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ABSTRACT

Considering ground water pumping restrictions and unpredictable amount of water available for irriga-
tion from year to year, Nebraska Panhandle producers are facing a challenge to reduce their irrigation
water usage and practice deficit irrigation. Among irrigated crops in the region, dry bean (a major cash
crop and critical to crop rotation systems) has relatively low water use and is capable to withstand peri-
ods of stress. Consequently, two experiments within six consecutive growing seasons (2010-2015) were
conducted to determine the impacts of multiple irrigation scenarios (full irrigation, deficit irrigation, and
rainfed) and two soil surface conditions (bare soil versus crop residue) on dry bean production, irrigation
water use efficiency, and temporal soil water dynamic within the crop root zone. Dry bean yield ranged
from 0.41 to 4.07 Mg ha~! during the six years of the study (2010-2015). The results (2012-2015) indi-
cated that reducing irrigation water by 25% on average increased irrigation water use efficiency (Iwue)
by 26% and only caused 6% yield reduction in relative to the full irrigation treatment scenario. However,
applying only 50% crop evapotranspiration requirement (ETc) resulted in significant yield reduction (30%
reduction on average) in 5 out of 6 years compared to the full irrigation treatment (p <0.05). Our results
indicate that temporal in-season rainfall and ETc demand variabilities along with the per-season soil
water content status should be carefully analyzed in order to target the appropriate growth stage(s) for
more severe deficit irrigation scenarios. When pre and early season rainfall was abundant deficit irriga-
tion treatments imposed before flowering outperformed treatments targeting after flowering. However,
under normal and dry conditions yield decline was more pronounced due to severe early season (before
flowering) water stress compared to late season (after flowering) water stress. In two of three years plots
with bare soil significantly (p <0.05) outyielded plots covered with residue. Average yield across irriga-
tion treatments was 14% lower for plots with residue cover (average yield: 2.15Mgha~!) compared to
bare soil plots (average yield: 2.51 Mgha~!). Overall, the dynamic of soil water content within root zone
and Iwue in plots covered with residue was similar to that in bare soil plots across irrigation treatments
throughout the growing seasons.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

of all groundwater consumption (Irmak et al., 2010; USGS, 2000).
Since available fresh water resources are limited, irrigation water

Water resources used for agriculture are becoming more
restricted throughout the world and as a result the use of water for
irrigated crop production must become more efficient. Across the
US, Nebraska has the highest amount of irrigated land (over 3.5 mil-
lion ha) wherein irrigated agriculture accounts for more than 90%
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management has evolved into a top priority issue which is a critical
element of the state’s agricultural production and economy.

The Panhandle District is the most diverse region, in terms
of Nebraska’s agriculture production areas consisting of almost
62,000 km? ofland arearepresenting nearly 31 percent of Nebraska.
There are more than 5900 farms in the district generating in
excess of $2.35 billion of revenue. The region is unlike any other
in the state, due to its high elevation, low precipitation, limited
water resources and crops grown. In the Panhandle of Nebraska,
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irrigation plays an essential role in crop production, since evapo-
transpiration (ET) almost always exceeds precipitation. The result
being, that both surface, and groundwater, are used to fulfill crop
water requirements. The surface irrigation network is supplied by
snowpack that originates in the Rocky Mountains of Colorado and
Wyoming. Groundwater management for irrigation and human
use is controlled by the State’s Natural Resource Districts (NRDs).
Many NRDs have prescribed pumping limits for water applications
and these limits are set in terms of an annual average pumping
with no exceedance of a set value over three or five years. The
recent drought cycle from 2002 to 2009 triggered more water
allocation restrictions, thus pressuring farmers to enhance their
irrigation water use efficiency (Iwyg ). Recent deficitirrigation stud-
ies conducted in the region on multiple crops including sugarbeet,
potato, camelina and canola indicate promising results on conserv-
ing water yet producing marketable yield (Haghverdi et al., 2017;
Pavlista, 2015; Pavlista et al., 2016; Hergert et al., 2016).

Dry edible bean (Phaseolus vulgaris L.) is an important source
of protein, fiber and nutrition and has been playing a critical role
in human diet for a long time. Currently, dry bean is the largest
pulse crop produced in the world, approximately 25 million tons
produced over 30 million hectares each year (www.faostat3.fao.
org/). In the United States, dry beans are produced in more than
17 states which makes this country the sixth-leading dry bean pro-
ducer across the world with more than 5% of the total worldwide
production. One of the highest producing edible dry bean regions in
the Unites States is the central High Plains (i.e. Colorado, Wyoming
and Nebraska) that produces approximately 20-25% of the U.S dry
bean crop, approximately 0.25-0.30 million tons production annu-
ally from 12,000 to 16,000 ha planted. A majority of commercial
land under dry beans (>90%) are irrigated in this region mainly by
either center pivot or gravity systems. The average yield produced
under irrigation (2 Mg ha—1) is 3-6 times higher than that of rainfed
condition (0.28-0.56 Mg ha~1) (Schwartz and Brick, 2015).

