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Abstract: Pearl millet (Pennisitum glaucum L.) is a warm season C4 grass well adapted to semiarid
climates where concerns over scarce and depleting water resources continually prompt the search
for water efficient crop management to improve water use efficiency (WUE). A two-year study was
conducted in the Southern Great Plains, USA, semi-arid region, to determine optimum levels of
irrigation, row spacing, and tillage to maximize WUE and maintain forage production in pearl millet.
Pearl millet was planted in a strip-split-plot factorial design at two row widths, 76 and 19 cm, in tilled
and no-till soil under three irrigation levels (high, moderate, and limited). The results were consistent
between production years. Both WUE and forage yield were impacted by tillage; however, irrigation
level had the greatest effect on forage production. Row spacing had no effect on either WUE or forage
yield. The pearl millet water use-yield production function was y = 6.68 × x (mm) − 837 kg ha−1;
however, a low coefficient of determination (r2 = 0.31) suggests that factors other than water use
(WU), such as a low leaf area index (LAI), had greater influence on dry matter (DM) production.
Highest WUE (6.13 Mg ha−1 mm−1) was achieved in tilled soil due to greater LAI and DM production
than in no-till.

Keywords: optimum water use; forage

1. Introduction

Crop yield loss occurs under water deficit, however, many studies have found that higher crop
water use efficiency (WUE) is often achieved under water stress conditions [1], albeit, with reduced
yield. It is therefore, imperative to identify crop management strategies that optimize WUE without
sacrificing attainable yield under limited water availability. The ratio of crop fodder (forage) or grain
biomass produced per unit water used (transpiration and losses to soil evaporation) is considered
crop water use efficiency [2]. Although there are many location characteristics and environmental
conditions that influence WUE (e.g., climate regime, soil type) that cannot easily be manipulated by
land managers, there are various crop management schemes known to increase water availability and
promote greater WUE [1,2]. It is up to researchers to identify useful combinations of practices fit for
particular regions based on the best science available from around the globe.

Pearl millet is a C4 warm season grass predominately in production for grain for human consumption
and forage for livestock feed throughout Africa and India and is noted for its tolerance to semiarid
conditions where there is low rainfall and limited levels of soil nutrients and organic matter [3,4].
It is typically grown on rainfed (dryland) areas in systems with grain sorghum (Sorghum bicolor L.),
maize (Zea mays L.), or often integrated with legume crops such as cowpea (Vigna unguiculata (L.) Walp)
in Africa [4,5]. Pearl millet is also gaining recognition in the Southern Great Plains, USA, semi-arid
region, as a potential forage crop to be integrated into grain sorghum-winter wheat (Triticum aestivum, L.)
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livestock feed cropping systems by replacing summer fallow [6–8]. The United Nations Food and
Agriculture Organization Statistical Database (FAO) reported that worldwide millet production in 2018
was approximately 31 million metric tons, with Africa and Asia accounting for 51 and 46% of total
production, respectively; the Americas make up only 1% of global millet production [9]. Pearl and other
millets (e.g., foxtail (Setaria italica, (L.) P. Beauvois), proso (Panicum miliaceum, L.), and Japanese (Echinochloa
esculenta, A.Braun)) are common in semi-arid regions for livestock feed because of their rich nutrient value
and fit in cropping rotations with short growing seasons that have limited water supply [6,10].

Water use efficiency can be improved using soil management, crop husbandry, water management,
genetic selection, and crop competition management [1]. Many of these methods to improve WUE
have been reported in studies of pearl and other millet species in locations around the world over the
past 25 years (Table 1). Husbandry studies have tested various planting arrangement methods and
population densities in hill type sowing [11–13]; forage harvest intervals have also been tested [8].
Studies of irrigation technology have investigated sprinkler, surface drip, and subsurface drip methods
or irrigation scheduling throughout the season [10,14]. Other researchers explored increasing water
stress and nutrient management; many of those studies utilized the factorial combination of the
treatments to benefit from the interaction of improved WUE with nutrient management under
limited water supply [15–20]. However, throughout all these studies, the range of millet WUE is
1–92 kg ha−1 mm−1 with a mean and median of 20.6 and 13.4 kg ha−1 mm−1, respectively (Table 1). In a
global meta-analysis of WUE in various crops, [2], reported many environmental factors impact WUE
variability within and among crop species. For example, greater WUE was observed in tropical versus
desert climates, and greater organic matter content was strongly correlated with positive WUE, whereas
clay content was negatively correlated with WUE [2]. Ultimately, [2] and co-authors admonished
researchers to investigate the mechanisms that might further explain WUE variability within a species.

To our knowledge, no studies with pearl millet have investigated the combination of irrigation
levels to limit water availability, plant arrangement in narrow versus wide row spacing and soil
management with conventional rotary tillage versus no-till. Goals of this research were to determine the
optimum levels irrigation, row spacing, and tillage to maximize WUE while maintaining stable forage
production [21] in pearl millet in the semi-arid region of the Southern Great Plains, USA. The underlying
hypotheses guiding the objectives were (a) WUE will increase with decreased water availability [22];
(b) no-till soil management techniques can promote more efficient WU [23]; (c) pearl millet crop canopy
can be modified through row spacing to increase incidence of leaf area index and light interception [24].
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Table 1. Location, soil type, millet crop, experimental treatment, soil tillage management, crop row spacing, water source, crop water use (WU) and water use
efficiency (WUE) of pearl and other millet species.

