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Background
Under field conditions, the development of crops depends on capacity of the canopy to 
intercept incident radiation and convert it into new biomass (Gifford et al. 1984). The 
amount of incident radiation intercepted depends on the leaf area index (LAI) and can-
opy orientation in space. The fraction of the incident photosynthetically active radiation 
(IPAR) that is absorbed by a canopy depends on the LAI and the arrangement of the 
leaves of the crop (Plenet et al. 2000). When there is no environmentally induced stress 
from water or air temperature, inadequate nutrition, pests and diseases the quantity 
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of biomass produced by a growing crop is correlated to the amount of solar radiation 
(SR) or photosynthetically active radiation (PAR) intercepted by the green leaf area (LA) 
of a crop during its growth cycle (Monteith 1977). The slope of the linear relationship 
between biomass and total intercepted PAR or absorbed SR is taken as radiation use effi-
ciency (RUE) of a crop (Monteith 1977; Ceotto and Castelli 2002). Simple models, which 
are used to simulate the growth of crops are derived from this linear relationship. For 
instance, seed yield is expressed as a function of the fraction of incident photosyntheti-
cally active radiation (fIPAR), harvest index (HI) and RUE (Monteith 1977; Turner et al. 
2001; Saha et al. 2012).

There is variability in the fraction of intercepted radiation by plants along the growth 
cycle (Sivakumar and Virmani 1984) that depends largely on the green LA and extinc-
tion coefficient (λ), which is a measure of the light profile in a canopy (Campbell and 
Norman 1998). It has been reported that λs of leguminous crops vary and are influenced 
by environmental and genetic factors. Environmental conditions such as air temperature 
and water stress modify leaf angle of inclination, spatial distributions (plant spacing and 
density) and optical properties which may occur from differences in content of Nitrogen 
(Jeuffroy and Ney 1997).

RUE is a basic parameter used in analyzing crop growth based on resource capture 
and use efficiency (Stockle and Kemanian 2009). It is used to evaluate the relative per-
formance of crops under different locations and management practices (Monteith 1977; 
Sinclair and Muchow 1999). Reduction in RUE has commonly been observed during 
pod-filling in all species (Muchow 1985). In addition to the reduction of RUE, water 
stress also affects foliage expansion and eventually radiation capture (Jamieson et  al. 
1995; Stone et al. 2001; Inman-Bamber 2004). Reduction in RUE due to water stress was 
recorded for grain legumes for instance soybeans (Muchow 1985); Faba bean (Green 
et al. 1985), chickpea (Singh and Sri Rama 1989), sorghum (Rinaldi and Garofalo 2011) 
and winter wheat (Li et al. 2008). Data on productivity and resource use efficiency of soy-
beans during dry seasons are very scarce. Therefore, it is necessary to conduct research 
and find out whether the reduction in the λ and RUE of soybean is due to genetic char-
acteristics or water stress under drip irrigation conditions.

Soybean (Glycine max L. Merr.) is cultivated in almost all areas of Nigeria with low 
agricultural inputs during rainy seasons. The production of the crop in Nigeria has 
expanded because of its economic importance. The expansion of the poultry sector in 
the recent years has also increased demand for soybean meals in Nigeria. However, it 
is occasionally planted during the dry seasons because of high cost of irrigation facili-
ties and possibility of low productivity. With the trend of fluctuations in rainfall over the 
years, potential farmers may shift the cultivation to dry seasons under drip or sprinkler 
irrigation systems. As the farmers are getting more awareness about the crop, the pro-
duction of the crop will increase in the nearest future and this will necessitate cultivation 
during dry seasons.

Therefore, this research was carried out in order to study the effects of water stress 
using drip irrigation during the reproductive stages on the development of canopy in 
terms of LAI and fIPAR, total incident photosynthetically active radiation (IPAR) and 
model the relationship between intercepted PAR and RUE, LAI and seed yield of soy-
beans in Ile-Ife, Nigeria.
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Materials and experimental methods
Study area

The experiment was conducted at the Teaching and Research Farms of Obafemi 
Awolowo University, Ile-Ife, Nigeria located at latitude 7°28′0″N and longitude 4°34′0″E, 
271 m above the mean sea level during dry seasons of 2013 and 2013/2014. At intervals 
of 10  min, air temperature and relative humidity were logged using VISALA HMP45 
while wind speed was measured using ultrasonic anemometer (Campbell Scientific, USA) 
located at 300 m away from the experimental field. Global radiation was measured using 
pyranometers (Apogee Instruments, USA). The average seasonal maximum and mini-
mum air temperature, relative humidity and mean global SR for the 2013 and 2013/2014 
irrigation seasons are shown in Table 1. The first season was warmer than the second sea-
son. The seasonal effective rainfall in these irrigation seasons was 261 and 50 mm, and the 
average seasonal reference evapotranspiration was 4.92 and 3.1 mm day−1.

