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ABSTRACT
Grain legumes have potential to contribute to food and nutritional security in water-scarce areas. Information on their
yield, water use and water productivity (WP) would be useful for their promotion. The aim of the study was to make a
comparative assessment of adaptation, yield, water use and WP of an African indigenous grain legume (bambara groundnut)
and two major grain legumes (dry bean and groundnut) under rainfed, deficit and optimum irrigation conditions. Field
trials were conducted during the 2015/16 and 2016/17 summer seasons in KwaZulu-Natal, South Africa, using a split-plot
design arranged in completely randomised blocks with three replications. Data collected included stomatal conductance,
leaf area index, timing of key phenological stages and yield. Water use was calculated as a residual of the soil water balance.
Water productivity was obtained as the quotient of grain yield and water use. Crops adapted to limited soil water availability
through stomatal regulation and reduction in canopy size and duration. Yield, yield components and WP varied significantly
(P < 0.05) among crop species. During 2015/16, groundnut had the highest yield and WP (10 540 kg-ha™ and 0.99 kg-m~,
respectively). During 2016/17, the highest yield and WP were observed in dry bean, 2 911 kg-ha™ and 0.75 kg-m™, respectively.
For both seasons, dry bean had the lowest water use (143-268 mm) across all water treatments. Dry bean and groundnut out-
performed bambara groundnut with respect to yield, harvest index and WP. For any promotion of bambara groundnut as an
alternative crop, there is need for crop improvement to improve yield and WP.
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INTRODUCTION

Grain legumes play an integral role in the 2030 agenda for
sustainable development due to their high nutritional value
and various environmental and sustainability benefits (FAO,
2016). Their promotion could alleviate the high prevalence of
malnutrition reported in regions such as sub-Saharan African
and South Asia where 23.2% and 34.5% of the population,
respectively, is malnourished (FAO, IFAD, WEP, 2015). In
addition to the existing burden of malnutrition, these regions
are expected to carry more than 70% of the world’s expected
2 billion population growth by 2050 (Population Reference
Bureau, 2014). This necessitates the need for more nutritious
food to feed the growing population and alleviate malnutrition.
Grain legumes are rich sources of protein and micronutrients
hence increasing their production could contribute to the
regions’ food and nutritional requirements (Foyer et al., 2016).
Sub-Saharan Africa (SSA) and South Asia (SA) are also
faced with increasing aridity and water scarcity, which hinders
agricultural production (Falkenmark et al., 1989; Seckler et
al., 1999). Current strategies on increasing food production
under water-limited conditions emanate from the ‘more crop
per drop’ notion which describes the need to produce more
food with the current water resources or using less water for the
current food production (Passioura, 2006; Zoebl, 2006; Molden
et al., 2010). This has also been referred to as ‘improving water
productivity’. The greatest improvements in water productivity
(WP) under water-scarce regions will derive from better
agronomic practices, improved irrigation management and
growing appropriate crops and genotypes (Passioura, 2006;

*  To whom all correspondence should be addressed.
e-mail: tendaipolite@gmail.com
Received 9 March 2018, accepted in revised form 12 December 2018.

https://doi.org/10.4314/wsa.v45il.13

Available on website http://www.wrc.org.za

ISSN 1816-7950 (Online) = Water SA Vol. 45 No. 1 January 2019
Published under a Creative Commons Attribution Licence

Molden et al., 2010; Descheemaeker et al., 2013).

Currently, the major grain legumes dominating cropping
systems in SSA and SA are soybean, groundnut and dry bean
(Chibarabada et al., 2017). Major grain legumes are species
that are recognized internationally regardless of their centres
of diversity, occupy significant crop area, and have been
subject to formal crop improvement (Chibarabada et al., 2017).
These major crops have replaced indigenous grain legumes
in rural cropping systems (Pasquet, 1999). Indigenous grain
legumes are defined as those that have originated from the
semi- and arid tropics and are neglected or underutilised in
any dimension (geographic, social, and economic) (Padulosi et
al., 2002). Indigenous crops are reported to be well-adapted to
water-limited conditions (Chivenge et al., 2015; Massawe et al.,
2015; Mayes et al., 2012). There is talk of re-introducing them
as part of diverse efforts to improve productivity of semi-arid
and arid cropping systems (Chivenge et al., 2015; Massawe et
al., 2015; Mayes et al., 2012). Separate studies have determined
yield, water use and water use efficiency of grain legumes under
different environments with varying outcomes (Abayomi et al.,
2008; Mabhaudhi et al., 2013; Munoz-Perea et al., 2007; Obalum
et al., 2011; Patel et al., 2008). A limitation to these studies
was that results were not comparable and robust to allow for
comparative analyses of yield and water use of grain legumes.

This study is the first, to our knowledge, to provide a
comparison of major legumes and indigenous legumes to
benchmark indigenous grain legumes to major grain legumes.
This will allow for a robust comparison between indigenous
grain legumes and major grain legumes. It was hypothesised
that indigenous grain legumes and major grain legumes
perform the same under field conditions. The objective of this
study was to conduct a comparative analysis of adaptation,
yield, water use and WP of a selected indigenous grain legume
(bambara groundnut - Vigna subterranea) and selected major
grain legumes [dry bean (Phaseolus vulgaris) and groundnut
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(Arachis hypogaea)] under rainfed, deficit and optimum
irrigation conditions in a semi-arid environment.

