air temperature curve (kPa ◦C−1), Rn is the net radiation at the crop surface (MJ m−2 day−1),
G is the soil heat flux density at the soil surface (MJ m−2 day−1), T is the mean daily air temperature at
1.5–2.5 m height (◦C), u2 is the mean daily wind speed at 2 m height (m s−1), es is the saturation vapor
pressure at 1.5–2.5 m height (kPa), ea is the actual vapor pressure at 1.5–2.5 m height (kPa), es-ea is the
saturation vapor pressure deficit (kPa), γ is the psychrometric constant (kPa ◦C−1), and Cn and Cd
are constants with values of 900 ◦C mm s3 Mg−1 day−1 and 0.34 s m−1. The procedure developed by
Allen et al. [18] was used to compute the needed parameters.

Winter wheat was grown under non-limiting water and fertilizer conditions, and the standard
FAO crop coefficient values [18] were used for crop actual evapotranspiration estimation. As the crop
develops, the ground coverage, crop height, and leaf area change, and the crop Kc is affected by climate
conditions, soil moisture status, and crop growth stages. Due to differences in evapotranspiration
during various growth stages, the Kc for a given crop varies over the growing period. The winter
wheat growing period consists of the initial stage, crop development stage, mid-season stage,
and late-season stage. Winter wheat growing season actual evapotranspiration was also calculated as
a cumulative daily ETc. Winter wheat crop coefficients developed under a standard climatic condition
by Allen et al. [18] as 0.4, 1.15, and 0.25 for the initial, mid-season, and late-season were also used to
estimate winter wheat ETc for the study period. During crop development and late season stages,
crop coefficient Kc was linearly interpolated between two typical values of Kc. The ETc during initial
stage mainly consists of evaporation. Therefore, adjustment of Kc for this stage mainly depends on
climatic factors. As per the FAO-56 method, crop coefficient is affected by several factors among which
is the plant height. The typical mid- and late-season stage Kc values were adjusted with climatic
condition and winter wheat crop height.

Kc Stage = KcStagei + [0.04(u2− 2)− 0.004 (RHmin− 45)]
(

h
3

)0.3
(3)

where KcStagei is the standard value according to FAO-56 approach [18], u2 is the value for daily wind
speed at 2 m height over grass during the growth stage (m/s), RHmin is the value for daily minimum
relative humidity during the growth stage (%), and h is the plant height for each growth stage (m) (0.1–10 m).

2.4. Thermal Unit (TU)

Thermal unit is the accumulation of the growing degree days (GDD), which is cumulative air
temperature that contributes to plant growth during the growing season and is expressed as follows:

TU =
n

∑
i=1

Tmax + Tmin
2

− Tbase (4)

where Tmax = maximum air temperature, Tmin = minimum air temperature, Tbase = base temperature
threshold for winter wheat (0 ◦C), and n = number of days. The base temperature for calculating
growing degree days is the minimum threshold air temperature at which plant growth starts.
The maximum and minimum air temperature thresholds of 30 ◦C and 0 ◦C, respectively, were used.
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All temperature values exceeding the threshold should be reduced to 30 ◦C, and values below 0 ◦C were
taken as 0 ◦C because no growth occurs above or below the threshold air temperature values. If the
average daily air temperature was below the base temperature, the TU value was assumed to be zero.

2.5. Crop Water Use Efficiency

Crop water use efficiency termed as water productivity is generally defined as crop yield per unit
volume of water used, including effective rainfall and irrigation water. Crop water use efficiency related
to crop evapotranspiration (CWUE), evapotranspiration water use efficiency (ETWUE), and seasonal
irrigation water use efficiency (IWUE) were estimated by the following equations:

CWUE =
Yield

Seasonal water supply
(5)

ETWUE =
Yield

Winter wheat seasonal ETa
(6)

IWUE =
Yield

Seasonal irrigation amount
(7)

where CWUE, ETWUE and IWUE are in kg/m3, yield is in kg/ha, and winter wheat seasonal ETc and
the seasonal irrigation amount are in m3/ha. Rainfed winter wheat production had negligible grain
yield at the experimental site.

