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Abstract 

Salinity-calcium interactions, which have been shown to be important in plants grown in dryland saline 
soils of the Canadian prairies, were studied in two species differing in salt tolerance. In solution culture, 
wheat showed a greater reduction in growth and a higher incidence of foliar Ca deficiency symptoms 
than barley when grown under MgSO 4 or Na2SO 4 plus MgSO 4 salt stress. Amendment of the saline 
solution with Ca to increase the Ca/(Na + Mg) ratio ameliorated the effects of salt, but more so in 
wheat than in barley. At least part of the difference in salt tolerance between the two species must 
therefore relate to species differences in the interaction of salinity and Ca nutrition. The greater 
response of wheat to Ca was not due to a lower Ca status in leaf tissue; on the contrary, although Ca 
amendments improved tissue Ca/(Na + Mg) ratios in both species, salinized wheat had equivalent or 
higher Ca content, and higher Ca/(Na + Mg) ratios than did barley. The higher Ca requirement of 
wheat is apparently specific to a saline situation; at low salinity, wheat growth was not reduced as 
extensively as that of barley as Ca/(Na + Mg) ratio was decreased. High night-time humidity dramati- 
cally improved wheat growth under saline conditions, but increasing the Ca concentration of the saline 
solution had no effect on growth in the high humidity treatment. Membrane leakage from leaf tissue of 
wheat grown under saline conditions was increased compared to tissue from non-saline plants. Plants 
grown in Ca-amended saline solutions showed no increase in membrane leakage. These results confirm 
the importance of Ca interaction with salinity stress, and indicate differences in species response. 

Introduction 

Despite a tendency for salt exclusion, the miner- 
al nutrition of non-halophytes is influenced by 
the presence of salt, often as a consequence of 
ion interactions. For example, Na-K and CI- 
N O  3 interactions are well documented (Green- 
way and Munns, 1980). Interactions of Ca with 
other ions at high salinity are also known to 
occur and low Ca/Na concentration (or activity) 
ratios result in reduced growth and in some cases 
tissue Ca deficiencies (Grieve and Maas, 1988; 
Kent and L~iuchli, 1985; Maas and Grieve, 1987; 
Muhammed et al., 1987). Calcium/cation ratios 

appear to be particularly relevant in serpentine 
or solonetzic soils (Carter et al., 1979; Proctor et 
al., 1981) and in sulfate-dominated saline soils 
(Janzen and Chang, 1987). 

Calcium has been known for some time to 
alleviate the effects of salt (LaHaye and Epstein, 
1969), possibly by maintenance of ion selectivity 
of membranes (Greenway and Munns, 1980). 
Recently, it has been shown that the high ionic 
strength of saline solutions displaces Ca from the 
membranes of root cells (Cramer et al., 1985; 
Lynch and L~iuchli, 1988; Lynch et al., 1987), 
possibly contributing to salinity-induced Ca de- 
ficiencies. 
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Plant response to an increase in Ca under 
saline conditions has often .been compared 
against very low calcium levels (e.g. 0.1mM) 
which are not generally representative of saline 
soils (Kawasaki amd Moritsugu, 1978; Muham- 
med et al., 1987). It has been suggested that crop 
response to specific ions in artificially salinized 
media is often over estimated because of the use 
of these unusually low Ca levels (Maas and 
Grieve, 1987). Even so, Ca concentrations in 
some saline soils, although quite high, are insuf- 
ficient to prevent reductions in tissue Ca content 
(Janzen and Chang, 1987; Lynch and L/iuchli, 
1985). Further, saline soils of the Canadian 
prairies are often dominated by Na and Mg 
sulfates (Fowler and Hamm, 1980), which when 
compared to NaCI, may exert a more severe 
reduction in growth (Strogonov, 1964). High 
sulfate levels may decrease available Ca through 
precipitation reactions, which may, in part, be 
responsible for reduced Ca levels in cereals on 
these soils (Janzen and Chang, 1987). 

