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Abstract

A green house experiment was conducted at Dejen, Northwest Ethiopia, with the objective of quan-
tifying the critical soil water deficit and P levels that affect yield and yield components of soybean,
and determine the critical soil water deficit levels influencing P uptake in soybean. The treatment
consisted of factorial combination of four available soil water (ASW) deficit levels (0%, 25%, 50%
and 75%) and four levels of phosphorus (0, 10, 20, and 30 kg-ha-1) laid out in RCBD with four rep-
lications using soy bean variety Jalale as a planting material. The experiment was conducted un-
der green house condition at Dejen, South Ethiopia during the 2011 academic year. Air dried soil
was filled in the pots and seeds were sown on May 13, 2011. Four plants were maintained on each
pot after thinning till flowering but after flowering, the total number of plants per pot was reduced
to three as one plant which was used for measurement of root biomass. The water deficit treat-
ments were imposed after the plants have been fully established 2 weeks after emergence just be-
fore branching stage. The water deficiency was imposed through maintaining the soil moisture
content below field capacity at the deficit levels of 25%, 50% and 75%. The 75% of ASW deficit
resulted in the longest days (45) to flowering and maturity (99) compared to the 0%, 25% and
50% deficit levels. Also, the 75% of ASW deficit level resulted in shorter plants (55 cm), the lowest
leaf area (82.6 cm?), the highest root to shoot ratio (0.0168) and the lowest DM accumulation
(161.3 gm-2) compared to the other ASW deficit levels. Likewise, the 75% of ASW deficit level gave
the lowest number of pods per plant (4.13), seeds per pod (1.69), 100 seed weight (2.54 g), seed
yield (13.4 g'm-1), above ground biomass (174.6 g-plant-1) and harvest index (0.08) compared to
the other ASW deficit treatments. The degree of sensitivity to drought increased dramatically
(from 0.0423 at 25% to 0.9604 at 75%) with increase in water deficit level. Tissue analysis results
indicated that the highest seed P concentration (1.285%) and uptake (432.5 g-plant-1) were ob-
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tained at the 0 ASW deficit and 30 kg-P-ha-! and the lowest were obtained at 75% ASW deficit and
all rate of applied P. On the contrary, the highest straw P concentration (1.88%) and uptake (552.7
g-plant-1) were recorded at 75% and 25% of ASW deficit levels and 30 kg-P-ha-1, respectively.
However, the total P uptake was influenced only by ASW deficit levels in that the relatively mini-
mum and maximum values were observed at 75% and 0% of ASW deficit levels, respectively. It
can be concluded that the critical ASW deficit levels that affect yield and yield components of soy-
bean and uptake of total P lie between 25% and 50% of available water deficit levels. The para-
meters started to decline significantly from the 50% of ASW deficit onwards. As it is a green house
experiment, further study on more number of ASW deficit levels and soil types under different
field conditions needs to be done to reach at a conclusive recommendation.

Keywords

Phosphorus Uptake, Soybean, Soil Water Deficit

1. Introduction

Soybean is an important grain legume crop and it is a leading plant source of dietary protein worldwide [1].
Soybean is a nutrient rich crop. Soybean oil contains no cholesterol and has one of the lowest levels of saturated
fat among vegetable oils. Soybean contains 37% - 48% Protein, 16% - 22% fats and oil; and 30% carbohydrates.
This implies that the crop is a very important food, oil, fodder and industrial material [2]. The Soybean plant is
harvested for their beans to be used primarily for meal and oil. Soybean is considered as a main cash crop in
many lowlands and mid-altitude zones of Ethiopia [3]. It is known for its high export potential legume as vege-
table and seed for a long period contributing to foreign exchange earnings of Ethiopia [2] [4].

The suitable soybean production areas of Ethiopia have been indicated in areas with an altitude ranging be-
tween 1100 and 1850 m.a.s.l., with mean maximum temperature of less than 30°C - 37°C, mean minimum tem-
perature greater than 10°C - 12°C, and a rainfall of 350 - 500 mm well distributed throughout the growing sea-
son [3]. There are large commercial farms concentrated in the Rift Valley areas of Ethiopia producing soybean
throughout the year using rainfall and also irrigation during dry periods using the water resources around.

Soybean, as indicated by [4], is a nodulating legume, very sensitive to environmental stresses such as low soil
fertility and water deficit and grows under rain-fed conditions in the world where drought is one of the major li-
miting factors for plant production [5]. However, not only abiotic constraints but also biotic factors such as dis-
eases and pests are challenging the production. Low soil fertility and drought are among the most important
yield limiting environmental factors in arid and semi-arid areas. Of the various physiological problems limiting
soy bean production in developing countries, drought is preceded in importance only by soil fertility problem,
and approximately 60% of bean productions in the regions of the world suffer from serious drought every year.
Research results had shown that water deficit has greater influence on soybean especially when it appears at re-
productive and grain filling stages even though there is a genotypic difference between water uptake and use [6].

Water is a key factor in nutrient uptake through root interception, mass flow, and diffusion, although soil
types would also determine the hydraulic integrity of the soil-plant-atmosphere continuum. Substantial response
to water use efficiency (WUE) and fertilization occurs in dry as well as wet conditions. Even though the re-
sponse is less under water deficit, adequate nutrient availability greatly reduces drought related yield losses. The
importance of adequate fertility for efficient crop water use and improvement of crop to low rainfall condition
have been explained as they increase root exploration of the soil to move more portion of the root around the
soil particles where nutrients reside, advances maturity, increase the mass of plant residue, decrease water re-
quirement and increase the plant canopy so that the soil is covered more quickly to lower evaporation [7].

