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Abstract: Alfalfa (Medicago sativa) is one of the major crops grown in Northern China in recent years,
however, the current serious water shortage conditions present a challenge to the growth of this crop,
especially if efficient use of water is considered in forage production for sustainability. This study
aimed to evaluate alfalfa productivity and water use efficiency (WUE) under different sprinkler
irrigation levels. This experiment was conducted at Shiyanghe Experimental Station for Water-Saving
in Agriculture and Ecology of China Agricultural University in Wuwei, Gansu, China, over a period
of two years. There were three irrigation treatments: Al: 100% measured evapotranspiration (ETc) of
alfalfa; A2: irrigation amount was 66% of Al; A3: irrigation amount was 33% of Al; and a control
of A4: no irrigation during the growing season. A randomized block design with three replications
were applied. The results showed that the ETc and forage yield of alfalfa decreased, while WUE and
crude protein (CP) increased with the decreasing irrigation amounts. The seasonal average ETc and
yield ranged from 412 mm to 809 mm and from 11,577 to 18,636 kg/ha, respectively, under different
irrigation levels. The highest yields were obtained from the first growth period in all treatments in
both years, due to the winter irrigation and the longest growth period. Alfalfa grown under lesser
irrigation treatment conditions had higher variability in ETc and yield, mainly due to the variability
in the amount of rainfall during the growth period. The seasonal average WUE of treatments ranged
from 22.78 to 26.84 kg/(mm-ha), and the highest WUE was obtained at the first growth period,
regardless of treatments. Seasonal average CP content ranged from 18.99% to 22.99%. A significant
linear relationship was found between yield and ETc or irrigation amount, and the fitting results
varied between growth periods and years. The present results also implied that winter irrigation
provided the space for saving water and should be applied at the end of each growing season to
fill the soil profile, and to maintain a greater yield in the next growing season. During the growing
season, more irrigation should be concentrated in the early growth period, especially in the second
growth period.
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1. Introduction

Since the Chinese government released the Alfalfa Development Plan for Dairy Industry
Revitalization in January 2012, the planting area of alfalfa in China reached 4.71 million hectares
by the end of 2015. At the same time, the hay yield of high-quality alfalfa increased by 8.2 times over
the measurements taken in 2010 [1]. Even so, every year China still has to import a significant amount
of alfalfa forage. For example, the imports in 2016 were 1.46 million tons [2]. Alfalfa cultivation in
China is mainly distributed in arid and semi-arid regions of the north and the northwest parts of
the country. According to 2015 statistics regarding the six provinces in North and Northwest China,
high-quality alfalfa acreage accounted for 89.8% of the country [1]. The north and northwest regions
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of China are located in arid and semi-arid areas where precipitation is scarce, evaporation is strong,
and water resources are the key to restricting alfalfa production. The serious challenge of developing
alfalfa production and sustainable use of water resources must be faced.

As the water shortage has become one of most serious challenges in alfalfa cultivation, improving
the productivity and heritability of alfalfa under water shortage conditions is an important goal;
in light of this, some studies have focused on the varieties of drought resistant alfalfa plants [3],
especially in the seedling stage [4]. Besides breeding, improved irrigation methods are also key in
enhancing the productivity of the crop. Sprinkler irrigation is a kind of advanced irrigation method
which could change a microclimate due to irrigation water evaporation during irrigation [5-9]. The
changes could decrease the transpiration of crops [7,10,11] and the canopy temperature [5,7], as well as
improve photosynthesis [12]. Sprinkler irrigation is widely used in wheat and maize cultivation [13,14].
In recent years, the center-pivot sprinkler irrigation system has been a popular irrigation method
worldwide [15] in grass cultivation [16,17], including alfalfa [18]. In Northern China, the center-pivot
sprinkler irrigation system is also promoted for alfalfa cultivation [19]. Knowing the ETc, yield and
WUE are important factors in alfalfa production.