Experimental design

The treatments were:

  • TT1111 Irrigation was maintained weekly without stopping at any of the reproductive 
growth stage: flowering (R1 and R2 growth stages), pod initiation (R3 and R4 growth 
stages), seed filling (R5 and R6 growth stages) and maturity stage (R7 and R8 stages) 
(FI treatment);

  • TT0111 Irrigation was skipped every other week during flowering;
  • TT1011 Irrigation was skipped every other week during pod initiation;
  • TT1101 Irrigation was skipped every other week during seed filling;
  • TT1110 Irrigation was skipped every other week during maturity.

The treatments were laid out in a randomized complete block design with triplicates.

Field layout, cultivation and measurement in the dry seasons

The experimental field was harrowed at the commencement of the fieldwork in both 
seasons and the stumps were removed manually. Stubborn, annual and perennial 

Table 1 Meteorological data measured near experimental fields in the irrigation seasons

The minimum global solar radiation in each day was zero. It was not written to avoid repetition

Year/month Temperature (°C) Relative humidity (%) Global solar radia-
tion (W m−2)

Rainfall (mm)

Max Min Mean ± SD Max Min Mean ± SD Max Mean ± SD Total ± SD

2013

 Feb 41.0 18.0 27.5 ± 3.7 94.3 10.1 66.0 ± 18.6 904 161 ± 234 55.3 ± 2.0

 Mar 34.5 21.3 27.2 ± 3.4 94.4 42.4 76.4 ± 14.0 810 128 ± 219 32.3 ± 1.1

 Apr 34.8 21.7 25.8 ± 3.7 94.5 40.4 78.5 ± 13.7 1003 190 ± 266 44.9 ± 1.5

 May 37.0 20.8 26.1 ± 2.7 95.6 15.6 81.5 ± 12.9 985 181 ± 245 129 ± 4.2

2013/2014

 Nov 33.5 20.5 26.3 ± 2.8 100 37.9 87.2 ± 22.3 959 180 ± 265 –

 Dec 33.1 16.7 25.9 ± 3.3 100 20.3 78.6 ± 23.5 837 179 ± 250 50 ± 1.7

 Jan 35.4 18.1 26.4 ± 3.2 100 15.1 81.3 ± 25.2 841 152 ± 219 –

 Feb 36.3 19.7 27.5 ± 3.7 100 13.5 68.8 ± 25.4 798 166 ± 229 –
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grasses and spear grass were controlled by applying Force upTM, Isopropylamine salt 
at 3 L ha−1. Pre-wetting was done to a depth of 20 mm in order to soften the soil and 
initiate germination of the seed. An indeterminate variety “TGX 1448 2E”, was planted 
on the 2nd February (DOY 33) (day of the year) in 2013 (first season) and 8th Novem-
ber 2013 (DOY 312), second season. The year 2012 was a wet year in the study area and 
much rainfall was recorded at the end of the year and early parts of 2013. In the first 
season, delay in the procurement of irrigation equipment coupled with logistic chal-
lenges was also responsible for the commencement of the experiment in the stated time. 
Three seeds were sown 4 cm below the soil surface. The plant spacing was 0.6 by 0.3 m, 
which produced 55,556 plants ha−1. Each plot occupied 12 m2. An alleyway of 1 m was 
used in separating the plots from one another to allow for easy movement. The area of 
the experimental field was 19 by 15  m (285  m2). After planting, soil insects, defoliat-
ing beetles and aphids were observed in the field and controlled by using Magic Force™ 
(Lambda-Cyhalothrin 15 g L−1 + Dimethoate 300 g LEC−1), Jubaili Agro Chemicals, Jer-
icho, Ibadan Nigeria at 1.5 L ha−1 at intervals of 2 weeks. After physiological maturity of 
the crop on 25th May, 2013 (DOY 145) in 112 DAP (days after planting) and 25th Febru-
ary, 2014 (DOY 56), 110 DAP an area of 5.37 m2 (central rows) was harvested from each 
plot and the seed yields per ha were estimated. HI was determined using the Eq. 1:

where, Y = seed yield (t ha−1), DAB = dry aboveground biomass (t ha−1).

