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a b s t r a c t
Currently, sugarbeet producers in western Nebraska are facing the challenge of reducing their irrigation
water usage due to ground water pumping restrictions and the unpredictable amount of rainfall that is
available from year to year. Therefore, there is an increasing interest in developing season long deﬁcit
irrigation strategies for sugarbeet, the main objective of this study. The other objectives were to determine the impact of surface residue and plant population on sugarbeet production. Three ﬁeld trials were
conducted in eight consecutive cropping seasons (2008–2015). The average root and sugar yield for the
full irrigation treatment were equal to 71.11 and 11.08 Mg ha−1 , respectively during the 6 years of the
two irrigation studies (2008–2013) while applying 75% and 50% ETc on average caused 9% and 11% yield
reduction, respectively (2008–2011). Plots under full irrigation treatment and rainfed showed highest
and lowest water depletion, respectively. Overall based on six years of data (2008–2013), stressing moderate and severe late in growing season produced 1.03 and 1.87 Mg ha−1 more sugar while consuming
about 13 mm less water than imposing same level of stress early in season. The residue covered plots
produced 0.29 Mg ha−1 more sugar yield than bare soil plots on average across treatments and years.
Overall, higher population rates resulted in higher sugarbeet yield. Findings of this research will deliver
insight for sugarbeet irrigation management.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Irrigation water management in the Nebraska Panhandle
The growing demand for food and ﬁber production along with
the limited fresh water resources and the intrinsic uncertainty in
rainfall patterns, due to climate variability and change, has focused
a great attention on agricultural water management. World agricultural production over the last ﬁfty years has grown between two
and four percent per year on average while irrigation has doubled
in the same time period. Irrigated agriculture has the highest rate of
consumption of the fresh water resources (about 70%) and produces
more than 40% of the food supply while using approximately 17% of
the agricultural land area (FAO, 2013). In arid and semiarid climates,
irrigation is essential for crop production wherein a crop failure or
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a signiﬁcant reduction in the amount of yield would most likely
occur without irrigation. The ever increasing demand for water and
it’s intense scarcity, creates a philosophy of “more crop per drop”
and makes deﬁcit irrigation a common practice, that by deﬁnition
means to deliberately apply water below the evapotranspiration
(ET) requirement.
Nebraska has the highest amount of irrigated area (over 3.5 million ha) in the US, making water a critical element of the state’s
economy and agricultural production. Sustainable irrigation water
management has become a top priority since irrigated agriculture
accounts for more than 90% of all ground water consumption across
the state (Irmak et al., 2010; USGS, 2000). The western Nebraska
high plains (Nebraska Panhandle) contains about 300,000 ha of irrigated agricultural land with hay & haylage, dry edible beans, sugar
beets and corn being the predominant commodities. Irrigation district developments in western Nebraska began in the 1920’s with
reservoir construction in the Rocky Mountains, making it possible
for diversions of surface ﬂow through irrigation canals. Currently,
irrigation water is largely supplied as surface water by canals, while
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Fig. 1. Long term (1976–2015) average and standard deviation of the temperature and rainfall data for the study region located in western Nebraska (http://www.ncdc.noaa.
gov/cdo-web/). The long term average ETo data (1981–2015) were obtained from the High Plains Climate Center (Changnon et al., 1990). MMXT: monthly mean maximum
temperature (◦ C), MMNT: monthly mean minimum temperature (◦ C), MNTM: monthly mean temperature (◦ C), TPCP: total precipitation (mm), TSNW: total snowfall (mm).

groundwater irrigation wells are also common. Given the low average rainfall (356–406 mm year−1 ) water shortage is more severe
when compared to other regions across the state, hence the need
for water conservation is more strategic. Since irrigation has the
highest amount of fresh water consumption rate in the region,
sustainability of water resources is highly inﬂuenced by irrigation
water use efﬁciency (IWUE ).

1.2. Sugarbeet production in western Nebraska
Sugarbeet is a biennial crop that uses ﬁrst year and second year
growth to maximize root yield (accumulate sugar) and to produce
seeds, respectively. The commercial sugarbeet has been created by
intense breeding over time as a crop appropriate to the synthesis
and storage of sucrose. Planting sugarbeet for sugar production has
originated in central Europe in early 1800s and then spread around
the world. In the United States, the ﬁrst successful processing plant
was built in California in mid 1800s which then was followed by
other factories built in Nebraska and Utah. Sugarbeet has been an
important agricultural crop in central high plains (Colorado, Montana, Nebraska and Wyoming) for the last century and currently
annual sucrose production in the region is approximately 15% of
the total sucrose produced in the US (Wilson and Smith, 2013).
The Nebraska Panhandle has a suitable range of climate and
weather patterns for sugarbeet production wherein normally little rain falls over the growing season making irrigation essential
for achieving economic yield and sustaining commercial production. Currently, sugarbeet producers in western Nebraska are facing
the challenge of reducing their irrigation water usage and practicing deﬁcit irrigation, with consideration to ground water pumping
restrictions and the unpredictable amount of rainfall from year to
year. Consequently, precise irrigation management is crucial for
enhancing IWUE and reducing the volume of water applied without seriously affecting sugarbeet yield. The ﬁndings of the previous
sugarbeet irrigation studies in the region indicate that sugarbeets
can tolerate moderate late season soil water stress and produce a
proﬁtable yield (Yonts et al., 2003).
It is critical to ﬁnd efﬁcient management approaches to minimize evaporation from soil surface, runoff, and deep percolation
hence maximizing plant transpiration per unit of applied water.
Planting directly into crop residue versus bare soil, may prevent
stand reduction due to wind and heavy rain damage and also may
have a positive impact on moisture retention at the soil surface for
seedling development. Since the soil surface is partially protected
from solar radiation and air movement above the soil surface is
lower than bare soil, it is expected that a covered soil surface with