MATERIAL AND METHODS
Site, climate and soil

Experiments were conducted during the 2015/16 and 2016/17
summer season at the University of KwaZulu-Natal’s (UKZN)
Ukulinga Research Farm in Pietermaritzburg, KwaZulu-

Natal, South Africa (29°37°S; 30°16’E; 750 m amsl). Ukulinga

is classified as a subtropical climate with low risk of frost
occurrence. Average annual rainfall is 694 mm, which is received
mainly during the summer months (mid-October to mid-
February). Winter rain (April to August) is below 75 mm, hence
summer is the predominant cropping season under rainfed
conditions. During the summer months, average maximum
temperatures are between 26°C and 28°C while minimum
temperatures can be as low as 10°C. The soil was characterised as
Cleveland with an effective rooting depth of 0.40 m.

Plant material, experimental design and management
practices

Major grain legumes selected for the study were groundnut
and dry bean (common bean). Groundnut, cultivar Kwarts,
was sourced from Agricultural Research Council Grain Crops
Institute, Potchefstroom. Dry bean, cultivar Ukulinga, was
sourced from McDonald seeds, Pietermaritzburg. The selected
indigenous grain legume was a bambara groundnut landrace
that was sourced from the rural area of Jozini in KwaZulu-
Natal, South Africa.

During 2015/16, trials were planted on 17 November
2015. During 2016/17, planting was on 16 January 2017. The
experimental design was a split-plot design arranged in
randomised complete blocks with 3 replications. The main plots
were water regimes [(optimum irrigation (OI), deficit irrigation
(DI) and rainfed] while the subplots were the 3 grain legume
crops (dry bean, groundnut and bambara groundnut). Subplot
size was 5 m X 3.75 m.

Irrigation was applied through a sprinkler system with
a distribution uniformity of = 85%. The sprinkler nozzles
had a throw distance (radius) of 8 m. The distance between
the water treatments was 12 m to avoid sprinkler overspray.
Irrigation scheduling was based on management allowable
depletion (MAD). Management allowable depletion was the
maximum amount of total available water (TAW) allowed to
be depleted from the root zone before irrigation occurs. In the
OI treatment, MAD was 20% TAW. Management allowable
depletion of 20% TAW is = 40% MAD of plant available water
(PAW). This was based on the Alberta Irrigation Management
Manual (2016), recommended management allowable depletion
(MAD) for grain legumes. The approach to DI was to apply
irrigation (MAD: 20% TAW) at the growth stages that were
most sensitive to water stress (Geerts and Raes, 2009). The most
water stress sensitive growth stages of the grain legume crop
species were the flowering and pod-filling stages (Ahmed and
Suliman, 2010; Vurayai et al., 2011). All the water treatments
were fully irrigated up to the point where 90% of the sown seed
had emerged to ensure establishment of all trials. In the rainfed
trial, irrigation was withdrawn after emergence and the trial
relied entirely on rainfall thereafter.

Department of Agriculture, Forestry and Fisheries
recommended plant populations of 66 667 plants-ha™ for
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bambara groundnut and 88 889 plants-ha™ for dry bean and
groundnut were used. The trials were planted on ploughed
and rotovated land which had been left fallow for 1 year after a
sorghum and cowpea intercrop had been harvested. Groundnut
and dry bean were planted on furrows while bambara
groundnut was planted on mounted ridges. Groundnut was
ridged 4 weeks after planting. Seeds were treated with an
insecticide (chlorpyrifos at the rate of 0.6 g of active ingredient
per kg of seed) and a fungicide (Mancozeb at the rate of 0.0015
g active ingredient per mL per 1 kg of seed) before planting.
Based on results of soil analyses, an organic fertiliser, Gromor
accelerator (0.3% N, 0.15% P and 0.15% K), was applied

at planting at a rate of 4 000 kg-ha™ to meet the nutrient
requirements for the grain legume crops. The trials were kept
weed free through monthly routine hand weeding using hand
hoes. During weeding, bambara groundnut and groundnut
were re-ridged to maintain the ridges. Kemprin 200 EC (3 g a.i
per 15 L water) was sprayed in all plots 7 weeks after planting
to control cutworm and leathopper. Chlorpyrifos 480 EC (7.2
g active ingredient per 15 L water) was applied in all plots 12
weeks after planting to control black aphids.

Measurements
Climate data

Daily weather data (maximum (T, ) and minimum

(T ,.) air temperature (°C), rainfallax(mm) and reference
evapotranspiration (ET,) (mm)) were obtained from an
automatic weather station located at the Research Farm. The
automatic weather station is part of the Agricultural Research
Council - Institute for Soil, Climate and Water (ARC-ISCW)
network of automatic weather stations. Crop coefficients (Kc)

were obtained from Allen et al. (1998).
Irrigation

The sprinkler irrigation system had an approximate application

rate of 7 mm-hr. This was used to estimate irrigation run time. The
actual amount of irrigation after each irrigation event was measured
using rain gauges randomly placed in the experimental plots.

Soil water content

Soil water content (SWC) was measured using a PR2/6 profile
probe connected to an HH2 handheld moisture meter (Delta-T,
UK). To measure soil water content the PR2/6 is inserted in pre-
installed access tubes that are 1 m long. One access tube was
installed in each sub-plot. The soil profile at the experiment site
was shallow with an effective rooting depth of 0.40 m; hence
access tubes were installed up to a depth of 0.40 m. The sensors
of the PR2/6 profile probe are positioned to measure volumetric
water content at 6 depths (0.10, 0.20, 0.30, 0.40, 0.60 and 1.00

m along the probe). Since access tubes were installed up to 0.40
m deep the last two sensors of the PR2/6 positioned at 0.60 and
1.00 m were used to measure soil water content in the field at
0.10 m and 0.40 m, respectively.

