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area (A) and dry weight (W) per plant. The choice of a
mathematical function which can adequately describe this
relationship is also critical in the regression procedures
of growth analysis. The exponential equations, as repre-
sented in equations 1 and 2, showed a very good fit, with R®
values greater than 0.99 in both the cases; 1leaf area and
dry weight. Regression equations fitted were based on 12
samples taken during 1976. Each data point was the average
of 40 plants, so that the sampling errors were greatly reduced.

Fig. 37 and 38 represent the changes in relative growth
rate (R) and relative leaf growth rate (G) during the growing
season. The relative growth rate was more responsive to
water stress than relative leaf growth rate. It is evident
that soybean plants in the uncovered plots showed higher
crowth rates than those in the covered plots due to a better
plant-water status. Much of the decline in R and G earlier
in the season can be attributed to an increase in self-shading
associated with increased leaf area index and low photosyn-
thetic activity of the bottom leaves in the canopy. Rapid
decreases in R and G during the month of August could be the
result of a prolonged period of water stress.

et assimilation rate (E) is the net difference between
the amounts of dry matter assimilated and respired. E, like
R, has both photosynthetic and respiratory components, the
relative importance of respiration increasing with plant acge.

Fig. 39 depicts the changes in E during the growing season.
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Fig. 37. Effect of the two treatments on the change in
relative growth rate with time
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The effect of water stress on the soybean plants in the
covered plots is evident as £ decreases with plant age. This
agrees with the conclusions of Vaclavik (1967, 1969). The
E showed an increase 75 days after planting in the uncovered
plots. The uncovered plots were irrigated 61 and 70 days after
planting. The plants showed a dramatic recovery from stress
as both leaf area and dry weight of the plants showed greater
increases. lLeaf area started declining 92 days after plant-
ing, vhereas the dry weights increased until 100 days after
planting and then levelled off. Since E is a net balance
between respiration and photosynthesis, it is apparent that
the increase in E is the result of an accelerated production
rate. Koller et al. (1970) interpreted the increase in E
during the latter part of the growing season as a response
of the photosynthetic apparatus to an increased demand for
assimilates.

Cron growth rate (C), as a function of time, is shown
in Fig. 40. Soybeans in the uncovered plots maintained higher
crop growth rates than those in the covered plots. Per unit
ground area, plants in uncovered plots maintained greater dry
weights, whereas leaf area was declining. As Milthorpe and
Moorby (1969) and Koller et al. (1970) pointed out, photosyn-
thetic activity is influenced by photosynthetic utilization.
Eastin and Gritton (1969 ) also observed increasing C while
leaf area was decreasing.

From the above discussion, it is evident that moisture



159

351 1976

. o=Or
>, [ P4

L] 30 of’

© ,’

o /
~ A

E - y

o //

Ll //ﬂ

= L o—o Covered
- S o-~-0 Uncovered
- ~ 1

g /

[~ 4 ,,0'

© o} /

Q.

(]

[~ 4

o L

1 1 1 1 1 1 1 ]

40 50 60 70 80 S0 100 110 120
DAYS AFTER PLANTING

Fig. 40. Effect of the two treatments on the change in crop
growth rate with time



160

stress has a significant influence on the growth rates of
soybeans. Plants in the covered plots showed consistently
smaller growth rates than those in the uncovered plots. The
increase in net assimilation rate and crop growth rate for
soybeans in the uncovered plots during the later part of the
growing season is a little surprising. It is believed that
these increases are not an artifact of the regression proce-
dures used in the calculation of the growth rates. Such in-
creases have been reported in the literature. In the investi-
gations reported here, during the 1976 growing season, the
moisture stress pattern showed a linear trend as supported dby
the soil-water potential data. For this reason, even multiple
regression techniques relating growth indices to weather
parameters showed a significant correlation between growth
indices calculated according to regression procedures and
soil-water contents. However, this would not necessarily be
the case, if the stress pattern under field conditions is

more cyclic. Under such conditions, as Buttery (1969) pointed
out, regression procedures would fail to show the short-term

moisture stress effects on the growth indices.
Soybean Growth Rates as Related to Environmental Parameters

The concepts of growth analysis provide a critical ap-
proach to ecological and physiological studies of environmental
factors. At present, little information is available on the

relative influence of different environmmental factors on
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soybean growth rates. Several authors, including Blackmar

et al. (1955), Hodgson (1967), Warren Wilson (1967), Rajan

et al. (1973), and Voldeng and Blackman (1973), studied the
effects of different environmental factors on crop growth.