Many studies have researched the production of alfalfa under different irrigation regimens in
different regions. According to the summary of Lindenmayer et al. [20], the growing season ETc
averaged 910 mm over full irrigation treatments, 800 mm for deficit irrigation, and 390 mm for dry
land treatments. The average annual yield was 16,600 kg /ha under full irrigation, 11,100 kg/ha under
a variety of deficit irrigation treatments, and 6000 kg/ha under arid conditions. The ETc, yield, and
WUE of alfalfa are influenced by irrigation levels, crop management, crop stand age, water table, and
cropping systems. Lamm et al. [21] illustrated a large annual difference in yield performance, while
the irrigation levels did not contribute much to the yield of alfalfa since alfalfa roots can extend deep
into the ground to extract water, making it tolerant to drought stress.

Although many studies are available on alfalfa water consumption and the factors affecting
alfalfa growth and yield under different irrigation management systems, the alfalfa production-water
function varies with site, year, and the time of the year [20] and cannot be freely transferred from
study to study. It is necessary to investigate the ETc, yield, and WUE of alfalfa under specific climate
conditions and management. There have been some in-field studies on the production of alfalfa
in Northern China, but these studies were more about the difference of yield and WUE between
cultivars [22,23] or the cultivation method [24,25]; few investigated the production of alfalfa under
sprinkler irrigation. The goal of this study was to produce alfalfa in Northern China with a center-pivot
sprinkler irrigation system to evaluate the effects of different irrigation amounts on alfalfa yield and
WUE in the arid northwest region of China.

2. Materials and Methods

2.1. Experimental Site

The field experiments were conducted during 2014 and 2015 at Shiyanghe Agricultural and
Ecological Water Saving Experimental Station, Wuwei, Gansu Province, Northwest China, with a
latitude of 37°52/20"'N, 102°50’50"’E, and an elevation of 1581 m above sea level. The experimental
site is located in a typical inland desert climate zone, where the mean annual temperature is 8 °C, the
annual precipitation is 164.4 mm (mainly concentrated in July and August), the annual pan evaporation
is approximately 1132-1509 mm, the average annual duration of sunshine is 3000 h, and the average
number of frost-free days is 150. The groundwater table is 40-50 m below the ground surface. The soil
in the experimental field was sandy loam with a mean dry bulk density of 1.52 g/cm?, a porosity of
52%, and a field capacity (FC) of 0.29 cm®/cm? for the 0~160 cm layer. Meteorological data, including
precipitation, solar radiation, wind speed, air temperature, and relative humidity, were downloaded
from the automatic weather station located in the experimental station.
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Monthly rainfall and average temperature during growing seasons in 2014 and 2015 are presented
in Figure 1. Some data were missing (22-27 September 2014, 14-19 August 2015, 23-27 September
2015) due to the equipment failure of the weather station. No rainfall occurred during these periods
according to the water butt located in the experiment station. The total precipitation amount was
243.8 mm and 145.6 mm, respectively, and represented 149% and 89% of the long-term average annual
precipitation, respectively. Lower temperatures recorded during the early growing season in 2015
resulted in the delay of the regeneration of alfalfa. The re-growth date in 2015 was 11 days later than
that in 2014.

Alfalfa (variety: Emperor) was drill sown with line spacing of 22.5 cm on 2 May 2013. The seeding
rate was 15 kg/ha. Each experimental plot had a surface of 9 m? (3.0 m x 3.0 m). The inter-space
between plots was 1.0 m in order to minimize the irrigation edge effects. Each treatment had three
replications. In the first year after seeding, the management and irrigation of all plots was the same as
the local planting experiences. The winter irrigation was applied at the end of each growing season.
After the winter irrigation, the soil water content (SWC) was close to the field capacity and maintained
appropriate soil moisture through the winter to maintain the plant stand density. Even at the beginning
of the next growing season, the SWC was still at a good level. Experiments were started in the second
year due to the seeding stage in the first year not being representative of the growth of alfalfa over a
long period.

Temperature (C)
Rainfall (mm)

March April May June July August  September
Mouth

Figure 1. Monthly rainfall and average temperature during growing seasons in 2014 and 2015; the bars
represent temperature and the line denotes rainfall.

2.2. Data Collection

Volumetric soil water content (SWC) in the root zone at the depth of 0-160 cm was measured with
polyvinyl chloride (PVC) access tubes using a portable soil moisture profiler (Diviner 2000, Sentek Pty
Ltd., Stepney SA, Australia). One access tube, with a length of 180 cm, was set in the center of each plot.
Measurements were made at 10-cm intervals, at a maximum soil depth of 160 cm, every 5-10 days and
after irrigation or rainfall. All tubes were calibrated by soil samples taken from the experimental plot
at the beginning of each growth period to improve the accuracy of the measurements.