Plant canopy and development
Emergence was recorded when the hypocotyl protruded 20
mm above the soil. Leaf area index (LAI), which is the one-

sided green leaf area per unit ground surface area occupied
by the plant was measured weekly using the LAI-2200C Plant
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Canopy Analyzer (LICOR, USA). Timing of key phenological
stages (emergence, flowering, podding, senescence and
maturity) was done through weekly visual observations. Time
to emergence was when 90% of the experimental plants had
the coleoptile piercing through the soil. Time to flowering,
podding, senescence and maturity was defined by 50% of the
experimental plants showing visual signs. A plant was defined
to be flowering when the flower fully opens. A plant was
defined as podding when the first pod appears on the plant. For
groundnut and bambara groundnut, podding was observed
through destructive sampling. Senescence was defined when
at least 10% of leaves had senesced without new leaves being
formed to replace them. A plant matured when at least 50%

of leaves had senesced. Phenology data was then converted to
thermal time (growing degree days (GDD)) using the equation
by McMaster and Wilhem (1997); where,

GDD =((T,,, + T,,)/2] - T,,,, @
where T, = maximum temperature (°C), T = minimum
temperature (°C), T, = generic base temperature for warm
season grain legumes (8°C).

If T .<T. then T.=T . andif T < T

min base’

, then T =T,

base”
Physiology

Stomatal conductance was measured weekly using a Steady
State Leaf Porometer Model SC-1 (Decagon Devices, USA)
on the abaxial surface of a new fully expanded and fully
exposed leaf.

Yield and yield components

At harvest, 6 experimental plants from each subplot were
randomly harvested. Thereafter the plants were air dried in a
controlled environment situated at the UKZN Phytosanitary
Unit for 11 days, until there were no changes in total biomass
observed. Thereafter yield components were determined (total
biomass, pod number, pod mass, grain number and grain mass).
In the case of dry bean, total biomass referred to the above-
ground biomass while for groundnut and bambara groundnut
total biomass referred to the below- and above-ground biomass.
Thereafter, harvest index (HI) was determined as:

HI= (Yg/B) x 100 )

where: HI = harvest index (%), Y, = economic yield based
on grain yield (kg), and B = total biomass (groundnut and
bambara groundnut)/above-ground biomass (dry bean) (kg).

Determination of water use

Water use (WU) for each treatment was calculated as the
residual of a soil water balance (Allen et al., 1998):

WU=P+I-D-R-ASWC 3)

where: WU = water use = evapotranspiration (ET) (mm),

P = precipitation (mm), I = irrigation (mm), D = drainage (mm), R

= runoft (mm), and ASWC = changes in soil water content (mm).
Drainage was considered as negligible since the observed

impeding layer at 0.4 m restricted downward movement of

water beyond the root zone. Runoft (R) was not quantified

directly; however, the United States Department of Agriculture

https://doi.org/10.4314/wsa.v45il.13

Available on website http://www.wrc.org.za

ISSN 1816-7950 (Online) = Water SA Vol. 45 No. 1 January 2019
Published under a Creative Commons Attribution Licence

- Soil Conservation Service (USDA-SCS) procedure (USDA-
SCS, 1967) was used to estimate the monthly effective rainfall
that is stored in the root zone after subtracting the amount

of rainfall lost to runoff. Monthly effective rainfall was
estimated using mean monthly rainfall obtained from 30-year
rainfall data of Ukulinga Research Station and monthly crop
evapotranspiration for the different crops estimated using the
crop coefficient approach ET, x Kc. The soil water balance was
therefore simplified to;

WU = ER + [ - ASWC @

where: WU = water use = evapotranspiration (mm), ER =
effective rainfall (mm), I = irrigation (mm), and ASWC =
changes in soil water content (mm).

Values of water use in mm (depth) were then converted to
m? (volume) using the formula;

Volume (m?) = Area (m?) x Depth (m) (5)
Determination of WP
Water productivity (WP) was then calculated as;
WP=Y /ET ©)

where: WP is water productivity (kgm™), Y, is the grain yield
(kg) and ET is the evapotranspiration (m?).

Data analyses

Data of the two seasons (2015/16 and 2016/17) were subjected
to Bartlett’s and Levene’s tests for homogeneity of variance
in GenStat 18" Edition (VSN International, UK). Results
showed evidence of non-homogeneity of variance between
the two seasons; hence the seasons were analysed separately.
Analysis of variance (ANOVA) was performed using GenStat
18" Edition (VSN International, UK) at a probability level

of 0.05. Least significant differences (LSD) were used to
separate means. Path coefficients on the dependent variable
(grain yield) were calculated separately for the two seasons
in Microsoft Excel 2016 using the method by Dewey and Lu
(1959), partitioning the correlations into components’ direct
and indirect effects.

