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EXECUTIVE SUMMARY

The general opinion is that the importance of irrigation in context of global agriculture is rapidly

increasing. Unfortunately, most irrigation fields throughout the world suffer to some degree from the

effects of salt accumulation in soils. An estimated 20% of the 230 million ha of irrigated land in the

world is seriously affected by salinity. In South Africa an estimated 20% of the 13 million ha of

irrigated land is salt affected. The effects of salinity in soils manifested in reduced crop growth and in

severe cases, even crop failure. Salinity is associated with increased water stress and specific ion

effects on crops. Therefore, secondary salinisation of irrigated land as a result of a decline in water

quality cannot be ignored when sustainable crop production under irrigation is the aim.

A prime requirement for salinity control in irrigated fields is that the natural or artificial drainage should

be adequate to ensure a nett downward flux of water and salts to ensure optimum development and

functioning of roots. The reclamation of already saline soils is accomplished through leaching with

water of lower salinity, provided that drainage is adequate.

Little in this regard has been studied in South Africa. This project was undertaken to investigate a

number of issues regarding the effect of using saline irrigation water for crop production on soils with

shallow saline water tables. The specific objectives of this project were to:

1. Quantify the effect of increasing salt content of irrigation water on the growth and yield of

selected crops on two different soil types.

2. Determine the relationship between irrigation water with increasing salt contents and the water

use of selected crops on two different soil types.

3. Measure the root water uptake from a shallow water table with varying salt contents.

4. Determine and model the salt balance for a range of irrigation water quality and soil type

combinations over a three year period.

5. Quantify the leaching requirements for the two soils at five salinity levels.

In order to achieve these objectives, experiments were conducted with wheat, beans, peas and maize

under controlled conditions in the laboratory, glasshouse and field with irngation water that ranged

from a low salinity of 15 mS m1 to a high salinity of 600 mS m 1. The influence of irrigation water

salinity on seed germination and seedling vigour were tested under laboratory conditions. However,

the effect of irrigation water salinity on crop growth and development in pots filled with a red sandy

loam Bainsvlei soil were evaluated under glasshouse conditions. Large drainage lysimeters, filled with
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a yellow sandy Clovelly soil and a red sandy loam Bainsvlei soil in which shallow water tables with

salinities similar to the irrigation water were maintained at a constant depth of 1.2 m, were used for the

field experimentation. This facility was used to determine the effect of irrigation water and water table

salinity on crop yield and water uptake, salt accumulation in the root zone during growing seasons and

modes of removal of excess salts through leaching. The results of these experiments will be

addressed according to the listed objectives.

1. The laboratory experiments revealed that only the germination percentage of pea seed was

reduced by deteriorating irrigation water salinity, viz. to 92% at 300 mS m"1. However,

increasing irrigation water salinity above 150 mS m"1 started to inhibit the seedling growth of all

four crops as indicated by coleoptile/hipocotile and root length. In the glasshouse experiments

parameters such as relative leaf area, above-ground biomass, root mass and seed yield

declined with increasing salinity of the irrigation water. Peas proved to be the most sensitive

crop followed by beans, maize and wheat. The field experiments simulated conditions of

adequate water supply to the crops through irrigation in the presence of a water table at a depth

of 1.2 m. Except for wheat that gave better yields in the more clayey soil, the growth of the

other three crops was similar on both soils for comparative irrigation water salinity treatments.

The growth of wheat, maize, peas and beans started to decline when irrigating with water of

600. 450, 300 and 150 mS m~\ respectively However, the inhibition of crop growth viz. the

above-ground blomass was explained better by soil water salinity.

2. Generally the water use of all four crops in the field experiments as indicated by

evapotranspiration declined with deteriorating irrigation water salinity. The decline in water use

despite an adequate water supply through irrigation, can be attributed to an increase of salinity

that results in a decrease of osmotic potential of the soil water in the root zone. On a relative

basis the evapotranspiration of peas, beans, maize and wheat decreased at rates of 0.0007,

0.0005, 0.0004 and 0.0001 rnrn per unit increase of soil water salinity measured in mS m*\ A

decrease in the osmotic potential of the soil water to -300 kPa, which is equivalent to an

electrical conductivity of 750 mS m~\ reduced evapotranspiration in comparison to the control

by 7, 30, 3S and 53% for wheat, maize, beans 3"d pe??. rp^ne^ivply Thp findinns nf other

researchers were therefore confirmed, namely that the effects of salinity and water stress are

similar. However, the water use efficiency of the crops, expressed in above-ground biomass

produced per unit mass water used, started to decline only when the threshold values

mentioned earlier were exceeded.

3. In the field experiments water uptake from the shallow water tables decreased with an increase

in irrigation water salinity for all four crops on both soils, probably due to a decrease in osmotic

potential of the capillary zones above the water tables. The relative water uptake from the

capillary zones above the water tables declined linearly when the soil water salinity in these

zones exceeded certain threshold values. These values varied between 57 mS m"1 for beans to
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279 mS m"1 for maize, with an average value of 136 mS m which is equivalent to an osmotic

potential of -54 kPa. The crops less affected by the increase in salinity, or the decrease in

osmotic potential of the capillary zone were wheat, followed by maize, beans and peas.

4. The determination and modelling of salt balances over a three year period in the field

experiments was not realised due to rapid salt build up in both soils within a single crop growing

season. Instead of these balances the focus of experiments was on salt accumulation in the

root zone during a crop growing season in the presence of a 1.2 m depth water table and the

removal of these accumulated salts. At the end of a crop growing season the salts were

accumulated at or just below the capillary fringe of both soils, with maximum accumulation of

700 mm from the soil surface. This is the zone where most of the water is taken up by crop

roots, causing an increase in the concentration of ions. A single drainage cycle removed

between 2.0 and 350 ton salt ha'1 at a rate of 0.054 kg ha"1 mm'1 from the more sandy soil and

between 0.8 and 13.5 ton salt ha"1 at a rate of 0.041 kg ha"1 mm"1 from the more clayey soil,

depending on the initial salinity. Leaching of both soils with a range of saline water in the

presence of differing salinity profiles revealed that soil water salinity decreased initially linearly

with an increase in drainage per unit soil depth, whereafter it declined sharply with a further

increase in drainage per unit soil depth. In general, efficiency of salt leaching from both soils

decreased rapidly when the depletion level rose above 80% of the total actual salts removed

Equations were derived from the data to calculate: i) the salt accumulation in soils with

restricted drainage during a crop growing season and ii) the amount of drainage water required

for salt removal from the two soils. These equations are incorporated in the procedure given

below for salinity management in irrigated soils.

5 Sustainable crop production under irrigation requires the proper management of salinity in the

root zone with leaching The amounts of water needed for leaching to manage root zone

salinity are seldom estimated with complex dynamic models for several reasons. Such

estimates are usually based on guidelines established from empirical relationships derived from

field experiments as is the case in this study. A stepwise procedure is therefore proposed for

the managing of root zone salinity This procedure makes provision for four different conditions:

i) where added salts to the root zone accumulate without any possibility for leaching and the

mean root zone salinity is lower than the crop threshold value; ii) where added salts to the root

zone accumulate without any possibility for leaching and the mean root zone salinity is higher

than the crop threshold value; iii) where added salts can leach naturally from the root zone and

the mean root zone salinity is lower than the crop threshold value; and iv) where added salts

can leach naturally from the root zone and the mean root zone salinity is higher than the crop

threshold value. This procedure was not yet been tested and hence is not verified.

The results from this research project are applicable to conditions where the salinity of sandy to sandy

loam soils are in equilibrium with the salinity of the irrigation water and leaching of salts from the root



zone is restricted by the presence of a stagnant water table within or just below the potential rooting

depth of a crop.

In practice an increase in root zone salinity in soils with shallow water tables and the corresponding

decline in crop water use and yield, necessitate adaptations in the normal approaches to irrigation

scheduling and irrigation water management. The root zone can be divided into three management

layers, namely, the unsaturated layer between the soil surface and the upper fnnge of the capillary

zone; the capillary layer between the upper capillary fringe and the surface of the water table and the

saturated layer beneath the surface of the water table In such closed systems the amount of salts

added to and accumulating in the root zone are determined by the salinity status and amount of

irrigation water applied. Removal of satts from the root zone will only occur through downslope lateral

water movement below the surface of the water table, where the upslope water salinity level is lower

In downslope position soils, this lateral water flux below the surface of the water table will be an

additional source of salts.

Any change in irrigation strategy under comparable conditions, will always result in a nett upward or

downward movement of salts and the water table. When the mean EC of the unsaturated and

capillary layers of the root zone exceeds the threshold value for a particular crop, the expected yield,

crop water and irrigation requirements will be proportionally less (See Sections 4 3 4 2 to 4 3 4 4)

There are four management options:

Option 1: To irrigate more than the expected crop water use. The excess salts will then be leached

from the unsaturated layer, ensuring a more favourable salinity status Less water will be taken up

from the saturated and capillary layers. The growing season will end with a higher salinity status in the

capillary layer, an increase in the height of the water table and a thinner unsaturated layer. This option

will initially give better yields but will induce more rapid waterlogging, more downslope salinisation of

soils and more salts will be added to the root zone compared to the other options This option will not

be sustainable.

Ontinn 01 Tn irrinatfa the samp pmnnnt a<; thp PYnprtpH rrnn water II<̂ P> I f«!C nf thp pyrpc? caltQ will
_ r . . _ . . — . . _ j . . . _ — _ _ . . . — . - _ . . , . . . - - r - . - . - _ . . - _ . _ - . -

be leached from the unsaturated layer but less salts will also be added to the root zone. The growing

season will end with a higher salinity status in both the unsaturated and capillary layers with the water

table remaining at the same depth. Applying this option will over time result in a gradual increase in

total root zone salinity, decreasing yields requiring less irrigation every season, but less and less salts

will be added to the root zone.

Option 3: To irrigate less than the expected crop water use, care should be taken that the reduction in

iirigation amount should not exceed the expected water table uptake of the crop, at the salinity of the

saturated layer (See Section 4.3 3). Choosing this option will enhance crop water uptake from the

capillary layer, resulting in more capillary movement of water from the saturated layer. This will lower
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the water table but will increase the rate of salinisation in the capillary layer. With this option the least

amount of salts will be added to the root zone over time but the risk of rapid salinisation of the

unsaturated and capillary layers is high A major advantage of the lowering of the water table is that

the thickness of the unsaturated layer will increase, allowing for more effective salt leaching during

periods of above normal rainfall.

Option 4: With the first three options a gradual increase in root zone salinity through the seasons is a

fact with an associated decline in expected yields of the cultivated crops. When the expected yield of

a specific crop becomes uneconomical there is always the option to convert to more salt tolerant

crops.

It should be clear from the above-mentioned options that none will be sustainable over the long term.

The installation of artificial subsurface drainage, that will lower the water table, thereby increasing the

thickness of the unsaturated layer and allowing for effective salt leaching by controlled over irrigation,

is the only long term solution under these conditions. Water draining from the saturated soil towards

the drainage tubes, following installation, will remove a significant amount of the salts. For example on

a sandy soil with a water table at 1200 mm with a soil water EC of 777 mS m"\ approximately 18

000 kg ha'1 salt will be removed from the root zone with the first drainage cycle. To remove 80% of

the remaining salts over a depth of 1800 mm by leaching with good quality water, approximately

300 mm or 0.5 pore volume of drainage is required. More clayey soils will require more drainage to a

maximum of 1 pore volume or 600 mm (Figure 6.9). When leaching salts from soils it should be kept

in mind that the salinity of the irrigation water determines the equilibrium salinity of the root zone.

All these aspects were included in the proposed stepwise procedure that can be followed to formulate

the best management practices for controlling root zone salinity under different conditions. As

mentioned above, this procedure still needs to be tested, verified and even modified at field scale

before it can be extended to optimal practice and the establishing of guidelines for managing the salt

load associated with irrigation at farm and scheme level. Consequently, future research of this kind is

suggested
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CHAPTER 1

INTRODUCTION

Most irrigation fields throughout the world suffer to some degree from the effects of salt accumulation

in soils. From available FAO and UNESCO information, Szabolcs (1985) as cited by Rhoades &

Loveday (1990), estimated that 20% of the 230 million ha of irrigated land in the world is seriously

affected by salinity. Backeberg et al. (1996) estimated that at least 20% of the 1.3 million ha irrigated

land in South Africa was salt-affected in 1990.

The effects of salinity are manifested in loss of stand, reduced rates of plant growth, reduced yields

and in severe cases, crop failure. Salinity limits water uptake by plants by reducing the osmotic and

thus the total water potential of the soil solution. Certain salts may be specifically toxic to plants or

may upset the nutritional balance when present in excessive concentrations. The salt composition of

the soil water affects the exchangeable cation composition of the colloids which has an effect on soil

permeability and tilth.

The sources of the salts found in saline soils can be the parent material, irrigation water, shallow

groundwater or fertilizer and other soil amendments. All irrigation waters contain some salt which over

time concentrates in the root zone as the water, but very little of the salt, is extracted by the plant

roots. Even with good quality irrigation water the addition of salt to the root zone, unless it is removed

through leaching by irrigation in excess of the crop water requirement, will range between 5 000 to

10 000 kg ha'1 yr"1.

The salts within the root zone may be redistributed towards the soil surface through the upward

capillary flux of water from shallow saline water tables. Shallow water tables develop in irrigated

fields, normally in the lower lying downslope positions, where impermeable strata occur below the root

zone and where the water application exceeds the removal. A major concern in irrigated agriculture is

the gradual decline in irrigation water quality because of a growing demand for non-agricultural uses of

water. This increase in demand leads to a gradual decrease in the quality of irrigation water due to

reduction in streamflow of rivers with increased seepage of salts, re-use and recycling of available

water resources.

A prime requirement for salinity control in irrigated fields is that the natural or artificial drainage should

be adequate to ensure a nett downward flux of water and salts to ensure in turn the optimum

development and functioning of roots. The reclamation of already saline soils is accomplished through

leaching with water of lower salinity, providing that drainage is adequate.



Little in this regard has been studied in South Africa This project was undertaken to investigate a

number of issues regarding the effect of using saline irrigation water for crop production on soils with

shallow saline water tables. The specific objectives of this project were to:

1. Quantify the effect of increasing salt content of irrigation water on the growth and yield of

selected crops on two different soil types.

2. Determine the relationship between irrigation water with increasing salt contents and the water

use of selected crops on two different soil types.

3. Measure the root water uptake from a shallow water table with varying salt contents.

4. Determine and model the salt balance for a range of irrigation water quality and soil type

combinations, over a three year period

5. Quantify the leaching requirements for the two soils at five salinrty levels.

The project focused on cases where a shallow water table is present in the lower part of the potential

root zone resulting in conditions with restricted leaching. Irrigation water ranging from low to a high

salinity was used to imgate wheat, beans, peas and maize on a sandy and sandy clay loam soil.

Experiments were conducted under controlled conditions in the laboratory, glasshouse and field to

achieve the objectives of this research project.

A thorough literature study of the issues raised in the objectives is reported in Chapter 2 The

influence of various water salinity levels on seed germination and the seedling vigour of the different

crops under laboratory conditions is reported in Chapter 3. In this chapter the effect of increasingly

saline irrigation water on crop growth in pots under glasshouse conditions is also reported. Large

drainage lysimeters, filled with the two soils in which shallow water tables were maintained at a

constant depth of 1.2 m. were used for the field experimentation. This facility was used to determine

the effect of irrigation water and water table salinity on crop yield and water uptake (Chapter 4), salt

accumulation in the root zone during the growing seasons (Chapter 5) and modes of removal of

excess salts through leaching (Chapter 6). All these results were combined in recommended

procedures for managing root zone salinity in Chapter 7



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The global demand for food and agriculturally produced raw materials makes the sustainable use of

soil and water resources on the earth imperative and urgent. In science and politics the prevalent

opinion is that agricultural soil can supply not only the present demands of mankind, but must fulfill all

future food requirements of an ever growing population.

In order to meet those requirements, the further study of and optimal utilization of soil and water

resources must be given paramount importance. This applies especially to processes that are

associated with soil and water degradation. One of the soil degradation processes is salinisation, viz.

the accumulation of salt which leads to the degradation of especially heavy-textured soils (Szabolcs,

1989) According to the Land and Plant Management Service of the FAO, salinisation of irrigated soils

is a major problem. It concluded that of 230 million ha of irrigated land 20% is salt-affected and of the

1500 million ha under dryland agriculture, 2% is salt-affected in varying degrees.

The general feeling is that the importance of irrigation in world agriculture is rapidly increasing, which

means that the problem of specifically secondary salinisation of irrigated land cannot be ignored. The

record of irrigation speaks for itself in terms of increased crop production; but the question remains,

how successful was the utilization of irrigation schemes? Past history shows us that irrigation failed in

many regions, probably because the technology and knowledge at the time was incapable of dealing

with the problems that arose.

One of the biggest problems in irrigated areas is a decline in water quality. Because of the growing

demand for water by industrial and mining sectors, the management and conservation of water

resources are considered to be very important. The increasing demand for limited water resources

must ultimately lead to the re-use and recycling of water. In many parts of the world this has already

occurred especially in cases where field drainage and industrial and domestic wastewaters are re-

used and recycled for irrigation (Ragab, 2002). The increasing use of marginal water enhances the

possibility of salinisation of irrigated soils.

Secondary salt accumulation can result in high salinity or sodicity, or both in soils. Salinity is

associated with increased water stress and specific ion effects on plants. Sodicity leads to increased

swelling and dispersion of the soil colloids and a breakdown in soil structure. However, because soil

sodicity does not form part of this study a detailed discussion will not be included.



Letey (1984) concluded that investigations on salinity control could be divided into two categories.

Firstly, those that inhibit the toxic effect of a salt without removing it from the soil and secondly, those

that try to eradicate the problem by removing the salt from the soil through leaching. It was the latter

that was found to be more successful, and in recent years a major effort was devoted to the approach

of salt leaching.

It is clear that salinisation of irrigated soils is a major problem and an effort must be made to improve

the management of irrigation farming. A proper management proposal should address all the different

factors affecting salinity and its' effect on crop growth, with the purpose of controlling groundwater,

stream flow and farmland salinisation Modelling the different components involved in secondary

salinisation can be very useful when it comes to the management of an irrigation farm for purposes of

salinity control.

2.2 Irrigation water quality

Water quality plays an important role in several facets of imgation agriculture. Under specific

conditions the selection of the irrigation method, crops to be cultivated, scheduling, fertigation etc. will

be determined largely by water quality. Several water quality characteristics need to be considered in

the evaluation of its suitability for imgation. However, the main water quality determinants of concern

remain the salinity and sodicity nsks posed by its use (Du Plessis, 1998).

2.2.1 Salinity

Electrical conductivity (EC) is a measure of the ability of water to conduct an electrical current and is

expressed in millisiemens per meter (mS m'1). This ability is a result of the presence of ions such as

CO3
=, HCO3", Cl, SO/ NO3, Na*, K\ Ca" and Mg*+, all of which carry an electrical charge. Virtually

all natural waters contain varying concentrations of these ions onginating from the dissolution of

minerals in rocks, soils and decomposing plant material The EC of natural waters is therefore often

dependent on the characteristics of the geological formations with which the water was, or is, in

contact. The total concentrations, as well as the relative concentrations of these ions influence the

electrical conductivity of the irrigation water (EC,). Consequently, EC, is directly proportional to the

total dissolved salts (TDS) in the water. Since EC, is much easier to measure routinely, it is used to

estimate TDS According to the Department of Water Affairs and Forestry (1996) the average

conversion factor for most waters is as follows

TDSfmgL"1) = EC (mS m"1 at 25 °C) x 6.5 (2.1)

The exact value of the conversion factor depends on the ionic composition of the water, especially the

pH and HCO3" concentrations. For very accurate measures of TDS. the conversion factor should be

determined for specific sites.



According to the United States Salinity Laboratory Staff (1969), irrigation water can be divided into four

classes on the basis of it's EC:

1. Low salt content (C1): Water with an EC less than 25 mS m~1 which holds no danger of

salinisation on well-drained soils.

2. Medium salt content (C2): Water with an EC between 25 and 75 mS rrf1 where provision must

be made for a reasonable degree of salt leaching and salt sensitive crops must be avoided.

3. High salt content (C3): Water with an EC between 75 and 225 mS m"1 which can only be

used on a well-drained soil. Leaching is required periodically and salt resistant crops must be

used.

4. Very high salt content (C4): Water with an EC above 225 mS m"1. Not suitable for use as

irrigation water under normal conditions. Can be used as an emergency measure under

extreme conditions on sandy soils only.

Adapted guidelines for South African conditions are given by the Department of Water Affairs and

Forestry (1996) There are some limitations in setting such criteria for salinity, but the critena remain

useful for comparing qualities of different water resources. The salinity of South Africa's irrigation

water has, historically, been relatively low and compares favourably with the rest of the world when

compared with the 90th percentile value of about 320 mS m'1 found by the United States Salinity

Laboratory (Herold & Bailey, 1996). A deterioration of irrigation water salinity in some regions of South

Africa has been reported by Du Plessis & Van Veelen (1991).

Long-term average EC,-values for the Riet, Vaal and Orange Rivers are given in Table 2.1.

Table 2.1 Long-term average electrical conductivity (ECh mS m"1) and sodium adsorption ratio

(SAR) values for the Riet, Vaal and Orange Rivers

River EC* (mS m'1)

Lower Riet

Lower Vaal

Upper Orange

Lower Orange

136

50-74

23

40

SAR Reference

3.2 DuPreezefa/. (2000)

<2

<1

<1.5

Du Preezetal. (2000)

Du Preez et al. (2000)

Volschenk et al. (2005)

2.2.2 Sodicity

The sodium adsorption ratio (SAR) is an index of the potential of irrigation water to induce sodic soil

conditions. It is calculated from the Na, Ca and Mg concentrations (mmolc L
1) in irrigation water as

shown in Equation 2.2.



Na
SAR = —r— (2.2)

V ( 2 2 )

An increase in SAR will be the result of either an increase in the Na or a decrease in the Ca and/or Mg

content of the irrigation water.

In the long-term (i.e. under conditions of chemical equilibrium) the SAR of irrigation water determines

the exchangeable sodium percentage (ESP) of irrigated soils. Since the quantity of cations in

irrigation water is normally small, compared to those adsorbed on a soil's cation exchange complex,

the ESP over the depth of a soil profile only changes slowly to reach equilibrium with the SAR of

irrigation water. Changes in the ESP start in the topsoil and move progressively deeper. While short-

term vanations in the SAR of imgation water will affect the overall ESP of the soil profile marginally,

the soil surface could be markedly affected (United States Laboratory Staff, 1969).

Soil permeability is largely determined by texture and mineralogy it has long been realized that for

irrigated soils, both the inherent permeability and hardsetting characteristics of a soil can be modified

by irrigation water SAR, due to it's effect on soil and the ESP and the EC of the infiltrating water.

Increasing soil ESP gives rise to more swelling and increasing dispersion of clay minerals, making soil

structure unstable and thereby reducing the infiltration rate and hydraulic conductivity of soils. The

effect of an increasing SAR in irrigation water on lowering the infiltration rate is mainly a soil surface

phenomenon Agassi et al. (1981) drew attention to the fact that infiltration rate was largely

determined by the formation of a surface seal which forms under raindrop impact. Depending on the

concentration of the SAR constituents in the water and the soil buffering capacity, the ESP of the soil

surface may often be determined by the SAR of the last irrigation. The risk of a reduction in the

infiltration rate of a soil is. therefore, related to the maximum SAR of the irrigation water

The SAR of most South African rivers is generally low (Table 2.1), but very high values can be

measured in borehole water. This study concentrated on salinity, therefore no further attention will be

given to problems associated with sodicity.

A major factor contributing to land degradation is soil and water salinisation. Land and water

resources can be salinised by natural or by human activities and there are quite a number of examples

all over the world of once fertile farmland becoming highly saline, waterlogged wasteland (Appleton,

1984). Imgation agriculture is not only at the receiving end of water quality detenoration, but is itself a

major contributor to the observed water quality degradation in many rivers (Du Plessis. 1998) Plants

selectively extract water from the soil solution, leaving most of the satt behind. Leaching of excess salt

from the root zone is thus a prerequisite for sustainable irrigation farming. The salinity of water

draining to below the root zone of imgated crops will therefore always be higher in salts than the

applied water. Irrigation drainage seeping back to the river, and drainage water released into the river,



is consequently more saline than the irrigation water. When the drainage water percolates through

saline underground layers on its way to the river, the salinity load is even higher.