The ETc (mm) for individual plots was estimated using the water balance approach [26]:

ETc=1+P—D — Ry + CR=EAS 1)
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where I is the irrigation amount (mm), P is the amount of precipitation during the growing period
(mm), D is the deep percolation (mm), Ry is the surface runoff (mm), CR is the capillary rise (mm),
and AS is the change in soil moisture during a period of time (mm). In Equation (1), D and CR were
considered to be negligible due to the deep underground water, and SWC in all plots never exceeded
the FC during the growing season. Ry was assumed to be 0 since the field was flat and had a field edge.

Daily alfalfa-reference ET (ETr) were computed using the Penman-Monteith combination-based
energy balance equation [27]:

0.408A (R, — G) + v 72995z (s — €4)

ETr =
’ A+ (1 0.38uy)

where A is the slope of saturation vapor pressure versus air temperature curve (kPa/°C); R, is the
net radiation at the canopy surface (MJ/(m?-day)); G is the heat flux density at the soil surface
(MJ /(m?-day)) and equals zero for the daily time step; T is the mean daily air temperature (°C); u5 is
the mean daily wind speed at 2 m height (m/s); es is the saturation vapor pressure; ¢, is the actual
vapor pressure; and 7y is the psychrometric constant (0.05516 kPa/°C). The ETr in the periods for which
the meteorological data was missing was considered equal to the value of the previous day.

The yield of alfalfa was measured by taking a sample of 0.45 m x 0.45 m at the early flowering
stage (10% blooming). The samples were first oven-dried at 105 °C for 30 min and then at 85 °C for
48 h to provide constant mass. The samples were used for the crude protein (CP, % of dry matter)
measurements. WUE (kg/(mm-ha)) was calculated using the following equation:

WUE = Y/ETc ()

where Y is the yield of alfalfa (kg/ha) and ETc is the crop evapotranspiration (mm) calculated
from Equation (1). The CP was measured using the Kjeltec 8000 solution brochure GB outlined
by FOSS Technology [28].

The growth periods in 2014 and 2015 are shown in Table 1. The average ETc and yield of all plots
as the value of all treatments in the first growth period was considered. Irrigation was applied at the
beginning of the second growth period and the first irrigation amount was Al: 30 mm, A2: 20 mm, A3:
10 mm.

Table 1. Growth period in 2014 and 2015.

Year Growth Period Date Irrigation (Yes/No)
1 22 March—4 June No
2014 2 5 June-14 July Yes
3 15 July—22 August No irrigation after 10 August
4 23 August-27 September Yes
1 2 April-5 June Yes
2015 2 6 June-15 July Yes
3 16 July-19 August Yes
4 20 August-27 September Yes

2.3. Experimental Design

The irrigation treatments are shown in Table 2. Every irrigation event was applied after the
soil moisture measurements. The irrigation amount of Al was the average measured ETc of three
replications of Al, calculated using Equation (1) between the soil moisture measurement and the
last irrigation event. Irrigation was applied using a sprinkler irrigation system with sprinkler heads
diagonal to the plot, with a spray angle of 90°. Sprinkler heads (73,001) with one nozzle (kv8), provided
by K-Rain Ltd., Riviera Beach, FL, USA, were mounted on 70-cm risers, and the mean pressure was
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140 kPa with a flow rate of 0.16 m®/h and a spray range of 3 m. The water amount was controlled by
artificial observation using a water meter.

Table 2. Irrigation treatments in 2014 and 2015.

Treatment Irrigation Amount
Al 100% measured ETc
A2 66% of Al
A3 33% of Al
A4 Rain-fed

2.4. Statistical Analysis

All the plant data collected was statistically analyzed by PASW 18.0 using analysis of variance
(ANOVA) and testing of the obtained results was done by Fisher’s least significant difference (LSD)
test (p < 0.05 levels between the means). The response of yield and WUE to ETc or irrigation amount
were evaluated using Origin 7.0.

