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ABSTRACT

Leaf area development is an important factor in crop production
because it affects the amount of radiation intercepted and, there-
fore, plant growth. Even though phosphorus (P) deficit and
water stress have been studied as isolated factors limiting leaf
area development in soybean (Glycine max (L.) Merr.), little has
been done on their possible interactions. A pot experiment was
conducted to determine the effects of P supply and water deficit
on leaf-area development in soybean, and whether P nutrition
affects soybean response to water stress. Plants were grown in
pots for 49 days. The soil used was a Sadler silt loam (fine-
silty, mixed, mesic Glossic Fragiudalf), which contained
53mgPkg™' (Mehlich III). Additional P was added at 0, 20,
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and 80mgPkg ' soil. Water treatments consisted of keeping
the soil-water content at 85% (well watered), 60% (mild water
stress) and 35% (severe water stress) of the 10kPa soil-water
content. Phosphorus nutrition did not affect the response of soy-
bean to water stress in most of the measured variables. Relative
reductions due to water stress were similar at every P level for
individual leaf area, whole-plant leaf area, aboveground biomass,
stomatal conductance, and transpiration. Only plant development
was slowed to a greater extent by water stress in P-deficient
plants. Water stress had no effect on P nutrition, since it did not
affect P concentration in plant tissue.

INTRODUCTION

Development of leaf area is a factor of primary importance in crop
production because it affects the amount of radiation intercepted. The rate of leaf
area development has a big influence on crop growth, especially prior to the
closure of the canopy (1). Leaf area is a function of the number and size of leaves,
and both, but especially size can be reduced by water stress (2) or nutrient
deficiency (3). Reductions in crop production due to water and nutrient deficiency
may be caused by decreased radiation interception, radiation use efficiency, or
both, but photosynthetic metabolism is usually less affected than organ number
and size (4). Reduced production of crops under these types of stress is
frequently associated with inadequate development of leaf area, decreasing light
interception (1).

Water stress effects on leaf area development in soybean (Glycine max (L.)
Merr.) have been reported by several authors. Water stress may reduce leaf
expansion rate, final leaf size, and rate of leaf appearance, all of these effects
leading to a lower plant leaf area (5-7). Phosphorus deficiency in soybean has
been shown to decrease whole plant leaf area, leaf area per unit leaf weight,
individual leaf area, leaf appearance, and rate of leaf elongation (8—10).

Phosphorus nutrition may also affect plant response to water stress. In
cotton (Gossypium hirsutum L.), P nutrition altered the relationship between leaf
turgor and stomatal conductance, increasing the turgor threshold for stomata
closure. Phosphorus-deficient plants closed their stomata at a leaf turgor of
0.31 MPa while high-P plants closed them when turgor was near 0 (0.06 MPa)
(11). Stomata of low P plants also showed greater sensitivity to exogenous ABA
and reduced their stomatal conductance by 59%, while high P plants only did so
by 5% (11). When cotton plants were subjected to a drying cycle, leaf
conductance of P-deficient plants was lower than it was in plants well supplied
with P during the whole cycle until leaf turgor approached zero (12). Phosphorus
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deficiency in cotton also significantly decreased root hydraulic conductance, an
effect that was suggested as the cause for reduced leaf expansion (13). Clover
(Trifolium repens L.) plants grown in high-P soil maintained a higher leaf water
potential than low-P plants at a given soil matric potential when subjected to a soil
drying cycle, and only low-P plants showed clear symptoms of water stress (14).
Tiller and leaf appearance of wheat (7riticum aestivum L.) and stomatal
conductance were reduced by a mild water stress only at the lowest P level, while
plants well supplied with P were not affected (15).

Even though P deficit and water stress have been studied as isolated factors
limiting leaf area development in soybean, little has been done on their possible
interactions. The objective of this study was to determine the effects of P and
water deficits on leaf-area development in soybean, and whether P nutrition
affects soybean response to water stress. We hypothesized that soybean tolerance
to water stress would be enhanced by adequate P nutrition.