Nutrients usually concentrate in the soil surface layers and their absorption is made easier because of higher
microbial activity [8]. From a recent study it appears that phosphorus (P) acquisition is less in deeper-rooted
plants than in shallow-rooted because, phosphate tends to reside mainly in the upper most soil layer which is
most vulnerable to drying out [9]. In contrast to acquire water in dry conditions, profuse rooting in the deeper
soil layers would be required. These indicate that shallow and deep rooting are rather antagonistic developments
with water and P absorption [9]. This implies that the hypothesis that a shallow rooting pattern contributes to an
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enhanced nutrient harvest needs to be revisited when crops are grown during dry periods. A work will also be
needed to assess the volumetric soil moisture threshold level at which P uptake by plants is highly influenced.
Soybean is an early maturing crop growing in the semi-arid areas of the Ethiopian Rift Valley mainly following
the lakes. Intermittent rainfall shortage and sometimes insufficient amount of rainfall and longer dry spell in the
main cropping season are problems in the area (personal communication).

On the other hand, it is well proved in many studies that flowering and pod filling stages of the crop are high-
ly sensitive for drought resulting in final yield reduction. However, there is no information on how much the
deficit affects yield, when there is insufficient rainfall throughout the growth season. Moreover, knowledge of
nutrient uptake under moisture deficit especially P, which has a specific role in nitrogen (N) fixing plant species
than others due to the greatest P dependency of biological N-fixation [4], is also nonexistent in the area. The in-
formation on soil water deficit levels affecting P uptake and yield of soy bean is also important for irrigated
farms to implement deficit irrigation in order to economize water resource and reduce irrigation costs. Therefore,
this study was proposed with the following objectives:

e To quantify the critical soil water deficit and P level which affect yield and yield components of soybean,
and
e To determine the critical soil water deficit level influencing P uptake by soybean.

2. Materials and Methods
2.1. Experimental Materials, Design and Treatments

The experiment was conducted under green house condition (where the average temp. and relative humidity
were 29°C and 40°C, respectively) at Dejen using a pot (15 cm diameter x 11 cm depth and the soil was filled up
to the top). A soybean variety, Jalale, was used for the study. The crop “soybean” is selected because it is domi-
nantly cultivated crop in the area. Four levels of phosphorus (0, 10, 20 and 30 kg-P-ha ™) and 4 levels of availa-
ble soil water deficit (0%, 25%, 50% and 75%) were arranged in a factorial combination using randomized
complete block design (RCBD) and replicated four times. Starter fertilizer N with a recommended rate of 46
kg:N-ha* [7] was applied at equal rate to all treatments. The sources for P and N were Triple Super phosphate
(TSP, 46% P,0s) and Urea (46% N) fertilizers, respectively.

2.2. Determination of Available Soil Water Holding Capacity

The available soil water holding capacity (AWC) was calculated as the difference in moisture content between
water held at field capacity (FC) and permanent wilting point (PWP): The matric potentials corresponding to FC
(=1/3 bar) and PWP (—15 bars) were applied using the pressure plate apparatus. The equilibrium water contents
at FC and PWP were then determined gravimetrically. The gravimetric water content was converted into volu-
metric water contents using bulk density, which was determined using the core method. The depth of AWC was
calculated using the following relationship:

AWC(cm)=AWC(g/g)xApxZ Q)

where: Ap = apparent specific gravity = P (dimensionless),

Z = thickness or depth of the root zone (cm), which in this case was depth of the pot (23 cm),

= dry bulk density of the soil (g/cm®) and

Pw = density of water assumed to be 1 g/cm®.

The volume of water applied per irrigation for the control (no deficit) was then calculated by multiplying de-
termined values from Equation 1 (cm) by area of the pot (cm?). Similarly, the amounts of water to be applied per
irrigation for the 25%, 50% and 75% deficit levels were calculated as:

X
dy :AWC(cm)(l—m) @)

where d is the depth of irrigation water applied (cm) and x is the available water deficit levels (25%, 50% and
75%). The calculated irrigation depth was then converted into volume of water by multiplying it by the area of

the pot.
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The amount of water depleted was determined through daily weighing of the pots. The assumption made was
that weight loss is due to loss of water from the pot through evapo-transpiration and that 1g of water occupies a
volume of 1 cm®. The capacity of the pot was 2.5 m? and the soil was filled up to the top. Each pot was irrigated
with equal amount (100% ASW) for all the treatments until the water deficit treatment was imposed. After es-
tablishment, the water content in the soil was maintained at the indicated deficit levels throughout the crop
growth cycle.

2.3. Experimental Procedures

The experimental soil was Eutric Fluvisol. Air dried soil was filled in the pots and seeds were sown on May 13,
2011. Four plants were maintained on each pot after thinning till flowering but after flowering, the total number
of plants per pot was reduced to three as one plant was used for measurement of root biomass.

The water deficit treatments were imposed after the plants have been fully established 2 weeks after emer-
gence just before branching stage. The water deficiency was imposed through maintaining the soil moisture con-
tent below field capacity at the deficit levels indicated above.

2.4. Agronomic Practices

Fertilizers, TSP and Urea were applied at sowing, placed on the side of the seeds at a distance of 5 cm and depth
of 2 cm. During crop growth period, hand weeding and cultivation were practiced as required to avoid weed
competition and improve the soil aeration. During the cropping period, anti-mite chemical (common name: Mi-
tigun) was used to control the mite incidence encountered at the late vegetative stage.

2.5. Data Collection

2.5.1. Soil Sampling and Analysis

Soil samples were taken before sowing from a depth of 0 - 30 cm to determine particle size distribution, bulk
density, total N, available P, soil pH, organic carbon, cation exchange capacity, exchangeable bases and water
contents at FC and PWP. Undisturbed soil samples were taken using core sampler for the determination of water
content at FC and PWP and bulk density. One composite soil sample was taken before sowing from five spots of
the field selected for soil sample collection. The sampled soil was air dried, crushed and passed through a 2 mm
mesh sieve following standard laboratory procedures.

Total N was determined by the micro-Kjeldahl method [10] and available P using the Olsen method [11]. Or-
ganic carbon content was determined according to the Walkley and Black method as described by [12]. Ex-
changeable bases were determined by the ammonium acetate method [13]. Particle size distribution was deter-
mined using the Bouyoucos hydrometer method [14]. The soil pH was measured using a glass electrode pH me-
ter.