ReferenceLocation Soil Type a Crop b Treatment c Tillage Row Spacing
(cm) Water Source d WU (mm) WUE

(kg ha−1 mm−1) Comments

[15] Texas,
USA CL Pearl, F Irr levels, cultivars Disk 100 Subdrip 193–480 87–92 Max WUE in limited Irr only 1 yr.

[8] Texas,
USA CL Pearl, F Harvest intervals Rotary till 19 Surfdrip 594 16.2 WUE not different across harvest intervals

[12] Tanzania Snd Pearl, G Cultivation,
micro-dosing various na Rf 481 1.0–4.0 Max WUE in tide-ridges with micro-dose

[25] China SndL Foxtail,
Japanese, G Species, sowing dates Rotary till 42 Rf 356 10.2–22.8 Max WUE in early sowing

[17] Niger Snd Pearl, G Manure, micro-dosing na 100 Rf 582 4.9–12.8 Manure and fertilizer increased WUE
[11] India SndL Pearl, G Planting arrangement na 100 Rf 263 5.8–7.7 Tide-ridge recommended
[16] Jordan CL Pearl, F Species, irr levels Disk 50 Surfdrip 325–516 21.3 Deficit increased millet WUE

[10] Saudi
Arabia SndL Pearl, F Irr type na 20 Sprinkler,

Surfdrip, subdrip 100–1300 8.4–13.4 Max WUE in subdrip

[19] Australia CL Pearl, F Irr levels na na Sprinkler 496 22.7 Forage species, high WUE
[20] Iran CL Pearl, F Irr levels, N levels na 60 Flood 321–755 28.4–41 Max WUE in deficit with N applied

[18] Niger na Pearl, G Animal integrated
cropping na na Rf 372–393 0.9–6.2 Max WUE with animal integrated cropping

[26] Colorado,
USA SltL Proso, F Cropping systems No-till na Rf 100–250 3.0–22.0 WUE improved in forage-based systems

[14] Nebraska,
USA SltL Pearl, G Irr scheduling No-till 76 Flood 353 13.4–28.5 Sorghum had higher WUE than millet

[27] Texas,
USA CL Pearl, G/F Cropping systems No-till 25 Rf 268 4–31.0 Forage crops improved system WUE

[13] Niger Snd Pearl, G Population, varieties na 100 Rf 366 7.6–9.7 Max WUE in high populations with
nutrients applied

[22] India SndL Pearl, F Irr scheduling,
cultivars na 30 Flood 223–568 13.8–17.9 Max WUE under water stress

Note: na, not available. a Cl, clay loam; SltL, silt loam; Snd, sand; SndL; sandy loam. b F, forage; G, grain. c Irr, irrigation. d Rf, rainfed; Subdrip, subsurface drip; Surfdrip, surface drip.
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2. Materials and Methods

2.1. Location and Field Preparation

This forage pearl millet study was conducted during the 2016 and 2017 growing seasons at West
Texas A&M University Nance Ranch near Canyon, TX (34◦58′6” N, 101◦47′16” W; 1097 m above
sea level elevation) located on Olton clay loam (fine, mixed, superactive, thermic, Aridic Paleustoll).
Treatments were arranged as strip-split-plots with four replications with irrigation as main plots,
row spacing as subplots, and tillage as sub-subplots.

The plot area was prepared for planting in 2016 by first a using a rotary mower to reduce
native perennial grasses, which had established in an unused portion of the field, and application
of Roundup© PowerMax™ (Monsanto, St. Louis, MO, USA) herbicide at 9.5 L ha on 31 May 2016.
The field was further prepared in 2016 by applying 88 mm of preplant irrigation through drip tape
(system described below) to increase the ease of mechanical tillage. In 2017, pearl millet was planted
following winter wheat sown in October 2016 terminated in March using Roundup© PowerMax™
herbicide at the same 2016 application rate. In both years, tilled plots were cultivated 20 cm depth
using a CountyLine rotary tiller (King Kutter, Inc., Winfield, AL 35594, USA) the day of planting.
‘Graze King’ BMR pearl millet (176,405 seeds kg−1, 85% germination, 98% purity) was planted on
17 June 2016. Seed used in 2017 was procured from Winfield United (Shoreview, MN 55126, USA)
(116,280 seeds kg−1, 85% germination, 98% purity). Sowing utilized a Great Plains 3P500 grain drill
(Great Plains Mfg., Inc., Salina, KS, USA). The 3.05 × 6.1 m plots were seeded at 125 seeds m−2 and
95 seeds m−2 in 2016 and 2017, respectively. Plot width being 3.05 m, we accommodated 16 rows and
4 rows in 19 and 76 cm row spacing treatments, respectively. Different seeding rates were the result
of different seed sizes and planter limitation to accommodate the small seed size at the same rate for
both years.