MATERIALS AND METHODS

A greenhouse experiment was conducted using soybean (cv. CF492,
maturity group IV, determinate growth). Germinated seeds inoculated with
Bradyrhizobium japonicum were planted on February 1, 1997; they emerged
3 days later. One plant per pot was grown using cylindrical pots (15 cm diameter)
with 2500 g of dry soil. Soil used was from the A horizon of Sadler silt loam
(fine-silty, mixed, mesic Glossic Fragiudalf). Soil pH was 6.9. It contained 5.3 pg
P, 106 pg potassium (K), 1563 pg calcium (Ca), 80 pg magnesium (Mg), and
1.4 pg zinc (Zn) per g of soil using the Mehlich III extraction (16). The soil water
retention was determined at 10 and 1500 kPa, giving soil water contents of 36%
and 8% by weight, respectively. Mean air temperature during the experiment was
23.7°C (£ 1.3). Daylength was kept constant at 16 h during the experiment by
using supplementary artificial light.

Soil P treatments were established by the addition of 0, 20, and 80 ugP g~
soil (as KH,PO,) and were denoted as PO, P20 and P80, respectively. Potassium
was added as KCI to PO and P20 to make the amount of K added equal among
treatments (95 pg K g soil ™ "). All nutrient additions were made as a solution that
was thoroughly mixed with the soil 10 days before planting. Soil water treatments
consisted of keeping the soil water content at 85% (well watered, WW), 60%
(mild water stress, MS), and 35% (severe water stress, SS) of the soil water
content at 10kPa. Soil water content was kept at those levels by weighing and
watering the pots daily. Pots were bottom sealed to avoid water loss by leaching.
Water stress treatments were initiated 9 days after emergence (DAE). The
experimental design was a completely randomized factorial with three levels of P
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and three levels of water availability (i.e., nine treatments), and five replications
per treatment.

Evapotranspiration was measured by recording daily pot weight before
watering. Six extra pots without plants were used to measure evaporation from
soil (two pots for each soil water level). Plant transpiration was calculated by
subtracting evaporation from water consumed by each pot. Leaf expansion was
monitored by measuring daily length and width of the terminal leaflet of all
expanding leaves using a clear plastic ruler. Stomatal resistance of the latest fully
expanded leaf was measured 16, 23, 30, and 44 days after emergence between
1:00 and 3:00 pm (eastern standard time) using a Li-Cor LI-1600 steady state
porometer. Two harvests were done, one at the onset of the water stress (9 DAE)
and the final one at 49 DAE. On both occasions the leaf area of every leaf was
determined using a Li-Cor LI-3100 leaf area meter, and length and width of each
terminal leaflet was measured. Leaf area during the experiment was calculated
from the measured length and width using a regression relating the length x width
product to the leaf area measured using the leaf area meter (Trifoliate leaf
area=1.931 length x width of terminal leaflet, ? =0.99, n =663, p <0.001). As
the leaf area of an individual leaf was formed during a period of mainly linear
expansion, linear regressions of leaf expansion with time were fitted for each leaf
using the following segmented function (Fig. 1):
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Figure 1. Change of leaf area of one leaf with time (fourth trifoliolate leaf of the P20-
WW treatment, rep. 3). The length of line ‘x’ represents the period of leaf expansion
(days), the length of line ‘y’ the final leaf area (mm?), and the slope of ‘z’ the rate of leaf
expansion (mm?> day™ h.
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where A, is the area of an individual leaf (mm?), t the time (days), b the rate of
leaf expansion (mm?*d ™", slope of the line z in Fig. 1), and ¢ is the day when the
leaf reaches its final area. Terms (t < c) and (t > c) are equal to 1 or 0 when the
condition is true or false, respectively. The period of expansion (length of line x in
Fig. 1) is the number of days from leaf appearance to final leaf area (length of line
y in Fig. 1) and is estimated by dividing the final leaf area by the expansion rate.
For every leaf, the line fitted had a value of 1* > 0.94.

