EFFECTS OF IRRIGATION AMOUNT ON ALFALFA YIELD
AND QUALITY WITH A CENTER-PIVOT SYSTEM
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ABSTRACT. [rrigation amount is one of the most important factors that need to be considered in the management of center-
pivot irrigation systems for alfalfa producers. In 2014 and 2015, a field study was conducted at Saiwusu, Inner Mongolia,
China. Three irrigation levels (100%, 80%, 60% ET) were used to evaluate the effects of irrigation amount on alfalfa yield
and quality. For assessing the effects of water distribution variation of center-pivot systems on alfalfa yield and quality, the
water application depth, alfalfa yield, and quality between the first span, second span, overhang, and end gun were also
compared. The results showed no significant difference in annual yield between the 100% and 80% ET irrigation levels.
Compared to irrigation at 100% and 80% ET, irrigation at 60% ET caused significant reductions in yield of 10% and 11%,
respectively. As the irrigation amount decreased, total crop water use significantly declined from 617 to 405 mm, and water
use efficiency (WUE) increased from 21.8 to 29.8 kg ha”' mm™'. The water production functions of alfalfa were parabolic
for each harvest. The proportions of seasonal actual water applied to each cutting were approximately 25%, 32%, and 43%,
with contributions to annual yield accounting for 54%, 30%, and 16%, respectively, indicating that the third harvest of
alfalfa had great potential for improving WUE and saving water. Irrigation level had a noticeable effect on the relative feed
value (RFV) but no effect on crude protein (CP) concentration. The 60% ET irrigation level was conductive to increased
CP concentration and RFV of alfalfa but was of no help to improve alfalfa quality grade. The spatial distributions of annual
yield and quality were highly related to the spatial distribution of water for the center-pivot system. The coefficients of
variation (CVs) for annual yield, RFV, and CP of the whole system were 5% to 12%, 2% to 8%, and 1% to 8%, respectively,
while the CVs for actual irrigation amount ranged from 11% to 13%. Over-irrigation caused by the end gun slightly in-
creased alfalfa annual yield, but it reduced the quality and WUE. Therefore, the end gun in a center-pivot irrigation system
should be carefully selected for improving the uniformity of water application. The 80% ET irrigation level in the first and
second cuttings and the 60% ET irrigation level in the third cutting are recommended for alfalfa production in semi-arid

regions, such as western Inner Mongolia in China.
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Ifalfa is often considered an extravagant use of
water compared with other crops due to its
greater evapotranspiration rates (Schneekloth
and Andales, 2009; Krogman and Hobbs, 1965).
However, over 70% of alfalfa production in China is con-
centrated in arid and semiarid regions, with 3.7 million ha of
alfalfa (China, 2015). In recent years, the use of center-pivot
irrigation systems has gradually increased in China (Li et al.,
2016) because of advantages in irrigation efficiency, cover-
age of irrigated area, automation, and labor costs (Valin et
al., 2012). It was estimated that over 70,000 ha of irrigated
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alfalfa were equipped with center-pivot systems in the semi-
arid region of Inner Mongolia, which is one of the largest
commercial grass zones of China. Irrigation has become one
of the major limiting factors for alfalfa production in Inner
Mongolia because of severe water shortages and declines in
the water table in that region (Meng et al., 2013).

Alfalfa yield and quality are both related to irrigation
amount. Deficit irrigation has been an effective way to pro-
vide irrigation management for water shortage areas (Han-
son et al., 2007; Lindenmayer et al., 2011), although many
studies have shown that alfalfa yield benefits from irrigation
(Pembleton et al., 2009). Reducing the irrigation amount
caused a reduction in yield (Lindenmayer et al., 2011) but
improved water use efficiency (WUE) and alfalfa quality
(Lindenmayer et al., 2008; Ismail and Almarshadi, 2013;
Carter and Sheaffer, 1983). Water stress was generally
highly favorable for alfalfa quality because drought delayed
alfalfa maturation (Halim and Buxton, 1989). The crude pro-
tein (CP) concentration declined when the alfalfa biomass
yield significantly increased, especially during the growth
period from the branching stage to harvest (Zhang, 2007). It
is difficult to balance quality and yield, but both factors are
important for alfalfa growers. The relationships between ir-
rigation amount, alfalfa yield, and quality should be estab-
lished to improve irrigation management strategies for al-
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falfa producers. Although some researchers (Carter and
Sheaffer, 1983; Peterson et al., 1992) have studied the effects
of irrigation amount on alfalfa yield and quality indexes
(e.g., CP, acid detergent fiber, etc.) separately, few studies
have focused on the relationships between irrigation amount,
yield, and quality simultaneously. An understanding of the
integrative response of alfalfa yield and quality to irrigation
level is needed.

Crop yield and quality are also highly related to the water
distribution uniformity of the irrigation system (Pair, 1968;
Warrick and Gardner, 1983; Montazar, 2010). Over-irriga-
tion can contribute to soil saturation and root waterlogging,
which limits alfalfa root respiration, decreases growth rate,
reduces yield, and can lead to pest outbreaks (Tovey, 1964;
Barta and Sulc, 2002). Conversely, alfalfa yield can also be
reduced by insufficient irrigation. End guns are widely used
to increase the irrigated area (Sadeghi and Peters, 2013) of
center-pivot systems, but improper selection and abnormal
operating status can lead to non-uniform water distribution
(Li et al., 2015). In addition, off-design working conditions
of a system, such as declines in the water table, are relatively
common in the management of irrigated alfalfa in Inner
Mongolia (Yan et al., 2009). Off-design working conditions
can cause non-uniform water distribution by the system, and
they are not conducive to alfalfa growth. Therefore, it is nec-
essary to study the effects of water distribution variations of
center-pivot irrigation systems on alfalfa yield and quality.

The objectives of this field study were to: (1) investigate
the effects of irrigation amount on the yield, quality, and
WUE of alfalfa, and (2) evaluate the effects of the water dis-
tribution variation of the center-pivot irrigation system on
alfalfa yield and quality.