2.6. Statistical Analysis

The effects of wheat varieties and the seasons and their potential interaction on wheat yield,
evapotranspiration, CWUE, IWUE, and ETWUE were analyzed using analysis of variance (ANOVA)
in PROC MIXED in SAS [20]. Separation of means was determined with the least significant difference
(LSD) statement at the 5% significance level to identify any potential significant differences between
three varieties.

3. Results and Discussion

3.1. Climatic Conditions during the Winter Wheat Growing Seasons

Seasonal average climatic condition is summarized in Table 1. Seasonal average wind speed
varied from 2.7 to 3.8 m/s. The strongest wind speed (3.8 m/s) was obtained during winter wheat
growing season 2010–2011. Seasonal average Tmax varied from 12.0 to 16.6 ◦C; Tmin varied from
1.7 to 3.5 ◦C and the seasonal average mean air temperature varied from 6.8 to 10.0 ◦C. Winter wheat
season 2008–2009 was the warmest season and the 2002–2003 season was the coldest during the study
period. Average daily mean air temperature decreased from 18 ◦C early September to−9 ◦C in January
and increased thereafter and reached 23 ◦C in July (Figure 1a). Average daily air temperature was
below winter wheat base temperature (0 ◦C) from November 24 to February 21st that correspond to
the winter wheat dormancy period with no growth occurring during that period. No accumulation
on thermal unit occurs during that period as shown in Figure 1b. Seasonal average relative humidity
varied with the growing seasons and ranged from 46.1 to 68.8%. The 2010–2011 season was the
driest one and the 2002–2003 season was the wettest. Less variation was observed in the seasonal
average solar radiation which varied from 14.6 to 16.2 MJ m−2. The least solar radiation was received
during the 2002–2003 season while the greatest was received during the 2007–2008 growing season.
Daily reference evapotranspiration (ETo) at the site had similar trends as the average air temperature
and decreased from 4 mm early September to 0.8 mm early January and increased thereafter to 7.7 mm
around mid-June and decreased again toward the end of July (Figure 2). Daily ETo was at its minimum
value during winter wheat dormancy period and increased with warmer air temperature after the very
low air temperatures during December (Figure 1a,b and Figure 2).
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Figure 1. Trends in (a) (2002–2014) average daily air temperature and (b) thermal unit from September
1st to July 31st.
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Figure 2. Trends in the 2002–2014 period average daily reference evapotranspiration at the study site.

3.2. Winter Wheat Water Use

Seasonal total precipitation varied from 80 to 190 mm and averaged 129 mm. The 2007–2008
season was the wettest season, and the 2006–2007 season was the driest season during the study period
(Table 2). There was inter-annual variation in winter wheat seasonal irrigation. Seasonal irrigation
amounts varied from 511 to 787 mm and averaged 654 mm per winter wheat growing season (Table 2).
The highest applied irrigation amount occurred during the 2013–2014 growing season while the lowest
applied irrigation amount was observed during the 2006–2007 growing season. It was contrasting to
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have applied the least irrigation amount during the driest season 2006–2007 however, average wind
speed was low (2.8 m/s), Tmean was 8.2 ◦C, and the average relative humidity was high (60.3)
compared to other winter wheat growing seasons (Table 1). Total seasonal water supply varied from
590 to 894 mm and averaged 784 mm. The inter-annual variation in climatic conditions might have
impacted the seasonal irrigation amount and the total water supply. Moreover, the rotation of the
experimental field from one center pivot to another also might have been another source of variability
in applied irrigation from season to season. The center pivots at the site are different and may have
different application efficiency. With this long-term study, irrigation management and scheduling
might have changed from season to season due to changes in human resources at the research site.
However, winter wheat was not under water stress during the active growing and development stages
after the dormancy period during all the growing period.

