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ABSTRACT 
Reductions of leaf development and transpiration are closely re- 

lated to soil water deficits. Few studies have analyzed the effects of 
water deficits on both processes during different growth stages. A 
study was conducted to analyze and quantify the effects of water 
deficits during different growth stages on leaf development (number, 
extension, and senescence) and transpiration rates of sorghum 
[Sorghum bicolor (L.) Moench] and cotton (Gossypium hirsutum L.). 
The study was conducted a t  the Blackland Research Center at  Tem- 
ple, TX, in a glasshouse using covered pots and in the field using 
covered lysimeters. In the glasshouse, the sorghum and cotton pre- 
flowering treatments were irrigated a t  60, 35, 15, and 0% of water 
used in the control pots. In the lysimeters, water deficit treatments 
of 50, 30, and 0% plant available water (PAW) were imposed on 
sorghum during the vegetative period (before panicle initiation and 
between panicle initiation and anthesis) and after anthesis. Leaf 
length and transpiration rates were measured two to three times per 
week. Leaf extension was reduced to 0% of well-watered sorghum 
and cotton when the PAW decreased from 50 to 0%. Transpiration 
per unit leaf area decreased from 100 to 0% of well-watered sorghum 
and cotton when PAW decreased from 28 to 0% for each stressed 
period. Sorghum leaf senescence was enhanced and leaf number in- 
creased in the 0% PAW treatments compared to the well-watered 
and 30% treatments. These relationships of leaf development, tran- 
spiration, and PAW compare favorably with other published results. 
The PAW threshold values when each process is affected would be 
useful in developing criteria for scheduling irrigation and in im- 
proving the accuracy of crop growth models in estimating leaf de- 
velopment and transpiration. 

Additional index words: Sorghum, Cotton, Soil water deficit, Lys- 
imeter, Dry matter, Plant available water, Leaf senescence, Growth 
stage. 

NUMBER of relationships have been published that A describe the effects of water deficit on leaf growth 
(LG) and transpiration (T) (Meyer and Green, 1980; 
Acevedo et al., 1971; Ritchie et al., 1972). The per- 
centage of plant available water (PAW) has been used 
to describe water status when T and LG decrease from 
the potential rate (Ritchie et al., 1972; Meyer and 
Green, 1980; Rosenthal et al., 1977; Tanner and Jury, 
1976). At low PAW, reductions in T are generally ac- 
companied by increased stomatal resistance and de- 
creased photosynthetic rates, dry matter accumula- 
tion, and economic yield (Y) (Turner, 1974). Many 
relationships have been developed comparing Y to T 
(Hanks 1974; Garrity et ai., 1982; Arkley, 1963). The 
sensitivity of Y to T relationships differ between growth 
stages, with the most sensitive period for sorghum 
[Sorghum bicolor (L.) Moench] being the early boot 
through anthesis growth stages when the potential 
number of seeds per panicle is determined (Eastin et 
al., 1983; Garrity et al., 1982; Meyers, et al. 1984; Van- 
derlip and Reeves, 1972; Whiteman and Wilson, 1965). 
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Generally, the most sensitive period for cotton (Gos- 
sypium hirsutum L.) yield is during peak flowering 
(Marani and Horowitz, 1963; Marani and Fuchs, 1964). 

Water deficits may also affect canopy development 
through effects on total leaf number and rates of in- 
dividual leaf emergence from the whorl, and on leaf 
extension and senescence (Arkin et al., 1983). All of 
these components are important in determining the 
surface area available for transpiration and assimilate 
production (Meyers et al., 1984; Parameswara and 
Krishnasastry, 1982; El-Sharkawy et al., 1965). Ac- 
evedo et al. (1 97 1) and Hsiao et al. (1 976) found corn 
(Zeu mays L.) leaf extension to be more sensitive to 
water deficits than transpiration. Meyer and Green 
(1 98 1) found the lower limit of PAW for maximum 
soybean [Glycine mux (L.) Merr.] leaf extension to be 
approximately 25%. The lower threshold for maxi- 
mum T is also a function of evapotranspiration and 
soil hydraulic conductivity (Slabbers, 1980). 