In view of the relatively meager information 
on crop response to this type of salinity, two 
species differing in salt tolerance were compared 
in solution cultures which were typical in compo- 
sition of sulfate-dominated dryland saline soils. 
Plant response to Ca was determined and related 
to the salinity tolerance of each crop. 

Methods 

Seeds of wheat (cv. Neepawa) and barley (cv. 
Abee) were germinated in water on filter paper 
and transferred to vermiculite-filled plastic beak- 
ers (one seedling each) having highly perforated 
bottoms. The beakers were mounted in a plat- 
form suspended above containers of nutrient so- 
lution each with a rooting volume of nine plants 
per 13.5-L of solution. Wheat and barley were 
grown in separate containers except in Expt. 1A, 
where 8 plants of each species were grown to- 
gether in 10-L containers. (In the latter, the 
growth of non-salinized wheat was substantially 
less than that of barley, a situation not as evident 
when the species were grown separately.) Solu- 
tions were aerated continuously and pH was 
adjusted to 6.5 every other day with n 2 s o  4. 
Solutions were topped up with water daily, and 

were replaced once a week. The base (non- 
saline) solution was made up in deionized water, 
and was composed of, in mM, 0.2 NH4, 2.0 Mg, 
2.5 NO3, 1.5 K, 2.75 SO4, 0.2 PO4, 2.5 to 4.0 Ca 
(concentration varied slightly with experiment), 
3.0 CI, and in lzM, 50 Fe (as Fe -EDDHA) ,  
6.0B, 0.8Mn, 0.5Zn, 0.15Cu, and 0.15Mo. 
Manganese toxicity was observed in preliminary 
experiments, and silicate (as Na2SiO 3 at 26 ~M)  
was routinely added to alleviate this problem 
(Lewin and Reimann, 1969). 

Salinity was imposed by the addition of 
Na2SO 4, MgSO4, CaSO4, and CaCI 2 to the base 
solution. Sodium, Mg, SOn, and CI concen- 
trations were typical of moderately to severely 
saline soils, according to the classification of 
Fowler and Hamm (1980) based on the saturated 
paste extraction method. Calcium concentrations 
varied according to treatment and experiment. 
With the exception of CaSO4, salts were added 
gradually in increments of 10 to 15 mM d -1 of 
total salt. Because of its relatively poor solubili- 
ty, CaSO 4 was dissolved overnight in fresh nu- 
trient solution, to which the other salts were then 
added. Final salt concentrations were maintained 
at a constant value through the duration of the 
treatment period. Unless otherwise stated, treat- 
ments were started 10 days after seeding, and 
continued for 21 days. Treatment solution water 
potentials were determined with thermocouple 
psychrometers (J R D Merrill) and the mineral 
content of solutions was verified with plasma 
emission spectroscopy. All cation ratios are ex- 
pressed on a molar basis. 

Plants were maintained in a growth chamber 
(Conviron E-15) with 24°C day/18°C night ram- 
ped temperature, an irradiance of 400/.~ mol m -2 
s -2 PPFD for 14.5h d -1, and except in one 
humidity experiment, a vapour pressure deficit 
(vpd) of 1.5-1.8 kPa day/0.8-1.0 kPa night (40- 
50% day/50-60% night rh). Containers of plants 
were rotated periodically within the growing 
space to ensure uniformity. Plants were rinsed at 
the crown with deionized water every other day 
to prevent salt accumulation. 

A series of five experiments was conducted. 
Each experiment was repeated once, sometimes 
with a few minor variations. The first experiment 
tested the effects of a combination of Na2SO 4 
plus MgSO 4 salinity on wheat and barley growth, 