In an assessment of South Africa's water quality situation, the Department of Water Affairs and

Forestry (1996) found that the country's water quality is deteriorating in spite of the department's

efforts to control pollution from point sources such as urban, industrial and mining developments. The

conclusion was reached that water quality degradation originating from non-point sources, such as

irrigation return flow, also plays a major role in the observed deterioration of irrigation water.

Hall & Gorgens (1978) indicated that in the Breede River, the mean salinity of the river increased from

103 mg L'1 at the Brandvlei Dam to 728 mg L1 at the lower end, mainly because of irrigation return

flow from the irrigated areas during the summer months. The same observation was also made for the

Great Fish River at Jordaans Kraal and it was found that the increase in salinity corresponded

positively with the increase in irrigated area. Du Preez et al. (2000) also ascribed the observed

increase in the downstream salinity of the lower Vaal, Harts and Riet Rivers to irrigation activities.

They also reported a gradual increase in the salt content of these rivers over time The same

observation was made by Volschenk et al. (2005) for the lower Orange River.

2.3 Soil and water table salinity

Shallow water tables can contribute significantly towards plant evaporation because water moves

through capillary upflow from the water table into an active plant root zone, thus reducing the amount

of supplemental irrigation (Ehlers et al., 2003). Shallow water tables in or just below the root zone

cause rapid salinisation of soil layers above the water table, since leaching is restricted by its

presence. As a result crop growth and water uptake can be hampered despite adequate water

availability. Soil and water table salinity can therefore affect the capillary contributions from the water

table towards evapotranspiration. Many researchers mentioned soil salinisation as a potential hazard

where sub-irrigation is practised in arid and semi-arid regions throughout the world (Streutker ef al.,

1981; Meyer ef al., 1994; Kang etal., 2001).

Wallender et al. (1979) reported that water tables with salinity levels of 290 mS m'1 or higher, gave

pronounced yield losses with wheat. They found that, in a soil with a saline water table at a depth of

2.1 m, the average conductivity of the saturation extract below a depth of 0.9 m was 788 mS m'1,

compared to 309 mS m 1 at shallower depths. They warned against the potential build-up of soil

salinity and toxic ions in the root zone of water table soils and emphasized the importance of taking

the sensitivity of different crops to salt and specific ions into account, when a long-term management

system is developed.

Ayars & Schoneman (1986) referred to work done by Shilfgaarde et al. (1974), who suggested that

crops are capable of using water with a higher salinity than has been indicated by some salt tolerance



studies. They found from studies in California and Texas, that certain salt tolerant crops, like lucerne,

barley and cotton are capable of extracting significant quantities of water from saline water tables

Cotton extracted up to 60% of its evapotranspiration from a water table with a salinity of 600 mS m'1

and up to 49% of its evapotranspiration from a water table when the salinity increased to 1000 mS m"1.

This was confirmed by Blaine & Kite (1984) who investigated the imgation scheduling of cotton in the

presence of saline water tables. Soil salinity ranged from 100 to 500 mS m 1 near the soil surface and

from 1000 to 1200 mS m"1 at a depth of 1 m. They concluded that cotton plants can tolerate high

levels of soil water salinity in the lower part of the root zone, when water with a low salinity is available

to the plant in the upper part. Most of the water uptake occurred from soil layers where the soil water

quality was the best, regardless of the depth of the water table.

When irrigation is reduced to the crop water requirement minus precipitation and uptake from a

shallow water table, rapid salinisation of the root zone is very likely. Leaching will be required,

probably just before the rainy season, when water tables are supposed to be at their deepest.

2.4 Effect of soil and water salinity on crop growth

2.4.1 Crop salt-tolerance

Excess salinity within the root zone reduces the growth rate of established plants, thus a general

reduction in growth. The hypothesis is that excess salt reduces plant growth, primarily because it

increases the energy required to take up water from the soil and for making the biochemical

adjustments necessary for survival. This energy is diverted from the processes that lead to growth

and yield, such as cell enlargement and the synthesis of metabolites and structural compounds (Maas.

1984).

Typically, growth is suppressed when a threshold value of salinity is exceeded. This threshold value

depends on the crop, external environmental factors such as temperature, relative humidity, wind

speed, and the water-supplying potential of the root zone. Beyond the threshold value the

suppression of growth increases linearly as salinity increases until the plant dies. The salt tolerance of

crops can be expressed as follows (Maas & Hoffman, 1977a):

Yr = 1 0 0 - 6 (ECe - a) (2.3)

where Yr = the percentage of the yield of the crop grown under saline conditions relative

to that obtained under non saline conditions

a = the threshold electrical conductivity (mS m 1) of the saturated soil paste at

which yield decreases start

8



ECP =

the percentage yield loss per unit increase in the electrical conductivity of the

soil extract in excess of the threshold value

electrical conductivity of the soil extract (mS m 1)

The satt tolerance rating of selected crops based on their threshold value (a, mS m" ) and slope of

yield decline (b, % mS m"1) are given in Table 2.2.

Table 2.2 Salt tolerance of some agronomic crops (After Maas, 1986)

Common name

Bean

Cotton

Maize

Pea

Peanut

Potato

Wheat

* S = Sensitive,

Botanical name

Phaseolus vulgaris

Gossypium hirsutum

Zea mays

Pisum sativum

Arachis hypogaea

Solanum tuberosum

Triticum aesth/um

MS = Medium Sensitive,

Electrical conductivity

of saturated soil extract

Threshold

mS m"1

100

770

170

-

320

170

600

Slope

% of mS m"1

19

5.2

12

-

29

12

7.1

Rating *

S

T

MS

S

MS

MS

MT

MT = Medium Tolerant, T = Tolerant

According to Maas (1986) it should be recognized that the salt tolerance data presented in Table 2.2

cannot provide a fully accurate, quantitative measure of crop yield losses to be expected from salinity

for every situation, since actual response to salinity varies with growth conditions such as climate,

irrigation management, agronomic management and crop response to saline conditions.

Improvement in diagnosis can be achieved by using salinity of the soil solution (ECsw) rather than ECe,

since salinity of the saturation extract does not account for the increase in salinity of the soil water

between irrigations due to soil water depletion (Rhoades et a/., 1981). The use of soil water-based

salinities necessitates the conversion of crop salt tolerance data from ECe to EC^, since instrumental

techniques have become available to facilitate the treasuring of E C ^ directly in the field.

Crop salt tolerance also depends on the method of irrigation and its frequency. The available crop salt

tolerance data apply mostly to furrow and flood irrigation with conventional irrigation management.

Sprinkler irrigated crops are potentially subjected to additional damage by foliar salt uptake and bum

from water contact with the foliage Susceptibility to foliar salt injury depends on leaf characteristics

and rate of absorption. The degree of foliar injury depends not only on the salinity of the irrigation

water but also upon atmospheric conditions, the size of sprinkler droplets, crop type and growth stage.



The tolerance of crops to foliar-induced salt damage does not generally coincide with that of root-

induced damage Some of the available data are summarized in Table 2.3.

Table 2.3 Relative susceptibility of crops to foliar injury from saline sprinkling waters (After

Maas, 1985)

Na

<5

Almond

Apricot

Citrus

Plum

or Cl concentrations causing foliar

5-10

Grape

Pepper

Potato

Tomato

10-20

Alfalfa

Barley

Cucumber

Safflower

Sesame

Sorghum

Maize

injury (mmolc L"1)

>20

Cauliflower

Cotton

Sugarbeet

Sunflower

Besides the above-mentioned effects, salinity also adversely influences crop establishment. In fact,

obtaining a good stand of plants is often the most limiting factor of crop production in saline areas.

Once an acceptable stand is established, management risks are generally substantially reduced The

problem of reduced seed germination and seedling establishment is due in part to the generally lower

salt tolerance of seedlings compared to established plants. Additionally, the problem is enhanced

because the seeds or small seedlings are exposed to excessive soil surface salinity in the seed bed.

due to water evaporation (Miyomoto et a/., 1985). Salt concentrations in crop beds vary markedly with

depth and time (Bernstein & Francois, 1973).

2.4.2 Osmotic effect

Under irrigated field conditions, soil water salinity or the osmotic component of total soil water

potential, is seldom uniform with depth throughout the root zone Between irrigations, as water is used

by the crop and lost by evaporation, the total soil water potential of the root zone decreases because

of reductions in both the matric potential with soil drying and the osmotic potential as salt is

concentrated in the reduced volume of soil water Thus, the salinity level varies both in time and

depth, depending on the degree to which water is depleted between irrigations and the degree of salt

leaching {Rhoades, 1972; Rhoades & Merrill, 1976).

Crop yields have been shown to be closely correlated with the average soil water potential of the root

zone overtime (Bresier, 1987). Plant roots preferentially absorb water from regions of high total

potential, i.e. of low matric plus osmotic stress (Shalhevet & Bernstein, 1968)- Thus water is used

from the upper, less saline root zone, until the total water stress becomes greater in the upper rather
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than in the lower part of the root zone and at such time water will be used from the lower root zone

(Wadleich & Ayers, 1945).

Osmotic induced plant water stress sets in when the difference between the osmotic potential of the

soil water and than that of the plant's cells declines. To survive, the plant must adjust osmotically, by

building up even higher internal solute concentrations. This can be achieved by absorption of ions

from the soil, or synthesis of organic compounds, or both.

Salt-accumulating halophytes are adapted by absorbing salt from the soil and using it as a major

internal osmoticum (Flowers et al., 1977). However, salt in plant cells can be dangerous. Substantial

evidence (Greenway & Munns, 1980; Wyn Jones, 1981; Munns et al., 1983) indicates that high salt

concentrations in the cytoplasm damage enzymes and organelles. Salt taken up from the soil

apparently serves as an osmoticum in the large fraction of the total cell volume, the vacuole. In the

cytoplasm, the function of osmoregulation is served mainly by organic solutes synthesized by the plant

(Wyn Jones & Gorham, 1983). Thus, organic osmolytes are used to a large extent in only a small

fraction of the total cell volume. The tonoplast must transport salt into the vacuole, build up a high

concentration of the salt there, and prevent any substantial leakage of organic osmolytes from the

cytoplasm into the vacuole. Non-halophytic plants are unable to absorb major quantities of external

ions for osmoregulation. To survive in a saline medium, these plants must synthesize organic

osmolytes to a greater extent, by utilizing more metabolic energy than plants that use inorganic salts

absorbed from the soil as a major osmoticum Plants vary greatly in the adjustment of their energy

economy to the presence of salt (Schwarz & Gale, 1981). Respiration rates usually increase at

moderate salinities depending on the salt tolerance of the plant. Salt tolerance data assumes that

crops respond primarily to the osmotic potential of the soil solution. As water becomes limiting, plants

experience stresses from low matric potential, as well as low osmotic potential. However, the effects

of specific ions or elements must also be considered although it is generally of secondary importance.

2.4,3 Specific ion effect and nutrition

A universal feature of salt-affected soils is the presence of high concentrations or chemical activities of

certain ionic species like sodium and chloride (Epstein & Rains, 1987; Szabolcs, 1989). The ratios of

these ions to others may be quite high and may cause deficiencies of nutrient elements present at

much lower concentrations. In short-term experiments with barley seedlings, Aslam era/. (1984),

found that SO4
= and to a greater extent, Cl" diminished the rate of NO3 absorption with 83% at 0.2 M

NaCI.

Studies by Ball et al. (1987) and Cramer et at. (1988) showed that salt-induced potassium and calcium

deficiency occurred in saline environments where sodium dominates. Maas & Grieve (1987)

compared the effects of exposing maize (Zea mays) to osmotic solutions salinised at various Na:Ca
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ratios and indicated that at a high ratio of 35:1 the plants suffered from calcium deficiency. At a lower

ratio of 5.7:1 and less, no calcium deficiency occurred.

2.4.4 Specific ion effect and toxicity

Certain salt constituents are specifically toxic to some crops. Boron is toxic to certain crops when

present in the soil solution at concentrations of only a few milligrams per liter. In some woody crops,

Na and Cl may accumulate in the tissue to toxic levels. These crops have little ability to exclude Na or

Cl from their leaves and being long-lived, they often suffer toxicities at even moderate soil salinities.

In experiments conducted by Grattan & Maas (1988), leaf injury to soybean plants caused by salinity,

was identified as phosphate toxicity The extent of such leaf injury depended on the concentration of

phosphate, the Ca:Na ratio and the crop vanety.

2.5 Salt accumulation in soils

2.5.1 Origin of salinity in irrigated areas

It is generally accepted that salinisation of irngated soils is the result of several processes. Inadequate

drainage is probably the most important one. In many irrigated areas in the world the water table has

risen, due to the degree of excessive irrigation which exceeds the drainage of the soil High water

tables in irrigated agriculture gave rise to problems of salinity and waterlogging in most of the irrigation

schemes. This secondary salinisation results from human activities that change the hydrologic balance

of the soil between water applied (imgation or rainfall) and water used by the plant (transpiration) and

evaporation from the soil. An important source of the salt added to irrigated soils, is irrigation water

and capillary rise from water tables. The accumulation of salt in the soil wilt depend on soil type

(texture, depth, internal drainage and salt content), quality of imgation water, type of irrigation system

(flood or sprinkle) and management practices (irrigation scheduling and leaching fraction) (Du Preez et

a/, 2000).

2.5.2 Factors involved in salt accumulation

2.5.2.1 Irrigation water quality

Imgation water contains a mixture of soluble salts, and the concentration of these salts determines the

quality of the irrigation water. Soils irrigated with poor quality water will have a similar mixture of salt,

usually at a higher concentration than the applied irrigation water. Irrigation water with a salt content

of 500 mg kg"1 or mg !_"' contains 0.5 tons of salt per 1000 m3. Crops require from 6000 to 10 000 m3

of water per hectare each year. One hectare of land will then receive 3 to 5 tons of salt. Because the
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amount of salt removed by crops is negligible, salt will accumulate in the soil without adequate

drainage.

When poor quality water is used for irrigation three options can be considered: i) selection of

appropnately salt-tolerant crops; ii) improvement in water management, and in some cases the

adoption of advanced irrigation technology; and iii) maintenance of soil physical properties to assure

soil tilth and adequate soil permeability to meet crop water and leaching requirements (Oster, 1994).

2.5.2.2 Capillary rise

The total amount and number of irrigations can be reduced in the presence of root accessible water

tables It is reported by Gharmamia et al. (2004), that 20% to 40% of the evapotranspiration demands

of different crops can be met by capillary upflow from water tables at depths of 0.7 to 1.5 meters.

Capillary upflow can be defined as the movement of water from a water table into an active plant root

zone.

Ehlers et al. (2003) found that the successful use of water tables to supplement the water supply to

crops, will depend on several factors, including water table depth, soil physical properties, soil and

water table salinity and plant root distribution. A soil with a high unsaturated hydraulic conductivity

was able to supply water to root systems at higher rates and heights above the water table. They

indicated that the height of capillary rise will increase with an increase in the silt-plus-clay content of

the soil. The upward flux at a specific height above the water table was higher for higher silt-plus-clay

percentages.

In Figure 2 1 relationships between water table depth and the contribution from the water table as a

percentage of evapotranspiration (ET) are illustrated for three soils with different texture. When water

table depth increases, the contribution of the water table as a percentage of ET will decrease This

effect of water table depth on water table contribution will be influenced by the salinity levels of the

water table (Sepashah & Karimi-Goghari, 2005). Ghamarnia et al. (2004), reported that under high

irrigation water salinity levels for wheat, the contribution from the water table as a percentage of ET

declined from 43% to 28% when the water table salinity level rose from 200 to 800 mS m*1.

Water tables can reduce the irrigation requirements of cotton and wheat by 50%, but utilizing it can

cause salinisation problems especially at high water table salinity levels (Streutker et al., 1981).
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Figure 2.1 Water uptake from water tables, as affected by water table depth and soil texture

(Grismer& Gates. 1988)

2.6 Salt removal from soils

2.6.1 Salt movement in soil

According to the miscible displacement theory, salt will move in the soil in response to two processes,

namely convection and diffusion. Convection is the simultaneous movement of water plus the

dissolved salts by mass flow through the larger water filled pores. This creates a gradient between the

lower salt concentration of the macro pores and the higher salt concentration of the micro pores. As a

result of this, salt ions diffused from the stagnant micro pores into the mass flow stream through the

macro pores. Equation 2.4 describes the process:

qs = qc + qd (2.4)

where qs is the total solute flux, qc the convective solute flux, and qfl the diffusion solute flux, all with

units of g cm"2 h~1. These two components must be considered separately because of different

physical and chemical processes (Wagenet, 1984)

2.6 1.1 Convection

According to Jury et at. (1991) the bulk flow or convective transport of solute qc may be wntten as:

qc = Jw.CI (2.5)
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where Jw is the water flux and Cl the solute concentration. Equation 2.5 only takes the mean pore

water velocity over many soil pores into consideration. It does not represent the actual flow paths,

which must curve around solid particles and air space. This extra motion that must be considered is

often called hydrodynamic dispersion. It results from the interaction between large and small pores

through the local velocities that connect them. The solute convection can then be described by

Equation 2.6.

Total convection = Jw . Cl + Jlh (2.6)

where Jlh is the hydrodynamic dispersion flux.

When the soil is near saturation, convective velocity will be high which means that hydrodynamic

dispersion will exceed diffusion. Diffusion will be negligible in terms off solute movement. During

unsaturated conditions, hydrodynamic flow ceases and diffusion becomes the dominant mechanism in

solute movement (Herald, 1999).

2.6.1.2 Diffusion

Diffusion results from the random thermal motion of ions, atoms or molecules. It is well known that all

molecules will move from a high to a low concentration until the solution is uniform. The speed with

which equilibrium is reached will depend on the concentration gradient.

Nye & Tinker (1977) concluded that the process of solute diffusion can be calculated from Fick's first

law:

F = -D. dC/dx (2.7)

Equation 2.7 applies to steady state conditions where the concentration gradient remains constant

over F which is the flux, dC / dx is the concentration gradient across a section and D the diffusion

coefficient relating F to dC / dx, which can be measured experimentally.

Rewnting Equation 2.7 for unsaturated conditions gives Equation 2.8:

F = -Ds. 0. d C / d x (2.8)

where 9 is the volumetric soil water content and -Ds the diffusion coefficient in soil which is a function

of 6.
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Since air as well as solid particles forms barriers to liquid diffusion, a liquid tortuosity factor, describing

the increased path length and decreased cross-sectional area of the diffusing solute in soil, should be

added to Equation 2 8

Ds = -D. 6. f. dC/dx (2.9)

where f is the tortuosity factor.

It is clear that salt movement and accumulation in soil is extremely dependent on soil water content

and movement. Therefore, the factors that influence the amount of soil water flux will also play an

important role in the movement of satt Soil water flux can be determined by using a Darcian

approach, the water budget or chloride mass balance approach A summary of the different

approaches can be found in Herald (1999).

2.6.2 Leaching of salts

Leaching is by far the most effective procedure for removing salts from the root zone of soils

Leaching is mostly accomplished by ponding fresh water on the soil surface, or by a high frequency of

heavy irrigations, and allowing it to infiltrate. Leaching is only effective when the saline drainage water

is removed through subsurface drains or transferred into the deeper subsoil with sufficient natural

drainage. Leaching during the summer months is, as a rule, less effective because large quantities of

water are lost through evaporation. The actual choice will however depend on the availability of water

and other considerations In some parts of India for example, leaching is best accomplished during

the summer months because this is the time when the water table is deepest and the soil is dry. This

is also the only time when large quantities of fresh water can be diverted for reclamation purposes.

2.6.2.1 Quantity of water for leaching

It is important to have a reliable estimate of the quantity of water required to accomplish salt leaching.

The initial salt content of the soil, desired level of soil salinity after leaching, depth to which reclamation

is desired and soil charactensties are major factors that determine the amount of water needed for

reclamation. A useful rule of thumb is that a unit depth of water will remove nearly 80 percent of salts

from a unit soil depth. Thus 300 mm water passing through the soil will remove approximately 80

percent of the salts present in the upper 300 mm of soil For more reliable estimates, however, it is

desirable to conduct salt leaching tests on a limited area and prepare leaching curves. The leaching

curves displayed in Figure 2,2 for three soils in Iraq relate the ratio of the actual salt content to initial

salt content in the soil (Sa/Sb) to the depth of drainage water per unit depth of soil (Dw/Ds). These

curves illustrate the effect of soil type and the quantity of water required to achieve the same degree of

leaching.
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The ratio of the required salinity (Sa, mg L"1) and initial salinity (Sb, mg L"1) and its

relationship with the ratio between the amount of drainage (Dw, mm) and soil depth

(Ds, mm) (Dieleman, 1963).

2.6.2.2 Water application method

Results from several laboratory experiments {Nielsen & Biggar, 1961; Miller et al., 1965) and some

field trials (Nielsen et al., 1966; Oster et al., 1972) have shown that the amount of salts removed per

unit depth of water leached can be increased appreciably by leaching at soil water contents below

saturation, i.e. under unsaturated conditions. Unsaturated conditions during leaching can be obtained

in practice by intermittent ponding or by irrigation at a rate less than the infiltration rate of the soil.

Nielsen et al. (1966) for example, showed that 250 mm of sprinkler irrigation reduced the salinity of the

upper 600 mm of soil to the same degree as 750 mm of ponded water.

Finally, secondary salinisation will have to be controlled or prevented through irrigation management

and leaching. Modelling can be very useful in managing secondary salinisation.

2.7 Predicting salt accumulation and removal

2.7.1 General

Sometimes the management of saline or potential saline soils can involve a number of conflicting

processes. Modelling enables us to compare a number of processes and may indicate how to modify

these processes for optimization of the problems encountered. Modelling solute transport in the

unsaturated root zone depends very much on the simulation of soil water fluxes that are strongly

influenced by precipitation, evapotranspiration, surface runoff and land-surface properties. To provide

good approximations of soil water fluxes, a model capable of simulating all these processes

(unsaturated zone, overland flow and water table movement) is required (Xu & Shao, 2002).
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The main focal points of this study, as illustrated in the preceding discussion are the processes in the

unsaturated zone. Consequently, modelling will also be aimed at salt accumulation and removal in the

unsaturated root zone. Here simpler single-process oriented models, i.e. models for infiltration, root

water uptake, leaching or solute transport can be very useful in modelling soil salinity.

A number of hydrasalinity models have been developed to examine and manage soil water and solute

movement. However, little general use has been made of these models beyond their initial

development and testing, due to the intensive data requirements of these more physically based

models (Herald, 1999). These so-called research models are generally not suitable for management

purposes due to their intensive data requirements. The strength of these models is that they

comprehensively integrate the knowledge of the processes controlling water and solute movement

Management models are less intensive and quantitative in their ability to predict solute and water

movement under field conditions.

Developers of hydrosalinity models have adopted either one of two common approaches, namely the

capacity approach and the thermodynamic approach. The capacity approach is where a soil layer

retains water to a defined upper limit before draining to a deeper layer in the soil profile. Information

on saturated hydraulic conductivity and hydraulic gradients is usually not required. This approach

assumes steady state soil salinity conditions.

In the thermodynamic approach, water and solute transport are explained in terms of differences in

potential chemical energy within the soil. These models assume transient state conditions and the

Richards equation is generally used to describe soil water movement. Although limited to conditions

of steady-state water flow in homogeneous soils, the analytic solutions of the classical convective

dispersive equation have been widely used in solute modelling. The use of this equation to represent

solute transport in models is subjected to targe spatial differences in the relationship between water

flux, water content and the apparent diffusion coefficient (Herald, 1999).

Ideally, a well-designed salinity model should, apart from water and solute subroutines, also include a

chemical interaction and a crop growth subroutine The chemical composition of soil water depends

on reactions such as dissolution, precipitation, adsorption and exchange. It will then be further

modified by the chemical composition of the irrigation water and the extent to which evapotranspiration

concentrates it. A common approach in modelling ion exchange is to apply the mass action principle

to a specific ion {Du Preez et a/., 2000).
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2.7.2 Salt balance models

According to Ayers & Westcott (1985) Equation 2.10 is strictly speaking not a salt balance. However,

it is included because of its simplistic nature. The equation predicts the soil salinity (ECe, mS m*1)

expected after several years of irrigation with water of salinity (EC,. mS m'1):

ECe <mS m1) = ECi(mS nf1) . CF (2.10)

where CF is the concentration factor that can be found in Table 2.4.

