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Increasing water productivity and radiation use efficiencies (RUE) of
Soybeans are very important in order to improve its production at field
level. In this study, we investigated the productivity of Soybeans under the
conventional (NC) and six water conservation practices: Tied ridge, Mulch,
Soil bund , Tied ridge plus soil bund , Tied ridge plus mulch (TRML) and
Mulch plus Soil bund arranged in a randomised complete block design. The
objective of the study was to determine the effects of soil water storage
(SWS) on land and water productivity and radiation use efficiency (RUE) of
the crop and model the relationship between seed yield, total intercepted
photosynthetically active radiation (TIPAR) or RUE. The RUE was
determined by the linear relationship between dry matter and TIPAR.
Average TIPAR ranged from 231 MJ m-2 for TR to 247 MJ m-2 for BD while for
SWS, it ranged ranged from 485 mm for NC to 517 mm for TRML. Average
seasonal RUEs ranged from 1.32 ± 0.19 g MJ-1 for TR and 1.92 ± 0.01 g MJ-1
intercepted photosynthetically active radiation (IPAR) for ML. Water
conservation practices did not affect RUE of the crop. Seed yield was
significantly correlated with IPAR (r2 = 0.61, p = 0.02) unlike with crop water
use (r2 = 0.26; p = 0.36), RUE (r2 = 0.07; p = 0.36) and SWS (r2 = 0.03; p =
0.26). However, conservation practices increased seed yield by 24.2 to
44.3%. Water productivity (WPseed) increased by 14 to 41.8% and was
strongly correlated to IPAR (r2 = 0.71) than with WPbiomass (r2 = 0.53) which
increased by 7.8 to 28.3% under water conservation practices. However,
WPbiomass and seed yield were not significantly related to RUE. It is hereby
concluded that water conservation practices increased the seed yield and
water productivity for seed and biomass but did not significantly affect the
RUE of the crop. These findings will provide useful information for the
development of water and radiation driven models for the production of
Soybeans under rainfed conditions.
Key words: Soybean, water conservation practice, radiation use efficiency, yield,
crop water productivity

INTRODUCTION
The amount of light available to plant canopy determines
its yield and provides important information about the
physiological processes and impacts of microclimate

(Singer et al., 2011). Under field conditions and in the
absence of water and nutrient stress, growth of crops
depends on the ability of canopy to intercept incoming
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radiation. Light levels have great effects on plant growth
and considerable attention has been given to establish
scientific relationships between crop growth and the light
level over the years (Monteith, 1994; Sinclair and Muchow,
1999; O’Connell, 2004). In the recent times, emphasis has
been placed on the modelling of plant growth based on
radiation capture by the canopy rather than by the localised
leaf area in assimilation model (Sinclair and Muchow, 1999,
Hammer et al., 2004). Photosynthetically active radiation
(PAR) is the radiation in the 400 to 700 nm waveband and
is very important in modelling photosynthesis in plants
(Alados et al., 1996; Stockle and Kemanian, 2009).
Interception of PAR by a crop can be in terms of the total
amount of intercepted PAR (TIPAR) or the fraction of PAR
(fIPAR). The fIPAR is a function of leaf area index (LAI) and
extinction coefficient (λ) (Plenet et al., 2000; Courbaud et
al., 2003). The λ ranges from 0.3 to 1.3. A λ less than 1
refers to non-horizontal leaf distributions and a value
greater than 1 refers to horizontal leaf distributions (Jones,
1992; Zarea et al., 2005).
Radiation use efficiency
Radiation use efficiency (RUE) is the biomass produced per
unit of the total solar radiation (SR) or IPAR by the canopy
and is a key determinant of the yield of a crop (Stocle and
Kemanian 2009; Soltani and Sinclair, 2012). Therefore in
order to model plant growth under water stress or nonstressed conditions, there is a need to determine LAI, λ for
PAR, and RUE. Many papers summarised the RUE obtained
in different environmental conditions (Gallagher & Biscoe,
1978; Gosse et al., 1986; Kiniry et al., 1999) and concluded
that differences exist in RUE between species (Gosse et al.,
1996). Thomson and Siddique (1977) reported RUEs
ranging from 0.41 - 0.99 g MJ-1 of IPAR for various legumes.
RUE of 1.46 g MJ-1 of IPAR (Singer et al., 2011); 1.32 to 2.52
g MJ-1 of IPAR (Sincalir and Muchow, 1999); 0.86 g MJ-1 of
intercepted solar radiation (Leadley et al., 1990); 2.04 g MJ1 of IPAR (Rochette et al., 1995) and 2.34 gMJ-1 of absorbed
PAR (Daughtry et al., 1992) for Soybean. RUEs of 0.66 to
1.15 g MJ-1 of the intercepted SR were reported by Sinclair
and Shiraiwa (1993). Schoffel and Volpe (2001) reported a
mean of 1.23 g MJ-1 of PAR while Confalone and Dujmovich
(1999) reported 1.92 g MJ-1 of PAR for Soybeans under
rainfed conditions. Santos et al. (2003) reported RUEs of
2.28 to 2.53 g MJ-1 before and after flowering, while Schoffel
and Volpe (2001) found averages of 1.02 and 1.40 g MJ-1 at
vegetative and reproductive sub-periods under water
stressed conditions for many cultivars. There is no specific
value for RUE of a crop. It varies based on species,
environment, carbon dioxide (CO2) assimilation rate and
water stress (Muchow, 1993 and Sinclair and Muchow,
1999). Radiations that reach plant communities are either
intercepted or absorbed. RUE in terms of the total SR is
about 0.5 times the RUE of the IPAR and 0.425