MATERIALS AND METHODS
EXPERIMENTAL SITE DESCRIPTION

This research was conducted in 2014 and 2015 at Sai-
wusu, on the Inner Mongolian Plateau in northwest China
(38° 56" N, 106° 49" E). The climate is a typical temperate
continental semiarid monsoon climate with a summer pre-
cipitation pattern. More than 50% of the precipitation occurs
from July to September, and the long-term (2003-2014) av-
erage annual precipitation is approximately 250 mm. The
soil type is sandy loam with a bulk density of 1.3 g cm™ and
pH of 8.5. The field capacity (FC) and permanent wilting
point of the topsoil layer (0 to 30 cm) were 0.257 and
0.104 cm® cm?, respectively. The saturated hydraulic con-
ductivity of the topsoil layer was 5.0 X 10 m s

IRRIGATION SYSTEM AND WATER DISTRIBUTION TEST

A center-pivot irrigation system (Valley, Valmont Indus-
tries, Inc., Omaha, Neb.) with R3000 sprinklers and 20 psi
(138 kPa) pressure regulators was used in this study. The
system consisted of just two spans, with a single-span length
of 54.9 m and an overhang with a length of 25.1 m, because
of the low capacity of the well. A Komet Twin 101 end gun
with no booster pump was installed at the end of the over-
hang to increase the irrigated area and reduce the costs. A
water distribution test was conducted on 13 October 2013
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before the alfalfa irrigation experiment, in accordance with
ASAE Standard S436.1 (ASAE, 1996) and ISO Standard
11545 (ISO, 2009). In the test, water collectors were placed
in two straight lines with an angle of 7°. The distance be-
tween the distal ends of the two lines was 20 m. The catch
cans, with an opening diameter of 0.23 m and a height of
0.24 m, were spaced 3 m apart uniformly along the two lines
and perpendicular to the travel direction of the system. The
wind speed was measured every 15 min with a three-cup an-
emometer (model DEM6, Zhonghuan TIG Meteorological
Instruments Co., Ltd., Tianjin, China); the average wind
speed during the test was 1.1 ms™'. The test was investigated
with percent timer settings of 30%. The flow rates of the
whole system and of the end gun were calculated based on
the measured water application depth and irrigated area.
During the test, the calculated flow rates of the whole system
and the end gun were 59 and 28 m® h™! at a system operating
pressure of 414 kPa.

CULTURAL PRACTICES AND HARVEST PROCEDURES

Alfalfa (Medicago sativa) cultivar ‘Zhongmu No. 1’ was
seeded on 15 May 2009 with a grain drill in rows 0.3 m apart.
Spring green-up began on 5 April 2014 and 15 April 2015.
Alfalfa was harvested in the early flowering stage, when
10% of the alfalfa had bloomed. Three harvests in 2014 oc-
curred sequentially on 5 June, 18 July, and 30 August. Three
harvests in 2015 occurred sequentially on 12 June, 22 July,
and 2 September. Three squares (1 m X 1 m) of fresh alfalfa
were collected in the diagonals of each plot and weighed for
estimating the alfalfa yield in each plot. The final alfalfa
yield per unit area was determined after oven-drying the
samples at 105°C for 1 h and then at 65°C for 72 h. The al-
falfa samples were analyzed for CP concentration and rela-
tive feed value (RFV). The CP concentration was measured
using near-infrared reflectance spectroscopy (NIR-TR-3750,
Foss, Eden Prairie, Minn.) (Shenk and Westerhaus, 1991).
RFV was calculated from estimates of dry matter digestibil-
ity (DDM) and dry matter intake (DMI) (Rohweder et al.,
1978). DDM and DMI were calculated from the concentra-
tions of neutral detergent fiber (NDF) and acid detergent fi-
ber (ADF), which were also measured using near-infrared
reflectance spectroscopy.

EXPERIMENTAL DESIGN

For evaluating the effects of irrigation amount on alfalfa
yield and quality, three irrigation levels were designed to re-
place 100%, 80%, and 60% of the calculated crop evapotran-
spiration (ET.) minus the effective precipitation. For as-
sessing the effects of water distribution variation of the cen-
ter-pivot irrigation system on alfalfa yield and quality, test
plots were spaced under the first span, second span, over-
hang, and end gun, respectively (fig. 1). All treatments were
replicated three times. Irrigation was scheduled by ET.,
which was calculated using reference evapotranspiration
(ET,) and crop coefficients (K.). ET, was calculated from
the weather data last event using the Penman-Monteith ap-
proach (Allen et al., 1998). Daily K. was generated using
FAO-56 (Allen et al., 1998), with the calculated parameters
and actual growing period lengths adjusted to the Inner Mon-
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Figure 1. (a) Schematic diagram of center-pivot system and layout of plots, catch cans, and tensiometers, and (b) layout of samples and catch cans

in a plot for measuring actual irrigation amount (units are meters).

golian Plateau. Specifically, K. values were allowed to in-
crease linearly from 0.3 to a maximum of 1.28, remain at
1.28 until harvest, and then increase linearly from 0.3 to a
maximum of 1.25 in the subsequent harvest. Irrigation in this
study was not applied at regular intervals. Instead, irrigation
was scheduled based on soil water depletion. All plots
started to receive irrigation when the soil water content in
the topsoil layer (0 to 30 cm) for the 100% ET irrigation level
in the second span was as low as 60% FC (0.154 cm® cm®).
All plots received the same irrigation amount during the first
irrigation event in 2014. The end gun was used during the
water distribution test and alfalfa irrigation experiment.

WEATHER AND WATER-RELATED DATA
AND CALCULATED PARAMETERS

Collected data included weather data, actual irrigation
amount, soil water content, alfalfa yield, and alfalfa quality.

Weather Data

Weather data, including precipitation, wind speed, tem-
perature, relative humidity, and solar radiation, were col-
lected with a portable weather station (U30, HOBO) in-
stalled approximately 700 m from the study field. The
method of Guo and Xu (1997) for calculating precipitation
infiltration was adopted to estimate the effective precipita-
tion, as follows:

P, =oP (1)

where P, is the precipitation infiltration (i.e., effective pre-
cipitation), o is the coefficient of precipitation infiltration,
which is usually related to soil type, precipitation amount,
precipitation intensity, precipitation duration, etc., and P is
the precipitation amount (mm). This empirical formula has
been widely used for estimating effective precipitation, es-
pecially in the north of China (Liu et al., 2007; Li et al., 2003;
Hu et al., 2013). Commonly, o is equal to 0, 0.8 to 1, or 0.7
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to 0.8 when precipitation is <5 mm, 5 to 50 mm, or >50 mm,
respectively. Precipitation of less than 5 mm seldom gets
into the soil due to evaporation and canopy interception.
However, precipitation with a relatively low amount and in-
tensity can be conserved in the soil. Therefore, o0 was equal
to 0 (precipitation <5 mm) or 1 (precipitation of 5 to 50 mm)
in this study.