and the effects of Ca on the response to salinity. 
Plants were grown in either a non-saline solu- 
tion, or one of two saline solutions which dif- 
fered in Ca concentration and consequently in 
the Ca/(Na + Mg) ratio. For convenience, the 
two saline treatments were termed 'saline' (low 
Ca) or 'amended saline' (high Ca). In trial A, the 
Ca concentrations of the non-saline and saline 
solutions were the same (3.5 mM) and repre- 
sentative of saturation extracts from non-saline 
soils (Fowler and Hamm, 1980). The Ca concen- 
tration of the amended saline treatment was 
10 mM, typical of saturation extracts of saline 
soils (Fowler and Hamm, 1980). In trial B, the 
Ca concentrations of the saline treatment was 
9 mM, and that of the amended saline treatment 
18 mM, the latter being approximately twice the 
concentration found in saturation extracts of 
saline soils. Experiment 2 was similar, except 
that MgSO 4 alone replaced the Na2SO 4 plus 
MgSO 4 combination. Experiment 3 examined 
the effects of the Ca/(Na + Mg) ratio on wheat 
and barley growth under non-saline conditions. 
Plants were grown in the base solution with low 
concentrations of Na, Mg and Ca adjusted to the 
appropriate Ca/(Na + Mg) ratio. 

Since wheat showed a greater response to Ca 
than did barley under saline conditions, further 
work was conducted to characterize the nature of 
the response in wheat. The effect of night-time 
humidity on the response to salinity and Ca was 
examined in Experiment 4. Groups of plants 
were grown in non-saline, saline or amended 
saline solutions as in Experiment 1, and either 
enclosed at night in plastic lined with damp 
paper towelling, or left at ambient humidity. 
Humidities were maintained at vpd's of either 
0.2-0.1kPa (90-95% rh) or 0.8-1.0kPa (50- 
60% rh). Humidity was measured with an aspi- 
rated wet-bulb, dry-bulb thermometer. In Ex- 
periment 5, the effects of salinity and Ca on 
leakage of UV-absorbing substances from wheat 
leaf tissue was examined. Plants were grown in 
non-saline, saline or amended saline solutions as 
described in Experiment 1. Twenty leaf sections, 
each 2 cm in length, were cut from lamina on the 
main shoot of plants from each treatment. After 
rinsing for 1 h in distilled water, the samples 
were drained and shaken in 25 mL distilled water 
at 25°C for 24 h. Absorbance at 280 nm (A) was 
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then determined for each solution. The samples 
were frozen at -70°C for at least 4 h, allowed to 
thaw, and shaken for 2-3 h. Absorbance was 
again determined at 280 nm (A'). The relative 
leakage ratio (RLR) was calculated as RLR = 
A/A'. 

On termination of each experiment (except 5), 
leaf area (lamina only) was determined for each 
plant with a leaf area meter (Li-Cor LI-3000). In 
Experiments 1, 2 and 3, leaf sheaths, leaf 
lamina, and occasionally root dry weight was 
also determined for each plant after oven drying. 

In some cases the mineral content of the dried 
leaf lamina tissue was measured. Since it was not 
feasible to analyse each replicate separately, the 
tissue of each plant was ground and pooled 
within each treatment. In one instance (Experi- 
ment 1) the mineral content of very young leaves 
was also determined. Here, the leaf sheaths were 
cut open and both the youngest emerging and 
oldest unemerged leaves were withdrawn. Sam- 
ples were then pooled for analysis. After nitric- 
percholic acid digestion, samples were analysed 
using plasma emission spectroscopy. All solution 
and tissue mineral analyses were conducted by 
the Saskatchewan Soil Testing Laboratory. Var- 
iance in the mineral content was estimated using 
mean values obtained from repeated experi- 
ments. 

Statistical analysis of the tabulated data was 
performed using analysis of variance (ANOVA). 
Comparisons of the two species in terms of the 
percent change in leaf area or dry weight due to 
salinity were assessed by ANOVA after values 
for each replicate (plant) in the saline treatment 
were converted to percentages of the mean value 
of the non-saline treatment. 