2.2. Irrigation Management

Irrigation was administered with a metered surface drip line system with two lines 152 cm apart
in each plot with emitters spaced 61 cm, each applying 7.5 L hour−1 emitter−1. In-line control valves
were used to regulate water flow to the irrigation treatment levels so that when irrigation was applied
to high (H) only, flow was restricted to moderate (M) and limited (L). However, when L was irrigated,
the other levels were irrigated as well, and when M was irrigated, H also received water (Figure 1).

Irrigation management was preplanned to simulate grower conditions where a specific amount
of irrigation allowable by aquifer pumping would be provided during the season. Approximately
225 mm was selected as the upper quantity for H. The M and L levels were to be approximately 60 and
30% of the high level, respectively. Weekly applications of 25 mm were planned for H, biweekly in M,
and only early season irrigation in L. Ultimately, irrigation management decisions were influenced by
growing season climatic conditions, therefore, irrigation events took place when necessary.

Crop WU was defined as the sum of growing season precipitation, irrigation, and plant available
soil water (PAW) at planting, minus PAW remaining at harvest. Water lost to runoff or drainage was
not measured. Water use efficiency is DM divided by total WU.
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Soil volumetric water content at harvest in both years was determined using one core sample from 
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Soil characteristics and properties utilized data obtained from the United States Department of 
Agriculture Natural Resources Conservation Service Web Soil Survey [28] (Table 2). Plant available 
soil water (PAW) was calculated by subtracting volumetric water content at permanent wilting point 
(−1500 kPa) from volumetric water content at −33 kPa and multiplied by the soil depth. 

Table 2. Soil moisture characteristics for Olton clay loam a. 
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Figure 1. Precipitation, irrigation by water level, and maximum and minimum daily temperature
from 1 June to 30 September for 2016 and 2017 near Canyon, TX. Tmax, maximum daily temperature;
Tmin, minimum daily temperature; H, high, M, moderate, L, limited irrigation levels.

2.3. Soil Moisture

Soil cores used to calculate average soil volumetric water content at planting were obtained by
sampling four random locations throughout the plot area using a tractor mount Giddings hydraulic
press (Giddings Machine Company, Inc., Windsor, CO, USA). Soil samples were taken the day prior to
planting to a depth of 60 cm in 2016 and to a depth of 75 cm in 2017. Each core sample was divided into
three incremental depths: 0–15, 15–30, 30–60 cm in 2016 and 0–15, 15–45, 45–75 cm in 2017. The soil
cores were weighed, and oven dried at 104 ◦C for 72 h until a constant dry weight was attained.
Soil volumetric water content at harvest in both years was determined using one core sample from
each plot divided into segments of 0–15, 15–45, 45–75 cm.

Soil characteristics and properties utilized data obtained from the United States Department of
Agriculture Natural Resources Conservation Service Web Soil Survey [28] (Table 2). Plant available
soil water (PAW) was calculated by subtracting volumetric water content at permanent wilting point
(−1500 kPa) from volumetric water content at −33 kPa and multiplied by the soil depth.

Table 2. Soil moisture characteristics for Olton clay loam a.

Water Content (kPa) b

Depth ρ b
c

−33 −1500 Plant Available Water

cm g cm−3 % by Volume cm cm−3 cm

0–15 1.54 34.8 23.5 0.13
15–30 1.49 35.3 24.5 0.16
30–60 1.46 35.6 25 0.17
60–90 1.45 35.2 24.3 0.16
Mean 1.49 35.23 24.33 0.16
Profile 13.95

a NRCS, Web Soil Survey, Randall County, Texas (TX381), Olton Clay Loam, 0–1% slopes. b Water content at field
capacity (−33 kPa) and permanent wilting point (−1500 kPa). c ρb, soil bulk density.
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2.4. Weather Data

Precipitation during the 2016 growing season was collected with a graduated plastic rain gauge
at the study site and cross referenced with National Weather Service in Amarillo, TX (approximately
32 km from the study location). Temperature values were taken from the National Weather Service in
Amarillo. Weather data for 2017 was collected on site utilizing a Campbell Scientific (Logan, UT, USA)
weather station approximately 100 m from the plot location. The American Society of Civil Engineers
reference evapotranspiration (ETo) for a well-watered grass crop was calculated using the REF-ET [29]
macro software for Microsoft Excel (Microsoft Corp., Redmond, WA, USA). Growing degree-days
(GDD) were calculated using Equation (1):

GDD = crop max
(Tmax + Tmin

2
− Tbase, 0

)
(1)

where crop maximum is 35 ◦C and base temperature is 10 ◦C [30]. Growing degree-days were calculated
for the time period between planting date and harvest.

2.5. Crop Growth and Forage Yield Measurements

Plant emergence and density were observed and counted at 308 GDD (19 days after planting;
DAP) and 255 GDD (18 DAP) in 2016 and 2017, respectively. Crop canopy height was determined
using a 0.25 m2 circular clear plastic disk and the method described by [31] and used by [32]. Harvest
DM was the mean of two 1 m2 quadrats from each plot, arranged in the 76 cm row spacing to include
two rows, and cut at 15 cm above the soil surface [33].