At harvest, dry weight of leaf blades and stems (including petioles) was
determined after oven drying at 65°C. Leaf weight ratio was calculated as the
ratio between leaf blade and total aboveground dry matter. Phosphorus
concentration of leaf blades and stems was measured in Kjeldahl digests by
colorimetry using a Technicon II Autoanalyzer colorimeter (17).

Data collected were statistically analyzed by factorial ANOVA. When the
interaction between main factors (P and water) was not significant (p > 0.05),
contrasts (tested with the Student t test) were used to compare the means of the
different treatments within each factor. When the interaction was significant,
contrasts between water treatments at each P level were done. Individual leaf
characteristics (rate, duration of expansion, and final area) were analyzed at each
leaf position. Variances were stabilized when necessary using an empirical power
transformation (18). In order to analyze relative effects of water stress at each
level of P, some variables (e.g., biomass, leaf area) were expressed as relative
values dividing the result of each plant by the mean of the WW treatment at the
same P-level of the plant.

RESULTS AND DISCUSSION
Leaf Appearance and Expansion

To describe leaf expansion in a whole plant, we analyzed rates of appearance
of new leaves, individual leaf expansion rates, and final leaf sizes. Plant develop-
ment during vegetative growth is usually estimated measuring leaf appearance on
the main stem (19). Figure 2a shows the effects of P and water availability on
trifoliolate-leaf appearance on the main stem. The model that best fitted the data
was one with 6 lines and 5 significantly different (p < 0.05) slopes (i.e., rates of
leaf appearance). The water stress effect on rate of leaf appearance depended on
the amount of P added. Severe water stress (SS) lowered the rate by 12, 23, and
26% at P80, P20, and PO respectively. Mild water stress (MS) did not have any
effect. Randall and Sinclair (6) observed a slight decrease (5%) in the appearance
of leaves in soybean with water stress periods of 8 days. Larger decreases were
observed when soybean was subjected to a 36-day drought (7). Temperature is
considered the main environmental factor that determines plant development
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Figure 2. Trifoliolate-leaf appearance on (a) the main stem and (b) whole plants. Rates
of leaf appearance on the main stem (slopes of the lines, leaf day ™ ]) were 0.17 for PO WW
and MS, 0.12 for PO SS, 0.25 for P20 and P80 WW and MS, 0.19 for P20 SS, and 0.22 for
P80 SS. Mean rates of leaf appearance on whole plants were 0.17, 0.17 and 0.12 for PO
WW, MS and SS; 0.44, 0.40 and 0.22 for P20 WW, MS and SS; 0.49, 0.51 and 0.33 for
P80 WW, MS and SS, respectively.

during vegetative growth in soybean, and usually is the only one included in
models for simulating that phase (20). Our results showed that both P deficiency
and water stress may slow soybean development, and that these factors should be
taken into account for plant development predictions during vegetative growth.
The final number of leaves on a plant depends not only on leaf appearance
on the main stem, but also on leaf appearance on branches. Figure 2b shows the
change in number of leaves with time for whole plants. There was no branching at
PO, so all the leaves were on the main stem. Leaf appearance on lateral branches
amplified the differences between SS and WW treatments at P20 and P80. The
number of leaves grew exponentially due to lateral branching at P20 and P80
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when plants were well watered or under a mild water stress. Phosphorus addition
increased the number of lateral branches at every water level, while SS reduced it
(Table 1). Branching was more sensitive to P-deficit and severe water stress than
was leaf appearance on the main stem. Other authors have observed that
branching and leaf appearance on axillary branches were more sensitive to other
environmental factors than was leaf appearance on the main stem (21). Higher
branching was observed in soybean when photosynthate supply was enhanced by
growing plants at high irradiance or increased ambient CO, (21). Leaf number of
wheat plants was reduced by a mild water stress only at the lowest P level, while
plants well supplied with P were not affected (15). Contrary to what was reported
for wheat, we did not observe any interaction between water stress and P nutrition
on the final number of leaves in soybean (Table 1).