Several studies in the literature have reported yield reduction
for bean due to increasing water deficits (Bourgault et al., 2010;
Nielsen and Nelson 1998; Dapaah et al., 2000; Boutraa and Sanders
2001; Calvache and Reichardt 1999; Wakrim et al., 2005). It is
important to determine what magnitude of stress dry bean is
capable to withstand without significant yield reduction and how
deficit irrigation strategies impact Iyyg. Bourgault et al. (2013)
reported insignificant and significant yield reductions for mod-
erate (depletion fraction of 0.6) and severe (depletion fraction of
0.7) stress levels, respectively compared to recommended irriga-
tion application (depletion fraction of 0.45, Allen et al., 1998). In a
long-term simulation study, de Faria et al. (1997) found out that
maximum economic benefits are achieved when depletion frac-
tion is below 0.4. Webber et al. (2006, 2008) studied the impact
of regulated deficit irrigation and alternate furrow irrigation on
dry bean in Uzbekistan and found reduction in crop consumptive
water use for both strategies, but observed no change in the WUE
of bean over several irrigation treatments because any water use
reduction resulted in a corresponding yield reduction. Efetha et al.
(2011) noticed significant increase in average dry bean seed yield
and in WUE for higher frequently irrigated treatments compared
to less frequently irrigated treatments, therefore recommended
keeping the majority of roots moist to optimize yield and WUE. Effi-
cient practicing of deficit irrigation depends on farmers’ knowledge
about how much of a reduction in applied water can be tolerated
and when that reduction can occur throughout the growing season.
Simsek et al. (2011) observed sensitivity of bean yield to the water
stress was more pronounced in the vegetation stage (from seed ger-
mination to beginning of flowering) than reproductive stage (from
the first flowering to the end of harvesting) over the course of a
three-year experiment conducted in southern Turkey. Findings of

Efetha et al. (2011) also showed dry bean to be more sensitive to
drought during vegetative growth stages.

In addition, it is critical to find the best agronomic practices
to reduce evaporation from soil surface, runoff, and deep percola-
tion hence maximizing readily available water for crop per unit of
applied irrigation water. The general belief is that planting directly
into crop residue, allows moisture retention at the soil surface for
seedling development, while preventing stand reduction due to
wind and heavy rain damage. A covered soil surface with residue is
expected to have lower evaporation rate mainly because it gets pro-
tected from solar radiation and air movement above the soil surface
isdiminished. This may have a positive impact on yield when deficit
irrigation is practiced. On the other hand, crop residue may cause
wet soil surface and lower temperature delaying planting date (Van
Donk et al., 2010). Baumhardt et al. (2013a, 2013b) studied residue
management effects on water use and yield of corn and cotton
under deficit irrigation at Bushland, Texas. They reported higher
corn and cotton yield with conservation tillage and attributed that
tolikely higher transpiration caused by lower early season evapora-
tion. Van Donk et al. (2010, 2012) reported higher corn and soybean
yield for residue covered plots compared to bare soil plots under
deficit irrigation in central Nebraska.

The main goal of this study was to develop water conservation
and deficit irrigation strategies for dry bean production in western
Nebraska High Plains. The specific objectives were to determine
the effects of (i) a variety of irrigation scenarios (full irrigation,
deficit irrigation, rainfed) and (ii) surface residue conditions (bare
soil versus residue-covered) on yield, soil water dynamics and irri-
gation water use efficiency of dry bean.

2. Material and methods

Two sprinkler irrigated deficit irrigation experiments were con-
ducted within six consecutive growing seasons on dry edible bean
crop in western Nebraska at the University of Nebraska Panhan-
dle Research and Extension Center (PREC; 41.89 oN, 103.68 oW,
elevation: 1189 m). The soil was a coarse-textured Tripp very fine
sandy loam at pH=8 with an organic matter content of 1%, soil
bulk density of 1.32 (Mg m~3), and plant water holding capacity of
0.15-0.17mm~! (Yonts et al., 2003). The groundwater depth was
approximately 14 m.

The climate at Scottsbluff is semi-arid, with a long-term aver-
age (1982-2016) relative humidity of about 60%, a high and low
daily temperature of 17°C and 1 °C, respectively and an accumula-
tive annual precipitation and reference ET (calculated for reference
crop alfalfa using Penman ET model, Penman, 1948) of approx-
imately 297 mm and 1656 mm, respectively (http://www.hprcc.
unl.edu/). Fig. 1 depicts the long term average (1982-2016) and
variabilities of ETo and precipitation data throughout the exper-
iments (2010-2015). The precipitation was remarkably different
among years with 2011 and 2015 being considerably above the
long term average and 2012 being well below the long term aver-
age (~300-350mm). The year-round ETo demand was highest in
2012 (20% above the long term average) and lowest in 2015 (10%
below the long term average).

Table 1 summarizes the in-season monthly irrigation and rain-
fall data over the course of the experiments. The highest amount
of in-season rainfall (151 mm) occurred in 2015 growing season.
Driest year was 2012 with precipitation equal to 67 mm. Irrigation
followed the crop evapotranspiration (ETc) requirements, obtained
from the High Plains Climate Center (Changnon et al., 1990), where
site and emergence date were input to obtain the daily ETc val-
ues using available local crop coefficients for dry bean (https://
hprcc.unl.edu/images/awdn/crop_drybean.txt). The highest irriga-
tion rate was set to be non-ETc limiting and deficit irrigation


http://www.faostat3.fao.org/
http://www.faostat3.fao.org/
http://www.faostat3.fao.org/
http://www.faostat3.fao.org/
http://www.faostat3.fao.org/
http://www.hprcc.unl.edu/
http://www.hprcc.unl.edu/
http://www.hprcc.unl.edu/
http://www.hprcc.unl.edu/
http://www.hprcc.unl.edu/
http://www.hprcc.unl.edu/
https://hprcc.unl.edu/images/awdn/crop_drybean.txt
https://hprcc.unl.edu/images/awdn/crop_drybean.txt
https://hprcc.unl.edu/images/awdn/crop_drybean.txt
https://hprcc.unl.edu/images/awdn/crop_drybean.txt
https://hprcc.unl.edu/images/awdn/crop_drybean.txt
https://hprcc.unl.edu/images/awdn/crop_drybean.txt
https://hprcc.unl.edu/images/awdn/crop_drybean.txt
https://hprcc.unl.edu/images/awdn/crop_drybean.txt
https://hprcc.unl.edu/images/awdn/crop_drybean.txt