Water application and design of drip irrigation system

The daily crop water use was estimated using the Penman–Monteith approach described 
in Allen et al. (1998). The length of each stage was taken from the records taken during 
experiments conducted on soybean in the rainy seasons of 2011 and 2012 in the same 
area. The estimated peak evapotranspiration during the initial, and development stages 
was 1.13 and 6.53 mm day−1 respectively while at mid and late stages, it was 6.69 and 
3.83 mm day−1 respectively. A pressure compensating inline-drip line (Dripworks, Inc., 
190 CA, USA) whose capacity was 2.2 l h−1, pressure of 1 bar was used to apply water to 
the crop during the growing seasons. The length of each lateral was 5 m and contained 
17 point in-line emitters, which were pre-spaced at intervals of 0.3 m. The pressure com-
pensating mechanism ensures even distribution of pressure along the laterals even in 
hilly and undulating areas (Michael 2008). At the commencement of the experiments, 
the coefficient of variation of the discharges from the emitters was 0.03 which was 
described as excellent for a point source emitter (Michael 2008). The statistical uniform-
ity indicator Us, a measure of the uniformity achieved by each emitters was 95 %. The 
emission uniformity of the drip system was 90.7 % according to the equation in Keller 
and Bliesner (1990). Volume of water required per plant per day at the initial stage was 
determined from the ratio of the product of peak evapotranspiration (1.13 mm day−1) 
and wetted area of each plant to the emission uniformity. The initial stage was expected 
to last for 25 days under the conditions in Ile-Ife and the estimated total volume of water 
to be supplied per plant was 1.50 L. The estimated field water requirement at initial stage 
was 1530 L. The daily water requirements during the mid (40 days) and late (18 days) 

(1)HI =
Y

DAB
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seasons were 6.69 and 3.83 mm day−1 respectively. Using the same procedure, the esti-
mated daily water needs per plant during these stages were 0.36 and 0.21 L respectively. 
Similarly, the amount of water budgeted for the entire experimental fields during these 
periods were 14,700 and 3860 L respectively. At the initial stage, the readily accessible 
soil moisture was 5.5  mm. Irrigation frequency was determined from the ratio of the 
readily available moisture to the peak water use of 1.13 mm day−1 and this gave an aver-
age of 5 days. From the calibrated flow rate of the emitter and wetted area of the plant, 
adding 5.5 mm of water per irrigation would take 0.2 h. Details can be found in Adeboye 
et al. (2015).

Measurement of soil moisture

During the irrigation seasons, soil samples were collected from replicates in each treat-
ment at intervals of 10 cm from 0 to 60 cm-surface and the moisture content was deter-
mined using the gravimetric method. Wet soil samples were collected using a 53 mm 
diameter steel core sampler at 7:00 a.m. during each measurement (Ali 2010). The sam-
ples were weighed immediately in the field, kept in sealed polythene bags before trans-
port to the laboratory. The samples were oven-dried at 105 °C for about 48 h until the 
weight was constant. Measurement of the soil moisture content was done prior to irri-
gation in order to determine the root zone depletion and net water requirements. The 
volumetric water content was determined by multiplying soil moisture measurement (%) 
by bulk density of each layer. The volumetric soil moisture was converted to linear depth 
(mm) of water by multiplying it with the depth of each layer. There was rainfall in a few 
days during the fieldwork and this was built into the irrigation schedule by adding the 
effective rainfall to the plant available water and computing the number of days it would 
take the plant to use it.

For each treatment, irrigation water was applied equally (same amount and fre-
quency) until the commencement of flowering when skipping of irrigation began in the 
selected treatments. Irrigation was done when 50 % of the total available water had been 
depleted. The soil within the root zone was filled up to field capacity during irrigation. 
The total available water was 110 mm m−1. The irrigation requirement of the crop was 
determined using Eq. 2 (Ali 2010):

where, d = net amount of irrigation applied (mm), R = rainfall (mm), Mfci = field capac-
ity in the ith soil layer (m3 m−3), Mbi = moisture content prior to irrigation in the ith soil 
layer (m3 m−3), Ai = bulk density soil in the ith soil layer (g cm−3), Di = soil depth within 
the root zone (mm), n = number of soil layers within the root zone.

Irrigation frequency at each stage was determined from the ratio of the net water 
requirement to the peak water use (mm day−1). The area irrigated by each dripper was 
determined from the ratio of the product of plant spacing and percentage of the cropped 
area irrigated to the number of the drippers at each emission. Only 30 % of the cropped 
area was irrigated.

(2)d = R−

n∑

i=1

(Mfci −Mbi)

100
× Ai × Di
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Measurement of LAI and fIPAR

At average intervals of 7 days from 14 DAP in both irrigation seasons, the green LAI, 
above and below PARs were measured at 400–700 nm using AccuPAR LP 80 (Decagon 
Devices, Inc., WA, USA) until maturity of the seeds. Measurements were extended to 
the maturity stage where green leaves were present. Ten samples of the below and above 
PARs were taken from triplicates of each treatment by placing the probe (line sensor) 
perpendicularly to the rows above and below the plant canopy. Total of 14 consecutive 
measurements of LAIs were made in both irrigation seasons. The fIPAR (Fi) was deter-
mined using the ratio of the PARbelow to the PARabove as:

