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Black Bean Sensitivity to Water Stress at Various Growth Stages

David C. Nielsen* and Nathan O. Nelson

ABSTRACT

Producers relying on the traditional central Great Plains cropping
system of winter wheat (Triticum aestivum L.)-fallow could increase
crop yield and resource sustainability by changing to more diverse
crop rotations. Crops suited to the variable timing and amount of
precipitation characteristic of this region need to be identified so that
rotations can be diversified. This study was conducted to determine
the effects of water deficit at various growth stages on leaf area index,
plant height, yield components, soil water extraction pattern, and
seasonal water use of black bean (Phaseolus vulgaris L.). The study
was conducted during the 1995 and 1996 growing seasons near Akron,
CO, on a Rago silt loam (fine, montmorillenitic, mesic Pachic Argius-
toll). An automated rainout shelter was used to eliminate precipita-
tion. Irrigation treatments consisted of withholding water at vegeta-
tive, reproductive, or grain-filling growth stages. All treatments
received 18.3 cm of water during the growing season. Water stress
during the vegetative growth stage produced the shortest plants with
the least leaf area. Soil water extraction and total water use were also
least when water was withheld during the vegetative stage. Seed yield
was reduced because of reductions in pods per plant and/or seeds per
pod when water stress occurred during the reproductive stage. Black
bean appears to have potential as a dryland rotation crop in the central
Great Plains when soil water profiles are near field capacity at planting
and normal to above normal precipitation is expected.

T HE TRADITIONAL dryland cropping system of the cen-
tral Great Plains is winter wheat-fallow, in which
one wheat crop is grown every 2 yr. The fallow period
covers approximately 15 mo. in which two summers
occur: (i) the summer immediately following winter
wheat harvest in early July and (ii) the summer prior
to fall-seeding of winter wheat in the following year.
The wheat-fallow system came into practice in order to
stabilize production, which was variable due to wide
variations in annual precipitation. However, very little
increase in soil water occurs during the second summer
fallow period (1 July-15 September) prior to planting
winter wheat (Haas and Willis, 1962). Recent studies
have shown that more intense cropping systems (two
crops in 3 yr, three crops in 4 yr, annual cropping) are
possible when reduced tillage systems are used. These
systems increase precipitation storage efficiency during
non-crop periods (Halvorson and Reule, 1994; Peterson
et al., 1994; Halvorson et al., 1994). Peterson et al. (1996)
suggested that a more efficient and profitable way of
using summer precipitation was to use a spring-planted
crop in rotation with winter wheat instead of a summer
fallow period.

Crop rotations employing diversity in plant water
use, rooting pattern, and crop type (broadleaf vs. grass)
generally show a “rotation effect”, i.e., increased crop
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yields compared with monoculture. The rotation effect
may arise from beneficial effects on soil moisture,
microbes, nutrients, and structure, and from decreases
in diseases, insects, weeds, and phytotoxic compounds
(Bezdicek and Granatstein, 1989; Crookston et al.,
1991).

Dry bean could be grown as a seed legume in dryland
rotations with winter wheat to increase production di-
versity. However, dry bean is reported to be sensitive
to water stress. Singh (1995) reported that water stress
during flowering and grain filling reduced seed yield
and seed weight and accelerated maturity of dry bean.
Robins and Domingo (1956) showed that dry bean
yields were reduced most when water stress occurred
during flowering. Reductions in yield during flowering
were the result of both fewer pods and seeds per pod.
Water stress during grain filling reduced the average
weight per seed. They also found that vegetative-stage
water stress delayed flowering, while water stress during
reproductive and grain-filling stages hastened plant de-
velopment. Water stress during vegetative stages re-
tarded root development as well as vegetative growth.
Total number of pods and pod fresh weight of bush bean
were significantly reduced by water stress occurring at
preflowering, flowering, or post flowering (Dubetz and
Mahalle, 1969). Reductions were greatest when water
stress occurred during flowering. Miller and Burke
(1983) found strong linear relationships between water
applied during flowering and grain filling and dry bean
yields on a sandy soil. Stoker (1974) reported that dry
bean yield reductions came mainly through abscission
of flowers and young pods. Yield was not affected by
water stress during pod development. Similar results
were found for navy bean by Gunton and Evenson
(1980), but they stated that water stress during the vege-
tative stage was not very detrimental to seed yield if
the crop was not stressed during flowering.