3.3. Winter Wheat Evapotranspiration

Wheat water use, estimated with the FAO crop coefficient approach, did not show any significant
difference between the three varieties even if plant height was function of crop varieties (Figure 3).
There were significant differences between winter wheat varieties and the least significant difference
(LSD) values were 8.9, 9.9, 8.1, 9.6, 7.3, 8.9, 11.7, 9.1, 6.8, 9.7, 5.3, and 5.6 cm consecutively from the
2002–2003 to 2013–2014 growing seasons. Average daily ETc varied from 0.1 on extreme cold days to
14.5 mm during the summer period and averaged 2.7 mm day−1 during the winter wheat growing
seasons (Table 3). From crop emergence to late November, crop ETc was reduced to evaporation,
and crop ETc was lowest during the cold period from late November through late February during
plant dormancy and increased with increasing thermal unit from March when the air temperature
increased above winter wheat base temperature and induced crop growth and development. Irmak
et al. (2015) reported that winter wheat ETc mainly depends on the aerodynamic variables and
physiologically nonproductive air temperature. There was inter-annual variation in the wheat ETc
varied from 626 to 887 mm. (Table 3). The highest ETc was obtained during the 2010–2011 growing
season while the lowest ETc was obtained during the 2002–2003 growing season. The 2010–2011
season showed the strongest wind with the seasonal average wind speed of 3.8 m/s and the lowest
relative humidity averaging 46.1% (Table 1). There was significant increasing trend in wheat seasonal
ETo with year. Winter wheat ETc value of 710 mm was reported by Musick and Porter [21] in Texas
and 791–957 mm by Howell et al. [22] in Bushland, Texas under a semi-arid and advective climate.
Low average ETc of rainfed winter wheat was reported as 414, 438 and 423 mm for the conventional,
reduced, and to tillage near Tribune, KS for the period of 1991–2015 [23]. Irmak et al. [2] reported
winter wheat seasonal ETc of 600 mm and 490 mm during two growing seasons in South Central
Nebraska (Clay Center) with the highest ETc value obtained during the warmest season. Lower winter
wheat ETc values in the range of 483–505 mm and 374–551 mm were also reported by Ko et al. [24]
and Luo et al. [25] from their studies at in Uvalde, Texas (USA), and at Yucheng City in Shandong
Province (China), respectively. Howell et al. [14] reported winter wheat seasonal ETc that varied from
791 to 957 mm during the 1989–1990, 1991–1992, and 1992–1993 winter wheat cropping seasons at
Bushland, Texas. Xue et al. [26] reported irrigated winter wheat ETc ranged of 565 to 590 kg/ha in
the US Southern High Plains. Musick et al. [13] and Howell et al. [14,27] reported irrigated wheat
growth seasonal evapotranspiration range of 700–950 mm. During the study period of 2002–2014,
seasonal precipitation during winter wheat growth period represented only 7.7% of wheat seasonal
ETs in 2002–2003 and a maximum of 24.2% of wheat seasonal ET of the ET required for maximum grain
yield. Therefore, winter wheat production under rainfed conditions at the study site seems impossible,
revealing proper irrigation management to maximize water productivity under the semiarid climate
in New Mexico.
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Figure 3. Trends in plant height of the three winter wheat varieties under sprinkler irrigation.

Table 3. Daily maximum, minimum, and average seasonal actual evapotranspiration (ETc) and seasonal
average ETc.

Season
Daily ETc (mm) Seasonal ETc

Max Min Average (mm)

2002–2003 10.5 0.1 2.1 626
2003–2004 11.4 0.1 2.6 755
2004–2005 11.7 0.1 2.6 738
2005–2006 14.5 0.1 2.5 741
2006–2007 13.5 0.1 2.6 768
2007–2008 13.2 0.1 2.8 786
2008–2009 13.0 0.3 2.9 884
2009–2010 10.0 0.2 2.6 777
2010–2011 11.1 0.2 2.9 887
2011–2012 11.1 0.2 2.6 777
2012–2013 11.6 0.2 2.9 866
2013–2014 12.7 0.2 3.1 879