Photosynthetically active solar radiation (PAR) intercepted by the crop canopy was measured
every 7 to 12 d beginning 7 July 2016 and 19 June 2017 using the AccuPAR Linear PAR ceptometer,
model 80 light measuring instrument (Decagon Devices, Pullman, WA, USA). Light interception
measurements were collected by placing the instrument diagonally across three 19 cm spaced rows and
perpendicular across two 76 cm spaced rows. Percent light intercepted by the canopy was determined
by calculating the difference of one above (incident) measurement from the mean of two below canopy
measurements, divided by the above measurement.

Leaf area index (LAI) was measured and calculated utilizing the LAI-2200 Plant Canopy Analyzer
(Li-Cor, Inc., Lincoln, NE, USA). Measurements were obtained for row crops of narrow and wide row
spacing per the Li-Cor instruction manual to calculate a mean from two sequences of one above canopy
and four below canopy readings. Measurements were obtained at sunrise or sunset every 10 to 14 d
beginning 12 July 2016 and 19 June 2017.

2.6. Statistical Design and Analysis

Year, irrigation, row spacing, and tillage were treated as fixed effects. Analysis of variance of main
effects utilized Proc MIXED and GLM of the Statistical Analysis System, Version 9.4 (SAS Institute,
Cary, NC, USA). Linear regression and analysis of covariance utilized Proc REG and Proc GLM
with contrast statements to determine differences among slopes and intercepts of the regression
equations [26]. Significance was determined at p < 0.05 for all means separation tests and used the P
diff statement with Tukey’s adjustment for all main effects.

Interactions for all main effects were initially tested. When no interactions were detected, only main
effect results are presented. Years were analyzed and are presented separately for analysis of variance
as a consequence of management differences between the seasons: planting in 2016 was into native
perennial grass, into wheat stubble in 2017; different seed used in each year. Years were combined for
regression analysis after observing similar trends for both years.
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3. Results

3.1. Weather, Irrigation, and Soil Moisture

3.1.1. Seasonal Weather

Total growing season precipitation was 217 and 309 mm in 2016 and 2017, respectively (Figure 1;
growing seasons: 17 June to 30 September 2016; 1 June to 30 August 2017). The 30-year precipitation
average for the Amarillo, TX area for June through September is 275 mm. Precipitation received was
89% and 137% of normal for the respective years (Table 3). Higher temperatures in July 2016 resulted in
10% greater cumulative degree days than in July 2017. Lower temperatures and greater precipitation
in August 2017 generated 13% lower GDD accumulation for that month compared to 2016 (Table 3).
The local 30-year average GDD accumulation for a 90-d pearl millet growing season is 1676 GDD for a
1 June planting date (Table 3).

Table 3. Average maximum daily temperature, total precipitation, and estimated cumulative thermal
time by month for 2016 and 2017 growing seasons near Canyon, TX from planting to harvest. a

Month Avg. b Max Daily Temp. Precipitation Heat Units
◦C mm GDD

2016 2017 Avg. 2016 2017 Avg. 2016 2017 Avg.

June 33 32 30 57 103 80 437 411 405
July 36 32 33 61 79 72 528 478 486

August 31 28 31 113 127 74 440 389 461
September 29 28 15 49 362 324

Total 246 309 275 1767 1279 1676

Percent of normal 89% 137% c 105% 94%
a Growing Season, 17 June to 30 September 2016; 1 Jun to 30 Aug 2017. b Averages for temperature and precipitation
are averages for Amarillo, TX, USA. 1981–2010. c 2017 percent of normal for precipitation and heat units is taken
from historical avg. of June–August. The percent of normal is indicated for each season’s precipitation.

3.1.2. Irrigation

Total irrigation applied in 2016 for each irrigation level was 220, 157, and 72 mm for the H, M,
and L levels, respectively (Table 4). In 2017, 356, 242, and 132 mm were applied to the H, M, and
L irrigation treatments, respectively (Table 4). The L level received three irrigation events in 2016,
and five events in 2017; greater water was applied in 2017 early in the season due lower soil moisture at
planting and to prevent soil surface crusting. The M level received nine events in 2016 and eight events
in 2017. The H level received 14 events in 2016 and 11 events during the 2017 season. As a result of
more frequent rainfall during the second half of July and in August of 2017, there were fewer irrigation
events needed than in 2016.

Table 4. Millimeters of irrigation applied to pearl millet by month for the 2016 and 2017 growing
seasons a near Canyon, TX.

2016 2017

High Moderate Limited High Moderate Limited

June 72 72 72 214 171 132
July 66 43 142 71

August 82 42
September

Total 220 157 72 356 242 132
a Growing Season, 17 June to 30 September 2016; 1 June to 30 August 2017.
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Applied irrigation accounted for approximately 24–53% of seasonal total water (irrigation and
precipitation) for the crop at the respective irrigation levels over both growing seasons (Table 5).
During the growing seasons, irrigation accounted for an average range of 50–53%, 41–43%, and 24–29%
of the total water received by the crop (excluding stored soil moisture) in H, M, and L levels, respectively
(Table 5). The total water is compared to ET [29] to evaluate the efficacy of irrigation management
to meet climatic demand on the crop (Table 5). The ETo climatic demand was estimated at 772 and
902 mm in 2016 and 2017, respectively. The range of satisfied climatic demand across water regimes
was 48–73% in 2017 vs. 37–56% in 2016 (Table 5). Although 2017 had fewer irrigation events for H and
M levels, additional rainfall in 2017 was available to meet the climatic demand.