Coefficient of Uniformity

The coefficient of uniformity for a center-pivot irrigation
system was calculated with the modified formula of Heer-
mann and Hein (ASAE, 1996), given by:

N
Z|Di_5w|si
CUy =|1-=——[x100 )

where CUy is the Heermann and Hein coefficient of uni-
formity (%), N is the number of catch cans used in the data
analysis, 7 is a number assigned to identify a particular catch
can, normally beginning with the catch can located nearest
the pivot point (i = 1) and ending with i = N for the catch can
farthest from the pivot point, D; is the application depth of
water collected in the ith catch can (mm), S; is the distance
of the ith catch can from the pivot point (m), and EW is the

weighted average application depth of water collected (mm),
calculated as:

N N
D,=>'DS; /DS, 3)
i=1 =1

Irrigation Amount
Three catch cans were placed above the plants in each
plot to measure actual irrigation amount (fig. 1).
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Soil Water Content

Tensiometers (TEN30, Beijing Waterstar Tech Co., Ltd.,
China) were installed at 0.25 m depth in the 100% ET plots
in the second span for monitoring the lower limit for irriga-
tion. For calculating the change in soil water storage (AW) in
the root zone (1 m), the soil water content to 1 m depth in
0.2 m increments was measured by oven-drying at one day
before and after irrigation events.

Crop Water Use

The actual crop water use in the two different growing
seasons was estimated using the water balance method
(James, 1988; Kresovic et al., 2016):

ET, =ASW +/+P, +GW -D, - R (4)

where ET, is actual crop water use (i.e., crop evapotranspi-
ration) (mm), ASW is the change in soil water storage in the
1 m profile between different growth stages, / is the actual
irrigation amount (mm), P, is the effective precipitation
(mm), GW is the groundwater contribution to water use (ig-
nored in this study because of the 30 m depth of groundwa-
ter), D, is deep percolation from the root zone, and R is sur-
face runoff, which was ignored because of the small droplets
produced by the R3000 sprinklers (King and Bjorneberg,
2009), the well-drained soils, and the small slope of the ex-
perimental field.

Water Use Efficiency
The WUE of alfalfa was calculated using the following
equation:

Y
ET,

a

WUE =

)

where WUE is the water use efficiency of alfalfa (kg ha'!
mm'), Y is the dry alfalfa yield (kg ha'), and ET, is the ac-
tual crop water use (mm).

DATA ANALYSIS

The alfalfa yield and quality for different treatments in
the two years were subjected to one-way analysis of variance
(ANOVA) in which treatments were separated using
Fisher’s protected LSD at the 5% level (SPSS 20.0).

RESULTS AND DISCUSSIONS
PERFORMANCE EVALUATION
OF CENTER-PIVOT SYSTEM

The water application depth for the end gun was about 1.7
times the average values for the other sections of the center-
pivot system. As shown in table 1, the overall CUy (84%) of
the data excluding the end gun is obviously larger than the
value including the end gun (64%). The high kinetic energy

Table 1. Water application depth and coefficient of uniformity (CUx)
for different irrigated areas in the center-pivot irrigation system.

Overall
First Second Over- End EndGun End Gun
Span Span  hang  Gun Excluded Included
Application 5.6 4.7 5.5 8.8 5.1 6.4
depth (mm)
CUy (%) 82.9 893 84.8  63.5 83.6 64.3
1636

of the water caused the water to spill to other cans, contrib-
uting to the fluctuating data for line 2 of the end gun. The
fluctuating data resulted in a low application uniformity for
the end gun (table 1), which decreased the application uni-
formity of the whole system. The greater application depth
for the end gun was due to the flow rate of 28 m?® h'! at
414 kPa working pressure, which is greater than the recom-
mended value (13 m? h'!) based on the method of Von Ber-
nuth (1983). This discrepancy was due to improper selection
of the end gun. The abnormal data for the first span and over-
hang were probably due to wind drift (fig. 2).

The average water application depths and CUy values for
the first span, second span, and overhang were similar, with
CVs of 9% and 4%, respectively. The second span had the
highest uniformity, but the average application depth was
15% less than that of the other sections. The main reason for
the non-uniform application depths was that the short length
of the center-pivot system and the unequal spacing of the
sprinklers, which made sprinkler configuration more diffi-
cult. Center-pivot systems with relatively short lengths (usu-
ally three spans or fewer) are widely used in the region due
to the low capacity of the wells (40 to 60 m* h'!) during the
peak season of water use in summer. In addition, the sprin-
kler configuration started with #14 nozzles in accordance
with the specifications of the selected sprinklers (Nelson
R3000 Series), which caused excessive flow near the pivot
and high average water application depths in the first span.
Additionally, the overhang had higher application depths
due to the narrower sprinkler spacing and more overlapping
of sprinklers than in other sections of the system. Therefore,
the center-pivot system had a low water application uni-
formity.

WEATHER CONDITIONS AND IRRIGATION

Weather conditions were more favorable for alfalfa
growth in 2015 than in 2014. The accumulated ET, in 2015
(599 mm) was 16% greater than in 2014 (517 mm) due to
greater wind speeds and temperatures. Daily temperatures
had similar trends in the two years, except that a cold spring
occurred in the middle of May 2014. The average daily tem-
peratures during the growing season were 19.3°C and
20.5°C in 2014 and 2015, respectively (fig. 3). The average

40

—a—Line 1 —O— Line 2
35 !
30 First Span (
25 |
20 |

Second Span Overhang‘:; End Gun

Water Application Depth (mm)

0 20 40 60 80 100 120 140 160 180
Distance from Pivot Point (m)

Figure 2. Water application depths of catch cans as measured from the
pivot point of the center-pivot irrigation system.
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Figure 3. Daily wind speed, daily temperature, and daily ET, during the alfalfa growing season in (a) 2014 and (b) 2015.

daily temperatures during the three cuttings were 16.3°C,
23.0°C, and 22.2°C, respectively. Hot and dry conditions
during the second harvest, with a daily temperature of
23.0°C and little precipitation, were not conducive to alfalfa
growth. The average daily wind speed during the third cut-
ting was 2.77 ms™! in 2015 but only 0.67 ms™ in 2014, which
might help to explain why the accumulated ET, was higher
in 2015 than in 2014 (Huo et al., 2004). The cold spring in
the middle of May also caused lower accumulated ET, in
2014. The maximum daily ET, during the alfalfa growing
season was 7.9 and 7.3 mm d' in 2014 and 2015, respec-
tively, with average daily ET, of 3.5 and 4.3 mm d!, respec-
tively (fig. 4).