It seems that basic information could be gained by an examina-
tion of the seasonal variations in vegetative growth and
development in relation to changes in environmental parameters.
0f the different growth controlling factors, Hodgson (1967)
found that both E and R were positively dependent on light

and temperature whereas Voldeng and Blackman (1973) reported
that R, G, and E were positively dependent on both radiation
and mean temperature. But all these studies have been con-
ducted either under controlled conditions or in pots in the
open. No information is available regarding soil-water status
in these experiments. Soil-water contents could significantly
alter the response of the soybean plants to environmental
parameters under field conditions.

Growth indices R, G, E, and C calculated at weekly inter-
vals during 1976, which were reported earlier, were used to
show the relationships between soybean growth rates and
environmental factors. The independent variables selected for
this purpose are weekly averages of maximum air temperature C
(MAXT), minimum air temperature C (MINT), soil temperature at
15 cm depth C (ST), rainfall in cm (RF), solar radiation in
ly/day (SRAD), volumetric soil-water contents in cc/cc (VSW),

and open pan evaporation in cm (OPE). But since OPE integrates
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the effect of all other variables, it was not included in the
final model. Multiple regression techniques were used to
describe the influence of the independent variables on the
growth indices.

In Table 30 are represented the regression equations re-
lating the growth indices to environmental factors. Regres-
sion equations were presented only for those models wherein
the independent variables justified inclusion in the model
by improving the multiple determination (Rz) values. However,
the R® values for the full model wherein all the variables
were included were also presented to show the relative im-
portance of the full model.

In contrast to the earlier work, wherein several research
workers showed significant effects of radiation, temperature,
etc., it can be seen that soil water is a very significant
variable affecting the growth rates. With the exception of
just one case, soil water showed a significant contribution
to the model. The reasons for the deviation of the model for
the crop growth rate for the covered plots, from other models,
is not known.

It can be seen that under severe water-deficit conditions
in the field, growth of soybeans is significantly related to
changes in soil water. Growth indices based on dry weight
alone like R, G, and C, as well as E, which is based on both
dry weight and leaf area, show significant response to changes

in soil-water contents. R and G show an excellent predictive



163

Table 30. Multiple regression equations relating selected
growth indices and environmental parameters

Growth 2
index Treatment Regression equation R
R Covered =7.39 + 0.69 (VSW)%* 0.88#%%
-0.47 + 0.63 (VSW)#** - 0,07 (MAXT) O0.91%#
Full model 0.92
Uncovered =3.00 + O.44 (VSW)%#* 0.87%+
-4,06 + 0.45 (VSW)#* - 0,08 (ST)** 0.,96%+%
Full model 0.98
G Covered -21.87 + 1.55 (VSw)#* 0.88%%
-6.30 + 1.43 (VSW)** - 0,16 (MAXT) 0.91%#%
Full model 0.92
Uncovered -16.64 + 1,17 (VSW)#** 0.874%
2.19 + 1.19 (VSW)*® - 0,21 (ST)#** 0.96%#
Full model 0.98%#*
E Covered <4.50 + 0.49 (VSw)** 0.78%#
5.16 + 0.42 (VSW)##% - 0,10 (MAXT)*#% (, 85%%
Full model 0.88
Uncovered 7.38 - 0.16 (Vsw) 0.26
Full model 0.90
C Covered -8.90 + 0.17 (ST) 0.10
10.38 + 0.75 (ST )#*# - 0,81 (MAXT)* 0.59%
Full model 0.72

##Sjignificant at 1% level.