RESULTS
Weather data and irrigation

During 2015/16, average maximum and minimum
temperatures were 28°C and 16°C, respectively. During
2016/17 maximum temperatures ranged from 12-38°C (Fig 1).
Minimum temperatures ranged between 10°C and 21°C during
2015/16, while they went as low as 7°C during 2016/17. Total
rainfall during 2015/16 was 445 mm, while 2016/17 received
235 mm (52% of 2015/16). During 2015/16, total supplementary
irrigation added to the OI and DI trials was 101 mm and 40
mm, respectively, while only 18 mm supplementary irrigation
was added to the rainfed trial to support emergence. During
2016/17, total supplementary irrigation was higher compared
to the previous season with 160 mm, 86 mm and 28 mm being
added to the OI, DI and rainfed trials, respectively.
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Figure 1
Maximum and minimum temperatures, rainfall and ET, observed at the study site (Ukulinga Research Farm) during
the growing seasons 2015/16 and 2016/17

Plant physiology

During both seasons, stomatal conductance responded
significantly to the water treatments, crops and time (degree
days) (P < 0.05) (Fig. 2). Stomatal conductance also fluctuated
over time in response to fluctuating environmental conditions
(soil water availability, air temperatures and ET ; Fig. 2). The OI
trial had minimum water stress compared to the other water
treatments. Consequently, stomatal conductance was higher in
the OI trial compared to the others during both seasons (Fig.
2). Weather data showed that average temperatures and rainfall
were higher during 2015/16 compared to 2016/17. Stomatal
conductance responded to this with higher mean stomatal
conductance in all the water treatments during 2015/16 (264.5
mmol-m™s™) compared to 2016/17 (168.7 mmol-m™=-s™).

The crops responded differently to varying environmental
conditions with dry bean showing the highest mean
conductance (316.7 mmol-ms™!) while bambara had the lowest
mean conductance (234.6 mmol-m=s™) during 2015/16. Results
of 2016/17 were contradictory with dry bean showing the lowest
mean conductance (150.7 mmol-m2s™) and groundnut the
highest mean conductance (180 mmol-m=-s).

Plant canopy and development

During 2015/16 LATI showed no significant differences (P >
0.05) among the crops (Fig. 3). Water treatments were also
not significantly different (Fig 3). Although LAI fluctuated
the trend was that it increased from planting up to 992 and 1
206 degree days, which coincided with podding in dry bean
and both flowering and podding in groundnut and bambara
groundnut. Thereafter, LAI declined as the crops started to
senesce towards maturity (Fig. 3). During 2016/17, LAI showed
a different trend with results of crops, water treatments and
their interaction being significantly different at P < 0.001.

A comparison of canopy size between seasons showed that
2016/17 had a smaller canopy size relative to 2015/16.

Time to all key phenological stages observed during the
study (time to emergence, time to flowering, duration of
flowering, time to podding, time to senescence and time to
maturity) showed significant differences (P < 0.001) among
the grain legume crops. This was consistent for both seasons.
During 2015/16, the water treatments influenced time to
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flowering, time to podding and time to maturity (P < 0.05),
while during 2016/17 water treatments only influenced duration
of flowering. Consistent for both seasons, dry bean was the
fastest to emerge (< 120 degree days) while bambara groundnut
was the slowest (> 205 degree days). This supports the results

of LAT where the dry bean canopy developed faster and the
bambara groundnut canopy developed slower. Groundnut
tended to flower and pod early (386 and 553 degree days,
respectively). Bambara groundnut also had a long flowering
period but time to flowering was later in the season (840

degree days) when compared to the other crops (< 642 degree
days). Unlike bambara groundnut and groundnut, dry bean
had distinct vegetative, flowering and podding stages, and
consequently senesced and matured earlier. Groundnut and
bambara groundnut were indeterminate and took up to 2 043
degree days. This was evident during the 2015/16 season where
the canopy of groundnut and bambara showed much fluctuation
due to replacement of senescing leaves with new ones (Fig 3).

Yield components, water use and water productivity

During 2015/16, results of yield components (total biomass,
pod number, pod mass, grain number, grain yield, HI) and
WP showed significant differences (P < 0.001) among the
crop species. Yield components did not show any significant
difference among the water treatments (P > 0.05). The interaction
between the crops and the water regimes was only significantly
different (P < 0.05) for pod mass, grain mass and WP (Table 1).
Groundnut had the longest season duration and the highest
stomatal conductance, which translated to the highest total
biomass (10 540 kg-ha™). Dry bean matured earlier compared
to the other crops and consequently accumulated the lowest
total biomass (4 220 kg-ha™). Early and prolonged flowering
and podding in groundnut resulted in more pods (> 53 per
plant) (Table 1). This translated to high pod yield (3 460-4 950
kg-ha™). Although bambara groundnut was also indeterminate,
it podded late in the season (= 77 DAP), resulting in the second
highest number of pods (40-55 per plant); however, this did
not translate to gains in pod yield. Bambara groundnut had
the lowest pod yield (1 650-2 200 kg-ha™), which was less than
the major legumes (dry bean and groundnut). With respect to
grain yields, the major legumes were also superior to bambara
groundnut. Groundnut had the highest grain yield under DI,
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Figure 2
Stomatal conductance of three grain legume crops (groundnut, dry bean and bambara groundnut) grown under three water treatments (A = Ol B= DI
and C = rainfed) during two growing seasons (2015/16 and 2016/17).

which was 100% more than bambara groundnut (Table 1).
With respect to HI, dry bean exhibited a HI that was = 45-50%
higher than that of groundnut and bambara groundnut.
Bambara groundnut, podded late into the season limiting the
duration of pod filling, resulting in the lowest HI (21%) which
was observed under rainfed conditions (Table 1).