Table 5. Precipitation and irrigation by month and irrigation level for 2016 and 2017 near Canyon, TX.
Percent of total water as irrigation and total as water percent of ETo are also included.

2016 a 2017

mm

High Moderate Limited ETo
b High Moderate Limited ETo

Total 437 374 289 772 665 551 441 902

Percent of total as irrigation 50% 41% 24% 53% 43% 29%

Total water as percent of ETo 56% 48% 37% 73% 61% 48%
a Growing Season, 17 June to 30 September 2016; 1 June to 30 August 2017. b ETo, ASCE reference evapotranspiration
(ET) for a well-watered grass crop, calculated using REF-ET [29].

The authors of [14] reported applying an average 353 and 350 mm in two study years on pearl
millet and grain sorghum (Sorghum bicolor L.), respectively, in Nebraska where annual precipitation was
285 and 480 mm in the study two locations. In studies of rainfed millet production, [27] at Bushland,
TX reported pearl millet forage WU range was 236 to 289 mm (precipitation and PAW from the soil).
In a study testing the response of sorghum, maize, and pearl millet to four irrigation levels in India, [22],
reported total WU ranged from 242 to 568 mm during the field study. In Akron, CO, during the
five-year study of opportunity cropping systems [34], millet growing season precipitation ranged from
57 to 298 mm, similar to other semiarid locations.

3.1.3. Soil Moisture

Plant available water at planting was 3.35 cm for the 60 cm profile in 2016 and was 1.9 cm for the
75 cm profile in 2017. Mean PAW (soil depth 75 cm) at harvest across all treatments in 2016 (0.63 cm)
was 20% of mean PAW in 2017 (3.09 cm). Harvest PAW in 2016 was influenced by irrigation, there was
no influence of row spacing or tillage treatments, averaging 0.64 cm. High and M irrigation levels
averaged 0.86 cm, which was different from L at 0.19 cm of PAW. Differences in PAW were found in
2017 among irrigation levels and in an irrigation × tillage interaction. Plant available water was highest
in M (3.52 cm) and lowest in L (2.49 cm), a difference of 41%; H (3.1 cm) was not different from the M
and L levels. The interaction resulted from L irrigation × no-till, 1.8 cm PAW, being 47% lower than the
average of all other treatments (3.42 cm; SE = 0.42 cm), ranging from 2.7 to 3.8 cm. The primary reason
harvest PAW in 2016 was 80% less than 2017 is the additional 31 d of growing season in 2016 and the
rainfall prior to harvest in 2017 (Figure 1).

3.2. Treatment Effects: Irrigation, Row Spacing and Tillage

3.2.1. Plant Growth and Forage Dry Matter

Average pearl millet plant population was 14.6 and 30.9 plants m−2 in 2016 and 2017, respectively,
a difference of 52%. A year x till interaction was observed, most likely due to low plant population in
no-till in 2016 compared to no-till in 2017 (7.9 vs. 45.8 plants m−2, respectively). Additionally, in 2016,
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average population in no-till was 67% less than till (7.9 vs. 21.2 plants m−2, respectively). However,
in 2017, average till plant population was 65% less than no-till (16.1 vs. 45.7 plants m−2). The no-till
planting in 2016 was into herbicide killed native perennial grasses which prevented adequate seed to
soil contact for proper germination. In 2017, an afternoon rainstorm following a morning irrigation
event three days after sowing caused runoff that was observed in the till treatment. In contrast, no-till
in 2017 was protected by the winter wheat stubble remaining on the soil surface after planting.

Forage DM was influenced by year, irrigation level, and tillage (p < 0.05) as main effects in both
years; row spacing had no effect on forage production (Table 6). Average pearl millet DM in 2016 was
approximately 38% less than in 2017 (1712 and 2759 kg DM ha−1, respectively). Average WU was 523
and 395 mm in 2017 and 2016, respectively. Average WUE was 5.28 and 4.26 kg ha−1 mm−1 in 2017
and 2016, respectively (Figure 2). Forage DM in H irrigation was 46% greater than L, ranging from
1219 to 2213 kg ha−1 in 2016. The H level was 54% greater than L in 2017, which ranged from 2213 to
3450 kg ha−1 (Figure 2). Dry matter in M was not different from H in either year but was different
from L (p < 0.05; Figure 2). Water use in H was 15% greater than M and 43% greater than L in 2016.
In 2017, H received 59% more water than L and 21% more than M (Figure 2). Water use efficiency
was not different among irrigation levels ranging from 3.78 to 4.79 kg ha−1 mm−1. In contrast, a C3

bioenergy crop, hybrid poplar (Populus generosa Henry × P. nigra L.), achieved differing WUE values of
5.6 and 8.9 kg ha−1 mm−1 grown under 115 mm and 240 mm of applied irrigation, respectively [35].
Row spacing did not influence pearl millet forage DM, WU, or WUE in 2016 or 2017 (Figure 2, Table 6).