Averaged across the two years, the irrigation amounts
were 440, 349, and 270 mm for the 100% ET, 80% ET, and
60% ET irrigation levels, respectively (fig. 4). Small differ-
ences were observed in total precipitation during the two
growing seasons, but the precipitation distributions were dif-
ferent. The maximum precipitation for the two study years
was 32.8 mm in 2015. Deep percolation from the root zone
was zero because the soil water content did not reach field
capacity after irrigation and precipitation. The effective pre-
cipitation was 73.4 and 68.9 mm during the growing season
in 2014 and 2015, respectively, which is slightly more than
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half of the long-term (2003-2013) average of 126 mm. The
seasonal effective precipitation for the three cuttings was
12.4,23.2, and 37.8 mm, respectively, in 2014, but all effec-
tive precipitation for the 2015 growing season occurred dur-
ing the third cutting. The seasonal irrigation amounts for full
irrigation (100% ET level) for each cutting in 2014 were
118, 126, and 170 mm, with accumulated ET. of 130, 151,
and 200 mm, respectively. The seasonal irrigation amounts
for the 100% ET level for each cutting in 2015 were 123,
171, and 172 mm, with accumulated ET. of 133, 197, and
205 mm, respectively. The total irrigation amounts in the
growing seasons for the 100% ET level were 414 and
466 mm in 2014 and 2015, with accumulated ET. of 481 and
535 mm, respectively.

EFFECT OF IRRIGATION LEVEL ON YIELD,
CROP WATER USE, AND WUE

Annual alfalfa yield was significantly affected by irriga-
tion level in the two study years. The average yield was 13.4,
13.5, and 12.1 Mg ha'! with average crop water use of 617,
506, and 405 mm for the 100% ET, 80% ET, and 60% ET
irrigation levels, respectively (table 2). As a two-year aver-
age, no significant differences existed in yield between the
100% and 80% ET levels; however, compared with the
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Figure 4. Cumulative ET. values, irrigation amounts, and effective precipitation for different irrigation levels (100% ET, 80% ET, and 60% ET)

during the alfalfa growing season in (a) 2014 and (b) 2015.
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Table 2. Yield, crop water use, and water use efficiency (WUE) of alfalfa with different irrigation levels in the second span in 2014 and 2015.""!

Year Irrigation Level 1st 2nd 3rd Total
Yield 100% ET 6.5a10.2 4.1 a+0.1 2.5a%02 13.2a+0.1
(Mg ha) 80% ET 6.62%0.2 43a%0.1 2.6a#0.1 13.42%0.1
2014 60% ET 5.9b+0.2 3.7b40.2 2.4a+03 12.0 b 0.5
Mean 6.3 4.0 2.49 12.9
One-way ANOVA ** (p=0.00) ** (p=0.00) NS (p=0.53) ** (p=0.00)
100% ET 8.0a0.1 3.7a%03 2.0a%0.3 13.7a+04
80% ET 7.8a10.1 4.1a+0.3 1.7a+£0.2 13.7a+0.2
2015 60% ET 7.3 b 0.1 32b40.1 1.7a0.1 122b+0.2
Mean 7.7 3.7 1.8 13.2
One-way ANOVA ** (p=0.00) ** (p=0.00) NS (p=0.20) ** (p=10.00)
Crop water use 100% ET 2053a%3.2 173.1 a£13.1 229.1a=*17.4 607.5a+£12
(mm) 80% ET 173.0 b£10.4 147.0b 5.2 191.2b 9.1 511.2b =15
2014 60% ET 129.2 c +4.4 113.0 ¢ +8.3 157.0 ¢ £8.1 399.2 ¢ £16
Mean 169. 1443 1924 506.0
One-way ANOVA ** (p=0.00) ** (p=10.00) ** (p=0.00) ** (p=0.00)
100% ET 194.3 a£19.1 186.5a+4.6 245.1a+12.0 625.9 a£18.9
80% ET 168.1 b +4.1 151.1 b 7.8 181.3b+13.4 500.5 b +£22.1
2015 60% ET 136.4 ¢ £5.9 114.0c+6.3 161.0 ¢ £8.2 411.4 ¢ +23.1
Mean 166.3 150.5 195.8 512.6
One-way ANOVA ** (p=0.00) ** (p=0.00) ** (p=0.00) ** (p=0.00)
WUE 100% ET 31.8c+l.1 239c¢+1.3 11.0b 0.5 21.7c %14
(kg ha! mm™) 80% ET 38.1b+1.9 29.0b+2.1 13.5ab 1.9 26.3b+0.7
2014 60% ET 45.6a%2.3 32.8a+l.5 15.0a+1.2 30.0a+1.7
Mean 38.5 28.6 13.2 26.0
One-way ANOVA ** (p=0.00) ** (p=0.00) *(p=0.02) ** (p=0.00)
100% ET 413 c¢c=*1.7 19.7b+1.3 8.1a*l.0 21.9c#+1.2
80% ET 46.6b+2.3 27.0a+1.8 9.6atl4 27.3b+0.3
2015 60% ET 53.5a+l1.9 28.1 a+0.7 104 a2 29.6a%£l.6
Mean 47.1 24.9 9.4 26.3
One-way ANOVA ** (p=0.00) ** (p=0.03) NS (p=0.11) ** (p=10.00)

[ Treatments in the same column with the same letter are not significantly different at a probability level of p < 0.05. NS = not significant at a probability
level of p < 0.05, * = significant at a probability level of p < 0.05, and ** = significant at a probability level of p <0.01.

100% and 80% ET levels, the 60% ET level caused signifi-
cant reductions in yield of 10% and 11%, respectively. Sea-
sonal yields for each cutting were significantly affected by
irrigation level (p < 0.01), except for the third cutting. This
was probably because most of the precipitation occurred in
the third cutting and closed the gap between the different ir-
rigation treatments. Stomatal conductance and transpiration
are reduced when alfalfa is under severe water stress
(Mouradi et al., 2016). Thus, the water stress of the 60% ET
level caused the alfalfa to stop growing and delayed matura-
tion. Alfalfa stem density, stem height, and leaf size decrease
(Brown and Tanner, 1983) at severe deficit irrigation of 60%
ET. Therefore, the 60% ET irrigation level resulted in lower
yield in comparison to the other irrigation levels. The annual
yield was higher in 2015 mainly because the average sea-
sonal yield for the first cutting was 23% higher in 2015.
Lamb et al. (2014) confirmed that annual yield is determined
by the seasonal yield for the first cutting. Significant differ-
ences and declines in alfalfa yield occurred with successive
harvests, with nearly 50% or more of the seasonal yield for
the first cutting. Compared with the other cuttings, a rela-
tively long growth period (60 days in 2014 and 58 days in
2015) for the first cutting allowed the alfalfa to accumulate
greater biomass. At the same time, low temperatures during
the first cutting inhibited the growth of weeds and thus re-
duced competition for nutrients between the alfalfa and
weeds. Higher temperatures and more irrigation during the
third cutting greatly increased the growth of weeds. Hence,
the first cutting had the highest seasonal yield. The growth
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period for the first cutting in 2014 was almost the same as
that in 2015, but the seasonal yield may have been sup-
pressed by the cold temperatures that occurred in the middle
of May in 2014. That might be why the seasonal yield of the
first cutting was higher in 2015 than in 2014.