Precipitation timing and amounts in the central Great
Plains exhibit wide year-to-year variation, producing
variability in timing and severity of crop water stress.
It is not uncommon for there to be periods of 4 to 5 wk
during the growing season with virtually no precipita-
tion. Dry bean production potential under dryland ag-
ricultural production systems needs to be evaluated with
regard to this variable water availability. Preliminary
screenings of several dry bean market classes at Akron,
CO, indicated that black bean appeared to yield more
than other market classes of dry bean under rainfed
conditions. Therefore, the objective of this study was
to determine effects of water deficit at three growth
stages on leaf area index, plant height, yield compo-
nents, soil water extraction pattern, and seasonal water
use of black bean.

Abbreviations: V, vegetative period; R, reproductive period; GF,
grain-filling period.
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Table 1. Irrigation treatments to determine effect of water stress
timing on black bean production for 1995 and 1996 at
Akron, CO.

Water Water Weekly

withheld applied Number of irrigation Total water

Treatment  during? during  irrigations  amount applied
cm

1 - V, R, GF 14 131 18.3
2 GF V,R 9 2.03 183
3 R V, GF 10 1.83 18.3
4 A\ R, GF 9 2.03 18.3
+ V = vegetative stage, R = reproductive stage, GF = grain-filling stage.

MATERIALS AND METHODS

The study was conducted during the 1995 and 1996 growing
seasons at the USDA Central Great Plains Research Station,
6.4 kilometers east of Akron, CO, (45°09'N, 103°09'W, 1384
m). The soil type is a Rago silt loam (fine, montmorillonitic,
mesic Pachic Argiustoll). v

Black bean (cv. Midnight) was planted in rows 61 cm apart
on 1 June 1995 and 31 May 1996 into 12 small plots (2.75
by 2.66 m), each bordered by corrugated metal lawn edging.
Seeding rate was 215 000 seeds ha™ in 1995 and 646 000 seeds
ha~!in 1996. Following emergence in 1996, plant stands were
thinned to 215 000 plants ha™'. An automated rainout shelter
covered the plots during precipitation events. Three replica-
tions of four water treatments were arranged in a randomized
complete block design (Table 1). Prior to planting, all plots
received 67 kg N ha~! as ammonium nitrate. Pendimethalin
[N -(1—ethylpropyl)-3,4-dimethyl-2,6—dinitrolbenzenamine] was
applied at a rate of 1.1 kg ai ha™' and incorporated by tilling
with a small garden tiller. No crop residues remained on the
soil surface after planting. The rainout shelter plot area had
been in canola (Brassica napus L.) production in 1994. Plots
were pre-irrigated to bring the beginning soil water to approxi-
mately 27 cm of available water in the 1.8 m profile. The 14-
wk growing season was divided into a 5-wk vegetative period
(V), a 4-wk reproductive period (R), and a 5-wk grain-filling
period (GF), as determined by observations of black bean
development at Akron from previous years (D.C. Nielsen,
unpublished data). The reproductive period began with the
appearance of floral buds and ended with full length pods at
lower nodes. Long-term average precipitation during the 14-
wk growing season is 18.3 cm. All plots received this amount
of water (applied in equal weekly amounts) over the growing
season, but at different times (Table 1). The distribution of
weekly precipitation (averaged from 1964-1996) is shown in
Fig. 1. Total average amounts of precipitation during the vege-
tative, reproductive, and grain-filling periods are 7.3, 6.4, and
4.6 cm, respectively.

Water use (evapotranspiration) was calculated by the water
balance method using soil water content measurements, as-
suming runoff and deep percolation were negligible. Soil water
content in the 0- to 30-cm layer was measured by time-domain
reflectometry. Soil water content at 45, 75, 105, 135, and 165
cm was measured in the center row of each plot with a neutron
probe. Soil water measurements were made at planting and
at the end of the reproductive and grain-filling stages in 1995,
and at the end of the vegetative, reproductive, and grain-filling
stages in 1996.

Crop height and leaf area were measured periodically dur-
ing the growing season with the LAI-2000 Plant Canopy Ana-
lyzer (LI-COR, Inc., Lincoln, NE)'. Plots were hand-weeded

! Trade names are included for the benefit of the reader and do
not imply any endorsement or preferential treatment of the product
by the authors, the USDA, or Kansas State University.
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Fig. 1. Weekly precipitation at Akron, CO, during the bean growing
season; averaged over 1964 to 1996. (V = vegetative, R = reproduc-
tive, GF = grain filling).

as needed throughout the experiment. A three-row by 2-m
(3.66 m?) area around each neutron-probe access tube was
hand-harvested on 13 Sept. and 3 Oct. 1995 and on 10, 11,
and 18 Sept. 1996. Two harvest dates in 1995 and three harvest
dates in 1996 were needed because of differences in maturity
associated with the stress-timing treatments. Number of plants
from the sample areas were counted at harvest. Individual
pods were removed from the sampled plants and counted.
Pods were threshed with a plot combine. The seed sample was
weighed for plot yield and weight of 100 seeds was measured to
obtain seed weight. Water use efficiency was calculated as the

total seed yield divided by the total water used during the-

growing season.