As groundnut matured late and had the highest biomass it
was expected that it would have the highest water use. Results
were true to expectation with observed groundnut water
use values of 319, 292 and 283 mm under OI, DI and rainfed
conditions, respectively (Table 1). The inverse was also true
as dry bean had the lowest water use, of 268, 238 and 238 mm
under OI, DI and rainfed conditions, respectively. Groundnut,
with the highest water use, also produced more grain yield,
resulting in high WP (0.61-0.99 kg of grain per m~ of water
consumed). Poor grain yields for bambara groundnut resulted
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in the crop having the least WP (0.39-0.53 kg m~) (Table 1).
Based on mean values of water treatments, WP improved by =
12% under rainfed and DI conditions compared to the OI.
Statistical trends of yield components during 2016/17
followed that of the 2015/16 season. Crop species showed
significant differences (P < 0.05) while water treatments were
not significantly different (P > 0.05) (Table 2). The interaction
between the crops and the water regimes were only significantly
different (P < 0.05) for pod yield and grain number (Table 2).
During 2016/17, dry bean outperformed the other crops
with respect to biomass, pod yield, grain yield and HI (2 911
kg-ha, 1 872 kg-ha™', 1 296 ha™' and 49.2%, respectively).
Although groundnut produced the highest number of pods
across all treatments (> 17), this did not translate to high
pod yield as observed during 2015/16. Bambara groundnut
continued to trail the major legumes with respect to
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Figure 3

Leaf area index of three grain legume crops (groundnut, dry bean and bambara groundnut) grown under three water treatments (A= Ol B=Dland C=
rainfed) during two growing seasons (2015/16 and 2016/17)

biomass and pod yield, with the least biomass and pod yield
(1 346 kg ha™ and 447 kg ha™', respectively). During 2016/17,
groundnut flowered and set pods late and matured earlier;
consequently, it produced the lowest grain yield under DI and
rainfed conditions (362 kg-ha™ and 267 kg-ha™, respectively).
This translated to low HI, ranging between (10.5 and 24.2%),
which was = 50 to 300% less than dry bean. Despite dry bean
producing the highest biomass, it had the lowest water use
(143-195 mm) compared to the other crops; this accounted
for high WP (0.66-0.75 kg:-m~?). Consistent with the results
of 2015/16, groundnut had the highest water use across all the
water treatments (249-345 mm). A combination of low grain
yield and high water use observed in groundnut led to the
lowest WP (0.08-0.16 kg-m™). (Table 2).
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Path coefficient analysis for grain yield

During 2015/16, groundnut had the highest grain yield.

Based on results of path coeflicient analysis, the high pod
number of groundnut had highest contribution to the high
grain yield. Early flowering and longer flowering duration
observed in groundnut also contributed to grain yield (0.658
and 0.563, respectively). Bambara groundnut had the lowest
yield and results of path analysis showed that grain number
had the highest contribution to the observed grain yield. Path
coefficient analysis also showed that for bambara groundnut the
lengthy time to emergence and podding contributed negatively
to grain yield (-8.81x107*?). For dry bean, path coefficient
analysis for 2015/16 showed that time to flowering had the
highest direct contribution to grain yield (1.670) (Table 3).
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Yield and yield parameters (total biomass, pod number, poJﬁBaLsEjgrain number, grain mass and harvest index), water use and
water productivity of three legume crops (dry bean, groundnut and bambara groundnut) grown under three water treatments
(Ol, DI and rainfed) during the 2015/16 season
Water Total Pod Pod Grain Grain Harvest Water Water

treatments Crop species biomass number yield number yield index use Productivity
(kg-ha™) (plant™) (kg-ha™) (plant™) (kg-ha™) (%) (mm) (kg-m~3)
Dry bean 5 040¢ 24 3460° 64° 2260 43.26° 268 0.84*
o1 Groundnut 8020° 55 3360° 77 1950° 23.54° 316 0.61°
Bambara groundnut 6 030" 53¢ 2200° 46° 1480° 24.53% 317 0.47°
Mean 6360 44 3000 63 1800 30.44 302 0.64
Dry bean 4220° 19¢ 20800 40° 1400° 35.66° 239 0.62%
oI Groundnut 10 540° 68° 4960° 106* 2900° 27.73° 292 0.99*
Bambara groundnut 6 390° 40b¢ 2170° 45° 1410° 22.41° 263 0.53°
Mean 7 050 42 3070 64 1930 28.60 265 0.71
Dry bean 5280° 22¢ 2 890° 50° 1960° 37.15* 238 0.82*
Rainfed Groundnut 9 650% 69* 4 570% 100* 2770* 28.63° 283 0.98*
Bambara groundnut 5000° 44° 1650¢ 39° 1090 21.16° 277 0.39
Mean 6650 45 3040 63 1940 28.98 266 0.73
o Crops <0.001 <0.001 | <0.001 | <0.001 | <0.001 | <0.001 <0.001
?;g:ﬁgz?ce Water regime *ns *ns *ns *ns *ns *ns *ns
Crops x Water regime *ns *ns 0.009 *ns 0.031 *ns 0.041
LSD 05 2130 17 1361 33 1069 9.35 0.37

*ns = not significant at P = 0.05. °LSD = Least significant difference. Since pods and grain were counted as whole numbers, only discreet values of pod
and grain number are presented. Means with different letters differ significantly at P = 0.05.