Crop water use decreased significantly with decreased ir-
rigation amount. Irrigation amount was the most important
factor in calculating crop water use, especially when the al-
falfa roots could not effectively draw plant-available water
from the deep soil. Almost the same growth period length
and similar growth environments were observed in the two
years, but the daily crop water use was higher in 2015 than
in2014 3.4mmd!in 2014 and 3.7 mm d! in 2015) because
of more applied irrigation. The average daily water con-
sumption increased with successive harvests across the two
years, as Lamm et al. (2012) reported, with values of 2.9,
3.5, and 4.5 mm d’!, respectively, for each cutting. The tran-
spiration rates of alfalfa would be higher at high tempera-
tures, which could be why the average daily crop water use
was higher in the second and third cuttings. In addition, the
average daily wind speed increased by 87%, to 0.9 m s! in
the second cutting and 1.7 m s™! in the third cutting. Alfalfa
in the third cutting had the highest daily crop water use be-
cause the high temperatures and wind speeds accelerated
evaporation from the soil surface. Although relatively high
daily crop water use was obtained in the second cutting, the
shortest growth time contributed to the lowest cumulative
water consumption, while the third cutting had the greatest
cumulative water consumption.
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The total WUE of alfalfa increased significantly with de-
creased irrigation, with average values of 21.8, 26.8, and
29.8 kg ha' mm'! for the 100%, 80%, and 60% ET irrigation
levels, respectively. The WUE decreased dramatically with
successive harvests, which was similar to the results reported
by Undersander (1987). The WUE was significantly higher
for the 100% ET irrigation level than for the other two irri-
gation levels in all three cuttings, except for the third cutting
in 2015, which could be due to the small yield differences
among the irrigation levels in the third cutting in 2015
(table 2). The average crop water use for the third cutting in
the two years accounted for 38% of the total growing season
water use, while the yield accounted for just 17% of the
growing season total, which resulted in the lowest WUE for
the third cutting. Additionally, while no significant differ-
ences in seasonal yield existed in the third cutting, crop wa-
ter use decreased significantly with increased irrigation
amount, with reductions of 72 mm in 2014 and 84 mm in
2015. Meanwhile, most of the precipitation for the entire
growing period usually occurred in the third cutting. Thus,
the third cutting has great potential for reducing the irriga-
tion amount and improving WUE in semi-arid areas.

EFFECT OF IRRIGATION LEVEL ON QUALITY

The RFV was significantly affected by irrigation level,
while CP concentrations were almost unaffected by irriga-
tion level (table 3). The CP concentration and RFV were
higher for the 60% ET level than for the other two irrigation
levels for all three cuttings, which indicates that water stress
could improve the quality of alfalfa, as reported by Halim
and Buxton (1989). The yield decreased with increased wa-
ter stress, but the alfalfa quality increased because drought
delayed maturation and increased the leaf-stem weight ratio
(Peterson et al., 1992; Halim and Buxton, 1989). Although
the CP concentrations were almost unaffected by irrigation
level, the CP concentrations increased slightly with de-
creased irrigation. Alfalfa with a high leaf-stem weight ratio
has higher CP concentrations and lower RFV. Thus, deficit
irrigation at the 60% ET level achieved higher quality. The
CP concentrations and RFV increased dramatically with suc-
cessive harvests (table 3). Although all cuttings were har-
vested at the early flowering stage, the alfalfa maturity was
slightly different for different cuttings. Additionally, the
quality response to temperature was different in different
seasons. Delaying harvest had a large negative impact on
quality in spring growth because the interaction of increas-

ing temperature and advancing maturity caused a rapid de-
cline in forage quality with time. During late-summer re-
growth, temperatures are not increasing with the advancing
season, and advancing maturity often results in a slower de-
cline in forage quality (Buxton, 1996).

The quality grades of alfalfa were not significantly af-
fected by irrigation level, with first grade for all irrigation
levels in the first cutting and prime grade for almost all irri-
gation levels in the second and third cuttings. The high qual-
ity grades obtained in this study were probably due to the
suitable harvest time at the early flowering stage and the
well-preserved samples. The CP concentration and RFV are
the most important factors for evaluating alfalfa quality.
Deficit irrigation at the 60% ET level could increase the CP
concentration and RFV of alfalfa, as many studies have
demonstrated, but the CP concentration and RFV did not im-
prove the quality grade for all irrigation levels in this study,
which illustrates that yield could be used as the most im-
portant factor for determining irrigation amounts in Inner
Mongolia.

DIFFERENCES IN YIELD AND QUALITY BETWEEN
FIRST SPAN, SECOND SPAN, AND OVERHANG

Although the CUp values were relatively similar among
the first span, second span, and overhang, the CVs of annual
yield for all irrigation levels ranged from 2% to 8%, while
the CVs for actual irrigation amount ranged from 9% to 10%
(table 4). Spatial variation in annual yield existed among the
first span, second span, and overhang even though the over-
all CUp (excluding the end gun) was 84%, which exceeded
the acceptable criterion of 80% for center-pivot systems.
This demonstrated that irrigation amount could be an im-
portant factor for determining annual alfalfa yield. The ac-
tual irrigation amount, annual yield, and crop water use were
lower in the second span than in the first span and overhang
but almost the same between the first span and overhang,
which was similar to the pattern of water distribution uni-
formity, as shown in table 1. This demonstrated that the dis-
tributions of annual yield and quality were highly related to
the water distribution of the system. In the first span, second
span, and overhang, no significant differences in yield were
observed between the 100% ET and 80% ET levels, but the
60% ET level caused a significant yield reduction. In addit-
ion, the trend that crop water use decreased as irrigation
amount decreased also existed among the first span, second
span, and overhang. The WUE was significantly higher for

Table 3. Crude protein (CP) and relative feed value (RFV) of alfalfa with different irrigation levels in the second span in 2014 and 2015."*!