3. Results

3.1. Evapotranspiration During the Growing Season

Irrigation amount, ETc, and precipitation in the different growth periods during the growing
seasons in 2014 and 2015 are presented in Table 3. The average seasonal ETc in 2014 and 2015 increased
from 412 mm to 809 mm, while the irrigation amount increased from 0 (rainfed) to 100% of measured
ETc. The pipe laying of the irrigation system in 2014 led to the failure of irrigation in the first growth
period, but the ETc of the first growth period was still highest compared with other growth periods
in A3 and A4 in 2014, and A2, A3, and A4 in 2015, respectively. The variation trends of ETc were
similar in all treatments in 2014. After the first growth period, the ETc of all treatments decreased
while reaching a peak in the third growth period. In the fourth growth period, the ETc decreased. The
variation trends of ETc were different in 2015; the highest ETc was still measured in Al in the third
growth period, which received the largest irrigation amount, while in the A2 and A3 treatments ETc
decreased after the first growth period and leveled off from the second to the fourth growth period.
In the control treatment, ETc decreased from the first to third growth periods and then leveled off.

Table 3. Irrigation amount (I), evapotranspiration (ETc), and alfalfa-reference evapotranspiration (ETr)
during growing seasons in 2014 and 2015.

I (mm) ETc (mm)
Yo i ETi
ear Growth Period Al A2 A3 Al Al A2 A3 A r (mm)

1 - - - 220 220 220 220 426
2 128 85 43 - 140 a 111b 89 ¢ 65d 210
2014 3 167 111 56 - 259 a 230 b 191c¢ 150 d 209
4 109 73 36 - 132a 108 b 82 ¢ 45d 113
Total 404 269 135 - 751 a 669 b 582 ¢ 480d 958
1 204 136 68 - 239a 192b 169 ¢ 154 d 411
2 116 77 39 - 175a 146 b 114 ¢ 83d 196
2015 3 289 192 96 - 249 a 169 b 114 ¢ 51d 211
4 238 159 79 - 204 a 165b 109 ¢ 56 d 160
Total 847 564 282 - 867 a 672b 506 ¢ 344 d 978

Means within lines not followed by the same letter are significantly different (p < 0.05).

The evapotranspiration rate (ETc rate, mm/d) of alfalfa during the growing seasons in 2014 and
2015 is shown in Figure 2. The higher ETc during the same period led to the higher ETc rate. The
average ETc rate in the 2014 and 2015 growing seasons was 4.63 mm/d in Al, 3.79 mm/d in A2, 2.99
mm/d in A3, and the lowest ETc was 2.15 mm/d obtained from A4, the rain-fed treatment.
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The average ETc rate in all treatments for different growth periods in 2014 and 2015 remained low
and constant in the first and second growth periods, reached a peak in the third growth period, and
declined in the fourth growth period. In 2015, a higher ETc rate was also obtained in the third growth
period in Al, A2, and A3, with an extremely high ETc rate occurring in Al between 16 August and
19 August.
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Figure 2. ETc rate (mm/d) during the growing seasons in different treatments in 2014 and 2015.
3.2. Yield

The irrigation amount had a significant effect on yield, which is shown in Table 4. The greatest
yield of the different growth periods and seasonal total yield was obtained from the Al treatment,
followed by the A2 and A3 treatments, with the lowest yield obtained from the control. The yield
of the first growth period was higher than that of the other growth periods in two growing seasons,
regardless of irrigation, because the first growth period was the longest and had high initial SWC.

The yield of the first growth period accounted for 35-50% of the seasonal yield. The percentage
of the yield in the first growth period for the seasonal yield increased when the seasonal irrigation
amount decreased. The variation of yield and ETc was similar in both years. The yield in the first
and third growth periods in all treatments decreased in 2015 compared to the same growth period
in 2014, which resulted in the decrease of the seasonal yield compared to that of 2014, except for the
Al treatment despite the higher yields in the second and fourth growth periods in 2015. The yields
of the third growth period in 2015 were 82.36%, 66.29%, 57.44%, and 29.54% in A1, A2, A3, and A4,
respectively, compared to the same growth period in 2014. The yield of the third growth period in
2015, except A1, was significantly lower than that in 2014 (p < 0.05).
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Table 4. Yield during growing seasons in 2014 and 2015.

