
Leaf Water Potential and Gaseous Exchange of Wheat and Tomato as Affected by NaCl 
and P Levels in 

Antonio Cerda, F. T. Bingham, 

ABSTRACT 

The phosphorus nutritional status of some plants has 
been shown to influence the plant's response to salinity. 
The objective of thii study was to determine if this in- 
teraction influenced the plant's water relations, fixation 
of CO, and yield. Tomato (Lycop~sicon esculentum 
Mill.) and wheat (Triticum aestivum L.) were grown to 
maturity in nutrient solution cultures containing low to 
excessive concentrations of NaCl and P. 

Leaf total water potential ("$J and its components, 
osmotic (L$o) and pressure ('yP), decreased for both crops 
as salinity levels increased. Increases in the P concen- 
tration tended to increase L$t and L$. but decrease 
L$p, although the changes were not always consistent. 
Interactions between salinity and P treatments caused sig- 
nificant differences in L$., and L$p for wheat. Statistically 
significant multiple regression equations were developed 
for L$t ,  ",bo, and L$P as a function of NaCl and P con- 
centrations for both crops. Plant yields were wellcor- 
related with L$t and L$o, indicating that these measure- 
ments may provide a good characterization of salt stress. 

Measurements of leaf stomatal diffusion resistance to 
water vapor (rH o)  and carbon dioxide (rco ) and cal- 

culated values of mesophyll resistance (r,) increased s ip  
nificantly as salinity increased for tomato. Although 
the resistance values for wheat also increased as salinity 
increased, only the rco measurements rose significantly. 

The significant increases in rco and r, for tomato with 

additions of salinity indicate a significant reduction in 
the rate of photosynthesis. Increasing P values consis- 
tently reduced the gaseous resistance levels although the 
reductions were not always statistically significant. There 
were no significant interactions between salinity and P 
treatments for any of these resistance measurements. 
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Addit ional  index wmde Yield, Salinity, Transpiration, 
Photosynthesis. 

GRONOMIC crops under osmotic stress typically A exhibit decreased leaf total water potential (Lrr/t) 
and increased stomatal diffusion resistance (rs). Several 
studies have shown that reduced yields of salt-affected 
plants are generally associated with reduced values 
of L+t, although the correlation varies among plant 
species and with environmental factors (Acevedo et 
al., 1971; Boyer, 1968; Hoffman and Rawlins, 1971; 
Hoffman and Jobes, 1978). There have been differing 
reports about the effects of salinity on r, and CO, 
fixation. However, under most field conditions, sto- 
matal behavior is associated with changes in Lrr/t (Slay- 
ter, 1967); thus, the relationship between L+t and rs 
is of intrinsic interest. As the osmotic potential of 
the substrate ( S q 0 )  decreases, so does L+t; consequently, 
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rs increases. The  relationships depend on many factors 
such as growing conditions (Kanemasu and Tanner, 
1969a and 1969b; Frank et al., 1973), position of leaves 
in the canopy (Turner, 1975), and the stage of plant 
development (Sionit and Kramer, 1976; McCree, 1974). 

The  influence of the nutritional status of plants on 
these factors is also of considerable interest. Adams 
et al. (1977) report that N-deficient jojoba (Simmond- 
siu chinensis) plants show significant reductions in COe 
fixation rate and an increase in mesophyll resistance 
to CO,, but no significant change in stomatal diffusion 
resistance to water vapor. Bernstein et al. (1974), 
Nieman and Clark (1976) and Cerda et al. (1977) all 
report a decrease in salt tolerance of plants when P 
is excessive. The  authors are not aware of any pub- 
lished data concerning the influence of P nutrition 
on stomatal diffusion resistance. The  effect of P 
on photosynthesis remains unsettled at the present 
time (Natz and Purs, 1970; Botrill et al., 1970; and 
Nieman and Clark, 1976). 

Our experiment was designed to determine the in- 
fluence of P nutrition on the degree to which salinity 
stress alters water relations, fixation of COz, and yields 
of wheat (Triticum aestivum L.) and tomato (Lyco- 
persicon esculentum L.). 