140 C.D. Yonts et al. / Agricultural Water Management 199 (2018) 138-147

2500

— = 2010 2011 — = 2012
- - 2013 2014 - - 2015
(1982-2016)
2000 | 1
e
— ’ -=
E 1500 W P G
£ LA
~— 27 7, ~
(o) I” ,///
B 1000 A L
" 4 rd
ey o
4////
w44
500 - ¢
A 44
¥
"
-~
o=t
0 S S S

LS N X QO
FE W@ PP S S
Months

600

- = 2010 2011 - = 2012
- - 2013 2014 - - 2015
500 (1982-2016) .
£ ST il
€ 400 - e
o= /
g /
S 300 A i
© e S
= / e e
o .
‘G 200 - F A5 7
1} “ b > mremugs
;S —
-9 / II IEC i
100 A ¥
7
A2
I

\’DQ QQ‘/O @’b‘ Q.Q‘ @’b* \\)Q \0\ ?_\)% CDQ/Q Oé' éo“ QQIQ
Months

Fig. 1. Temporal dynamic of ETo and precipitation within experimental period (2012-2015) and long term (1982-2016) in western Nebraska obtained from High Plains

Climate Center (Changnon et al., 1990).

Table 1
In-season irrigation, rainfall and ETc data (mm) from 2010 to 2015 cropping seasons
for the study site located in western Nebraska.

Table 2
Dry beans deficit irrigation treatments for the two experiments (2010-2015) con-
ducted in western Nebraska.

No. of Irrigation Irrigation (mm) Rainfall (mm) ETc (mm)
2010 12 244 55 374
2011 16 325 31 364
2012 22 421 33 432
2013 18 334 102 364
2114 15 306 74 375
2015 11 224 151 362

Irrigation data refers to 100% ETc treatments from bare soil plots.

treatments were calculated as predefined percent of the full irriga-
tion treatment. Irrigation application was limited to 20 mm every
three days to avoid runoff and also to simulate a 51 ha center pivot
sprinkler system having a 37.851s~1 (600 gpm) well. All plots were
irrigated on the same date. Irrigation amount was varied by chang-
ing the size of nozzle in the sprinkler heads. In 2012 and 2013, two
uniform irrigations, each about 13 mm and 10 mm, respectively,
were applied across all treatments early in the season for germi-
nation, and stand establishment. The highest and lowest amounts
of seasonal irrigation were applied in 2012 (421 mm) and in 2015
(224 mm), respectively.

The Iwyg was calculated by dividing the amount of yield increase
for each irrigation treatment (compared to rainfed treatment) to
the amount of irrigation water applied. Rooting depth of dry bean
is about 1 m (Merrill et al., 2002). Soil water status was monitored
across treatments multiple times throughout the growing seasons
at soil depths of approximately 30cm, 60cm, 90cm and 120cm
using neutron probe (503 DR Hyclroprobe®, CPN International,
Inc.). Fertilizer was applied in accordance with soil test recom-
mendations. Crop pest and weed management was implemented
following state extension recommendations. The two center rows
of each plot were harvested (~12m?) using a Wintersteiger plot
combine and samples were cleaned using a Clipper seed cleaner
to remove any small clods or plant residue. The MMAOV macro
(Saxton, 2010) in SAS 9.4 software program (SAS Institute, 2014)
was used to analyze the data with means separated using least sig-
nificant differences (based on a 5% significance level when p < 0.05).

2.1. Deficit irrigation experiment (2010-2012)

The first study (a total of 108 plots) involved 9 irrigation treat-
ments tested for two widely cultivated varieties (i.e. Marquis and
Matterhorn), replicated 6 times in a split plot complete randomized
block design. We targeted 3 growth stages (i.e. vegetative, flower-

Treatments- Deficit irrigation (2010-2012)

Growth stages 1 2 3 4 5 6 7 8 9

Vegetative 100%* 75% 50% 25% 100% 50% 100% 50% 0%
Flowering 100%  75% 50% 25% 100% 50% 50% 100% 0%
Pod Fill 100%  75% 50% 25% 0% 100% 50% 50% 0%

Treatments- Deficit irrigation & crop residue (2013-2015)

Growth stages 1 2 3 4 5 6 7
Before flowering 100% 50% 100% 75% 50% 25% 0%
After flowering 100% 50% 50% 25% 100% 75% 0%

2 Irrigation followed the ETc requirements, obtained from the High Plains Climate
Center (Changnon et al., 1990). The highest rate was set to be non-ETc limiting (100%)
and deficit irrigation treatments were applied as predefined percentage of the full
ETc amount (75%, 50% and 25%).

ing, and pod fill) and evaluated a variety of irrigation scenarios from
fully irrigated to deficit irrigation and rainfed (Table 2). Five of the
irrigation treatments ranged from O to 100% of the full irrigation
in 25% increments. The other four treatments included applying
greater and lesser amounts of water during the targeted growth
stages. The crop was planted at rates of approximately 204 thou-
sand plants ha~! (82-83 thousand plants per acre) in 56 cm (22
inches) row spacing on June 16, 8 and 8 in 2010, 2011 and 2012,
respectively. In 2011 and 2012, due to severe rain and hail storms
the study was replanted on June 20 and June 22, respectively. The
average size of the six-row plots was equal to 47 m2. Plots were
harvested on September 23, 26 and 22 in 2010, 2011 and 2012,
respectively.