Y (kg/ha)
Yo h Peri
‘ear Growth Period AL A2 A3 Al
1 6788 6788 6788 6788
2 3231 a 2803 b 2476 ¢ 1863 d
2014 3 5817 a 5277 ab 4548 bc 3874 ¢
4 2472 a 2105b 1689 ¢ 1022d
Total 18308 a 16973 b 15501 ¢ 13547 d
1 6632 a 5565 b 4872 ¢ 4789 ¢
2 3857 a 3623 a 3079 b 2414 ¢
2015 3 4791 a 3498 b 2612 ¢ 1190d
4 3684 a 3276 b 2202 ¢ 1214d
Total 18964 a 15962 b 12765 ¢ 9607 d

Means within lines not followed by the same letter are significantly different (p < 0.05).

The response of yield (kg/ha) to ETc (mm) in different growth periods, each growing season, and
two growing seasons in 2014 and 2015 are presented in Table 5. The relationship of the first growth
period in 2014 was not shown due to no irrigation. In this experiment, the coefficients of determination
between the yield and ETc in all growth periods were similar and high over the two growing seasons
(R? > 0.95). The slopes of the regression line of each growth period, except the first growth period
in 2015, were similar, but the value of the intercepts varied. Combining the annual or two growing
seasons data, the slopes of the regression line were comparable, but the value of the interception still
varied. The slopes of the regression line of each growing season and the two growing seasons also
varied from that of each growth period, and the R? decreased.

Table 5. Yield (kg/ha) response to ETc (mm) in 2014 and 2015.

Growth Period/Year Fitting Results R?
2 Y =803.88 + 17.71ETc 0.98 *
2014 3 Y =1168.46 + 17.91ETc 0.99 *
4 Y =300.95 + 16.60ETc 0.99 *
1 Y =1154.20 + 22.88ETc 0.99 *
2015 2 Y =1188.95 + 15.88ETc 0.97 %
3 Y =432.09 + 17.84ETc 0.99 *
4 Y =319.59 + 17.06ETc 0.99 *
2014 Y =-107.42 + 24.94ETc 0.90 *
2015 Y =234.44 + 22 45ETc 0.77 *
2 growing seasons Y =54.83 + 23.71ETc 0.84 *

* Means the correlation was significant at p < 0.05.

A significant linear relationship, except in the first growth period in 2015, was obtained between
the yield of alfalfa and the water applied (irrigation plus rainfall), as shown in Table 6. The slopes of
the regression line, except in the first growth period in 2015, were similar, but the value of the intercepts
varied. The coefficients of determination between yield and water applied in each growth period
were similar (R? > 0.96). When annual or two growing seasons data was combined, the coefficients of
determination decreased, especially when including the data of the first growth period, and the R?
increased after removing the data of the first growth period.
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Table 6. Yield (kg/ha) response to irrigation amount (I, mm) plus rainfall (P, mm) in 2014 and 2015.

Growth Period/Year Fitting Results R?
2 Y =1433.74 + 10.36 (I + P) 0.98 *
2014 3 Y =2533.55 + 11.80 (I + P) 0.99 *
4 Y =835.61 +13.15 (I + P) 0.98 *

1 Y =4166.82 +9.15 (1 + P) 0.89
2015 2 Y =1700.67 + 12.60 (I + P) 0.96 *
3 Y =1016.92 + 12.15 (I + P) 0.99 *
4 Y =1100.86 + 10.70 (I + P) 0.97 *
2014 (including first growth period) Y =1691.73 + 13.81 (I + P) 0.35*
2014 (without first growth period) Y =743.41+1842 (1+P) 0.88 *
2015 (including first growth period) Y =2039.86 + 10.64 (I + P) 0.37*
2015 (without first growth period) Y =1343.52 + 11.15(1 + P) 0.85*
Two years (including first growth period) Y =1905.63 + 11.79 (I + P) 0.36 *
Two years (without first growth period) Y =1128.39 + 13.97 (1 + P) 0.80 *

* Means the correlation was significant at p < 0.05.