In spite of the abundant literature on water deficit 
effects on leaf extension, few studies have investigated 
more than one plant process during water deficits ap- 
plied at different growth periods (Hsiao, 1973; Ritchie, 
1981). The purpose of our study was twofold: (i) ana- 
lyze and quantify the effects of water deficit on sorghum 
leaf number and senescence, and sorghum and cotton 
leaf extension, and (ii) analyze and quantify water def- 
icit effects on transpiration before flowering in cotton 
and sorghum, and after flowering in sorghum. 

MATERIALS AND METHODS 
Glasshouse Study. During 1982, a study was conducted 

in a ventilated glasshouse at the Blackland Research Center 
at Temple, TX, using thirty 50-L pots filled with Fno silt 
loam (fine, montmorillonitic, thermic Cumulic Haplustoll) 
(75%) and peat moss (25%). The pots were covered with 
polyethylene plastic sheets fitted around the base of each 
plant stem and covered with dry sand to minimize soil evap- 
oration. Holes were drilled at the bottom of the pots to allow 
for free water drainage. Before planting, each pot was irri- 
gated until water drained freely from the bottom. Weight 
changes were measured every other day using a 700-kg load 
cell, and were taken as transpiration rates. After anthesis, 
total plant weight was measured after plants remained wilted 
for 4 days. The changes of plant weight between measure- 
ments were small compared to the pot weight changes such 
that it resulted in less than 2% error and was ignored in the 
analysis. 

Sorghum (cv. 100M) and cotton (cv. SP37-H) were planted 
in 15 pots on 1 July. After emergence, seedlings were thinned 
to two plants per pot. Adequate minerals to provide for growth 
throughout the season were supplied before planting. 

The area of individual green sorghum leaves (LA) was 
determined from measurements of leaf length (LL) and max- 
imum leaf width (LW) every second day using Eq. [ 11 sug- 
gested by Stickler et al. (1961): 

LA = LL X LW X 0.75. 
Measurements were taken from leaf emergence in the whorl 
until the leaf ligule had appeared. Leaves were numbered 
from the first leaf at plant emergence (Leaf 1) to the flag leaf 

I11 

1019 

Published November, 1987

kailey.harahan
Typewritten Text
972



1020 AGRONOMY JOURNAL, VOL. 79, NOVEMBER-DECEMBER 1987 

Table 1. Mean maximum cumulative leaf area (LA) and standard 
deviations (SD) for each plant available water (PAW) treatment 
durinn 1983 and 1984. 

Year Treatment LA SD 

1983 controllcontrol 
controll30% PAW 
controllO% PAW 
30% PAWlcontrol 
30% PAWl30% PAW 
30% PAW/O% PAW 
0% PAWlcontrol 
0% PAWl30% PAW 
0% PAWlO% PAW 

LSD(O.05) 
control 
30% PAW 
0% PAW 

LSD(O.05) 

1984 

0.2185 
0.1697 
0.1794 
0.1433 
0.0873 
0.1093 
0.0648 
0.1387 
0.0431 

0.0422 

0.1499 
0.1315 
0.0974 

0.0310 

- ,z ~ 

0.0304 
0.0227 
0.0329 
0.0400 
0.0358 
0.0094 
0.0125 
0.0455 
0.0129 

0.0438 
0.0250 
0.0132 

(Leaf n). Dates for 50% senescence (50% of the individual 
leaf yellow or necrotic) of individual leaves, leaf emergence, 
anthesis, and physiological maturity were also recorded. 

The area of individual main stem cotton leaves was cal- 
culated using the method described by Constable (1981): 

where LL is leaf length (cm). Leaf length was measured from 
emergence to maximum size, which was assumed to be at- 
tained when leaf length did not change between measure- 
ments. 