residue shows lower evaporation rate. However, crop residue cover
may also cause wet soil surface and lower temperature delaying
planting date, and slower emergence. (Van Donk et al., 2010).
In the Nebraska Panhandle despite the average low in-season
rainfall, pre- and early- season precipitation events are extremely
important for growers since, if adequate, they signiﬁcantly contribute in reﬁlling the soil proﬁle which in turn effects irrigation
water requirement and management throughout the growing season. Growers, however, are likely to get some storms and hail
damages with early season precipitation. When this happens, the
main critical question is the economic feasibility of replanting and
expected yield for different plant populations.
There is an increasing interest in developing efﬁcient season
long deﬁcit irrigation strategies for sugarbeet among growers in
the Nebraska Panhandle, the main objective of the current study.
The speciﬁc objectives are to:
(i) Evaluate the impact of different irrigation scenarios (i.e. full irrigation, deﬁcit irrigation and rainfed) on sugarbeet growth and
yield indicators (i.e. plant height, leaf area index, root yield and
sugar yield) in western Nebraska.
(ii) Determine the potential effect of surface residue cover on water
conservation and in turn sugarbeet yield under the above mentioned irrigation management scenarios.
(iii) Establish seasonal water production functions (WPFs) for sugarbeet using regression models.
(iv) Monitor the soil water status within crop effective root zone at
multiple depths throughout growing season on multiple experimental plots under a variety of irrigation and surface residue
conditions and analyze the IWUE for different irrigation regimes.
(v) Evaluate the sugarbeet production when plant population is
less than optimal under overhead and gravity irrigation methods.
2. Material and methods
2.1. Deﬁcit irrigation experiment (2008–2011)
A four-year experiment (2008–2011) was conducted at the
University of Nebraska Panhandle Research and Extension Center (PREC) located at Scottsbluff, Nebraska (41.89◦ N, 103.68◦ W,
elevation: 1189 m, annual precipitation: 394 mm) to study sugarbeet response to different deﬁcit irrigation strategies. The soil at
Scottsbluff is a Tripp very ﬁne sandy loam (coarse-silty, mixed,
superactive, mesic Aridic Haplustolls; pH = 7.3; organic matter
content = 1.8%). The volumetric water content at ﬁeld capacity
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Table 1
Sugarbeets deﬁcit irrigation treatments for the two experiments conducted at the University of Nebraska Panhandle Research and Extension Center (PREC) throughout the
growing seasons 2008–2013.
Deﬁcit irrigation treatments (2008–2011)
Growth stages

1

2

3

4

5

6

7

8

9

Early
Late

100%
100%

75%
75%

50%
50%

25%
25%

100%
50%

75%
25%

50%
100%

25%
75%

0%
0%

Deﬁcit irrigation & residue treatments (2012–2013)
Growth stages

1

2

3

4

5

6

7

Early
Late

100%
100%

50%
50%

100%
50%

75%
25%

50%
100%

25%
75%

0%
0%

and permanent wilting point were 0.21 m3 m−3 and 0.10 m3 m−3 ,
respectively (Hergert et al., 2016). Fig. 1 represents the long term
(1976–2015) monthly mean temperature, rainfall and ETo data for
the region (NOAA, 2016; HPRCC, 2016).
This study consisted of a total of 108 plots (∼46 m2 ) wherein 9
irrigation treatments (replicated 6 times) for two sugarbeet varieties (Betaseed 66RR70, and Syngenta 27RR) were imposed, in a
randomized complete block design. The crop was planted on April
29, 30, 21 and May 3 in 2008, 2009, 2010 and 2011, respectively.
The crop was replanted on May 18, in 2010 growing season due
to storm and hail damage. We were interested in quantifying the
impact of deﬁcit irrigation imposed both early and late season on
sugarbeet growth and yield (Table 1). This study was sprinkler irrigated following the crop evapotranspiration (ETc) requirements
which obtained from the High Plains Climate Center (Changnon
et al., 1990), where crop, emergence date, and site were input to
calculate the actual daily ETc values using available crop coefﬁcients for sugarbeet. The irrigation districts in western Nebraska
usually start reducing ﬂows to the farmers after mid-August, especially in water short years, hence mid-August was the date chosen
to differentiate between early season water stress, and late season water stress. Treatment 1, followed a fully irrigated scenario,
with no moisture stresses imposed on the sugarbeet crop, while
treatment 9 portrayed a dryland, and rain fed only situation. Treatments 2–4, were straight line gradient in nature, ranging from 75%
of actual ETc requirements, down to 25%. Treatments 5–8 simulated limited water scenarios, where a producer is forced to make
decisions of when to let the crop stress, and how much stress could
be withstood, using a restricted supply of water.
All plots were irrigated on the same date wherein irrigation
application rate was adjusted by changing the size of nozzle in the
sprinkler heads. We limited the irrigation rate and frequency to
20 mm and every three days to avoid runoff and to simulate a 51 ha
center pivot sprinkler having a 37.85 l s−1 (600 gpm) well. A neutron
probe instrument (Campbell Paciﬁc Nuclear 503 DR) was used to
measure volumetric soil water content multiple times throughout
the growing seasons at soil depths of 30 cm, 60 cm, 90 cm, 120 cm
and 150 cm across treatments. For each irrigation treatment the
IWUE was calculated as the relative sugar yield increase over rainfed treatment divided by the amount of irrigation water applied.
Crop pest and weed management was implemented following state
extension recommendations and fertilizer was applied in accordance with soil test recommendations.
Plant height and leaf area index (LAI) were measured to determine inﬂuence of deﬁcit irrigation on canopy development and
architecture. Plant height was determined by measuring the height
of the plant canopy as measured from the top of the soil ridge to the
average height of surrounding plant leaves on October 7, September
23, 22, and 19 in 2008, 2009, 2010 and 2011, respectively. LAI
was determined by placing an LAI 2200 (Li-Cor Bioscience, Lincoln,
Nebraska) light index meter beneath the plant canopy to deter-