2.2. Deficit irrigation & crop residue experiment (2013-2015)

The second study (a total of 112 plots) involved, two bed con-
ditions (i.e. bare soil versus residue covered plots) and 7 irrigation
treatments (Table 2) for two varieties (i.e. Marquis and GN 3138),
replicated 4 times in split plot complete randomized block design.
Among varieties used in this study, Marquis was a more prostrate
bush style plant but Matterhorn and GN 3138 were more upright
in their architecture. We targeted 2 time periods in the life cycle of
the plant (i.e. before flowering, and after flowering) and practiced
several irrigation strategies from fully irrigated to deficit irrigation
and rainfed (Table 1). The crop was planted on June 4, 5 and 10 in
2013,2014 and 2015, respectively. Half of the plots were planted to
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Table 3

Dry edible beans yield (Mgha~!), seasonal irrigation (I: mm), and irrigation water use efficiency (Iwyg: Mgha~! mm~1) data for the nine irrigation treatments targeting three
growth stages (i.e. vegetative, flowering, pod fill) imposed throughout 2010-2012 growing seasons for two varieties (i.e. Mattherhorn and Marquis) for the study site located

in western Nebraska.

Treatment 1ob 111 112 Y10 110wue Y11 11 1wue Y12 112wue
100%—-100%—100% 244 325 421 4,07 a 0.012 3.48 ab 0.005 295a 0.006
75%—75%—75% 183 244 323 3.95a 0.016 3.09 ab 0.005 2.85a 0.008
50%—50%—50% 122 163 224 3.09b 0.017 3.58 ab 0.010 2.15cd 0.008
25%—25%—25% 61 81 124 215¢c 0.018 3.59 ab 0.020 1.08e 0.005
100%- 100%- 0% 102 122 208 3.21b 0.022 3.06 b 0.008 1.96d 0.007
50%- 50%- 100% 147 254 335 397a 0.014 3.79 ab 0.007 1.98 cd 0.005
100%- 50%- 50% 193 193 264 2.75 bc 0.014 3.37ab 0.008 2.38b 0.008
50%- 100%- 50% 97 203 239 2.65 bc 0.017 3.87a 0.009 2.18 bc 0.008
Rainfed 0 0 25 1.03d 1.99c 047 f

Variety

Mattherhorn 2.82b 0.017 3.12b 0.008 1.94b 0.006
Marquis 3.16a 0.015 351a 0.010 2.06a 0.007
p-values:

Irrigation (I) <0.01 <0.01 <0.01

Variety (V) <0.01 <0.01 <0.01

IxV 0.01 NS NS

2 Values followed by the same letter indicate no significant difference at the 5% probability level; NS: not significant at p <0.05
b Irrigation followed the ETc requirements, obtained from the High Plains Climate Center (Changnon et al., 1990). The highest rate was set to be non-ETc limiting (100%)
and deficit irrigation treatments were calculated as predefined percent of the full irrigation treatment.

wheat the previous fall (i.e. in September of 2012, 2013 and 2014)
at the rate of 110kgha~! for the residue cover, and the other half
were left with a bare surface. The plots were uniformly irrigated
for germination and establishment of the wheat. Early in March of
2013, field moisture conditions were below standards, so irrigation
water was applied to sustain the wheat, and support growth. The
bare plots were also irrigated at the same time and received same
amount of water. In the spring, all of the plots were sprayed with
Glyphosate in order to kill any weeds in the bare plots, and to kill
the wheat in the residue plots. After about 10days, the bean crop
was planted in the entire study. Plots were harvested on September
24,22 and October 16 in 2013, 2014 and 2015, respectively.

3. Results
3.1. Deficit irrigation experiment (2010-2012 cropping seasons)

Table 3 summarizes the average dry bean yield response to irri-
gation treatments as well as seasonal irrigation and Iywyg data for
both varieties during the three years of the first study (2010-2012).
Irrigation and variety had always significant impact on dry bean
yield production (p<0.05), while the interaction between irri-
gation and variety was only significant in 2010. Dry bean yield
ranged from 0.47 to 4.07 Mgha~!. The highest yield in 2010 and
2012 (4.07 Mgha~1! and 2.95 Mg ha~1, respectively) belonged to the
full irrigation treatment, but in 2011 treatment 8 (50%-100%-50%)
showed the highest amount of yield of 3.87 Mg ha~'. Applying 75%
of the ETc always produced lower yield compared to irrigation
based on full ETc, yet the yield differences were never statisti-
cally significant (p-<0.05). Imposing more stress on crop by further
reducing the applied water to 50% and 25% of the ETc resulted in
significant yield reduction in two of three years (p <0.05). Among
growth stage treatments (i.e. treatments 5-8) no treatment con-
sistently outperformed the others, yet treatments which received
lowest seasonal irrigation always yielded lower than the others.
Stressing the plant after flowering and during pod filling (treatment
7: 100%-50%-50%) yielded lower than stressing the plant during
vegetative and flowering stages (treatment 6: 50%-50%-100%) in
2010 and 2011 growing seasons, yet the opposite was observed in
2012.Rainfed treatment always yielded significantly lower than the
other treatments (p <0.05). Marquis variety had significantly bet-
ter yield performance than Mattherhorn variety in all three years

(p<0.05). The highest Iwyg was equal to 0.022, 0.020 and 0.008
Mg ha-'mm~! in 2010, 2011 and 2012, respectively. Overall, the
Iwye increased as the amounts of irrigation water applied decreased
from treatment 1-4. For the other treatments, it was hard to iden-
tify a consistent trend in Iyyg values across the years. Overall, lyyg
was lower in 2012 than in the other two years.

