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BACKGROUND: Salinity and Sodicity in Soils and Their Effects on Plants 

Investigations of soil sodicity and its effects on plants must simultaneously consider 
salinity; the following introduction is adapted from the world’s foremost salinity expert, Dr. 
Rana Munns and colleagues, (1985, 1993, 1995, 2002a, 2002b, 2005) explains why.   
 
Types and Causes of  Soil Salinity 

Salinity occurs through natural or human-induced processes that result in the accumulation 
of dissolved salts in the soil water to an extent that inhibits plant growth.  Sodicity is a secondary 
result of salinity in primarily clay soils, where leaching through either natural or human-induced 
processes has washed soluble salts into the subsoil, and left sodium bound to the negative 
charges of the clay. 

Salinity is produced two ways. Primary salinity results from the weathering of parent 
materials containing soluble salts and from deposition of oceanic salt carried in wind and rain. 
Secondary salinization results from human activities that change the hydrologic balance of the 
soil between water applied (irrigation or rainfall) and water used by crops (transpiration); 
particularly in situations with salt-rich irrigation water or having insufficient drainage. 
(Ghassemi et al., 1995)  
 
Soil Sodicity and Sub-soil Salinity 

Sodic soils have a low concentration of soluble salts, but a high percent of exchangeable 
Na+; that is, Na+ forms a high percent of all cations bound to the negative charges on the clay 
particles that make up the soil complex. Sodicity is defined in terms of the threshold ESP 
(exchangeable sodium percentage) that causes degradation of soil structure. The negatively 
charged clay particles are held together by divalent cations. When monovalent cations such as 
Na+ displace the divalent cations on the soil complex, and the concentration of free soluble salts 
is low, the complex swells and the clay particles separate ('disperse'). A sodic soil has an ESP 
greater than 15. If the concentration of soluble salts is sufficiently low, hydrolysis of the sodic 
clay will occur, creating a highly alkaline soil. Alkaline soils are a type of sodic soil with a high 
pH due to carbonate salts, and are defined as having an ESP of 15 or more with a pH of 8.5-10. 

The process of sodicity is complex and occurs over a long period of time. Initially, salts that 
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have accumulated within the soil profile, from either airborne deposition or mineral weathering, 
cause the clay fraction of the soil to become saturated with sodium. Subsequently, leaching of 
the profile, either by rainwater over prolonged periods, or by irrigation with fresh water, lowers 
the electrolyte concentration and the clay particles disperse. Further leaching washes the 
dispersed clay particles deeper into the profile where they block pores and hinder infiltration of 
water. The soil then is very slow to drain, and is readily waterlogged. 

In semi-arid environments, soil profiles are commonly saline/sodic, where the salt has 
accumulated due to the low permeability of the sodic subsoil. In theory, if sufficient salts 
accumulate, the threshold electrolyte concentration for flocculation will be exceeded and the clay 
will flocculate and take on pseudo-structure. However, given that permeability and leaching will 
then increase, the subsequent dilution of salts will cause colloids to disperse. Consequently, a 
quasi-steady state between flocculation and dispersion processes is maintained. 

 The term ‘transient salinity’ denotes the seasonal and spatial variation of salt accumulation 
in the root zone not influenced by groundwater processes and rising water table This transient 
salinity fluctuates in depth, due mainly to irrigation and seasonal rainfall patterns. Transient 
salinity is extensive in many landscapes dominated by subsoil sodicity. (Rengasamy, 2002)  

 
The Effect of Salinity on Plants 

Salts in the soil water may inhibit plant growth for two reasons. First, salt in the soil 
solution reduces the ability of the plant to take up water, and this leads to reductions in the 
growth rate. This is referred to as the osmotic or water-deficit effect of salinity. Second, if 
excessive amounts of salt enter the plant in the transpiration stream there will be injury to cells in 
the transpiring leaves and this may cause further reductions in growth. This is called the salt-
specific or ion-excess effect of salinity.  The definition of salt tolerance is usually the percent 
biomass production in saline soil relative to plants in non-saline soil, after growth for an 
extended period of time. For slow-growing long-lived species it is often difficult to assess the 
reduction in biomass production, or yield, so percent survival is often used. 