mine the amount of intercepted light near the ground surface. The
readings were taken on October 10, September 30, 26 and 23 in
2008, 2009, 2010 and 2011, respectively. The two center rows of
each plot were harvested (∼12 m2 ) using a two-row mechanical
plot harvester on October 20, 19, 8 and 13 in 2008, 2009, 2010 and
2011, respectively.
2.2. Deﬁcit irrigation & crop residue experiment (2012–2013)
The second experiment was conducted in the growing seasons
2012 and 2013 to identify the impact of deﬁcit irrigation and surface residue cover on growth and yield of sugarbeets. The study
consisted of a total of 56 plots involving two bed conditions (i.e.
bare soil versus residue covered plots) and 7 irrigation treatments
for one variety (i.e. Betaseed 60RRZN), replicated 4 times in factorial
complete randomized block design (Table 1).
Half of the plots were planted to spring barley on March 19,
2012 at the rate of 101 kg ha−1 for residue cover, and the other half
were left with a bare surface. The sugarbeet was planted on May 4,
2012. From May 8 through May 25, 2012 the plots were watered
uniformly for emergence and stand establishment, to counter the
effects of the unusual wind and heat we were experiencing. On May
19, 2012 glyphosate was sprayed on the plots planted to barley, in
order to kill it and provide cover crop residue.
Half of the plots were planted to wheat in September 2012 at
the rate of 110 kg ha−1 for residue cover, and the other half were
left with a bare surface. Early in March of 2013, ﬁeld moisture conditions were below standards, so irrigation water was applied to
sustain the wheat, and support growth. The sugarbeet was planted
on May 9, 2013. In order to maintain good germination and stand
formation, a total of 14 mm of uniform irrigation, was spread over
several light applications from May 22, through May 27, 2013. Prior
to that, good soil moisture, in sequence with cooler temperatures,
made a suitable environment for germination. During the uniform
irrigation period, glyphosate was used to inhibit development of
the wheat, which had reached a height of 28 cm.
The study site, irrigation system and irrigation scheduling
method was identical to the aforementioned conditions for the ﬁrst
experiment. The same neutron probe instrument was used to measure soil water status within the crop effective root zone (i.e. depths
of 30, 60, 90 and 120 cm) across irrigation and residue treatments
multiple times throughout the growing seasons. The same plant
harvester was used to harvest the sugarbeet on October 8, 22 and
October 16 in 2012 and 2013, respectively.
2.3. Plant population experiment (2014–2015)
The third experiment was conducted in the growing seasons
2014 and 2015. We were particularly interested in identifying the
impact of plant population reduction due to early season storm and
hail damages on sugarbeet production. In 2014, the study consisted
of a total of 288 plots involving two varieties (“Beta 62RR8N”, and
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Fig. 2. Dynamic of Irrigation (mm), rainfall (mm) and ETc (mm) data throughout 2008–2013 growing seasons for the study site located at the University of Nebraska Panhandle
Research and Extension Center (PREC). DAP: days after planting.

Table 2
Analysis of variance for the deﬁcit irrigation experiments conducted for two sugarbeet varieties (i.e. Betaseed 66RR70, and Syngenta 27RR) at the University of Nebraska
Panhandle Research and Extension Center (PREC) throughout the growing seasons 2008–2011.
2008

Irrigation
Variety
Irrigation × Variety

2009

2010

2011

Root

Sugar

Root

Sugar

Root

Sugar

Root

Sugar

<0.01
<0.01
NS

<0.01
< 0.01
NS

<0.01
<0.05
NS

<0.01
NS
<0.01

<0.01
<0.01
<0.05

<0.01
<0.01
NS

<0.01
NS
NS

<0.01
NS
NS

NS: not signiﬁcant at p < 0.05.

“Crystal 014”), 6 populations (30 K, 44 K, 59 K, 74 K, 89 K, and 104 K
plants ha−1 ), and two row widths (56 cm and 76 cm), conducted
at two study sites, and replicated 6 times at each site in split plot
complete randomized block design. In 2015 the total number of
plots was increased to 336 because a “delayed planting treatment”
(population 89 K plants ha−1 ) was added to simulate replanting
condition, allowing us to determine the potential effects of a shortened growing season on sugarbeet production. The “Crystal 014”
variety was exchanged with ‘Crystal CW322NT’ which had a better
nematode resistance. The site 1 was furrow irrigated and located at
PREC. The site 2 was sprinkler irrigated and located at the University
of Nebraska-Lincoln Mitchell Agriculture Station (MAS). Individual
plots were 4 rows wide by 914 cm in length (with a 122 cm border
at the ends, for separation of each plot), sizing approximately 20 m2
and 28 m2 for 56 cm and 76 cm row spacings, respectively. At MAS,
the crop was planted on May 2 and 1 in 2014 and 2015, respectively. At PREC, planting was done on May 6 and 4 in 2014 and
2015, respectively. In 2015, the replant treatment was planted on
June 2. All plots were planted to a 5 cm seed spacing to insure good
germination, and stand development. After emergence, the plots
were manually thinned to attain the target populations. Conventional tillage practices were practiced in preparation for planting,
and plots were uniformly irrigated in accordance with crop water
use requirements. During the progression of the growing season, 2
applications of glyphosate were administered following label directions. The stand count measurement was taken soon after thinning
(June 13, and 15 in 2014 and 2015, respectively), to make sure that