3.3. Forage Quality

The CP (% of dry matter) in 2014 and 2015 is shown in Table 7. The CP content decreased with
the increased irrigation amount. The average CP content of the two growing seasons was 18.99 in Al,
20.29in A2, 21.68 in A3, and 22.99 in A4. Between the growth periods, the first growth period had
the lowest CP content compared to the other growth periods. The variability of CP was opposite to
the trend of the average ETc. The average CP content of all treatments was 15.64, 22.43, 20.87, 25.02,
respectively, from the first growth period to the fourth growth period.

Table 7. The crude protein (CP, % of dry matter) in 2014 and 2015.

Growth Period
Year Treatments
1 2 3 4
Al 14.88 20742 1659 a 24.76 2
A2 14.88 21.74b 17.66 b 25.69b
2014 A3 14.88 2237 ¢ 19.67 ¢ 26.09b
A4 14.88 2423d 21.15d 28.06 ¢
Al 14414 20.56 2 1891 a 21.09a
A2 16.01b 21.83b 22.06b 2.47b
2015 A3 17.53 ¢ 2334 ¢ 24.02 ¢ 25.54 ¢
A4 17.65 ¢ 24.62d 26.86 d 2643 d

Means in same growth period within rows not followed by the same letter are significantly different (p < 0.05).

3.4. Water Use Efficiency

The WUE of different treatments in 2014 and 2015 are presented in Figure 3. The highest WUE
was obtained from the A4 treatment, although the greatest yield occurred in the Al treatment. The
average WUE of the different treatments in the two growing seasons were 22.78 kg/(mm-ha) in
Al, 24.15 kg/(mm-ha) in A2, 25.31 kg/(mm-ha) in A3, and 26.84 kg/(mm-ha) in A4, respectively.
The average WUE of all treatments in each growth period ranged from 20.22 kg/(mm-ha) to 30.04
kg/(mm-ha). The highest average WUE was obtained from the first growth period and decreased with
successive growth periods.
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Figure 3. Water use efficiency in 2014 and 2015, data are mean values & SE. Bars with different letters
in same growth period are significantly different (p < 0.05).

4. Discussion

4.1. Evapotranspiration During the Growing Season

Overall, this data showed that the irrigation amount affected the ETc and these results agreed
with some studies [29-32], but these values differed from the studies due to the climate and field
management variability. According to Bauder et al. [29], the ETc of alfalfa ranged from 197 mm
to 724 mm and the greatest difference in values of the ETc was obtained in the driest year, 1975.
Accordingly, in this study, the greater difference in values between Al and the control treatment was
obtained in 2015, the drier year compared to 2014. Lamm et al. [21] found that the ETc of alfalfa
ranged from 887 to 1069 mm, and the irrigation amount increased from 70% to 100% ETc of alfalfa.
In Wright’s study [33], the average water consumption of alfalfa for five years under sufficient soil
water conditions was 1022 mm. Retta and Hanks [34] found that the ETc of alfalfa ranged from 232 mm
to 728 mm while the irrigation amount (irrigation plus rain) increased from 96 mm to 622 mm. Cavero
et al. [35] found the ETc of alfalfa, with irrigation amounts equal to the crop irrigation requirement in
daytime and nighttime, ranged from 832 mm to 941 mm.

The ETc of the first growth period was a large amount regardless of the irrigation. This situation
was due to the winter irrigation at the end of the previous growing season, which maintained the SWC
at a good level at the beginning of the growing season, allowing the alfalfa to extract enough water
for transpiration from the soil in the early first growth period. The soil water was consumed with the
alfalfa growth, resulted in the water deficit condition in the late first growth period as the ETc was
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lower than the ETr. On the other hand, the longest growth periods receiving more solar radiation and
a more effective growing temperature than other growth periods (data not shown) could increase the
ETc of alfalfa [36,37]. In 2014, the ETc reached another peak in the third growth period, which was due
to the higher daily temperature and rainfall. In the fourth growth period, daily temperatures became
cooler and solar radiation decreased, causing the alfalfa to go dormant and the ETc to decrease. During
the third growth period in 2015, high daily temperatures and solar radiation were also recorded, but
the rainfall was poor compared to the same growth period in 2014, which caused the difference in the
ETcin A2, A3, and A4. Irrigation is an important factor which affects the ETc of alfalfa [21,30,31,37].
The decrease in irrigation amount resulted in a water deficit. Under water deficit conditions, rainfall
becomes the major factor influencing the ETc [38]. The SWC in A3 and A4 was low after the first growth
period, so a low precipitation amount during the third growth period with higher daily temperatures
intensified the water deficit, which led to the decrease of the ETc in A2, A3, and A4.