Salinity is often accompanied by water logging which also inhibits plant growth and also 
reduces the ability of the roots to exclude salt, thus increasing the uptake rate of salt and its 
accumulation in shoots.   

 

Causes of the Growth Reduction under Saline Conditions 

The effects of a saline soil are two-fold: there are effects of the salt in the soil solution 

surrounding the roots, and there are effects of the salt taken up by plants. The salt in the soil 

solution (the “osmotic stress”) reduces leaf growth and to a lesser extent root growth, and 
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decreases stomatal conductance and thereby photosynthesis. 

The rate at which new leaves are produced depends largely on the water potential of the 

soil solution, in the same way as for a drought-stressed plant. Salts themselves do not build up in 

the growing tissues at concentrations that inhibit growth: meristematic tissues are fed largely by 

the phloem from which salt is effectively excluded, and rapidly elongating cells can 

accommodate the salt that arrives in the xylem within their expanding vacuoles. So, the salt 

taken up by the plant does not directly inhibit the growth of new leaves. 

The salt within the plant enhances the senescence of old leaves. Continued transport of salt 

into transpiring leaves over a long period of time eventually results in very high Na+ and Cl- 

concentrations, and they die. The rate of leaf death is crucial for the survival of the plant. If new 

leaves are continually produced at a rate greater than that at which old leaves die, then there 

might be enough photosynthesizing leaves for the plant to produce some flowers and seeds. 

However, if the rate of leaf death exceeds the rate at which new leaves are produced, then the 

plant may not survive to produce seed. For perennial species, there is an opportunity to enter a 

state of dormancy, and thus survive the stress. 

The two responses occur sequentially, giving rise to a two-phase growth response to 

salinity. The first phase of growth reduction is quickly apparent, and is due to the salt outside the 

roots. It is essentially a water stress or osmotic phase, for which there is surprisingly little 

genotypic difference. Then there is a second phase of growth reduction, which takes time to 

develop, and results from internal injury. The two-phase growth response can be illustrated by an 

experiment done by Rana Munns et al. (1995). The experiment was conducted with two 

genotypes of wheat with contrasting rates of Na+ uptake, and known differences in salt tolerance; 

previous experiments had shown that the genotype with the low Na+ uptake rate had a higher 

survival of high salinity.  During the first 3-4 weeks after the soil was salinized, there was a large 

growth reduction in both genotypes. This is called the 'Phase 1' response, and is due to the 

osmotic effect of the salt. Then after 4 weeks, the genotypes separated; the one with the low Na+ 

uptake rate continued to grow, although still at a reduced rate compared to the controls in non-

saline solution, but the one with the high Na+ uptake rate produced little biomass and many 

individuals died. This is the 'Phase 2' response, and is due to genotypic differences in coping 

with the Na+ or Cl- ions in the soil, as distinct from the osmotic stress.  
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These results illustrate the principle that the initial growth reduction from salinity is due to 

the osmotic effect of the salt outside the roots, and that what distinguishes a salt-sensitive plant 

from a more tolerant one is the inability to prevent salt from reaching toxic levels in the 

transpiring leaves, which takes time. 

To grow in saline conditions, plants must maintain a high water status in the face of soil 

water deficits and potential ion toxicity. A plant can only grow or survive in a saline soil if it can 

both continue to take up water and exclude a large proportion of the salt in the soil solution. 

 

The Required Extent of Salt Exclusion 

Roots must exclude most of the Na+ and Cl- dissolved in the soil solution or the salt will 

gradually build up with time in the shoot and become so high that it kills it. To prevent salt 

building up with time in the shoot, roots should exclude 98% of the salt in the soil solution, 

allowing only 2% to be transported in the xylem to the shoots. This value of 2% can be 

calculated from the following equation: 

The concentration at which NaCl accumulates in the shoot depends on the salt 

concentration in the soil solution, the percentage of salt taken up by roots, and the percentage of 

water retained in the leaves: see the equation below: 

  
{NaCl (shoot) = {NaCl soil} x {% salt taken up}) 

                                        {% water retained} 

 

Plants retain only about 2% of the water they transpire; they take up about 50 times more 

water from the soil than they retain in their shoot tissues. The percentage of transpired water that 

is retained in the shoot can be calculated from the product of the water use efficiency (wue; mass 

of shoot produced per mass of H2O transpired) and the shoot water content (wc; shoot H2O per 

shoot mass): 