the target populations were achieved. In addition, a second stand
count measurement was done around mid-October during harvest,
between the defoliation and digging processes. Both sets of counts
were taken in the 2 center rows, (harvest rows) for the entire plot
length. This ﬁnal count provided the actual population at harvest
and the amount of plant death loss that had occurred.
Each year during the experiments (2008–2015), sugarbeet samples were collected after harvesting and sent to Western Sugar
Cooperative to determine tare, sugar content and sugar loss to
molasses. The MMAOV macro (Saxton, 2010) in SAS 9.4 software
program (SAS Institute, 2014) was then used to statistically analyze
the results of the experiments.
3. Results
3.1. Deﬁcit irrigation experiment (2008–2011)
Fig. 2 represents the dynamic of rainfall, irrigation and ETc
throughout the two irrigation studies (2008–2013). Whenever
early season rainfall was low, uniform irrigation was applied across
all treatments for germination and stand establishment (i.e. 2008:
30 mm, 2009: 18 mm, 2012: 36 mm and 2013: 14 mm). The highest
amount of in-season rainfall (235 mm) occurred in 2009 growing
season. Driest year was 2012 with precipitation well below the
long-term average (68 mm), yet highest seasonal ETc among years
(669 mm). The lowest seasonal ETc belonged to 2010 (480 mm) and
2009 (484 mm) growing seasons. The highest and lowest amounts
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Fig. 3. Sugar beet growth (leaf area index (LAI) and plant height) and yield (Sugar yield, root yield) indicators for two varieties (i.e. V1: Betaseed 66RR70, and V2: Syngenta
27RR) across the nine irrigation treatments (Table 1) throughout 2008–2011 growing seasons for the study site located at the University of Nebraska Panhandle Research and
Extension Center (PREC). Data were combined across years and varieties to derive seasonal water production functions using second order polynomial regression models.

of seasonal irrigation were applied in 2012 (655 mm) and in 2010
(366 mm), respectively. In 2010 and 2011 early season rainfall was
relatively high, hence little or no irrigation was applied early in the
growing seasons.
Tables 2 and 3 summarize the analysis of variance and the statistical analysis of the results for the deﬁcit irrigation experiment
(2008–2011), respectively. The irrigation had always signiﬁcant
effect on root and sugar yields. The variety had signiﬁcant effect
on root yield in all years except 2011 and had a signiﬁcant effect
on sugar yield in two out of four years. Neither of the varieties
consistently outperformed the other one. The interaction between
irrigation and variety was only signiﬁcant in 2009 and 2010 for
sugar yield (p < 0.01) and root yield, respectively. Full irrigation
treatment produced signiﬁcantly more yield (root and sugar) than
other treatments for 2008 and 2011 growing seasons. Treatment 3
and 2 showed the highest yield for 2009 and 2010 growing seasons,
respectively yet the yield differences with full irrigation treatment
was not statistically signiﬁcant. Applying only 50% ETc compared to
full irrigation treatment (100% ETc) caused on average 5% and 11%
reductions in root and sugar yields across the years, respectively yet
the yield difference was only signiﬁcant in 2011. Rainfed treatment
continuously produced the lowest yield among treatments and on
average produced roughly 50% the root and sugar yield by full irrigation treatment. Stressing late (treatment 5: 100%–50%) showed
higher root yield and sugar yield than stressing early (treatment
7: 50%–100%) in 3 and 4 years out of four years, respectively. This
difference, however, was only signiﬁcant for sugar yield in 2008.
Imposing severe stress early (treatment 8: 25%–75%) as opposed to
late (treatment 6: 75%–25%) in growing season caused lower root

and sugar yields in all years except in 2009. This reduction was
signiﬁcant in two years for root and sugar yield.
Fig. 3 illustrates the sugarbeet response (LAI, plant height, root
yield, sugar yield) to the irrigation treatments. The IWUE data are
summarized in Table 4. There was a curve linear relationship
between applied water and root/sugar yield. The coefﬁcient of
determination for the regression models (R2 ) ranged from 0.41 to
0.55. Highest response to irrigation was achieved for seasonal irrigation water equal to 400–500 mm year−1 , yet applying more water
caused little or no yield increase. Consequently, the highest IWUE
belonged to the lowest irrigation amount (treatment 4) in 3 out
of four years. It is hard to see any consist difference between the
two varieties root and sugar production, however, V2 (Syngenta
27RR) consistently showed higher overall IWUE than V1 (Betaseed
66RR70). Both varieties showed their lowest performance in 2011
growing season. Compared to rainfed plots, both sugar yield and
root yield increased as irrigation water increased. No single irrigation treatment showed lowest IWUE across years. The root and
sugar yield were similar across treatments in 2008 and 2010. In
2009 the crop production was slightly higher compared to other
years, but among years 2009 had the lowest average IWUE . LAI values were similar among years yet 2009 and 2008 showed slightly
higher and lower LAI values, respectively compared to the other
years. The plant height measurements were similar across growing
seasons except 2008 which showed slightly lower measurements.
Fig. 4 shows the temporal changes in soil water status throughout the deﬁcit irrigation study (2008–2011) within the crop
effective root zone across the nine irrigation treatments (Table 1).
In 2008, the ﬁrst and last irrigation were applied on 14 and 153
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Table 3
Analysis of sugarbeet yield response indicators (root yield, Mg ha−1 and sugar yield, Mg ha−1 ) across the nine irrigation treatments (Table 1) and for the two sugarbeet
varieties (i.e. V1: Betaseed 66RR70, and V2: Syngenta 27RR) at the University of Nebraska Panhandle Research and Extension Center (PREC) throughout the growing seasons
2008–2011.
Treat

100%–100%
75%–75%
50%–50%
25%–25%
100%–50%
75%–25%
50%–100%
25%–75%
Rainfed
V1
V2
*
**

I + R (mm)*

2008

008−009-010-011

Root

654-690-548-619
548-581-451-501
441-471-354-382
337-362-258-264
570-583-436-474
464-474-340-355
524-579-467-528
421-469-370-409
231-252-162-146

2009

**

72.28 a
70.83 ab
66.15 abc
57.48 d
71.36 ab
70.45 ab
65.09 bc
61.32 cd
39.42 e
59.99 b
67.65 a

2010

2011

Sugar

Root

Sugar

Root

Sugar

Root

Sugar

12.00 a
11.45 a
10.99 ab
9.03 d
11.89 a
11.52 a
10.31 bc
9.68 cd
5.43 e
9.61 b
10.91 a