The experimental design consisted of five imgation treat- 
ments imposed before anthesis and three replications. After 
sowing, every pot was imgated to field capacity. The control 
pots were maintained on an imgation regime sufficient to 
replace the water lost during the 2-day period measurement 
interval. Pots in the four water stress treatments were irri- 
gated when water loss during the previous 2 days decreased 
to 60, 35, 15, and 0% of the well-watered control pots. The 
treatments were based on water use rather than PAW be- 
cause PAW could not be determined until after flowering 
and after all leaves had attained full size. Treatment pots 
were imgated to field capacity and then imgated every other 
day in amounts sufficient to replace water lost during the 
previous 2 days. Field capacity was determined 2 days after 
the imgation at planting. The lower limit was determined 
for all pots by withholding water after anthesis. When pot 

LA = 1.053(LL)' - 1.96(LL), [21 
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Fig. 1. Comparison of surface neutron probe data to measured vol- 
umetric soil moisture content in Q.25-m layers. 

weight did not change and the leaves remained wilted over 
a 4-day period, the lower limit of soil water was asrurned to 
have been reached. Plant available water was then calculated 
for each pot using the following equation: 
PAPI(%) 

= [(WT, - WTJ/(WI', - WTJ] X 100, [3] 
wherl: WT, is the weight of the: pot on a given date, WT, is 
the pot weight at the lower limit of plant available water, 
and WT, is the pot weight at the drained upper limit. 

Lysimeter Study. In 1983 and 1984, water deficit studies 
were conducted with sorghum at the Blackland Research 
Center using 24 lysimeters (1.7 m deep with horizontal di- 
mensions of 0.6 by 0.18 m). Each lysimeter consisted of a 
steel chamber with one glass face, placed in concrete retain- 
ing liners. A complete description of the facility is given by 
Arkin et al. (1978). 

Each lysimeter was filled with an alluvial loamy sand (sub- 
soil of Patrick soil-clayey over sandy or sandy skeletal, car- 
bona iic, thermic Typic Calciustoll). While each I ysi meter 
was being filled with soil, the: lysimeter was periodically 
shaken and the soil tamped to approximate bulk densities 
of 1.2 to 1.3 Mg m-3. Six grams of 25-10-0 (N-P-K) fertilizer 
were incorporated into the surface 0.15 m of soil in the lys- 
imete rs. To reduce evaporation, each lysimeter was covered 
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Fig. 2. Daily solar radiaton and average 2-day sorghum transpiration rates per unit leaf area for the well-watered (100%) irrigation treatment 
in the glasshouse. 
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the lysimeters were irrigated to the drained upper limit 
throughout the profile. Any tillers that developed after ir- 
rigation were removed. 

During 1984, water deficits were induced during the grain 
filling stage only. To eliminate water deficits during the veg- 
etative stage, the soil was initially saturated and irrigated to 
the weight of the lysimeter at saturation every 7 to 20 days 
until anthesis. The same PAW percentages as those of the 
previous year were then imposed on plants in the lysimeters 
during the grain filling stage (Table 1). After anthesis, lysi- 
meters in the control treatment were irrigated with 120 to 
400 mm of water, while lysimeters in the 30% PAW treat- 
ment were imgated with 50 to 90 mm of water. 

Transpiration was calculated from neutron scattering with 
a surface moisture probe3 (Model 341 IB; Troxler Electronics 
Laboratory, Inc., Research Triangle Park, NC) by summing 
the change in volumetric soil moisture percentages between 
measurements within each 0.25-m layer of the observed root 
zone on the glass face every 4 to 7 days. The 0.25-m layer 

increment was selected because it corresponded to the length 
of the surface moisture probe. The neutron probe was cal- 
ibrated for soil type by developing a relationship be1 ween 
volumetric soil moisture percentage determined gravimetr- 
ically in 0.25-m increments of the total soil profile and cor- 
responding probe data. Gravimetric samples and the probe 
data were collected 2 and 7 days, respectively, after 2'60, 190, 
160, and 0 mm of water were applied to four lysimeters, 
respectively, filled with air-dried soil. Volumetric water con- 
tents st soil water potentials of 0.01 and 1.5 MPa .were de- 
termined using a pressure plate. Volumetric soil w' 'iter con- 
tent within a 0.25-m layer could be measured within 1t0.01 
m7 m -3, which equals f 7.0 mm T for the 1.7-m profile (Fig. 
1). Drainage from the lysimeters was estimated from volu- 
metric: soil water percentage differences between measure- 
ments at the bottom layer, and was subtracted from total 
water lost from the lysimeters. The resulting water use es- 
timatm from the surface neutron probe data were compared 
to lysimeter weight changes during the same period as mea- 
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Fig. 4. Relative cotton transpiration and leaf extension rates plotted as a function of plant available water (PAW). The measurement dates 
were between 30 and 60 days after emergence in 1982, in the glasshouse. 
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sured by a load cell3 (T3Pl-C 700-kg load cell; BLH Elec- 
tronics, Inc., Waltham, MA). 