Individual leaf expansion was analyzed by dividing this process into rate of
leaf expansion, period of leaf expansion, and final leaf area. These characteristics
were evaluated for each leaf position on the main stem (Fig. 3, Table 2). The first
trifoliolate leaf was not affected by water stress because it was already expanding
when water stress treatments began. Starting from the second trifoliolate,
individual-leaf area was reduced by both water and phosphorus deficits. Severe
water stress caused a significant reduction in leaf area at every leaf position and P
level, while MS had little or no effect on leaf area (Fig. 3a). Although the absolute
reduction of leaf area due to water stress was different at each P level, these

Table 1. Effects of Phosphorus and Water Treatments on the Number of Branches,
Trifoliolate Leaves, and Specific Leaf Area at Final Harvest (49 Days After Emergence)

Branches Leaves' Specific leaf area

PO P20 P80 Avg. PO P20 P80 Avg. PO P20 P80 Avg.

[no.] [no.] [mm*mg~"]

WW 0 5 62 37 7 204 252 17.5 314 372 405 364
MS 0 46 58 34 7 18.0 23.6 162 34.1 358 389 363
SS 0 22 44 22 6 106 15.8 10.8 31.8 359 350 342
Avg. 0 39 54 31 6.6 163 215 148 324 363 381 356
ANOVA

P: sk sk sk

W: ks sk ns

PxW: ns ns ns
Contrasts WW&MS vs. SS: **  WW&MS vs. SS: ** PO vs. P20&P80: **
Main effects WW vs. MS: ns WW vs. MS: ns P20 vs. P80: ns

TANOVA performed only with P20 and P80 treatments.
* **Significant at 0.05 and 0.01 probability level, respectively.
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Figure 3. Effects of P and water treatments on (a) individual leaf area, (b) rate of leaf
expansion and (c) period of expansion of leaves at different positions on the main stem.

differences were minimized when the reduction in leaf area was expressed relative
to the well-watered treatment at each P level (Table 3). Therefore, the effect of
water deficit could be calculated using the same coefficient for every P level.
Reduced individual leaf areas due to water stress were also observed in soybean



Table 2. ANOVA for Individual Leaf Area, Rate of Leaf Expansion, and Period of Expansion of Trifoliolate Leaves at Different Main

Stem Positions

Leaf area Rate of leaf expansion Period of leaf expansion
Leaf Position: 1 2 3 4t 55 e6; 1 2 3" 4" 5 et 7t 1 2f 3 4 51 6%
Main factors and interaction
PhoSphOruS ks ks sk sk ns % sk ek ks sk ks ns sk b sk ki sk ns ns
Water ns skk sksk skk sk sk ns ke sk sk sk sk kk ns sk sk sk sk sk
PxW ns ¥ * ns ns ns ns ns ¥ ns ** ns ns ns ns ** ns  ns ns
Contrasts-Main effects
PZO VS. PSO sk sk kesk ke sk ns 3k sk
WW vs. MS ns * ns * ns ns ns ns * ns ns
Contrasts-Simple effects
WW & MS vs. SS at PO ko kR *ok ok *ok
at P80 kesk ek sk kk ns
WW vs. MS at PO ns ns * ns ns
at P20 ** ns ns ns ns
at P80 ns * ns ** ns

T ANOVA performed with transformed data in order to stabilize variances.

Factorial ANOVA performed omitting PO treatments.

* **Significance at the 0.05 and 0.01 probability levels, respectively.
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Table 3. Effects of Severe Water Stress on Individual Leaf Area and Rate of Leaf
Expansion at Each Phosphorus Level, Expressed as Relative Value to the Well Watered
Treatment

Individual leaf area Rate of leaf expansion

Leaf position PO P20 P8O Avg. PO P20 P8O Avg.

2 0.80 0.68 0.73 0.73 0.65 0.59 0.62 0.62
3 0.69 0.74 0.82 0.75 0.56 0.66 0.79 0.67
4 0.71 0.63 0.72 0.69 0.62 0.53 0.62 0.59
5 0.71 0.69 0.70 0.69 0.56 0.55 0.60
6 0.75 0.65 0.70 0.68 0.54 0.61
Average 0.73 0.70 0.72 0.72 0.64 0.60 0.63 0.62

in field experiments (5). Phosphorus deficit (PO) significantly decreased
individual leaf area, and this effect was consistent across all leaf positions.
Differences between P20 and P80 were also significant at several positions.
Several other workers have observed reductions of leaf area in soybean growing
in culture solutions with low-P concentrations (8—10).