71.97 ab
68.59 b
76.87 a
70.11 b
71.26 ab
69.48 b
70.84 b
72.54 ab
58.39 c
70.94 a
69.07 b

11.37 ab
10.82 b
12.00 a
11.45 ab
10.93 b
11.18 ab
10.90 b
11.52 ab
9.64 c
11.19
10.99

65.09 abc
66.43 a
61.88 bc
55.67 d
65.59 ab
63.88 abc
64.13 abc
61.13 c
39.44 e
63.25 a
57.47 b

9.84 a
9.93 a
9.19 ab
8.22 b
9.89 a
9.97 a
8.96 ab
9.47 a
5.67 c
9.52 a
8.51 b

62.59 a
54.13 b
40.85 cd
28.36 e
43.39 c
39.01 d
43.73 c
21.45 f
15.13 g
38.56
38.92

9.82 a
8.10 b
6.26 c
4.25 d
6.76 c
6.18 c
6.57 c
3.10 e
2.21 f
5.88
5.95

I + R: irrigation plus rainfall.
Values in columns followed by the same letter are not signiﬁcantly different at the p < 0.05 level based on least signiﬁcant differences.

Table 4
Irrigation water use efﬁciency (IWUE ) data across irrigation treatments, varieties and residue levels (2008–2013) in western Nebraska.
Irrigation

Variety

Residue

100–100
75–75
50–50
25–25
100–50
75–25
50–100
25–75
0–0
Betaseed 66RR70
Syngenta 27RR

IWUE (kg ha−1 mm−1 )
2008

2009

2010

2011

2012

2013

14.48
17.30
22.96
26.42
17.50
23.12
14.91
19.24

3.79
3.39
9.96
14.18
3.70
6.44
3.66
8.00

10.80
14.73
18.22
26.47
15.41
24.19
10.81
18.25

16.09
16.61
17.12
17.28
13.89
18.95
11.44
3.40

18.42

22.30

13.92

16.21

9.87
12.61
6.70
3.59

19.52
22.91
12.11
7.22

17.53
21.45

3.97
9.31

17.21
17.51

12.91
15.78
11.57
10.13

17.08
16.35

With residue
Bare soil

DAP, respectively. The total in-season precipitation was 201 mm.
The pattern of soil water extraction was similar among most of
the treatments where a gradual soil moisture depletion occurred
as growing season progressed. Treatment 4 (25% ETc) and treatment 9 (rainfed), however, showed a greater water depletion due
to no and low irrigation applied throughout the growing season,
respectively. There was 23 mm rain on July 22 (DAP: 84), so the
DAP: 90 readings showed an increase in water content at different
depths within the effective root zone indicating deep penetration
of rainfall and redistribution of water within the soil proﬁle. The
highest reduction in soil water content across all treatments was
captured by measurements on 90 and 101 DAP. In 2009, the ﬁrst
and last irrigation were applied on May 9 (DAP:9) and September 25
(DAP:148), respectively. Overall, the soil water depletion throughout the season was less pronounced than that in 2008. We attribute
this to higher in-season rainfall in 2009 compared to that in 2008
which penetrated deep into soil proﬁle several times throughout
the season across the treatments. However, Similar to 2008, treatments 4 (25% ETc) and treatment 9 (rainfed) showed a greater soil
moisture depletion as the cropping season progressed which were
more pronounced than the depletion of the other treatments. The
earliest and latest irrigation events in 2010 were on July 2 (DAP:
45) and September 24 (DAP: 129), respectively. The in-season rainfall was equal to 162 mm, lower than that of 2008 and 2009. That
is why, all treatments showed higher reduction in soil water content during growing season. In 2011, the ﬁrst and the last irrigation
were applied in 66 and 157 DAP, respectively. There was no rainfall from mid toward end of the growing season. Consequently,
there is a clear pattern of depletion within the proﬁle at different depths moving toward end of the growing season. Treatment 1

Table 5
Analysis of variance for the deﬁcit irrigation (7 irrigation treatments, Table 1) and
surface residue experiment (two residue levels: bare soil and crop residue) conducted at the University of Nebraska Panhandle Research and Extension Center
(PREC) throughout the growing seasons 2012–2013.
2012

Irrigation
Residue
Irrigation × Residue

2013

Root

Sugar

Root

Sugar

<0.01
<0.01
<0.05

<0.01
<0.01
NS

<0.01
NS
NS

<0.01
NS
NS

NS: not signiﬁcant at p < 0.05.

and treatment 7 were received full ETc late in the growing season,
hence the late season water content for them stayed higher than
0.3 cm3 cm−3 . All other treatments showed water content lower
than 0.2 cm3 cm−3 towards end of the growing season within the
upper portion of the root zone.
3.2. Deﬁcit irrigation & crop residue experiment (2012–2013)
Statistical analysis of variance and crop response to irrigation and residue treatments (2012–2013) are summarized in
Tables 5 and 6, respectively. Fig. 5 depicts the sugarbeet response
to different irrigation treatments. The irrigation had always significant impact on root yield and sugar yield. The IWUE was higher in
2013 than in 2012 (Table 4). The full irrigation and rainfed treatments produced signiﬁcantly higher and lower yield than other
treatments, respectively. Consequently, IWUE for the full irrigation
treatment was the highest in 2012 and second highest in 2013
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Fig. 4. Temporal changes in soil water status [volumetric water content (VWC)] throughout the 2008–2011 growing seasons within the crop effective root zone (5 depths:
30 cm, 60 cm, 90 cm, 120 cm and 150 cm) across the nine irrigation treatments (Table 1). Treatment 1: full irrigation throughout the season based on actual ETc (i.e. 100%
of ETc early in growing season-100% of ETc later in growing season), treatment 2: (75%–75%), treatment 3: (50%–50%), treatment 4: (25%–25%), treatment 5: (100%–50%),
treatment 6: (75%–25%), treatment 7 (50%–100%), treatment 8: (25%–75%) and treatment 9: rainfed. The legends represent days after planting (DAP).