*Significant at 5% probability level.
###5ignificant at 10% probability level.
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Table 30. (Continued)

Growth 2
index Treatment Regression equation R

c Uncovered 73.33 - 3.23 (VSW)## 0.834+
20.06 - 3.29 (VSW)**+ 0,60 (ST)* 0.92%#
30.34% - 2.94 (VSW)#*4+ 0,68 (ST)*=
- 0.04 (SRAD) 0.96%+
Full model 0,98+

rredictive ability with just two variables: soil-water con-
tents and maximum air temperature or soil temperature (R2 =
0.91). Uncovered plots, which were under moderate water
stress, show better correlations than the covered plots. 1In-
clusion of more than two variables showed little improvement

in R2 and the full model with all the six variables does not

show a significant R2 value. Regarding the crop growth rate,
the same conclusions as those of R and G are applicable, except
that the predictive ability of the two-variable model in the
covered plots is much less than the model in the uncovered
plots.

In the case of the net assimilation rates, the covered

plots show better predictive ability with two variables
than the uncovered plots. This is probably due to the extreme
sensitivity of leaf area (which is an important component of

E) to severe moisture stress.
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In summary, it appears that in the application of growth
analysis to explain the influence of various environmental.
parameters, careful precautions should be taken to eliminate
the effects of variations in soil moisture. Under water-
deficit conditions, changes in soil-water content could have
an overriding influence on the plant growth rates and could

mask the influence of other climatic factors.
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SUMMARY AND CONCLUSIONS

Field experiments were conducted during two years, 1975
and 1976, at the Western Iowa Experimental Farm, Castana, to
evaluate the effects of moisture stress on the growth, nutri-
ent accumulation and stomatal response of soybeans. Three
plant measurements which have been shown to be sensitive to
moisture stress, i.e., stomatal conductance, leaf-water po-
tential, and leaf area, were evaluated during 1976, using
soil, plant and atmospheric observations. Quantitative re-
lationships were drawn between the shoot and root data col-
lected during 1975. Salient features of the investigations
are summarized below.

1. Soil-water potential values measured at regular in-
tervals during the growing season reflected an increasing
trend of soil drying as the season progressed.

2. Increasing soil dryness was associated with a decline
in stomatal conductance and leaf-water potential.

3. The highest stomatal conductance values were ob-
tained in the top layer of the canopy with progressively lower
conductance values as one approaches the bottom layers in the
crop canopy.

4. Overall daily means of stomatal conductance showed
a 100% reduction during the latter part of August because of an
increasing water deficit.

5. The diurnal pattern of stomatal conductance values in
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the canopy established the fact that stomatal conductance
was influenced by the time of the day and canopy depth.

6. Under the conditions of adequate water supply, the
stomata opened early in the morning and were open until 1600
hours CDT. With decreasing irradiance thereafter, the stomatal
conductance showed a rapid drop.

7. Under water deficit conditions, stomata were open
only for a short period of two hours in the morning, partially
open until 1400 hours and then closed completely thereafter.

8. Stomatal conductance showed a linear response to
changes in soil-water potential.

9. Canopy transpirational resistance values showed that
soybean canopy offers considerable resistance to transpiration
when the soil-water potential decreases to less than -4 bars.

10. Relative growth rates of soybeans showed a linear
decrease with decrease in stomatal conductance. Any reduc-
tion in stomatal conductance below 0.35 cm/sec resulted in
reduced growth rates.

11. When the soil-moisture supply was adequate, the top
layer in the soybean canopy exhibited the lowest leaf-water
potentials. But with a prolonged period of drought, the top |
layer in the canopy had the highest leaf-water potential.

12. lLeaf-water potential measurements at different depths
in the canopy showed significant interactions between treat-
ment and time.

13. Wwhen the soil-water potential decreased to less than
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-6 bars, greater decreases in leaf-water potential were
noticed.

14, leaf-water potentials in the lower canopy depths
showed a better response than the top canopy layer to soil-
water potential.

15. Relative growth rate of soybeans showed a good
correlation with leaf-water potentials.

16, Rapid stomatal closure occurred in the field as the
leaf-water potentials approached -10 to -12 bars.

17. Ileaf-water potential showed a better response to
changes in microclimatic variables and soil-water contents
than the stomatal conductance. A change in energy flux of
approximately 1.1 ly/min could cause a 10 bar decrease in leaf-
water potential.

18. Under the conditions of water stress, soil-water
potential seems to have an overriding effect in influencing
the stomatal conductance and leaf-water potential values.

The other atmospheric variables showed less significant effects.

19. Attenuation of photosynthetically active radiation
and net radiation in the canopy was accurately described by
the Bouguer-Lambert law. The regression model accounted for
more than 95% of the variation in all cases.