CP RFV

Year Irrigation Level 1st Cutting 2nd Cutting 3rd Cutting Ist Cutting 2nd Cutting 3rd Cutting

100% ET 19.0 a £0.1 20.7a40.2 22.5a40.1 139.9b£3.6 144.0b £1.9 168.3 b 4.5

80% ET 18.9a+0.2 21.0a+0.3 23.0a104 1479 a+3.4 152.1 ab 6.3 176.1a+2.8

2014 60% ET 19.2a40.2 21.6 a10.5 23.1a40.2 148.8 a+4.9 159.3 a£10.0 180.3 a£3.1
Mean 19.0 21.1 229 145.5 153.7 174.9

One-way ANOVA NS (p=0.16) NS (p =0.06) NS (p =0.07) ** (p=0.00) * (p=0.04) ** (p=0.01)

100% ET 18.0 a £0.7 20.7 a 0.3 21.8b 0.5 1459 a£1.7 1528 b+2.6 167.4b+3.3

80% ET 18.5a0.1 20.8 a10.1 222b+0.1 148.3 a £10. 155.0 ab+1.4 175.7 a+4.5

2015 60% ET 18.3a+0.4 21.0a$0.1 22.7a40.2 148.0 a +4.0 159.3a+2.8 177.7a449
Mean 18.3 20.8 223 147.4 155.7 173.6

One-way ANOVA NS (p=0.35) NS (p=0.18) * (p=0.03) NS (p =0.25) *(p=0.03) ** (p=0.01)

Treatments with the same letter in the column are not significantly different at a probability level of p < 0.05. NS = not significant at a probability

level of p < 0.05, * = significant at a probability level of p < 0.05, and ** = significant at a probability level of p <0.01.

60(3): 1633-1644
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Table 4. Actual irrigation amount, annual alfalfa yield, crop water use, and WUE for the first span, second span, overhang, and end gun of the

center-pivot system during the entire growing season in 2014 and 2015."!

Actual Annual
Irrigation Amount Alfalfa Yield Crop Water Use WUE
Location Year Irrigation Level (mm) (Mg ha™") (mm) (kg ha! mm™)
First span 100% ET 487.3a+10.5 13.0a%0.5 592.4a19.5 21.0b+0.2
80% ET 400.5b £6.7 13.8210.8 526.5b+7.3 26.3a=£1.0
2014 60% ET 330.3 ¢ £10.1 11.5b+04 4432 c£12.2 26.0 a +0.7
Mean 406.0 12.8 520.7 24.8
One-way ANOVA ** (p=0.00) ** (p=0.00) ** (p=0.00) ** (p=0.00)
100% ET 539.3a+14.2 13.6a10.5 621.3a%13.1 219b+1.2
80% ET 4232b+13.3 13.5a104 506.2 b £8.6 26.8a10.4
2015 60% ET 306.9 ¢ £12.9 11.8b£0.3 4382 c£15.1 27.0a+0.8
Mean 423.1 13.0 521.9 25.2
One-way ANOVA ** (p=0.00) ** (p=0.00) ** (p=0.00) ** (p=0.00)
Second span 100% ET 414.1a49.7 12.4 a £0.1 531.2a%7.4 234b10.2
80% ET 339.0b£10.1 12.1a10.3 453.1b %125 26.7a+1.3
2014 60% ET 280.0 ¢ £10.1 10.4 b 0.2 390.4 ¢ £10.3 26.7a0.2
Mean 344.4 11.6 458.2 25.6
One-way ANOVA ** (p=0.00) ** (p=0.00) ** (p=0.00) ** (p=0.00)
100% ET 466.1 a£10.4 12.7a104 542.3 a£10.0 234c¢205
80% ET 3589b %113 12.2 ab +0.5 4453 b 7.1 27.5b+0.9
2015 60% ET 262.0 ¢ £8.7 11.7b+04 346.1 c £8.3 33.7a%1.8
Mean 362.3 12.2 445 28.3
One-way ANOVA ** (p=10.00) NS (p=0.07) ** (p=0.00) ** (p=0.00)
Overhang 100% ET 4794 a+11.2 13.22a10.5 593.2a18.2 21.1b 1.0
80% ET 405.1b£7.6 12.92a+0.3 532.1b£11.3 243b+l1.0
2014 60% ET 338.2¢ 9.1 12.18 b£0.2 4423 c+5.1 27.6a104
Mean 407.6 12.8 522.6 24.7
One-way ANOVA ** (p=0.00) ** (p=0.01) ** (p=0.00) ** (p=0.01)
100% ET 549.7 at7.4 13.7a10.4 6343 a+l11.3 21.6 b10.5
80% ET 429.0b 19.6 14.0a10.4 514.6b+£11.9 272a+l1.2
2015 60% ET 314.1 ¢ £10.1 12.1 b£0.6 450.3 ¢ +13.1 26.7a%l.7
Mean 430.9 13.3 533.1 252
One-way ANOVA ** (p=0.00) ** (p=0.00) ** (p=0.00) ** (p=0.00)
End gun 100% ET 554.4a+9.2 14.0 a 0.7 679.1 a£10.3 20.6 ¢ £1.0
80% ET 446.9 b £8.0 149a104 579.7b £6.1 25.7b£0.8
2014 60% ET 372.2c£8.9 13.7a%0.7 490.3 c 7.3 279a%l.1
Mean 457.8 14.2 583.0 24.8
One-way ANOVA ** (p=0.00) NS (p=0.11) ** (p=0.00) ** (p=0.00)
100% ET 630.1 a+13.1 1482104 708.2 a+13.4 20.8b10.3
80% ET 474.3 b £10.0 1482104 584.3b+12.4 254a10.9
2015 60% ET 351.2¢ 494 13.1a40.3 486.2 ¢ +9.9 27.0a%1.0
Mean 485.2 14.6 592.9 24.4
One-way ANOVA ** (p=0.00) NS (p=0.19) ** (p=0.00) ** (p=0.00)

[ Treatments with the same letter in the column are not significantly different at a probability level of p < 0.05. NS = not significant at a probability

level of p < 0.05 and ** = significant at a probability level of p <0.01.

80% ET and 60% ET than for 100% ET in the first span,
second span, and overhang, expect for the second span in
2015, which differed from the whole system.

The amount of irrigation water applied was less in the
second span than in the first span and overhang. Compared
with the first span and overhang, the second span generally
had higher CP concentrations and RFV (table 5). This
demonstrated that reduced irrigation might improve the
quality of alfalfa. For all irrigation levels, the CVs for CP
concentration and RFV were 1% to 5% and 1% to 7%, re-
spectively, among the first span, second span, and overhang
(table 5). The CP concentrations in the first span, second
span, and overhang were almost unaffected by irrigation
level, which was similar to the whole system. The RFV val-
ues for the second span and overhang were affected by irri-
gation level for all cuttings in 2014 and for the third cutting
in 2015. The quality grade of alfalfa for the second span
(prime grade) was higher than for the first span and overhang
(first grade) in the first cutting. The quality grade for the
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100% and 80% ET irrigation levels was also reduced to first
grade in the first span and overhang in 2014.