The rate of leaf expansion was more sensitive to water and P stress than was
the period of expansion, indicating that differences observed in final leaf area
were due mostly to effects of P and water deficit on rate of leaf expansion (Fig.
3b). The rate of leaf expansion presented a similar pattern of variation as final leaf
area: SS reduced the rate of leaf expansion at every P level and leaf position (from
trifoliolate 2 to 6) while P addition increased the rate of leaf expansion. On the
other hand, the period of expansion was prolonged by both water and P deficits
(Fig. 3¢). Both SS and PO significantly increased the period of expansion at every
leaf position. Effects of P and water were additive (no interaction) for most of the
leaf positions. Lengthening of the period of expansion caused only a partial
compensation for the reduction in the rate of leaf expansion because the period
varied much less than did the rate. The rate of individual leaf expansion and
individual leaf area were linearly related, and the rate of expansion explained 87%
of the variation in the leaf area of trifoliolate leaves at positions 2 to 6 on the main
stem (n=199, 1 =0.87, p < 0.001).

Expansion of trifoliolate leaves on the main stem was more sensitive to
water stress and P deficit than was the appearance of these leaves. Severe water
stress reduced the rate of leaf expansion by 38% and the rate of leaf appearance
by 12-26%. The higher sensitivity to water stress of leaf expansion over leaf
appearance was also observed in soybean in field experiments. Under a mild
water stress, leaf appearance was reduced by 5% and leaf expansion by 24% (6).
Phosphorus deficit also reduced the rate of leaf expansion to a greater extent than
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it did the rate of leaf appearance on the main stem. PO-WW treatment had 57%
and 31% reductions in rates of expansion and appearance, respectively, when
compared to PSO-WW. Larger decreases in leaf expansion than in leaf appearance
were also observed in soybean growing in low-P nutrient solution (8,10). This
different sensitivity might be explained in terms of the sensitivity of cell division
and expansion to both factors, water and phosphorus. Cell enlargement is more
sensitive to water deficits than is cell division. Although cell division is not
restricted at the beginning of leaf growth and cell division also implies cell
enlargement, leaf differentiation and appearance is due mostly to cell division,
while leaf expansion is mostly due to cell enlargement (2).

Whole-plant leaf area was reduced by both water and P deficits due to their
effects on leaf appearance and expansion (Fig. 4a, Table 4). There was no
significant interaction between P and water, although the reduction due to SS was
relatively smaller at PO (Fig. 4b). Reduced leaf area was due to both decreased
number and size of leaves. The slightly smaller effect of SS at PO was because of
the complete inhibition of branching and lateral leaf appearance at PO, even when
plants were well watered. Specific leaf area (i.e., leaf area per unit of dry matter of
leaf blade, cm” g~ ') (SLA) was only affected by P level (Table 1). When no P was
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Figure 4. Effect of P and water deficits on (a) whole-plant leaf area, (b) leaf area relative
to well watered treatments, (c) aboveground biomass and (d) aboveground biomass relative
to WW treatments at final harvest. Vertical bars represent means=+ 1 SE.
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Table 4. ANOVA for Whole-Plant Leaf Area and Aboveground Biomass at Final Harvest
(49 DAE), Stomatal Conductance (Average of 4 Measurements at 16, 23, 30, and 44 DAE),
and Transpiration During the Period of Stress (9 to 49 DAE)

Stomatal
Leaf area’  Biomass’  conductance Transpiration®

Main factors and interaction

PhOSphOruS sk ke sk sk

Water sk sk skk sk

PxW ns ns ns ns
Contrasts-Main effects

PO vs. P20 & P80 ok ok *k *k

P20 vs. P80 *ok ok *k *k

“]“] & MS VS. SS sk Kk sk Kk

WW vs. MS * ns * *k

TANOVA performed with transformed data to stabilize variances.
* **Significant at 0.05 and 0.01 probability level, respectively.

added (PO) specific leaf area was reduced by 15%. This reduction of SLA is
expected because P deficiency decreases leaf expansion more than it assimilates
production. Soybean plants grown in a low-P nutrient solution had 85% less leaf
area than control plants, while photosynthesis per unit of leaf area decreased by
55% (8). Phosphorus deficiency decreased photosynthesis per unit of leaf area by
30% and plant leaf area by 90% in soybean (10).