Average seasonal λ was determined from the LAI and their corresponding fIPAR with 
intercept set at zero because LAI =  0 when PARabove =  PARbelow (Tesfaye et  al. 2006; 
Farahani et al. 2009) using the equation:

The slope of each regression line was taken as the seasonal λ for each treatment (least 
square regression). The daily LAI for each treatment was determined by interpolation of 
the measured values. Using the daily LAI and the mean seasonal λ, the actual fIPAR was 
computed using Eq. 5 (Ritchie et al. 1985; Farahani et al. 2009; Narayanan et al. 2013):

Dry above ground biomass (DAB)

At intervals of 7 days from 14 DAP in both irrigation seasons, the above ground biomass 
was taken from an area of 0.179 m2 at random from the plot and replicates of each treat-
ment and edge effects were avoided. The harvested biomass was oven dried at 70 °C for 
24 h until constant weight (Farahani et al. 2009; Li et al. 2011). The DAB per unit area in 
each treatment was estimated. Total of 14 consecutive weekly measurements of the DAB 
were made in both irrigation seasons.

Determination of RUE

The relationship between PAR and SR was determined after continuous measurement 
of SR and PAR. Daily IPAR (MJ  m−2  day−1) from SR was determined using the Eq.  6 
(Campbell and Norman 1998; Narayanan et al. 2013):

where, fe = proportion of PAR in SR (0.41).
Cumulative incident photosynthetically active radiation (TIPAR) was determined by 

summing the daily IPARs. RUE was determined by fitting a linear curve to the cumula-
tive DAB and TIPAR the days the measurements of the DAB and PAR were made (Pur-
cell et al. 2002; Tesfaye et al. 2006; Narayanan et al. 2013; Ceotto et al. 2013). The slope of 
the regression line was taken as the RUE.

(3)Fi = 1− (PARbelow/PARabove)

(4)� = − ln (1− Fi)/LAI

(5)fIPAR = 1− exp(−�× LAI)

(6)IPAR = fe × SR[(1− exp(−� LAI]
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Crop water use and water productivity

The actual crop evapotranspiration was estimated using the soil water balance approach 
(Ali 2010). Moisture content was measured before irrigation in order to refill the soil at 
the root zone to field capacity. Runoff was measured by placing metallic boxes around 
plants within an area of 0.716 m2 in replicates of each treatment. The runoff within the 
area was directed towards a graduated plastic and measured after each rainfall event. 
Daily effective rainfall was determined from the difference between daily rainfall and 
runoff (Ali 2010). The contribution of the groundwater was ignored because the ground-
water table was deeper than 10 m. The drainage below the root zone was not detected 
during the cropping seasons and therefore considered negligible under drip irrigation as 
reported in Lovelli et al. (2007). The change in the moisture in the root zone was deter-
mined from measurement of soil moisture at the beginning and end of each stage of 
growth. Therefore, the seasonal crop water use was determined using Eq. 7 (Zhang et al. 
2007):

where, ETc  =  seasonal crop water use (mm), I  =  irrigation (mm), R  =  rainfall 
(mm), ±Δs = change in the soil moisture (mm).

Crop water uses at different stages were aggregated to obtain seasonal water use. Crop 
water productivity (WP) was determined using (Zhang and Owie 1999):

where, WP  =  crop water productivity (kg  ha−1  mm−1), Y  =  marketable crop yield 
(kg ha−1), ETc = as previously defined (mm).

Similarly, irrigation water productivity (IWP) (kg ha−1 mm−1) was determined using 
Eq. 9:

where, Y = as defined previously, I = seasonal irrigation water applied (mm).

Statistical analysis

The analyses of variance (ANOVA) and SAS programmes were used for the statistical 
analysis of the mean of LAI, DAB, seed yield and HIs of the treatments. ANOVA per-
mits the testing of the significant difference between averages of more than two samples. 
In  situations where the F-test showed significant differences among treatment means, 
the differences among treatments were compared using Duncan’s Multiple Range Test at 
5 % significance level.

Results
LAI and fIPAR

The development of LAI in the two seasons was similar (Fig.  1). The first season had 
a higher peak LAI than the second season. The development of the LAIs during pre-
anthesis was similar in all the treatments until the skipping of irrigation every other week 