2.5.2. Phenological Parameters
The number of days to flowering was determined as the number of days from emergence to 75% flowering. And
the number of days to maturity was taken as the number of days from emergence to 95% physiological maturity.

2.5.3. Growth Parameters

Plant height was measured starting from the basal node to the top of the main shoot at flowering and maturity. It
was taken from two randomly selected plants per pot; one at flowering and the other at harvest. Leaf area was
determined by tracing an individual leaf on to a square paper with a dimension of 1 cm? and counting the num-
ber of squares fully covered by the leaf and multiplying them by the dimension of a square. In this case peri-
pheral squares with an area greater or equal to 0.75 cm? were considered as full squares. It was taken from two
randomly selected plants per pot at flowering stage. The plant dry matter accumulation was determined as the
weight of the above ground parts of the plant excluding the seed (g-plant ) dried at 70°C to a constant weight. It
was taken from two randomly selected plants per pot at harvest. The root to shoot ratio (RSR) was determined as
the ratio of root mass to the total plant mass. The whole plant parts were oven dried at 70°C to a constant weight
and then the root and the other plant parts were weighed separately to calculate RSR. It was taken from two
randomly selected plants per pot; one at flowering and the other at harvest.
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2.5.4.Yield and Yield Components

Data on yield and yield components were taken from two randomly selected plants per pot at harvest except for
grain yield which was taken from all plants per pot remained at harvest. Number of pods per plant was deter-
mined as the average number of pods counted per plant. And the number of seeds per pod was determined as the
average number of seeds counted per pod; three pods were used per plant. Weight of hundred seeds was taken as
the seed weight (g) of 100 seeds. Seed yield was the measured weight of seeds (g-plant *) at 10% moisture con-
tent. Above ground biomass was determined as the weight of the above ground parts of the plant including the
grain (g-plant ) dried at 70°C to a constant weight. And the harvest index was calculated as the ratio of seed
yield to the total above ground biomass of the sampled plants.

2.5.5. Drought Sensitivity Index (DSI)

It was calculated as the ratio of seed yield difference between the control and the stressed pots to that of the con-
trol pots.

(Seed yield of stressed pot —Seed yield of control pot)

Drought sensitivity index(DSI) = Control oot
ontrol po

2.5.6. Plant Tissue Sampling and Analysis
After harvest, samples of seed and straw were taken from each pot within the replications. Seed and straw sam-
ples were air dried and ground separately for the analysis of seed and straw P concentrations. The measurements
of P concentration of seed and straw were carried out through calcinations of both seed and straw separately at
450°C. After calcinations, wet digestion of plants with strong H,SO, was carried out and then P was measured
using spectrophotometer at 430 nm.

The seed and straw concentrations of P were used to estimate P uptake of the plant. The P uptake values of
the seed and straw were calculated by multiplying seed and straw yields per meter square by the % P concentra-
tions of the respective tissues and total P uptake was calculated as the sum of seed and straw P uptake.

2.6. Statistical Analysis

All the agronomic data collected were subjected to analysis of variance using SAS software. Mean separations
were carried out using least significant difference at 5% probability level. Log transformations were done to
normalize the inter-row differences that occurred on 100 seed weight, seed yield, aboveground biomass and seed
and total P uptake.

3. Results and Discussion
3.1. Selected Physical and Chemical Properties of the Experimental Soil

Results of analysis of the selected physico-chemical properties of the experimental soil are presented in Table 1.
The particle size distribution data indicates that the soil has a loam texture with the sand separate occurring in
the highest proportion. The water content retained FC and PWP was slightly higher than the average values re-
ported in literature for a loam-textured soil [15]. The bulk density value obtained was relatively low for the tex-
tural class of loam.

According to the rating of pH by [16], the experimental soil was moderately alkaline. The soil organic matter
and total N contents were medium [17]. The Olsen P content of the soil was very high [18] whereas the CEC of
the soil was high [19]. As per the rating of exchangeable bases provided by [20], the exchangeable bases ranged
from low (Na*), medium (Mg®"), high (Ca*") to very high (K*).

3.2. Crop Phenology

The results of analyses of variance on selected phenological parameters of the crop are presented in Appendix
Table 1 and Table 2. The mean days to flowering and maturity were highly significantly (P < 0.01) affected by
the available soil water deficit treatments (Table 2).

Accordingly, use of 75% available soil water deficit resulted in the longest days (45) to flowering compared
to the 0%, 25% and 50% deficit levels, which had the same number of days to flowering. The results obtained
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Table 1. Selected physical and chemical properties of the experimental soil.

Parameter Value Methods
Particle size distribution (%) Pipette Method
Sand 40
Silt 36
Clay 24
Textural class Loam
Bulk density (g-cm™) 1.03 Core Sampler method
Moisture content at FC (%) 334 Gravimetric method
Moisture content at PWP (%) 18.3 Gravimetric method
pH (H,0) 7.7 Glass Electrode pH Meter
Organic carbon (%) 1.56 Walkley and Black method
Available phosphorus (mg-kg™) 40 Olsen method
Cation exchange capacity (cmol.kg™) 22.3 Ammonium acetate method
Ca (cmolo-kg™) 13.42 e
Mg (cmolc-kg ™) 2.88 ©
K (cmolckg™) 5.74 e
Na (cmol.-kg™) 0.26
Base saturation (%) 99

“Moisture content on oven dry weight basis.

Table 2. Effects of available soil water deficit levels and P fertilizer rates on days to flowering and maturity of soy bean

(from a two way ANOVA).
ASW deficit levels (%) Days to flowering Days to maturity

0 33b 84b

25 33b 83b

50 33b 76¢

75 45a 99a

P rates (kg-ha™)

0 36 86

10 36 84

20 36 84

30 35 86

Ns Ns
CV (%) 7.56 3.12

LSD (0.05) 2.56 25
SE+ 0.95 3.38

Treatment means within a column followed by the same letters are not significantly different at (P = 0.05). Ns = Non-significant; SE+ = Standard er-
ror of the means.

here are contrary to what is normally perceived in that water deficit stress hastens flowering and maturity.
However, delayed flowering in wheat due to severe water deficit stress was reported by [21]. Furthermore, the

1894



M. Getachew

75% available soil water deficit level resulted in less number of flowers (visual observation) compared to the
control due mainly to the death and drop of flower buds.