times RUE based on absorbed PAR (Sinclair and Muchow,
1999).
Soil water storage, conservation practice
Soil and water conservation practices are used in crop
production for conserving soil and water especially when
there are fluctuations in rainfall. The agronomic and
economic performances of the conservation tillage or water
conservation practices in tropical regions, for instance
Nigeria, are greatly affected by the amount of precipitation
and its distribution (Benites and Ofori, 1993). Conservation
tillage, such as no-till or reduced tillage, produced a higher
soil water storage (SWS) and Corn yield than conventional
tillage (Ojeniyi, 2005; Naudin et al., 2010). Thiagalingam et
al. (1991) found that no-till increased the yields of Soybean
and Corn during the dry years, and Zotarelli et al. (2012)
reported that no-till increased the yield of Soybean.
Conservation farming improved soil moisture, yield and
water use efficiency of crops such as Winter wheat, (He et
al., 2011; Hou et al., 2012). Narayanan et al. (2013)
evaluated eight Sorghum genotypes for biomass
production, water productivity (WP) and RUE and
concluded that WP was more strongly correlated to
biomass production than to crop water use and that WP can
be improved without compromising biomass production.
RUE of grass was found to respond rapidly to soil moisture
content and strong dependence of RUE on soil SWS and air
temperature has also been reported (Potters et al., 1999;
Tserenpure et al., 2012;). Mulch increased fresh yield and
water productivity of Sweet corn (Vial et al., 2015).
Increased understanding of factors that control the
production of biomass is required to accurately simulate
growth and quantify productivity in different environments
(Kiniry et al., 1999). Thus, limitations which are often due
to water stress and LAI could be understood. Soybean is an
economic crop in Nigeria and is cultivated mostly in the
rainy season. Currently there are fluctuations in seasonal
rainfall in different agro-ecological zones in Nigeria. Water
conservation practices are strategies for increasing or
maintaining soil water at appreciable level in order to
reduce to the barest minimum the effects of water stress on
crops. Field data on λ, biomass, and relationship between
yield components IPAR and WP in the rainy seasons under
water conservation practices are not available. Productivity
of Soybeans under water conservation and tillage practices
in Nigeria has not been explored. Hence, research on the
effects of water conservation practices on yield components
of the crop will give information on the strategies that will
ensure crop resilience and optimization of water by
soybeans growers under the present environmental
conditions. The objectives of this study were to determine
the effects of SWS under water conservation practices on
land and water productivity and RUE of Soybean and to
generate relations between these variable, which can be
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Figure 1: Geographic location of the teaching and research farms of Obafemi Awolowo University,
Ile-Ife, Nigeria

used for modelling yield in the study areas and tropical
regions under similar environmental conditions. We hereby
hypothesised that there is no difference in the seasonal RUE
and WP of Soybean under water conservation practices.
MATERIALS AND METHODS

comparative rainfall was 34%. The recession in rainfall
commonly called the August break was higher in the second
season that in the first. The mean SRs in 2011and 2012
were 93.4 and 85.1 MJ m-2day-1 respectively while the
comparative average seasonals were 143 and 132 MJ m-2
day-1.
Physical and chemical properties of the soil profiles

Study area
The study was conducted at the Teaching and Research
farms of Obafemi Awolowo University Ile-Ife, Nigeria at
latitude 7° 33’ 0''N and longitude 4° 34’ 0''E, 271 m+MSL
(mean sea level) during the rainy seasons in 2011 and 2012
(Figure 1). Ile-Ife is located in the sub-humid ecological
zone of Nigeria and is characterised by rainy and dry
seasons.
Environmental conditions
2011 was characterized by a slightly higher air temperature
than 2012 (Table 1). 2012 was more humid and wetter
than 2011. In 2011 rainfall during the reproductive stage
was 20% of the seasonal rainfall, unlike in 2012 when the

The 00 - 10 cm was characterized by sandy clay loam, while
10 to 60 cm is sandy loam (Table 2). The bulk density
ranged from 1.49 to 1.58 g cm-3 in the upper 60 cm, while
from 60 to 100 cm it ranged from 1.57 to 1.62 g cm-3.
Organic matter was higher at the upper 60 cm. The soil is
sandy clay loam and classified as alfisol as reported by
Adekalu and Okunade (2008). The water holding capacity
of the soil was 100 mm/m. The field capacity and
permanent wilting point were 0.248 and 0.138 m3 m-3
respectively (Adeboye et al., 2015).
Experimental treatments
The treatments consisted of direct planting of the crop on
bare land without conservation practice: Conventional
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Table 1. Meteorological data in the two seasons (standard deviations in parenthesis)

2012

2011

Year/
Month
May
Jun
Jul
Aug
Sep
Jun
Jul
Aug
Sep
Oct

Max
32.3
31.0
29.4
39.5
31.7
32.3
32.3
29.3
29.6
31.0

Air temperature
( oC)
Min
Mean
20.7
26.7 (2.8)
20.1
25.4 (2.5)
20.1
23.8 (1.9)
20.1
23.7 (2.9)
19.9
24.5 (2.2)
20.1
24.9 (2.4)
20.0
23.8 (1.8)
20.0
23.2 (1.6)
20.8
24.0 (1.8)
20.2
24.7 (2.6)