(7)ETc = I + R±�S

(8)WP =
Y

ETc

(9)IWP =
Y

I
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during flowering. The fully irrigated treatment had the maximum LAIs of 7.10 m2 m−2 at 
86 DAP in 2013 and was higher than the peak LAI when irrigation was skipped dur-
ing flowering, maturity, pod initiation and seed filling by 33, 37 and 41 % respectively. 
In the 2013/2014 irrigation season, the peak LAI was 3.44 m2 m−2 at 49 DAP and was 
higher than the corresponding LAI when irrigation was skipped during seed filling, pod 
initiation, maturity and flowering by 8, 13, 22 and 31 % respectively (Table 2). Signifi-
cant reduction in the LAIs in the second season even in the fully irrigated treatment 
was due to environmental conditions. The peak LAI attained by the crop when irrigation 
was skipped during seed filling was 4.83 m2 m−2 at 70 DAP in 2013 and 3.15 m2 m−2 at 
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49 DAP in the 2013/2014 irrigation season. There was a decline in the LAIs immedi-
ately after the maximum LAIs were reached in the two seasons in all the treatments. The 
decline in LAIs was faster when irrigation was skipped every other week during seed 
filling than in any other irrigation treatment. This was due to long period of water stress 
which initiated early senescence and aging of the leaves during the mid season (Blum 
1996). The treatment where irrigation was skipped every other week during seed filling 
was able to recover after the skipping of irrigation because the LAI only reduced by 50 % 
compared with the fully irrigated plot. This shows that the crop is tolerant to long peri-
ods of water stress.

The patterns of fIPARs in the two seasons are similar (Fig. 2). The fully irrigated treat-
ment attained the peak fIPAR in both seasons while water stress at flowering, pod ini-
tiation and seed filling reduced the fIPAR. The effects of the water stress on fIPAR were 
higher in the 2013/2014 irrigation season for all the treatments where irrigation was 
stopped every other week. The difference in the fIPAR between the treatment where 
irrigation was skipped during flowering and FI was small compared with the treatment 
where irrigation was skipped during seed filling, which means that skipping of irrigation 
every other week during the late reproductive stage affects foliage formation more than 
in the early reproductive stage. The fIPAR was positively and significantly (p < 0.0001) 
correlated with LAI using an exponential model (0.98 ≤ r2 ≤ 0.99; 0.027 ≤ SEE ≤ 0.047) 
in 2013 and (0.96 ≤ r2 ≤ 0.99; 0.026 ≤ SEE ≤ 0.057) in 2013/2014 seasons across water 
regimes (Fig. 3). This indicates that LAIs accounted for more than 96 % of the variabil-
ity in the fIPARs. The TIPARs were higher in the first season ranging from 333 MJ m−2 
when irrigation was skipped during pod initiation to 392 MJ m−2 for the fully irrigated 
plan. The TIPAR for the FI plan was higher than those of T0111, T1110, T1101 and T1011 by 
11.2, 12.5, 14.5 and 15.1 % respectively. However, it was lower in the second season, from 
233 MJ m−2 for water stress during seed filling to 276 MJ m−2 for full irrigation (Fig. 4).

Leaf extinction coefficient

Pooled over the years, average seasonal λ ranged from 0.45 when irrigation was skipped 
during maturity to 0.47 when it was skipped during flowering, pod initiation and seed 
filling (Fig. 5). The λ is generally lower in the first season and in the treatments that were 

Table 2 Variability in leaf area index, dry above ground biomass and extinction coefficient 
in both irrigation seasons

Means of the LAIs, dry aboveground biomass and extinction coefficient with the same letter are not significantly different 
at 5 % (p > 0.05) level based on Duncan multiple comparisons of means. The LAIs reported were taken 86 and 49 DAP in 
2013 and 2013/2014 seasons respectively while the dry aboveground biomass were taken 84 DAP in the two seasons. The 
extinction coefficients reported are means from replicates

Treatment 
label

2013 season 2013/2014 season

Leaf area 
index 
(m2 m−2)

Above 
ground 
biomass  
(t ha-1)

Extinction 
coefficient

Leaf area 
index 
(m2 m−2)

Above 
ground bio-
mass at 84 
DAP (t ha-1)

Extinction 
coefficient

1. T1111 7.10a 3.42a 0.52a 3.44a 2.19a 0.42a

2. T0111 4.79b 3.16a 0.53a 2.36c 1.48a 0.40b

3. T1011 4.17bc 2.67abc 0.50b 2.98abc 1.35a 0.42a

4. T1101 3.61c 1.89c 0.49b 3.15ab 1.86a 0.42a

5. T1110 4.53b 2.35bc 0.49b 2.68bc 1.58a 0.39b
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subjected to water stress compared to FI (Table 2). Lower λ for the treatments where the 
crop was not fully irrigated indicates that there were more vertical leaves which ensure 
even distribution of light in the canopy. The average λ in the 2013/2014 season was sig-
nificantly (p < 0.05) higher than that of 2013.