Results 

At the relatively low Ca concentration of 
3.5 mM, the growth of both species was reduced 
by salt (Table 1, A). Wheat showed a signifi- 
cantly greater reduction (P < 0.001) in leaf area 
and plant dry weight than did barley when ex- 
pressed as a percentage of non-saline values. The 
Ca/(Na + Mg) ratio in this saline treatment was 
0.06. The amended saline treatment containing 
10 mM Ca increased the Ca/(Na + Mg) ratio to 
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0.17. Compared to the non-amended saline 
treatment, leaf area was increased 138% in 
wheat and 25% in barley. Plant dry weight in- 
creased 42% in wheat but was not affected in 
barley. 

The experiment was repeated at similar Ca/ 
(Na + Mg) ratios to those just described, but at 
higher salt and Ca concentrations (Table 1, B). 
In the saline treatment (9mM Ca, Ca/ 
(Na + Mg) ratio of 0.08), leaf area and plant dry 
weight (as a percentage of non-saline values) was 
again reduced to a greater extent (P < 0.001) in 
wheat than in barley. An increase in the Ca/ 
(Na + Mg) ratio to 0.17, achieved by increasing 
the Ca concentration to 18 mM, improved the 
leaf area and dry weight of wheat when com- 
pared to the non-amended salt solutions. This 
increase in growth was apparent despite a small 
decrease in the solution water potential ( -30,  
-350, and -380kPa  in non-saline, saline, and 
amended saline treatments, respectively). The 
Ca amendment, however, has no significant ef- 
fect on barley growth. These trends were also 
apparent in the number of visibly Ca-deficient 
leaves. Young emerging leaves of tillers, and to a 
lesser extent, the main shoot, showed collapse 
and necrosis of the distal portion. Symptoms 
were often evident in the early stages of emer- 
gence, with subsequent growth being normal. 
Even so, substantial loss of area was evident in 
these leaves. Neither species showed Ca deficien- 
cies under non-saline conditions. Wheat had a 
greater number of Ca-deficient leaves than bar- 

ley in the presence of salt and Ca amendments 
reduced the number of Ca-deficient leaves from 
14.9_ 0.7 to 4 . 7 -  0.6 per plant in wheat and 
from 3.3 - 0.8 to 0 --+ 0 per plant in barley (means 
of 9 plants - s.e.). 

Under saline conditions, the Ca content of the 
leaves decreased, particularly in barley (Table 
2). Sodium and Mg content increased with salini- 
ty in both species, with Mg being the highest in 
wheat and Na being the highest in barley. 
Amendment of the salt solution with additional 
Ca significantly increased Ca in barley and re- 
duced Mg in wheat. Sodium was not affected in 
either species. The leaf Ca/(Na + Mg) ratio was 
reduced by salinity, more so in wheat than in 
barley. Calcium amendment increased this ratio 
in wheat but not in barley. 

Salinity and Ca also influenced the mineral 
status of young emergent leaves of wheat (barley 
was not measured). The Ca/(Na + Mg) ratios of 
the youngest emerging plus oldest unemerged 
leaves were 0.23 --- 0.01, 0.05 + 0.005 and 0.09 --- 
0.01 in non-saline, saline and amended saline 
treatments, respectively (values are means of 
three consecutive trials, each with 9 plants, 
+ s . e . ) .  

The trend in plant response to MgSO 4 alone 
(Experiment 2) was similar to that of a combina- 
tion of MgSO 4 and Na2SO 4. In the first trial 
(Table 3, A), salinity (4 mM Ca, Ca/Mg ratio of 
0.13) reduced the leaf area of wheat more than 
that of barley (P<0 .05)  when expressed as a 
percentage of non-saline values; shoot dry 

Table 1. Effect of Na and MgSO4-salinity and Ca on leaf area and plant dry weight of wheat and barley. Values are the means of 
16 plants (A) or 9 plants (B). Experiment 1 

Na Mg Ca 

(mM) 

Wheat a Barley a 

Plant dry Plant dry 
Leaf area weight Leaf area weight 
(cm 2) (g) (cm 2) (g) 

A 
Non-saline <0.1 2 3.5 268a 1.27a 571a 3.11a 
Saline 30 30 3.5 85c 0.71c 329c 2.24b 
Amended saline 30 30 10.0 202b 1.01b 412b 2.35b 