Table 2.4 Concentration factors for predicting soil salinity from imgation water salinity and the

leaching fraction (Ayers & Westcott, 1985)

Leaching fraction (LF) Applied water

needed (% of ET)

0.05 105.3

0.10

0.15

0.20

0.25

0.30

0.40

0.50

0.60

0.70

0.80

111.1

117.6

125.0

133.3

142.9

166.7

200.0

250.0

333.3

500.0

Concentration factor (CF)

3,2

2.1

1.6

1.3

1.2

1,0

0.9

0,8

0.7

0.6

0.6

Empirical models like the general salt balance of Aragues (1996) and the specific salt balance of

Szaboics (1986) are mathematical functions that were fitted to experimental field observations. These

models may be beneficial in the short term but extrapolation of results is in many cases unreliable

because the dynamic physical processes are excluded Du Preez et al. (2000) used these models to

predict long term satt accumulation for sites studied along the lower Vaal River. The Aragues model

indicated that 78% to 87% of salts added as a result of farming practices leached out of the root zone.

On the basis of the Szaboics model it was concluded that imgation spanning another 50 years would

increase the salt content of soils at two-thirds of the sites

Estimations based on the SWB model (Annandale et al., 1998) confirmed these results, depending on

soil type and irrigation practices. The model was originally developed for irrigation scheduling, but in

addition to the soil water balance, the salt balance can also be simulated on the basis of this model.
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2.7-3 Capillary rise models

Salt accumulation in irrigated soils is the consequence of saline irrigation water and water tables at

shallow depths. Research conducted by Ehlers et al. (2003) was tested according to the SWB (Soil

Water Balance) and SWAMP (Soil Water Management Program) models to predict the contribution of

root accessible water tables towards crop water requirements. The upward flow rate and height,

which regulates the supply rate from a water table, is controlled by the hydraulic properties of the soil

layers above the water table.

The finite difference water redistribution approach was used in SWB and the upward cascading

approach in SWAMP Both models showed a positive correlation between measured and simulated

results. To get accurate simulations the soil hydraulic properties required as inputs need to be

accurately measured for a specific site because the water fluxes used to simulate water redistnbution

are sensitive to soil hydraulic properties. Both these models can be used to predict the upward flow of

water from water tables at different depths but they do not distinguish between saline and non-saline

water tables.

Another model is the transient state analytical model (TSAM) that was modified by Jorenush &

Sepaskhah (2003). The modification involves the inclusion of variable root depths, non-uniform water

uptake patterns and a more complete water balance equation. This model accurately predicted the

capillary rise and salinity of different soil layers for irrigated conditions at various water table depths

and salinity levels.

2.7.4 Models for salt leaching

Moolman (1993) conducted a review on water and solute transport models (e.g. Burns, Addiscott,

TETrans, Rose, Shaffer, Jury and Wagenet-Hutson ) simulating leaching processes in the unsaturated

zone. He concluded that the more mechanistic models are superior to the simpler non-mechanistic,

capacity type models. The alleged supenonty might not be as conclusive when the models are used

to predict responses in large irrigated areas. All reported comparisons between models in this review

were conducted on small plots, where the influence of spatial variability of rate parameters on the

outcome of the study, is expected to be less than would be the case in larger areas. None of the

models reviewed can effectively describe the movement of chemicals under conditions of macro-pore

flow and when models are applied to larger areas other factors might be of greater importance than

the hydraulic variables of the field soils Hutson et al (1988) demonstrated, according to Moolman

(1993), that it was not the hydraulic properties that determined the distribution of the applied chemicals

but rather the sorption processes and nett water fluxes which are a function of surface boundary

conditions.
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Herald (1999) gave a summary of hydrosalinity models, tested with field data representative of the

lower Coerney River irrigation area. Of these, three were management models which varied in

complexity from the very simple Leaching Requirement model (LR), to the SODICS and the more

complex PEAK leaching models. The research model, LEACHC, is considerably more detailed and

physically based than the above-mentioned management models All the tested models gave average

comparisons between measured and simulated results. It was concluded by Herald (1999) that the

results were unsatisfactory because they excluded macro-pore flow.

Water moving through structured clay topsoils flows through the macro-pores, and very little moves

through the matrix of the clay in the aggregates. An empirical model was developed by Armstrong et

al. (1998) to predict leaching, using the cumulative depth of drainage water, the size of aggregates,

the storm duration and the storm frequency. This model showed a positive correlation between the

predicted and measured salt leaching in aggregated soils under laboratory conditions. In the field, the

formation of a crust, due to water drop impact, complicated the matter. When a protective mulch was

applied the prediction was once again validated.

A more complicated two-domain model (MACRO) of water and solute transport in macro-porous soils

was used to predict chloride leaching in drained and irrigated marsh soils in Marismas, Spain.

MACRO is a mechanistic solute transport model, which incorporates a physically based preferential

flow model in which total soil porosity is divided into two flow domains, namely macro-pores and micro-

pores. It was found that the model performed poorly when bypass flow was not taken into account

(Andreu etal., 1994).

2.7.5 Irrigation management models

Irrigation management is a very important component of salinity control. WATSKED is a versatile,

simple, user-friendly model for irrigation scheduling and can be used for sprinkle, drip or flood

irrigation. Although the model is designed for irrigation with saline water it is yet to be tested for this

application. WATSKED determines leaching fractions needed to bring soil layers to threshold salinity

levels when saline water is used for irrigation. It also predicts the timing of leaching and the minimum

amount of irrigation water required to leach salts from soil layers to a desired level. The model was

tested by Theiveyanathan et al. (2004) and performed well under freshwater sprinkle irrigation and

freshwater flood irrigation of Eucalyptus plantations

The model SWAP, developed by the Water Resources Group of Wageningen University, is another

model applicable to irrigation management. Among the model options are irrigation scheduling,

drainage designing, assessing percolation, waterlogging and long-term salinisation and transfer of

substances such as solutes, nitrogen and pesticides. A simulation study by Singh (2004) utilizing this

model revealed that it was possible to use saline water of up to 1400 mS m"1 alternatively with better
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quality water for a cotton-wheat crop rotation. In all situations pre-sown irrigation must be conducted

with water of salinity between 30 and 40 mS m"1.

In recent years models developed for salinity control take into account different irrigation systems and

scheduling practices. It is obvious that modelling for the purpose of salinity control will be influenced

by all the processes affecting secondary salinisation.

2.7.6 Generic principles

WAVES is a model that predicts the dynamic interactions within the soil-vegetation-atmosphere

system, on a daily time step. Results from WAVES simulations of plant growth, evapotranspiration,

water table uptake, salt accumulation, and the impacts on lucerne growth were compared with

measurements made in lysimeters at Griffith, New South Wales, Australia by Zhang et a/. (1999).

With minimal calibration WAVES was able to reproduce both daily and seasonal variations within all

the above parameters. There was a decline of 36% in transpiration, 42% in leaf area growth, and 67%

in upward flux from the water table after the salinity of the water table increased from 10 to 1600 mS

m"1.

SALTMED is another model that contains established water and solute transport, evapotranspiration

and crop water uptake equations. The model can be used for a variety of irngation systems, soil

types, soil stratifications, crop and trees, water management strategies, leaching requirements, and

water qualities. Data from the literature was used by Ragab (2002) to run the model for five

applications. The model was able to illustrate the effect of irrigation systems, soil types and irrigation

water salinity levels on soil water and salinity distribution, leaching requirements, and crop yields.

Unfortunately, the model did not perform as well as one would expect. It was concluded that the

model benefiting from the Windows™ environment, was fnendly and easy to use. However, it is a

physically based model using the inputs for well known water and solute transport, evapotranspiration

and water uptake equations.

Modelling soil salinity is a complicated process that must be understood when deciding on what model

to use. Moolman (1993) concluded that the choice of an appropriate model, will depend on four

factors: i) the specific application: ii) the required accuracy of prediction; iii) how much information

is available and how much time and effort can be spent on obtaining the required information; and iv)

the knowledge of the user of the model

2.8 Conclusions

A major factor contributing towards land degradation is soil and water salinisation. In an assessment

of South Afnca's water quality situation it is evident that the country's water quality is gradually
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deteriorating in spite of efforts to control pollution from point sources such as urban, industrial and

mining developments, as well as non-point sources such as irrigation return flows.

The effects of salinity on agricultural crops are manifested in loss of stand, reduced rates of plant

growth, reduced yields, and in severe cases, total crop failure Salinity limits water uptake by plants by

reducing the osmotic potential and thus the total potential of the soil water. Additionally, certain salts

may be specifically toxic to plants or may upset nutritional balances if they are present in excessive

amounts or proportions.

The salt composition of the soil water influences the composition of cations on the exchange complex

of the soil colloids and jointly, salinity levels and exchangeable cation composition influence soil

permeability and tilth. When Na* on the exchange complex becomes excessive, permeability and tilth

are deleteriously affected if the concentration of salts in the infiltrating water is below some threshold

value.

Shallow water tables typically develop in irrigated lands usually in down-slope positions, when the

portion of applied water exceeds the losses from the root zone. Shallow water tables are recognized

as an important energy-efficient water resource for agriculture. Unfortunately, the upflow of the soil

solution from a saline water table causes rapid salinisation of soil layers above the water table

because of restricted leaching. Thus, a prime requirement for salinity control in irrigation projects is

that leaching and natural or artificial drainage is adequate to ensure that the nett flux of water and salt

is deeper than the root zone. Additionally, the water table should be deep enough to provide

adequate root development and aeration, but at the same time reduce the amount of required

supplementary irrigation.

The best means of managing and controlling soil and water salinity is through efficient irrigation

scheduling combined with adequate but minimum leaching and drainage which is maintained over

time. This approach will minimize off-site pollution.
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CHAPTER 3

CROP RESPONSE TO VARIOUS WATER SALINITY LEVELS UNDER LABORATORY AND

GLASSHOUSE CONDITIONS

3.1 Introduction

The fitness of water for various uses in the protection of aquatic ecosystems, is described by its

physical, chemical and aesthetic properties and is controlled by constituents that are either dissolved

or suspended in the water (Department of Water Affairs and Forestry, 1996). The composition of

dissolved or suspended constituents determines the quality of irrigation water, and is therefore an

important consideration when evaluating the salinity conditions of any irrigated area (Richards, 1954).

According to Russell (1973) the yield of a wide variety of crops is reduced by saline conditions and the

tolerance of plants to overcome this abiotic stress is quantified in terms of survival rate or the plants'

growth abilities in these conditions.

Water losses occur through evaporation and transpiration from the soil which cause a rise in the salt

concentration of the soil solution in the root zone of 2 to 5 times higher than that of the irrigation water

(Shainberg & Oster, 1978; Chabbra, 1996). The build up of salts in the water causes a drop in the

osmotic potential of the water, but could also cause a build up of potentially toxic ions (Abrol et al,

1988; Lauchli & Epstein, 1990). When growth inhibition or depression is caused by a decrease in the

osmotic potential it is termed an osmotic effect, but when caused by specific ions that lead to nutrient

imbalances or toxicity it is termed a specific ion effect. Saline conditions could also adversely

influence plant growth as a result of the high pH levels, the poor physical condition of the soil and the

inhibition of nutrient uptake (FSSA, 2003).

The adverse effects of salt-affected soils on plant growth are manifested in the form of decreased

germination, a decrease in leaf expansion and ultimately leaf area, stomatal conductance, biomass

accumulation and eventually seed yield (Katerji et al., 1996, Abid et al., 2001; Cramer et al., 2001;

Saqibefa/., 2004a).

Excessive water salinity is a constant threat to the sustainability of irrigated crop production (Ramoliya

& Pandey, 2001). It is imperative to know the salt tolerance of different crops when saline irrigation

water is to be used, or where salt build up occurs in soils. According to the FSSA (2003) crops have

been grouped into four categories of sensitivity to saline conditions, namely sensitive, moderately

tolerant and tolerant. The criteria used to establish the threshold of tolerance for the different crops

were set at a yield loss of 10%.

The objectives of this chapter are to use laboratory and glasshouse experiments to: i) quantify the

effect of irrigation water salinity on the establishment, growth and yield of crops; ii) compare the
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response of selected crops to different irrigation water salinities; and iii) determine at what level of

deteriorating irrigation and soil water salinity the crops show an inhibition.

3.2 Materials and methods

The irrigation water for the field trials was also used for the laboratory and glasshouse trials which are

described below. A proper description of the preparation and composition of this irrigation water for

the different treatments is given in Section 4.2.3 and therefore not repeated here.

3.2.1 Germination experiments

The germination experiments consisted of five different saline water qualities, viz. 15 - control. 75. 150.

225 and 300 mS m 1 for beans and peas, and 15 - control, 150, 300, 450 and 600 mS m'1 for maize

and wheat. Anchor-germination paper was used where 15 seeds were evenly distributed on a pencil

line 100 mm from the top of the germination paper. Another paper was placed on top and wetted with

50 ml of the specific treatment water The germination papers were rolled and each inserted into a 1 L

Erlenmeyer flask. Five replicates were used- To prevent the dehydration of the germination paper the

top of each flask was covered with a polyethylene bag followed by incubation at a temperature of

25°C. Three days later the first observations were made followed by daily inspections for a period of

five days. During this period, germination percentage (%), coleoptile/hypocotile length (mm) and root

length (mm) were measured.

3.2.2 Pot experiments

Asbestos pots (0.34 x 0.34 x 0.35 m) with a volume of 40.5 L were used. A gravel layer of

approximately 30 mm was placed at the bottom of each pot to facilitate drainage during leaching of the

pots prior to planting A cloth was placed on the gravel layer, separating the soil and gravel, to prevent

the soil from penetrating the gravel and blocking the drainage tube. Each pot was filled with 70 kg of a

red sandy loam Bainsvlei topsoil (particle size distribution: coarse sand = 0.3%; medium sand = 6.4%;

fine sand = 83.3%: silt = 2.0% and clay = 8.0%) after the soil had been dried and sieved through a 2

mm sieve. The pots were ieached with 25 L of the specified water salinity solutions before planting.

Thereafter for the rest of the growing season the amount of water applied to keep each pot well

watered was recorded Five salt concentrations (15 - control, 75. 150. 225 and 300 mS m 1) for beans

and peas (one season) and five concentrations (15 - control, 150, 300, 450 and 600 mS m"1) for maize

and wheat {two seasons) were used. For the second season, in the wheat trial, an additional 1200 mS

m~1 treatment was added because of a lack of response to the treatments during the first season.

Three days after saturating the pots, fertilizers were uniformly applied on the surface of the soil and

incorporated to a depth of 100 mm. Some relevant agronomic information is summansed in Table 3.1.
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Table 3.1 Agronomic information regarding cultivar, planting date, planting depth, row width, seeding rate, fertilization, irrigation and sampling stage of the

different experimental crops.

Parameter

Cultivar

Planting date

Planting depth

Row width

Seeding rate

Fertilization:

Nitrogen Pre-plant

Top dressing

Total

Phosphorous

Potassium

Irrigation

Sampling stages 1

2

3

Beans

Teebus

4 February 2005

30 mm

100 mm

3 plants pot"1

0.173 g pot"1 (15 kg ha"1)

0.798 g pot"1 (69 kg ha"1)

0.971 g pot"1 (84 kg ha"')

0.260 g pot"1 (22.5 kg ha"1)

0.347 g pot1 (30 kg ha"1)

106 L pot'

5WAE*

Flowering

Maturity

Peas

Solara

22 July 2004

30 mm

-

3 plants pot"1

0.312 g pot"1 (27 kg ha"1)

0.231 gpot"1 (20 kg ha"1)

0.543 g pot"1 (47 kg ha"1)

0.462 gpot"1 (40 kg h^1)

0.613 gpot"1 (53 kg ha"1)

97 L pot"1

5WAE

Flowering

Maturity

Maize

PAN 6335

6 February 2003 (yr 1)

28 November 2004 (yr 2)

30 mm

-

3 plants pot"1

2.509 gpot"1 (217 kg ha"1)

2.509 gpot"1 (217kgha-1)

0.566 gpot"1 (49 kg ha"1)

54 L pot"1 (yr 1)

54 L pot"1 (yr 2)

2WAE

4WAE

6WAE

Wheat

SST 806

17 July 2003 (yr 1)

16 June 2004 (yr2)

30 mm

-

1.2 g pot'1

0.948 gpot"1 (82kgha-1)

1.191 gpot"1 (103 kg ha"1)

2.139 gpot"1 (185 kg ha"1)

0.474 gpot"1 (41 kg ha"1)

0.231 gpot"1 (20 kg ha"1)

140 L pot"' (yr 1)

145 L pot"1 (yr2)

Tillering

Flag leaf

Maturity

*Weeks after emergence
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All experiments were laid out in a complete randomised design with a factorial combination consisting

of two main factors, viz. five EC, levels [15, 75, 150, 225 and 300 mS m 1 (beans and peas) or 15, 150,

300, 450 and 600 mS m 1 (maize and wheat)] and three growth stages [beans and peas = 5 WAE

(weeks after emergence), flowering and maturity; maize = 2, 4 and 6 WAE; and wheat = tillering, flag

leaf and maturity] replicated thrice. These experiments were conducted over two seasons but the data

pertaining to beans and peas was only available for one season each as a result of Sclerotinia

sclerotiorum on beans and either a soil born disease or fungal infection of the pea seed.

Various plant parameters were measured as indicated in Table 3.2, but only leaf area, root mass,

above ground biomass and seed yield were selected and discussed in this chapter. For more detail

on the results see the dissertation of Dikgwatlhe (2006).

Leaf area was measured with the LICOR 3000 leaf area meter and expressed per square centimeter

(cm2). For this measurement the compound leaves, without the petiole, of beans and peas as well as

the leaf blade of wheat and maize without the leaf sheath were sampled. Roots were washed from the

pots, dried at 60°C for 72 hours, weighed and expressed in gram (g). The seed yield was obtained

through weighing the harvested seeds after these had been dried to a constant moisture content and

expressed in grams (g). All parameters were expressed per plant for beans, peas and maize and per

m2 for wheat.

Expenmental data was analysed with the NCSS (Number Cruncher Statistical System) statistical

package (Hintze, 1998) The least significant difference (LSD) was calculated at P < 0.05 to compare

the means using the Tukey - Kramer multiple comparison tests (Gomez & Gomez. 1984). Though the

experiment was a complete randomised design with a factorial combination the different sampling

stages were analysed separately.

3.3 Results and discussion

3.3.1 Germination experiments

Quantitative and qualitative plant parameters were used to describe the effect of deteriorating water

salinity on germination, viz. germination percentage (quantitatively) and coleoptile/hypocotile length

and root length (qualitatively) as shown in Table 3.3.
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Table 3.2 Parameters used during plant growth and yield evaluation.

Growth stage

1

2

3

Beans

Leaf area (cm2 plant"')

Root length (mm mm'2)

Root mass (g plant"1)

Biomass (g plant')

Leaf area (cm1 plant"1)

Root length (mm mm*)

Root mass (g plant"1)

Biomass (g plant"1)

Root length (mm mm"')

Root mass (g plant"1)

Biomass (g plant"1)

Number of pods plant"1

Seed yield (g plant"1)

Peas

Leaf area (cm2 plant"1)

Root length (mm mm"2)

Root mass (g plant"1)

Biomass (g plant"1)

Leaf area (cm2 plant"')

Root length (mm mm"2)

Root mass (g plant"1)

Biomass (g plant"1)

Root length (mm mm"')

Root mass (g plant1)

Biomass (g plant"1)

Number of pods plant"1

Seed yield (g plant"1)

Maize

Leaf count

Stem diameter (mm)

Plant height (mm)

Leaf area (cm2 plant"1)

Root length (mm mm"2)

Root mass (g plant"1)

Biomass (g plant"1)

Leaf count

Stem diameter (mm)

Plant height (mm)

Leaf area (cm2 plant"1)

Root length (mm mm"2)

Root mass (g plant"1)

Biomass (g plant1)

Leaf count

Stem diameter (mm)

Plant height (mm)

Leaf area (cm2 plant"1)

Root length (mm mm"2)

Root mass (g plant"1)

Biomass (g plant"1)

Wheat

Plant height (mm)

Leaf area (cm2 m"2)

Number of tillers

Root length (mm mm"2)

Root mass (g m"2)

Biomass (g m'2)

Plant height (mm)

Leaf area (cm2 m"2)

Number of tillers

Root length (mm mm"2)

Root mass (g m"2)

Biomass (g m"2)

Plant height (mm)

Number of tillers

Root length (mm mm'2)

Root mass (g m"2)

Biomass (g m"2)

Number of ears m"2

Seed yield (g m"2)

Seed mass ear"1 (g)

100 seed weight (g)

28



Table 3.3 The effect of irrigation water salinity on the average germination percentage, coleoptile or

hypocotile length and root length of the selected crops

Plant parameter

Beans:

Germination (%)

Hypocotile length (mm)

Root length (mm)

Peas:

Germination (%)

Hypocotile length (mm)

Root length (mm)

Maize:

Gennination (%)

Coleoptile length (mm)

Root length (mm)

Wheat:

Germination (%)

Coleoptiie length (mm)

Root length (mm)

15*

100a

139a

177a

100a

130a

158a

15

98a

149a

182a

100a

150a

112a

Treatment (EC*

75

100a

127a

157a

100a

126a

158a

150

98a

135a

170a

99a

145a

109a

150

100a

121b

150b

100a

121a

155a

300

97a

131b

160a

97a

147a

108a

mS m'1)

225

100a

110b

127b

100a

112a

138a

450

97a

117b

137b

99a

128a

103a

300

93a

104b

126b

92b

109a

125a

600

97a

110bc

133b

100a

136a

98a

LSD (0.05)

ns

16.85

26.19

4.18

ns

ns

ns

16.80

29 69

ns

ns

ns

•Control

3.3.1.1 Quantitative germination data

Companng the gennination percentage of the different crops showed that, with the exception of peas,

no significant differences were obtained with the selected range of ECj levels At a level of 300 mS m"1

the germination percentage of peas was significantly reduced to 92%. No significant reduction in the

germination percentage of beans was obtained although the germination percentage was reduced to

93% at 300 mS m~1. These findings are also supported by those of Steppuhn et al. (2001) who found

that increased soil salinity reduced the emergence of peas and beans. The gennination percentage of

maize and wheat proved not to be affected by the deteriorating irrigation water salinity. It is important

to mention that gennination percentage is only a quantitative measurement and does not reflect the

quality of the germinated seedlings.
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3.3.1.2 Qualitative germination data

The coleoptile/hypocotile length as well as the root length of the germinating seedlings were measured

and evaluated to establish whether the quality of the seedlings was markedly affected by the selected

EC, treatment levels. Interesting results were obtained regarding this aspect as both

coleoptile/hypocotile and root length showed a continuous decrease in length with an increase in the

EC, levels of the wetting solution for all crops (Table 3.3). For example, the germination of beans was

apparently not affected by the salinity of the irrigation water, but both qualitative parameters showed a

significant reduction in growth at levels of 150 mS m 1 and higher This is a clear indication that the

quality or vigour of the seedlings was reduced by the deteriorating water salinity, producing weaker

seedlings. The reduction in hypocotile and root length also corresponds with the findings of Steppuhn

et al. (2001) and Bayuelo-Jimenez et al (2002). The performance of peas suggests that the roots

(21% reduction in length) are more sensitive to deteriorating water salinity than the hypocotiles (16%

reduction in length), though no significant differences were obtained. The quality of maize seedlings

on the other hand was slightly affected by reductions in the coleoptile and root length. The coleoptile

length was reduced by 12% at 300 mS m 1 and the root length by 25% at 450 mS m1 in comparison to

the control. Wheat seedlings showed to be the most tolerant of the crops investigated, as both the

quality parameters did not significantly affect germination. According to Maas and Hoffman (1977b)

and Maas (1990) wheat is classified as moderately tolerant to saline conditions.

Although the germination percentage of beans and maize was not significantly affected, the quality of

the seedlings was affected with a reduction in the coleoptile/hypocotile and root lengths. This could

lead to poorly established seedlings that may eventually die off as a result of primary stress (salt) or

secondary stress (nutrient uptake, water uptake or susceptibility to disease).