Relative humidity
(%)
Max
Min
Mean
95.2
43.5
79.8 (12.3)
94.5
28.2
82.7 (10.6)
94.9
55.4
84.5 (07.8)
95.2
55.3
86.3 (08.0)
95.3
52.2
62.2 (09.4)
95.1
51.0
83.6 (10.3)
98.0
51.0
86.9 (07.3)
95.1
51.0
87.4 (06.9)
95.4
59.9
87.1 (08.0)
95.6
52.3
54.4 (10.7)

Global solar radiation
(MJ/m-2/day-1)
Max
Mean
1077
172
1089
156
957
125
1058
117
1228
144
981
162
973
120
965
101
1003
117
1003
160

Rainfall
(mm)
Total
20
173
174
108
64
126
242
43
259
91

Max. = maximum; Min. = minimum

practice (NC), control and six water conservation practices
and these are (Figure 2):

Tied ridges (TR). The ridges 6 m long were
constructed manually with hand hoe used by the local
farmers in Ile-Ife. The ties were 0.6 m high and spaced at
intervals of 1.5 m along the row before planting. This was
done to eliminate surface runoff; The ties were reinforced
after weeding during the seasons.

Mulching (ML). Panicum maximum, 0.2 m thick
layer was spread on the ridges at 21.6 t ha-1 and covered
75% of the soil surface after the crop establishment.
Mulches were reinforced after weeding and applied three
times before the maturity;

Bund (BD). Side bunds 60 cm high and 30 cm thick
were constructed manually around the plot such that it
forms a microcathment, eliminate surface runoff and
concentrate the trapped rainfall within the root zone;
 Tied ridges plus mulch (TRML). A combination of TR
and ML;

Tied ridges plus bund (TRBD). A combination of TR
and BD;

Bund plus mulch (MLBD). A combination of BD and
ML;
Field layout, cultivation practice and measurement
The size of each plot was 6 m by 6 m and the treatments
were laid out in a randomized complete block design with
four replicates. The plots were separated by alleyways of
1m and 2 m width and ditches (0.3 m deep and 0.3 m wide)
to divert runoff from the adjacent fields. Four seeds of TGX
1448 2E were planted at 0.6 by 0.3 m (222,220 plants ha -1)
at depth of 4 cm on May 24 th, 2011and June 15th, 2012 and
thinned to one seedling after establishment (Steduto et al.,
2012). Mulches were applied to the selected plots. Insects
were controlled by using Magic ForceTM at 1.5 litre ha-1.
After maturity on September 18th, 2011 [117 DAP (day

after planting)] and October 13th, 2012 at 120 DAP, crops
within 13.4 m2 at the central rows of each plot in the four
replicates were harvested and threshed manually. The seed
yields per hectare were determined. The phenology used in
this study follows the procedures in Burton et al. (1997).
LAI and fIPAR
At average intervals of 10 days from 18 DAP and 28 DAP in
the first and second seasons respectively, ten samples of
the LAIs and PARs were measured in three replicates by
using AccuPAR LP 80 (Decagon Devices, Inc., WA, USA) near
noon. A total of 11 and 13 consecutive measurements LAIs
were made in 2011 and 2012 respectively. The fIPAR of the
measured data (Fi) was determined by using Eqn. 1:

fIPAR  1 PARbelow / PARabove 
where:
PARbelow
PARabove

(1)

= PAR below the canopy (µmol m-2 s-1)
= PAR above the canopy (µmol m-2 s-1)

The λ of the crop for each treatment was determined by
using Equation 2 with intercept set at zero because PAR above
is equal to the PARbelow when LAI = 0 and the slope of each
graph was taken as the seasonal λ (Narayanan et al., 2013;
Robertson et al., 2001; Farahani, 2009):

   ln (1  Fi ) / LAI

(2)

Dry above ground biomass (DAB)
At intervals of 2 weeks from 21 DAP in 2011 and 1 week
from 28 DAP in 2012, the biomass were taken from an area
of 0.716 m2 at random from the four replicates of each
treatment and oven dried at 70 oC for 24 hr. The DAB per
unit area was estimated. Total of 11 and 13 consecutive
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Table 2. Physico-chemical properties of the soil
Soil depth (cm)
Sand(%)
Clay (%)
Silt (%)
Texture class*
BD (g cm-3)
FC (m3 m-3)
PWP (m3 m-3)
TAW (m3 m-3)
OM (%)
Total N (%)
P (ppm)
Na+(c mol kg-1)
K+ (c mol kg-1)
Ca2+ (c mol kg-1)
Mg2+ (c mol kg-1)
Ph

00 - 20
75
15
10
Sandy loam
1.49
0.18
0.08
0.10
1.28
0.55
21
0.28
0.08
28.30
41.25
6.4

20 - 40
71
19
10
Sandy loam
1.56
0.27
0.13
0.10
0.74
0.55
26.35
0.25
0.08
31.15
45.35
6.25

40 - 60
59
21
20
Sandy clay loam
1.58
0.2
0.09
0.12
0.61
0.51
24.8
0.22
0.08
32.05
24.25
6.00