B 
Non-saline <0.1 2 3.5 409a 2.79a 501a 4.18a 
Saline 45 60 9.0 195c 1.84c 414b 3.71b 
Amended saline 45 60 18.0 286b 2.26b 422b 3.87b 

a Mean separation within columns for each experiment by Duncan's multiple range test, 5% level. 
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Table 2. Effect of Na and MgSO4-salinity on cation content of wheat and barley leaves 

Species Leaf a 

Ca/(Na + Mg) b Na Mg Ca Ca/(Na + Mg) 

mM (/xmol g ~ dry weight) 

Wheat 

Barley 

Non-saline 1.50 7d 128d 177a 1.30a 
Saline 0.08 130b 447a 91b 0.16c 
Amended saline 0.18 106bc 315b l17b 0.28b 

Non-saline 1.50 23cd 116d 177a 1.30a 
Saline 0.08 453a 224c 49c 0.08d 
Amended saline 0.18 477a 204cd 89b 0.13cd 

Mean separation within columns by Duncan's multiple range test, 5% level. Each value is the mean of 8, 8 and 7 replicates in 
wheat and 4, 4 and 3 replicates in barley in non-saline, saline and amended saline treatments, respectively. Each replicate 
consisted of at least 9 plants. 
b Average of values ranging from 1.25-1.75, 0.06-0.09, and 0.17-0.20 in non-saline, saline and amended saline treatments, 
respectively. 

weight was reduced in wheat but was not signifi- 
cantly affected in barley. Amendment of the 
saline solution with Ca (10 mM, Ca/Mg ratio of 
0.31) increased wheat leaf area and shoot dry 
weight compared to the non-amended treatment, 
but had no significant effect on barley. The 
second trial (Table 3, B) conducted at somewhat 
higher salt and Ca concentrations, produced 
similar results. Salinity (8 mM Ca, Ca/Mg ratio 
of 0.2) again reduced wheat leaf area more than 
that of barley (P<0.05) ,  but influenced dry 
weight to the same extent in both species (P > 
0.05). Calcium amendment (15 mM Ca, Ca/Mg 
ratio of 0.38) increased wheat leaf area and 
shoot dry weight compared to non-amended 
plants, but had no significant effect on barley. 

Neither species showed Ca deficiency symp- 
toms under non-saline conditions, but both 
showed symptoms in the saline treatments. In 
the second trial, for example, salinity produced 
4.3---0.3 Ca-deficient leaves per plant in wheat 
and 1.1---0.3 in barley; amendment with Ca 
reduced the number of deficient leaves to 0.1 - 
0.1 in both species (means of 16 plants --- s.e.). 

In the absence of salinity and at an average 
solution water potential of -100kPa (Experi- 
ment 3), leaf area and shoot dry weight de- 
creased more in barley than in wheat with de- 
creasing Ca/(Na + Mg) ratio of the solution. In 
the first trial (Table 4, A) of four Ca/(Na + Mg) 
ratios (1.5, 0.4, 0.2 and 0.06), barley leaf area 
was significantly reduced at Ca/(Na + Mg) ratios 

Table 3. Effect of MgSO4-salinity and Ca on leaf area and shoot dry weight per plant of wheat and barley. Values are the means 
of 16 plants. Experiment 2 

Wheat a Barley ~ 

Shoot dry Shoot dry 
Mg Ca Leaf area weight Leaf area weight 
(mM) (cm z) (g) (cm 2) (g) 

A 
Non-saline 2 4 272a 1.21a 405a 1.82a 
Saline 32 4 184c 0.86c 330b 1.65a 
Amended saline 32 10 229b 0.96b 352ab 1.79a 

B 
Non-saline 2 3 294a 1.20a 479a 2.15a 
Saline 40 8 224b 0.98c 422b 1.85b 
Amended saline 40 15 278a 1.11b 391b 1.90ab 

a Mean separation within columns for each experiment by Duncan's multiple range test, 5% level. 
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Table 4. Effect of low Na, Mg and Ca concentrations on leaf area and shoot dry weight per plant of wheat and barley. Values are 
the means of 9 plants. Experiment 3 