Aboveground Biomass and P Accumulation and Partition

Aboveground biomass was reduced by deficits of P and water (Fig. 4c).
There was no interaction between P and water (Table 4) and the relative effect of
water stress was similar at each P level (Fig. 4d). Mild water stress reduced
biomass by 9% (not significant), while SS reduced biomass by 48%. P20 and PO
decreased biomass by 22 and 73%, respectively, compared to P80.

Partition of aboveground biomass towards leaf blades was slightly
increased by P deficit. Percentages of aboveground biomass in leaf blades at
final harvest were 59, 60, and 63 in P80, P20, and PO, respectively. There was no
effect of water stress on biomass partition (Table 5). It is known that bigger and
taller plants partition a greater proportion of aboveground dry matter to structural
material in stems in order to provide mechanical support (22). Therefore, different
partition to leaf blades could be an indirect effect of P treatments since P80 plants
were more than 3.5 times as large as PO plants.



Table 5. Effects of Phosphorus and Water Treatments on P Concentration in Leaves and Stems, Total P Accumulation, and Aboveground
Biomass Partition to Leaves at Final Harvest (49 DAE)

Leaf P Stem P P uptake’ Biomass partition to leaves
PO P20 P80 Avg. PO P20 P80 Avg. PO P20 P80 Avg. PO P20 P80 Avg.
lgke '] [mg pl~'] ee ']
WWwW 127 185 314 209 1.08 1.31 213 151 261 101 21.1 123 0.63 0.61 0.59 0.61
MS 1.38 2.01 3.05 214 105 139 215 153 227 100 19.1 105 0.63 0.61 0.59 0.61
SS 124 215 3.08 216 098 1.50 205 151 142 5.8 11.0 6.1 064 059 059 0.6l
Average 129 199 3.09 213 1.04 140 211 152 210 8.6 17.1 93 063 060 059 0.61
ANOVA
P: sk ek kk
Water: ns *k ns
PxW: ns ns ns
Contrasts PO vs. P20 & P80: ** PO & P20 vs. P8O: ** PO vs. P20 & P80: ** PO vs. P20 & P80: **

Main effects

P20 vs. P80: **

PO vs. P20: **

P20 vs. P80: **
WW & MS vs. SS: **
WW vs. MS: ns

P20 vs. P80: **

TANOVA performed with transformed data to stabilize variances.
* **Significant at 0.05 and 0.01 probability level, respectively.
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During vegetative growth, expanding leaves are the main sinks for new
assimilates, and the number of growing points is expected to depend on assimilate
supply (23). Plant growth rate (rate of aboveground dry matter accumulation) and
the number of simultaneously expanding leaves during the period of water stress
(DAE 9 to 49) were linearly related (Fig. 5). The reciprocal of the slope of the line
(i.e., 50mgday” 'leaf ') could be interpreted as the amount of assimilates
needed for one leaf to grow (23). It seems that P deficiency and water stress
affected the number of expanding leaves by reducing the assimilates available for
growth, and not by modifying the allocation of new dry matter or the minimum
amount of assimilate required for one leaf.