20. Net radiation incident on the canopy could be accu-
rately predicted from the measurements of the photosynthetical-
ly active radiation. |

21. Moisture-stress effects on leaf area could be brought
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about by the dual influence on the leaf size as well as the
number of leaves and the leaf senescence.

22. Leaf-area distribution in the canopy showed that
most of the leaves in the soybean plants were concentrated in
the top layers of the canopy. The apparent differences in
leaf-area distribution appear to be mediated by moisture
stress effects more dominantly than the effects of the varia-
tions in photosynthetically active radiation.
| 23. Plant height and leaf area were positively correlated
(r = 0.95).

24. Change in unit leaf area showed a good correlation
with soil-water potentials.

25. Relative growth rates showed a 50% reduction when the
change in unit leaf area showed a drop from & cmz.

26. A reduction in leaf-water potential to less than -8
bars was associated with a large reduction in leaf enlargement
and, at a leaf-water potential of -12 bars, the growth was
completely halted.

27. The leaf-area index could be accurately predicted
from the data of the leaf dry weight and number of leaves per
plant.

28. The top - root ratio of soybeans was 3.8 when the
plants were in stage V6, and the ratio increased to 9.0 by
the time the plants reached the stage V15R2. A rapid increase
in top - root ratio was related to greater dry matter accmul-

lation in tops.
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29. Total length of roots required to supply water and
nutrients to each m2 of leaf area ranged from 630 m/m? when
the plants were in stage V6 to 420 m at V18R4 stage. A total

2 leaf area at V13R2

of 1190 m of roots were required for each m
stage. Root léngth was highly correlated with soil-water
content.

30. Highest rates of nutrient uptake per meter of root
occurred at 40 days after planting. Soybeans showed high rates
of nutrient uptake during the pod filling stage, even though
the root lengths were minimum at that stage.

31. The relative amounts of N, P, and K in the plants
were slightly greater than the relative amounts of dry matter
during the vegetative stage of growth.

32. At maturity, 70 to 80% of the total N, P, and K in
the plants was in the seeds and pods as compared to 50% of
the dry matter.

33. Under the effects of severe moisture stress, soybeans
produced only about 60% of the dry matter produced in the plots
which were irrigated twice.

34. There were significant differences in height, leaf
area index and dry matter accumulation between the two
treatments.

35. In general, nutrient uptake by the soybean plants
increased until about 85 days after planting, but showed a
steady decline afterwards.

36. Soybean leaves accumulated a major portion of N, P,
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and K prior to the development of seeds. Moisture stress re-
sulted in decreases in nutrient uptake in all components of the
soybcan plant.

37. Water deficits reduced the relative growth rate,
relative leaf growth rate, net assimilation rate, and crop
growth rate of soybeans.

38. Multiple regression procedures showed that soil-
water content is a very significant variable affecting the
soybean growth. Growth rates of soybeans showed good predic-
tive ability with just two variables, soil-water content, and

maximum air or soil temperature.
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Table 31. (Continued)