Water use efficiency (WUE) of plants growing at moderate evaporation demand are 

usually in the range of 3-6 mg g-1, the variation due to extremes of evaporative demand, rather 

than a peculiarity of the species. For a water use efficiency of 4 mg g-1 and a shoot H2O:DW 

ratio of 5:1, about 20 mg of water is retained in the shoot for every g of water transpired; see 

equation below. That is, the shoot retains only 2% of the water transpired. In order to prevent the 
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salt concentration in the shoot increasing above that in the soil, then only 2% of the salt should 

be allowed into the shoot, i.e. 98% should be excluded. 

  

% water retained = wue x wc x 100                                                             

  

A soil salinity of 100 mM NaCl or 10 dS m-1 is about as high as most crops will tolerate 

without a significant reduction in growth or yield, and a concentration of 100 mM NaCl on a 

whole shoot basis is about as high as is desirable because it will include some old leaves with 

much higher salt concentrations, as well as younger leaves or other tissues with lower 

concentrations. So for plants to grow for extended periods of time in soils with salinity of this 

order of magnitude, roots should ensure that no more than 2% gets to the shoots.  Roots 

themselves do not accumulate excessively high concentrations of salt. The Na+ and Cl- 

concentration in roots is rarely higher than in the external solution, and often is lower. 

  

The Relationship between Transpiration and Salt Uptake 
  

The fundamental processes governing the relationship between water and ion flow through 

roots are complex and not well understood.  NaCl does not move passively with the transpiration 

stream, neither is its movement entirely independent of it, at least in some species, or over 

certain ranges of transpiration.  Rana Munns demonstrated the relationship between water and 

salt flow in the xylem of barley plants in 1985. As water flow increased from a very low to a 

moderate rate, there was an increase in Cl- flux, showing that the movement of the ion through 

the root was enhanced as water flow started to increase. However, when the water flow increased 

from moderate to high rates, there was little or no further increase in Cl- flux, showing that the 

movement of the ion was independent of further increases in water flow. This relationship also 

held for Na+ and K+. 

Measurements of ion concentrations in leaves of most plants grown at different humidities 

are consistent with this pattern, that salt transport to leaves is substantially affected only if 

transpiration is greatly affected. An effect might be seen more with species that are very poor 

excluders, which carry much more salt in an apoplastic or transpirational "bypass" pathway than 

other species. In rice, the percentage of water moving through a bypass pathway from roots to 
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shoots was estimated as 5.5% of the total water transpired, and could account for all the Na+ 

transported to the shoots, whereas in wheat only 0.4% of the water moved along a bypass 

pathway and could not account for most of the Na+ transported (Garcia et al., 1997). 

  

Mechanisms of Control of Salt Transport 

There is a difference between species in the ability to tolerate the salt-specific component 

of salinity.  Differences in tolerating the osmotic stress itself are in common with drought 

tolerance. 

The rate at which old leaves die depends on the rate at which salts accumulate to toxic 

levels. Thus, control of the rate at which salt arrives in leaves is essential, as are mechanisms that 

reduce the toxicity of the salt. For species lacking the ability to compartmentalize salts in the 

vacuoles to high concentrations, continued transport of salt to the leaves will eventually result in 

either excessive build-up of salts in the cell walls or in the cytoplasm. The former will cause 

death through dehydration, and the latter will cause death through poisoning of metabolic 

systems such as photosynthesis or respiration. 

 

Control of salt transport into and through the plant takes place at five sites in the plant 

listed below: 

Control of Salt Transport at the Whole Plant Level 

There are 5 control points at which salt transport is regulated. These are: 

In the Root; 

  1. selectivity of uptake from the soil solution 

  2. loading of the xylem 

  3. removal of salt from the xylem in the upper part of the plant 

In the shoot; 

 4. loading of the phloem 

 5. excretion through salt glands or bladders 

 

For the roots control occurs in the root cortex, at the loading of the xylem, and at the 

retrieval from the xylem in upper parts of the roots. These three processes serve to reduce the 
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transport to the leaves. Control in the shoot occurs by the exclusion of salt from the phloem sap 

flowing to meristematic regions of the shoot. An additional mechanism occurs in most 

halophytes: specialized cells to excrete salt from leaves. However, halophytes also rely on the 

first four mechanisms to reduce the flux of salt to the leaves – excretion is an additional backup 

for plants growing in very saline site, and for perennial species. Exclusion is particularly 

important for perennial species whose leaves may live for a year or more. For these species there 

is greater need to regulate the incoming salt load than for annual species whose leaves may live 

for only one month. 