TABLE 2
Yield and yield parameters (total biomass, pod number, pod mass, grain number, grain mass and harvest index), water use and
water productivity of three legume crops (dry bean, groundnut and bambara groundnut) grown under three water treatments
(Ol, DIl and rainfed) during the 2016/17 season

Water Total Pod Pod Grain Grain Harvest Water Water
treatments Crop species biomass number yield number yield index use Productivity
(kg-ha™) (plant™) (kg-ha™) | (plant™) | (kg-ha™) (%) (mm) (kg-m~3)
Dry bean 2730* 11° 1872° 30° 1296* 49.2* 195 0.66*
oI Groundnut 2 681* 30* 1123 35° 585° 24.2> 345 0.16°
Bambara groundnut 1371° 13* 545° 14b 466° 26.8° 306 0.15°
Mean 2261 18 1180 26 782 33.4 282 0.32
Dry bean 2911° 11b 1843 31* 1098* 37.8* 163 0.67*
DI Groundnut 2 359% 21ab 751> 19° 362° 10.5° 280 0.08°
Bambara groundnut 1387 15b 736° 21 402° 32.5° 256 0.17°
Mean 2219 16 1110 24 592 32.3 233 0.31
Dry bean 2 543 13° 1409* 292 1081* 42.6* 143 0.75*
Groundnut 2148 17° 537° 18b 267° 12.7% 249 0.10°
Rainfed
Bambara groundnut 1346° 12° 447° 17b 292° 18.8° 232 0.12°
Mean 2013 14 798 21 547 24.7 208 0.2
Crops 0.012 0.004 <0.001 | <0.001 | <0.001 <0.001 <0.001
Significance - . . . N N . .
(P = 0.05) Water regime ns ns ns ns ns ns ns
Crops x Water regime *ns *ns 0.009 0.015 *ns *ns *ns
*‘LSD(P=O‘05) 1265 10.66 762.7 12.05 538.5 18.8 0.26

ns = not significant at P = 0.05. “LSD = Least significant difference. Since pods and grain were counted as whole numbers, only discreet values of pod
and grain number are presented. Means with different letters differ significantly at P = 0.05.
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Path coefficient analysis showing direct (diagonal in bold);ﬁzl-iigirect effects of independent variables on grain yield of dry
bean, groundnut and bambara groundnut grown under three water treatments (Ol, Dl and rainfed) during the 2015/16 season
DOF *HI spY PN ‘GN STTE | "TTF | STTM | "TTP | *TTS | Biomass V‘Last:’

Dry bean
"DOF -0.457 -0.078 0.302 -0.133 -0.065 0.057 -1.321 0.141 0.618 0.007 0.340 0.935
HI 0.158 0.226 0.436 -0.149 -0.110 0.000 0.152 0.079 0.068 -0.017 0.158 -0.420
SPY -0.158 0.113 0.873 -0.277 -0.183 -0.033 -0.609 0.197 0.391 -0.013 0.556 0.060
‘PN -0.198 0.109 0.785 -0.308 -0.177 0.033 -0.609 0.159 0.340 -0.008 0.616 0.240
*GN -0.158 0.132 0.760 -0.287 -0.189 0.033 -0.609 0.197 0.391 -0.014 0.550 0.060
HTTE 0.072 0.000 0.071 0.028 0.017 -0.364 0.000 0.050 0.186 -0.009 -0.060 0.000
TTF 0.361 0.021 -0.287 0.112 0.069 0.000 1.670 -0.161 -0.838 0.002 -0.298 -0.985
STTM 0.250 -0.069 -0.600 0.189 0.145 0.070 1.670 -0.258 -0.689 0.017 -0.342 —-0.348
“TTP 0.310 -0.017 -0.337 0.115 0.081 0.074 1.043 -0.258 -0.911 0.009 -0.250 -0.804
“TTS -0.121 -0.142 -0.381 0.092 0.098 0.119 1.534 -0.195 -0.295 0.026 -0.086 0.306
Biomass -0.238 0.055 0.671 -0.291 -0.160 0.033 0.155 -0.162 0.350 -0.003 0.651 0.391
Water use 0.375 0.083 -0.042 0.065 0.010 0.000 -0.765 0.135 -0.644 -0.007 -0.224 -1.137
Groundnut
‘DOF 0.645 0.017 0.000 0.270 -0.326 -0.155 -0.018 -0.086 -0.345 -0.079 0.035 0.078
*HI -0.048 -0.233 0.223 1.452 -0.811 0.035 -0.028 0.097 0.154 0.107 0.040 -0.139
SPY 0.000 -0.140 0.370 1.095 -0.762 -0.366 -0.010 0.073 0.233 0.119 0.204 -0.064
‘PN 0.096 -0.186 0.223 1.815 -1.123 -0.208 -0.019 0.015 0.154 0.025 0.150 -0.093
*GN 0.168 -0.151 0.226 1.634 -1.248 -0.208 -0.015 0.002 0.232 0.041 0.205 -0.069
HTTE -0.152 -0.012 -0.206 -0.574 0.394 0.658 -0.020 0.017 0.000 0.006 -0.216 0.000
TTTFE 0.128 -0.069 0.039 0.378 -0.197 0.144 -0.093 0.052 0.046 0.063 0.013 -0.096
STTM 0.265 0.108 -0.130 -0.127 0.011 -0.055 0.023 -0.209 -0.122 -0.214 -0.052 0.152
“TTP -0.395 -0.064 0.153 0.497 -0.513 0.000 -0.008 0.045 0.563 0.096 0.130 -0.095
“TTS 0.221 0.109 -0.193 -0.201 0.223 -0.018 0.025 -0.195 -0.237 -0.229 -0.107 0.142
Biomass 0.072 -0.029 0.241 0.866 -0.815 -0.452 -0.004 0.035 0.233 0.078 0.314 -0.029
Water use 0.228 0.147 -0.108 -0.766 0.394 0.000 0.041 -0.145 -0.244 -0.148 -0.041 0.219
Bambara groundnut
"DOF -1.25x1072| 9.84x107%| 8.66x107'|-3.05x1072| -1.10x1073| 1.36x107%|-2.78x107|  0.00 -1.15x107* -1.55x107*| 3.15x107"| 1.01x107"
HI —-5.41x1075| 2.27x1072| 7.00x10°"| -2.61x1072| 6.33x107|-1.84x1073|-1.20x1073| 9.04x107"|-4.09x107°| =5.12x107"| 3.10x107*| 9.75x10~*
SPY -1.08x107| 1.59x107" 1.00[-3.79x1072[-1.90x1073| 1.93x1073|-2.41x107"*| 6.53x107"|-5.04x107"|-1.79x107*| 4.24x107| 3.88x107*
‘PN -9.74x107| 1.52x107"2| 9.67x10"'|=3.92x107"2|-2.54x107| 2.63x1073|-2.41x107"| 4.53x107|-2.22x107#| -1.87x107| 4.47x107| -1.95x107**
*GN 1.97x107| 2.07x107"%| —2.74x10°!| 1.43x1072| 6.96x107*|-2.40x107*|-2.20x107"*| 5.50x107"| 4.41x107"| 7.00x107"|-1.66x10""*|  0.00
H#TTE 1.93x1075| 4.75x1075| =2.19x10""| 1.17x1072| 1.90x1073|-8.81x107| 5.04x107| 2.70x107"|-1.26x107"| 5.09x107"|-1.72x1073| 2.67x107"
TTTF -3.95x1075| 3.11x1075| 2.74x10""| -1.07x107"2| 1.74x1075| 5.04x107| -8.81x1073| -4.13x107"| 9.93x107"|-3.50x107"| 1.24x107*|-1.60x107"
STTM 0.00 —7.62x1071%[ -2.42x10"| 6.58x107"*[-1.42x107"*| 8.81x107"[-1.34x107"°|-2.70x107"*|-4.54x107"*| 8.57x107"|-1.02x107"*| 6.54x107"*
9TTP 6.34x107|-4.09x1074| =2.22x10""| 3.84x107"| 1.35x107"| 4.89x107|-3.85x107"| 5.40x107°| 2.27x107%| 5.22x107"| 1.22x107|-2.69x10"
“*TTS -7.58x107| 4.54x107| 7.00x10"'|-2.87x107"2| -1.90x107| 1.75x107|-1.20x107"| 9.04x10'*|-4.63x107*|-2.56x10""| 3.03x10| =7.79x107*
Biomass -8.67x1075| 1.55x107%2| 9.33x10%"|-3.85x1072|-2.54x10| 3.33x107|-2.41x107"| 6.04x107"| 6.13x107°| -1.71x107| 4.54x107|-5.83x107"
Water use |-3.42x107°| 6.00x10™| 1.05x10"| 2.07x10™|  0.00 -6.37x1075| 3.81x107%|-4.77x107| -1.65x107| 5.34x107| -7.18x107"| 3.69x10"