Leaf area (LA) for each plant in the lysimeters was deter- 
mined by measuring the length and maximum width of each 
green leaf three times per week in 1983 and once per week 
in 1984, and using Eq. [l]. Individual leaf senescence and 
leaf numbers were observed three times per week in 1983 
and once per week in 1984. 

Daily meteorological data collected with a micrologger3 
(CR21; Campbell Scientific, Logan, UT 84321) were used to 
calculate potential evapotranspiration using the modified 
Penman equation (Dorrenbos and Pruitt, 1977). Transpi- 
ration from lysimeters was then compared to potential eva- 
potranspiration rates during the period between measure- 
ments and between treatments. 

To eliminate transpiration differences due to leaf area, the 
transpiration rate was calculated as water lost per unit of 
leaf area. Relative transpiration was then calculated as the 
ratio between transpiration from water-stressed and well- 
watered pots or lysimeters. Relative leaf extension was cal- 
culated as the ratio between leaf extension of water-stressed 
and well-watered pots or lysimeters. Relative transpiration 
and leaf extension were then compared to PAW in the stressed 
pots or lysimeters. 

A nonlinear regression technique (Ray, 1982) was used to 
determine the inflection point (IP) where two linear func- 
tions describe relative leaf extension, transpiration, and PAW. 
One function is T/Tmax = 1 for IP < PAW < 100%; the 
other function is T/Tmax = PAW/IP for 0% < PAW < IP, 
where IP is the inflection point for the two functions. Other 
functions may better describe the relationships, but to com- 
pare the IP with published results, these linear functions were 
used to describe the relationships. 

Aboveground dry weight was measured during 1983 at 
physiological maturity and was compared to cumulative 
transpiration. Sorghum midge [Conterinia sorghicola (co- 
quillett)] reduced final grain yield, so grain weights in the 
water deficit treatments were not representative of plant water 
status. In 1984, grain and aboveground dry weights and cu- 
mulative transpiration were measured at physiological ma- 
turity. Dry weights were then compared to cumulative tran- 
spiration from emergence to physiological maturity. 

RESULTS AND DISCUSSION 
Glasshouse Study. Transpiration, defined as water 

lost between successive measurements per unit of leaf 
area, was significantly reduced as water deficits de- 
veloped. Well-watered transpiration rates for sorghum 
were 8.0 X g m-2 s-' (Fig. 2), which compared 
well to transpiration from well-watered plants having 
low plant resistances (Gates, 1980). The reduced tran- 
spiration with time is believed to be due to the per- 
centage of the leaves being shaded and not transpiring 
at the potential rate. Measurements of shaded leaf area 
were not taken, however. Transpiration rates also de- 
creased when solar radiation decreased during a 3-day 
period. Since only main stem cotton leaf area was mea- 
sured, transpiration rates were calculated as water lost 
between successive measurements per unit of main 
stem leaf area. The relationship between cotton tran- 
spiration and time followed the same trend as that of 
sorghum transpiration. 

Relative sorghum transpiration was significantly re- 
duced at small PAW percentages (Fig. 3). The IP when 

Mention of a trademark or proprietary product does not con- 
stitute a guarantee or warranty of the product by the Texas Agri- 
cultural Experiment Station and does not imply its approval to the 
exclusion of other products that also may be suitable. 
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Fig. 5. Comparison of daily water use rates (mm day-') from lysi- 

meters as measured by a surface neutron probe and a load cell. 
Plotted data represent rates during the following periods: 61-64, 
73-78, and 89-96 days after emergence in 1983, and 35-41,42- 
48, 52-55, 55-62, 70-76, 77-83, 84-91, 105-119, and 119-126 
days after emergence in 1984. 
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relative transpiration decreased was 28 f 8% PAW. 
Using the same regression techniques, the PAW per- 
centage when cotton relative transpiration was re- 
duced was not significantly different from that of 
sorghum (2526% PAW) (Fig. 4). 