Seasonal water production functions (WPFs) for 2010-2012
growing seasons were developed using second order polynomial
regression models as shown in Fig. 2. The coefficient of determi-
nation (R2) ranged from 0.53 to 0.91. Year 2012 displayed a lower
range of yield among years. Given the slope and curvature of WPFs,
there was a positive production response to irrigation across treat-
ments in 2010 and this was also true for 2012, but less pronounced.
Year 2011, however, showed a different pattern such that WPF
reached its maximum at irrigation levels of about 200-250 mm and
started to decline for the higher irrigation values. The highest dif-
ference between data points for the two varieties was observed in
2011. The standard deviation among replications (bars in Fig. 2)
was noticeably higher in 2011 and 2010 than in 2012.

Fig. 3 depicts the temporal changes in the volumetric soil water
content across the nine irrigation treatments (Table 2) throughout
the deficitirrigation experiment (2010-2012).1n 2010, the first and
lastirrigations were applied on 30 and 76 days after planting (DAP),
respectively. A full soil profile was reflective of the moisture condi-
tions at planting. The first reading was done prior to the irrigation
season (DAP: 21) when there was no difference in soil water con-
tent among the treatments. Early in season (DAP: 33) crop mostly
used water from the top portion of the profile. As season progressed,
crop also extracted water from deeper layers (DAP: 44, DAP: 55, and
DAP: 71) when gradually deviations in soil water contents started
to appear among the irrigation treatments. For instance, in the fifth
reading (DAP: 71) while the pattern was very similar among all
treatments, there was a distinct reduction in available water con-
tent within the soil profile from full irrigation treatment to rainfed
treatment. In 2011, the soil water status was similar among treat-
ments early season (DAP: 24 and DAP: 39). First and last irrigation
were applied on July 20 (DAP: 30) and September 19 (DAP: 91),
respectively. The soil water line in the upper portion of the root zone
for the rainfed treatment started to deviate from the lines for the
other treatments in mid-season reading (DAP: 51) and continued to
show lower water contents and higher depletions within the root
zone up to the last measurement (DAP: 93). Other deficit irrigation
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Fig. 2. Dry bean yield response to the deficit irrigation for the study conducted at University of Nebraska Panhandle Research and Extension Center (PREC) throughout
2010-2012 growing seasons. The nine irrigation treatments (Table 2), targeting three growth stages, were imposed for two varieties (V1: Matterhorn and V2: Marquis).
Vertical error bars indicate mean yield + standard deviation calculated for the 6 replications.

treatments also started to show deviations from the full irrigation
treatment in different magnitudes in the late-season readings. A
total of 22 irrigation events were applied in 2012 (from DAP: 4 to
DAP: 88) since it was an extremely dry and hot year. The first two
irrigations were uniformly applied across all treatments for good
germination and stand establishment. The very first reading was
done before replanting when there was a uniform water distribu-
tion within the root zone, yet substantially lower than the water
content observed in the same time periods for 2010 and 2011. From
the very first reading after replanting (DAP: 18) rainfed treatment
started to show fast water depletion at different depths within the
profile. These differences became more pronounced as the season
progressed. Other treatments also showed gradual depletions of
water at different depths and started to deviate from the water con-
tent line for the full irrigation treatment, as early as second reading
up to the last measurement.

3.2. Deficit irrigation & crop residue experiment (2013-2015
cropping seasons)

Table 4 summarizes the average dry bean yield response to
irrigation treatments as well as seasonal irrigation and Iyyg data
for the both varieties during the three years of the second study
(2013-2015). From 2013-2015, irrigation and variety had always
significant impact on dry bean yield production (p <0.05) except for
the variety in 2014 growing season. The interaction between irriga-
tion and variety was only significant in 2013 (p <0.05). The impact
of crop residue was significant in two of three years, 2014 and
2015(p <0.05).The other interaction terms (i.e. irrigation x residue,
residue x variety x irrigation, residue x variety) were not signifi-
cant except for the irrigation x residue in 2015 (p <0.05). Dry bean
yield ranged from 0.41 to 3.84Mgha~!. In 2013 (3.26 Mgha™1)
and 2014 (3.84Mgha~!) full irrigation treatment significantly
improved yield over the other treatments, but in 2015 treat-
ment 5 (50%-100%) showed slightly (not statistically significant)
higher yield (3.79 Mgha~1!) than the full irrigation (3.73Mgha1).
Reponses of dry bean to the other irrigation treatments were not
consistent among years. On average, the after flowering stress
treatments (i.e. treatments 5 and 6) received higher seasonal irri-
gation but produced lower yield compared to the before-flowering
stress treatments (treatments i.e. treatments 3 and 4). An excep-
tion occurred in 2015, when rainfall was abundant during pre and
early season. Therefore the before-flowering stress treatments not
only significantly produced higher yield than the after-flowering
stress treatments, but they also ranked high among all the irriga-
tion treatments in terms of Iyyg. In 2013 and 2014, treatment 4
(75%-25%) showed highest Iywyg among the treatments, yet pro-

duced significantly lower yield than the full irrigation treatment.
The rainfed treatment in all years yielded significantly lower than
the other treatments (p <0.05). Marquis consistently produced sig-
nificant higher yield (p <0.05) than GN 3138, yet the mean lyyyg was
very similar between the two varieties. In years 2014 and 2015,
residue caused statistically significant yield reduction, however in
2013 yield was not statistically different between plots with and
without residue covers. The Iywyg was very similar between plots
with and without reside covers in two of three years.