60 -80
57
30
13
Sandy clay loam
1.57
0.31
0.21
0.10
0.44
0.51
30.3
0.24
0.07
28.95
43
5.85

80 - 100
63
18
19
Sandy loam
1.62
0.29
0.19
0.10
0.34
0.54
34.65
0.25
0.08
28.75
31.10
5.40

B.D: Bulk density, FC: Field capacity; PWP: permanent wilting point; TAW: Total Available Water; OM: Organic matter; N: Nitrogen;
P: Phosphorus; Na+ sodium; K+: Potassium; Mg2+ Magnesium; Fe2+: Iron; Ph: Degree of acidity. *USDA Classification

Figure 2: Schematic diagram showing (a) tied ridge (b) tied ridge plus mulch, (c) tied
ridge plus soil bund (d) mulch (e) mulch plus soil bund (f) soil bund and (g) conventional
practice in the field experiment in 2011 and 2012.
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measurements of the DAB were made in 2011 and 2012
respectively. Harvest index (HI) was determined from the
ratio of the seed yield to the oven dried DAB.
RUE
The proportion of PARs in SR was 0.41. Daily IPARs (MJ m-2
day-1) were determined by using Equation 3:

IPAR  0.41 SR(1  exp( LAI 

(3)

Total IPAR (TIPAR) for the entire cropping season was
determined by accumulating daily IPARs. RUE was
determined by fitting a linear curve to the cumulative DAB
and IPAR, which is the most appropriate method according
to the comprehensive review of Sinclair and Muchow
(1999) and the slope was taken as the RUE of the crop
(Purcell, et al., 2002; Tesfaye et al., 2006; Narayanan et al.,
2013; Ceotto et al., 2013; Scordial et al., 2015).
Seed yield of a crop can be expressed as:
Y  IPAR fIPAR RUE  HI

(4)

Where:

Soil water storage (SWS)
Moisture sensors were installed at intervals of 10 cm from
0 - 60 cm in two replicates of each treatment after
calibration. SWS for the upper 30 cm depth, where more
than 90% of the active roots were located (Steduto et al.,
2012) were determined at: flowering (R1); pod initiation
(R3); seed filling (R6); maturity (R8) (Burton 1995) by
using Equation 5 (Ali, 2010; Xiaoli et al., 2012; Liu et al.,
2013):
n

(5)

SWS    Z i
i 1

Where:
seasonal soil water storage (mm)
soil moisture contents in the root zone i
soil depth or layer i (mm)
number of layers in the effective root zone

Actual crop evapotranspiration
The seasonal crop water use was determined by using the
soil water balance approach (Ali, 2010):

ETc  P  I  CR  RO  D   S

where:

=
daily precipitation (mm)
=
irrigation (mm)
=
capillary rise (mm)
=
deep percolation (mm)
=
runoff (mm)
=
layers of the root zone (mm)
z
Rainfall was adequate for the cultivation, so irrigation
was ignored. The capillary rise was ignored because the
water table was deeper than 60 m. Daily runoff channelled
towards a graduated drum was measured from ML and NC
by installing rigid metallic boxes 0.716 m2 in two replicates
(Araya et al., 2010). Runoff in other treatments was
considered negligible because the heights of the Soil bund
and ridges were 60 cm (Ali, 2010) and no case of bund or
ridge overflow was observed. Percolation below the root
zone was determined from the soil moisture contents
measured periodically while for deeper depths beyond 100
cm, it was assumed to be negligible (Ali, 2010). Change in
water storage (Δs) was determined from the difference
between moisture storage on all the sampling dates and
their respective preceding dates. The Equation 6 was
therefore reduced to:

ETc  P  RO  D  S

IPAR, fIPAR, RUE and HI are as previously defined.

SWS
=
θ
=
(m3/m3)
Zi
=
n
=

P
I
CR
DP
RO

(6)

(7)

Crop water productivity (kg ha-1 mm-1) for biomass was
determined by using Equation 8: Adeboye et al. (2015):
WPbiomass 

where:
B
=
ETc
=

B
ETc

(8)

DAB at harvest (kg ha-1);
seasonal crop water use (mm)

Water productivity (kg ha-1 mm-1) for seed was
determined by using:
Y
(9)
WPseed 
ETc
where:
Y
=
seed yield (t ha-1)
Statistical analysis
The extinction coefficients, yields, and HI estimated for all
the conservation practices and the conventional practice in
each year were compared by using the analysis of variance
(ANOVA) method to know if the variables were significantly
different for the practices and the t test was performed on
the level of significant difference in the two seasons. Where
significant difference was found, separation of treatment
means was carried out by using the Duncan Multiple Range
Test. p = 0.05 was used as the critical limit for
distinguishing the degree of variance between means. SWS
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180
TR
ML
BD
TRML
TRBD
MLBD
NC

Soil water storage (mm)

160
140
120
100
80
60
40
26 (ES)

38 (FL)

61 (PI)

97 (SF)

117 (MT)

2011

28 (ES)

43 (FL)

58 (PI)

98 (SF)

119 (MT)