Similar to the effect on days to flowering, the 75% available soil water deficit delayed the mean days to ma-
turity by 15, 16 and 23 days compared to the 0%, 25% and 50% available soil water deficit levels, respectively
(Table 2). On the other hand, plants grown under the 50% available soil water deficit matured earlier than those
grown under the 0%, 25% and 75% deficit levels whereas the 0% and 25% deficit levels resulted in statistically
the same days to maturity. Similarly, [15] noted that water deficit stress may hasten or delay phenological pe-
riods depending on the time it occurs, its severity, rate of onset of the stress and type of species involved.

Nevertheless, the days to flowering and maturity were not significantly (P > 0.05) affected by the different
rates of P and the interaction effects of available soil water deficit by P rates. The reason why the different P
rates did not affect these parameters might be related to the high content of available P of the experimental soil.
Normally, plants respond to applied nutrient when the concentration of a given nutrient element in the soil is in
the deficiency level. Although there was no statistical difference, the highest P rate (30 kg-ha ) hastened days to
flowering by one day but delayed days to maturity by two days compared to 10 and 20 kg-P-ha * (Table 2).

3.3. Growth Parameters

The results of analysis of variance of the selected growth parameters are presented in Appendix Table 1 and
Table 3. The discussion of each of the growth parameters follows.

3.3.1. Plant Height
Plant height was highly significantly responded to water deficit treatments but not to P rates and the interaction.
The mean plant height values indicate that the lower water deficit levels (0% and 25%) gave taller plants than
those grown under the relatively higher water deficit levels (50% and 75%). The findings of this experiment in-
dicate that water deficit levels of up to 25% do not significantly reduce plant height. However, the highest water
deficit level decreased mean plant height by about 44% compared to the no deficit or control treatment (Table
3).

The findings of this study are consistent with the findings of other researchers. As indicated by [22], drought
stress affects tissue expansion both through reduced cell expansion and division. [23] found that plant height and
leaf number of common bean were significantly affected by water deficit (50% FC). [23] also indicated that with

Table 3. Effects of available soil water deficit levels and P fertilizer rates on mean growth parameters of soy bean (from a
two way ANOVA).

ASW deficit levels (%) PH (cm) LA (cm) RSR (ggl'\;rﬁ*)
0 98.0a 221.3a 0.0026¢ 8.46a
25 90.0b 203.8b 0.0026¢ 8.36a
50 75.0¢ 153.0¢ 0.0075b 4.39b
75 55.0d 82.6d 0.0168a 2.66¢
P rates (kg-ha™)
0 79.2 1704 0.008 6.07
10 79.3 1633 0.008 6.00
20 79.9 1634 0.007 5.91
30 79.6 1636 0.007 5.89
Ns Ns Ns Ns
CcV (%) 8.77 8.16 12.37 6.67
LSD (0.05) 6.56 12,68 0.0009 0.375
SE+ 031 0.91 0.26 0.11

Treatment means within a column followed by the same letters are not significantly different at (P = 0.05). PH = Plant height, LA = Leaf area, RSR =
Root to shoot ratio and DMA = Dry matter accumulation. Ns = Non-significant; SE+ = Standard error of the means.
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holding irrigation at any growth stage significantly reduced plant height of common bean and, from the different
growth stages, water stress at the vegetative stage caused the highest reduction in plant height. Similarly, [24]
revealed that moisture stress during vegetative growth stage was so severe that plants remained without suffi-
cient stature to support high yields.

3.3.2. Leaf Area
The mean leaf area was highly affected by the moisture deficit stress (Appendix Table 1). Greater LA was rec-
orded at 0% followed by 25% available soil water deficit level with small significant difference between them.
And the lowest LA was observed at 75% followed by the 50% available soil water deficit (Table 3). Leaf area
decreased steeply from 25% ASW deficit onwards. The reason for the decline of LA in the relatively lower le-
vels of ASW or high water deficit level might be due to stunted growth resulting from the water deficit stress.
However, the effect of P application and also its interaction with moisture deficit were not significant (P > 0.05).
Specific leaf area determines the physiological cost of producing total leaf area. It relates dry matter produc-
tion to leaf area expansion and consequently to radiation interception, photosynthesis and transpiration [25].
According to [25], dry matter yield and leaf area decreased in response to water stress in soy bean and sorghum.
[26] also got all plants under —15 bars water potential to be dead as a result of reduced water potential due to a
highly retarded plant growth such as plant height, leaf area and leaf number.

3.3.3. Root to Shoot Ratio (RSR)

The mean root to shoot ratio was highly significantly affected by the different available soil water deficit levels;
but not by the P rates and the interaction (Appendix Table 1). Accordingly, the highest mean root mass ratio
was obtained from the 75% followed by the 50% ASW deficit (Table 3). On the other hand, the lowest mean
root mass ratio was recorded from plants grown under the 0 and 25% ASW deficit. The results obtained in this
experiment indicate that water deficit stress increases the root biomass compared to the shoot and thus results in
high root mass ratio.

Related work by [27] also indicated that water stress increases root to shoot ratio. The reason for the high root
to shoot ratio of plants under low available soil water level might be due to a relative increase of root in depth
and lateral growth in search of water as compared to the growth in their aboveground parts of these plants [5].

Nevertheless, the different P rates and its interaction with the available soil water deficit did not significantly
affect the root mass ratio (P > 0.05). This is contrary to the findings of other studies [28], which indicated that
application of P alleviated the adverse effects of water deficit stress by increasing root dry weight, length and
surface area. The high available soil P might have offset this contribution of P for plants grown under water def-
icit conditions.