Wheat a Barley ~ 

Shoot dry Shoot dry 
Na Mg Ca 

Leaf area weight Leaf area weight 
(mM) (cm 2) (g) (cm 2) (g) 

<0.1 2 3.0 609a 3.20a 626a 4.17a 
<0.1 5 2.0 612a 3.16a 652a 4.28a 
<0.1 5 1.0 599a 3.12a 558b 4.09a 

1.2 5 0.4 502b 2.86a 474c 3.30b 

<0.1 2 3.0 228a 0.65a 387a 1.03a 
0.5 5 0.75 220a 0.72a 340a 0.93a 
1.0 5 0.35 199a 0.68a 135b 0.65b 

"Mean separation within columns for each experiment by Duncan's multiple range test, 5% level. 
b Experiment A terminated after 36d rather than 21d. 

of 0.2 and 0.6. Wheat showed a reduction in leaf 
area only in the 0.06 treatment. A reduction in 
shoot dry weight was apparent in barley at the 
0.06 ratio but reductions were not at all evident 
in wheat. The second trial (Table 4, B) of three 
Ca/(Na + Mg) ratios (1.25, 0.14 and 0.06) pro- 
duced similar results. Barley leaf area and shoot 
dry weight was reduced at the 0.06 Ca/(Na + 
Mg) ratio but wheat leaf area was unaffected. 

Decreases in the Ca/(Na + Mg) ratio also in- 
creased the number of Ca-deficient leaves. In the 
first trial, a Ca/(Na + Mg) ratio of 0.2 produced 
0.4---0.2 Ca-deficient leaves per plant in wheat 
and 3.0 --- 0.7 in barley; a ratio of 0.06 resulted in 
0.8 --- 0.2 and 8.9 --- 1.0 deficient leaves in wheat 

and barley, respectively (means of 9 plants - 
s,e.). Deficient leaves were not apparent at the 
two higher ratios. A Ca/(Na + Mg) ratio of 0.14 
in the second trial produced 0.8-+ 0.3 and 1 . 6 -  
0.4 Ca-deficient leaves in wheat and barley re- 
spectively; a ratio of 0.06 resulted in 8.6---1.3 
and 15.2---1.2 Ca-deficient wheat and barley 
leaves, respectively (means of 9 plants _+ s.e.). 
Again, no deficiencies were evident at the high- 
est Ca/(Na + Mg) ratio. 

Night-time humidity had no effect on the leaf 
area of wheat grown at low salinity, but did 
influence salinized plants (Experiment 4, Table 
5). The salt x humidity interaction was signifi- 
cant at 0.6% and 1.6% probability levels in trials 

Table 5. Effect of night-time humidity, Na and MgSO4-salinity, and Ca on leaf area and number of Ca-deficient leaves of wheat. 
Values are the means of 9 plants. Experiment 4 

Night humidity Trial A a'b Trial B" 
vpd (kPa) Na Mg Ca 

Leaf area Ca-deficient leaves Leaf area Ca-deficient leaves 
(mM) (cm 2) (plant -1) (cm 2) (plant -1) 

0.8-1.0 

0.1-0.2 

Non-saline <0.1 2 2.5 866a 0e 349a 0d 
Saline 50 50 8.5 419d 27a 151d 16.9a 
Amended 50 50 19.0 590c 10c 250b 2.4d 

saline 

Non-saline <0.1 2 2.5 904a 0e 352a 0d 
Saline 50 50 8.5 645bc 21b 205c 14.4b 
Amended 50 50 19.0 689b 5d 235bc 4.9c 

saline 

a Mean separation within columns by Duncan's multiple range test, 5% level. 
b Experiment terminated after 42d rather than 21d. 