Analyses of variance were performed and analyzed as a
randomized complete block design with the general AOV
procedure of STATISTIX for Windows (Analytical Software,
Tallahassee, FL). Treatment means and least significant differ-
ences (P = 0.05) are reported. The probability levels (P)
of significant differences due to water stress treatments are
reported. Where treatment differences in height and leaf area
index were significant (P < 0.05), least significant difference
bars are plotted on the figures.

Potential evapotranspiration was used to quantify differ-
ences in evaporative demand between the 2 yr of the study.
We used the Penman-Monteith equation from the REF-ET
computer program (Allen, 1990) to calculate potential evapo-
transpiration using daily maximum and minimum air tempera-
ture, daily average vapor pressure, daily total solar radiation,
and daily average wind speed recorded by an automated
weather station located next to the rainout shelter.

RESULTS AND DISCUSSION
Crop Height, Leaf Area Index, and Growth Stage

Water stress timing treatments produced statistically
significant crop height differences (Fig. 2). In both years,
Trt. 2 (water withheld during grain filling) produced
the tallest plants, and Trt. 4 (water withheld during
vegetative growth) produced the shortest plants.

Leaf area development during the growing season
differed between years and with water stress treatment
(Fig. 3). Leaf area development was less in 1995 than
in 1996, with a maximum leaf area index of 1.92 m?m™2
for Trt. 2 in 1995 compared with 3.66 m> m~? for Trt. 2
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Fig. 2. Height of black bean plants as influenced by water stress timing
[bars are LSD(0.05) where analysis of variance indicated significant
treatment differences]. TRT1 = no single-period water stress;
TRT2 = water withheld during grain-filling stage; TRT3 = water
withheld during reproductive stage; TRT4 = water withheld during
vegetative stage.

in 1996. This difference is probably a result of the greater
water stress in 1995 due to the greater evaporative de-
mand (Fig. 4). Potential evapotranspiration was nearly
the same in both years during the vegetative stage, but
32% greater in 1995 than 1996 during the reproductive
stage, and 24% greater in 1995 than 1996 during the
grain-filling stage. Thirty-three days in 1995 had maxi-
mum temperatures greater than 35°C, compared with
only 4 d in 1996 (average from 1987 to 1996 is 17 d).
Leaf area development during 1995 differed among
treatments at only two dates. At Day of Year 214, Trt.
2 had greater leaf area than the other treatments due
to the greater application of water during the vegetative
and reproductive stages. At the end of 1995, Trt. 2,
which received no water during the grain-filling stage
and lost leaf area more rapidly than the other treat-
ments, had significantly less leaf area than the other
treatments. During 1996, water stress timing induced
differences in leaf area index, with the largest differ-
ences appearing between Trt. 2 and Trt. 4. Treatment
4 had no water application during the vegetative stage,
and leaf area index was reduced compared with the
other treatments. Recovery of leaf area index did not
occur later as watering resumed during the reproductive
and grain-filling stages, but the three other treatments
lost leaf area more quickly at the end of the growing
season. Retention of leaf area index in Trt. 4 toward
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Fig. 3. Leaf area index of black bean plants as influenced by water
stress timing [bars are LSD(0.05) where analysis of variance indi-
cated significant treatment differences]. TRT1 = no single-period
water stress; TRT2 = water withheld during grain-filling stage;
TRT3 = water withheld during reproductive stage; TRT4 = water
withheld during vegetative stage.

the end of the season relates to an observed delay in
maturity. Treatments 1 and 3 had similar leaf area index
for all of the growing season except the second to the
last measurement, when Trt. 3 was losing leaf area faster
than Trt. 1. Gunton and Evenson (1980) observed reduc-
tions in dry bean leaf area index with water stress im-
posed during vegetative growth. They noted some re-
covery of leaf area development when irrigations were
subsequently applied during flowering and grain filling.
Crop development did not differ among water treat-
ments. The main difference in both years was the contin-
ued flowering and podding of plants in Trt. 4 when
plants in the other treatments were showing pods and
seeds at full development. Consequently, at harvest, Trt.
4 had many more green, immature pods than the other
treatments. The immature pods did not thresh, so there
was no lowering of seed quality due to green seed.