3.4. Dry Matter Accumulation

The results of analysis of variance indicate that moisture stress significantly (P < 0.01) affected dry matter ac-
cumulation (Appendix Table 1). The control and 25% deficit level resulted in the highest mean dry matter ac-
cumulation followed by the 50% and 75% deficit levels (Table 3). Following this, the 50% and 75% deficit le-
vels decreased the dry matter accumulation by 48% and 68.5%, respectively, compared to the control. Never-
theless, this parameter did not respond significantly (P > 0.05) to the different P rates and the interaction.

Greater accumulation of dry matter is one of the important inputs to assure total translocation of photosyn-
thate materials to the seed. As reported by several researchers, if water is a deficit factor, there will be a retarded
growth in the vegetative and reproductive parts of plants. [29] indicated that shoot biomass accumulation is con-
sidered as an important trait to attain high seed yield in seed legumes. On the other hand, water deficit can de-
crease plant height and total biomass [29] [30] also observed that water deficit retarded plant growth which in
turn resulted in production of low biomass and, hence, low grain yield.

3.5.Yield and Yield Components

The results of analysis of variance of yield and yield components and the mean values of the parameters are in-
dicated in Appendix Table 2 and Table 4, respectively.

3.5.1. Pods per Plant
A significant difference (P < 0.01) was observed among water deficit treatments on mean pod number per plant

1896



M. Getachew

Table 4. Effect of available soil water deficit levels and P fertilizer rates on yield and yield components of soybean (from a
two way ANOVA).

ASW deficit levels (%) P/P SIP SW (g) GY (g-plant™) AGBM (g-plant™) HI
0 11.88a 3.27a 25.38a 5.51a 14.01a 0.40a
25 10.56a 3.04a 25.19a 5.33a 13.68a 0.39a
50 8.41b 2.54b 19.06b 2.44c 6.83c 0.35b
75 4.13c 1.69c 2.54c 0.22d 2.88d 0.08c

P rates (kg-ha™)

0 8.40 2.81 17.85 3.42 9.49 0.30

10 8.53 2.64 18.11 3.40 941 0.31

20 9.13 2.57 18.33 3.36 9.27 0.30

30 8.91 2.53 17.85 3.34 9.24 0.31

Ns Ns Ns Ns Ns Ns

CV (%) 16.45 25.45 7.21 6.08 5.51 7.03
LSD (0.05) 1.35 0.63 1.22 0.19 0.49 0.02
SE+ 0.13 0.11 0.17 0.29 1.09 0.18

Treatment means within a column followed by the same letters are not significantly different at (P = 0.05). P/P = Pods per plant, S/P = Seeds per pod,
SW =100 seed weight, GY = Grain yield, AGBM = Aboveground biomass, HI = Harvest index and ns = Non-significant; SE+ = Standard error of the
means.

due to the available soil water deficit, whereas the difference was insignificant (P > 0.05) for P rates and the in-
teraction of water deficit and P rates (Appendix Table 2 and Table 4). As can be observed from the Table, the
0% and 25% deficit levels gave the highest number of pods per plant compared to the 50% and 75% deficit le-
vels. Compared to the 0% deficit level, the 75% deficit level reduced the mean pod number by 65.24%. Similar-
ly, number of pods per plant decreased consistently with increase in water deficit level.

The findings of this study indicate that up to 25% available soil water deficit level, the plant processes that
affect the formation of pods may not be affected. The reduction in pod number per plant in soy bean grown un-
der water deficit conditions could be attributed to abortion and abscission of flowers [20], early ovary expansion
[31] and retarded vegetative growth, which may contribute to a decrease in number of pod holding branches.

The results of this study are in agreement with the findings of other researchers, who also observed a decrease
in pod number per plant. [32] with held water during the flowering and pod-filling stages and found a significant
decrease in pod number per plant. [32] also reported reduction in pod number per plant due to water deficit
stress.

3.5.2. Seeds per Pod
Similar to the mean pod number per plant, the mean number of seeds per pod was significantly affected (P <
0.01) by the water deficit level (Appendix Table 2 and Table 4). Consequently, the 0% and 25% deficit levels
produced the highest mean number of seeds per pod. The 75% deficit level gave the lowest number of seeds per
pod that was reduced by 48.3% compared to the 0% deficit (control). This might be due to the negative effect of
water deficit stress on meiosis and pollen fertility as observed in many cereals [33]. As indicated by [34], during
meiosis cells are extremely sensitive to moisture content, and drought at this stage will cause pollen sterility.
Unlike the results obtained from the water deficit treatments, application of different rates of P did not signif-
icantly affected (P > 0.05) number of seeds per pod. Similarly, interaction effect was non-significant indicating
that applied fertilizer did not contribute any better to withstand the negative impacts of water deficit stress and
increase seed number per pod. This might be attributed to the fact that the experimental soil already contained
high amount of available P and the applied P was only luxury consumption.

3.5.3. Hundred Seed Weight
Hundred seed weight responded to water deficit treatments significantly (P < 0.01) (Appendix Table 2 and Ta-
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ble 4). The 0% and 25% available water deficit levels produced seeds that were heavier than those grown under
50% and 75% deficit levels. Also, the 50% available soil water deficit produced seeds that were heavier than
those grown under the 75% deficit level. The 75% deficit level, compared to the control, reduced hundred seed
weight by 89.99% indicating that the water deficit at this level was so severe that the crop produced extremely
light seeds. Furthermore, seeds produced under 75% deficit levels were very small in size and shriveled in their
morphology. This might have contributed to the relatively small 100 seed weight recorded under the 75% deficit
level.

As reported by many researchers [4] [5] [35], pod filling stage is sensitive to water deficit and this might oc-
cur due to source limitation making the sink to accumulate more dry matter. Therefore, the influence of water
stress on 100 seed weight was probably due to the effect of drought on photosynthesis and other related physio-
logical and metabolic processes.

Cellular water deficit mostly result in a concentration of solutes, loss of turgor, denaturation of proteins, dis-
ruption of membrane integrity, decrease in cell expansion and failure of photosynthetic process [28]; these might
interfere with the formation of dry matter in the source tissue and its further accumulation in the sink. [34] also
reported reduced grain weight of faba bean cultivars due to water deficit stress. Similar to what has been ob-
served on most crop parameters, the different P fertilizer rates and their interaction with the water deficit levels
did not significantly affect (P > 0.05) the mean 100 seed weight.