1DOF = Duration of flowering; +HI = Harvest index; SPY = Pod yield; §PN = Pod number; #GN = Grain number; +#TTE; Time to emergence = {+TTF
= Time to flowering; SSTTM = Time to maturity; €9TTP = Time to podding, #TTS = Time to senescence
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During 2016/17, results of path coefficient analysis suggested
the same relationships as those of the 2015/16 season.

DISCUSSION

In response to low soil water availability the crops regulated
stomatal conductance to minimize water loss through
transpiration. Canopy expansion was also regulated under
limited soil water availability as a strategy to minimize surface
area for transpiration and minimize water loss. The grain
legumes under study also exhibited drought escape through
hastening of key phenological stages (flowering, podding and
maturity) under rainfed and DI conditions.

Under DI and rainfed conditions, plants regulated stomatal
conductance to minimize water loss through transpiration.
Consequently, carbon dioxide entering the plant was lowered
and this had negative effects on photosynthesis and biomass
accumulation. In this study, yield and yield components were
not significantly affected by water treatments. This is contrary
to results of several studies that have shown water treatments
to significantly affect yield of grain legumes (Acosta Gallegos
and Kohashi Shibata, 1989; Mabhaudhi et al., 2013). A possible
explanation to these contradictory findings could be due to the
cultivars used in the study and how water stress was imposed
relative to this study. The cultivars used in the study showed
suitability for rainfed conditions implying that with proper
cultivar selection, grain legumes can be successfully grown
under dryland conditions.

Water productivity improved by = 12% under rainfed
and DI conditions during 2015/16. Improvement in WP was
achieved through reduction in water use (denominator) as
yield was relatively similar (numerator). This supports the
recommendations by several authors to apply DI to maximise
crop WP (Hirich et al,, 2011; Rodrigues and Pereira, 2009;
Sarwar and Perry, 2002). During 2016/17, despite conserved
water use under limited soil water availability and no
significant differences in yield among water treatments, WP
did not improve. During that season, there was poor canopy
development that led to significant unproductive water loss
through soil evaporation (E ). Water use comprised significant
E, hence there was no gain in WP despite the crop’s attempt to
conserve water use under limited soil water availability. Under
these circumstances strategies to minimize soil evaporation
such as mulching, intercropping, and increasing plant density
should be considered.