Table 6. Effect of saline solutions on the relative leakage 
ratio (RLR) of wheat leaves. Experiment 5 

Na Mg Ca RLR ~'b 

(mM) 

Non-saline <0.1 2 2.5 0.0328b 
Saline 50 50 10 0.0397a 
Amended saline 50 50 20 0.0294b 

a Values are means of the third and fourth leaves to emerge, 
each replicated 30 times (i.e. 30 plants) in two experiments 
(n = 60). 
b Mean separation by Duncan's multiple range test, 5% level. 

A and B, respectively. High humidity improved 
the growth of salinized plants (8.5 mM Ca, Ca/ 
(Na + Mg)=  0.09) and reduced the number of 
Ca-deficient leaves. Calcium amendment (19 
mM Ca, Ca/(Na + Mg) = 0.19) improved leaf 
area and reduced the number of Ca-deficient 
leaves at low humidity compared to non-amen- 
ded plants. No significant effect of Ca amend- 
ment on leaf area was observed at high humidity, 
but the number of Ca-deficient leaves was re- 
duced. 

Humidity did not appear to influence the leaf 
Ca/(Na + Mg) ratios. At low humidity, the Ca/ 
(Na + Mg) ratio was 1.33 --- 0.07, 0.16 --- 0.02 and 
0.28---0.03 in non-saline, saline and amended 
saline treatments, respectively (each value is the 
mean of the two trials in Table 5, each with nine 
plants, - s . e . ) .  Ratios at high humidity, in the 
same order, were 1.34 +-- 0.01, 0 . 1 7 -  0.01 and 
0.29 - 0.03. 

Leakage of UV-absorbing substances from leaf 
tissue of wheat was influenced by salinity (Ex- 
periment 5, Table 6). Salinity increased RLR by 
21%. Amendment of the saline solution with Ca 
resulted in no significant change in RLR com- 
pared to non-saline plants. 

Discussion 

Barley growth was not reduced as extensively as 
that of wheat in the presence of salt, supporting 
the view that barley is the more salt tolerant 
species (Maas and Hoffman, 1977). However, 
the Ca concentration of the salt solution had a 
marked effect on the relative salt tolerance of 
the two species, improving the growth of wheat 
but not barley. Hence, the difference in growth 
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between the two species under saline conditions 
was due, in part, to species differences in the 
interaction of salinity and calcium nutrition. 

In work with salinity-Ca interactions, Ca/ 
cation ratios are often increased by progressively 
decreasing the salt concentration as the Ca con- 
centration is increased, thereby maintaining a 
more consistent osmotic potential in the treat- 
ment solution. This may result, however, in an 
overestimation of the response to an increase in 
the Ca/cation ratio because of the concurrent 
reduction in Na or other saline cations. Despite a 
small reduction in osmotic potential, an increase 
in Ca concentration at constant Na plus Mg, or 
Mg alone, clearly promoted growth of wheat. 
This indicates that Ca was indeed limiting growth 
in the saline treatment. 

Changes in the cation ratios of the treatment 
solutions were generally reflected in the cation 
ratios of leaf tissue. The Ca/(Na + Mg) ratios of 
both species decreased under saline conditions, 
but increased significantly with additional Ca 
only in wheat. Wheat consistently had higher 
Ca/(Na + Mg) ratios than barley in saline and 
amended saline treatments, even though growth 
under salinity was less than that of barley and 
showed a greater response to additional Ca. 
Wheat would appear to have higher Ca require- 
ments than barley in the presence of salt, al- 
though this was not reflected in species differ- 
ences in the Ca relations of bulked leaves. Bul- 
ked leaf samples, however, do not discriminate 
between expanding and expanded leaves, which 
may be quite different in ion content (Greenway 
and Munns, 1980). The substantially lower Ca/ 
(Na + Mg) ratios (by 70-80 percent) of young, 
emergent leaves of wheat compared to older 
leaves suggests that the Ca nutrition of leaves in 
the crown is relatively poor, a situation often 
encountered in low or non-transpiring organs. 
Salinity appears to exacerbate the problem by 
reducing the Ca/(Na + Mg) ratio even further, 
inducing Ca deficiency symptoms in those leaves. 
Species comparisons of Ca/(Na + Mg) ratios in 
emerging leaves were not conducted, but may 
prove useful in explaining species differences in 
the susceptibility of those leaves to Ca deficiency 
under saline stress. 