Open
pan Solar
Temperature C Precip. Wind evap. radiation

Date Max. Min. Cm Kz/day Cm Ly/day
June 20 29.4 17.2 1.68 115.8 0.58 4sh
21 28.9 18.3 141.6 0.56 471
22 26.1 15.6 1.75 69.2 0.81 526
2 25.6 16.7 0.20 8.1 0.28 300
2 27.2 15.6 0.08 0.2 0.28 L4iu2
25 29.4 20.0 111.0 0.61 670
26 29.4 19.4 0.08 140.0 0.58 466
27 29.4 13.9 22.5 0.81 721
28 31.1 20.6 88.5 0.74 655
29 31.1 20.6 64.4 0.64 566
30 31.1 19.4 56.3 0.61 675
July 1 31.1 20.0 70.8 0.66 613
2 31.1 18.9 46.7 0.81 643
3 33.9 17.8 22.5 0.61 577
4 34.4 18.3 12.9 0.46 768
5 35.0 21.7 0.08 32.2 0.86 620
6 30.6 18.3 40.2 0.71 665
7 30.6 20.0 20.9 0.69 658
8 30.0 16.7 24.1 0.71 sh7
9 27.8 14.4 29.0 0.69 657
10 28.3 15.0 61.2 0.71 672
11 25.0 10.0 0.18 46.7 0.61 526
12 22.8 8.3 43.4 0.71 711
1l 26.7 7.8 16.1 0.46 602
1l 30.0 11.1 53.1 0.71 610
15 32.8 15.0 128.8 0.97 660
16 33.3 20.6 220.6 1.14 671
17 33.3 18.3 186.8 1.12 661
18 33.9 22.8 204.5 1.09 610
19 33.3 17.2 0.91 67.6 0.94 737
20 26.7 15.6 24.1 0.76 608
21 31.1 13.9 32.2 0.64 65
22 29.4 17.2 66.0 0.53 35
2 30.0 17.2 1.85 48.3 0.61 519
2 29.4 15.0 0.15 67.9 0.84 713
25 27.2 11.1 32.2 0.61 643
26 32.2 15.0 85.3 0.84 654
27 32.2 17.2 32.2 0.74 616
28 31.7 18.3 99.8 0.69 588
29 4.4 20.0 77.3 0.69 632
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(Continued)
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Meteorological parameters during the 1976 growing
season at Western Iowa Experimental Farm, Castana
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(Continued)

Table 32.
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Table 32. (Continued)

Open
pan Solar -
Temperature C Precip. _Wind evap. radiation
Date Max. Min. Cm Km/day Cm Ly/day

Aug 1 25.6 10.6 98.2 0.61 332
2 28.3 11.1 80.5 0.56 621
2 28.3 11.1 103.0 0.99 561
32.8 18.3 201.3 0.84 573

5 31.7 18.3 0.08 191.6 0.71 462
€ 25.6 13.3 209.3 0.51 552
7 30.6 8.9 66.0 0.84 619
& 27.2 13.9 133.6 0.86 492
9 31.1 15.6 259.2 0.66 71
10 37.2 19.4 185.2 0.84 74
i1 33.3 16.7 140.1 0.61 17
12 33.3 13.3 120.8 0.51 63
13 33.3 15.0 80.5 0.61 497
14 31.1 16.1 0.13 127.2 0.36 368
15 25.6 13.9 183.5 0.38 343
16 26.7 13.9 0.56 153.0 0.36 285
17 4.4 26.1 220.6 0.61 628
18 35.0 19.4 167.4 0.86 609
19 iy 19.4 135.2 0.84 614
20 32.8 13.9 124.0 0.79 576
21 33.9 17.2 124.0 0.99 609
22 35.0 17.8 88.6 0.99 619
2 33.9 18.9 22.7 0.81 489
2 30.6 16.1 o 0.74 493

26 36.1 17.8 136.9 0.97 60
27 35.6 2l.1 246.3 0.94 594
28 28.3 9.4 172.3 0.97 604
29 32.2 11.1 93.4 0.91 604
30 33.3 17.8 207.7 1.17 562
31 32.2 16.1 193.2 0.71 513
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Table 33. Percent nitrogen in different components of soybean
plants in the uncovered plots during 1975

Days after
planting Leaf Stenm Petiole Pod Seed
29 5.48 3.70 4,51
6 5.72 3.21 3.62
3 2.18 2.38 3.0
50 .73 2.28 2.46
58 4,72 1.67 2,06
65 4,82 1.38 1.68
72 4,61 1.12 1.46 3.36
79 4,22 1.36 1.33 3.30
86 3.93 1.30 1.10 3.20
94 3.58 1.21 1.09 2.32 6.07
101 3.47 1.30 1.04 2.11 6.59
108 2.95 0.90 0.R7 0.92 6.02
114 1.98 0.60 0.64 0.9 5.8

Table 34. Percent phosphorus in different components of
soybean plants in the uncovered plots during 1975

Days after
planting Leaf Stem Peiole Pod Seed
29 0.59 0.46 0. 57
36 0.60 0.44 0.50
L3 0.28 0,38 0.47
50 0.48 0.36 0.42
58 0.42 0.35 0.36
65 0.41 0.29 0.28
72 0.40 0.29 0.27 0.48
79 0.34 0.31 0.24 0.45
86 0.32 0.30 0.20 0.41
94 0.28 0.30 0.18 0.45 0.61
101 0.24 0.24 0.14 0.19 0.66
108 0.23 0.21 0.12 0.14 0.61
114 0.18 0.16 0.11 0.11 0.66
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Table 36.