among treatments (Table 4). The slope of WPFs increased moving
from rainfed to full irrigation treatment, meaning that moderate and severe deﬁcit irrigation treatments resulted in high yield
penalty. Applying 50% ETc and no irrigation on average caused
approximately 58% and 93% reductions in production in comparison with full irrigation treatment (100% ETc), respectively.
Imposing stress early (treatment 5: 50%–100% and treatment 6:
25%–75%) caused signiﬁcant yield reduction compared to imposing stress late (treatment 3: 100%–50% and treatment 4: 75%–25%)
in growing season. It also resulted in a high reduction in IWUE values
for both years.
The residue impact was only signiﬁcant in 2012 when plots with
residue showed signiﬁcantly higher root yield and sugar yield. The
mean IWUE was slightly higher for residue covered plots than for

bare soil plots in both years, yet the water production functions for
plots with surface residue were almost identical to the ones for bare
plots. The interaction of irrigation and residue had signiﬁcant effect
on root yield in 2012 but not in 2013 and had no signiﬁcant effect
on sugar yield in 2012 and 2013 growing seasons. In general, the
residue covered plots that endured severe water stress throughout
the growing season showed higher yield improvement except for
the treatment 6 (25–75) which did not respond to residue. When
50% ETc was applied for irrigation the yield boost due to residue
reached its highest level of 0.63 Mg ha−1 .
Fig. 6 illustrates the temporal changes in soil water status within
the effective root zone across irrigation treatments and residue
levels in 2012 and 2013 growing seasons. The seasonal irrigation
applied was equal to 655 mm in 2012 when the ﬁrst and last irri-
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Fig. 5. Sugar beet yield response (Sugar yield, root yield) to the seven irrigation treatments (Table 1) targeting two periods within growing season (i.e. early, late) and the
two residue levels (bare soil plots versus plots with residue) for the 2012 and 2013 growing seasons for the study site located at University of Nebraska Panhandle Research
and Extension Center (PREC). Data were combined across years to derive seasonal water production functions using second order polynomial regression models. BR: bare
soil, WR: wheat residue, BR: barley residue.

Table 6
Analysis of sugarbeet yield response (root yield, Mg ha−1 and sugar yield, Mg ha−1 )
to deﬁcit irrigation (7 irrigation treatments, Table 1) and surface residue experiment
(two residue levels: bare soil and crop residue) conducted at the Panhandle Research
and Extension Center (PREC) throughout the growing seasons 2012–2013.
Treatment

100–100
50–50
100–50
75–25
50–100
25–75
0–0
With residue
Bare soil

2012

Table 7
Analysis of variance for the population study conducted at PREC and PAS throughout
the growing seasons 2014–2015.
2014

2013

I + R*

Root

Sugar

I+R

Root

Sugar

722
413
570
415
565
410
103

79.76a**
34.25b
35.94b
31.52c
25.33d
12.47e
5.22f

12.96a
5.69bc
5.85b
5.27c
4.22d
2.11e
0.88f

560
341
428
319
474
365
123

74.95a
31.99d
49.19b
41.06c
34.94d
18.43e
5.68f

10.5a
4.47d
6.9b
5.55c
5.05cd
2.6e
0.85f

33.24a
30.9b

5.52a
5.05b

36.56
36.65

5.18
5.08

*

I + R: irrigation plus rainfall.
**
Values in columns followed by the same letter are not signiﬁcantly different at
the p < 0.05 level based on least signiﬁcant differences.

gation occurred 4 and 154 DAP, respectively. The full irrigation
and rainfed treatments showed lowest and highest soil moisture
depletion throughout the season, respectively. This shows that
adding full irrigation helped rebuild soil moisture within the proﬁle
throughout the growing season, although 2012 was unexpectedly warm with minimum rainfall. Treatment 4 (75%–25%) and 3
(100%–50%) showed higher depletion in the lower portion of the
root zone showing crop water uptake from deeper layers which
was expected considering reduction in the applied water late in
the growing season for these treatments. Treatment 6 (25%–75%),
5 (50%–100%) and 2 (50%–50%) showed lower water content for the
upper portion of the root zone which follows the lower application
of water of those treatments early in the growing season. Overall, lower water content was seen on top portion of the plots with
bare soil compared to residue covered plots which received same
irrigation application. This was more pronounced in early readings
which is attributed to higher evaporation demand from bare soil
plots than that in residue covered plots. In 2013, the total seasonal
rainfall and irrigation were 109 mm and 450 mm, respectively. The
ﬁrst and last irrigation were applied 13 and 151 DAP, respectively.
Similar to 2012, full irrigation treatment and rainfed exhibited the
lowest and highest depletion of soil moisture during the growing
season, respectively. The impact of soil surface residue cover on

Population
Variety
Row width
Row width × Population
Row width × Variety
Population × Variety
Row width × Population × Variety

2015

Root

Sugar

Root

Sugar

<0.01
<0.01
NS
NS
NS
NS
NS

<0.01
<0.01
NS
NS
NS
NS
NS

<0.01
<0.01
NS
<0.01
NS
NS
NS

<0.01
<0.05
NS
<0.01
NS
NS
NS

NS: not signiﬁcant at p < 0.05.