Germination and seedling emergence are two indispensable parameters for the establishment of crops

and are of utmost importance in crops that do not have a favourable compensation ability such as

wheat compared to the other selected crops. Therefore, a reduction of 10% in the stand or

establishment of seedlings could lead to significant economic losses.

3.3.2 Pot experiments

3.3.2.1 Effect of irrigation water salinity on selected plant parameters

The statistical results of all above- and below-ground plant parameters are presented in Table 3.4.

Results for beans and peas were obtained during one season of growth, but for maize and wheat the

observations were obtained over two seasons Apparently it seems that conditions were slightly better

during the second growing season compared to the first growing season of wheat This could mainly

be ascribed to the fact that the planting date of the second season was one month earlier than for the

first season, therefore the second season's growth period was longer. However, when expressing the
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salinity response of wheat to its maximum response within a particular season, the results showed no

significant difference in its response between seasons. Therefore, the data of the two seasons was

combined for analysis. The same applied to maize though no apparent difference was observed for all

parameters between the different seasons.

As shown in Figures 3.1 to 3.4, the discussion on the reaction of growth and yield parameters will be in

terms of relative values, which are the treatment values divided by the control value. In all four figures

the level of first significant difference compared to the control, is indicated by a vertical line. The leaf

area and root mass results for the second growth stage and the above-ground biomass and seed yield

for the third growth stage for beans, peas and wheat are presented. Maize was grown for only six

weeks and therefore all parameters used are for the six weeks after emergence stage.

3 3 21.1 Relative leaf area

According to the regression functions fitted to the relative leaf area at the EC, treatments, the relative

leaf area of all crops declined as a result of an increase in water salinity (Figure 3.1). The mean

maxima were 141 508. 4 587, 1 501 and 396 cm2 for wheat, maize, beans and peas, respectively

(Table 3 5) Significant reduction in leaf area was obtained from EC, levels of 225 mS m'1 for both

beans and peas and of 300 mS m"1 for both maize and wheat compared to the control treatment.

1.20

1.00

• Beans APeas xMaize owtieat

- 0 0O05x
= 0 99 Wheat

0.20

0 00

RJ = 0.96 Peas

200

y = 3E-07x' - 0 0019x + 1
R2 = 0.97 Maize

400 800 1000 1200 1400

EC| (mS m

Figure 3.1 Response of relative leaf area of the selected crops to different EC, levels. The vertical

line (I) refers to the first significant difference {P < 0.05) compared to the control.
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Table 3.4 Summary of the threshold level at which

Growth stage

1

2

3

Beans

Leaf area

Root length

Root mass

Biomass

Leaf area

Root length

Root mass

Biomass

Root length

Root mass

Biomass

Pods plant"1

Seed yield

EC| level

(mS m'1)

-(150)

'{150)

* (225)

•(300)

* (225)

'(150)

* (225)

•(150)

' (300)

-(150)

- (300)

- (300)

* (300)

salinity significantly reduced the different plant parameters of the selected crops

Peas

Leaf area

Root length

Root mass

Biomass

Leaf area

Root length

Root mass

Biomass

Root length

Root mass

Biomass

Pods plant"1

Seed yield

EC, level

(mS m"1)

*(225)

* (300)

* (300)

' (225)

' (225)

'(150)

* (225)

ns

-(150)

-(150)

' (225)

- (225)

M75)

Maize

Leaf count

Stem diameter

Plant height

Leaf area

Root length

Root mass

Biomass

Leaf count

Stem diameter

Plant height

Leaf area

Root length

Root mass

Biomass

Leaf count

Stem diameter

Plant height

Leaf area

Root length

Root mass

Biomass

ECi level

(mS m"1)

* (300)

' (300)

* (300)

' (300)

'(300)

• (450)

* (300)

*(300)

*(300)

*(150)

'(300)

* (300)

* (300)

'(150)

* (450)

" (450)

'(300)

*(300)

•(150)

•(150)

•(150)

Wheat

Plant height

Leaf area

Number of tillers

Root length

Root mass

Biomass

Plant height

Leaf area

Number of tillers

Root length

Root mass

Biomass

Plant height

Number of tillers

Root length

Root mass

Biomass

Number of ears

Seed yield

Seed mass ear"1

100 seed weight

Ed level

(mS m"1)

"(150)

'(300)

* (300)

' (300)

*(300)

* (300)

'(150)

- (300)

' (300)

* (300)

-(300)

*(300)

* (300)

* (450)

'(300)

"(150)

* (300)

' (450)

*(300)

- (600)

* (450)

'Significantly different from the control at PS 0.05.
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Table 3.5

Crop

Wheat

Maize

Beans

Peas

Relative

Average*

(cm2)

141 508

4 587

1 501

396

leaf area (%)

15

100

100

100

100

of selected crops

75

96

86

97

85

• 1 5 0

92

72

91

69

at different

EC; level

225

88

59

83

52

EC, levels

(mSm1)

300

84

46

73

44

450

75

21

-

-

; 600

66

0

-

-

1200

26

-

-

-

"Average maximum leaf area for the control (15 mS m v)

The relative leaf area at the different EC, levels has been summarised in Table 3.5. Comparing the

reduction in relative leaf area as a result of increasing water salinity indicated that peas are the most

sensitive crop with regard to relative leaf area followed by maize, beans and wheat. This tendency

was valid for all EC, levels. At 300 mS rrf1 the leaf area of peas was reduced to 33% compared to

reductions of 46, 73 and 84% for maize, beans and wheat respectively One has to bear in mind that

the data collected for maize was not for the full growth cycle but only for the very early vegetative

stage of growth and development at 6 weeks. It is well known that salinity and leaf area are usually

inversely related (Maas & Hoffman, 1977b) and the results obtained for these experiments confirmed

this. Decline in leaf area as a resuft of increasing salinity were also reported by Katerji et al. (1996)

and Abid et al- (2001) on maize; Passioura & Munns (2000) on wheat and Steppuhn et al. (2001) on

canola, field pea, dry bean and durum wheat

3.3.2.1.2 Relative root mass

Root mass, expressed relative to the control value, declined with increasing water salinity as illustrated

in Figure 3.2 for the selected crops. The regression lines in Figure 3.2 represent the relatives values

for the second growth stage of beans, peas and wheat and those of maize at 6 WAE. The control

values used to calculate the relative values were 151.8 g m2 for wheat and 17 5, 1.2 and 0 9 g plant'1

for maize, beans and peas, respectively (Table 3.6). Significant differences were obtained for EC,

levels of higher than 225 mS m"1 for both beans and peas and from 150 mS m 1 for maize and 300 mS

m"1 for wheat, compared to the control treatment

The relative root mass percentages, compared to the control, at the different EC, levels have been

summarised in Table 3.6. A comparison of the relative root mass indicated that peas are the most

sensitive crop with regard to reduction in root mass followed by maize, beans and wheat. This

tendency was valid for all EC, levels. The root mass of peas was reduced by 73% at 300 mS m'\

while that of maize, beans and wheat was reduced by 57. 55 and 40% respectively The results of

these experiments support the findings of Cordovilla et al. (1999) who also reported a reduction in root

dry weight as a result of deteriorating water quality due to salinity.
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Figure 3.2 Response of relative root mass of the selected crops to different EC, levels. The vertical

line (I) refers to the first significant difference (P < 0.05) compared to the control.

Munns & Rawson (1999) and Saqib et a/. (2004b) also found a reduction in root mass with increasing

salinity at different growth stages. Excess salinity in the root zone also adversely affects already

established plants through a reduction of root growth (Rhoades & Loveday, 1990). Accordingly salt

stress conditions may induce morphological and structural changes in roots that could lead to a

reduction in the rate of root elongation. Saline conditions can promote desiccation of root cells, where

the roots die from their tips backwards, and this is escalated in dryer parts of the root medium

(Rhoades & Loveday, 1990, Saqib et ai, 2004b).

Table 3.6 Relative root mass (%) of selected crops at different EC, levels

Crop

Wheat

Maize

Beans

Peas

Average

*

(g)

151.8

17.5

1.2

0.9

15

100

100

100

100

75

89

85

89

80

150

79

71

76

62

EC; leve

225

69

57

61

44

I (mS m"1)

300

60

45

43

27

450

45

24

-

-

600

32

6

-

-

1200

6

-

-

-

"Average maximum root mass measured in the control (15 mS m"
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3.3.2.1.3 Relative above-ground biomass

A decline in the relative above-ground biomass of all crops was observed as a result of increasing

water salinity (Figure 3.3). The relative biomass values in Figure 3.3 were calculated using the

maximum biomass obtained over the seasons in the control treatments These values were 1781.9 g

m"2 for wheat, and 35.4, 44.8 and 13.4 g plant"1 for maize, beans and peas, respectively (Table 3.7).

Significant reductions in dry biomass were obtained from ECj values of 225 mS m"1 for peas; 300 mS

m"1 for beans; 150 mS m'1 for maize and 300 mS m"1 for wheat, compared to the control treatment.

1.20

1 00

0 20

0 00

OBeans APeas xMaize owheat

200 400 600 800

EC, (mS m"1)

y = -SE-07.' - 0 0002. • 1
R; = l 00 Wheat

1000 1200 1400

Figure 3.3 Response of relative biomass production of the selected crops to different EC, levels. The

vertical line (I) refers to the first significant difference (P < 0.05) compared to the control.

Table 3.7 Relative biomass (%) of selected crops at different EC, levels

Crop

Wheat

Maize

Beans

Peas

Average

*(g)

1781.9

35.4

448

13.4

15

100

100

100

100

75

98

85

98

79

EC, level (mSm1)

150 i 225
i

96 93

71 58

91 80

63 53

300

89

44

64

49

450 600

81 70

20 0

-

-

1200

4

-

-

-

"Average maximum biomass for the control (15 mS m )

The relative above-ground biomass at the different EC, levels, calculated from the data obtained in

these experiments, has been summarised in Table 3.7. A comparison of the relative biomass

demonstrated that peas were the most sensitive crop in terms of biomass reduction followed by maize,
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beans and wheat. This tendency was valid for all ECi levels. Biomass of maize at 300 mS m 1 was

reduced by 56%, while that of peas, beans and wheat was reduced by 51, 36 and 11% respectively.

The addition of salts that occurs during the growing season, resulting from irrigation, decreases the

osmotic potential of the soil solution. According to Chabbra (1996) this decline in the osmotic potential

decreases the physiological availability of water because of a smaller difference between the osmotic

potential of plant root cells and the sum of the osmotic and matric potential of the soil solution. As a

result plants are not able to maintain their turgor, which results in wilting. This could eventually result

in the reduction of photosynthesis and eventually a reduction in biomass production. Abid ef al. (2001)

also observed a reduction in biomass production with a decrease in water quality due to salinity.

Saqib et al. (2004a) also found that the straw weight of wheat was significantly reduced by saline

conditions and this is attributed to a reduction in total biomass production. Finally, the findings of

Munns (2002a) reveal that the reduction on growth and ultimately biomass production could be

ascribed to internal plant injury caused by metabolic disturbances as a result of salinity.

3.3.2.1.4 Relative seed yield

The relative seed yield of all crops except maize which was only grown for 6 weeks, declined with

increasing water salinity (Figure 3.4). The actual seed yields of the control treatments, used to

express the relative values were 7 6 g plant1, 25.3 g plant'1 and 912.2 g m2 for peas, beans and

wheat, respectively (Table 3.8). Significant differences were obtained from EC, levels of 75 mS m"1

and 300 mS m"1 for beans and wheat, respectively. Using the regression coefficients, the first

significant estimated reductions in relative seed yield were 29% for peas at 75 mS m'1, 45% for beans

at 300 mS m'\ and 15% for wheat at 300 mS m"1 (Figure 3.4).

Crop yield is usually markedly reduced before visual symptoms of salinity damage become apparent

(Lantzke & Calder, 2002). Through salinity the formation of viable reproductive organs in annuals are

affected with a reduction in the number of florets per ear, the time of flowering and ultimately the yield

of cereals (El-Hendawy ef a/., 2005). A recent study by Saqib et al. (2004a) also showed that the

wheat yield was reduced as a result of a significant reduction in the number of spikelets per spike,

spikes per plant and spike length. In the case of peas and beans salinity impairs germination, inhibits

nodulation, inhibits plant development and as a result reduces the final yield (Maas, 1990; Steppuhn et

al., 2001). This phenomenon corresponds with results obtained during drought stress (Munns &

Rawson, 1999). According to Saqib ef al. (2004a) growth depression results from a water deficit, ion

imbalance and ion toxicity and as a result seed yield is significantly reduced in high saline substrate

conditions.
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Figure 3.4 Response of relative seed yield of the selected crops to EC, levels. The vertical line (I)

refers to the first significant difference (P £ 0.05) compared to the control.

Table 3

Crop

Wheat

Beans

Peas

8 Relative

Average*

(g)

912.2

253

76

yield (%)

15

100

100

100

of selected

75

97

100

71

crops

150

93

93

50

at different EC, levels

EC, level (mS m )

225

89

78

39

300

85

55

37

450

76

600

65

1200

9

"Average maximum yield obtained at the control (15 mS m )

Various soil, water and environmental factors interact to determine the salt tolerance of plants (Maas.

1990). therefore complicating the ability to predict plant responses on an absolute basis. Thus by

expressing the data on a relative basis plants can be compared to provide general salt tolerance

guidelines (Maas, 1990). With regard to relative yield, it has been established that soil salinity

expressed in terms of ECe does not reduce yield significantly until a threshold has been exceeded

Beyond the threshold the reduction in yield is almost linear (Maas & Hoffman. 1977a;b). This

tendency could to some extent be seen in Figure 3.4 for beans and to a lesser degree for wheat. The

reason is because all the growth parameters in this section were related to EC,. Fortunately the ECe

of the soil in the pots was also measured. The effect of ECe, which relates better to ECsw. determined

in the field experiments, will be discussed for relative biomass production in Section 3.3.2.2.
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3.3.2.2 Effect of soil water salinity of the pots on growth and water use

Soil samples were taken from the pots after leaching with the irrigation water, at the beginning of each

experiment and after harvesting. The electrical conductivity of the saturated paste was determined

and the mean of the two values was expressed as ECe in mS m*1.

According to common practice ECe can be converted to ECsw by multiplying ECe with a factor varying

between 1.5 and 2 depending on the soil water content. The ECSW values in this study were

determined in soil water extracted with ceramic cups from the soil. Significant amounts could only be

extracted after the soils in the lysimeters were saturated. It can therefore be assumed that the ECe

values of the pot experiments would be comparable with the EC^ values of the lysimeter experiments.

3.3.2.2.1 Water use and salt accumulation in pots

Crop canopies grown in experimental pots tend to form a larger canopy area in relation to soil surface

area, especially where long thin pots are used- Converting the total water use of the crops as given in

Table 3.1 from L pot"1 to mm gives apparently abnormally high values of 917, 839, 467 and 1232 mm

for beans, peas, maize and wheat, respectively. This can mainly be explained by the exclusion of

plant competition from adjacent plants that is normally absent in glasshouse trials in comparison to

field trials. The large canopy drew water from a small surface area of the pot- This phenomenon

tends to accelerate the process of salinisation in the pots. The salinisation factor can be derived from

the slopes of the linear regression of EC, versus ECe for the different crops in Figure 3.5 Accordingly,

it seems that the ECe in the pots increased with factors of 1.9, 2.0, 2.2 and 3.2, relative to the EC, in

the maize, beans, wheat and pea experiments, respectively. It must be kept in mind that maize was

only grown for 6 weeks. Water use efficiency has been expressed in g biomass per kg water applied

and the results are summarised in Table 3.9.

Table 3.9 Water use efficiency (WUE, mg biomass per kg water applied) of the different crops in the

pot experiments

Crop

Beans

Peas

Maize

Wheat

Total biomass

(9 pot"1)

134.4

40.2

Water applied

(kg pot'1)

106.0

97.0

106.2 ' 54.0

206.0 142.5

WUE

(9 kg1)

1.268

0.414

1.967

1.446
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Figure 3.5 Relationship between irrigation water salinity (EC,) and soil water salinity (ECe) in the

pots.

3.3 2.2.2 Relative biomass

The relative biomass of the selected crops is related to ECe as shown in Figure 3 6 The regression

analysis is based on the soil water salinity levels (ECe) and the non-stress treatments were also

included in the regressions. Threshold ECe values and slopes required for Equation 2.3 were

determined by the regression analysis summarised in Table 3.10.

1.00 *

0.80

0.60

• Beans APeas xMaize o Wheat

£ 0 40
0)

0.20

0.00

y = -0 0004x + 1 1325
R: = 0 95 Wheal

500 1000 1500 2000 2500 3000
EC, (mS m'1)

Figure 3.6 Soil salinity induced osmotic stress on the relative biomass production Note that non-

stress treatments were included in the regression.
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The relative biomass of the selected crops proved to be negatively influenced with an increase in soil

water salinity as indicated by ECe (Figure 3.6). A comparison of the slopes of the regression lines

demonstrated that beans were the most sensitive crop compared to the other selected crops with

regard to soil water salinity. The slopes indicate that with an increase in soil water salinity the relative

biomass was adversely affected and reduced at a constant rate that varied between 0.0004 and

0.0009 per unit ECe for the selected crops.

Table 3.10 Threshold ECe (mS m1) and slope values for the selected crops according to the

regression analysis of the relationship between the relative biomass and soil water salinity

(ECe) of the saline irrigation water treatments

Crop

Beans

Peas

Maize

Wheat

Threshold ECe(mS m1)

202

#

*

331

Slope (b)

-0.0009

-0.0004

-0.0008

-0.0004

•Negative value

3.4 Conclusions

All the measured plant growth parameters were negatively affected by increasing irrigation water

salinity. The degree of reduction of the different parameters differed among the different crops as a

result of differences in salt tolerance.

Quantitative and qualitative germination data revealed that though the germination percentage of

beans and maize was not significantly affected, the quality of the seedlings was affected in the form of

a reduction in both the coleoptile/hypocotile and root length- This could lead to poorly established

seedlings that may eventually die off as a result of primary stress (salt) or secondary stress (nutrient

uptake, water uptake or susceptibility to disease) resulting in an uneven stand. Germination and

seedling emergence are two indispensable parameters for the establishment of crops and are of

utmost importance in crops that do not have a favourable compensation ability such as wheat.

Growth and yield parameters such as the relative leaf area, root mass, biomass and seed yield all

declined with an increase in the EC levels of irrigation water. Peas proved to be the most sensitive

crop followed by beans, maize and wheat. With regard to the relative seed yield both the leguminous

crops, beans and peas, were severely affected at 225 mS m1 with a 22 and 61% reduction,

respectively. This shows that these crops are more sensitive to saline conditions compared to a

moderately tolerant crop, such as wheat, with a reduction of 11 % at 225 mS m 1.
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Salts accumulated in the pots during the experiments to levels where the average electrical

conductivity of the soil solution (ECe, mS m 1) was 2 to 3 times higher than that of the irrigation water

(EC,). The mean relative biomass per plant or per square meter for the replications and soils per

treatment decreased linearly with increasing salinity of the soil solution.

The important purpose of these expenments was to quantify the effect of irrigation water salinity (EC,)

on the establishment, growth and yield of wheat, maize, beans and peas. Furthermore, the aim of the

study was to compare the response of these selected crops to the deteriorating water salinity and to

determine and/or confirm at what level (EC,) the crops showed a significant degree of reduction in

growth and/or yield. These objectives were obtained and can be used to assist with decision making

on the EC, levels to be used in the field trials of the selected crops.
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CHAPTER 4

EFFECT OF IRRIGATION WATER SALINITY ON CROP YIELD AND WATER UPTAKE ON TWO

APEDAL SOILS WITH SHALLOW WATER TABLES

4.1 Introduction

Shallow water tables can contribute significantly towards evapotranspiration by plants through the

capillary supply of water into the active root zone, thus reducing the required amount of irrigation

(Wallenderefa/., 1979; Ehlersefa/., 2003; Ghamarnia et at., 2004). Unfortunately, if the water table

is saline, salts will move with the water into the root zone with rapid salinisation of it, due to restricted

leaching (Hillel, 1998). As a result crop growth and water uptake can be hampered despite adequate

water availability. Soil and water table salinity are therefore important factors affecting the capillary

contributions from water tables towards evapotranspi ration.

The aim of this chapter is to quantify the effect of an increase in irrigation water salinity on the growth,

yield and water uptake characteristics of four crops on two apedal soils in the presence of a water

table at a constant 1.2 m depth.

4.2 Materials and methods

4.2.1 Expehmen tal site

All the experiments were conducted at the Field Research Facility of the Department of Soil, Crop and

Climate Sciences, University of the Free State at Kenilworth near Bloemfontein (29°01'00"S,

26°08'50"E). This research was conducted on the lysimeter unit constructed in 1999 by Ehiers et at

(2003) for investigating the contribution of root accessible water tables towards the imgation

requirements of crops A detailed description of the experimental site and the procedures can be

found in the above-mentioned report. However, the layout of the lysimeters and an illustration of a

vertical cut through a lysimeter with a constant water table height control mechanism are shown in

Plate 4.1.

The area of the experimental site is 70 m by 35 m. In the center of this site 30 round plastic lysimeters

(1.8 m diameter and 1.8 m deep), were buried in the soil in two parallel rows of 15 each, with their

rims 50 mm above the bordering soil surface. A 100 mm layer of gravel (10 mm in diameter) was

placed on the bottom of each lysimeter and covered with a plastic mesh. The one row of lysimeters

was filled with a homogenous yellow sandy soil (Soil A) and the other with a red sandy loam soil (Soil

B) to the same level as the soil in the surrounding field. An underground access chamber (1 8 m wide,

2 m deep and 30 m long), allowed access to the inner walls of the lysimeters. On the access chamber

side, an opening at the bottom of each lysimeter was connected to a manometer and a bucket that
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was used to recharge and regulate the height of the water table treatments. Each lysimeter was also

equipped with two neutron probe access tubes

Bucket to collect
drainage to
water taWe

•£±5="!

Soil

Neutron
•cce&s

tube

Ptasbc
mesh

Water
taMe

Plate 4.1 Layout of the lysimeters and an illustration of a vertical cut through a container with a

constant water table height control mechanism.
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For this experiment five 2 500 L reservoirs, one for each treatment, used for the purpose of mixing of

the different salinity classes of irrigation water, were mounted aboveground on a 1 m high stand at the

eastern end of the two parallel rows of lysimeters. Each of the reservoirs was connected to the

individual lysimeters, randomly allocated to those specific treatments, with a 20 mm poli-ethylene pipe,

which was used for irrigation. A tap from each reservoir was installed below-ground for recharging of

the water tables. A movable shelter (30 m long, 10 m wide and 4 m high) was constructed to cover

the lysimeter unit when rainfall events occurred to prevent any dilution of the soil solutions in the

lysimeters by rainwater.

4.2.2 Soil characteristics

The soils that were used in this study were a yellow sandy Clovelly Setlagole soil from the Sand-Vet

region (Soil A) and a red sandy loam Bainsvlei Amalia soil from the Bloemfontein region (Soil B)

according to the Soil Classification Working Group (1991). Particle size analyses, using standard

procedures (The Non-affiliated Soil Analysis Work Committee, 1990), were carried out on both soils.

The particle size distribution for the different layers of the two soils that were packed into the

lysimeters is presented in Table 4.1.

4.2.3 Treatments

Five irrigation water salinity treatments, replicated three times, were randomly allocated to the

lysimeters for each soil type. Before planting of the first crop, wheat, the lysimeters of each treatment

were leached with the appropriate irrigation water salinity until the electrical conductivity (EC) of the

leachate outflow from the bottom of the lysimeter had the same value. In each of the replicated

lysimeters for each treatment a water table was established at a depth of 1.2 m from the surface using

the appropriate water salinity. The water tables were kept at a constant height by adding water of the

same quality that is used for irrigation, at the bottom of the lysimeters once a day. The treatments that

were chosen for the different crops are presented in Table 4.2.