Cumulative sorghum leaf area was significantly less 
for plants in the water deficit treatment when T de- 
creased to l% of the well-watered control pots (Table 
1). Leaf growth was reduced due to water deficits ap- 
proximately 30 days after emergence when PAW < 
50%. These leaf area differences can be attributed to 
a reduction in leaf extension rates, fewer leaves, or 
enhanced leaf senescence. The relative sorghum leaf 
extension (ratio between water deficit and well-watered 
leaf extension rates) decreased when PAW percentages 
decreased below 44 f lo%, determined using the same 
linear regression technique for determining the IP (Fig. 
3). The relative leaf extension rates of cotton decreased 
when PAW percentages were less than 5 1 f 15% (Fig. 
4). The effects of water deficits on the relative exten- 
sion rates of both crops were statistically equivalent, 
which is somewhat surprising due to the fact that 
sorghum and cotton have different photosynthetic and 
transpiration efficiencies. Because water deficits were 
imposed after panicle initiation, no differences in total 
number of leaves were observed. The effect of water 
deficits on leaf senescence was not determined for cot- 
ton. For sorghum, enhanced leaf senescence rates were 
correlated to the periods when PAW was less than 
30%. For example, as many as five leaves senesced in 
the treatment exposed to a minimum of 1% PAW from 
30 to 40 days after emergence. Well-watered pots had 
three leaves senesce during the same period and had 

- PAW greater than 50%. Leaf area differences between 
treatments were, therefore, attributed to reductions of 
leaf extension rates and enhanced leaf senescence rates. 

Lysimeter Study. Water loss from lysimeters, as 
measured by the surface neutron probe and a load cell, 
were highly correlated (Fig. 5). Data in 1983 and 1984 
were not significantly different at the 5% level. In ad- 
dition, transpiration from the well-watered lysimeters 
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Fig. 6. Relative transpiration per unit leaf area and leaf extension rates as a function of plant available water (PAW) in the lysimeters.. Data 
points represent 4- to 5-day transpiration rates from individual lysimeters mlaasured, using the surface neutron probe during th'e periods 
61-81 and 91-119 days after emergence during 1983 and 1984, respectively. Leaf data was collected between 31 and 60 days after emergence 
in 1983. 

was within 1 to 2 mm of the daily potential evapo- 
transpiration rates (average = 6 mm day-'). 

Using the same regression techniques for analyzing 
the glasshouse data, relative sorghum transpiration 
from the lysimeters decreased when PAW was less than 
37 k 8% (Fig. 6). The plotted points represent relative 
transpiration rates from lysimeters during 1983 and 
1984 for PAW percentages in the root zone ranging 
from 5 to 100%. The effects of pre- and post-anthesis 
water deficits on transpiration were not significantly 
different (5% level). In addition, the IP when relative 

Table 2. Mean delay in anthesis (PA), mean duration when PAW 
< 30% 0) before anthesis, and standard deviation (SD) for each 
plant available water (PAW) treatment in 1983. 

transpiration decreased for sorghum was not signifi- 
cantly different (10% level) as determined from the 
lysimeters and glasshouse. 

Water deficits imposed duiing the vegetative period 
significantly (5% level) reduced cumulative leaf area 
(Table 1). Average total plant leaf area for the well- 
watered control was more than five times that of the 
treatrnent exposed to 0% PAW. All observed leaf 
growlh components (total leaf number, extension, and 
senescence) were affected by water deficits. 

Severe water deficits (30 and 0% PAW) before pan- 

Table 3. Mean total leaf number per plant (L) and standard clevia- 
tioris (SD) for each plant available water (PAW) treatment 
during 1983. 

Treatment PA 

con trolkontrol 
control/30% PAW 
control/O% PAW 
30% PAWlcontrol 
30% PAW/30% PAW 
3 0 2  PAWlO9o PAW 

0% PAW/30% PAW 
0% PAWIO9o PAW 

0% PAWlcontrol 

LSD(0.05) 

0.0 
3.3 
4.0 

13.3 
13.0 
9.5 

19.0 
11.7 
22.0 
6.56 

SD D SD 

no. days 

0.0 0.0 0.0 
5.8 1.3 2.3 
0.7 4.5 2.1 
1.5 15.3 3.8 
5.7 13.5 9.2 
5.0 11.5 6.4 
4.2 24.0 5.7 
2.9 12.3 2.5 
7.0 20.3 5.5 