Among the three crops, dry bean was determinate while
groundnut and bambara groundnut were indeterminate.
Determinacy was based on cessation of vegetative growth
when the terminal flower of the main stem started to develop
(Sablowski, 2007). This explains the observed differences
in timing of phenological stages. Groundnut and bambara
groundnut took more than 132 days to mature while dry bean
took less than 116 days to mature. The differences in maturation
time can be explored in situations where length of the season
has a significant effect on growth of yield of crops. This was
observed during 2016/17 where dry bean was able to produce
reasonable yield under late planting. Dry bean would be a more
suitable crop for short seasons, late planting or crop rotation
within the same season. Groundnut and bambara groundnut
were late maturing, and during 2016/17 where planting was late,
yield was poor. This could be due to unfavourable reproductive
growth caused by the observed low temperatures in autumn
(March to May) that went below the base temperatures for the
grain legumes.
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Time to maturity also influences total water use with late
maturing crops using more water than early maturing crops
(Parker, 2009). This was the case in this study — water use was
higher in groundnut and bambara groundnut which matured
late. Canopy characteristics also influenced crop water use.

A bigger canopy with a longer season had higher water use
and biomass. This was the case for groundnut during 2016/17.
Water use in bambara groundnut was also high but this was
not matched by a large canopy and high biomass. Bambara
groundnut showed a positive attribute for water-limited
conditions - it had the lowest stomatal conductance under

all the water regimes compared to the other crops. Although
this may have negative implications on biomass production,
it is a favourable attribute as it results in conserved water use.
Conserved water use through low stomatal conductance was
masked by the smaller canopy and long duration that could
have led to significant unproductive water loss through E_. This
implies that high water use observed in bambara groundnut
included significant E .

The hypothesis of the study was rejected as the major
grain legumes had higher yield and WP compared to bambara
groundnut. For successful promotion of indigenous grain
legumes there is need for crop improvement to improve yield
and WP. Results of path coefficient analysis revealed the need
for continuous selection in landraces as bambara groundnut
showed no clear pattern of attributes that contributed to high
grain yield. For the same crop, path coeflicient analysis showed
that the lengthy time the crop took to emerge, flower and pod
negatively contributed to grain yield. Comparing bambara
groundnut with groundnut, a similar crop with the same
indeterminate characteristic, bambara groundnut started
flowering = 35 days after groundnut. Bambara groundnut had
less time for yield formation and this could be the reason for
the observed yield inferiority. This could also be the reason for
the low HI in bambara groundnut. Chibarabada et al. (2015)
and Mabhaudhi et al. (2013) also reported poor yield and low
HI in bambara groundnut. They attributed this to the use of
landraces. This study showed that poor canopy development
and lengthy time to reproductive stages contributed to the
observed poor yield and low HI of bambara groundnut.

Compared to the other crops under study, dry bean had
a significantly higher HI - a favourable trait indicating the
plants’ ability to convert biomass to economic yield more
efficiently than groundnut and bambara groundnut. This could
be due to the determinate behaviour of the variety, hence the
crop focused on yield formation and not vegetative growth after
flowering. Determinant varieties have generally higher harvest
indices as most crop resources are diverted to grain once
flowering commences (De Costa et al., 1997; Unkovich et al,,
2010). This was, in part, supported by results of path coefficient
analysis where time to flowering and biomass had the highest
positive contribution on grain yield of dry bean.

During 2015/16, the highest WP values were observed
for groundnut and the lowest WP values were observed for
bambara groundnut. This contradicts Chibarabada et al. (2015)
who reported that bambara groundnut was more water-use
efficient than groundnut. This was based on WUE values
that had been obtained in separate studies under different
environmental and management conditions. This justifies the
need for comparative studies under the same environment and
management as WUE is greatly influenced by environment and
management practices. During 2016/17, dry bean was more
productive while groundnut was less productive. The decrease
in WP observed in groundnut during 2016/17 was as a result of
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poor grain yield and not water use, as relative water use did not
change compared to the previous season. This highlights the
importance of proper management decisions such as planting
date and crop choice as these have implications for food
security and crop productivity.

CONCLUSION

Despite the two cropping seasons being heterogenous, the
trend in plant adaptation to irrigation regimes was similar for
both seasons. Water use was lower under limited soil water
availability relative to OI Despite this, the crops produced
reasonable yields under DI and rainfed conditions. This led

to improvements in WP under DI and rainfed conditions.
This implies suitability of grain legumes for production in
water-scarce areas. Results from this study suggest that there is
scope to increase food production under rainfed systems. For
bambara groundnut, despite low stomatal conductance, water
use was high. This was because of poor canopy development
that led to significant unproductive water use through E_.
Consistent to both seasons, major legumes outperformed
bambara groundnut with respect to yield, HI and WP, hence
the hypothesis of the study was rejected. This highlights the
need for crop improvement in bambara groundnut to make

it attractive for farming. The grain legume crops exhibited
different characteristics that contributed to yield and water
use. For groundnut, late maturity led to high water use which
translated to high biomass; early flowering and podding also
contributed to high yield. For dry bean, early maturity led

to low water use. Dry bean also had high grain yield, which
translated to high HI and WP. The poor performance of
bambara groundnut is evidence of lack of crop improvement
relative to the major legumes as landraces are a mixture of
genotypes with highly diverse populations both between

and within them, making it challenging to assess their
performance. This study showed that despite the semi-arid and
arid tropics being the centre of diversity for indigenous grain
legumes, this does not necessarily translate to high yield and
WP. There is need for breeding efforts to improve indigenous
grain legumes and make them more attractive for farming.
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