Fig. 4 illustrates seasonal WPFs for the deficit irrigation and
surface residue experiment (2013-2015). The coefficient of deter-
mination (R?) for seasonal WPFs ranged from 0.40 to 0.76. WPFs
showed higher slope for the 2014 and 2015 data than for 2013 data.
The 2015 and 2013 had the highest minimum and lowest maximum
yield, respectively. In 2013, WPFs for the plots with and without
residue were almost identical. However, in 2014 and 2015 WPFs for
the residue plots were positioned below WPFs of the bare soil indi-
cating higher production for the bare soil plots over a wide range
of the irrigation applications. Standard deviations among observa-
tions were higher in 2014 than for those in 2013 and 2015.

Fig. 5 depicts the temporal changes in soil water status across
irrigation and residue treatments in 2013, 2014 and 2015 growing
seasons. In 2013, the first and last irrigation were applied June 10
(DAP: 6) and August 26 (DAP: 83), respectively. Visual assessment
of the soil moisture data indicates that among the treatments, plots
under the full irrigation and rainfed treatments showed the low-
est and highest soil moisture depletions, respectively. All the other
treatments (treatments 2, 3, 4, 5, and 6) showed an expected trend
of profile depletion as season progressed where irrigation quantity
was the major factor influencing the magnitude of soil moisture
depletion. It is challenging to recognize a consistent pattern of soil
water dynamic due to different residue levels across the irriga-
tion treatments. In general, however, the first reading of bare plots
and residue covered plots were similar while plots with residue
showed slightly higher surface water contents mostly for early to
mid-season measurements. In 2014 the first and lastirrigation were
applied 32 and 95 DAP, respectively. Treatments 4 (75%-25%) and
7 (rainfed) showed higher changes in soil water status through-
out the growing season (Fig. 5, visual assessment) compared to the
other treatments while the full irrigation treatment showed lowest
depletion. In most cases plots under similar irrigation conditions
but different residue levels either showed similar water content or
random patterns. Treatment 4 (75%-25%) resulted in higher water
content for the surface layer of the residue covered plots towards
end of the growing season when only 25% ETc was applied. The
same trend but less pronounced was observed for treatment 2 (50%-
50%)and 7 (rainfed). While a general depletion in soil water content
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Fig. 3. Temporal changes [days after planting (DAP)] in soil water status [volumetric water content (VWC)] (four depths: 30 cm, 60 cm, 90 cm and 120 cm) throughout the 2010
(top), 2011 (middle) and 2012 (bottom) growing seasons across the nine irrigation treatments targeting three growth stages (i.e. vegetative, flowering, pod fill). Each chart
contains one set of soil water content data measured for all irrigation treatments. Treatment 1 (T1): full irrigation throughout the season based on ETc (i.e. 100%-100%-100%),
T2: (75%-75%-75%), T3: (50%-50%-50%), T4: (25%-25%-25%), T5: (100%-100%-0%), T6: (50%-50%-100%), T7: (100%-50%-50%), T8: (50%-100%-50%) and T9: rainfed.

was noticeable at deepest measurement level (120 cm) for the rain-
fed treatment, at best, it is challenging to precisely identify depth of
root development across the irrigation treatments due to the lim-
ited number of measurements in each season. In 2015, the first two

readings were collected prior to irrigation season (DAP: 37) and

the last reading was made 3 days before the last irrigation event
(DAP: 89). The 2015 precipitation was higher than the long term
average, therefore soil water depletion patterns were somewhat
similar across the irrigation treatments. The initial soil water con-
tent was close to field capacity just one day after planting. Overall,

4. Discussion

the residue level (i.e. bare soil versus residue covered plots) did not

impact soil water status across irrigation treatments throughout
the growing season.

4.1. Impact of deficit irrigation on dry bean production

Dry bean yield ranged from 0.41 to 4.07 Mg ha~! during the

six years of our study. Spurgeon and Yonts (2013) reported dry
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Table 4

Dry edible beans yield (Y: Mgha~'), seasonal irrigation (I: mm), and irrigation water use efficiency (Iwue: Mgha~! mm~1) data for the seven irrigation treatments targeting
two periods within growing season (i.e. before and after flowering), for two surface conditions (bare soil and covered with residue) and two varieties (i.e. Marquis and GN

3138) from 2013 to 2015.

Treatment 113® 114 115 Y13 113wy Y14 114wue Y15 115wy
100%—-100% 334 306 224 ?3.26 a 0.017 3.84a 0.023 3.73 ab 0.019
50%—50% 178 152 112 1.70 ¢ 0.015 1.36¢ 0.012 3.24c¢ 0.028
100%-50% 213 193 142 2.13b 0.016 298 b 0.026 332c¢ 0.023
75%—25% 135 117 86 1.89¢ 0.023 2.72b 0.038 1.99d 0.007
50%—100% 300 264 193 1.26d 0.006 3.10b 0.020 3.79a 0.022
25%—75% 221 188 137 0.88e 0.004 1.54¢ 0.011 3.58b 0.028
Rainfed 20 0 0 041f 0.48d 1.69e

Variety

GN 3138 1.52b 0.007 232a 0.011 2.87b 0.010
Marquis 1.78 a 0.007 226a 0.011 323a 0.011
Residue

wheat residue 1.66 a 0.007 1.92b 0.009 2.87b 0.010
bare soil 1.64 a 0.007 2.66 a 0.013 323a 0.011
p-values:

Irrigation (I) <0.01 <0.01 <0.01

Variety (V) <0.01 NS <0.01

IxV <0.01 NS NS

Residue (R) NS <0.01 <0.01

IxR NS NS <0.01

RxV NS NS NS

IxRxV NS NS NS

2 Values followed by the same letter indicate no significant difference at the 5% probability level; NS: not significant at p <0.05.

b Irrigation followed the ETc requirements, obtained from the High Plains Climate Center (Changnon et al., 1990). The highest rate was set to be non-ETc limiting (100%)
and deficit irrigation treatments were calculated as predefined percentage of the full irrigation treatment.