Sodium chloride (NaCI), calcium chloride (CaCI2), magnesium sulfate (MgSO4), sodium sulfate

(Na2SCu), potassium chloride (KCI) and magnesium chloride (MgCI2) were used to prepare the

irrigation water for the different treatments. The correct amounts of these salts needed to give the

required electrical conductivity (EC) and sodium adsorption ratio (SAR) values in the irrigation water

were determined through experimentation in the laboratory. Theoretically, the total dissolved salt

(TDS) values were obtained by using the relationship TDS (mg L"1) = EC (mS m"1) x 6.5 as reported by

the Department of Water Affairs and Forestry (1996).
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Table 4 1 Particle size distribution of Soil A and Soil B for the different depths at which they

were packed in the lysimeters

Soil

Soil A

Soil

Form

Clovelly

SoilB Bainsvlei

type

Family

Setlagole

Amalia

Depth

(mm)

0-300

300-600

600-900

900-1200

1200-1500

1500-1800

0-300

300-600

600-900

900-1200

1200-1500

1500-1800

Coarse

Sand

1.34

1.36

1.36

1.36

1 36

1.36

0.30

0.16

0.06

0.14

0.12

0.16

Medium

sand

10.66

25.64

25.64

2564

2564

25.64

6.42

4.08

3.52

5.68

5.10

5.16

Fine

sand

79.00

65.00

65.00

65.00

65.00

65.00

83.28

77.76

78.42

76.18

70.78

70.68

Sitt

4.00

3.00

3.00

3.00

3.00

3.00

2.00

4.00

4.00

4.00

4.00

4.00

Clay

5.00

5.00

5.00

5.00

5.00

5.00

8.00

14.00

14.00

14.00

20.00

20.00

It was pointed out earlier in this report, that the factor of 6 5 might differ in terms of ionic composition

and concentration, but provides a good basis for further laboratory experimentation. Salt solutions

were made up in the laboratory, making sure that the SAR and cation and anion ratios remain within a

certain range. These ranges were decided upon by studying the present and future trends of ionic

composition of the waters of the lower Vaal, Riet and Harts Rivers, which were identified as the worst

case scenarios in a previous research project by Du Preez et ai (2000). After various laboratory

attempts, a reliable linear EC vs TDS relationship was found, namely: TDS (mg L"1) = EC (mS rrf1) x

9 528 with a R2= 0.99. This equation was verified later in the study (Section 5.3.3) where the value of

the constant was determined as 7.568 for the soil water and 7.831 for the irrigation water.

Table 4.2 Electrical conductivity (EC,, mS m"1) and sodium adsorption ratio (SAR) of the

irrigation water used for the different treatments and crops

Wheat

EC;

15*

150

300

450

600

SAR

0.26

3

3

3

5

Beans

EC;

15*

150

300

450

600

SAR

0.26

3

3

3

5

Peas

EC,

15'

75

150

225

300

SAR

0.26

3

3

3

3

Maize

EQ

15*

150

300

450

600

SAR

0.26

3

3

3

5

"Control
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Table 4.3 gives the amount of the different salts that were used to prepare the irrigation water salinity

treatments for the different crops. Calcium (Ca2*) and magnesium (Mg2t) was used in a ratio ranging

between 1.2 and 1.6, whereas the sulfate (SO4
2~) and chloride (CI") ratio ranged from 1.3 to 1.4.

These ratios are based on the long-term average values of the lower Vaal and Riet Rivers (Du Preez

era/., 2000).

4.2.4 Agronomic practices

All the agronomic practices were managed with the objective to create optimum conditions for crop

growth, allowing for maximum root water uptake and yield. Some of these practices for the different

crops are given in Table 4.4. The area surrounding the lysimeters was treated in a manner identical to

the lysimeters. The cultivars that were selected are widely used throughout the central parts of South

Africa. Crops were planted on the recommended planting dates.

4.2.5 Grain and biomass yields

The experiment was conducted four times with the following cropping order: wheat (Triticum aestivum

L), beans (Phaseolus vulgahs L), peas (Pisum sativum L.) and maize (Zea mays L). The above-

ground biomass for the different crops of each lysimeter was harvested when the crops were dry, by

cutting it just above the soil surface. After drying it at 70°C for three days in a ventilated oven, it was

weighed and threshed to determine the seed mass. It was decided to express the seed, dry matter

and total biomass yield in kg lysimeter'. The plants grew over the edges of the lysimeters and it is

virtually impossible to determine the actual area of the plant canopy in each of the lysimeters and it

would therefore be incorrect to convert it to mass per hectare.
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Table 4.3 The amounts of different salts that were used to prepare the irrigation water quality treatments for the different crops

150

3.0

988

360

100

297

0

105

45

1:1.31

1:1.33

Wheat

300

5.0

2003

790

235

620

50

187

40

1 1.31

1:1.32

450

5.0

3554

1*40

500

1'90

;:o
533

90

1 ' .32

1- .33

600

5.0

5107

1415

825

1740

45

750

250

1:1.31

1 1.32

1 150

3.0

988

360

100

297

0

105

45

1:1.31

1 1.33

Beans

300

5.0

2003

790

235

620

50

187

40

1:1.31

1:1.32

450

5.0

3554

1140

500

1190

20

533

90

1:1.32

1:1.33

600

5.0

5107

1415

825

1740

45

750

250

11 31

1 1 32

75

1.8

494

120

0

108

0

175

10

1:1.32

1:1.33

Peas

150

3.0

988

360

100

297

0

105

45

1:1.31

1:1.33

225

3.0

1229

400

153

375

20

120

80

1:1.3

1:1.31

300

5.0

2003

790

235

620

50

187

40

1:1.31

1:1.32

150

3.0

988

360

100

297

0

105

45

1:1.31

1:1.33

Maize

300

5.0

2003

790

235

620

50

187

40

1:1.31

1:1.32

450

5.0

3554

1140

500

1190

20

533

90

1:1.32

1:1.33

600

5.0

5107

1415

825

1740

45

750

250

1:1.31

1 1.32
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Table 4.4 Some of the agronomic practices used for wheat, beans, peas and maize

Practice

Planting

date

Harvesting

date

Cuttivar

Sowing

density

Fertilizer

Pre

planting

(kg ha 1)

Post

planting

{kg ha1)

Pest

control

Wheat

3 July 2003

25 November 2003

SST 806

120 kg ha"1

N

82

103

P

41

K

20

Beans

9 January 2004

20 April 2004

TEEBUS

200 000 seeds ha'1

N

89

P

30

K

40

Peas

21 July 2004

17 November 2004

SOLARA

100 kg ha1

N

27

20

P

40

K

53

Maize

17 December 2004

17 May 2005

PAN 6335

50 000 plants ha"1

N

217

50

P

49

K

50

DECUS

(300 ml ha"1)

4.2.6 Soil water balance

For the calculation of evapotranspiration the following components of the soil water balance (Equation

41) were measured weekly, throughout the growing season for each of the lysimeters.

ET = I ± AW + Q - D (4.1)

where ET = Evapotranspiration (mm).

I = Irrigation (mm).

AW = Change in soil water content (mm) measured with a neutron probe at 200 mm

intervals, using a (-) for a decrease and a (+) for an increase.

Q = Uptake from the water table (mm) measured as the cumulative volume of water

needed to recharge the water table to a constant height divided by the area of

the lysimeter.

D = Drainage to the water table (mm) measured as the volume of water from the

overflow system in the manometer divided by the area of the lysimeter.

Due to special measures taken the rainfall and runoff components of the soil water balance were

taken as zero.
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4.2.7 Irrigation scheduling

Irrigation water was applied weekly. The amount of irrigation water applied to each lysimeter of the

different treatments, was based on the principle of refilling the 0-600 mm soil layer with the difference

between the drained upper limit (DUL) and the soil water content (mm) measured with a neutron

probe. The DUL for the 0-600 mm layer is 80 mm for soil A and 100 mm for soil B. The root water

uptake from the 600-1200 mm layer was recharged by capillary rise from the water table. For both

soils the height of rapid capillary rise exceeds 600 mm (Ehlers era/., 2003). The amount of water

irrigated, given as mm and liter, as well as the time of application, expressed as days after planting

(DAP), for all the crops and treatments are presented in Appendix 4.1. A summary of the total amount

of irrigation water applied to all the soils, crops and treatments is given in Table 4.5..

Table 4.5 The total amount of irrigation water applied to the different soils, crops and EC, treatments

Soil

A

B

Soil

A

o

Wheat
ECj (mS m 1)

15*
150
300
450
600
15*
150
300
450
600

mm
266
283
345
331
395
246
306
305
285
273

liter
676
720
879
842
1005
625
780
775
726
695

Peas
EC| (mS m"1)

15*
75
150
225
300
15*
75

-icn

225
300

mm
451
485
433
405
430
461
444
1DO
UUL

377
365

liter
1146
1233
1103
1031
1095
1174
1131

960
928

Beans
EC; (mS m1)

15*
150
300
450
600
15*
150
300
450
600

mm
401
330
271
173
173
397
314
267
173
181

liter
1020
840
690
441
441
1012
800
681
441
461

Maize
EC, (mS m1)

15*
150
300
450
600
15'
150
or\n

450
600

mm
390
352
270
258
233
348
337

246
259

liter
993
896
687
657
594
886
857
WT I

627
660

•Control
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4.3 Results and discussion

4.3.1 Crop yields

4.3.1.1 Actual crop yields as affected by irrigation water salinity

The seed and total biomass yield data for the individual lysimeters for the different soils and crops are

presented in Appendix 4.2. A summary of the mean seed and total biomass yield of the replications

for each of the treatments, soils and crops is given in Table 4.6.

1. Wheat

From Table 4.6 it is evident that the mean wheat seed yield of 1.366 kg lysimeter1 on Soil A was

significantly lower compared to the 1.551 kg lysimeter"1 on Soil B. This can be ascribed to the higher

buffer capacity of the more clayey Soil B causing the salinity effect to be less dominant Despite the

significant difference in seed yield between the two soil types there were no significant differences

between the treatments on both soils, except for the biomass yield of the 600 mS m"1 treatment on Soil

A which was statistically lower than the control. It is clear that a wider range of EC, treatments would

have given a yield decline as was the case in the glasshouse experiment where the maximum EC,

treatment was 1200 mS m*1 (Section 3.3.2).

2. Beans

There was a significant decrease in seed yield with an increase in irrigation water salinity (Table 4.6).

The seed and total biomass yield of the control treatment was statistically the highest on both soils

with no significant differences between the two soil types. The very low yields obtained with the 450

mS m 1 and 600 mS m "1 treatments were caused by the premature death of the plants due to the rapid

accumulation of salt in the soil profile, following the wheat crop.

It is very unfortunate that, in the original planning of the experiment, no provision was made for

removal of the salts that accumulated during the wheat experiment. As a result the mean electrical

conductivity of the soil water (ECsw, mS m'1) in the lysimeters of the different treatments was much

higher than that of the irrigation water (EC,, mS m1), as indicated in Table 4.7.
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Table 4.6 Mean seed yield (kg lysimetei"1), total biomass yield (BM, kg lysimeter') and harvest index (HI) for all the crops and EC, treatments on both soils

Soil

A

B

EC, (mS m'1)

15*

150

300

450

600

LSD O.OB

15*

150

300

450

600

LSD D.OS

Wheat

Seed

1.445

1.383

1 377

1.373

1 252

ns

1 535

1.573

1.589

1.475

1.583

ns

BM

3.945 a

3.660 ab

3.708 ab

3.375 ab

3.212 b

0.574

3980

4.027

3.972

3.729

3.718

ns

HI

0.37

0.38

0.37

0.41

0.39

-

0.39

0.39

0.40

0.40

0.43

-

EC (mS m'1)

15*

150

300

450

600

15*

150

300

450

600

Beans

Seed

1.379 a

0.810 b

0.304 c

0.006 d

0 000 e

0.197

1 393 a

0.499 b

0.255 c

0.082 d

0 021 e

0.1

BM

3.005 a

1.915 b

0.810 c

0.017 d

0 000 d

0.309

2 977 a

1.491 b

0.889 c

0.289 d

0.097 d

0.213

HI

0.46

0.42

0 38

0.35

0.00

-

0.48

0.33

0.29

0.28

0.22

-

EC, (mS m"1)

151

75

150

225

300

15'

75

150

225

300

Peas

Seed

1.207 a

1.171 a

1 091 ab

1.008 b

0.656 c

0.214

1.165 a

1.179 a

1.012 a

0.953 ab

0.680 b

0.285

BM

2.838 a

2.644 ab

2.393 be

2.209 c

1.620 d

0.400

2.574 a

2.597 a

2.326 a

2.131 a

1.513 b

0.492

HI

0.43

0.44

0.46

0.46

0.40

-

0.45

0.45

0.44

0.45

0.45

-

ECi lmSm"1 )

15*

150

300

450

600

15*

150

300

450

600

Maize

Seed

3.729 a

3.396 a

2.694 b

1.922 c

1.085 d

0.659

3.211 a

3.140 a

2.585 ab

1.933 be

1.156 c

0.879

BM

7.873 a

7.610 a

6.571 a

4.700 b

3.454 b

1.275

6.720 a

7.461 a

6.114 ab

4.879 be

3.755 c

1.432

HI

0.47

0.45

041

0.41

0.31

-

0.48

0.42

0.42

0,40

0.31

•

'Control
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Table 4.7 Mean electrical conductivity of the soil water

the start of the bean growing season

, mS m 1) of the EC, treatments at

Soil

A

B

Eci m S m'1

15*

150

300

450

600

15*

150

300

450

600

ECSW (mS m"
1)

143

485

806

1158

1346

111

455

714

1245

1460

"Control

The mean EC^ values for the beginning of the bean experiment given in Table 4.7 were calculated

from the values presented in Appendix 6.1. The mean over depth was calculated for each lysimeter

where after the arithmetic mean for the three replications in each treatment was calculated It is

evident from the calculated EC^ values that the beans were grown at much higher salinity levels than

was envisaged. This explains the rapid decline in plant growth and yield observed up to EC^ values

of 600 to 700 mS m 1 and premature death of the crop at EC^ values higher than 1100 mS m'1.

3. Peas

Pro-active leaching of the soil profiles to the respective treatment values resulted in good germination

and plant establishment on both soils. As shown in Table 4.6 there was no significant difference

between the mean seed yield of 1.027 kg lysimeter1 on Soil A and 0.938 kg lysimeter1 on Soil B. On

both soils there was only a slight decrease in the seed and total biomass yield with an increase in

irrigation water salinity, except for the 300 mS m~1 treatment that was significantly lower than all the

other treatments.

4. Maize

Once again, pro-active leaching of the soil profiles resulted in good germination and plant

establishment. There was no significant difference between the mean seed yield of 2.564 kg

lysimeter1 on Soil A and 2.405 kg lysimeter1 on Soil B (Table 4.6) However, there was a significant

decrease in seed and total biomass yield with an increase in irrigation water salinity, especially with

the 450 mS m"1 and 600 mS m"1 treatments.
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4.3.1.2 Relative crop yields as affected by irrigation water salinity

In the previous section it was evident that there was a decreasing trend in seed and total biomass

yield with an increase in irrigation water salinity. In order to compare the effect of irrigation water

salinity on the growth of the different crops, the relationship between the relative biomass yield

and irrigation water salinity (EC,) was plotted for each of the crops on both soils. The relationships

between BMre( and EC, are illustrated in Figures 4.1 to 4.4 for wheat, beans, peas and maize

respectively.

The fitting of the polynomial functions was found to be very good for all the crops on both soils, except

for wheat, where the slope is almost zero Furthermore it is evident that with the irrigation water

treatments that were used for wheat, there was only a slight decrease in seed yield compared to the

control. However, during the glasshouse experiments, irrigation water salinity treatments of up to

1200 mS m 1 were used which resulted in a 96% reduction of total biomass yield. In the case of beans

a strong (R2 = 0.97) relationship was found but it has already been mentioned that the plants were

prematurely killed as a result of rapid salt accumulation in the lysimeters to ECW values in excess of

1000 mS m 1 following the wheat trial

4.3.2 Evapotranspiration and water use efficiency

The mean cumulative evapotranspiration (ET, mm) and water use efficiency (WUE, g seed kg water"1)

results for all the soils, crops and treatments are summarized in Table 4.8. An example of a water

balance sheet for the control treatment of maize on Soil A until 26 days after planting is presented in

Appendix 4 3. The data sheets are available on request from the authors. The mean daily

evapotranspiration of the crops over the growing season for all treatments is displayed in Figures 4.5

to 4.12.

1. Wheat

As expected, there was a significant decrease in cumulative ET with an increase in imgation water

salinity on both soils. There was no significant difference between the average cumulative ET of 584

mm on Soil A compared to the 606 mm on Soil B. The mean daily evapotranspiration over the

growing season for all the treatments of wheat is illustrated in Figure 4.5 for Soil A and Figure 4.6 for

Soil B. From the two figures it is evident that the period of maximum uptake rate corresponds with

103 to 131 days after planting on both soils, with a maximum daily uptake of 9.3 mm day"1 for the

control treatment of Soil A and 9.2 mm day"1 for both the control and 150 mS m'1 treatments of Soil B.

There was a decline in the daily ET on both soils with an increase in irrigation water salinity.
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R* =

0

- O.OOOIx + 1
0.56
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(mS m"1)

500 600 700

Figure 4.1 The relationship between the relative biomass yield (BM^,) and irrigation water salinity

(EC,, mS m 1) of wheat on both soils.

Beans
1.00 Q

0.80

^ 0.60

0.40m

o.oo

0.20 y = 3E-06x2 - 0.0032x + 1
R2 = 0.98

100 200 300 400 500 500 700

EC, (mS m1)

Figure 4.2 The relationship between the relative biomass yield (BM^,) and irrigation water salinity

{ECj, mS m 1) of beans on both soils.
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Peas
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Figure 4.3 The relationship between the relative biomass yield (BM^) and irrigation water salinity

(EC,. mS m 1) of peas on both soils.

Maize
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Table 4.8 Mean evapotranspiration (ET, mm) and water use efficiency (WUE, g kg") for all the crops and ECi treatments of both soils

Soil

A

B

Wheat

EC,

(mS m'1)

15*

150

300

450

600

LSD oos

15*

150

300

450

600

LSD o.os

ET

(mm)

637 a

599 b

582 c

565 d

535 e

13.1

645 a

651 a

616 b

574 c

544 d

17.0

WUE (g kg'1)

Seed

0.892

0.906

0.929

0.954

0.920

ns

0.934 a

0.949 a

1.013 ab

1.010 ab

1.143 b

0.131

Total BM

2.435

2.400

2.502

2.346

2.359

nss

2.424

2.430

2.532

2.554

2.685

ns

Beans

EC(

(mS m"1)

15*

150

300

450

600

15"

150

300

450

600

ET

(mm)

533 a

370 b

295 c

177 d

175 d

69.9

569 a

375 b

312 c

212 d

199 d

35.7

WUE (g kg1)

Seed

1.017 a

0.860 a

0.405 b

0.012 c

0.000 c

0.154

2.448 a

1.331 b

0.816 c

0.385 d

0.106 e

0.225

Total BM

2.215 a

2.034 a

1.079 b

0.038 c

0.000 c

0.266

5.232 a

3.976 b

2.850 c

1.363 d

0.485 e

0.689

Peas

EC,

(mS m"1)

15*

75

150

225

300

15*

75

150

225

300

ET

(mm)

699 a

697 a

577 b

515 c

440 d

43.1

711 a

687 a

586 b

544 c

427 d

34.5

WUE (g kg 1)

Seed

0.679 ab

0.660 ab

0.743 ab

0.768 a

0.586 b

0.177

0.644

0.674

0.679

0.688

0.625

ns

Total BM

1.596

1.490

1.631

1.684

1.447

ns

1.423

1.486

1.560

1.540

1.391

ns

Maize

EC,

(mS nV1)

15*

150

300

450

600

15*

150

300

450

600

ET

(mm)

800 a

727 a

591 b

483 c

381 d

68.8

778 a

761 a

639 ab

501 b

461 b

200

WUE (g kg1)

Seed

1.833 a

1.834 a

1.789 a

1.565 a

1.120 b

0.315

1.621 a

1.622 a

1.591 a

1.515 a

0.984 b

0.250

Total BM

3.869 ab

4.111 ab

4.365 a

3.827 ab

3.564 b

0.623

3.393

3.855

3.762

3.825

3.197

ns

•Control
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There were no significant differences in the water use efficiencies (WUEseed) between treatments,

except for the 600 mS m ' treatment of Soil B that was significantly higher than the control and 150 mS

m"1 treatments. This is an indication that the wheat crop can tolerate irrigation water salinity with EC,

values up to 600 mS m"1, without a decline in WUE. As was illustrated in Section 3-3, rapid decline in

yield, water use and WUE can be expected beyond 600 mS m"\

2. Beans

There was a significant decrease in cumulative ET with an increase in irrigation water salinity on both

soils. The control treatment used significantly more water than all the other treatments, whereas the

150 mS m"1 and 300 mS m"1 treatments used more water than the 450 mS m"1 and 600 mS m ' on

both soils. The mean daily ET over the growing season for all the treatments of beans is illustrated in

Figure 4.7 for Soil A and in Figure 4.8 for Soil B. The figures indicate that the plants of the 450 mS m 1

and 600 mS m~1 treatments started dying from 40 days after planting, after which only evaporation

from the soil surface occurred. Peak uptake rates occurred 52 days after planting and ranged from

4.7 to 8.2 mm day1 on Soil A and 4 2 to 8.5 mm day1 on Soil B.

The WUE decreased significantly with an increase in irrigation water salinity on both soils The

premature death of the plants especially for the 450 mS m ' and 600 mS m"1 treatments is an

indication that beans are unable to withstand ECsw values higher than 1000 mS m"1, for reasons

explained in Section 4.3.1.1.

3. Peas

A significant decrease in cumulative ET with an increase in irrigation water salinity was found with

peas on both soils. The control and 75 mS m~1 treatments used more water than all the other

treatments with no significant difference in water use between the two soils The mean daily ET

during the growing season for all the treatments of Soils A and B is illustrated in Figures 4.9 and 4.10

respectively. The figures illustrate two interesting phases. In the vegetative phase towards day 70

after planting, the ET rates of all the treatments were relatively low with no differences between the

treatments. However, during the next phase from 70 to 100 days after planting, the ET rates

increased drastically, with significant differences, especially between the control and the 225 mS m"1

and 300 mS m"1 treatments.

From this it is evident that the plants of the higher EC, treatments experienced water stress which

accelerated its growth phases. These treatments reached maturity two weeks before the control.

Peak uptake rates occurred 76 days after planting and ranged from 5 6 to 12.0 mm day T on Soil A and

5-6 to 11.0 mm day"1 on Soil B with no significant differences between the two soil types
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Wheat (Soil A)

4 0 60 80 100
Days after planting

120 140 160

Figure 4.5 Mean wheat daily evapotranspiration (ET, mm day"1) over the growing season for all

the treatments of Soil A.

14.0

12.0

10.0

• Control
450 mS m-1

Wheat (Soil B)

150 mS m-1
•600 mS m-1

20 4 0 60 80 100
Days after planting

300 mS m-1

120 140 1 6 0

Figure 4.6 Mean wheat daily evapotranspiration (ET, mm day1) over the growing season for all

the treatments of Soil B.
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14.0

12.0

10.0

Beans (Soil A)

Control

450 mS m-1

150 mS m-1

600 mS m-1

•300 mS m-1

40 60 80
Days after planting

1 0 0 1 2 0

Figure 4.7 Mean bean daily evapotranspiration (ET, mm day 1) over the growing season for all

the treatments of Soil A.

14.0

12.0

10.0

Beans (Soil B)

• Control

•450 mS m-1

150 mS m-1

• 600 mS rrvi

4 0 60 80
Days after planting

• 300 mS m-1

100 120

Figure 4.8 Mean bean daily evapotranspiration (ET, mm day' ) over the growing season for all

the treatments of Soil B.
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14.0

12.0

10.0 -

Peas (Soil A)

Control
225 mS m-1

75 mS m-1
300 mS m-1

Figure 4.9

20 40 60 SO
Days after planting

150 mS m-1

100 120 140

Mean pea daily evapotranspiration (ET, mm day" ) over the growing season for all the

treatments of Soil A.

o.o

Peas (Soil B)

40 60 80
Days after planting

150 mS n>1

100 120 140

Figure 4.10 Mean pea daily evapotranspiration (ET, mm day") over the growing season for all the

treatments of Soil B.
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14.0

12.0

10.0

£, 6.0

4.0

2.0

0.0

• Control

•450 mS m-1

4 0

Maize (Soil A)

150 mS m-1
600 mS m-i

60 80 100
•ays after planting

• 300 mS n> 1

120 1 4 0 160

Figure 4.11 Mean maize daily evapotranspiration (ET, mm day" ) over the growing season for all

the treatments of Soil A.