Crop Water Use

Evapotranspiration (Table 2) was significantly af-
fected by water stress treatments both years at each
growth stage (vegetative and reproductive evapotrans-
piration combined in 1995 because of no soil water read-
ing taken at end of vegetative stage). In both years,
evapotranspiration during the vegetative and reproduc-
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Fig. 4. Penman-Monteith potential evapotranspiration (a measure of
evaporative demand) during black bean growing season at Akron,
CO. (V = vegetative, R = reproductive, GF = grain filling).

tive growth stages was greatest for Trt. 2 and least for
Trt. 4, following the pattern of water application. During
the grain-filling stage, evapotranspiration was least for
Trt. 2, which received no water during that growth stage.
Total water use in both years was least for Trt. 4, possibly
a result of the leaf area reduction (in 1996) or restricted
root development and soil water extraction (in 1995 and
1996) due to water stress during the vegetative growth
stage. Evapotranspiration was 41% greater in 1995 than
in 1996 due to the higher evaporative demand, pre-
viously noted in Fig. 4.

Significant treatment differences in soil water extrac-
tion (differences between beginning and ending soil wa-
ter content) were found in only the top soil layer (0-30
cm) in both 1995 (P = 0.001) and 1996 (P = 0.004) (Fig.
5). Treatment 2 showed greater extraction in the 0- to
30-cm layer because of withholding of water application
during the last 5 wk of growth. Although water extrac-
tion did not differ at the other soil depths in either year,
the total water extracted from the profile was least in
Trt. 4 in both years (1995, P = 0.013; 1996, P = 0.034).

Yield, Yield Components, and Water
Use Efficiency

Seed yield and all the yield components (except pods
per plant in 1995 and seeds per pod in 1996) showed
significant treatment effects (Table 3). In 1995, the
greatest yield was obtained when water was withheld
during the vegetative stage (Trt. 4) or when there was
no long period of water stress (Trt. 1). Lowest yields
were seen when water was withheld during the repro-
ductive (Trt. 3) or grain-filling (Trt. 2) stages. Treatment
3 had the fewest pods per plant and seeds per pod.
Water stress during grain filling (Trt. 2) reduced seed
weight in 1995.

In 1996, not withholding water (Trt. 1) and withhold-
ing water during the grain-filling stage (Trt. 2) produced
the greatest seed yield, while Trt. 3 again had the least
seed yield and the fewest pods per plant. Number of

Table 2. Black bean evapotranspiration by development stages
for 1995 and 1996 at Akron, CO.

Evapotranspiration

Water for Growth Stage Period
withheld
Treatment during? V+R GF Total
cm
1995
1 - 30.7 14.8 455
2 GF 36.1 8.9 45.0
3 R 28.8 159 4.7
4 v 271 14.6 41.7
P 0.000 0.002 0.011
LSD(0.05) 1.7 2.5 2.0
Evapotranspiration
for Growth Stage Period
v R GF Total
cm
1996
1 - 9.7 144 7.6 31.7
2 GF 141 154 5.7 352
3 R 13.2 113 7.4 319
4 v 3.5 10.8 12.2 26.5
P 0.000 0.026 0.000 0.053
LSD(0.05) 3.9 31 11 5.7

t V = vegetative stage, R = reproductive stage, GF = grain-filling stage.
+ P = probability level of significant differences due to water stress
treatments.
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Fig. 5. Soil water use by depth for black bean as influenced by water
stress timing. TRT1 = no single-period water stress; TRT2 = water
withheld during grain-filling stage; TRT3 = water withheld during
reproductive stage; TRT4 = water withheld during vegetative stage.
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Table 3. Seed yield, yield components, water use, and water use efficiency for black bean for 1995 and 1996 at Akron, CO.