Bare Soil: R? = 0.402 2013 Bare Soil: R* = 0.6991 2014 Bare Soil: R? = 0.7563 2015
y = 3E-06x2 + 0.004x + 0.3082 y = 2E-06x? + 0.0104x - 0.0888 y =-3E-05x2 + 0.0271x - 1.7708
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Fig. 4. Dry bean yield response to the deficit irrigation and surface residue for the study conducted at University of Nebraska Panhandle Research and Extension Center
(PREC) throughout 2013-2015 growing seasons. Seven irrigation treatments were imposed (Table 2) for two surface conditions (BS: bare soil, WR: wheat residue) and two
varieties (V1: GN 3138 and V2: Marquis). Seasonal water production functions were derived using second order polynomial regression models.

bean yield ranging from 1.44 to 3.63 Mg ha~! while their irriga-
tion treatments varied from 50% to 125% of the ETc requirement.
Their study was conducted at the University of Nebraska-Lincoln
Mitchell Ag Lab in Scottsbluff which has similar climate as our study
site. A subsurface drip irrigation (SDI) system was used to irrigate
plots, hence their lower yield may be related to difficulties to bring
water up to the surface, and keep it in the top portion of the root
zone with the SDI system and a very fine sandy loam soil. Ucar
et al. (2009) and Ninou et al. (2013) reported 2.43Mgha~! and
1.48 Mgha~! of dry bean seed yield for full irrigation regimes in
the semiarid Mediterranean regions of Turkey and Greece, respec-
tively. Anderson et al. (2003) reported 1.44-2.75 Mgha~! yield for
rainfed dry bean planted in the semiarid regions of the northern
Great Plains. The six-year average yield for full irrigation treat-
ment (3.56 Mgha~1) was higher than the reported yield by the
aforementioned studies by Ucar et al. (2009), Ninou et al. (2013),
and Anderson et al. (2003). The differences observed here can be
attributed to soil type, climate, varietal distinctions and manage-
ment practices among the studies.

Ninou et al. (2013) measured a variety of physiological charac-
teristics of dry bean to understand crop response to water stress.
They observed higher yield under higher irrigation regimes com-
pared to lower irrigation treatments due to a denser canopy with
greater and more photosynthetically active foliage. Our results
(2010-2012) indicated that reducing irrigation water by 25% ETc
had no significant (p <0.05) impact on dry bean yield. However,
when only 50% ETc was applied in 5 out of 6 years yield reduction
compared to the full irrigation treatment was statistically signif-
icant (p<0.05). Simsek et al. (2011) recommend deficit irrigation
at 25% deficit level at reproductive stage without a significant
decrease in the yield while reporting excessive temperature as
the dominant factor in causing flowering and fruit set reduction.
Satriani et al. (2015) observed no significant yield reduction for
a 50% ETc irrigation treatment using a surface drip irrigation sys-
tem placed on the bean rows. They attributed their result to low
sensitivity of their local bean genotype to water stress.

We observed high variabilities in dry bean response to the deficit
irrigation scenarios (i.e. study 1: treatments 5-8; study 2: treat-
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Fig. 5. Temporal changes in soil water status [volumetric water content (VWC)] (four depths: 30 cm, 60 cm, 90 cm and 120 cm) throughout the 2013, 2014 and 2015 growing
seasons for two surface conditions (i.e. WR: wheat residue, BS: bare soil) and seven irrigation treatments targeting two periods within growing season (i.e. before and after
flowering). Each chart contains all in-season soil water content data measured for one irrigation treatment for bare plots and residue covered plots. Treatment 1 (T1): full
irrigation throughout the season based on actual ETc (i.e. 100%-100%), T2: (50%-50%), T3: (100%-50%), T4: (75%-25%), T5: (50%-100%), T6: (25%-75%), T7: rainfed. The numbers

in legends indicate days after planting.

ments 2-6) targeting different growth stages across the years. Our
results indicate that changes in temporal in-season rainfall and
ETc demand patterns across growing seasons (Fig. 1 and Table 1)
impact how dry bean responds to levels of deficit irrigation at
different growth stages which in turn affects the Iyyg of irriga-
tion treatments. For instance, in 2011 and 2015 when pre and
early season rainfall was abundant (Fig. 1) and profile was full,
the before-flowering deficit irrigation treatments outperformed
the late-season deficit irrigation treatments and yielded similar

or higher Iyyg. In addition, this high pre and early season rainfall
in 2011 and 2015 resulted in marketable yield and high Iyyg for
both 50% ETc and 25% ETc irrigation scenarios, a trend that was not
observed in other growing seasons.

In our second study we observed more pronounced yield decline
due to severe early season (before flowering) water stress com-
pared to late season (after flowering) water stress. Simsek et al.
(2011) also suggested imposing no stress during vegetative stage
because of the high sensitivity of the plant they observed at this



146 C.D. Yonts et al. / Agricultural Water Management 199 (2018) 138-147

growth stage. Limited plant root development early season, causes
rapid development of stress for plants under severe deficit irriga-
tion treatments. On the other hand, plants under later season deficit
irrigation treatment have likely deeper and better developed root
systems allowing them to utilize water from deeper layers of soil
and fulfill the crop water requirement when shallow roots might be
impacted by lack of water (Efetha et al., 2011). However, expending
more carbon storage to increase root biomass may have a nega-
tive impact on dry bean yield (Webber et al., 2008). Late season
water cut back allows the crop to use stored water in the soil pro-
file which will be likely refilled over the following winter. Another
benefit of limited irrigation late in season is that it eliminates the
risk of white mold growth, a common pathogen of the dry bean crop
(Efetha et al., 2011). Throughout our experiments there were few
incidents of white mold growth, however, since we had selected
varieties that were resistant and had a high level of tolerance to
this pathaogen we attributed no yield losses to white mold.