Table 6. The p-values from ANOVA of pearl millet dry matter (DM), water use (WU), and water use
efficiency (WUE).

2016

Treatment a DM WU WUE

I 0.001 <0.0001 ns
R ns ns ns

I × R ns ns ns
T 0.0001 ns <0.0001

I × T ns ns ns
R × T ns ns ns

I × R × T ns ns ns

2017

DM WU WUE

I 0.0097 <0.0001 ns
R ns ns ns

I × R ns ns ns
T 0.0064 ns 0.0095

I × T ns ns ns
R × T ns ns ns

I × R × T ns ns ns
a I, irrigation; R, row spacing; T, tillage; ns, not significant at p = 0.05.

Pearl millet DM and WUE in the tilled plots were greater than in no-till in both years, although,
WU was not affected by tillage management in either year (Figure 2). Forage DM in till was 66 and 39%
greater than no-till, in 2016 and 2017, respectively. Pearl millet WUE in tilled soil was 68% greater than
no-till in 2016 and 39% greater in 2017 (Figure 2).

Forage DM in 2016 till was greater as a consequence of the low plant population in no-till due to
poor seed to soil contact. The low forage yields in 2017 are attributed to N deficiency observed in the
no-till plants. This deficiency in no-till may be a result of higher plant population, compared to the till
treatment, leading to the deficiency observed mid-season and no deficiency observed in the till plants.
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Crop canopy height in 2016 was not influenced by irrigation, row spacing, or tillage; the end of
season canopy height was 50 cm. For the 2017 season, canopy height was affected by irrigation over
time. Height at harvest was 72, 67, and 59 cm for H, M, and L, respectively. In addition, there was an
irrigation × tillage interaction in 2017, where L × no-till was 38 cm and H × till was 49 cm at harvest.
No difference for crop canopy height was measured in the tillage treatment for either year.
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Figure 2. (A) pearl millet dry matter; (B) water use = (rainfall + irrigation + plant available soil moisture
at planting)–plant available soil moisture at harvest; (C) water use efficiency = dry matter/water use.
Lowercase letters indicate significance at p < 0.05 within treatment and year; bars indicate standard
error within treatment. H, high irrigation level, M, moderate irrigation level, L, limited irrigation level;
19 cm and 76 cm row spacing; N-t, no-till, T, tilled.

3.2.2. Light Interception and Leaf Area Index

Crop LAI during the 2016 season was impacted by irrigation, which reached a maximum of 2.47
at 1262 GDD (Figure 3). In 2017, LAI was similarly affected by irrigation and reached a maximum
of 3.07 at 1203 GDD (Figure 3). Incidence of crop canopy light interception responded to changes in
irrigation through time in 2016 only, reaching 74.6% interception at 967 GDD (Figure 3).

Light interception was influenced by row spacing though the 2016 season, which reached 74%
in 19 cm and 65% in 76 cm at 1262 GDD (Figure 4). During 2017, LAI reached 2.87 in 19 cm and 2.59
in 76 cm at 1203 GDD (Figure 4). In both years, light interception and LAI were lower in wide row
spacing. However, other work with pearl millet and row spacing has shown that in years where rainfall
was less than the local average, wide row spacing outperformed narrow rows [36]. Weeds were not
controlled either year of this field study and in 2016 rainfall was 11% less than the 30 year normal
(Table 3), yet, row spacing had no effect on pearl millet DM.

During 2016, no differences for LAI nor light interception were observed between tillage treatments
(Figure 5). Through 2017, mid-season LAI was different for the tillage treatments but there was no
difference by harvest time, reaching a maximum value of 2.8 and 2.6 in till and no-till, respectively
(Figure 5). Light interception was greater in no-till through the 2017 season, reaching 77 vs. 70% in till
at end of season (Figure 5). For the 2017 season, light interception interactions were found for irrigation
× tillage and row spacing × tillage. In the till treatment, there was an increasing trend following
increasing irrigation and narrow row spacing, however, that trend was interrupted in the no-till where
M had 6% less light interception than L, and 76 cm row spacing had 20% less than 19 cm.
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Figure 3. Leaf area index (LAI) and percent light interception (PAR) for irrigation levels in 2016 and
2017 in pearl millet at Canyon, TX. Asterisks indicate treatment p < 0.05 on measurement date.
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Figure 4. Leaf area index (LAI) and percent light interception (PAR) for row spacing in 2016 and 2017
in pearl millet at Canyon, TX. Asterisk indicate treatment p < 0.05 on measurement date.
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Figure 5. Leaf area index (LAI) and percent light interception (PAR) for tillage levels in 2016 and 2017
in pearl millet at Canyon, TX. Asterisk indicate treatment p < 0.05 on measurement date.