MATERIALS AND METHODS 
'Cajeme' wheat was grown to maturity in a greenhouse from 

31 Jan. to 12 July 1976, in tanks filled with 110 liters of nutri- 
ent solution of the following composition: Ca(NO,),, 9 meq/ 
liter; MgSO,, 4 meq/liter; K$04, 3 meq/liter; KNO,, 3 meq/ 
liter; Fe as FeEDTA, 5 mg/liter; and 0.5, 0.05, 0.5, 0.01 and 0.05 
mg/liter of B, Cu, Mn, Mo, and Zn, respectively. The solution 
culture treatments consisted of four P levels (P,,) in combination 
with four osmotic potential levels these 16 basic treat- 
ments were replicated threefold through the use of 48 tanks. 
The P. treatments entailed adding KH,PO, to the basic nutri- 
ent solutions at rates producing concentrations of 0.5, 5, 25, and 
50 mg P/liter. Thes$o treatments were produced by adding 
NaCl to the nutrient solutions at rates required to adjust the 
s ~ ,  levels to -0.4, -1.4, -2.4, and -4.4 bars. 

A similar experiment with tomato cultivar VF-145-B-7879 was 
conducted from 22 Sept. 1976 to 9 Jan. 1977. Three P. levels 
(0.5, 5, and 50 mg Pfliter) were used in combination with four 
salinity levels to produce osmotic potentials of -0.8, -2.4, 
-4.4, -6.4 bars. The 12 treatments were each replicated three 
times. 

In both experiments, NaCl was not added to the solutions 
until 15 days after transplanting. The seedlings were approxi- 
mately 3 weeks post-emergence at time of transplanting. Dur- 
ing the experiments, the volume of the culture solution was 
maintained by daily additions of demineralized water. Phos- 
phorus concentrations were checked once a week and the con- 
centration of other nutrients was checked twice during the ex- 
periment. Appropriate nutrient additions were made to return 
the concentrations to their original levels. Solution pH was 
kept within the range of 5.5 to 6.5 by adding KOH or HSO,. 

Simultaneous measurements of L+,t, leaf osmotic potential 
(L$o), and leaf resistances were made during early spike emer- 
gence for wheat and fruiting for tomato. Over a 3-day period, 
six mature sunlit leaves from each treatment were sampled at 
approximately 1000 hours when the greenhouse ambient tem- 
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Table 1. Leaf toital water potential (L+3, leaf osmotic potential 
(L90), and leaf pressure potential CL+& for tomato and wheat in 
relation to salinity (%a and phosphorus (PJ levels in the nu- 
trient solution. 

*P 
L t L 

*t 
L 

Treatment ' r O m . 0  wheat ~omato wheat TO-~O meat 

bars 
Sqo (bars) 

-0.4 -6.6 -14.8 8.2 
-0.8 -5.9 - 10.9 5.0 
- 1.4 -4.7 - 16.0 11.3 
- 2.4 -7.7 -9.0 -11.9 -16.6 4.2 7.6 
- 4.4 -9.7 -12.1 -12.6 -17.0 2.9 4.9 
-6.4 -11.8 - 14.5 2.7 

Pa (mglliter) 
0.5 -8.4 -8.0 -12.8 -18.5 4.4 10.5 
5.0 -9.6 -8.4 -12.7 -14.8 3.1 6.4 

25.0 -8.4 -16.1 7.7 
50.0 -8.3 -7.5 -11.9 -15.1 3.6 7.6 

Analysis of variance 
*** *** *** *** *** *** 

** *** t S 

P, NS NS *** 
s*o x P, NS NS NS *** NS 
Standard error 1.02 2.02 0.94 1.17 0.85 2.07 
% C.V. -11.6 -24.9 -7.5 -7.3 22.9 25.8 

*,**,*** Indicate a significant treatment effect at P = 5 , l .  and 0.1%, re 
spectively; NS, nonsignificant. 

perature was near 25 C. L$t was measured on detached leaf 
disks with Peltier-type thermocouple psychrometers. L$o was 
measured on the same sample in the psychrometer after im- 
mersing the leaf disk in liquid N to rupture the cell membranes. 
Both Lq,t and L$o were determined at a constant temperature 
of 25 C. Pressure otential (L$p) was calculated as the difference 

Stomatal diffusion resistance measurements were made on 
intact leaves fully exposed to sunlight. Simultaneous measure- 
ments were made for resistance to water vapor (THO) and total 

resistance to CO, assimilation (re?,) using radioisotopes of water 

('"0) and CO, (%Os) respectively. These data were used 
to calculate mesophyll resistance (r,,,). For details, see Adam 
et al. (1977). 

between L$t and E $o. 