treatments during 1976

Percent nitrogen in different components of soybean plants for the two

Days
i Jotll leaf Stem Petiole _Pod _Seed
ing Cov. Uncov. Cov. Uncov. Cov. Uncov. Cov. Uncov. Cov. Uncov.
37 4,92 4,98 2.03 2.03 3.07 3.07
Ly  4.60 4,69 2.15 2.18 2.82 2.82
51  L.45 4,34 1.61 1,60 2,64 2.36
60 k.31 3.90 2,03 1.60 2.04 1.74
64 4,30 4,10 1.71 1.53 1.94 1.90
71 4.16 4,25 1.53 1.43 1.68 1.69
78 3.54 L.28 1.22 1.49 1.52 1.39
85 4,10 L.,48 1.43 1.15 1.39 1.29 3.19 3.27
92  3.48 3.94 1.54 1,26 1.15 1.16 3.04 3.45
99 3.31 3.73 1.51 1.37 1,04 1.03 2.37 2.93 577 6.13
106 3.28 4,12 1.51 1.51 0.99 1.01 1.81 2,30 6.21 6.59
111 2,61 2.86 1.41 1.37 0.92 0.99 1.44 1.98 5.97 6.25
121 1.95 1.96 0.70 0.93 0.65 0. 58 0.80 0.63 6.41 6.66

€02



Table 37. Percent phosphorus in different components of soybean plants for the two
treatments during 1976

Days ‘
ot Leaf _Sten _Petiole _Pod Seed
ing Cov. Uncov. Cov. Uncov. Cov. Uncov. Cov. Uncov. Cov. Uncov.

37 0.38 0.40 0.35 0.34 0.40 0.39

LYy 0.37 0.38 0.28 0.29 0.36 0.33

51 0.33 0.34 0.21 0.22 0.29 0.28

60 0.33 0.29 0.20 0.19 0.21 0.20

n 0.27 0.29 0.19 0.19 0.21 0.22

71 0.26 0.29 0.19 0.19 0.17 0.19

78 0.21 0.29 0.17 0.19 0.13 0.18

85 0.17 0.26 0.13 0.16 0.11 0.19 0.32 0.42

92 0.17 0.23 0.15 0.17 0.09 0.15 0.25 0.33

99 0.13 0.19 0.12 0.16 0.10 0.10 0.17 0.23 0.53 0.60
106 0.13 0.17 0.11 0.16 0.06 0.13 0.10 0.17 0.4k 0.51
111 0.10 0.16 0.10 0.14 0.05 0.11 0.08 0.13 0.42 0.46
121 0.07 0.11 0.05 0.14 0.04 0.07 0.03 0.07 0.43 0.45

402



Table 38. Percent potassium in different components of soybean plants for the two
treatments during 1976

Days
after Leaf Stem Petiole Pod Seed

lant-
fng Cov. Uncov. Cov. Uncov. Cov. Uncov. Cov. Uncov. Cov. Uncov.

37 1.45 1,43 1.39  1l.2%  2.19  2.12

4%  1.18 1.01 1.08 0.89 1.80  1l.42

51 0.96 0.89 0.83  0.73 1l.45 1.22

60 0.83 0.79 0.7% 0,60 1,16  0.99

64 0.97 0.8 0.66 0.60 1.12  1.04

72 0.96 1.05 0.78 0.87  0.91  1.23

78 0.8 0.92 0.5 0.89  0.93 1.21

85 0.87 1.01  0.47  0.74  0.75 1.14% 1.85  2.10

92 0.93 0.91 0.50 0.5  0.80 1.07 1.73  1.91

99  0.73 0.91  0.41  0.49 0.66 0.66 1.36 1.65 1.89  2.07
106 0.63 0.82 0.31 0.37 0.58 0.83 1.1 1.46 1.84+  1.84
111 0.60 0.73 0.36 0.36 0.45  0.74  1.07 1.16 1.56  1.77
121 0.51 0.57 0.36 0.36 0.47 0.65 0.87 1l.14 1.65 1.79
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