3.4. Long-Term Winter Wheat Yield

Winter wheat yield varied significantly with varieties and seasons and ranged from 1843.1 to
7085.7 kg/ha. Grain yield LSD values were 1232, 1507, 973, 1103, 1125, 1008, 935, 1025, 1088, 960, 1324,
and 338 kg/ha for the respective growing seasons from 2002–2003 to 2013–2014. The variety TAM107
obtained the highest average yield of 4.983 kg/ha followed by Scout 66 with 4121.1 kg/ha and Kharkof
with 3655.6 kg/ha. Kharkof grain yield varied from 5683.5 to 1834.1 kg/ha; Scout 66 grain yield
varied from 2500.2 to 6360.3 kg/ha; TAM107 grain yield varied from 2743.4 to 7085.7 kg/ha (Figure 4).
The highest seasonal yield of Kharkof was obtained in 2002–2003, while the Scout 66 and TAM107
showed their highest yield during the 2007–2008 season. Among the three varieties used in this study,
TAM107 showed significantly higher yield from 2005 to 2009 and in 2012 and 2013. Overall Winter
wheat grain yield decreased with years as shown in Figure 5 and this trend is likely biased by the
2011 and 2012 years which historic drought years. Wheat yield show poor relationship with total
water supply (Table 4). The findings of this study are greater than the results reported by Graybosch
and Peterson [6] who found average Kharkof grain yield for the 1959–2008 period that varied from
1755 to 2918 and averaged 2347 kg/ha across the Great Plains of North America. Morgan [28] reported
winter wheat grain yield of seven genotypes varying from 3800 to 7400 kg/ha averaged 3900 kg/ha.
Zhong and Shangguan [29] indicated winter wheat grain yield range of 4162–7597 kg/ha and 5407–8199
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kg/ha during two growing seasons using two genotypes on the Loess Plateau, China. Baenziger et
al. [30] reported Scout 66 yield of 2795 kg/ha in Southeast, 3581 kg/ha in West Central, 2217 kg/ha
in South Central and 3144 kg/ha in West. Peck and Kirkham [31] reported that irrigated winter
wheat yield averaged 4470 kg/ha under modified irrigation, 3640 kg/ha under normal irrigation and
1660 kg/ha under rainfed conditions at the at the Panhandle Research Station, Goodwell, Oklahoma.
Irrigation management might have impacted the great variation in winter wheat yield with year as the
application of irrigation early spring may increase excessive biomass production with reduced harvest
index at crop maturity [32]. Liu et al. [9] found spatial variability in the irrigated winter wheat yield
across China and ranged from 2236 to 4737 kg/ha in the NCP provinces, from 1563 to 4135 kg/ha
in the Northwest provinces, from 1281 to 3483 kg/ha in the Southwest provinces, and from 1544 to
3425 kg/ha in the Southeast provinces. The decreasing trend in winter wheat yield revealed by the
present study is in agreement with some previous studies. Decrease in winter wheat was reported
by Porter and Gawith [33] and Hatfield et al. [34] who indicated that shorter growing period and
decrease in plant photosynthesis and carbohydrate accumulation are the main causes due to global
warming that is shortening wheat phenology [35]. Yang et al. [36] indicated that wheat yield under
full irrigation had no significant decreasing trend for the period of 1955 to 2006. Fogarasi et al. [37]
showed that slightly decreasing yields is projected for the next three decades for winter wheat and
maize. Decrease of diurnal air temperature range resulted in 2.9% decrease in maize winter wheat
production in China from 1961 to 2010 [38].
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Table 4. Relationship between wheat grain yield and precipitation, seasonal irrigation, and total
water supply.

Variety Total Water Supply

Kharkof Y = −5.1621X + 7701.1. R2 = 0.13
Scout 66 Y = −1.7004X + 5453.7, R2 = 0.01
TAM107 Y = −0.4897X + 5366.8, R2 = 0.0
Average Y = −13.527X + 15361, R2 = 0.45