4. Discussion

4.1. Explaining Water Use Efficiency

4.1.1. Water Use Efficiency and Soil Nutrient Supply

Although nutrient management was not a treatment in this study, field observations of possible
nutrient deficiencies prompted investigation to the relationship between WUE and nutrient management.
Proper soil nutrient supply improves plant growth, photosynthetic rate, transpiration, root growth
and ultimately yield, all result in increased WUE [23]. For example, pearl millet, being tested under
four levels of increasing N and irrigation supply, achieved 41 kg ha−1 mm−1 WUE in the most water
stressed treatment with the highest level of N application, 225 kg N ha−1 [20]. The authors of [37] also
illustrated the effect that irrigation and N application can have on WUE in an experiment with irrigated
and rainfed wheat when “adequate” N was applied with irrigation, mean WUE was 78% greater and
grain production was 16% greater in irrigated than in rainfed wheat without N application. The 2016
and 2017 of this pearl millet study, DM was influenced by observed nutrient deficiency, especially in the
no-till treatment of 2017. The authors of [8] conducted an experiment with forage pearl millet at the
same time just adjacent to the plot where this forage pearl millet experiment took place. Agronomic
management similar to the H irrigation, 19 cm row spacing, and tilled treatment was similar in both
studies except that in [8] N was applied in both study years at rates of 84 kg ha−1 and 78 kg ha−1 in
2016 and 2017, respectively. Pearl millet DM reported by [8] used approximately 514 and 602 mm of
water in 2016 and 2017, respectively, which produced 6287 and 9874 kg ha−1, with WUE of 12.2 and
16.4 kg ha−1 mm−1 in those years, respectively. The DM yields from [8] were approximately three times
greater than the mean across all treatments of this study in 2016 and 2017 having used a maximum of
462 and 641 mm in those years without N application. The lack of N, demonstrated by comparison
to [8], lead to lack of nutrients reduced plant productivity and negatively impacted WUE [38].
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4.1.2. Weed Influence on Pearl Millet Water Use Efficiency

Native grass/weed DM may have impacted pearl millet WUE due to no weed control in either year
of this study. In 2016 grass/weed DM was not influenced by row spacing, however grass/weed DM was
different among irrigation and tillage levels (Table 7). In 2017, only row spacing influenced grass/weed
DM. The authors of [39] demonstrated in forage sorghum, when weeds are present, there was no
difference in DM yields among wide (76 cm) or narrow (25 cm) row spacing. Although weed control
was not a treatment in this study, regression analysis showed that grass/weed DM did influence pearl
millet WUE across treatments and years (Figure 6). As weed proliferation was not checked by high leaf
area index and resulting light interception correlated with crop competitive ability [40], weed/grass
DM accumulated, thus reducing pearl millet WUE.

Table 7. Grass/weed dry matter (DM) at pearl millet harvest by treatment near Canyon, TX in 2016 and 2017.

Treatment DM

kg ha−1

2016 2017
Irrigation

High 710a a 324a
Moderate 561b 363a
Limited 484b 297a

SE 37.8 44.7
Row Spacing

19 cm 576a 218b
76 cm 594a 438a

SE 30.9 36.5
Tillage
No-till 792a 318a

Till 379b 338a
SE 30.9 36.5

a Lowercase letters indicate mean separation within effect, p < 0.05.
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4.1.3. Water Use Efficiency Response to Agronomics

Pearl millet WUE reported in the literature has been consistent yet wide ranging. During a
five-year rotation study by [27], mean pearl millet production from two seasons was 3670 kg ha−1.
Although weather conditions were not considerably different between the two years, [27] reported
WUE of 31 kg ha−1 mm−1 in 1995 and 4.5 kg ha−1 mm−1 1996, most likely due to one month earlier
planting date in 1995, allowing the crop to better utilize soil water prior to harvest. The authors
of [13] found the WUE of pearl millet, in a study of various cultivars and plant populations in Niger,
ranged from 7.6 to 8.7 kg ha−1 mm−1. In Tunisia, [41] reported a pearl millet WUE range of 6.4 to
7.6 kg ha−1 mm−1 among four water stress treatments. The authors of [22] reported pearl millet
DM values of 4000 to 8300 kg ha−1 and WUE from 13.8 to 17.9 kg ha−1 mm−1, respectively, in India.
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Whereas, in Akron, CO, among forage and grain, foxtail and proso millet cropping systems described
by [33], DM production ranged from 562 to 4545 kg ha−1 with WUE ranging from 4.8 to 27.5 kg ha−1

mm−1 during the five-year study. Additionally, [20] also reported high WUE ranging between 35.7 and
41 kg ha−1 mm−1 under four levels of irrigation. Grain sorghum WUE has been reported between 11
to 49.2 kg ha−1 mm−1 among locations throughout the Central and Southern Great Plains U.S. [42,43].