DAB and fIPAR

There was seasonal variability in the effects of water stress on DAB (Fig. 6). The effect 
of the water stress was higher in the second season than in the first season. DI during 
pod initiation reduced DAB significantly (p < 0.05) compared with that of FI (Table 2). 
Similarly, water stress at seed filling and commencement of maturity reduced DAB by 
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a seasonal average of 15  % (p  >  0.05) and 28  % (p  <  0.05) respectively. DAB reached 
the peak during seed filling in the 2013/2014 irrigation season unlike in the 2013 irri-
gation season when it reached the peak at maturity. DAB at 109 DAP when irrigation 
was skipped during pod initiation and maturity reduced by 20 and 34.4 % respectively in 
2013 season. However, in 2013/2014 irrigation season, the percentage reduction in DAB 
when irrigation was skipped ranged from 16.6 to 19.8 %. Higher LAIs for full irrigated 
treatment resulted into formation of higher canopy and interception of the incident SR 
by the crop and produced higher DAB.
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There was variability in the IPAR during the growing seasons (Fig.  4). The TIPAR 
in the 2013 season was higher than that of 2013/2014 season for FI treatment and the 
treatment where irrigation was stopped during flowering, pod initiation, seed filling 
and maturity. In the first season, daily IPAR was lower from the initial stage to the mid 
reproductive stage compared with the 2013/2014 season. FI produced the peak TIPAR 
in both seasons while skipping of irrigation during pod initiation and seed filling had 
the minimum TIPAR in both seasons. The TIPAR when irrigation was skipped during 
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pod initiation was slightly lower than when it was skipped during seed filling in the first 
season.

RUE

There was strong, positive and significant correlation (p  <  0.0001) between DAB and 
daily IPAR in the two seasons (0.92 ≤ r2 ≥ 0.98) and across the water regimes (Fig. 7). 
FI and skipping of irrigation during flowering had the least and maximum RUEs (g MJ−1 
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IPAR) respectively in the first season while in the second season, FI and skipping of 
irrigation during pod initiation had the maximum and least RUE respectively. Average 
seasonal RUE when irrigation was skipped during flowering was 3.8 and 7.6  % higher 
than when it was skipped during seed filling and maturity. It was higher than when fully 
irrigated and irrigation was skipped during pod initiation by 10.5 and 19.7  % respec-
tively. The mean seasonal RUE in the 2013 (1.31 g MJ−1 IPAR) was significantly higher 
(p < 0.001) than that of the 2013/2014 (0.87 g MJ−1 IPAR).

Seed yield, HI and TIPAR

Seed yields and HI in the first season were higher than those of the second season 
(Table  3). Analysis of variance shows that there were significant differences in both 
the seed yields and HIs among the treatments. Although, the fully irrigated treatment 
had the highest yield, it was not significantly higher (p > 0.05) than the treatment when 
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irrigation was skipped during flowering. Seed yield when irrigation was skipped during 
seed filling was significantly lower than the fully irrigated treatment in both seasons. 
Similarly, HI for skipping irrigation during seed filling was significantly lower than when 
irrigation was skipped during flowering and pod initiation in the first season. In the 
second season, water stress every other week during seed filling reduced the HI signifi-
cantly compared with that of FI. Pooled over the seasons, seed yield and HIs were not 
significantly correlated using a polynomial model (r2 = 0.65, p > 0.05). The TIPAR varied 
across the years and water regimes. Across water regimes and the years, seed yield was 
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significantly related to RUE (r2 = 0.52, p = 0.02) and TIPAR (r2 = 0.99, p < 0.0001) using 
polynomial and linear models respectively. This indicates that 52 and 99 % of the vari-
ability in the seed yield can be explained by RUE and TIPAR respectively.

The fully irrigated treatment had the maximum TIPARs in the two seasons while skip-
ping irrigation during pod initiation and seed filling had the minimum values in the first 
and second seasons respectively. When considered over the seasons and water regimes, 
HI was not significantly correlated with TIPAR (r2 =  0.68, p =  0.06, SEE =  4.47  %) 
and RUE (r2 =  0.38, p =  0.38, SEE =  6.23  %) respectively using a polynomial mod-
els. WP was linearly and significantly correlated with TIPAR (r2 =  0.90, p  <  0.0001, 
SEE = 0.53 kg ha−1 mm−1 and RUE (r2 = 0.60, p < 0.0001, SEE = 1.05 kg ha−1 mm−1). 
For every increment of 5 MJ m−2 in TIPAR and 0.1 g MJ−1 IPAR in RUE, WP increased 
by 0.13 and 0.46 kg ha−1 mm−1 respectively.