14.0

12 0

10.0

•I 8.0

£ 6.0

4.0

2.0

0.0

• Control

•450 rrS m-1

20

Maize (Soil B)

150 rrSnvi
600 mS m-1

60 80 100
Days after planting

• 300 mS n> l

120 140 160

Figure 4.12 Mean maize daily evapotranspiration (ET, mm day"1) over the growing season for all

the treatments of Soil B
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As shown in Table 4 8 there were no significant differences in the WUE on both soils, except for the

300 mS m'1 treatment of Soil A, which was significantly lower. This is an indication that despite a

decrease in ET and yield, the WUE of peas will only be reduced when irrigating with water with an EC

of more than 300 mS m~\

4. Maize

The same trend that emerged for the previous crops, where the cumulative ET decreased with an

increase in irrigation water salinity, was also evident for maize. Once again the control and 150 mS m"
1 treatments used significantly more water than all the other treatments on both soils. Comparing the

water uptake rates during the growing season, as illustrated in Figures 4.11 and 4.12 for Soils A and B

respectively, it is evident that there were no significant difference between the two soil types. Peak

uptake rates ranged from 3.2 to 8.0 mm day 1 on Soil A and from 3.9 to 8.2 mm day'1 on Soil B.

Table 4.8 indicates that the WUEseed of only the 600 mS m"1 treatment was significantly lower than all

the other treatments on both soils. This is an indication that within the salinity range of 150 to 450 mS

m 1, despite a reduction in ET and yield the WUE values were the same, whereas for the 600 mS m 1

salinity class, the reduction in WUEseed was statistically significant. The same trend for the WUEBM

was also found for the 600 mS m'1 treatment on the more sandy Soil A. In the case of the more clayey

Soil B, the WUEBM for the 600 mS m 1 was also lower than all the other treatments, although it was not

statistically different.

4.3.3 Water table uptake

The mean seasonal uptake from the water tables, expressed in cumulative uptake (mm) and as a

percentage of the ET, for the different crops and treatments on both soils, is summarized in Table 4.9.

The cumulative uptake from the water tables over the growing season are also illustrated in Figures

4 13 and 4.14 for wheat, Figures 4.15 and 4.16 for beans, Figures 4.17 and 4.18 for peas and Figures

4.19 and 4.20 for maize.

1. Wheat

As expected there was a significant decrease in cumulative uptake from the water tables with an

increase in irrigation water salinity on both soils. The control treatment on both soils used significantly

more water from the water tables than all the other treatments. Cumulative uptake from the water

tables, expressed as a function of days after planting (as illustrated in Figure 4.13 for soil A and Figure

4.14 for Soil B), indicates the effect of irrigation water salinity on water table uptake. Significant

differences in water table uptake started 80 days after planting on Soil A and around 110 days after

planting on Soil B. Uptake from the water tables, expressed as a percentage of ET, ranged between

35 and 46% on Soil A and was significantly lower than the 49 to 54% on the more clayey Soil B.
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Water table uptake on Soil A commenced 61 days after planting, whereas water table uptake on Soil B

started at 33 days after planting. The reason for this difference is the higher capillary fringe on the

more clayey Soil B (Ehlers et a/., 2003).

2. Beans

From Table 4 9 it is evident that significantly more water was taken up from the water tables by the

control treatments on both soils. A very drastic decrease occurred in the uptake of water from the

water tables, due to the sharp increase in salinity, resulting from the accumulation of salts during the

preceding wheat experiment. The decrease will be more gradual when the EC, values are replaced

with the calculated EC^ values from Table 4.7. Inspection of Figures 4.15 and 4.16 shows that in the

case of the 450 and 600 mS m ' treatments where the plants died, very little water was supplied from

the water table of both soils for evaporation.

3. Peas

Uptake from the water tables decreased significantly with an increase in irrigation water salinity.

However, there were no significant differences between the control, 75 mS rrT1 and 150 mS m*1

treatments which were significantly higher than the 225 mS m ' and 300 mS m 1 treatments on both

soils Water table depletion data expressed as a percentage of the ET indicates that there was only a

slight difference between the two soils, ranging from 18 to 32% on Soil A and from 21 to 38% on Soil

B. As indicated in Figures 4.17 and 4.18, water table uptake commenced on day 57 after planting, on

both soils. It is also evident that the difference in cumulative water table uptake between the different

treatments on Soil A is greater than for the same treatments on Soil B. Once again this can be

ascnbed to the higher clay content of Soil B which exhibits a better buffenng capacity against salinity

than Soil A.

4. Maize

The results in Table 4.9 reveal that the cumulative water uptake from the water tables of the control

and 150 mS nf1 treatments were significantly higher than all the other treatments on both soils.

However, in the case of Soil B there was no significant difference in water table uptake between the

300, 450 and 600 mS m'1 treatments. Companng the uptake from the water tables, expressed as a

percentage of the ET, it is evident that there is no difference between the two soil types and values

ranged from 41 to 57%.
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Table 4.9 Average cumulative evapotranspiration (ET) and uptake from the water tables (WT) for the different crops and ECf treatments on both soils

Soil

A

B

Wheat

EC,

(mS m'1)

15*

150

300

450

600

LSD o.os

15*

150

300

450

600

LSD O.OB

ET

(mm)

637 a

599 b

582 c

565 d

535 e

13.05

645 a

651 a

616 b

574 c

544 d

17.0

Uptake from WT

Cum (mm)

293 a

271 b

255 c

218 d

186 e

12.4

349 a

314 b

303 be

287 cd

267 d

22.9

% of ET

46

45

44

39

35

-

54

48

49

50

49

-

Beans

EC,

(mS m"1)

15*

150

300

450

600

15*

150

300

450

600

ET

(mm)

533 a

370 b

295 c

177 d

175 d

69.9

569 a

375 b

312 c

212 d

199 d

35.7

Uptake from WT

Cum (mm)

124 a

38 b

18 b

8 b

0 b

55.2

160 a

65 b

33 be

16 c

5 c

43.0

% of ET

23

10

6

4

0

-

28

17

10

7

3

-

EC,

(mS m"1)

15*

75

150

225

300

15*

75

150

225

300

ET

(mm)

699 a

697 a

577 b

515 c

440 d

43.1

711 a

687 a

586 b

544 c

427 d

34.5

Peas

Uptake from WT

Cum (mm)

221 a

202 a

182 ab

150 b

77 c

46.1

220 ab

243 a

223 ab

192 b

92 c

36.3

% of ET

32

29

32

29

18

-

31

35

38

35

21

-

Maize

EC,

(mS m"1)

15*

150

300

450

600

15*

150

300

450

600

ET

(mm)

800 a

727 a

591 b

483 c

381 d

68.8

778 a

761 a

639 ab

501 b

461 b

200

Uptake from WT

Cum (mm)

399 a

375 a

317 b

227 c

155 d

50.5

401 a

417 a

367 ab

258 ab

204 b

*63

% of ET

50

51

54

47

41

-

51

55

57

51

44

-

'Control
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Figure 4 13 Cumulative water table uptake as a function of days after planting for all the

treatments of the wheat crop on Soil A.
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Figure 4.14 Cumulative water table uptake as a function of days after planting for all the

treatments of the wheat crop on Soil B.
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Figure 4.15 Cumulative water table uptake as a function of days after planting for all the

treatments of beans on Soil A.
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Figure 4.16 Cumulative water table uptake as a function of days after planting for all the

treatments of beans on Soil B.
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Figure 4.17 Cumulative water table uptake as a function of days after planting for all the

treatments of peas on Soil A
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Figure 4.18 Cumulative water table uptake as a function of days after planting for all the

treatments of peas on Soil B.
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Maize (Soil A)
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Figure 4.19 Cumulative water table uptake as a function of days after planting for all the

treatments of maize on Soil A.
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Figure 4.20 Cumulative water table uptake as a function of days after planting for all the

treatments of maize on Soil B.
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Figures 4.19 and 4.20 indicate that uptake from the water tables commenced around 33 and 54 days

after planting for Soil B and Soil A respectively. They also illustrate that the control treatment on Soil

A maintained a higher cumulative water table uptake throughout the growing season, and in the case

of Soil B, the 150 mS m'1 treatment. Although the cumulative water table uptake of the 300 mS m"1

treatments were lower than the control treatments, the uptake from the water tables expressed as a

percentage of ET was much higher on both soils.

4.3.4 Comparison of the salt tolerance of the different crops

4-3.4.1 Relationship between relative cumulative evapotranspiration and soil water salinity

Salinity affects the water stress of plants through its effect on the osmotic potential of the soil water.

An increase in salinity results in a decrease of the osmotic potential and therefore also the water

availability to the plants. Stewart et al. (1977) demonstrated, according to Katerji et ai (2003), that the

relationship between yield and evapotranspiration of maize was the same for drought and salinity

conditions. An increase in water stress reduces stomatal conductance, leaf growth and

photosynthesis (West etal.. 1986).

To compare crop salt tolerance, the relationship between the relative cumulative ET (Cum ET^,) and

soil water salinity (ECsw) for the different crops is given in Figure 4.21. where the regression analysis is

based on the means of all treatments on both soils and the 100% cumulative ET was taken as the

cumulative ET of the control treatment. In this figure the osmotic potential is also indicated and it was

calculated by using the equation of Jurinak & Suarez (1996): % (-kPa) = EC^ (mS m"1) x 0.40. The

soil water salinity (ECsw) was taken as the average EC^ of the root zone between the beginning and

end of the growing season of each crop, as given in Table 4.10.

This method is based on the hypothesis that crop salt tolerance is experimentally determined as the

fractional reduction in cumulative ET resulting from osmotic induced water stress imposed on a crop

during its growing season According to the analysis, the decline in ET as a result of decreasing

osmotic potential as indicated by slopes of the linear reqression lines, is expressed as wheat < maize

< beans < peas.

These results support Maas's (1986) the classification based on growth and yield, namely that wheat

is moderately salt tolerant, maize moderately salt sensitive and beans and peas salt sensitive.
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Figure 4.21 The relationship between the relative cumulative ET (Cum ETrei) and soil water salinity

(ECsw, mS m 1) as affected by osmotic potential (%, -kPa) for all the crops on both

soils.

Table 4.10 Mean soil water salinity of the root zone at the beginning (EC^ in) and end (EC^ end)

of the growing season of all the treatments and crops for both soils

Soil

A

B

Soil

A

B

Wheat
EC( (mS m"

1)
15*
150
300
450
600
15*
150
300
450
600

EC S W in

15
150
300
450
600
15
150
300
450
600

EC S W end

143
485
806
1158
1346
111
455
714
1245
1460

Mean

79
318
553
804
973
63
303
507
847

1030
Peas

ECi (mS m 1)

15*
75
150
225
300
15*
75
150
225
300

ECSW in

54
117
124
251
397
53
109
155
221
382

ECSW end
92
157
404
383
611
82

239
311
491
693

Mean

73
137
264
317
504
68
174
233
356
537

Beans

ECi(mSm 1)

15*
150
300
450
600
15*
150
300
450
600

EC S W in
143
485
806
1158
1346
111
455
714
1245
1460

ECSW end
159
544
835
1492

1889
143
562
1111
1520

1701

Mean

151
515
821
1325
1617
127
508

913
1382
1580

Maize

ECi (mS m"1)

15*
150
300
450
600
15*
150
300
450
600

EC S W in
77
209
368
503
692
69
209
355
521
686

ECSW end

200
769
1101
1433
1852

100
592
1088

1303
1523

Mean

139
489
734
968
1272
84

400
721
912
1105

'Control
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4.3.4.2 Relationship between the relative biomass yield and soil water salinity

For the regression analyses only the saline treatments with relative biomass yields of less than 0.95

were used in order to avoid the effect of the non-saline treatments on the threshold value and the

slope of the linear function For the regression analysis of beans the relative biomass yield of 1 was

included because the initial ECsw of 139 to 150 mS m~1 (Table 4.10) was already in the same order as

the reported threshold value of 100 mS m 1 (Rhoades & Loveday, 1990) The results of the linear

regression analysis, i.e. the threshold EC^ (mS rrf1) and the slope (relative yield reduction per mS

m'1) is given in Table 4.11. The biomass yield response of the different crops to soil salinity as

characterized by linear functions are illustrated in Figures 4.22 to 4 25

Table 4 11 Threshold EC^ (mS m"1) and slope (relative yield reduction per mS m'1) according to

the regression analysis of the relationship between relative biomass yield and soil

water salinity (ECW) of the saline treatments

Crop

Wheat

Beans

Peas

Maize

Threshold EC5V» (mS m"1)

Glasshouse

331

202

*

*

Field , R & L**

860

82

105

499

100

-

170

5

Glasshouse

-0.0004

-0 0009

-0.0004

-0.0008

Field R & L"

-0.00011 -0.0003

-0.00086 -0.0019

-0.00096 ,

-0.00073 -0.0012

' Negative value

** Rhoades & Loveday (1990)

No threshold value could be calculated for wheat because the EC^ of the treatments, with the

exception of treatment 5, were less than the threshold value of 860 mS m 1 reported by Rhoades &

Loveday (1990). The threshold value of 499 mS nf1 for maize in this study was higher compared to

the threshold values reported by Rhoades & Loveday (1990) of 170 mS m"1 and 130 mS m"1 by Katerji

ef al. (2003).
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Figure 4.22 The relationship between the relative biomass yield (BMre() and mean seasonal soil

water salinity (ECsw) for wheat on both soils.

CD

Beans
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Average EC^
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Figure 4.23 The relationship between the relative biomass yield (BM^) and mean seasonal soil

water salinity (ECsw) for beans on both soils.
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Figure 4.24 The relationship between the relative biomass yield (BM^) and mean seasonal soil

water salinity (EC;*) for peas on both soils.
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Figure 4.25 The relationship between the relative biomass yield

water salinity (EC^) for maize on both soils.
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According to Maas (1990), the parameters in Table 4.11 can be used to estimate the relative yield (Yr)

with Equation 4.2 for soil salinities exceeding the threshold value of any crop.

Yr = 1 - Jb (EC s w - a ) (4.2)

where a = Salinity threshold expressed in mS m"1

b = Slope expressed in fractions of 1 per mS m"1

ECsw = Mean electrical conductivity of the soil water taken from the root zone

expressed in mS m'1

The salt tolerance of the crops in terms of biomass production can be classified as wheat > maize >

beans = peas.

4.3.4.3 Effect of soil water salinity on the water production functions of crops

Decreasing osmotic potential, due to higher salt contents, results in a lower total potential (matric plus

osmotic) of the soil water. The corresponding decrease in the potential difference between the root

xylem and surrounding soil solution results in less water being taken up under conditions of normally

adequate water supply. The reduction in water uptake was correlated to the reduction in yield by

using the relationship of Stewart et al. (1977):

Ya r (ETa , ,
1 - — = b [I - — | j (4.3)

Ym I E T m

where Ya - actual crop biomass yield (t ha"1) of a treatment

Ym = biomass yield (t ha"1)of the control treatment with no water stress

ETa = actual crop evapotranspiration (mm) of a treatment

ETm = potential crop evapotranspiration (mm) of the control treatment

b = slope of relative yield and relative evapotranspiration

Taking Y,,, and ETm as the biomass yield and evapotranspiration of the control treatments, the analysis

of the results give a linear relationship between relative evapotranspiration and relative yield as

illustrated by Figure 4.26 for the combined data of all the crops and both soils. This is a clear

indication that the relative decrease in growth of all the crops was directly proportional to the relative

decrease in ET caused by the decreasing osmotic potential with increased salinity. Hence, this proves

that, irrespective of the differences in salt tolerance of the different crops, in all cases the reduction in

growth was proportionally related to the increase in plant water stress induced by lower water uptake.
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Figure 4.26 Relationship between the relative biomass yield (BM^) and the relative cumulative ET

(Cum ET^) for all the crops and soils combined

4.3.4.4 Effect of soil water salinity on water table uptake of crops

The uptake of water from the water tables (WT) is presented in Table 4.9 for the different crops and

soils. The mean EC^of the three replications, of the WT (1200 - 1800 mm ) depth and the capillary

zone above the WT (600 - 1200 mm) is presented in Tables 4.12 and 4.13 respectively.

To illustrate the effect of water table salinity on water uptake, the mean of the initial and end ECsw of

the capillary zone (Table 4.13), from which most of the water from the WT is extracted, was plotted

against the relative water table uptake (control taken as 1) in Figure 4.27, using the data of both soils

for the different crops.

An increase in salinity or a decline in osmotic potential of the capillary zone affected the four crops in

the order: wheat < maize < beans < peas. The threshold ECsw-values, above which water uptake

started to decrease, vaned between 57 mS m"1 for beans to 279 mS m 1 for maize with an average

Water uptake from non-saline water tables can be estimated with a high degree of accuracy with the

application of the models SWB (Annandaleef a/., 1999) and SWAMP (Bennie et a/, 1998) To model

the water uptake from saline water tables, the decrease in osmotic potential will reduce the potential

difference between the root and the surrounding soil solution. A preliminary analysis has shown that

the decrease in osmotic potential alone does not explain all of the measured decline in water table

uptake associated with an increase in salinity of the capillary zone. A possible explanation is that the

measured ECsw of the capillary does not represent the osmotic potential in the mizosphere

surrounding the roots. Salts are transported into the rhizosphere through mass flow, due to rapid

water uptake by the roots from the wet soil. This causes an accumulation of salts in the rizosphere,
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and if the removal of salts away from the roots through diffusion is slower than the addition through

mass flow, the nett effect will be a higher degree of salinity in the rhizosphere. The osmotic potential

in the rhizosphere will then be lower than the EC^ value measured for the bulk soil.

An atternative is to follow an empirical approach, for estimating the water table uptake under saline

conditions. This approach will be discussed in Section 7.2.

Table 4.12 Electrical conductivity of the soil water <ECSW, mS m"1) of the water table (1200-1800

mm) for the different crops, EC, treatments and soils

Soil

A

B

Soil

A

B

Wheat

EC, (mS m"1)

15*
150
300
450
600
15*
150
300
450
600

ECi (mS m"1)

15*
75
150
225
300

15*
75
150
225
300

EC S W in
15
150
300
450
600

15
150

300
450
600

ECSW end

91
190
400
590
1168
70
211
343
597
735

Mean

53
170
350
520
884

43
181
321
524

668
Peas

ECSW in

75
122
115
240
384

74
157
216
272

457

EC S W end
72
117
178
262
436
52
133
184
279
430

Mean

74
120
147
251
410
63
145
200
276

444

Beans

ECi (mS m 1)

15*
150
300
450
600
15*
150
300
450
600

ECSW in

91
190
400
590
1168

70
211
343
597
735

ECSW end

103
227
619
1167
1580
64
696
428
839
1151

Mean

97
208
509
879
1374

67
454
385

718
943

Maize

ECi (mS m 1)

15*
150
300
450
600

15*
150
300
450
600

ECSW in

89
265
497
536
830
69
221
340
486
715

EC S W end
78
212
414
419
808
50
223
356
558

664

Mean

83
238
456
477
819

59
222
348
522
690

"Control

4.4 Conclusions

The experiments simulated conditions of adequate water supply to crops under irrigation, and a

shallow water table at 1200 mm depth. Although similar conditions are common in irrigated fields, it is

also ideal for rapid build-up of salts in the root zone, especially when saline irrigation water is used.

The main treatments comprised irrigation with water ranging from low to high salinity. Accumulation of

salt in the root zone was so high within one growing season that the salt had to be removed through

leaching, before starting the next experiment-

Positive results were obtained by correlating growth and water uptake of the crops with the electrical

conductivity of the irrigation water (EC,), but the results could be better explained in terms of the
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electrical conductivity of the soil water (ECsw). Samples of the soil water were extracted with suction

cups at the beginning and end of each growing season.

The highest EC, treatment of 600 mS m1 was selected on the basis of what was predicted to be the

worst case scenario for South African rivers. The growth of wheat only started to be affected by EC,

values of 600 mS m '. The threshold values for Ed, given in the discussion of the results, should be

interpreted with caution because of the rapid increase in the salt content of the soil water (ECsw). For

wheat, peas and maize the results represent the effect of a first growing season with restricted

drainage. Beans were planted after wheat as a second season crop without leaching of the salts that

accumulated with the wheat crop This build up of salts caused serious inhibition of growth of the

beans because of the high EC^ values.

Table 4.13 Electrical conductivity of the soil water (EC.̂ ,, mS nrf1), of the capillary zone above the

water table (600-1200 mm), for the different crops, EC, treatments and soils

Soil

A

B

Soil

A

B

Wheat
ECj(mSm 1}

15'
150
300
450
600
15'
150
300
450
600

EC S W in
15
150
300

450
600
15
150
300
450
600

EC S W end
169
616
1040

1555
1716

132
578
989
1521
1917

Mean

92
383
670
1003
1158
74
364
644
986
1259

Peas
EC,(mSm1)

15'
75
150
225
300
15*
75
150
225

300

ECSW in

50
115
125
255
407
50
100
121
212

368

ECSW end

107
254
470
415
669
86
231
283
420

657

Mean

78
184
298
335
538
68
165
202
316
513

Beans

ECjfmSm 1)

15'
150
300
450
600
15*
150
300
450
600

ECSW in

169
616
1040

1555
1716
132
578
989
1521
1917

EC5W end

187
667
855
1329
1485
157
649
1386
1466
1852

Mean

178
641
947
1442
1601
144

613

1188
1493
1885

Maize

EC,(mSm'1)

15*
150
300
450
600
15*
150
300
450
600

EC S W in

80
193
325
500
582
85
211
367
507

741

EC S W end
124
592
1200
1399
1633
100
420
1004
1085
1307

Mean

102
393
763
950
1107

92
316
685
796
1024

'Control
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Figure 4.27 Relative water uptake from the capillary zones of water tables with different salinity

levels by the experimental crops.

With the exception of wheat which gave better yields on the more clayey Soil B, the growth and water

uptake of all the other crops were similar on both soils, for comparative treatments. The growth of

wheat, maize, peas and beans started to decline when irrigating with water of 600, 450, 300 and 150

mS m"1, respectively. It should be emphasised that the value for beans represents a second season

crop, and will probably be higher for a first season crop. The cumulative seasonal ET and maximum

daily ET of all the crops, declined with increasing salt content of the irrigation water with a

corresponding increase in ECsw and a decrease in osmotic potential. The water use efficiency of the

crops, expressed in biomass produced per unit mass water used, seems to be unaffected by

moderate salt contents of the soil and started to decline only when the threshold values were

exceeded.

Water uptake from the shallow water tables decreased with an increase in ECj for all the crops and on

both soils, due probably to a decrease in the osmotic potential. The relative decline in plant water

uptake from a water table at a depth of 1200 mm declined linearly when the osmotic potential

decreased below -50 kPa. The decline was most rapid for peas followed by beans > maize > wheat.

By using the mean of the initial and end EC^, also averaged over depth, instead of ECj, it becomes

possible to compare these results with those published in the relevant literature. The cumulative

seasonal ET, expressed relative to the control for all treatments, decreases linearly with increasing

salinity of the soil water. The effect on the crops was wheat < maize < beans < peas. The relative
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decrease in relative biomass production was directly related to a relative decrease in cumulative ET

on a 1:1 basis. A decrease in osmotic potential to-300 kPa (ECs,,= 750 mS m 1) reduced ETand

biomass produced by 7%, 30%, 38% and 53% for wheat, maize, beans and peas respectively.

The threshold EC^-values above which relative plant growth starts to decline linearly deviate slightly

from the values reported in the literature. The value for maize is higher and that of beans is very

similar, and no values could be found against which to compare peas. The salt accumulation during

the wheat experiment was insufficient to derive a threshold value. The glasshouse experiment

threshold value for wheat was lower than that reported in the literature.