surface soil moisture conservation early in growing season was less
evident in 2013 data than in 2012 data. There were signs of redistribution of the water in soil proﬁle and penetration to deeper layers
especially in second readings which occurred after some rainfall
and irrigation events (DAP: 60).
3.3. Plant population experiment (2014–2015)
Tables 7 and 8 summarize statistical analysis of results for the
population study (2014–2015). Fig. 7 depicts the sugarbeet yield
response to multiple population levels and the two row widths at
MAS and PREC. Overall across treatments about 12% root and 16%
sugar yield reduction occurred in 2015 compared to 2014. Population and variety had signiﬁcant effects on sugarbeet root and
sugar yield in both years. Overall, as population increased sugarbeet yield also increased, however the yield increase among the
three higher population rates (74 K, 89 K and 104 K ha−1 ) was only
signiﬁcant in 2015. For lower population rates (30, 44 and 59) the
yield increase was signiﬁcant in both years. For the treatment 7
in 2015 (replanting/delayed planting: 74 K) sugar beet yield was
not statistically different than that for treatments 1 (30 K). The
highest environmental death loss occurred at PREC in the replant
treatments at 15%, while the death loss for all other treatments
ranged from 6% to 12%, with no apparent pattern. (data are not
shown). The “Beta 62RR8N” outyielded the “Crystal 014” and “Crystal CW322NT” varieties in 2014 and in 2015, respectively. Row
width had no signiﬁcant impact, but its interaction with population had signiﬁcant effect in 2015. Other interaction terms were
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Fig. 6. Temporal changes in soil water status [volumetric water content (VWC)] throughout the 2012–2013 growing seasons within the crop effective root zone (5 depths:
30 cm, 60 cm, 90 cm, 120 cm and 150 cm) across the seven irrigation treatments (Table 1) targeting two periods within growing season (i.e. early, late) and the two residue
levels (BS: bare soil, BR: barley residue, WR: wheat residue). Treatment 1: full irrigation throughout the season based on actual ETc (i.e. 100% of ETc early-100% of ET later),
treatment 2: (50%–50%), treatment 3: (100%–50%), treatment 4: (75%–25%), treatment 5: (50%–100%), treatment 6: (25%–75%), treatment 7: rainfed. The legends represent
days after planting (DAP).

not signiﬁcant. Overall, the plots at MAS (under sprinkler irrigation) showed higher performance than the plots at PREC (under
gravity/furrow irrigation).
4. Discussion
4.1. Sugarbeet irrigation management in western Nebraska
Within the sugarbeet growing region in western Nebraska,
adequate surface water supplies for irrigation is not guaranteed.

Delivery of water may be delayed at the beginning of the season,
restricted during the season, shut off before the irrigation season is
over, or a combination of all of these situations. For those growers
that depend on ground water for irrigation, in many areas government regulatory agencies have imposed pumping restrictions
as a method to reduce groundwater withdrawal in an attempt to
extend the useful life of the aquifers into the future. Consequently,
both surface water and groundwater users have a difﬁcult decision to make in selecting which crop and how much to irrigate.
Recent deﬁcit irrigation studies conducted in the region on multi-
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Fig. 7. Sugarbeet sugar yield (Mg ha−1 ) for different plant populations, two varieties (2014: V1: “Beta 628N”, V2: “Crystal 014”; 2015: V1: “Beta 628N”, V2: “Crystal CW322NT”),
two row widths (56 cm and 76 cm) and two sites (PREC and MAS) in the Nebraska Panhandle in 2014 and 2015 growing seasons. The legends indicate variety and year. The
orange circles highlight the delayed planting treatment in 2015. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)

Table 8
Analysis of sugarbeet yield response (root yield, Mg ha−1 and sugar yield, Mg ha−1 ) to
row width (cm), plant population (plants × 1000 ha−1 ) for two varieties throughout
the growing seasons 2012–2013 in western Nebraska.
Population

Variety**

Row
width

30
44
59
74
89
104
74*
1
2
56
76

2014

2015

Root

Sugar

Root

Sugar

66.85d***
71.31c
75.93b
78.05ab
78.30ab
80.55a

11.14d
11.90c
12.81b
13.23ab
13.21ab
13.64a

77.95a
72.38b
73.45
76.88

13.00a
12.31b
12.43
12.88

52.58f
58.12e
62.56d
69.63c
73.97b
79.24a
54.39f
65.72a
63.00b
62.39
66.33

8.22f
9.29e
10.04d
11.33c
12.02b
12.85a
8.25f
10.43a
10.14b
9.89
10.68

*

Delayed planting treatment.
2014 variety 1: “Beta 62RR8N”, 2014 variety 2: “Crystal 014”, 2015 variety 1:
“Beta 62RR8N”, 2015 variety 2: “Crystal CW322NT”.
***
Values in columns followed by the same letter are not signiﬁcantly different at
the p < 0.05 level based on least signiﬁcant differences.
**

ple crops including dry bean (Haghverdi et al., under review), potato
(Pavlista, 2015), camelina (Pavlista et al., 2016) and canola (Hergert
et al., 2016) indicate promising results on producing marketable
yield when irrigation water is limited.
The average root and sugar yield for the full irrigation treatment
were equal to 71.11 and 11.08 Mg ha−1 , respectively during the 6
years of the two irrigation studies (2008–2013) which was simi-