Seed yield, WP, IWP

There was seasonal variability in the WP. It was higher in the 2013 than 2013/2014. WP 
when irrigation was stopped during flowering was 2.3 and 36.1 % higher than the fully 
irrigated treatment and DI during seed filling in the first season respectively. However, 
in 2013/2014 season, WP for the fully irrigated treatment was 24.7 and 35.7 % higher 
than WPs of the crop when irrigation was stopped every other week during flowering 
and seed filling respectively. Pooled over the years and across the irrigation regimes, 
seed yield was significantly related to WP using a linear relation (r2 = 0.98, p < 0.0001, 
SEE =  0.13  t  ha−1). This means that 98  % of the variability in the seed yield was due 
to WP and that for every increment of 0.5 kg ha−1 mm−1 in WP, seed yield increased 
by 260 kg ha−1. This also means that increasing the WP does not compromise the seed 
yield significantly except at sensitive stages of the crop such as seed filling. Skipping of 
irrigation during flowering produced the peak IWP in the two seasons. IWP for skipping 
irrigation during flowering was 15 and 36.4 % higher than FI and skipping of irrigation 
during seed filling respectively in the first season. In the second season, the IWP for the 

Table 3 Seasonal evapotranspiration and seed yields after the irrigation seasons

Values are mean ± SD from triplicates. Means of the yields, seasonal water use with the same letter is not significantly 
different at 5 % (p > 0.05) level based on Duncan multiple comparisons of means

Treatment 
label

Seed yield 
(t ha−1)

Irrigation 
water (mm)

Seasonal  
water use  
(mm)

WPseed  
(kg ha−1  
mm−1)

IWPseed  
(kg ha−1  
mm−1)

Harvest  
index (HI) (%)

2013 season

 1. T1111 3.11 ± 0.77a 262 523 ± 2.00a 5.95 11.9 61.3 ± 2.9abc

 2. T0111 2.82 ± 0.29a 202 463 ± 1.57d 6.09 14.0 65.9 ± 1.6a

 3. T1011 2.32 ± 0.26ab 219 480 ± 2.00c 5.11 11.2 62.4 ± 5.5ab

 4. T1101 1.81 ± 0.40b 204 465 ± 0.50d 3.89 8.9 56.0 ± 3.0c

 5. T1110 2.31 ± 0.35ab 234 495 ± 1.20b 4.66 9.9 59.6 ± 1.3bc

2013/2014 season

 1. T1111 1.52 ± 0.28a 457 507 ± 2.12a 3.00 3.32 63.9 ± 7.8a

 2. T0111 1.09 ± 0.30ab 431 481 ± 2.12b 2.26 2.52 56.1 ± 4.6ab

 3. T1011 1.24 ± 0.29a 404 454 ± 3.54d 2.74 3.08 55.4 ± 3.2ab

 4. T1101 0.70 ± 0.03b 314 364 ± 0.71e 1.93 2.24 43.2 ± 12.5b

 5. T1110 1.17 ± 0.31ab 417 467 ± 1.41c 2.51 2.81 54.3 ± 6.5ab
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fully irrigated treatment was 24.1 and 32.5 % higher than when irrigation was skipped 
during flowering and seed filling respectively. Across the seasons and water regimes, 
seed yield and IWP were significantly related using linear model (r2 = 0.90, p < 0.0001, 
SEE = 0.28 t ha−1).

Discussion
LAIs reduced during skipping of irrigation and increased slightly after water application 
in the mid season under DI in both seasons. This adjustment of the canopy is a devel-
opmental plasticity, which makes the crop to recover from water stress and perform 
well during drought in any environment. This characteristic was reported for soybeans 
(Hudak and Patterson 1995; Oya et al. 2004; Manavalan et al. 2009); chickpea (Canci and 
Toker 2009). Decline in LAI and intercepted PAR before flowering is due to impaired 
canopy expansion and changes in leaf orientation. There was rapid reduction in the LAI 
when irrigation was skipped during seed filling that had the longest period of water 
stress in both seasons and led to reduction in TIPAR by 14.5 and 15.6 % in the 2013 and 
2013/2014 irrigation seasons respectively. This means that extended water stress during 
seed filling accelerated senescence. High positive correlation between LAIs and fIPAR 
indicates that lower TIPAR in the treatments where irrigation was stopped was due to 
effects of water stress on leaf area development and this is similar to the findings in lit-
erature (Lecoeur et al. 1995; Blum 1996). There is a linear relationship between DAB and 
daily IPAR. Reduction in DAB especially in the treatment where irrigation was skipped 
during seed filling is attributed to lower intercepted PAR in both seasons.

The λ depends on canopy structure, species and planting pattern of the plant and it 
ranges from 0.3 to 1.5 depending on specie (Saeki 1960; Jones 1992; Zarea et al. 2005). 
An λ below 1 is obtained for non-horizontal or clumped leaf arrangement and a value >1 
occurs for horizontal or regular leaf distributions in space (Jones 1992). Water stress at 
different stages of growth has been found to affect the λ (Jeuffroy and Ney 1997). In the 
current study, water stress did not significantly affect the seasonal λ. Relatively constant 
value of λ when irrigation was skipped during flowering, pod initiation and seed filling 
in the seasons indicates better adjustment of canopy in response to water stress during 
these periods. Lower λ at late stage in the two seasons indicates a better adjustment of 
leaves to water stress. Low differences in the seasonal λ of the crop at different stages 
indicate that the cultivar is tolerant to water stress. It can be used as a factor for select-
ing grain legumes that are capable of adjusting their canopy in response to skipping of 
irrigation during reproductive stage (Tesfaye et al. 2006). The λ in this study is similar to 
0.50, 0.59, 0.58 and 0.60 (non-linear regression) for soybean, Phasey bean, sesbania and 
vigna respectively (Pengelly et al. 1999); 0.80 (Daughtry et al. 1992); 0.53–0.99 (Flenet 
et al. 1996) for soybean.