6.68 

Treatment L SD 

controUcontro1 
controU30% PAW 
control/O% PAW 
30% PAWlcontrol 
30% PAWI3O% PAW 
30% PAWlO% PAW 
0% PAWlcontrol 
0% PAWl3090 PAW 
090 PAWlO% PAW 

LSD(0.05) 

__ 

15.5 
16.0 
15.5 
16.7 
16.5 
16.5 
17.5 
17.0 
17.8 
1.22 

no. leaves 
0.5 
0.5 
0.0 
0.6 
0.0 
0.7 
1.2 
0.5 
1.1 
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icle initiation delayed anthesis (Table 2). The delay
was highly correlated (R=0.96) to the period when
plants were exposed to PAW percentages of less than
30%. Water deficit treatments that attained 0% PAW
before panicle initiation had one to two more leaves
than did control plants (Table 3), contrary to the find-
ings of Whiteman and Wilson (1965). However, water
deficits could have induced fewer leaves in that study
if the delay caused by deficits before panicle initiation
exposed plants to shorter daylengths.

Although the number of leaves increased with in-
creasing water deficits, the primary effect of water def-
icits on cumulative leaf area was expressed through
smaller individual leaves resulting from reduced leaf
extension rates. Decreased leaf size with decreased
PAW resulted from the decreased relative leaf exten-
sion rates when PAW was less than 50 ± 10% (Fig. 6).

The effect of water deficits on leaf senescence was
most evident in cumulative leaf area differences at
physiological maturity between each water deficit
treatment imposed in the lysimeters during grain fill-
ing. The average cumulative leaf area for the 0% PAW
treatment was significantly different from those for the
other treatments at the 5% level (Table 1). These re-
sults imply that PAW less than 30% enhances leaf se-
nescence, and agree with those of Fischer and Kohn
(1966) where senescence was significantly enhanced by
water deficits after anthesis. The enhanced senescence
rate may be due to high carbohydrate and N demands
in the grain, and the mobilization of those nutrients
from older leaves to the grain (Fischer, 1979).

Water deficits during the vegetative period reduced
plant dry weight in the lysimeters to 14% of maximum
dry weight (Fig. 7). The relationship between relative
plant weight, defined as the ratio between plant dry
weight (PW) and the maximum plant dry weight
(PWmax) in the control lysimeters, and the cumula-
tive transpiration ratio, defined as the ratio between
cumulative T and the maximum cumulative T (Tmax)
from lysimeters at physiological maturity, is given by
the equation
PW/PWmax

= 1.29 (T/Tmax) - 0.29, RMSE = 0.113 [5]

that was forced through the intersection where PW/
PWmax = 1 and T/Tmax = 1. The slope of the equa-
tion, 1.29, was not significantly different from the slope
for the relationship between relative plant dry weight
and the evapotranspiration ratio developed by Garrity
et al. (1982) for field-grown plants subjected to water
deficits during the vegetative period using a line-source
irrigation technique (Fig. 7).

In 1984, grain and vegetative dry weight variability
within and between lysimeters was great enough that
there was no significant relationship between relative
grain and plant dry weight and relative transpiration
in each treatment.

SUMMARY
From our studies of cotton and sorghum using pots

in a glasshouse and field lysimeters, we found that
water deficits below 20 to 30% PAW reduced transpi-
ration, enhanced leaf senescence, and increased leaf
number. Deficits below 50% PAW reduced relative leaf
extension rates. These results agree with those of Meyer
and Green (1980, 1981) for wheat and soybean eva-
potranspiration and leaf extension, and Ritchie et al.
(1972) for cotton and sorghum evapotranspiration. In
addition, the results from the glasshouse study were
not significantly different from those from the lysi-
meter study. The reduction in leaf extension induced
by soil water deficit also reduced leaf area and total
biomass and was highly correlated with a reduction in
cumulative transpiration. The relationship between
relative biomass and cumulative transpiration for
plants exposed to water deficits during the vegetative
stage was linear, with a slope not significantly different
from the slope for sorghum transpiration and total
biomass data collected by Garrity et al. (1982) using
a line-source irrigation technique.
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