Although the CVs for annual yield, CP concentration, and
RFV of the whole system were low, the annual yield and
quality of alfalfa for the end gun were different from the first
span, second span, and overhang. For all irrigation levels, the
CVs for annual yield, CP concentration, and RFV of the
whole system were 5% to 12%, 2% to 8%, and 1% to 8%,
respectively, while the CVs for actual irrigation amount
ranged from 11% to 13%. The annual alfalfa yield for the
end gun was higher than for the first span, second span, and
overhang because of excess irrigation (table 4). The actual
irrigation amount applied by the end gun was 1.2 times the
average applied by the first span, second span, and overhang,
which was less than the factor of 1.7 found in the water dis-
tribution test. The water distribution test was conducted in
October 2013, when the water table in the well recovered
after irrigation, and the system working pressure (414 kPa)
was higher than in the alfalfa irrigation experiment

TRANSACTIONS OF THE ASABE



Table 5. Crude protein (CP) and relative feed value (RFV) of alfalfa with different irrigation levels for the first span, second span, overhang, and
end gun of the center-pivot system during the entire growing season in 2014 and 2015."!

Irrigation Cp RFV
Location Year Level 1st Cutting 2nd Cutting 3rd Cutting 1st Cutting 2nd Cutting 3rd Cutting
First span 100% ET 189a104 20.4a10.8 23.1a20.6 138.5a+2.0 1482b+24 168.1a%7.5
80% ET 18.4a£0.7 21.0a$0.1 21.7a%0.2 141.5a+23  146.8b+33  168.9a=7.1
2014 60% ET 19.3a40.3 21.9a+l1.9 23.940.3 142.1a+£3.2 1548a49.0 177.5a45.1
Mean 18.9 21.1 23.6 140.8 149.9 171.5
One-way NS NS NS NS NS NS
ANOVA (p=0.18) (p=0.32) (p=0.12) (p=0.22) (p=0.27) (p=0.24)
100% ET 179 a%£l1.5 20.4 a£0.6 22.1a%0.9 146.9a+44  151.5a16.9 162.4a+2.9
80% ET 19.3a10.5 21.1a04 229a104 148.2 a£0.7 1554 a£6.6 170.6 a£9.2
2015 60% ET 18.4a10.8 20.9 a 0.7 23.2al.0 142.6 a£5.8 163.9 a+6.9 1773 a£5.7
Mean 18.5 20.8 22.7 145.9 156.9 170.1
One-way NS NS NS NS NS NS
ANOVA (p=0.35) (p=10.30) (p=10.30) (p=10.30) (p=0.13) (p=0.09)
Second span 100% ET 19.8a10.5 21.2a0.1 232b+0.4 1499b+54  153.8¢c+09 171.8b45.5
80% ET 19.9a£1.0 21.7a%0.3 23.8b 0.3 161.0 a£2.1 161.4b+28  1855a+4.0
2014 60% ET 19.6210.2 22.6a%l.2 24.7a0.5 163.1a+1.7  169.3a+53 188.8 a+3.0
Mean 19.8 21.8 23.9 158.0 161.5 182.0
One-way NS NS *ok *ok *x *x
ANOVA (p=0.84) (p=0.149) (p=0.01) (p=0.01) (p=0.01) (p=0.01)
100% ET 1832109 2122104 22.7b£0.6 1524a+1.0 157.1a%24 171.1b=*134
80% ET 1822102 21.8a104 23.4 ab 0.3 1512a+47  156.0a+3.3 182.9 a+8.5
2015 60% ET 183a104 21.3a40.5 242a40.2 156.9a+5.5 1552a44.5 187.4a46.9
Mean 18.3 214 234 153.5 156.1 180.4
One-way NS NS NS NS NS wox
ANOVA (p=10.98) (p=0.28) (p=0.12) (p=0.30) (p=0.95) (p=0.01)
Overhang 100% ET 19.1a+0.3  20.79a+047 22.9a%0.8 136.4b+04  1382b+2.3 160.59 b £3.1
80% ET 19.1a+0.5 20.69a%0.53 22.6a%0.7 148.1 a£2.5 1504a+4.1 180.08 a 1.8
2014 60% ET 1942402  21.22a40.80 23.0£0.5 146.1 a£1.6 152.8a+6.7 18331a%l.1
Mean 19.2 20.9 229 143.5 147.1 174.7
One-way NS NS NS ** * **
ANOVA (p=0.50) (p=0.56) (p=0.67) (p=0.01) (p=0.02) (p =0.00)
100% ET 17.7 a£0.5 20.8 a 0.5 21.6 a£0.6 1447 a£5.1 1529a+14.44 1653b+2.52
80% ET 18.6 a +0.6 21.0 a£0.7 22.1a104 152.8 a£3.7 1569 a£5.5 173.9ab£11.06
2015 60% ET 17.7a40.3 20.8a10.4 224a104 149.8 a 6.1 16922450 182.9a+l.8
Mean 18.0 20.9 22.1 149.8 159.7 174.0
One-way NS NS NS NS NS *
ANOVA (p=10.08) (p=0.85) (p=0.12) (p=0.22) (p=0.17) (p=0.05)
End gun 100% ET 18.3a10.3 20.5a10.3 20.7a%l.1 134.8b16.3 13562104  172.6a+3.8
80% ET 18.0a10.5 20.5a10.6 21.8a10.8 1409a+2.0  146.5a8.1 169.7 a£2.7
2014 60% ET 18.5a40.2 20.7240.8 20.8a+0.5 143.7a+7.8 146.5a+52 171.7a+10.3
Mean 18.3 20.5 21.1 139.78 142.9 171.3
One-way NS NS NS NS NS NS
ANOVA (p=0.70) (p=0.94) (p=0.25) (p=0.37) (p=0.09) (p=10.86)
100% ET 18.0ax1.4 20.3¢$0.3 209a104 139.7a+24  1509a+£l9 170.8 a%2.1
80% ET 18.0a%0.9 19.4b£0.2 20.5a0.7 1409 a+4.3 151.6a43.3 168.7 a 3.8
2015 60% ET 189a%£1.2 21.9a40.2 21.0a+0.3 142.6a%3.3 149.1a+3.2  170.1a%£l1.6
Mean 18.3 20.2 20.8 141.1 150.5 167.0
One-way NS wox NS NS NS NS
ANOVA (p=0.18) (p =0.00) (p =0.45) (p=0.61) (p=0.57) (p =0.64)

(o] Treatments with the same letter in the column are not significantly different at a probability level of p < 0.05. NS = not significant at a probability

level of p < 0.05, * = significant at a probability level of p < 0.05, and ** = significant at a probability level of p < 0.01.