The average seasonal RUEs in this study show that skipping of water application did 
not cause substantial reduction in the aerial dry matter accumulation. Although a cul-
tivar of soybean was considered in this study, variability occurs in their seasonal RUEs 
under different water stress. Many previous research works reported decrease in RUEs 
and ascribed it to decline in canopy photosynthetic capacity as a consequence of senes-
cence due to water stress (Kiniry et al. 1989; Jefferies and Mackerron 1989; Li et al. 2008; 
Bat-Oyun et al. 2011) or nutrient deficiency (Uhart and Andrade 1995). This was not the 
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case in the first season in this study because we observed an increase in seasonal RUE 
even under water stress compared with FI. However, the effect of water stress was more 
pronounced in the second season because there was progressive reduction in the RUEs. 
When compared across the seasons, water stress during the pod initiation had the maxi-
mum effect on the average seasonal RUE of the crop because it was reduced by 19.7 %. 
The RUEs in the current study falls within the range recorded for soybeans in the litera-
ture. For instance, 0.89 g MJ−1 of IPAR (Pengelly et al. 1999), 1.44 g MJ−1 of IPAR (Singer 
et al. 2011), 1.32–2.52 g MJ−1 IPAR (Sinclair and Muchow 1999).

Yield occurs by the formation of a sink and its filling by the source. Water stress affects 
seed yield by reducing sink and source and depending on when it occurs and the extent 
of stress with respect to plant phenology (Blum 1996). Significant reduction in the seed 
yield in this study was due to skipping of water application, especially during seed filling. 
Seed yield in soybeans and some other crops depends on soil fertility and water, but sig-
nificant correlation between seed yield and RUE and TIPAR in the current study clearly 
indicates that RUE and TIPAR are key factors for yield formation in soybeans. Therefore, 
in order to maximize TIPAR and RUE by high canopy, regular application of water dur-
ing seed filling is essential. High correlation between seed yield and WP means that the 
crop is tolerant to water stress and that seed yield may not be compromised by skipping 
water supply for at most a week during flowering and not more than 21 days during pod 
initiation.

Low HIs for treatment where irrigation was skipped during seed filling in the 
2013/2014 season indicate that there was poor aerial biomass accumulation that can be 
transferred to the reproductive organ. Dropping of flowers especially when irrigation 
was skipped during flowering resulted into a lower number of sinks (Blum 1996). Lack 
of significant differences between HIs for full and DI in the 2013 season means that the 
crop was able to remobilize dry matter accumulated shortly before water stress to the 
reproductive organ before senescence (Turner et al. 2005; Tesfaye et al. 2006). The dif-
ferences in HIs under full and DI therefore indicate that water stress at different stages 
affects the rate at which biomass is partitioned into seed in soybeans.

Conclusion
In this study, it is hereby concluded that the fIPAR is strongly and significantly correlated 
with green LAI under full and DI conditions. Hence, a cultivar that intercepts a high pro-
portion of PAR is suitable in Sub-humid environments. Relatively stable λs even under 
severe water stress for long and short periods of time show that the cultivar is efficient in 
canopy modification and adjustment to neutralize the effects of water stress. Seed yield 
is strongly correlated with TIPAR and RUE. This indicates that TIPAR and RUE are key 
components of seed yield in soybeans. Under full and DI during reproductive stages, 
RUE of a cultivar of soybeans was analyzed. There was variability in the seasonal RUE. 
The RUE in this study fall within those reported in literature showing the conservative 
nature of the RUE of the crop. The least average seasonal RUE was 0.96 g MJ−1 of IPAR 
when irrigation was skipped every other week during the pod initiation. Variability in 
the RUE of the crop under water stress can be used during breeding programs to develop 
new cultivars that are more adapted to a Sub-humid environment. Variability in the HI 
shows that the rate of biomass translocation into the seed is affected by water stress and 
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varies with the time and severity of the water stress. Due to scarcity of information on 
the response of soybeans to TIPAR and water stress in the study area, the information 
generated in the current study will aid the development of radiation based growth mod-
els which will be more suitable for Sub-humid environments in the tropics under full 
and DI conditions.
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