3.5.4. Seed Yield

Seed yield responded highly significantly (P < 0.01) to the different water deficit levels (Appendix Table 2 and
Table 4) but not to the different P rates and its interaction with water deficit levels. The highest mean seed yield
was obtained from the 0% and 25% deficit levels while the lowest was obtained from the 75% ASW deficit. The
50% and 75% deficit levels reduced the mean seed yield by 56.0% and 96.0%, respectively, as compared to the
no deficit treatment (control).

It is well known that the ultimate effect of drought in legumes and cereals is reduction of grain yield. In the
present study, the stress at the 75% deficit had affected seed yield so severely to the degree that the amount was
extremely low, far from normal size and weight and also shriveled in morphology. The stress was severe not
only for the 75% but also for the 50% ASW deficit treatment that the decline in seed yield was much greater
than at the control treatment.

The findings of this study are in agreement with the findings of most researchers, who had proved the fact that
water deficit can decrease seed yield to the different levels depending on the extent of the stress and on growth
stage at which the stress occurred. [36] obtained a 20% yield reduction with stress during early and late vegeta-
tive growth and 50% reduction when stressed during early pod filling stage. The same effect of water stress on
growth stage was also reported by [35] from the stress applied before flowering and sustained to maturity; the
yield reduction was approximately 40% and 80% for the drought tolerant and susceptible bean lines, respective-
ly. [37] also reported a yield reduction of 40% - 89% in water stressed bean genotypes.

Additionally, [37] on the effect of water stress during seed filling and leaf senescence in soybean, indicated
that water stress during seed filling could reduce yield by accelerating leaf senescence and shortening the seed
filling period. [38] studied the effects of water limitation on growth and grain filling of faba bean cultivars and
found out that water deficit stress considerably reduced grain yield due to large reductions in growth, grain fill-
ing duration, grain weight and grains per plant. [38] noted that the length of grain filling period is an important
determinant of yield of all grain crops. Continuous water deficit stress from the beginning of grain filling stage
until maturity shortened grain filling duration in soybean plants (up to 7 days earlier) resulting in smaller grains
and lower yield [39].

As indicated by many researchers, water stress decreases the final leaf area, net photosynthesis, light use effi-
ciency [40] [41] [42], pod retention and filling by reducing the availability of assimilates and distorting hormon-
al balance [43] [44] and final yield reduction will be the consequence.

3.5.5. Above Ground Biomass

The results of analysis of variance on aboveground biomass revealed that the effect of the different water deficit
treatments was significant (P < 0.01), while the effect of the different P rates and the water deficit level by P
rates interaction were non-significant (P > 0.05) (Appendix Table 2 and Table 4). The results depicted in Table
4 indicate that the 75% water deficit level gave the lowest mean aboveground biomass yield compared to the
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other treatments whereas the control and 25% deficit levels produced the highest aboveground biomass. Moreo-
ver, the decrease in above ground biomass increased consistently with an increase in water deficit from 25% to
75% deficit level. The highest water deficit level imposed (75%) decreased the above ground biomass by 79.4%
compared with the control. However, the control and 25% ASW deficit gave statistically the same aboveground
biomass (Table 4) indicating that imposing a water deficit up to 25% does not affect aboveground biomass yield
significantly. This can be adopted in areas where there is scarcity of water for irrigation. However, allowing
deficit that exceeds the 50% and 75% of the available soil water can affect aboveground biomass and many oth-
er yield and yield components considerably.

Over all plant growth is a process of biomass accumulation and is a consequence of the interaction of photo-
synthesis, respiration, long-distance transport, water relations and mineral nutrition processes. Water deficit
stress affects these processes considerably. Many other researchers have also showed that water deficit de-
creased biomass production of different crops.

3.5.6. Harvest Index
Economic yield

Total biological yield *

Harvest index (HI) was highly significant among the available soil water deficit levels but not among the P
rates and their interaction with soil water deficit (Appendix Table 2 and Table 4). The mean HI was the highest
in the control and then declined sharply as the deficit level increased to 75% (Table 4). Following this, the
smallest HI, as compared to all the other treatments, was observed in the highest water deficit level imposed.
The 75% and 50% deficit levels reduced the HI of the control by 80% and 12.5%, respectively. The 0% deficit
and 25% deficit levels, on the other hand, resulted in the same HI. The decrease in HI when the available soil
water level was low could be due to the reason that stressed plants had poor capacity to support seed filling from
the plant reserves because of retarded growth and development as a result of the water deficit. Furthermore, the
extremely low HI of the 75% deficit level could be attributed to the extremely low mean seed yield obtained
from this treatment.

As noted by [45], HI is determined by the potential sink size, transient photosynthesis during grain formation
and by the mobilization of stored plant reserves into the growing grain, all of which are affected by water deficit
stress. [46] reported a decrease in HI due to water deficit stress imposed during the reproductive stage. [46] also
observed greater flower and pod abscission in drought stress at flowering and pod filling stages decreasing final
yield and HI.

This was calculated as Harvest index =

3.6. Drought Sensitivity Index

Drought sensitivity index measures the degree of sensitivity of plants for the given level of available soil water
deficit. As indicated in Appendix Table 2 and Table 5, the degree of sensitivity to drought increased dramati-
cally with increase in water deficit level albeit plants grown under the 25% deficit level showed low sensitivity
compared to the 50% and 75% deficit levels. It seems that the water regime between no deficit and 25% deficit
was sufficient range in which plants did not show any significant change in their sensitivity to drought. However,
those plants grown under water deficit levels of 50% and 75% showed significantly higher degree of sensitivity
to the stress applied indicating that the stress intensity was severe at the mentioned water levels.

[47] indicated that water potential of stressed soy bean plants decreased rapidly from the control levels of —7
to —9 bars to —18 bars within 7 days after beginning of the stress. On the other hand, [47] reported that leaf water
potential of soybean during stress fell as low as —23 bars. In the present study drought sensitivity index, similar
to the other parameters, did not respond to the different rates of applied P and their interaction with the ASW
deficit levels.