In the studies of pearl millet and sorghum cited above, minimum or no-till was used by [27]
and [43], however, tillage information was absent from the other studies. In this study, a WUE
response to agronomic management was only observed from tillage practices (Figure 2), whereas
WUE was not impacted in the same way in this study by the increasing DM and WU from irrigation
treatments as previously observed in other studies [20,22,41]. In a review of soil management effects on
WUE, [23] reported that in no-till, where plant residue is maintained on the soil surface, higher WUE is
typically found due to reduced evaporative water loss (E) from soil, lower soil surface temperatures,
and improved water infiltration. The authors of [23] analyzed nineteen studies of crop and soil
management practices and synthesized their results into a graphical depiction of crop WUE responses
to soil management and seasonal effects. They demonstrated that crop biomass and yield increased
or decreased due to changes in soil management. In this study, pearl millet DM response to soil
tillage reflects differences in biomass due to soil management changes as described by [23] (Figure 7).
However, when, soil surface E is roughly approximated at the x-intercept of the DM/WU regression line
(Figure 7) [38,44], the two-season average estimated E from tilled and no-till soil was approximately
114 and 131 mm, respectively. While these estimates are similar, the result is contrary to reports of less
E from no-till soil [23]. Additionally, WU was not different between tillage or row spacing treatments
in either year. Furthermore, the spread of DM responses observed, lack-of-fit to the DM/WU predicted
line, and no differences in DM or WU detected between row space levels and WU between tillage levels
indicates that WU was insensitive to changes in the management practices other than when water
was added by irrigation (Figures 2, 7 and 8). The authors of [24] reported that pearl millet yield is
largely independent of WU when LAI is low, as was observed in both seasons of this pear millet forage
study, due to the majority of light being intercepted by the soil surface allowing water loss to E in the
sparse canopied crop with LAI values < 2 [44]. In 2016, LAI was not different between the tillage levels,
however, in 2017, LAI in the tilled treatment reached approximately 2 nearly 100 GDDs before no-till
reached a LAI of approximately 2. As mentioned above, the N deficiency observed predominately in
no-till explains slower growth, lower DM and WEU for both years even though till had lower early
season plant count than in no-till during 2017. Thus, higher WUE in tilled soil was achieved as a result
of earlier canopy development, more light interception and greater DM production.
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The proceeding discussion explaining WUE differences in the tilled treatment also helps explain
the absence of main effect interactions and lack of WUE response to decreasing irrigation. Poor soil
nutrient supply and high weed competition reduced pearl millet crop growth thereby obscuring any
possible interactions among the main effects and responses typically reported from no-till or water stress
studies. The authors of [20,22,41] found that pearl millet WUE increased as water stress also increased,
which was not observed in this study. However, the relationship between WUE and DM [26,37,38]
affords direct comparison of WUE at each irrigation level (Figure 8). Statistical contrast analysis of the
slopes and intercepts for the respective irrigation levels [26] show that L had greater positive gain in
WUE than was achieved in the H or M. This analysis suggests that WUE at the L level had a higher rate
of return for accumulated DM than the other water levels. The authors of [22] demonstrated that in
water stressed pearl millet WUE increased 23% from well-watered conditions. Analysis of their results
demonstrates that pearl millet maintains physiological functions even when constrained by water
stress. For example, the ratio of net photosynthesis (g CO2 m−2 h−1) to WU (mm) was greater in the
limited water treatment than in the full water treatment (0.029, 0.002, respectively) [22]. This result can
be explained by the biochemical pathway in warm season C4 plants used to continue photosynthesis
when vapor pressure deficit is high in low density canopies [45,46]. Furthermore, [44] explained that
increased WUE this is the result of a greater proportional increase in WUE for low LAI values than
when LAI is >2. Thus, the direct relationship between WUE and DM illustrates an ecophysiological
response from pearl millet interacting with the crop environment.

Although irrigation applied lead to increased DM, WU did not well predict the behavior
of pearl millet forage production across both years and all treatments. The production function
y = 6.68 × x (mm) − 837 kg ha−1 (R2 = 0.31, n = 96) cannot be readily utilized in other production
situations that might have better weed and sol nutrient management. In contrast, for most DM/WU
linear regressions, the coefficient of determination is much higher (>0.7) [33,42] and more confidence is
given to estimating crop yield from WU given a set of WUE optimizing management strategies.

5. Conclusions

These results demonstrate the challenges of field study management to optimize WUE. Future
research in the study region might explore agroecological strategies to mitigate poor soil nutrient supply
and weed competition for pearl millet by practicing intercropping with legumes or agroforestry where
possible [24]. Despite the factors that obscured the main effects and interactions, greatest average forage
production was achieved with the highest irrigation level, however, highest WUE was attained in
tilled soil due to greater LAI, light interception, and plant growth than in no-till. While the application
of water increases forage production, low LAI values will increase estimated E and reduce WUE,
especially without adequate nutrient application. Differences in DM were associated with changes in
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soil management, which ultimately resulted in higher WUE for tilled soil. The DM/WU pearl millet
forage production function lacked strong correlation because of weeds and LAI < 2. An agronomic WUE
optimization plan for pearl millet forage production should include conventional till, weed control,
and proper nutrient management. Narrow is preferable to wide row spacing for greater LAI and light
interception earlier in the growing season. If irrigation is available, water application should range
from 400–600 mm of total water available for ET to maximize forage production, however, climatic
demand will cause greater water loss from transpiration than if limited water is applied. Future
research has an opportunity to conduct a more comprehensive review and meta-analysis of global pearl
millet management practices used to improve water use efficiency and the effective use of water [47].
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