2012

Figure 3: Soil water storage on days after planting during ES: establishment (VE – V2); FL: Flowering (R1 – R2); PI:
Pod initiation (R3 – R4); SF: Seed filling (R5 – R6); MT: Maturity (R7 – R8). Each bar represents average soil water
storage from two replicates

was regressed against the λ, LAI against fIPAR, DAB against
TIPAR and RUE, and WPbiomass against IPAR by using the
procedures in Sigma Plot 12.5.
RESULTS AND DISCUSSION
SWS
At the vegetative stage, 26 DAP in 2011, SWS for TRML was
101±7 mm and is significantly higher than those of TR and
ML (Figure 3). TRML, TR and ML did not produce
significant difference in the SWS until maturity. SWS for
TRML was 25, 24 and 16% greater than those of NC, ML and
BD respectively at the initial stage in June. The SWS
reduced from 101±7.07 mm to 95.0±4.24 mm during seed
filling in August. This was due to the August break (short
period of drought) in the study area. During seed filling (97
DAP), SWS for TRBD was higher than those of BD, TR and
NC by 21, 17.4 and 20.4% respectively, but there was no
significant difference (p > 0.05) in the SWS among the
treatments. In 2012, there was no significant difference in
SWS (28 DAP) except for the BD that had the highest SWS of
127±5 mm and was higher than those of MLBD, ML and NC
by 12.6, 9.45 and 8.66% respectively. ML had the highest
SWS of 151±12 mm during the seed filling (98 DAP) and
greater than SWS for NC, MLBD and TR by 19, 24 and 26%
respectively, despite the August break in 2012. Seasonal
SWS were in the order of NC < BD < MLBD < ML < TR <

TRBD < TRML in 2011 while in 2012, it was in the order of
TR < TRML < MLBD < NC < BD < ML < TRBD. In 2012, the
seasonal SWS for BD, ML and TRBD were 0.53, 1.92 and
2.77% respectively higher than that of NC. Due to higher
rainfall in 2012, the seasonal SWSs were higher in all the
treatments than those of 2011. TRBD had the highest
seasonal SWS of 578 mm in 2012 while in 2011 it was 476
mm for TRML.
Leaf extinction coefficient (λ)
Average seasonal λ was 0.46 in 2011, while in 2012 it was
0.51 (Figure 4). The means of λ in the two years were not
significantly different (p > 0.05). TRML with the highest
seasonal SWS of 476 mm in 2011 had least λ of 0.40. In
2012, TRBD with the highest SWS had λ of 0.50. Across the
years, SWS accounts for 43% of the variability in the λ (r2 =
0.43, p > 0.05) The λ in the growing seasons indicated that
the crop was not affected by SWS. Higher LAIs under water
conservation practices resulted from lower λ. Therefore
lower λ when combined with higher LAI is a virtue in the
current cultivar. Therefore, it can be presumed that the
canopy is more erect under field conditions and water
conservation practices thereby causing the incoming
radiation to be evenly distributed through the canopy (Mavi
and Tupper, 2004; Hammer et al., 2009). This reduces the
light intensity, which is intercepted by each plant and
ensures more even and uniform distribution and efficient
light conversion. Seasonal λ are available for Soybeans in
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Figure 4: Relationships between natural log of the IPARs and LAIs in the two seasons. The slopes of the
regression lines are the extinction coefficients.

literature but none is reported for the crop under water
conservation practices. The λ obtained in the study
compares well with those found in literature: 0.45 (Kiniry
et al., 1992), 0.43 (Flenet et al., 1996). Therefore, higher
LAIs, which resulted into higher fIPARs where water was
conserved is attributed to higher SWS. Compared with NC,

the fIPAR was significantly
conservation practices.

higher

under

water

FIPAR and LAI
The fIPARs at the early stage in the two seasons were
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Figure 5: Leaf area indices and fIPAR in 2011 and 2012 seasons. Each dot represents the mean of leaf area
indices from two replicates

similar (Figure 5). Mulches and Soil bund did not have
significant effects on the fIPARs at the initial stage, because
the fIPARs were nearly the same compared with NC. During
flowering in 2011 the MLBD had the peak fIPAR, while in
2012 ML had the peak fIPAR. This is attributed to the
higher LAI for MLBD in both seasons. Highest fIPAR was
recorded during the seed filling (R6) in both seasons, for
TRBD fIPARs were 0.91 (DOY 241) in 2011 and 0.95 for
MLBD (DOY 241) in 2012. At 96 DAP (R6) in 2011, fIPAR
(DOY 241) for TRBD was 12.2% higher than those of ML
and NC; 13.3% higher than TR and 3.3% higher than BD.
However, in 2012, peak fIPAR of TRML and MLBD was
8.42% higher than of TRBD but 7.3% higher than of NC and
BD. The fIPAR of the crop at this stage could have been
reduced if there was significant water stress and this could
lead to reduction in the yield components (Sinclair, 2000).
Average fIPAR reduced to 0.54 (DOY 261) and 0.35 (DOY