We observed some differences in our seasonal WPFs across years
which is mainly attributed to differences in in-season weather
conditions across years. Crop WPFs are useful tools for irriga-
tion management and economic analysis of yield reduction due to
deficit irrigation. Wagner et al. (2016) used stochastic crop WPFs to
predict dry bean crop productivity on a regional scale under varying
climatic conditions. Sayari et al. (2015) investigated the impact of
climate change on water production functions of multiple legumes
including dry bean in northeastern Iran. Promising results have
been reported on using sophisticated data mining techniques to
establish more robust WPFs (e.g. Haghverdi et al., 2014, 2016). We,
therefore, recommend combining data collected from previous dry
bean deficit irrigation studies in the region, and developing WPFs
using data mining techniques with additional input attributes (e.g.
detailed relative ET or irrigation water requirement information
across growth stages). Since growers in the region are currently
allowed to maintain ownership of their water across growing sea-
sons in a set time frame, reducing the amount of water consumed
by a bean crop will allow producers to use additional water for other
crops within their rotation that require more water to attain opti-
mum economical returns. Further studies are needed to explore
utility of WPFs developed in this study in order to find optimum
deficit irrigation strategies and cropping patterns in the Panhan-
dle region in terms of economic benefits. A wide range of factors
impacting gross margin should be considered including irrigation
water price tag, yield price, and cultural, production costs and in
particular different climatic conditions because current climate
change scenarios, predict this region will have dryer summers,
warmer and wetter winters, and overall greater climate variability.

4.2. Impact of crop residue on dry bean production

Planting directly in crop residue did not improve the dry bean
yield in our study. In fact, in two of three years plots with bare
soil significantly outyielded plots covered with residue (p <0.05).
We found no consistent trend of higher water content due to
residue cover compared to bare soil plots across irrigation treat-
ments throughout the growing seasons. Lascano et al. (2015)
reported similar results that use of terminated wheat residue did
not benefit the water balance of irrigated cotton crop in Texas,
and was associated with cotton lint yields reduction compared to
conventionally tilled condition. Souza et al. (2016) evaluated the
performance of two tillage practices (crop residues left on the soil
versus incorporated in the soil) on irrigated common bean and
found no-statistically significant difference in yield associated with
crop residue (plots with crop residue yielded 2% lower than bare
soil plots). A similar pattern was observed with soil moisture for
both soil management practices which is in agreement with the

soil moisture trend observed in our study for the bare soil versus
residue covered plots.

Reported results also show a positive impact of crop residue on
yield components and WUE. For instance, Baumhardt et al. (2013b)
observed increase in soil water storage during fallow as well as
significant yield increases due to residue retaining conservation
tillage. Van Donk et al. (2010) conducted a two-year study to inves-
tigate the impact of residue on corn production and soil moisture
conservation in central Nebraska. They reported significant higher
yield in residue-covered plots compared to bare soil plots. Unlike
the study by Van Donk et al. (2010), prior to each growing season we
added the same amount of irrigation necessary to build residue to
bare plots as well. Consequently, the positive impact of crop residue
in conserving surface soil moisture might have been cancelled out
by the additional water stored in bare soil plots. Another possible
explanation is occurrence of some unexpected pre-season rainfall
events which caused wet soil and a later than optimum glyphosate
application resulting in taller than optimum residue. We suspect
this might have delayed the bean crop emergence and in some cases
possibly hindered growth on plots covered with residue compared
to bare soil plots which ultimately contributed to the relatively
lower yield of residue covered plots. We considered but decided
against covering plots with dead residue mainly because we were
concerned with the alternative residue being misplaced within the
plots or even removed out of the experimental area due to high
wind in the region especially in the spring. In a sugar beet deficit
irrigation study (Haghverdi et al., 2017) we observed higher yield
for residue covered plots than that for the bare soil plots. The high-
est sugar beet yield increase due to residue cover occurred in 2012,
an exceptionally dry year. Further investigation would be required
to determine the impact of crop residue on soil water storage and
dry bean yield in a year with below average in-season precipitation
and dry conditions.

5. Conclusion

Since most of central and western Nebraska is semi-arid/arid,
and the pumping limits are less than crop water requirement, with-
out irrigation, crop failure, or significant yield reduction, has a high
probability. The main challenge for growers in the Nebraska Pan-
handle region is how to maintain marketable yield (quantity and
quality) when available water for irrigation is limited. Since dry
bean requires less water compared to most irrigated crops grown
in western Nebraska, it is often viewed as the ideal crop to grow
when water supplies are limited. The main aim of this research is
to provide to the Nebraska growers correct irrigation management
guidelines to reduce water application without affecting yield. The
substantial temporal variation in growing season weather param-
eters over the course of the two experiments provided an excellent
range of conditions from drought to above long term average rain-
fall for analyzing plant responses to irrigation and soil moisture
depletion. The results of this research indicate that applying 25%
less water than full ETc in normal and even dry years can still
produce a marketable dry bean product with no significant yield
reduction compared to full irrigation scenario while increasing Iyyg
by 26% on average. Our results also showed that more intense
deficit irrigation scenarios can be imposed without significant yield
reduction in years with above average pre- and in-season precip-
itation. However, temporal variation in rainfall patterns and ETc
demands should be clearly monitored to avoid higher undesirable
yield loss by targeting proper growth stages and identifying opti-
mum deficit irrigation intensity. Planting directly in crop residue
did not improve dry bean yield under deficit irrigation scenar-
ios compared to bare soil plots under normal and wet weather
patterns.
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