The relative response of wheat and barley to 
Ca/(Na + Mg) ratio under non-saline conditions 
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was the reverse of that found at high salinity. In 
this case, wheat showed fewer Ca-deficient 
leaves and less extensive growth reductions than 
barley. Cation antagonism under non-saline con- 
ditions is well known to influence tissue cation 
ratios (Mengel and Kirkby, 1987). Magnesium 
will depress Ca uptake (Ohno and Grunes, 
1985), leading to Ca deficiency and growth re- 
ductions (Kawasaki and Moritsugu, 1979; Key et 
al., 1962; Madhok and Walker, 1969). Differ- 
ences in Ca nutrition among species or 
genotypes, however, have rarely been character- 
ized (Clarkson and Hanson, 1980), and to our 
knowledge have not previously been examined 
over broadly different salinities. In this case, the 
greater Ca requirement of wheat compared to 
barley appears to be unique to saline conditions, 
and is not related to a greater susceptibility of 
wheat to low Ca/(Na + Mg) and Ca/Mg ratios 
per  se. 

The modulation of the salt tolerance of wheat 
by Ca was influenced by humidity. High 24 h 
humidity generally promotes growth and reduces 
transpiration and salt uptake rates, irrespective 
of salinity level (Hoffman and Jobes, 1978; Lau- 
ter and Munns, 1987; Pitman, 1984). In the case 
of wheat, a proportional increase in the growth 
of plants in both non-saline and saline conditions 
at high 24 h humidity results in no change in salt 
tolerance (Hoffman and Jobes, 1978). In con- 
trast, our results showed that high night-time 
humidity increased growth, but only in salinized 
plants, indicating an increase in salt tolerance 
under these conditions. The promotive effect of 
additional Ca on growth was not evident in the 
high humidity treatment. This suggests that an 
interaction between night-time humidity and Ca 
nutrition occurs under saline conditions, and is 
supported by the observation of reduced suscep- 
tibility of young leaves to Ca deficiency at high 
humidity. 

Salinity-induced increases in leakage of UV- 
absorbing substances from wheat leaves were 
found to be ameliorated by additional Ca in the 
growing medium. Unlike previous measurements 
of salt-induced membrane leakiness, where low- 
salt leaf tissue has been incubated in saline solu- 
tions (Leopold and Willing, 1984), we have 
shown changes in leakiness based on in vivo 
levels of salt and Ca. Calcium effects on leakage 

are not confined to saline situations, since in- 
creases in leakage were apparent also at low 
salinity when C a / ( N a + M g )  ratios were low 
(data not presented). It is conceivable that those 
changes in membrane leakiness related to Ca 
concentration or Ca/cation ratios may contribute 
to differences in growth. 

There is an increasing awareness of the signifi- 
cance of Ca in salt tolerance. Differences in Ca 
nutrition at high salinity have recently been 
shown to occur among genotypes of barley 
(Lynch and Lauchli, 1985), rice (Grieve and 
Fujiyama, 1987) an sorghum (Grieve and Maas, 
1988), and between salt-selected and unselected 
cells of alfalfa (Stavarek and Rains, 1984). In all 
cases, salt tolerance appears to be related to 
improved Ca concentrations or Ca/cation ratios 
in the tissue of tolerant plants. Based on our 
findings, differences between species do not 
seem to be related to differences in Ca concen- 
tration in the tissue, but rather to differences in 
Ca utilization or requirements. In this respect, 
salt-sensitive species may be more dependent on 
Ca availability than are salt tolerant species. 
Breeding or selection programs for salt tolerance 
must therefore take into account the critical role 
of Ca, with appropriate consideration given to 
the Ca relations of each species. 
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