287) in 2011 and 2012 respectively at maturity. Reduction
in the fIPARs after seed maturity is attributed to
senescence. There were positive and significant
correlations between fIPARs and the LAIs (0.70 ≤ R2 ≤ 0.99;
p < 0.05) in 2011 and (0.93 ≤ R2 ≥ 0.99) 2012 respectively.
LAIs account for between 70 to 99% of the variation in
fIPARs. Strong correlation in this study is similar to those
found in giant reeds and sweet Sorghum (Ceotto et al.,
2013). Higher air temperatures in 2011 caused the curling
of the leaves and reduction in LAIs, which resulted in lower
fIPAR compared with the same LAIs in 2012.
Biomass accumulation and TIPAR
In the two seasons, the trend in the DAB accumulation was
similar. DAB for BD was 57% higher than TRML, TRBD and
TR but 43% higher than that of ML in 2011. The DAB for BD
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was 25% higher than ML and NC, but 37.5% higher than
TRBD and TRML in 2012. The peak DAB for TRBD in 2011
(102 DAP) was 67 and 66.1% higher than the DAB for NC
and MLBD respectively. However, it was higher than those
of BD and TR by 46.8%. Similarly, in 2012, 105 DAP peak
for BD was 34.2 and 36.9% higher than that of NC and
TRML respectively but 50.6% higher than that of TRBD. The
t-test shows that the seasonal average DAB at harvest in
2011 was significantly higher than that of 2012. Water
conservation practices produced higher DAB compared
with the conventional practice as expected. Across the
years, SWS (Figure 1) and DAB at harvest (Table 3) were
significantly correlated (R2 = 0.79, p < 0.05). TIPARs were
lower in 2011 compared with 2012 (Table 3). TIPARs and
DABs at harvest across the seasons are significantly related
when using a linear model, (r2 = 0.76, p < 0.05) and that
76% of the variability in DAB can be explained by TIPAR.
Similar high correlations were observed for mustard
cultivar (Pradhan et al., 2014; Saha et al., 2012) for Pigeon
pea; Soybean and Maize (Singer at al., 2011). This means
that increase in IPAR is a key driving force for biomass
accumulation (Singer et al., 2011).
RUE
There were strong linear relationships between the daily
IPARs and DAB, 0.83 ≤ R2 ≤ 0.95 (2011) and 0.81 ≤ R2 ≤
0.96 (2012). RUE for TRBD, with seasonal SWS of 455 mm
in 2011, was 5.4, 7.2, 24.3, 30.6 and 51.4% higher than
RUEs for TRML, ML, BD, NC and TR respectively (Table 3).
However, in 2012 RUE for BD, with seasonal SWS of 589
mm, was 1.5, 6.1, 12.1, 16.7, 26.5 and 26.5% higher than
RUEs of MLBD, ML, NC, TRML, TR and TRBD respectively.
Pooled over the seasons there was no significant
correlation between seasonal SWS and RUE, r2 = 0.06 and p
= 0.40. For every increment of 20 mm in the SWS, RUE
increased by only 0.02 g MJ-1 IPAR. The mean RUEs in the
two seasons were not significantly different (p > 0.05)
despite higher TIPARs in 2012. This finding confirms the
conservative nature of RUE for a particular environment
and specie. Variability in RUEs in this study supports the
argument of Arkebauer et al. (1994) that the RUE of a single
specie or cultivar cannot be expected to be the same in the
face of changes in environmental conditions. A polynomial
model fitted to RUE and DAB at harvest shows that they
were not significantly correlated across the years (r2 = 0.43,
p = 0.12) and that 43% of the variability in DAB at harvest
was due to IPAR.

over the seasons RUEs and seed yields were not
significantly correlated when using a linear model (r 2 =
0.07, p = 0.36). For every increment of 0.5 g MJ-1 IPAR in
RUE the seed yield increased by 0.29 t ha-1. High and
significant correlation between the seed yield and TIPAR
further supports the validity, robustness and generality of
the correlation between IPAR and crop growth. The average
seed yields of 1.60 t ha-1 for NC and 2.87 t ha-1 for MLBD in
both seasons compare well with 2.7 t ha-1 (Bhatia et al.,
2008) and 1.7 to 2.3 t ha-1 (Tefera, 2011). It was higher than
2.49 t ha-1 (Adeniyan and Ayoola, 2006) and far above the
1.5 t ha-1 (Akande et al., 2007).
WPbiomass and IPAR
Average seasonal WPbiomass was 6.19 kg ha-1 mm-1 when a
linear regression was fitted to the DAB and ET c in the two
seasons. The mean of the WPbiomass for the two seasons were
not significantly different (p = 0.08). These findings are
similar to the results of (Steduto at al., 2007) which show
that WPbiomass is approximately constant for a single
environment and increases with atmospheric humidity.
Across the seasons WPbiomass and TIPAR were weak but
significantly related (r2 = 0.34, p = 0.03). An increment of 10
MJ m-2 in the TIPAR increased seasonal WPbiomass by 0.21 kg
ha-1 mm-1.
WPseed, IPAR and RUE
In the first season WPseed for MLBD, TRBD, BD, TRML and
ML was 36.7, 30.3, 23.9, 18.6 and 6.99% higher than the
WPseed for NC (Table 4). WPseed for MLBD was significantly
higher (p < 0.05) than those for TR and NC. WPseed for
MLBD, BD, TR, ML, TRML and TRBD was 49.0, 42.5, 34.8,
24.8 and 12.2% respectively higher than that of NC in the
second season. WPseed for MLBD in the second season was
significantly higher (p < 0.05) than that of NC. Pooled over
the years WPseed and TIPAR were strongly correlated when
using a polynomial model (r2 = 0.71, p = 0.01) and
accounted for 71% of the variance in WP seed with respect to
TIPAR. Every increment of 10 MJ m-2 of IPAR increased
WPseed by 0.10 kg ha-1mm-1.The polynomial model fitted to
the pooled data of the WPseed and RUEs showed no
significant correlation (r2 = 0.34; p = 0.1). WPseed in this
study falls within the range of 1.37 to 7.88 kg ha -1 mm-1 for
Soybean under rainfed conditions (Das, 2003) and was
higher than mean productivity of 1.27 to 1.28 kg ha-1 mm-1
for Soybeans (Obalum, et al., 1997).