2 

RESULTS AND DISCUSSION 

Water Relations 

Table 1 shows the influence of salinity and P on L$t, 
L$o, and L$p for tomato and wheat and presents analysis 
of variance (ANOVA) of these observations. As s$o 
decreased, L$t and Lq0 decreased significantly for both 
tomato and wheat. For example, in tomato, where 

decreased 5.6 bars (-0.8 to -6.4 bars), L$t and 
L$o decreased 5.9 and 3.6 bars, respectively. Wheat ex- 
hibited a similar response; upon decreasing s$o 4 
bars (-0.4 to -4.4 bars), L$t and L$o decreased 5.5 
and 2.2 bars, respectively. In general, the correspond- 
ing L$t and L$o values for wheat were lower than for 
tomato. The lower L$t and L$o values for wheat cor- 
respond to its higher salt tolerance; more tolerant 
plants are able to develop lower L$t and L$o without 
a reduction in water uptake or yield. Kirkham et al. 
(1969) observed a similar response between barley 
(salt tolerant) and bean (salt sensitive). Pressure po- 
tential values (Table l)  indicate that both crops fail 
to adjust their internal osmotic concentration fully 
as s$o became more negative. 

Pressure potentials decreased 2.3 bars in tomato 
and 3.3 bars in wheat when the corresponding s$o 

Table 2. Multiple regression equations relating water, osmotic, 
and leaf water potentials of tomato and wheat plants to salini- 
ty and phosphorus levels in nutrient solution cultures. 

Regression equation? R' 
Tomato 

LZt: y = -5.39 - 1.58X, + 1.17X: + 1.04X, 0.84 *** 
'q0 : y = - 10.65 - 0.46X1 + 0.61Xz 

y = 
0.65 *** 
0.60 *** 5.27 - 1.63X1 + 0.88X: + 0.42X, 

W& 
Lqt : y = - 5.84 - 0.33X: 0.56 *** 
L*o: y = -16.03 + 3.85X1 - 1.74X: + 0.51X: 0.46 *** 

0.32 *** L%p: y = 10.50 - 4.63X1 + 2.40X: - 0.25X: 

*** Statistidy significant at P = 0.1%. 
expressed in mg P/L X, = s*o expressed in bars. 

- 
t X, = log,, Pa with Pa 

values decreased by 5.6 and 4.0 bars, respectively. Htrff- 
man and Phene (1971), and Bernstein (1961, 191%) 
pointed out that L$p did not change under salinization 
for cotton and bean plants. Hoffman and Rawlins 
(1971) reported a decrease in L$p in radish, but not in 
beet and onion; while Gale et al. (1967) noted a re- 
duction in L$p for onion but not for bean or cotton. 
Cerda et al. (1977) working with sesame (Sesanurn 
sp.), observed maintainance of L$p as s ~ o  decreased. 
These contradictory results can be attributed to dif- 
ferences in plant species, environmental conditions, 
and growth stage of the test plant when L$t and L$o 

were measured. 
The effect of P, on L$t, L$o, and L$p was less con- 

sistent than that produced by the salinity treatment; 
however, as P, increased, the L$t and L$o values ex- 
hibited a tendency to increase. According to ANOVA, 
significant P, effects were found for L+t and L$D with 
tomato and L+, and LqP with wheat. Thus, LfiP values 
for both plants decreased significantly under the P, 
treatment. Cerda et al. (1977) found a similar decrease 
in L$p for seasame. 

Interactive effects (sq0 x P,) were generally lack- 
ing in the leaf potential data although significance was 
noted for L$o and L$p values of wheat, which is attri- 
buted to inconsistencies of the L$o observations at the 
intermediate level of salinity treatment. 