lar to the reported results in the literature for the similar weather
conditions. Topak et al. (2011) reported 77.3 and 12.33 Mg ha−1
sugarbeet root yield and sugar yield, respectively for full irrigation treatment based on soil moisture depletion in the semi-arid
climate of Middle Anatolian, Turkey. Hassanli et al. (2010) reported
79.7 Mg ha−1 sugarbeet root yield in the arid climate of southern
Iran. Stevens et al. (2015) reported 61.15 and 11.23 Mg ha−1 root
yield and sugar yield, respectively for the northern Great Plains.
Jabro et al. (2012) reported 67.14 and 11.99 Mg ha−1 sugarbeet and
sucrose yield, respectively for fully irrigated sugarbeet based on ET
in the semiarid northern Great Plains.
The IWUE on average (2008–2013) was equal to
14.31 kg ha−1 mm−1 for full irrigation treatment, while applying 50% ETc and imposing more stress late in growing season
(75%–25%) increased IWUE to 16.39 and 18.04 kg ha−1 mm−1 ,
respectively. Further studies are needed for economic evaluation
of sugarbeet production under different deﬁcit irrigation scenarios
in western Nebraska High Plains. In addition, optimizing the crop
rotation and water allocation among years would be feasible given
the recent deﬁcit irrigation studies conducted on multiple crops in
the region. Developing WPFs using data mining techniques with
additional input attributes (e.g. Haghverdi et al., 2014, 2016) might
be useful for empirical modeling of sugarbeet yield response to
irrigation management with higher accuracy.
Compared to full irrigation, applying 75% and 50% ETc on average
caused 9% and 11% yield reduction, respectively over the four years
of the ﬁrst irrigation study (2008–2011). But a six-year average
across the two studies (2008–2013) showed 27% yield reduction
by applying 50% ETc for irrigation mainly because of low rainfall
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and high drought in 2012 and 2013 growing seasons. This harsh
weather condition caused a very low sugar yield for rainfed treatment in 2012 and 2013 (i.e. between three to ten times lower
than sugar yield for rainfed treatments in 2008–2011) which in
turn resulted in higher IWUE for the irrigation treatments in these
years. Topak et al. (2011) reported a general increase in sucrose
concentration in response to deﬁcit irrigation treatments. We did
not see any trend of higher percent of sugar accumulation under
deﬁcit irrigation. Our results on sugarbeet growth and production
indicates that although plant water stress slowed the production
of biomass and impacted ﬁnal production, proper deﬁcit irrigation
management can produce marketable yield while conserving a signiﬁcant amount of water in the Nebraska High Plains. In addition,
efﬁcient irrigation management of sugarbeet was proven to prevent
soilborne diseases and reduced irrigation was reported to result in
signiﬁcantly lower disease incidence (Harveson and Rush, 2002).
Overall based on six years of data (2008–2013), stressing
moderate and severe late in growing season produced 1.03 and
1.87 Mg ha−1 more sugar while consuming about 13 mm less water
than imposing same level of stress early in season. Yonts et al.
(2003) reported nearly 7% sugar yield reduction due to late season
deﬁcit irrigation compared to full irrigation treatment in western
Nebraska. These results are promising since practicing deﬁcit irrigation can alleviate pressure on available water resources to meet
the high ET demand in mid to late growing season. They showed
that water holding capacity had direct impact of irrigation cutoff
timing late in the growing season if goal is to practice deﬁcit or no
irrigation late in the growing season. For our trip ﬁne sandy loam
soil with relatively low water holding capacity, little or no impact
of late season stress depends on adequate water availability early
in the growing season to encourage a deep root system and the
reﬁll of soil proﬁle to near ﬁeld capacity in early August. In the
second half of our irrigation experiment (2011–2013) we experienced relatively lower in-season precipitation especially in earlyand mid-growing season compared to the ﬁrst half of the experiment (2008–2010). This variation in rainfall patterns and amounts
signiﬁcantly impacted the response of sugarbeet to deﬁcit irrigation
strategies such that for instance cutting applied water to 50% ETc
caused signiﬁcant yield reduction in the drier years (2011–2013)
but not in the wetter years (2008–2010).
4.2. Impact of crop residue on sugarbeet yield
The residue covered plots produced 0.29 Mg ha−1 more sugar
yield than bare soil plots on overage across treatments and years.
Both years showed positive impact on IWUE in association with
surface residue, yet only 2012 exhibited signiﬁcant production
increase for the residue covered plots. Van Donk et al. (2010) studied the effect of residue on corn production and soil moisture
conservation in central Nebraska and reported signiﬁcant higher
yield in residue-covered plots compared to bare soil plots. They
also reported a positive impact of crop residue in conserving surface soil moisture, a trend that was not observed in our study. The
positive effect of crop residue in conserving surface soil moisture
might have been cancelled out by the surplus water stored in bare
soil plots since prior to each growing season we added the same
amount of irrigation necessary to build residue to bare plots as well.
4.3. Optimum population of sugarbeet
Overall, higher population rates resulted in higher sugarbeet
yield. Different population levels may need different deﬁcit irrigation management, a question that we left for future studies.
When sugarbeet population is compromised by early season hail
and storm damages in a way that replanting is necessary, further
yield reduction also can occur due to less opportunities for seeds
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to receive precipitation for germination hence a greater chance of
drying out, due to higher temperatures. This is what happened in
replant plots specially at the furrow irrigated site where the warm,
dry and breezy conditions in early June had depleted the soil moisture down to the seed depth, and germination was delayed, even
though the springtime rains in April and May was plentiful. Further
studies are needed to quantify the effect of plant population and
irrigation method on in-season soil water status, deﬁcit irrigation
management and sugarbeet growth and yield in the region.
5. Conclusion
Available fresh water resources are limited and not sufﬁcient
to fulﬁl irrigation water requirements in the Nebraska Panhandle
where crop production accounts for approximately 40% of the Panhandle’s agriculture gross regional product (Thompson et al., 2012).
The unique sugarbeet crop, which is grown in just the eight most
western counties of Nebraska, is one of the key parts of the irrigated
agriculture proﬁtability, for the region. The promising results of out
six-year irrigation studies showed that deﬁcit irrigation strategies
if well managed enhance water conservation while producing marketable sugarbeet yield. Applying 50% ETc on average yielded 11%
and 57% less than full irrigation in wetter years and in very dry
years, respectively. Overall, late season deﬁcit irrigation produced
higher sugarbeet yield with lower seasonal irrigation water compared to early season deﬁcit irrigation scenarios. We also realized
that pre-season soil water status and in-season rainfall distribution
should be taken into account for choosing the optimum sugarbeet
deﬁcit irrigation strategy each year. Based on our two-year results
crop residue may help sugarbeet production under deﬁcit irrigation. However, more studies are needed to determine the impact
of residue on in-season soil water status and sugarbeet growth and
yield under different in-season climate and rainfall patterns in this
region. Higher population rates resulted in higher sugarbeet yield,
but other factors including equipment and labor costs should be
considered to identify the optimum economic production level, a
question that we left for future studies.
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