Seed yield, IPAR and RUE

HI, IPAR and RUE

TIPARs and seed yields (Table 3) in the two seasons are
significantly related when using a polynomial model, (r 2 =
0.61, p = 0.02). For every increment of 1 MJ m -2 in the IPAR,
the seed yield increased by 0.01 t ha-1. However, pooled

HI was fairly uniform among other treatments where water
was conserved (Table 4). In 2012 the HIs were fairly
uniform among all the treatments. Pooled over the years
HIs and TIPARs were not significantly correlated (r2 = 0.35,
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p = 0.09).
DISCUSSION
Variability in the SWSs, yield, ETc and WP during the
growing season can be attributed to water conservation
practices and environmental conditions. Side bund was
efficient in trapping rainfall compared with NC and hence
higher SWSs. Trapping of water within the root zone
benefited the crop and BD, ML or TR were efficient in
conserving soil water and resulted in higher HIs.
Significantly low rainfall during this period in 2011 led to
early leaf senescence and shortness in the period of seed
filling, despite of the fewness of the day and consequently
reduction in the yields. This is similar to the finding of
Adeboye et. al. (2015) and Brevedan and Egli (2003) that a
relatively short period of stress could lead to a
disproportionate reduction in yields of Soybean. The higher
maximum air temperature of 39.5 oC in 2011 compared
with 31.1 oC in 2012 (Table 1) resulted to reduction in the
duration of the seed filling stage (R5 to R8). Seed filling in
the two seasons differed by five days, and this caused
reduction in the yields in 2011 compared with those of
2012.
Low RUEs after R7 were due to the reduction in the
photosynthetic capacity of the leafs during maturity and
this was similar to other studies (Sincalir and Muchow,
1999).The average seasonal RUEs for BD and TRBD differed
from those of NC by 0.03 and 0.23 g MJ-1 of IPAR
respectively. However, the RUEs for other treatments
where soil water was conserved were lower than those of
NC in 2011. In 2012, the seasonal RUEs of only ML were
higher than of NC by 0.03 g MJ-1 of IPARs, while those of
other treatments were lower. It indicates that there were
variations in the RUEs of a single cultivar of Soybean,
although not significant under water conservation
practices. This finding further supports the recent
suggestions that the assumption of a constant RUE within a
specie or cultivar, except when there is severe water stress,
may be incorrect (Bonhomme, 2000). The differences in the
RUEs among the treatments were due to differences in their
LAIs, IPAR and accumulated biomasses. RUEs were within
the typical range of C3 crops. The average RUEs (Table 2) in
this study compare well with 1.14 g MJ-1 IPAR (Ebadi et al.,
2014).
The small differences in the average seasonal RUEs could
result from the differences in the observed meteorological
conditions. For instance, 2011 was warmer than 2012. The
difference in seasonal maximum air temperatures in the
two seasons was only 1.9 oC and not high enough to
significantly affect RUEs of the crop when compared to the
large variation observed in air temperature (19.9 to 39.5
oC) during the cropping seasons. Although the air
temperatures during the reproductive stage were higher in
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2011 than 2012, this variation could result in the
differences in the RUEs in the two seasons. Vapour pressure
deficit (VPD) is a good indicator of the evaporative capacity
of the air and a measure of the atmospheric drought by
plants including Soybeans (Allen et al., 1998; Fletcher and
Sinclair, 2007; Sadok and Sinclair, 2009a; Sadok and
Sinclair, 2009b). VPD was not very different in the two
seasons, despite the differences in seasonal rainfall and air
temperatures. The mean VPD during the growing seasons
in 2011 and 2012 were 0.64 and 0.62 KPa respectively and
the difference of 0.02 KPa was too low to significantly affect
RUEs. These findings support the argument of Arkebauer et
al. (1994), that RUE cannot be expected to be constant, even
within a single specie or genotype, in the face of changes in
other environmental variables.
It has been observed that diffuse radiation affects RUE of
Soybean (Sinclair et al., 1992). Increase in fraction of diffuse
radiation causes increase in accumulation of DAB because
of the contribution of the shaded leaves, which are more
photosynthetically active than those exposed to direct
sunlight and thereby contribute to increase in RUEs. Low
TIPARs in 2011 explain why the average seasonal RUE was
higher compared with that of 2012. An increment of 6 to
33% in RUE had been attributed to the diffuse components
of incident solar radiation (Alton et al., 2007). During the
growing seasons the degree of cloudiness was very high
(visual observations). Cloudiness of the air makes a greater
proportion of the incident radiation that reaches the
ground surface as diffuse radiation, which probably
contributed to the difference observed in the RUE in this
study. Lack of measured data on the field or record of
diffuse radiation could not be used to substantiate the claim
that the variability is responsible for the disparity in RUEs.
Low rainfall during the reproductive stage in the first
season reduced DAB and LAIs compared to the second
season. This is a drought tolerance mechanism developed
by the crop for conserving water. The closure of stomata in
such a period of drought causes reduction in CO2 fixation
and consequently reduces the rate at which the IPAR was
utilised in 2011. Water conservation practices, can serve as
a measure to maintain uninterrupted accumulation of
biomass and seed during short or prolonged period of
drought.
Increasing any of the variables in Equation 5 will increase
the seed yield. Assuming RUE is conservative as obtained in
the current study and HI does not change substantially then
the seed yield is directly related to IPAR and fIPAR, which
depends on environmental conditions. Any condition
imposed on the crop to increase its LAI will also increase
fIPAR. The TIPAR will also increase due to increment in the
canopy size and therefore increases the seed yield. This is
true in the current study, because there was significant
correlation between seed yield and TIPAR. Based on this
the crop should be cultivated when both rainfall and solar
radiation are optimum in order to maximize land and water

Int. J. Agric. Pol. Res.