(207 kPa). Consequently, the flow rate of the end gun in the
water distribution test was greater. Compared with the aver-
age value for the first span, second span, and overhang, the
increased irrigation with the end gun could not obtain the
same increase in yield, especially for the 100% ET irrigation
level, which only increased by 9% and 10% while the crop
water use increased by 19% and 18% in 2014 and 2015, re-
spectively. That is why the WUE for 100% ET declined with
the end gun. The WUE for the 80% and 60% ET irrigation
levels with the end gun did not decline because of the rela-
tively high increase in annual yield. The irrigation amounts
for the 60% ET level with the end gun were lower than the
mean values of the first span, second span, and overhang for

60(3): 1633-1644

the 80% and 100% ET levels, but the 60% ET level with the
end gun had a higher annual yield. This is probably because
the large droplet size and high droplet kinetic energy of the
end gun decreased the amount of canopy-intercepted water,
which can account for 11% to 15% of the total seasonal wa-
ter applied in a sprinkler system (Montazar and Sadeghi,
2008), and more water reached the soil.

Compared to the second span, the average actual irriga-
tion amounts with the end gun for the 100% and 80% ET
levels increased by 35% and 32%, respectively, while the
annual yield only increased by 15% and 22%, which resulted
in a decline of total WUE. The actual irrigation amounts with
the end gun for the 100% and 80% ET levels were higher
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than the design value (414 mm and 466 mm in 2014 and
2015) during the entire growing season, which meant that
the 100% ET and 80% ET plots were over-irrigated with the
end gun. In this study, the design irrigation amounts were
implemented with the second span because of the highest
uniformity and reasonable water distribution uniformity.
The over-irrigation caused by the end gun caused the alfalfa
yield to increase rather than decline, which differs from the
findings of Donovan and Meek (1983). This result could be
due to the well-drained soils that reduced the possibility of
waterlogging, as excess water was removed before the
threshold for alfalfa (Williamson and Kriz, 1970).

The end gun produced lower CP concentrations and RFV
due to larger irrigation amounts in all three cuttings (table 5),
which also shows that appropriate water stress might im-
prove the quality of alfalfa. The CP concentrations and RFV
with the end gun were largely unaffected by irrigation level,
which might be because the 60% ET alfalfa was not water-
stressed with the end gun. The quality of the first and second
cuttings was first grade, and the quality of the third cutting
was prime grade. Annual yield, CP concentration, and RFV
with the end gun were unaffected by irrigation level, while
WUE increased significantly with decreased irrigation.
These results differed from the results for the whole system
and could be due to the excess applied water, which elimi-
nated the yield gap caused by deficit irrigation at the 60%
ET level. Overall, the over-irrigation caused by the end gun
contributed to an increased annual yield but decreased alfalfa
quality and WUE during the entire growing season.

Short-length center-pivot systems, which are widely used
in Inner Mongolia, often have a low water application uni-
formity. In this study, spatial variation in annual yield and
RFV existed among the first span, second span, overhang,
and end gun of the center-pivot system, with variations of
7%, 11%, and 8% for the 100%, 80%, and 60% ET irrigation
levels, respectively. The spatial variation was mainly caused
by the relatively non-uniform water distribution of the sys-
tem (CUg = 64%).

YIELD RESPONSE TO IRRIGATION AMOUNT
IN INDIVIDUAL HARVESTS

Quadratic regressions between alfalfa yield and irrigation
amount for each cutting were fitted to the data, indicating
that moderate water stress could obtain the maximum yield.
The relationships between yield and total actual water ap-
plied (actual irrigation amount plus effective precipitation)
were parabolic, using the data from average alfalfa yield and
average actual irrigation amount for each cutting in the two
years (fig. 5). Different relationships between yield (Y) and
irrigation amount (/) existed among the three cuttings be-
cause of different growing conditions (Myer et al., 1991).
The relationships were:

Vit cutting =—0-29(1%) +88.38(1) +799.5 ©
R? =0.63

Y20d cutting =—0- 10(12) +39.98(7) +185.51

(7
R? =0.49
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Figure 5. Relationships between alfalfa yield and total actual water ap-
plied for different harvests in the two growing seasons.

Yrd cutting =—0-04(1%) +23.34(1) - 919.31 ®
R% =033

As shown in figure 5, in the first and second cuttings,
yield first increased with increasing irrigation and then de-
creased with increasing irrigation after obtaining the maxi-
mum Yyield at the appropriate irrigation amount. The third
cutting had a relatively low increase in yield as irrigation in-
creased because of the weak ability to regrow and poor
growing conditions, which resulted in lower WUE than for
the other two cuttings. The proportions of seasonal actual
water applied for the three harvests were approximately
25%, 32%, and 43%, with proportions of 54%, 30%, and
16% to annual yield, respectively, which illustrates that the
seasonal yields of the first and second cuttings had a great
contribution to annual yield, and the third cutting had a great
potential to save water in semi-arid Inner Mongolia. There-
fore, the 80% ET irrigation level is recommended for the
first and second cuttings for relatively high yield and WUE,
and the 60% ET irrigation level should be used for the third
cutting to save water.

CONCLUSIONS

No significant differences existed in alfalfa yield between
the 100% and 80% ET levels, but the 60% ET level caused
a significant yield reduction. Seasonal yield decreased with
successive harvests, with different parabolic relationships
between yield and irrigation amount for each harvest. The
seasonal yield of the first and second cuttings had a greater
contribution to annual yield. The 80% ET irrigation level for
the first and second cuttings and the 60% ET irrigation level
for the third cutting are recommended due to the serious wa-
ter shortages in Inner Mongolia. Alfalfa quality grade was
unaffected by irrigation level, even though deficit irrigation
significantly increased RFV, illustrating that yield can be
considered the most important factor for determining irriga-
tion amounts in Inner Mongolia. Distributions of annual
yield and quality were highly related to the water distribution
of the center-pivot irrigation system. Over-irrigation caused
by the end gun decreased the quality and WUE of alfalfa in
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all three cuttings, even though it slightly increased the annual
yield. Selecting a proper end gun for a center-pivot irrigation
system is important to ensure uniform application of irriga-
tion water across the field.
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