Phosphorus concentrations in leaves and stems were affected only by P
level, increasing with P addition (Table 5). Phosphorus concentrations in leaves
were 35 and 58% lower at P20 and PO, respectively, than at P80. Water stress, on
the other hand, had no effect on P nutrition. Phosphorus concentrations in the P80
treatments were within the range of sufficiency reported by other authors, while
concentrations at P20 and PO may be considered ‘low’ and ‘deficient’,
respectively (24,25). It is known that P diffusion in the soil is affected by soil
water content and is a limiting factor in P absorption (26). Water stress reduced P
tissue concentrations in field grown soybeans due to lowered P diffusion (27).
The limited volume of soil explored by the roots in a pot could explain why soil-
water content did not affect P nutrition in our study, since at high root densities
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Figure 5. Number of simultaneously expanding leaves as a function of the rate of
accumulation of aboveground dry matter. Bars represent means=+ 1 SE.
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the importance of P movement in plant uptake decreases. Total P uptake had a
similar pattern of variation as dry matter, with a larger effect of P addition due to
increased P concentration in dry matter along with P availability (Table 5). There
was no interaction between P and water levels. Severe water stress had the same
relative effect at each P level, reducing total P per plant by 45%. Phosphorus
partition to leaf blades was not affected either by P-level or by water stress
(data not shown), as the proportion of P in leaves was the same for all
treatments (68%).

Stomatal Conductance and Transpiration

Stomatal conductance was reduced by both water and P deficits (Fig. 6a).
Water stress reduced stomatal conductance by 8 and 40% for MS and SS,
respectively, while phosphorus deficiency decreased it by 13 and 42% for P20
and PO, respectively. There was no interaction between water and P levels
(Table 4). Contrary to what has been reported for wheat (15) and cotton (11), P
nutrition did not affect stomatal response to water stress in soybean in our
experiment. This invariable stomatal sensitivity to water stress under different P
levels could be related to the similitude in the response to water stress at every P
level that we observed in soybean.

Transpiration during the water stress period was affected by P nutrition and
water stress (Fig. 6b, Table 4). Phosphorus deficiency decreased transpiration by
24 and 76% at P20 and PO, respectively, when compared to P80. Water stress
caused a similar relative reduction at every P level, approximately 16 and 54% for
MS and SS, respectively (Fig. 6¢). The daily leaf area increase of whole plants
was linearly related to transpiration rate. Figure 7 shows leaf area increase as a
function of transpiration, with both variables expressed relative to the well-
watered treatment at each P level. The phosphorus nutrition of the plants did not
affect the relationship between relative transpiration and relative leaf area
increase, as all plants lay on the same line, regardless of the P level. Other authors
have used similar relationships between relative transpiration and relative leaf
area expansion in order to predict the effect of water stress on leaf expansion in
barley, calculating the relative transpiration from a soil moisture balance (28). Our
results show that the same relationship may be used to predict leaf area expansion
under water stress in plants with different levels of P nutrition.

CONCLUSIONS

Phosphorus nutrition did not affect the response of soybean to water stress
in most of the measured variables. Relative reductions due to water stress were
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Figure 6. Effects of P and water deficits on (a) stomatal conductance (average of 4

measurements), (b) transpiration and (c) transpiration relative to well watered treatments
during the period of water stress. Vertical bars represent means+ 1 SE.

similar at every P level for individual leaf area, whole-plant leaf area,
aboveground biomass, stomatal conductance, and transpiration. Therefore, we
rejected the hypothesis that soybean tolerance to water stress would be enhanced
by adequate P nutrition. The effect of water stress on leaf expansion could be
described in P-deficient plants using the same response function developed for
plants well supplied with P. Only plant development was slowed to a greater
extent by water stress in P-deficient plants. Water stress had no effect on P
nutrition, since it did not affect P concentrations in plant tissue. Phosphorus
deficiency decreased leaf appearance, expansion, and final area, biomass and P
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Figure 7. Relationship between daily whole-plant leaf area expansion and transpiration.
Values are relative to the mean of the well watered treatment at each P level and averaged
over the stress period (9 to 49 days after emergence). Each symbol represents one plant.

accumulation, P concentration in leaves and stems, and transpiration. Of the two
components of individual leaf expansion (rate and period of expansion), the rate
was more sensitive to water and P deficits, thus different leaf sizes were mainly a
product of different leaf expansion rates. Individual leaf area was more sensitive
to both stresses than was leaf appearance.
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