In conclusion it can be stated that this part of the study confirmed the findings of researchers such as

Maas (1990), Rhoades & Loveday (1990) and Katerji et al. (2003), namely, that the effects of salinity

and water stress on plant growth are similar The increase in the salinity of the soil water of the root

zone, and the corresponding decrease in osmotic potential and also total water potential, decreases

the potential difference between the soil solution and the root xylem. This smaller driving force results

in less water being taken up by the plants, with a corresponding decline in growth, even under

conditions of adequate water supply, as was the case in these experiments. Saline irrigation water

can, within one growing season and in the presence of a shallow water table and restricted salt

leaching, increase the salinity of the soil water in the root zone several fold. The quantification of this

aspect will be the objective of the next chapter.
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CHAPTER 5

SALT ACCUMULATION IN THE ROOT ZONE DURING THE GROWING SEASON OF CROPS IN

THE PRESENCE OF SHALLOW WATER TABLES

5.1 Introduction

Irrigation, irrespective of the water quality, will result in the accumulation of salts in the soil profile

when little or no leaching takes place, especially in the presence of shallow water tables. Crops are

sensitive to soil salinity and yield is reduced when crops are grown on salt-affected soils (Chapter 4).

The salt content of irrigation water and the cropping history determines the long term salt distribution

in a soil profile. Although true equilibrium conditions are seldom reached in practice, due to changes

in irrigation management, irrigation water salinity and rainfall, quasi-equilibrium soil salinity profiles are

mostly attained within two irrigation seasons. The salt content of the root zone normally increases

with depth- Near the soil surface the salt content will be similar to that of the irrigation water. Plant

roots actively absorb water and leave most of the salts behind, resulting in a gradual increase in salt

concentration throughout the soil profile, between irrigation applications. When more water than the

crop water requirement is applied with each irrigation event, the accumulated salt can be leached

deeper into the soil profile where it is again concentrated until it is progressively leached from the root

zone. However, in the presence of a shallow saline water table where leaching is restricted, upflow of

the soil solution causes rapid salinisation of soil layers above the water table.

The objective in this chapter is to quantify the accumulation of salts during the growing season of

selected crops, at a range of irrigation water salinities and in the presence of shallow saline water

tables.

5.2 Materials and methods

The lysimeter unit used for obtaining data for this study is described in Section 4.2.1. Six ceramic

suction cups were installed in each lysimeter by inserting the cups horizontally into the soil from the

access chamber side of the lysimeters (Plate 5.1). The installation depths were 300, 500, 700, 900,

1100 and 1500 mm from the soil surface. The outlet of each cup was connected to a vacuum system

operating at a suction of 50 kPa. Samples of the soil solution were collected for chemical analysis in

glass bottle traps from all the depths, at the beginning and end of the growing seasons of beans, peas

and maize.

Before planting of the wheat experiment, which was the first crop, the lysimeters of each treatment

were leached with the appropriate irrigation water salinity until the ECd of the leachate corresponded

with the EC of the irrigation water. The first suction cup samples were taken after the bean crop was

planted. These values were taken to represent the end of the wheat growing season and the
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beginning of the bean growing season. At the end of the dry bean, pea and maize growing seasons

the free water tables were drained from each of the lysimeters. Thereafter the lysimeters for every

treatment were leached with the appropriate irrigation water salinity until the ECd of the outflow from

the bottom corresponded with the EC of the applied irrigation water.

Plate 5.1 Ceramic cups installed from the access chamber side of the lysimeters at different

depths from the soil surface.
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The water samples from the suction cups were analyzed for electrical conductivity of the soil water

(ECsw, mS m 1). In addition the dissolved calcium (Ca, mg L"1), magnesium (Mg, mg L"1), sodium (Na,

mg L"1), potassium (K, mg L~1), chloride (Cl, mg L"1) and sulphate (SOA, mg I/1) were analyzed to

calculate the total dissolved salts (TDS) and sodium adsorption ratio (SAR) of the soil water if

necessary.

5.3 Results and discussion

5.3.1 Soil water salinity profiles at beginning and end of growing season

The ECsw values, for the beginning and end of the growing seasons of all the treatments and soils for

the beans, peas and maize experiments, are given in Appendix 5.1. Figures 5.1 to 5.4 represent the

ECsw, as measured with the suction cups at different depths in the soil profile of all the treatments of

both soils, at the beginning and end of the growing season of beans, peas and maize. The values

given for the end of the wheat growing season (Figure 5.1) are the same as for the beginning of the

bean growing season.

1. Wheat

Unfortunately it was not possible to obtain soil solution samples at the beginning of the wheat growing

season. As previously mentioned, the lysimeters were leached with the corresponding irrigation water

salinity before the wheat was planted. Therefore in Figure 5.1 the EC^ at different depths, for the

beginning of the season, was set equal to the EC, of the treatment. The difference between the two

lines in each graph represents the salt accumulation at different depths during the growing season. It

is evident that on both soils the salt content of the soil extract increased with an increase in depth from

the soil surface, reaching a maximum at a depth of 700 mm. The salt contents then gradually

decreased from 700 mm to a depth of 1800 mm. As would be expected there was an increase in ECsw

-values with an increase in ECj. For Soil A the salinity of the topsoil, 300 mm from the soil surface,

increased from 162 mS m"1 in the control treatment to 840 mS m"1 in the 600 mS m 1 treatment. For

Soil B the increase ranged from 78 mS rrf1 in the control to 880 mS m"1 in the 600 mS m"1 treatment.
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Figure 5.1 Soil water salinity profiles at the beginning and end of the wheat growing season for

all the EC, treatments of both soils.

2. Beans

The salinity levels in both soils were already high at the beginning of the season due to rapid

accumulation of salts during the irrigation of wheat. Salts accumulated rapidly in the soil profile of the

lysimeters because it is a closed system, where drainage is artificially kept at zero. As explained in

the experimental procedure (Section 5.2.1) the excess salts in the lysimeters were not removed

through leaching at the end of the wheat growing season because the accumulation was not expected

to be so pronounced. Consequently the additional salt accumulation, as indicated in Figure 5.2, was

directly related to the salinity level of the added irrigation water, as surface or sub-surface irrigation.

As explained in Section 4.3.1, the high salinity levels in the top soil negatively affected the germination

and establishment of beans. As illustrated in Figure 5.2 little salt accumulated in the control

treatments. However, in all the saline irrigation water treatments, the salinity of the top soil increased

further towards the end of the growing season. The ECsw of the 150 mS m1 treatment for example
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increased from 321 mS m 1 to 528 mS m 1 on Soil A and from 271 mS m1 to 580 mS m"1 on Soil B.

Downward movement of the salts can be observed in all the treatments on Soil A and in the 150, 450

and 600 mS m~1 treatments on Soil B (Figure 5.2).
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Figure 5.2 continue
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Figure 5.2 Soil water salinity profiles at the beginning and end of the bean growing season for all

the EC, treatments of both soils.
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3. Peas

Due to the rapid accumulation of salts during the irrigation of the previous crops, viz. wheat and

beans, the soils were leached before planting with water salinities similar to the selected ECi levels for

the pea treatments. Figure 5.3 illustrates the salinity levels at the beginning (i.e. after leaching) and

the end of the growing season for all the treatments of both soils. As was observed with the previous

crops, the EC^ increased with an increase in irrigation water salinity. The quantity of salts

accumulated, as indicated by the difference in ECsw between the beginning and end of season values

at different depths, increased with the increasing salinity of the irrigation water.
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Figure 5.3 Soil water salinity profiles at the beginning and end of the pea growing season for all

the EC, treatments of both soils.
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4. Maize

The salinity levels at the beginning (after leaching) and end of the maize growing season are

illustrated in Figure 5.4 for all the treatments of both soils As was found with the previous crops, there

was a rapid increase in salt content of the soils with an increase in irrigation water salinity. For Soil A,

ECgw-values increased from 70 to 174 mS m 1 and from 708 to 2088 mS m~1 in the topsoil of the

control and 600 mS m 1 treatments respectively. In the case of Soil B the corresponding increases

were from 61 to 139 mS m'1 and from 663 to 2670 mS m1.
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Figure 5.4 Soil water salinity profiles at the beginning and end of the maize growing season for

all the EC, treatments of both soils.
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5.3.2 Effect of capillary zone on salt distribution through the soil profile

According to Streutker et al. (1981), upflow of the soil solution from saline water tables causes rapid

salinisation of soil layers above the water table in the capillary zone, where leaching is restricted

Ehlers et al. (2003) gave an equation for the relationship between the height of capillary rise above a

water table, and the silt-plus-clay contents of different soils. Using the average silt-plus-clay contents

of 8 25% and 16% for Soils A and B respectively, one can calculate the top of the capillary fringe for

both soils, as 536 mm and 412 mm from the soil surface for Soil A and B respectively.

Figures 5.5 to 5.8 presents the salt distribution profiles at the end of the growing season of wheat,

beans, peas and maize for all the treatments of both soils. The depth of the water table (1200 mm) is

indicated by a solid line whereas the capillary fringe (Cap Fringe) is indicated by a dashed line. All the

figures indicate that salts accumulated at or just below the capillary fringe in both soils. This is also

the zone where most of the water is taken up by plant roots, causing the concentration of ions to

increase. The figures also indicate that in both soils salt accumulated at a depth of around 700 mm

from the soil surface which is a little deeper than the calculated depth of the capillary fringe in both

soils. This is caused by the leaching of salts with irrigation water, since irrigation scheduling is

managed in such a way to refill only the 0 to 600 mm soil layers as explained in Chapter 4. The

statement by Streutker ef al. (1981) that upflow from a water table will transport soluble salts to the

capillary fnnge causing rapid salinisation of the soil layers above the water table is therefore venfied.
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Figure 5.5 Salt distribution profiles (ECsw, mS m'1) at the end of the wheat growing season for all

the Ed treatments of Soil A and B.
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Figure 5.6 Salt distribution profiles (ECSW, mS m'1) at the end of the bean growing season for all

the ECi treatments of Soil A and B.
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Figure 5.7 Salt distribution profiles (EC.**, mS m 1) at the end of the pea growing season for all

the ECj treatments of Soil A and B.

92



Soil A

Average BCM (m S m ')

600 1200 1800 2400 3000 3600

300 rrfi m-1

Capfnnge

SoilB

Average EC

0 600 1200 1800 2400 3000 3600

300 rrfim-1

Capfirxje

Figure 5.8 Salt distribution profiles (ECsw, mS m"1) at the end of the maize growing season for all

the EC, treatments of Soil A and B

5.3.3 Verification of the conversion factor for electrical conductivity to total dissolved salts

The total dissolved salts (TDS, mg L 1) was obtained by summation of the measured cations (Ca, Mg,

Na and K) and anions (CI and SO4) in the soil water extracted with the suction cups for each layer.

Since the TDS is directly proportional to the EC of water, the measured EC^ can be converted to

TDSsw using a constant of 9 528 as proposed in Section 4.2.3. However, by regressing the EC^

measured at the end of the growing season of each crop and the TDSs* calculated, a constant of

7.568 was obtained (Figure 5.9). The same principle can be applied to convert the electrical

conductivity of the irrigation water (EC,) to total dissolved salts (TDS,). Using the EC, and TDS, values

as presented in Table 4.3, a constant of 7.831 was obtained, as shown in Figure 5.10.
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Figure 5.9 The relationship between the ECsw and TDSsw measured at the end of the growing

season of all the crops, for both soils.
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Figure 5.10 The relationship between the electrical conductivity of the irrigation water (EC,) and

the total dissolved salts (TDSj).
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5.3.4 Comparison between salt added through irrigation water and increase in soil salinity

The amount of salt added to the soil profiles, expressed in kg ha"1 through irrigation during the growing

seasons, was calculated as the amount of irrigation water plus water table uptake (IRR + WT, L),

multiplied by the corresponding TDS, (mg L 1) of the different treatments, for all the crops on both soils

(Table 5.1). The increase in soil salinity (AECsw) was calculated as the difference between the mean

ECsw of the soil profile, at the beginning and end of the growing season of beans, peas and maize,

whereas the EC^ at the beginning of the wheat growing season was taken as identical to the Ed of

the different treatments. Figure 5.10 illustrates the relationship between the increase in the mean

ECsw over a depth of 1800 mm (Table 4.10) and the amount of salt added through irrigation The

relationship indicates that for every 1000 kg of salt added through irrigation water, the mean ECM will

increase with 37 mS nf1 over a depth of 1800 mm, irrespective of soil type.

Table 5 1 The amount of salt added (kg ha"1) as irrigation water (IRR) plus water table uptake

(WT) and the increase in soil water salinity (EC^), over a depth of 1800 mm. for all

the treatments and crops

Wheat

Soil
A

B

Soil
A

B

Treatment
Control

150
300
450
600

Control
150
300
450
600

Treatment
Control

75
150
225
300

Control
75
150
225
300

IRR + WT
(liter)
1422
1410
1528
1397
1478
1513
1579
1546
1456
1375

TDS

(mg L 1)
198
988
2003
3554
5107
198
988
2003
3554
5107

Peas
IRR + WT

(liter)
1709
1746
1567
1411
1292
1734
1750
1542
1448
1162

TDS

(mg L 1)
198
494
988
1229
2003
198

4 9 4

988
1229
2003

Satt added
(kg ha 1)

1106
5473
12026
19506
29667
1177
6130
12168
20338
27582

Satt added
(kg hi"1)

1330
3390
6083
6814
10167
1349
3396
5985
6991
9143

i ECIV,
128
335
506
708
746
96
305
414
795
860

38
40
280
132
214
29
130
156
270
311

Dry beans

Soil
A

B

Soil
A

R

Treatment
Control

150
300
450
600

Control
150
300
450
600

Treatment
Control

150
300
450
600

Hnntrnl
150
300
450
600

IRR+WT
(liter)
1337
937
737
448
441
1418
967
764
481
474

TDS

(mg L1)
198
988
2003
3554
5107
198
988
2003
3554
5107

Maize
IRR + WT

(liter)
2010
1849
1494
1234
988
IQfTfi
1924
1580
1283
1180

TDS

(mg L1)
288
988
2003
3554
5107
1QR

988
2003
3554
5107

Satt added
(kg ha"1)

1040
3637
5799
6252
8849
1104
3752
6016
6717
9516

Satt added
(kg ha1)

2274
7180
11757
17225
19816
14R7
7468
12437
17922
23677

-iECK

16
59
29

333
543
32

107
397
275
241

AECK

123
560
732
931
1159

11

384
733
783
837
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Figure 5.11 The relationship between the increase in soil water salinity and the amount of salts

added through irrigation and water table uptake.

5.3.5 Prediction of salt accumulation in soils with restricted drainage

The relationships illustrated in the previous sections can be used to predict the accumulation of salts

in the root zone of soils with restricted drainage. This is based on the assumption that all of the salts

added through the irrigation water will accumulate in the root zone. Since it is easy and cheap to

measure EC,, the amount of salts dissolved in the water (TDS,, mg L'1) can be calculated for water of

any given quality with approximately the same composition, by multiplying the ECj with a constant of

7.831. The amount of salts added (kg ha"1) through irrigation is equal to ECj multiplied by the depth of

cumulative irrigation (mm) over a growing season times 0.0783. This value divided by the depth of

root zone or soil to the restricting layer gives the salt accumulation per mm rooting depth, which can

be multiplied by 69.918 (Figure 5.11) to obtain the estimated increase in the mean EC^ of the root

zone (Equation 5.1). In the previous chapter it was indicated that the relative decrease in yield for any

given crop is related to an increase in ECSW. The change in soil water salinity (AECsw, mS m~1 per

1800 mm) can be predicted after each irrigation cycle using Equation 5.1. The application of Equation

5.1 will be discussed in Chapter 7. Under saturated soil conditions it can be assumed that AEC^ will

be comparable to AECe. See explanation in Section 3.3.2.2.

[(Ed x Cum IR x 0.0783)/z] x 69.918 (5.1)

where

Cum IR=

z =

increase in the mean ECsw of the root zone per mm depth

Electrical conductivity of the irrigation water (mS m"1)

Cumulative irrigation (mm)

Soil depth to restriction (mm)
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5.4 Conclusions

When soils with restricted drainage are irngated with salt containing water, the salts added through

irrigation will accumulate in the root zone. The amount of salt in the irrigation water determines the

long term salt accumulation and distribution in a soil profile. In the presence of shallow water tables, it

was found that most of the salt will accumulate within the capillary zone, especially in the upper half.

It was also found that the yield of crops, which are sensitive to soil salinity, will be reduced when

grown on these soils. This reduction in yield will be determined by the rate at which salts accumulate

within the root zone. The accumulation of safts in soils with limited drainage, can be predicted for any

known quality and quantity of irrigation water, using Equation 5 1. This allows for the prediction of the

decline in yield of different crops (Section 4.3.4.2).
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CHAPTER 6

REMOVAL OF EXCESS SALTS FROM SALINE APEDAL SOILS

6.1 Introduction

Poor management of irrigated land will inescapably lead to the build up of salts in the root zone due to

removal of water by the crops or transpiration and evaporation from the soil surface {Van der Merwe,

1975). Sustainable utilization of this land depends heavily on the drainage strategies employed. On-

farm drainage strategies are influenced by many processes related to water and solute movement as

explained in standard soil physical text books (Marshall et a/., 1996; Hillel, 1998; Jury & Horton, 2004).

Basic knowledge of the processes as well as the factors that influence salt build up is important for

formulating strategies on salt removal and disposal. The main aim of this chapter is to focus on the

removal of salts from apedal soils. Although sodic soils are excluded from the scope of this project it

is still acknowledged as an important field of study, mainly due to the structural breakdown of soils and

corresponding loss in hydraulic conductivity (Van der Merwe, 1975). The two soils to be studied

represent deep Clovelly and Bainsvlei soil types (Soil Classification Working Group, 1991). The orthic

A on a red or yellow-brown apedal B horizon sequence are commonly used for irrigation, especially in

the arid bioclimatic zones of South Africa. These soils also tend to form water tables in lower lying

landscapes where over-irrigation is practised. If not artificially drained it quickly becomes unproductive

due to capillary rise of water and salts into the root zone. Under-irrigation however leads to the

accumulation of salts, especially where overhead irrigation systems, such as centre pivot and linear

irrigation systems are used (Du Preez et a/., 2000). This chapter will specifically address (i) the effect

of salinity on the drainage characteristics of apedal soils, (ii) salt removal as affected by irrigation

water of a high quality; and (iii) development of leaching equations that includes variables such as

rooting depth, initial soil water salinity and irrigation water salinity that can be applied in the

management of salinity.

6.2 Materials and methods

All the experiments were conducted at the Field Research Facility of the Department of Soil, Crop and

Climate Science, University of the Free State at Kenilworth near Bloemfontein. Consult Section 4.2.1

for a description and layout of the lysimeter unit that was used.

6.2.1 Experiment 1: Drainage of saturated soils

After harvesting of the maize trial, the soils in the lysimeters were saturated over a period of two days

with the same quality of irrigation water used in the trial. As reported in Section 4.2.3 there were

five irrigation water quality treatments, viz. T1 = 15, T2 = 150, T3 = 300, T4 = 450 and T5 = 600 mS

rrf1. The average amount of water applied to saturate the soils was 267 mm for Soil A and 211 mm for
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Soil B. Soil water was then extracted through ceramic suction cups that were Installed at different

depths as described in Section 5.2.1. The electrical conductivity of the soil water (EC^, mS m T) from

the suction cups was measured with an Ecoscan electrical conductivity meter. These water samples

were further analyzed for dissolved cations (Ca, Mg, Na and K) and anions (Cl, SO4) using standard

procedures (The Non Affiliated Soil Analysis Work Committee, 1990).

6.2.1.1 Measurements

Plastic covers were placed on the soil surface of the lysimeters to prevent water loss through

evaporation. The manometer and bucket connected to the bottom of the lysimeters were

disconnected in order to allow the water to drain from the soil Drainage water was collected in 10 L

buckets, via the drain-outlet of each lysimeter. The number of buckets and time intervals were

recorded on a 24 hour basis throughout the entire measuring period of 27 days.

The cumulative drainage volume (mm) per lysimeter was regressed against time (days), using the

rational function (y = a + bx 1 +cx +dx2) of the software package Curve Expert of Hyams (1995). The

statistical results are summarized in Appendix 6.1 for each lysimeter of both soils. It can be assumed

that this method provides an accurate description of cumulative drainage as the R2 values are

constantly higher than 0.98 for all the lysimeters. The resulting cumulative drainage curves were then

used to calculate drainage rates on a daily basis. During the entire drainage period the electrical

conductivity of the drainage water (ECd, mS m~1) was measured daily.

Volumetric soil water content was measured with a CPN 503 DR hydroprobe neutron water meter

(NWM) at 300 mm intervals to a depth of 1800 mm from the soil surface. Water content

measurements were done three times during the first 24 hours, twice during the second 24 hours,

after which only one measurement was taken every other day until the 27th day after saturation.

Drainage (D. mm) was calculated indirectly from the change in soil water content measurements (AW,

mm) made wrth the NWM assuming that precipitation, evaporation, transpiration and runoff were zero

(Equation 6.1):

- (W,-WM ) (6.1)

where i is a specific time (days) of measurement.

Drainage obtained with Equation 6.1 was plotted as cumulative drainage versus cumulative time and

then regressed with the above-mentioned rational function.
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6.2.1.2 Neutron water meter calibration

It was not possible to calibrate the NWM with the standard procedure of gravimetric soil water and bulk

density measurements. An indirect method was applied as an alternative procedure. In this

procedure the directly measured cumulative drainage was compared with the drainage calculated

indirectly using Equation 6.1. The measured and calculated drainage were then plotted against each

other to determine the deviation from a 1:1 fit. The slope of the original calibration function of the

NWM (Equation 6.2) was adjusted with small increments, and the procedure repeated until the best fit

was observed.

6=18.68CR-0.779 (6.2)

where 0 is the water content (mm mm" ) and CR the count ratio of the NWM.

The best fit for Soil A was obtained with a slope of 21 for T1 and T2, and 23 for T3, T4 and T5. In the

case of Soil B a slope of 21 for T1, and 22 for T2, T3, T4 and T5 gave the best fit. The 1:1 cumulative

drainage graphs, presented in Figure 6.1 for both soils, showed good correspondence between the

direct and indirect methods The R2 values were above 0.85 for both soils and the slopes were close

to 1. For future use of the indirect method the adjusted slopes can be used.
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Figure 6.1 Comparison of the indirectly calculated cumulative drainage, using the calibrated

CPN, with the directly measured values for all the lysimeters of both soils.

6.2.2 Expenment 2: Leaching with good quality irrigation water

The layout of experiment 2 was similar to experiment 1 except that all the treatments were irrigated

with water of the same quality, viz, 75 mS m 1. The soil water salinity of the treatments, at the end of
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experiment 1, was taken as the starting point for soil water salinities of experiment 2. At this stage the

average EC^ for T1, T2, T3, T4 and T5 were 85, 261, 315, 521 and 671 mS m"1 for Soil A and 83,

271,467, 547 and 1014 mS m1 for Soil B, respectively.

Before irrigation started with the 75 mS m1 water, the water content of the soil was near the drained

upper limit (DUL). Both soils were irrigated by flooding the surface with a depth of 50 mm water per

irrigation event. Two irrigations per week were applied for seven weeks giving a total of 700 mm. The

amount of water that drained from the bottom of each lysimeter was measured directly and calculated

indirectly by using the data from the NWM measurements. Direct measurements were made daily by

opening the drained-outlet at the bottom of the lysimeter every morning and closing it every evening.

The measured volume of drainage water was converted to depth (mm). Drainage water from every

lysimeter was stored in a separate container, it was thoroughly stirred daily and the electrical

conductivity measured as described earlier (ECd, mS m~1). The soil surface of the lysimeters was

covered with a plastic sheet to prevent evaporation (E), except for 2-3 hours per day when the soil

water measurements were made or when irrigations were applied. For the entire period the lysimeter

unit was covered by a rain shelter to prevent rain from entering the lysimeters and to restrict E during

measurements.

6.2.3 Experiment 3: Leaching with a range of irrigation water salinities

For the third experiment leaching of the lysimeters with a range of irrigation water salinities was done

between harvesting of the bean crop and planting of the peas. This period stretched over 9 weeks

from May to July 2004. The salts accumulated in the soil over two growing seasons, viz that of wheat

and beans. The profiles were leached with the following irrigation water salinities: T1 = 15, T2 = 75,

T3 = 150, T4 = 225, T5 = 300 mS m 1. Six irrigations were given during the leaching period, which

amounted to 848 mm for Soil A and 911 mm for Soil B. Soil water was extracted through the suction

cups and the EC^ was determined as explained for experiment 1. Drainage was measured manually

over the entire period, following the same procedure as described for experiment 2. Unfortunately the

electrical conductivity of the drainage water was not measured, so it was impossible to calculate the

salts removed.