3.7. Plant Tissue Phosphorus Concentration

The concentration of P in the tissues of grain and straw were significantly affected (P < 0.01) by the interaction
effect of available soil water deficit levels by P rates. While the ANOVA output of both are grown in Appendix
Table 2, the seed and straw P concentrations as influenced by the interaction effect of ASW deficit and P ferti-
lizer levels are presented in Table 6 and Table 7, respectively.
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Table 5. Effect of available soil water deficit levels and P fertilizer rates on drought sensitivity index of soybean (from a two

way ANOVA).

ASW deficit levels (%)

0
25
50
75

0
10
20
30

CV (%)
LSD (0.05)
SE+

P rates (kg-ha™)

Drought Sensitivity Index
0.0423c
0.5616b
0.9604a

0.53
0.53
0.52
0.51

Ns

6.42
0.0289
3.39

Treatment means within a column followed by the same letters are not significantly different at (P = 0.05). Ns = Non-significant; SE+ = Standard er-

ror of the means.

Table 6. Seed P conc. (%) of soybean as influenced by the interaction effect of available soil water deficit levels by P ferti-

lizer (from a two way ANOVA).

P rates (kg-ha™)

ASW deficit levels (%)

0 10 20 30 Mean

0 0.762bcd 0.847bc 0.887b 1.285a 0.945

25 0.715bcd 0.717bcd 0.815bcd 0.787bcd 0.758

50 0.610cd 0.620cd 0.587d 0.580d 0.599

75 0.061e 0.068e 0.175e 0.061e 0.091

Mean 0.537 0.563 0.616 0.678
CV (%) 15.98
LSD (0.05) ASW*P = 0.25

SE+ 2.28

Interaction as well as main effect” means followed by the same letters are not significantly different at (P =0.05), SE+ = Standard error of the means.

Table 7. Straw P conc. (%) of soy bean as influenced by the interaction effect of available soil water deficit with P fertilizer

(from a two way ANOVA).

ASW deficit levels

P rates (kg-ha™)

(%) 0

10 20 30 Mean
0 0.83de 0.96cde 1.02cde 0.70e 0.88
25 1.09cde 0.84de 1.04cde 1.01cde 1.00
50 0.94cde 1.04cde 0.93cde 1.29bc 1.05
75 1.22bcd 1.32bc 1.5ab 1.88a 1.48
Mean 1.02 1.04 1.12 1.22
CV (%) 1457
LSD (0.05) ASW*P = 0.41
SE+ 0.99

Interaction as well as main effect” means followed by the same letters is not significantly different at (P = 0.05); SE+ = Standard error of the means.
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3.7.1. Seed P Concentration

The result of analysis of variance showed that the highest value of grain P concentration was obtained from the
interaction of 0 deficit levels by 30 kg-P-ha* followed by the no water deficit by 20and 10 kg-P-ha™* (Table 6).
On the other hand, the lowest seed P concentration was obtained from the interaction of 75% ASW deficit by all
the P rates. Averaged over the different P rates, the control resulted in the highest mean seed P concentration
compared to the other water deficit levels and the 75% deficit gave the lowest seed P concentration. Similarly,
when averaged over the water deficit levels, the 30 kg-P-ha ' gave the highest mean seed P concentration and the
lowest was obtained from the 0 kg-P-ha *.

The increase in the seed P at the higher available soil water level (0% deficit) and greater P rate were clearly
shown in the result. This increase in seed P concentration could be due to sufficient amount of water for greater
mass movement of applied P and consequent translocation of the absorbed P to the seed. On the contrary, the
decrease in the amount of P at the lowest level of available soil water might be due to lack of water for mass
movement of applied P towards the plant root and its limited translocation to the seed. Studies conducted on
sorghum and beans also indicated that phosphorus concentration in plant tissues of both crops increased with in-
creasing P level whether plants were stressed or not [34]. In the experiment conducted by [39] on soybean
grown under dry and P deficient soil, there had been also observed limited P accumulation and translocation to
the seed.

3.7.2. Straw P Concentration

The results depicted in Table 7 indicate that the highest mean straw P concentration was obtained from the inte-
raction of 75% water deficit level by 30 followed by 75% and 20 kg-P-ha * and 75% by 10 kg-P-ha™* while the
lowest was obtained from the interaction of 0% ASW deficit 30 kg-P*. Averaged over the different P rates, the
75% ASW deficit gave the highest mean straw P concentration whereas the lowest was obtained from the 0%
ASW deficit. Pooled over the water deficit levels, the 30 kg-P-ha * resulted in the highest straw P concentration.
The higher straw P concentration obtained at the relatively lowest level of ASW deficit might be related to in-
adequate water which was not enough to translocate the absorbed P in the straw at the previous growth stages
before pod filling so that, much of P remained accumulated in the straw. This could be the reason why the grain
P concentration at the highest deficit level was the lowest. And the reverse might be true for accumulation of
lowest amount of P at the relatively highest ASW level (0% deficit).

3.8. Plant Tissue Phosphorus Uptake

3.8.1. Seed P Uptake

The interaction effect of available soil water deficit by P fertilizer significantly (P < 0.01) affected the mean seed
P uptake (Appendix Table 2 and Table 8). The highest seed P uptake was obtained from the interaction effect of
0% ASW deficit by 30 kg-P-ha * application whereas the lowest was obtained from the 75% ASW deficit by all
rates of applied P fertilizer. The observed least seed P uptakes were 98.6% less than the highest. Except the
highest P uptake observed at the given levels all the rest combinations of 0% and 25% ASW deficit by all rates
of P gave statistically not significant amounts. However, there observed the interaction effects were more pro-
nounced on the use of higher levels of ASW and applied P than at the lower. The amounts of seed P uptake were
relatively greater due to the use of greater amounts of water and P fertilizer combinations than the lower.