 

There are contributory features that function to maintain low rates of salt accumulation in 

leaves. High shoot/root ratios and high intrinsic growth rates (Pitman, 1984), and absence of an 

apoplastic pathway in roots (Garcia et al., 1997) all will serve to reduce the rate at which salt 

enters the transpiration stream and accumulates in the shoot. 

  
Ion concentration in shoot (mol g-1) =  Ion uptake rate (mol g-1d-1)                                    
                                                             Relative growth rate (g g-1 d-1) 

  

Two principles emerge from this equation. First, a fast-growing plant will have a lower 

concentration in the shoot than a slow growing plant, for the same uptake rate. Note that it is the 

relative growth rate (RGR) not the size itself that influences the ion concentration in the shoot. 

The notion of 'vigor' as affecting ion concentration therefore needs to be defined carefully, as 

RGR is independent of plant size. Second, any increase in shoot ion concentration with 

increasing salinity may not be due to increase ion uptake rate – it could be due to decreased RGR 

due to the osmotic effect of the salt. This also means that an additional stress such as water 

logging that depresses RGR will also cause an increase in concentration in the shoot for the same 

uptake rate. 

 

 

Control at the Cellular Level:  Ion Compartmentation 

There is no evidence of adaptations in enzymes to the presence of salt, so mechanisms for 

salt tolerance at the cellular level involve keeping the salt out of the cytoplasm, and sequestering 
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it in the vacuole. That this occurs in most species is indicated by the high concentrations found in 

leaves that are still functioning normally, concentrations well over 200 mM, which are known to 

completely repress enzyme activity in vitro (Munns, 2002). Generally, Na+ starts to inhibit most 

enzymes at a concentration above 100 mM. The concentration at which Cl- becomes toxic is 

even less well defined, but is probably in the same range as that for Na+. If Na+ and Cl- are 

sequestered in the vacuole of the cell, K+ and organic solutes should accumulate in the cytoplasm 

and organelles to balance the osmotic pressure of the ions in the vacuole. The organic solutes 

that accumulate most commonly under salinity are proline and glycinebetaine, although other 

molecules can accumulate to lesser degrees. Some salt tolerant species have transport systems on 

the tonoplast that can sequester Na+ and Cl- at high concentrations within the vacuoles, while 

maintaining much lower concentrations in the cytoplasmic compartments 

  

In summary, roots do most of the work in protecting the plant from excessive uptake of 

salts, and filter out most of the salt in the soil while taking up water.  Even so, there are 

mechanisms for coping with the continuous delivery of relatively small amounts of salt that 

arrive in the leaves, the most important being the cellular compartmentalization of salts in the 

vacuoles of the leaf mesophyll cells. This strategy allows plants to minimize or delay the toxic 

effects of high concentrations of ions on important and sensitive cytoplasmic processes. The rate 

at which leaves die is the rate at which salts accumulate to toxic levels, so species and genotypes 

that have poor control of the rate at which salt arrives in leaves, or a poor ability to sequester that 

salt in cell vacuoles, have a greater rate of leaf death, and are less saline or sodium tolerant. 

 

CONCLUSIONS 

 The previous review demonstrates little is known about the mechanisms of salinity and 

specific ion, particularly sodium, tolerance in pistachios.  The preliminary work done by 

Picchioni, Sanden and Ferguson suggest the genus Pistacia is the second most tolerant tree 

species, after date palms.  However, their combined work did not investigate the mechanisms of 

this salinity tolerance; how salts are excluded, taken up or sequestered in the plant.  Or how to 

enhance or adapt these characteristics for better salinity tolerance  
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 This  review demonstrates that because roots play the most important role in salinity 

tolerance that future research should focus on two areas; short term, characterizing and 

determining the mechanism of salinity tolerance in the currently available pistachio rootstocks, 

and long term, using this information to improve the salinity tolerance of pistachio rootstocks.  
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