Water
withheld Seed Seed Water Water use
Treatment during} Population Pods plant™! Seeds pod! wt yield§ use efficiency
plants ha™’ mg kg ha™! cm kg ha ' cm™!
1997
1 - 176 700 20.3 31 182.6 1975 45.5 434
2 GF 160 300 15.4 31 156.1 1280 45.0 284
3 R 158 500 12.5 24 219.2 1035 4.7 23.2
4 v 154 800 19.4 34 188.3 2511 41.7 60.2
P 0.5757 0.2190 0.0030 0.000 0.009 0.011 0.005
LSD(0.05) 39 500 8.9 04 139 719 2.00 16.2
1996
1 - 196 700 14.6 4.2 203.9 2758 31.7 87.2
2 GF 202 200 14.5 44 186.7 2672 35.2 76.5
3 R 202 200 12.1 38 180.2 1881 31.9 59.2
4 176 700 15.1 35 215.2 2197 26.5 83.3
P 0.0494 0.0154 0.0763 0.0030 0.0012 0.053 0.0101
LSD(0.05) 19 200 1.6 0.7 13.9 303 5.74 13.7
TV = vegetative stage, R = reproductive stage, GF = grain-filling stage.
1 P = probability level of significant differences due to water stress treatments.
§ Yield reported at moisture content of 0.14 kg H,O/kg dry matter.
seeds per pod was not significantly affected by water CONCLUSIONS

stress timing. Water stress during grain filling (Trt. 2)
and reproductive development (Trt. 3) reduced seed
weight. The yield component with the highest correla-
tion to seed yield was number of pods per plant in 1995
and number of seeds per pod in 1996 (Table 4). Lyon
et al. (1995) found both seed number and seed weight
of dry bean to be positively correlated with grain yield.
Evapotranspiration during the reproductive stage in
1996 was significantly correlated with seed yield.

Seed yields averaged across all water stress timing
treatments were much lower in 1995 than in 1996. This
was probably a result of the much greater water stress
in 1995 due to the higher temperatures and greater
demand for water, as previously noted. Turk et al. (1980)
similarly found seed yield of cowpea was negatively
correlated with high temperatures during the 30 d after
the appearance of floral buds.

Water use efficiency was significantly affected by wa-
ter treatment, with water stress during reproductive de-
velopment (Trt. 3) having the lowest water use effi-
ciency. Water use efficiencies for Treatments 1, 2, and
4 were not significantly different from one another in
1996, with average values ranging from 70 to 90 kg ha™!
cm ™' water use. Withholding water during the reproduc-
tive stage (Trt. 3) significantly reduced water use effi-
ciency. Water use efficiencies for the four treatments
were much lower in 1995 due to the additional stress
associated with the higher temperatures and evapora-
tive demand.

The data in this study show black bean yields to be
most sensitive to water stress during the reproductive
growth stage, and plant height and leaf area to be most
sensitive to water stress during the vegetative growth
stage. High temperatures and high evaporative demand
during the growing season may also lower seed yields.
Black bean extracts water from soil depths down to
180 cm, with more water extracted when evaporative
demand is high, and lower soil water use when vegeta-
tive period water stress limits leaf area development.
Periods of limited rainfall during the flowering stage will
significantly reduce yields. Analysis of the precipitation
record for 1964 to 1996 for Akron, CO, indicates that
reproductive stage precipitation (23 July-19 August)
ranged from 1.2 to 14.8 cm. Fifty-five percent of the
years of record had greater than 5.2 cm of precipitation
(the amount received by Trt. 1) during the reproductive
period. Twent-nine percent of the years of record had
greater than 8.1 cm of precipitation (the amount re-
ceived by Trt. 2 and Trt. 4) during the reproductive
period. Moving the planting date ahead 2 wk would
increase the average seasonal precipitation from 18.3 to
21.2 cm (Fig. 1), which could potentially increase yield.
However, the increase in precipitation comes early in
the season, which would likely result in more vegetative
growth and greater depletion of stored soil water prior
to the more critical reproductive growth stage. Earlier
planting only slightly changes the average precipitation
during the reproductive stage (from 6.4-5.9 cm). Conse-

Table 4. Correlation (and Pt values) of yield components and water use with yield for black bean.

Vegetative Reproductive Grain-filling Total
Year Population Pods plant™! Seeds pod ! Seed wt water use water use water use water use
1995 yield 0.28 0.85 0.78 -0.12 NA% NA 0.20 -0.33
(0.383) (0.001) (0.003) (0.710) (NA) (NA) (0.532) (0.299)
1996 yield 0.05 0.65 0.73 0.12 ~0.16 0.79 -0.32 0.41
(0.888) (0.023) (0.008) (0.707) (0.630) (0.002) (0.309) (0.191)

1 P = probability level of significant differences due to water stress treatments.

£ NA = not available.
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quently, there may be little benefit to yield with earlier
planting. Black bean appears to have potential as a
dryland rotation crop in the central Great Plains when
soil water profiles are near field capacity and normal
to above normal precipitation is expected.
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