The enhancement of the uptake at the mentioned levels could be due to greater translocation of absorbed
phosphate ions to the seeds from what has been taken by the plant as a result of the relatively high amount of
applied water and P fertilizer and the reverse could be true for the poor uptake at the highest available water
deficit and low P. Other experiments also support this result in that P supply was curtailed by high moisture
stress [48]. Similarly, soy bean grown under dry and P deficient soil showed limited P accumulation and trans-
location to the seed.

3.8.2. Straw P Uptake

The results obtained on straw P uptake also had significantly higher variations because of the interaction effect
of ASW deficit by applied P (Appendix Table 2 and Table 9). The highest uptake was observed on the interac-
tion of 25% ASW deficit by 30 kg-P-ha * and the least at 75% ASW deficit by 0 kg-P-ha * indifferent from seed
P uptake. The recorded highest straw P uptake was 62.37% greater than the least. This result was supported by
[48] that water deficit has a direct long term influence on the uptake and accumulation of P by crops. [48] also
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Table 8. Seed P uptake of soy bean (g-plant™) as influenced by the interaction effect of available soil water deficit with P
fertilizer (from a two way ANOVA).

P rates (kg-ha™)
ASW deficit levels (%)

0 10 20 30 Mean
0 0.045b 0.043b 0.050b 0.072a 0.053
25 0.038b 0.038b 0.045b 0.043b 0.041
50 0.015¢ 0.018¢ 0.013c 0.015¢ 0.015
75 0.001d 0.001d 0.001d 0.001d 0.001
Mean 0.025 0.025 0.027 0.033
CV (%) 2051
LSD ASW*P = 0.014
SE+ 213

Interaction as well as main effects” means followed by the same letters is not significantly different at (P = 0.05); SE+ = Standard error of the means.

Table 9. Straw P uptake (g:m?) of soy bean as influenced by the interaction effect of available soil water deficit by P ferti-
lizer (from a two way ANOVA).

P rates (kg-ha™)

ASW deficit levels (%)

0 10 20 30 Mean

0 0.070abcd 0.080abc 0.085ab 0.060bcde 0.073

25 0.085ab 0.070abcd 0.090a 0.093a 0.084

50 0.038e 0.048de 0.043de 0.055dec 0.046

75 0.035e 0.036e 0.048de 0.038e 0.039
Mean 0.057 0.058 0.067 0.064

CV (%) 17.73

LSD (0.05) ASW*P = 0.028
SE+ 0.01

Interaction as well as main effect” means followed by the same letters is not significantly different at (P = 0.05); SE+ = Standard error of the means.

observed reduced shoot transportation of P by intact tomato plants exposed to low water potential.

The influence of water deficit and level of applied P on straw P uptake was great as it was on grain P uptake
that except few interaction effects majority of lower water deficit and higher P level combinations gave rela-
tively higher straw P uptake. The relatively lower uptake observed in some higher use of ASW and P fertilizer
might be due to enhanced translocation of the straw P accumulation to the seed, this could be especially because
of the presence of greater amount of available soil water.

3.8.3. Total P Uptake

Total P uptake, calculated as the sum of seed and straw P uptake, was significantly affected by the water deficit
treatment only (Appendix Table 2). Accordingly, the mean total P uptake decreased with increase in water defi-
cit level (Table 10). Therefore, the highest total P uptake was recorded at the 0% and 25% ASW deficit levels
while the lowest was obtained from the highest (75%) water deficit level (from a two way ANOVA).

The imposed water deficit levels might have created deficiency at their lower regimes as it was observed in
the uptake to be lower for all higher and lower rates of P. This implicate that the water deficit effect was more
important on total P uptake whatever the rate of applied phosphorus was. Phosphorus uptake by plants is often
reduced during drought, as the concentration of P ion is greater on the upper surface of the soil in antagonistic
with the root growth and development of affected plants.
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Table 10. Total P uptake (g'm™2) of soy bean as influenced by available soil water deficit and P fertilizer.

ASW deficit level (%) Total P Uptake
0 0.0127a
25 0.0123a
50 0.061b
75 0.039c

P rates (kg-ha™)

0 0.093
10 0.092

20 0.083

30 0.082

ns

CV (%) 15.08
LSD (0.05) 0.012
SE+ 0.11

Treatment means within a column followed by the same letters are not significantly different at (P = 0.05), Ns = Non-significant; SE+ = Standard er-
ror of the means.

4. Summary and Conclusions

Knowledge of nutrient uptake and yield relative to drought is very important especially for shallow rooted crops
like soybean and soil P which is mostly concentrated on the surface unlike soil water level found deeper during
water deficit stress. Soybean is known for its high export potential as vegetable and seed crop for a long period
contributing to foreign exchange earnings of Ethiopia. So, this experiment was conducted with the aim of quan-
tifying the critical soil water deficit and P levels that affect yield, and also determining the critical soil water
deficit levels influencing P uptake. Factorial combination of four available soil water deficit levels (0%, 25%,
50% and 75%) and four levels of phosphorus (0, 10, 20, 30 kg-P-ha™*) were laid out in RCBD with four replica-
tions. The experiment was conducted under greenhouse condition using variety, Jalale, as a planting material on
Eutric Fluvisol with a loamy texture.

Highly significant differences were observed only because of the applied ASW deficit in most of the selected
parameters contrary to the effect of applied P, which were not significant except on few due to the inherently
very high soil P level found in the soil. From the findings of this experiment, it can be concluded that the critical
ASW deficit levels that affect yield and yield components of soybean and uptake of total P lie between 25% and
50% of available water deficit levels. The results revealed that the 25% of ASW had the same effect as the con-
trol on most of the crop parameters measured and the total P uptake. The parameters started to decline signifi-
cantly from the 50% of ASW deficit onwards. In conclusion, since, this is a green house experiment, further
study on more number of ASW deficit levels and soil types under different field conditions needs to be done to
reach at a comprehensive recommendation. Normally, plants respond to applied nutrient when the concentration
of a given nutrient element in the soil is in a deficiency level and there observed no significant differences
among the applied P due to the inherently high P concentration of the experimental soil.
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