The ETc of alfalfa was more than the water applied (irrigation plus rainfall) during the growing
season in all treatments in 2014 as well as in A3 and A4 in 2015, which means that the alfalfa also
extracted water for growth from the soil as well as the irrigation water applied during the growing
season. Comparing the ETc and ETr in Table 3, it shows that all treatments, even the A1 treatment, were
grown under water deficit conditions during the first and second growth periods in 2014. The ETc of
alfalfa in A1 and A2 in 2015 was less than the water applied, which means that some irrigation water
and rainfall was stored in the soil. Malek et al. [39] found that unforeseen rain between irrigations led
to the ETc occasionally being less than the irrigation plus rain in the short term, and the water stored
in the soil would be used when the crop needed it. It is believed that extra water from irrigation or
rainfall will be used as a crop needs it, even in the long term.

The higher ETc during the same growth period led to a higher ETc rate. The average ETc rate
of all treatments remained low in the first, second, and fourth growth periods. The higher ETc rate
in all treatments obtained in the third growth period in 2014 was due to the largest rainfall, which
made all treatments except A4 fully or nearly fully irrigated when comparing the ETc and ETr. Higher
temperatures and solar radiation also increased the ETc rate [36,37]. Other studies showed that the
extremely high ETc rate with irrigated alfalfa was due to advection [40-42]. Daigger et al. [43] also
found a similar ETc trend. In their research, the ETc rate was 4.2 mm/d, 5.5 mm/d, and 5.9 mm/d
from the first to the third growth period, while the daily water use increased in June, July, and the first
part of August, after which it declined. An extremely high ETc rate of 12.16 mm/d occurred in Al
between 16 August and 19 August in 2015. This was due to the fully irrigated conditions during this
growth period in A1 when comparing the ETc and ETr. Hanson et al. [31] also found a high ETc rate
of 12 mm/d in fully irrigated alfalfa. Wright [33] found that the highest ETc rate exceeded 10 mm/d
in most seasons. The ETc rate in A4 in 2015 remained low and constant due to the low average daily
temperature in the first growth period and a water deficit in the other growth periods.

4.2. Yield

The results of this study indicate that the yield increased when the irrigation amount increased,
concurring with some studies [21,44—46]. According to Bauder et al. [29], the yield of alfalfa without
irrigation increased from 2622 kg/ha to 11,050 kg/ha when the amount of rainfall increased from
70 mm to 478 mm. Retta and Hanks [34] also found that the yield increased from 2890 kg/ha to
17,490 kg /ha when the rainfall increased from 96 mm to 278 mm under similar irrigation amounts
between years. Bolger and Matches [47] found that the yield of the first growth period accounted for
41-46% of a seasonal yield, while the percentage was 35-50% in this study. The percentage of the yield
of the first growth period in seasonal yield increased when the seasonal irrigation amount decreased.
This result was due to the longest growth season of the first growth period [46]. Daigger et al. [43] also
suggested that producers should fill the soil profile with water to a depth of 2.5 m early in the growing
season to take full advantage. The greater yield obtained in the third growth period in 2014 was due to
the greater rainfall during that time, which made all treatments except the rainfed treatment fully or
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nearly fully irrigated. The third growth period (from mid-July to mid-August) was the period with
the highest temperatures and greatest solar radiation. Radiation use efficiency (RUE) decreased when
alfalfa was under water-stress [46] and the high daily temperatures intensified the stress, which led to
the stronger decrease in RUE. In addition, when winter irrigation was applied, early-regrowth alfalfa
(2014) could produce high yields even if there was no irrigation during the growth period, enabling
producers to save irrigation water in the early first growth period when the winter irrigation could be
applied instead.

A significant linear relationship was obtained between the ETc and yield in all fitting results
(p < 0.05). Similar results were also found in some studies [32,47-50], but the fitting results varied
between growth periods and growing seasons [38,47,48,50]. Li et al. [45] found that the relationship
between ETc and yield varied under different planting and irrigation treatments. Decreasing R?> when
annual or two growing seasons data was combined was due to climate variability, especially rainfall
between years. Undersander [38] found that precipitation decreased the R?.