Multiple regression analysis was used to select the 
equations which best describe the response of the leaf 
water potential data as a function of the salinity and 
P treatments (Table 2). All of the regression coeffi- 
cients are statistically significant at least at the 5% 
level for P and at the 0.1% level for salinity. The re- 
spective equations for L$t, L+o, and L$p accounted for 
84%, 65%, and 60% of the variation in leaf potential 
data observed for tomato, and somewhat lower R2 
values of 0.56, 0.46, and 0.32 for the equations de- 
rived for wheat. 

Leaf total water potential reflects plant water status 
and, consequently, should correlate well with plant 
growth; however, most of the studies relating L$,, to 
plant yield have been made with short-term experi- 
ments. In the present study, regression analyses were 
carried out to determine if measurements of L$c, at 
ear1.y flowering and fruit formation stages for wheat 
and tomato, respectively, correlated with grain .and 
fruit yields. Figure 1 shows the relationship between 
L$t and relative yield for wheat and tomato. The re- 
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Fig. 1. Effect of leaf total water potential (L$Lt) on the relative 
yield of tomato fruit and wheat gain. 

gression equations relating L$t (bars) to relative yields 
(%) are as follows: 

linear form 

curoilinear form 

tomato: y = 135.6 + 10.9 "$t, Rz = 0.71 
wheat: y = 96.5 + 4.66 L$t, R2 = 0.53 

tomato: y = 109.10 - 111.39 loglo [- (L$t + 4)], 
R2 = 0.79 

wheat: y = 85.94 - 51.41 loglo [- (L$t + 3.4)], 
R2 = 0.80 

Although both the linear and curvilinear equations 
correlate yields with L$t measurements, the curvilinear 
form of the yield equation correlates better with 
L$t, accounting for approximately 80% of the variation 
in yield data for either tomato or wheat. The curvi- 
linear equations indicate LGt values of -5.2 and -3.9 
bars for tomato and wheat at which yields are not af- 
fected by an increase in L$t values. The L$t values 
associated with a 50% decrement in yields are accord- 
ing to the above equations -7.9 and -10.0 bars for 
tomato and wheat by the linear equations and -7.5 
and -8.2 bars for these plants by the curvilinear equa- 
tions. Cerda et al. (1977) working with sesame, and 
Hoffman and Rawlins (1971) in their studies with 
beet (Beta sp.), onion (Allium sp.) and radish (Ra- 
phanus sp.) noted a linear relationship between L$t 
and yield. 

Stomatal Resistance 
Data on stomatal diffusion resistance to water vapor 

(rH o), and carbon dioxide (reo ) as well as meso- 
phyll resistance to CO2 fixation (r,) are summarized 
in relation to S q 0  and P, treatments for both tomato 
and wheat in Table 3. This table also includes 
ANOVA to facilitate evaluation of treatment effects. 
As sqo decreased, all resistance values (rH 0, rco , 

and rm) increased significantly with the tomato ex- 
periment. The trend for resistance values with wheat 

2 2 

a a 

Table 3. Stomatal diffusion resistance to water vapor (m,~), re 
sistance to COS (reo,), and mesoph 11 resistance to COS (r,,,) for 

soh tions. 
tomato and wheat in relation to 2 q0 and P. levela in nutrient 

'H.0 rco, rrn 
Treatment Tomato Wheat Tomato Wheat Tomato Wheat 

Sqo (bars) 
-0.4 
-0.8 
-1.4 
- 2.4 
-4.4 
-6.4 

P, mg/liter 
0.5 
5.0 
25.0 
50.0 

ps 

Standard error 
% C.V. 

suo x P, 

0.72 11.8 10.4 
1.44 16.7 14.4 

0.75 12.0 10.5 
1.42 0.80 16.8 12.4 14.5 10.9 
1.60 1.03 18.3 13.6 15.9 11.6 
1.81 25.5 22.5 

1.79 0.88 21.2 13.7 18.4 12.0 
1.50 0.81 18.9 12.6 16.5 11.0 

0.81 12.0 10.4 
1.41 0.80 17.8' 11.5 15.6 9.9 

Analysis of Variance 
* NS * NS ** *** 

** NS NS NS 
NS NS NS NS NS NS 
0.25 0.12 5.92 1.78 5.88 1.70 

15.7 14.1 30.7 14.3 34.9 15.7 

*,**,*** Indicate a significant treatment effect at P = 5 , l .  and 0.1% m 
spectively; NS, nonsignificant. 