213

productivity. Despite the environmental conditions the
average seasonal seed yield only increased by 7%.
In summary, reduction in the seed yields, even where
water was conserved especially in 2011, was due to
reduction in the IPAR, than in the RUE and SWS. This is
evident from the good correlation between seed yield and
TIPAR (r2 = 0.61; p = 0.02) than in the seed yields and RUE
(r2 = 0.07; p = 0.36); seed yield and SWS (r2 = 0.02; p = 0.42)
and seed yield with ETc (r2 = 0.26; p = 0.36) across the
years. Increasing HI is another way of increasing yields
under rainfed conditions (Equation 10). The period and
duration of the drought determine the effects on HI. Low
increase in the seed yields over the years without much
increase in the HI was due to higher correlation between
ETc and HI (r2 = 0.38; p = 0.18) rather than WPseed and HI (r2
= 0.30; p = 0.30). Low correlation between ETc and seed
yields over the seasons in this study clearly indicates that
relative decrease in the seed yields is proportionately lower
than relative decrease in the ETc.
Higher DABs under water conservation practices were
due to higher SWS. This is evident from the high correlation
between SWS and DAB at harvest (r2 = 0.79; p = 0.0001).
Conservation of water results in higher HIs because
moisture was available in the root zone during the sensitive
seed filling where water stress could cause yield loss. The
observed differences in the average seasonal DAB at
harvest resulted from the variations in the environmental
conditions, TIPARs and in LAIs. The fIPARs in the growth
stages in 2011 were lower compared to those of 2012.
Therefore, the reduction in DAB in 2011 resulted from
lower TIPARs, not from reduction in the RUE. This is clear
from the good and higher correlation between DAB at
harvest and TIPAR (r2 = 0.76; p = 0.0001) than dry DAB at
harvest and RUE (r2 = 0.43; p = 0.12) across the years.
Seasonal crop water use ranged from 308 mm for
conventional practice to 589 mm for soil bund, while TIPAR
ranged from 186 g MJ-1 PAR to 284 g MJ-1 PAR for MLBD in
the two seasons.
Moisture availability in the root zone plays a prominent
role in foliage development, growth and productivity of
crops. Practices that increase soil water infiltration, such as
ML, BD, TR reduce soil water evaporation and increase
canopy cover could prevent premature senescence and
reduction in yield that are associated with fluctuations in
rainfall (Alton et al., 2007). Hence this study reveals that
SWS in the root zone does not affect RUE in Soybeans. It
increases the seed yield, biomass and water productivity of
the crop.
Conclusion
Leaf area index, biomass, extinction coefficient, and
radiation use efficiency of Soybean were measured for two
seasons under conventional and water conservation
practices. Water conservation practices did not have

significant effect on the average seasonal extinction
coefficients of Soybean which ranged from 0.46 for Tied
ridge plus mulch to 0.52 for mulch. The leaf area indices
and fraction of intercepted photosynthetically active
radiation of the cultivar reached the peak during seed filling
in the two seasons. Water conservation practices
significantly increased soil water storage and leaf area
index. Seasonal intercepted photosynthetically active
radiation and soil water storage are more strongly
correlated to dry aboveground biomass at harvest than
radiation use efficiency. Soil bund and Mulch had higher
cumulative dry aboveground biomass compared with the
conventional practice. Accumulation of biomass is an
important factor that determines yields in plants. Water
conservation practice is promising in increasing the seed
yields and other yield components of Soybean, especially
when there are short or long fluctuations in rainfall. The
highest seed yield and water productivity were 2.87 t ha -1
for mulch and 6.88 kg ha-1 mm-1for soil bund respectively.
Water productivity for seed formation increased with
intercepted photosynthetically active radiation. Average
seasonal harvest indices ranged from 50.8% for the
conventional practice to 57.8% for Tied ridge plus Soil
bund.
Seasonal average radiation use efficiency ranged from
1.32 for Tied ridge to 1.92 g MJ-1 of intercepted
photosynthetically active radiation for Soil bund and
conventional practice. Radiation use efficiency and seasonal
extinction coefficient are conservative for Soybeans. There
was very weak correlation between seasonal soil water
storage under water conservation practices and radiation
use efficiencies. Variations in the radiation use efficiencies
among the treatments were due to variability in
accumulated biomass and intercepted photosynthetically
active radiation. Water conservation practices should be
encouraged among the peasant farmers in Nigeria who are
the predominant growers of the crop. This will serve as a
coping strategy under the severe influence of climate
change in Nigeria. Further experimental trials on other
varieties of the crop needs to be taken in all agro-ecological
zones in Nigeria.
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