3.5. Winter Wheat Crop-, Irrigation-, and Evapotranspiration Water Use Efficiency

Winter wheat CWUE varied with seasons and varieties. Tam107 showed the highest CWUE
amount the tested varieties. It ranged from 0.22 to 0.70 kg/m3 for Kharkof, from 0.30 to 0.90 kg/m3 for
Scout 66 and from 0.34 to 1.01 kg/m3 from TAM107 and averaged 0.45, 0.53, and 0.64 kg/m3 for the
respective wheat varieties. CWUE had linearly decreasing relationship with seasonal water supply
(Figure 6) and a positive relationship with grain yield with R2 values of 0.87, 0.88 and 0.85 for Kharkof,
Scout 66 and TAM107, respectively (Figure 7a). CWUE varied from 0.36 to 1.42 kg/m3 across China
with the greatest CWUE obtained in the North China Plain provinces and the lowest Liu et al. [9].
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Figure 6. Relationship between (a) winter wheat crop water use efficiency (CWUE) and the total water
supply, (b) irrigation water use efficiency (IWUE) and the seasonal irrigation amount.
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IWUE of each of the winter wheat varieties is presented in Table 5. IWUE varied from 0.26 to
0.90 kg/m3 for Kharkof, from 0.35 to 1.05 kg/m3 for Scout 66, and from 0.40 to 1.17 kg/m3 for TAM107.
Overall, TAM107 obtained higher average IWUE value of 0.8 than Kharkof and Scout 66 which had
similar IWUE of 0.6 kg/m3. The greatest IWUE was obtained in 2003–2004 for Kharkof, 2007–2008 for
Scout 66 and TAM107 (Table 5). Winter wheat IWUE showed decreasing linear relationship with
the increasing seasonal irrigation amount (Figure 6b). In addition, wheat IWUE linearly increased
with increasing grain yield with R2 values of 0.69, 0.81, and 0.77 for Kharkof, Scout 66 and TAM107,
respectively (Figure 7b). The results of the study are in agreement with Sun et al. (2006) [8] who
reported IWUE values varying from 0.23 to 0.82 kg/m3 in North China Plain.
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Figure 7. Relationship between winter wheat (a) crop water use efficiency (CWUE), (b) irrigation water
use efficiency (IWUE), and (c) evapotranspiration water use efficiency and grain yield (ETWUE).
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Table 5. Trends in seasonal evapotranspiration, grain yield, irrigation water use efficiency, and evapotranspiration water use efficiency of three winter wheat varieties
for the 2003–2014 period.

Season
ETc (mm) Yield (kg/ha) IWUE (kg/m3) ETWUE (kg/m3)

Kharkof Scout 66 TAM107 Kharkof Scout 66 TAM107 Kharkof Scout 66 TAM107 Kharkof Scout 66 TAM107

2002–2003 627.22 626.12 625.14 5683.5 4954.3 5771.9 0.61 0.53 0.62 0.91 0.79 0.92
2003–2004 756.75 755.27 752.23 5054.6 5314.5 5590.5 0.90 0.95 1.00 0.67 0.70 0.74
2004–2005 737.91 739.14 737.32 4039.4 4141.2 5362.0 0.66 0.68 0.88 0.55 0.56 0.73
2005–2006 742.32 740.88 738.22 3391.0 3539.2 4239.5 0.59 0.61 0.73 0.46 0.48 0.57
2006–2007 769.65 768.56 766.30 3844.7 5298.7 5966.0 0.75 1.04 1.17 0.50 0.69 0.78
2007–2008 788.43 786.82 783.66 4881.2 6360.3 7085.7 0.81 1.05 1.17 0.62 0.81 0.90
2008–2009 886.61 884.57 880.66 3614.3 4499.2 6478.3 0.53 0.66 0.94 0.41 0.51 0.74
2009–2010 779.13 777.51 774.43 2424.6 2500.2 2836.4 0.34 0.35 0.40 0.31 0.32 0.37
2010–2011 890.21 887.97 883.69 3109.7 2598.4 2743.4 0.49 0.41 0.43 0.35 0.29 0.31
2011–2012 778.78 777.21 774.23 1834.1 3796.3 5755.9 0.26 0.54 0.82 0.24 0.49 0.74
2012–2013 866.69 865.79 864.11 2996.8 2693.0 3837.6 0.41 0.37 0.52 0.35 0.31 0.44
2013–2014 879.97 878.86 876.71 2993.3 3757.9 4128.7 0.41 0.51 0.56 0.34 0.43 0.47