Table 4. Multiple regression equations relating resistance vari- 
ables of tomato and wheat to salinity and phosphorus levels in 
nutrient solution cultures. 

Regression equation? R' 

Tomato 
rH.0 : y = 1.45 - o.19x1 - 0.07X2 
reo, : 
r,: 

y = 15.60 + 0.22X: 
y = 13.43 + 0.20X: 

Wheat 
rH.0 : Y = 0.714 + 0.016X: 
rco, : 
rm: 

y = 12.42 - l.lOX, - 0.46X, 
y = 11.05 - 1.04X, - 0.33X, 

0.39 *** 
0.26 *** 
0.25 *** 

0.31 *** 
0.28 *** 
0.21 *** 

*** Statistically significant at P = 0.1%. 
expressed in mg P/1. X. = 'qo (bar). 

was also to increase but statistically significant effects 
were noted only for the rH data. In comparison, as 
P, increased the resistance values decreased. Statis- 
tically significant P, effects were manifested by rH 0- 

tomato, rco -wheat, and r,-wheat data. No s$o x P, 
interactions were exhibited by  the resistance data. In 
general, the resistance values were greater for tomato 
than wheat. Milthorpe (1960) reported that typical 
r H  o values for wheat are about 0.5 sec/cm, and Kuiper 
(1961) gave values of 2.4 to 3.4 sec/cm as typical r H  o 

values for tomato. The differences in rH values for 
these crops are in accord with our observations. 

The joint effect of s$o and P, treatments on resist- 
ance measurements is shown quantitatively by multi- 
ple regression equations relating resistance values to 
s$o and P, variables (Table 4). According to the mul- 
tiple regression equation (Table 4), 39% of the varia- 
tion in rH o data for tomato is accounted for by the 

?XI = logl. P, with P, 

2 

2 

2 

2 

2 
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Fig. 2. Influence of the osmotic potential of the substrate (a^0)
on the stomatal diffusion resistance to water vapor (ra 0)
and carbon dioxide (rco ) for tomato and wheat. *
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Fig. 3. Relationships between leaf total water potential (tyt)
and stomatal diffusion resistance to water vapor (rH 0) and
carbon dioxide (rco ) for tomato and wheat. '

s^0 —ps treatments. Somewhat lower but highly sig-
nificant R2 values were found for the equations repre-
senting rco and rm as a function of the treatments.

2
The resistance values for H2O and CO2 are plotted as
a function of s^0 separately for each of the Ps treat-
ment rates (Fig. 2).

The increase in rco and rm brought about by low-
2

ering s^0 may significantly decrease photosynthesis,
and increases in TH o indicate decreased transpiration.

2
Figure 3 shows the linear relationships between L^t
and stomatal diffusion resistance to water vapor and
to rco for wheat and tomato; as L^t decreases, TH o and

? 2
rCo increase indicating that these components of

2
stomotal resistance are strongly associated with changes
in L^t- These responses are in agreement with those
reported by Sionit and Kramer (1976) on soybean
leaves. On the other hand, Kanemasu and Tanner
(1969a) found that the resistance of the lower surface
of snapbean (Phaseolus sp.) leaves was not significant-
ly affected at values above —11 bars, but the stomatal
resistance of the upper leaf surface increased sharply
below a fy of —8 bars. Slatyer (1967) also suggests
that water deficit may not greatly affect the stomatal
diffusion resistance until a critical L^t value is reached.

Ratios of rH o X 1.56/rco values in relation to S^r0
2 2

and Ps treatments may be considered as an expression
of gaseous exchange efficiency. According to ANOVA,
salinity had a significant effect on the efficiency of
gaseous exchange with wheat only. Values for the
above ratio (detailed data are not reported) increased
from 0.096 for plants at a s^0 of —0.4 to 0.121 bars

for plants under the highest salinity treatment (s^0
= —4.4 bars). This indicates that in wheat transpira-
tion was reduced relatively more than photosynthesis
with salinity stress. Adams et al. (1977) reported a
similar effect for jojoba plants (Simmondsia chinensis)
with increasing water stress. No P5 effects were ob-
served with either species.
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