The linear relationship between the yield of alfalfa and water applied agreed with Bauder et
al. [29]. Klocke et al. [51] found that the relationship between yield and water applied to alfalfa was
nearly linear during the second through fourth year, and a linear relationship was obtained in the
fifth year. Montazar and Sadeghi [52] found a quadratic relationship between the yield of alfalfa and
irrigation amount. Other studies also implied a linear relationship between grain yield and water
applied in maize [53-55]. Yield response to water applied was a combined influence of the irrigation
amount, the precipitation, and the SWC from the beginning to the end of the year [51]; high initial
SWC in 2014, after the winter irrigation at the end of the previous growing season, contributed more
to the growth of the alfalfa during the first growth period than in other growth periods.

4.3. Forage Quality

This study showed that the CP content decreased with the increasing irrigation amount, which
agrees with Holman et al. [56] and Cavero et al. [57], who studied the alfalfa production under solid-set
sprinkler irrigation in a semi-arid climate. Halim et al. [58] also found that the CP content in both
stem base and stem tops increased with a decreasing irrigation level; however, the CP in leaves has
a positive relationship with the irrigation level, leading to an insignificant difference of CP content
in total herbage between different irrigation levels. That study also indicated the maturity of alfalfa
grown under water stress delayed and decreased the stem/leaf ratio, which significantly affected the
CP content. First growth periods have the lowest CP contents, compared to other growth periods,
due to it being the longest growth period. This result is in agreement with Min [59], who studied the
effects of cutting interval on the quality of alfalfa.

4.4. Water Use Efficiency

In this experiment, WUE increased with the decreasing irrigation level; this varying trend was
also found in some studies [21,32,60]. Erice et al. [61] found that the WUE increased under a drought
of 14 days and declined after a recovery period. Anower et al. [3] found that the WUE increased with
less irrigation applied, but the rising range varied between cultivars. Other studies found that the
WUE decreased under dry conditions due to the differences in climate [30,50,62]

The highest average WUE was obtained from the first growth period and decreased with
successive growth periods. This agreed with Lamm et al. [21]. The decrease of the average WUE was
due to the climate and the physiology of alfalfa. Alfalfa is a C3 crop, which has a higher photosynthesis
rate under cooler temperatures, such as in the first and second growth periods. The production of
biomass aboveground in the early season depends on the carbohydrates accumulated in the previous
fall, which resulted in the highest WUE. On the other hand, after the first growth period, carbohydrates
for growth comes from photosynthesis in the new leaves [63,64]. In the third growth period, the
highest temperature in the whole year was recorded, and, in the fourth growth period, the coldest
temperature was recorded, beginning the dormancy of alfalfa and resulting in the decrease of the
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WUE [30]. Sammis [50], however, found that the highest WUE was obtained in fall. Bolger and
Matches [47] found that the WUE was highest in the first growth period and remained constant
through the summer. As the highest WUE was obtained in the early harvest, irrigation should be
concentrated during this growing period; some studies have shown the same results [21,65]. In the
case of winter irrigation applied at the end of a previous growing season, irrigation water should be
concentrated in the second growth period to maintain the seasonal yield with less irrigation, as the
first growth period produced a high yield without irrigation in 2014.

5. Conclusions

This experiment studied the response of alfalfa growth to different sprinkler irrigation levels, and
the results indicated that the irrigation amount significantly affected the ETc, yield, forage quality, and
WUE of alfalfa. The ETc and yield increased with increasing irrigation levels, while the WUE and
CP content decreased. Similarly, significant relationships were observed between yield and ETc or
irrigation amount, but the fitting results varied due to the growth period, climate variability, and the
local cultivation practice, especially due to winter irrigation at the end of the previous growing season,
which provided the ability to save water to maintain high yields in arid regions. Since alfalfa grew
under water deficit conditions in the late first and whole second growth periods, as irrigation was not
applied in the first growth period and due to the successive decreasing WUE in the growing season,
irrigation should be concentrated in the early growth periods, especially in the late first and whole
second growth periods.
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