Average 792.0 790.7 788.1 3655.6 4121.1 4983.0 0.56 0.64 0.77 0.46 0.52 0.63
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Winter wheat ETWUE was dependent on wheat variety with inter-annual variation and averaged
0.46, 0.52 and 0.63 kg/m3 for Kharkof, Scout 66 and TAM107, respectively (Table 5). The findings of this
study are lower than the results reported in the literature. This might be due to zero production under
rainfed conditions under the semiarid condition of Farmington whenever under rainfed, winter wheat
could emerge, evapotranspire, but could not survive the drought in contrast to other locations where
rainfed production is possible. Therefore, the denominator of the ETWUE equation was overestimated
when assuming null ETc under rainfed production. ETWUE had linear relationship with wheat grain
yield with R2 values of 0.93, 0.91, and 0.89 for the Kharkof, Scout 66, and TAM107, respectively
(Figure 7c). ETWUE of 1.84 kg/m3 were achieved with an average wheat yield of 7420 kg/ha and
seasonal evapotranspiration (ET) of 404 mm in North China Plain under extremely late planting [39].
Zhang et al. [40] reported positive linear relationship between ETWUE and winter wheat grain yield in
the Hebei Plain, China. Li et al. [41] reported ETWUE range of 1.57–1.75 kg/m3 and Zhang et al. [42]
reported ETWUE rand 1.6–1.8 kg/m3 North China Plain. Bian et al. [43] indicated that ETWUE was
function of planting pattern and varied from 1.86 to 2.22 kg/m3. Zhang et al. [44] reported winter
wheat ETWUE that varied from 0.98 to 1.22 kg/m3 for rainfed conditions and from 1.20 to 1.40 kg/m3

under irrigation settings while Liu et al. [45] reported ETWUE values varying from 0.97 to 2.08 kg/m3

in China Plain. Zhang et al. [46] reported WUE values for winter wheat between 0.93 and 1.51 kg m3

and Wang et al. [47] found that ETWUE was between 0.70 and 1.30 kg/m3 in the North China Plain
(NCP). For example, with the irrigated wheat in the US Southern Plains, ETWUE was 0.50–1.20 kg/m3

with a yield of 3000–8000 kg/ha [13,14,48]. Xue et al. [26] reported irrigated a winter wheat ETWUE
range of 0.60–0.71 kg/m3 in the U.S. Southern High Plains.

4. Conclusions

A long-term field experiment was conducted from winter wheat season 2002–2003 to 2013–2014
to evaluate grain yield and crop water use efficiency (CWUE), evapotranspiration water use
efficiency (ETWUE), and irrigation water use efficiency (IWUE) of three winter wheat varieties
(Kharkof, Scout 66 and TAM107) under sprinkler irrigation. The varieties were arranged in randomized
complete bloc design with four replications. Evapotranspiration-based irrigation was adopted,
and seasonal irrigation amount recorded. The results showed inter-annual variation in seasonal
precipitation, irrigation, evapotranspiration yield, and water productivity. Seasonal precipitation
varied from 80 to 190 mm, and the seasonal irrigation amount varied from 511 to 787 mm.
Winter wheat daily ETc averaged 2.7 mm/day and varied from 0.06 to 14.5 mm/day and the seasonal
evapotranspiration varied from 625 to 890 mm. Overall, winter wheat grain yield varied from 1843.1 to
7085.7 kg/ha was varietal dependent and decreased with growing season. Winter wheat variety
TAM107 obtained the highest grain yield. Winter wheat CWUE varied from 0.22 to 1.01 kg/m3,
IWUE varied from 0.26 to 1.17 kg/m3, and ETWUE varied from 0.29 to 0.92 kg/m3. CWUE and IWUE
decreased linearly with seasonal water supply and seasonal irrigation amount, respectively. All three
winter wheat varieties’ CWUE, IWUE, and ETWUE had a positive relationship with grain yield.
The results of this study can serve as guidelines for winter wheat producers and researchers in the
semiarid Four Corners region. However, the information provided is limited, and additional research
needs to the conducted for optimizing winter wheat seasonal irrigation management, fertilization
management, and winter wheat sowing date to reduce the yield gap between New Mexico winter
wheat actual yield and the national average yield.
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