6.3 Results and discussion

6.3.1 Drainage of saturated soils with decreasing soil water salinities

As described in Section 6.2.1 experiment 1 was designed to simulate conditions where saturated soils,

containing different amounts of salts, are drained artificially.
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6.3.1.1 Salinity status of the soils

The composition of the salts in the irrigation water was selected to represent the quality of the lower

Vaal River system. The sodium adsorption ratio (SAR) of all the water treatments were below 5, while

the EC, of the water increased from treatment T1 (15 mS rrf1) to T5 (600 mS m 1). During the maize

experiment no drainage occurred as a constant water table was maintained at 1.2 m from the soil

surface. On average a total of 612 mm was irrigated during the maize experiment, which inevitably

lead to the build-up of salts in the profiles. The average ECsw-values during the growing season of

maize for T1 to T5 were 139, 489, 734, 968 and 1272 mS m'1 for Soil A, and 84, 400, 721, 912 and

1105mSm~1 for Soil B (Table 4.10).

According to Gupta & Abrol (1990), soils with an ECe < 400 mS m 1 are classified as non-saline.

Saline soils have ECe values > 400 mS m"1 and SAR values < 15, while sodic soils have SAR values >

15. Following these criteria, treatment T1 of both Soil A and Soil B, represent the non-saline soils,

while treatments T2 to T5 of both soils represent the saline soils. None of the treatments for both soils

have SAR values above 15.

From the clear relationship (R2 > 0.78) between the electrical conductivity of the irrigation water and

the increase in AEC^ during the maize season as displayed in Figure 6.2, it can be concluded that

612 mm irrigation almost doubled the ECSW over the growing season.

1400

y = 1.8899x
1 2 0 0 R^0.78

100 200 300 400 500 600 700

ECi (mS m1)

Figure 6.2 Influence of irrigation water salinity (EC,) on the increase of soil water salinity

after 612 mm irrigation.
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The importance of this observation can be illustrated with Soil B. For example, irrigating a water table

soil with water of which the EC is 200 mS m 1 will convert a non-saline soil (ECsw = 225 mS m"1) to

saline within only one season, with an estimated EC^ = 426 mS m~\

6.3-1.2 Effect of deteriorating soil water salinity on drainage

Results from the previous section indirectly illustrate the importance of drainage as the soil water

salinrty deteriorates linearly with an increase in the electrical conductivity of the irrigation water under

restricted salt leaching. This section focuses on the effect of soil salinity on free drainage from a

saturated soil. The volume of collected drainage water was used to construct cumulative drainage

versus time curves for each lysimeter (Appendix 6.1). From these drainage curves three periods were

selected to represent fast, moderate and slow periods of drainage, viz. 0-2 days, 2-5 days and 5-27

days. The average drainage rates were 112, 9.5 and 1.6 mm day"1 for Soil A and 69, 5.8 and 1.6 mm

day1 for Soil B, respectively. The computed drainage rates were also regressed against the

measured EC^ at the start of experiment 1, for each drainage period of both soils (Figure 6.3). In

general the graphs demonstrate a small improvement in drainage rates associated with deteriorating

soil water conditions, except for the moderate drainage period of Soil A where a negative response

can be observed.
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The positive trend could be attributed to a thinner electrical double layer associated with higher

electrolyte concentrations of the bulk soil solution (Bohn ef al., 1985). The negative slope of the

moderate drainage period for Soil A indicates a reduction in drainage, which is closely related to sodic

soils where swelling and clay dispersion normally blocks the soil pores. This phenomenon normally

leads to a reduction of the hydraulic conductivity of the soil (Tedeschi & Dell'Aquila, 2005). It is highly

unlikely that clay dispersion occurred because no traces of clay-sediment could be found in the

drainage water.

The small improvement, however, was never significantly correlated with an increase in deteriorating

water salinity, except between treatments T1 and T5 of Soil A. Bohn et al. (1985) also demonstrated

that the changes in the thickness of the electrical double layer normally occur over small distances

(nm). Following this theory the results indicate that the magnitude of compression of the double layer

was probably not enough to improve the drainage of both soils. For practical reasons this

improvement is assumed to be insignificant, the conclusion being that soil water salinity will not affect

the drainage rates of apedal soils as long as the SAR values of the irrigation water are below 5 in the

absence of clay dispersion.

6.3.1.3 Soil water content versus time relationships

Drainage curves derived from in situ measured soil water content-time functions (Appendix 6.2), as

described by Ratliff et al. (1983), is commonly used to estimate the drainage component of the field

water balance (Hensley et a/., 1993; Bennie et al., 1994; Van Rensburg, 1996; Bennie ef al., 1998;

Hensley ef al., 2000; Van Staden, 2000 and Botha ef al., 2003). Similar curves were computed for

each soil lysimeter and the calculated drainage compared well with the corresponding measured

drainage (Section 6.2.1.2). Due to the fact that soil water salinity did not apparently affect the slope of

the curve, all data was combined and a single drainage curve was compiled for each soil type (Figure

6.4). The regression coefficients (R2) in Figure 6.4 revealed that the drainage is well described for

both soils. These curves also show prominent differences between the two soils, especially after the

first two days following saturation (DAS). Despite the fact that both soils are apedal, the total drainage

was almost twice as large for the more sandy Soil A (212 mm) in comparison with the more clayey Soil

B (135 mm) at 2 DAS. This is probably due to a larger proportion of macro pores in Soil A, compared

to Soil B. Soil B retained 523 mm water compared to the 456 mm of Soil A.
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Figure 6.4 Water content versus time, for the 1.8 m profiles of both soils, for all the lysimeters.

The drained upper limit (DUL) was selected according to the guidelines of Ratliff et al. (1983), viz. the

water content corresponding with a slow drainage. During day 27 the drainage rates were 1.1 and 0.7

mm day"1 for Soil A and Soil B, respectively. These rates correspond to mean DUL-values of 381 and

474 mm 1800 mm"1 for Soil A and B, respectively. Field saturation was measured to be 668 and 658

mm 1800 mm*1, for Soil A and B respectively, which suggest that the bulk densities are also similar or

closely related. Unfortunately this theory could not be tested as it was not possible to measure the

bulk densities because it was decided not to disturb the soil profile in the lysimeters at this stage. An

attempt was made to calculate an average bulk density for the profile from the measured field

saturated water content values, assuming that 5% of the pores contain air. The estimated values

seem to be realistic and amounts to 1617 and 1633 kg m"a for Soil A and Soil B, respectively Zeleke

(2003) measured the bulk densities of the Bainsvlei soil in its cultivated state, using 200 mm depth

intervals over the 1.6 m profile. The average value amounted to 1658 kg m3 and appears to be

slightly higher than the estimated values of the Bainsvlei soil in the lysimeters. Zeleke (2003) also

calculated the drainage of the profile to be 0.84 mm day"1 on 26 DAS, using the internal drainage

method of Hillel et al (1978). The corresponding drainage estimated with the drainage curve obtained

from the lysimeters amounted to 0.7 mm day"1 on the same day.

6.3.1.4 Quantifying salt removed during a complete drainage cycle

The average total drainage measured per treatment during the experiment is summarized in Table 6.1

for both soils. On average the drainage for Soil A was 54% more than that of Soil B The total

drainage for T1 to T5 varied between 242 and 334 mm for Soil A and between 158 and 199 mm for

Soil B. As the electrical conductivity of the drainage water (ECd) was regularly measured dunng the

105



drainage period an attempt was made to determine a relationship between ECd and time after

saturation. Extremely poor relationships were obtained (data not shown), which indicated that salt

concentration had little effect on the drainage rate.

Consequently the average EC of the drainage water, total volume of drained water and the area of the

lysimeters per treatment over the entire drainage period was used as constants for computing the total

amount of salts removed in kg ha"1 (Table 6.1). The total dissolved salts of the drainage water (TDSd,

mg L 1) were calculated by multiplying ECd (mS m 1) with a factor of 7.568 (Section 5.3.3). The full

data set is given in Appendix 6.3.

Table 6.1 Average electrical conductivity of drainage water (ECd), cumulative drainage (£D) and

cumulative salt removal (£SR) for both soils

Soil type

Treatments
T1
T2
T3
T4
T5

ECd (mS m 1)
108
428
111
1094
1381

Soil A

X D (mm)
242
258
312
289
334

ISRfkgha"1)
1975
8435
18171
23993
34901

ECd (mS m"1)
67

275
544
738
954

Soil B

X D (mm)
158
195
192
199
186

ISRfkgha ' 1 )

808
4066
8004
11147
13448

Depending on the treatment a single drainage cycle of Soil A removed between 1 975 and 34 901 kg

salts ha'1, while Soil B discharged between 808 and 13 448 kg salts ha"1. The results indicate clearly

that there is a relationship between salt discharged or removed and the initial salt concentration of the

soil and that more salts were discharged from the more sandy Soil A than from the more clayey Soil B.

The rate of salt removed (kg salt ha*1 mm"1 drainage at 1800 mm depth) was calculated and regressed

against measured EC^ at the start of experiment 1 by forcing the regressions through the zero co-

ordinates. As shown in Figure 6.5 the relationships illustrate that the satt removal rate is a function of

the texture and salt content of the soils. The constant amount of salts that were discharged per ha per

mm water drained per ECSW (mS m"1) as indicated by the slope of the linear relationship (Figure 6.5), is

an indication that the volume of drained water is very similar among the salinity treatments.
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Figure 6.5 Salt removal rate (kg salts ha"1 mm"1 drainage below 1800 mm depth) of all the

lysimeters for both soils as a function of the electrical conductivity of the soil water

(ECO.

6.3.2 Salt removal through leaching with good quality water

As described in Section 6.2.2 experiment 2 simulates conditions where a saline soil is reclaimed by

leaching with good quality water.

6.3.2.1 Water balance

Salts that accumulated in the lysimeters during the different treatments of the maize trial were

removed through leaching by periodically applying 50 mm good quality water with an EC of 75 mS m \

In Figure 6.6 the irrigation frequency intervals can be followed for the 50-day leaching period The

actual measured soil water content of the profiles (Appendix 6.4), expressed as the average of 15

lysimeters, is also displayed in Figure 6.6.

in the case of Soii 6, tne water content vaned in a narrow band between 520 and 570 mm, after the

initial imgations were completed, which was higher than the DUL of 474 mm 1800 mm"1. The water

content of Soil A varied from 445 to 510 mm between irrigations which is higher than the DUL of 381

mm 1800 mm1. Soil A which is more sandy than Soil B also showed a slightly higher decrease in

water content between irngation intervals due to more rapid movement of drainage water. However at

the end of the 50 day measuring period, the measured cumulative drainage was approximately similar,

viz. 588 and 590 mm for Soil B and Soil A respectively. Using the water balance equation to calculate

evaporation (E = AW + I - D) gives a total E value of respectively 93 and 76 mm for Soil B and Soil A

over the measunng period
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To illustrate an alternative method, the daily drainage was also computed using the water balance

equation (D = AW + I - E), with daily values of AW and E as inputs. Daily E was taken as the total E

divided by the number of measuring days, resulting in 1.9 and 1.5 mm day1 for Soil B and Soil A,

respectively. The cumulative drainage calculated in this manner was compared with the actual

measured data in Figure 6.7. An excellent correlation (R2 > 0.95) was found between measured and

estimated values. The slope of the linear regression lines was close to one, which confirmed the

accuracy between the measured and estimated values. The average daily drainage rate of the two

soils, under these conditions, was 11.8 mm day1.

6.3.2.2 Salt removal

It was assumed that the water extracted through the suction cups represents the salt concentration of

a wet profile. Therefore the average EC^ of the six soil layers was used to give the mean salt

concentration of the soil water in the profile. The decline in the mean EC.^ of both soils as affected by

cumulative drainage is displayed in Figure 6.8 while the full data set is presented in Appendix 6.5.

In general the control (T1) showed no significant change in salt concentration with an increase in

drainage for both soils, indicating that the ECsw was in equilibrium with the applied irrigation water (±

75 mS m"1). The decrease in salt concentration is best described by a semi-logarithmic function (y = a

Inx + b), indicating that salt removal is very efficient over the first 100 mm of drainage, where after the

efficiency declines as more water is needed for reducing a unit EC^.

It seems that Soil B will require more water to remove the salts, as the EC^ of treatment T5 was still

at 142 mS m~1, after 550 mm of drainage water passed through the profile, while all the treatments of

Soil A were in equilibrium with the irrigation water. The R2 values of the regressed semi-logarithmic

functions for treatments T2 to T5, varied between 0.94 and 0.95 for Soil A and 0.82 and 0.91 for Soil B

respectively.

Salt removal was also expressed on a relative basis, in other words, as a fraction of the maximum

actual salt removed (kg ha1) for a specific treatment. Appendix 6.6 provides a data set of the

measured drainage (mm) as well as ECd over the leaching period of 50 days. The total amount of

salts removed (kg ha"1) were calculated by multiplying ECd with a constant factor of 7.568 in order to

obtain TDSd which is then multiplied by the volume of drainage water for that specific day. Then the

actual measured maximum quantity of salt removed is obtained by subtracting the salts added with

irrigation water from the total salts leached.
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Figure 6.8 The average electrical conductivity of the soil water (ECSW) over a depth of 1800 mm,

for the entire leaching period for both soils.

This approach gave a single mathematical function for describing salt removal as a function of

drainage per soil type, irrespective of the salt concentration of the profile (Figure 6.9). Treatment T1 is

not included here because no salts were actually removed as only the salts applied leached from the

soils. The combined data of relative salt removal correlated well with the cumulative drainage (R2 = >

0 98) for both soils. From the shape of the two curves it is clear that the economic use of water will

play an important role in salt removal through leaching. For example in order to remove the first 50%

of the salts in the profiles, 126 mm of drainage water was required for Soil A and 180 mm for Soil B.

Removing the remaining 50% salts required approximately 3 and 2 times more drainage water.
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Several studies used 80% removal levels as a guideline for determining the optimum amount of water

required to manage salinity effectively.

Applying this approach to the soils revealed that Soil A will require 274 mm and Soil B 349 mm or 0.5

pore volume of drainage water per 1800 mm soil depth to remove 80% of the salts. It should be kept

in mind that the amount of water required to wet the soil to DUL should be added to the above

mentioned values. Other factors that will influence the amount of irrigation water needed is

evapotranspiration, application efficiency of the irrigation systems, runoff etc.
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Cumulative drainage plotted as a function of the fraction of actual salt removed over a

depth of 1800 mm for the two soils leached with good quality water (EC, = 75 mS m"1).

6.3.2.3 Change in salt distribution of profiles

Figure 6.10 illustrates the changing salt distribution patterns in the profiles after 2, 4, 6, 8, 10, 12 and

14 irrigations of 50 mm each with water of constant quality, namely 75 mS m~\ The salt content for

the various treatments and depths was expressed in ECsw (mS rrf1) as measured in the water

extracted with the suction cups. The 0 mm salt distribution line gives the EC^-values before the start

of experiment 1 when the soil was saturated. All the other salt distribution lines correspond with the

successive cumulative irrigation intervals.
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Figure 6.10 Change in salt distribution profiles of both soils, for the various treatments, during the

entire leaching period of experiment 2.
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After 100 mm of irrigation the salt distribution changed in comparison to the 0 mm line. The salt

accumulation peak at 700 mm depth was largely removed as the salts were pushed downwards in the

profile. This was induced by a complementary effect of internal drainage, as described in experiment

1, and leaching by the 100 mm irrigation applied during the first few days of experiment 2. Small

amounts of water drained after the first two irrigations which total 100 mm as most of this water was

stored in the profiles of both soils. The 100 mm irrigation line therefore represents the start of effective

leaching of both soils.

From the third irrigation the salts in the profiles were removed and simultaneously pushed downwards.

In Soil A the EC^ of the top meter of the profiles were close to EC, after 200 mm of irrigation was

applied. For Soil B this stage was only reached after 300 mm of irrigation water was applied. The lag

in response of Soil B can be ascribed to the lower drainage rates compared to Soil A.

6.3.3 Salt removal by leaching with different irrigation water salinities

As described in Section 6 2 3. expenment 3 simulates conditions where saline soils are reclaimed by

using water with different salinities for leaching.

6.3.3.1 Salinity profiles and its leaching fraction

This experiment differed from the other two because the profiles were leached with different irrigation

water salinities that varied from 30 to 300 mS m'1. Leaching was done until the EC^ equilibrated with

EC; The average EC^ for the soil profiles of the various treatments at the start of the leaching

procedure were those measured at the end of the growing season for beans, and at the end of the

leaching procedure were the target EC^ values for peas In Table 6.2 the amount of water irrigated

and drained together with the drainage to irrigation ratios are presented. The full data set is given in

Appendix 6.7.

The challenge was to develop a single equation for calculating the amount of leaching required at a

specific irrigation water salinity to manage soil salinity. This seems simple, but involves simultaneous

processes, like water drainage and solute movement. The problem is complicated as the ECsw

continuously change over time and depth during irrigation, as can be seen in the salinity profiles of

Soils A and B presented in Figure 6.11. After each irrigation cycle the accumulated salts were pushed

downward and out of the profile. The final EC^ ended very close to the target ECW levels set for the

pea experiment (Table 6.2)
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Table 6.2 Mean EC^-values of the various salinity treatments at the end of the beans growing

season, and the target values set for peas at planting

Parameter Units

End of beans ECSW (mS m")
Actual and

(target) for peas ECSW (mS m )

Irrigation

Drainage

Drainage : irrigation

(mm)

(mm)

ratios

Soil type
A
B
A
B
A
B
A
B
A
B

T1
158
160

53 (30)
53 (30)

848
911
111
799
0.92
0.88

T2
544
636

117(75)
109 (75)

848
911
757
850
0.89
0.93

Treatments
T3
835
1372

124(150)
155(150)

848
911
764
803
0.9
0.88

T4
1491
1520

251 (225)
221 (225)

848
911
781
855
0.92
0.93

T5
1888
1698

397 (300)
382 (300)

848
911
723
814
0.85
0.89

A total of 848 mm was irrigated at Soil A, which resulted in drainage that varied from 723 to 781 mm

among the treatments. Soil B required 63 mm more leaching than Soil A to reach the desired targets,

while the drainage varied from 799 to 855 mm over the treatments. The ratios between the drainage

and irrigation depth of water are listed in Table 6.2 and varied between 0.89 and 0.92 for Soil A and

between 0.88 and 0.93 for Soil B. In fact the values should be close to one if water storage in the

profile was zero and evaporation negligibly low. The application of so much extra water during the

crop growing season, when ET dominates the water balance, is not practical. However, it provides

sound information on salt removal in the absence of a crop as will be discussed in the next section.

6.3.3.2 Leaching curves

According to Hoffman (1980), in situ determined leaching curves provide reliable estimates of the

quantity of water required to accomplish salt leaching. One of the various approaches that was

developed is demonstrated in Figure 6.9. This type of leaching curve gives accurate information on

the economical use of water for salt removal, as influenced by the soil and irrigation water salinity

characteristics. The main disadvantages are that (i) its application is restricted to the quality of

irrigation water to be used; (ii) it can only be applied to the same soil depth for which it was developed;

and (iii) it is also only valid for a specific quality of irrigation water. Most of these disadvantages can

be overcome by relating the ratio between the actual ECSW to the initial ECSW that is ECswactuai/ ECSVV

initai, with the depth of drainage (Dw) per unit depth of soil (Ds), that is Dw / Ds (Hoffman, 1980).
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Figure 6.11 Change in salt distributions profiles of both soils, as affected by cumulative irrigation

(mm) over the entire leaching period for experiment 3
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The data presented in Appendix 6.7 was used to calculate these ratios for different depth intervals of

the profiles. Only the data that is not marked in bold, presents active salt removed and was used.

Once equilibrium was reached the data was excluded. The ratios for the different treatments and soils

are presented in Appendix 6.8. Graphical presentations of the relationship between [1 - {ECSW actual /

ECsw initial)] and Dw / Ds for the different treatments and soils are given in Figure 6.12. It is evident

from these graphs that the optimal Dw / Ds ratio for all the salinity treatments (T2 - T5) was

approximately 0.2. This value represents 200 mm drainage per meter soil depth to remove 65% or

more of the salts.

Similar graphical solutions are presented by Dieleman (1963), demonstrating the non-linear

relationship for a silty clay, clay and sitty loam soil. These relationships are unique for soil types and

irrigation water quality, as shown by Rao et a/. (1986).

The different relationships for every treatment in Figure 6.12 could be combined, as proposed by

Rhoades & Loveday (1990), by subtracting Ed from the ECsw a^a, and ECSW inrtiai values to give a

dependent variable 1 - [(ECswactliai- ECi) / (ECSW inrtW - ECi)]. Its relationship with Dw / Ds is presented

in Figure 6.13 for the two soils. The general equation describing the relationship is y = a (1-exp-cx)

where the parameter a should theoretically be one, and the parameter b should be a function of the

drainage characteristics of the soil. The two equations for Soil A and B are:

Soil A: y = 0.9468 1 - e1D 1543x R2 = 0.91 (6.3)

SoilB: y = 0.9732 1-e73476* R2 = 0.90 (6.4)

It can be concluded from Equations 6.3 and 6.4 that the absolute value of parameter b increases with

more rapid drainage of more sandy soils and vice versa.

Equations 6.3 and 6.4 must be rearranged to calculate Dw:

Dw = [(ln(-y/a+1))/c]Ds (6.5)

where y 1 - (EC^ actual - EC{) / (ECM inital -

a = 1 for Soils A and B

c = -10.1543 for Soil A and-7.3476 for Soil B

Ds = depth of soil (mm)
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Soil A

R' = 0.83 R2 = 0.95 R2 = 0.97 R2 = 0.99 R2 = 0.99

a = 0.6358 a = 0.7881 a = 0.7981 a = 0.8738 a = 0.8510

b = 6.2435 b= 110158 b= 17.8538 b= 11.0334 b = 10.7478

0.2 0.4 0.6 0.8 1.2

SoilB

Figure 6.12 Fraction of salts removed plotted as a function of drainage per unit soi! depth for the

different soils and treatments.
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Figure 6.13 Relationship between the fraction of salts removed by leaching with different qualities

irrigation water and the drainage per unit soil depth (mm).
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The practical use of leaching equations is illustrated in Table 6.3. Equation 6.5 was used to calculate

for Soil A and B the amounts of drainage (Dw) required to decrease the ECs* •„,& with 80% to different

depths when irngated with 50 and 150 mS m 1 water. The two soils under discussion represent

approximately 60% of the total irrigated land in the Free State, Northern Cape and North West

provinces.

Table 6.3 illustrates that the clayey Soil B generally requires more drainage than the sandy Soil A in

order to leach 80% of the salts. The drainage required also decreased with an increase in ECsw ntbS

levels when only 80% of the salts are leached. This indicates that although leaching will always be

effective (real ability to remove salts below the root zone) its efficiency (low water volume to be

employed to such purposes) will increase from a low to high soil salinity content (Monteleone ef al,

2004). Consideration will have to be given to the fact that soil salinity will be close to that of the

irrigation water.

Table 6.3 Guidelines for approximate amount of drainage required to leach 80% of the salts

from different depths with two irrigation water salinities for Soil A and B.

Soil type EC, (mS m 1)

50

Soil A 150

50

Soil B 150

EC^^i

(mSm1)
400
800
1600
800
1600
400
800
1600

800
1600

E C S W aCtuan

(mS m 1)
80
160
320
160
320
80
160
320
160
320

0-300
73
57
52
123
63
100
78
71

170
88

0-600
145
113
103
247
127
201
157
143
341
175

Soil depth (mm)

0-900
218
170
155
370
190
301
235
214

511
263

0-1200
290
227
207
493
253
401
314
285
682
350

0-1500
363
284
258
617
317
502
392
357

852
438

0-1800
435
340
310
740
380
602
470
428
1023
525

6.3.3.3 Verification of the leaching curves

The leaching equation given in Section 6.3.3.2 was verified against the independent data set from

Experiment 2, where good quality irrigation water of 75 mS m"1 was used. Soil depths of 0-300 mm, 0-

600 mm, 0-900 mm. 0-1200 mm, 0-1500 mm and 0-1800 mm were used in the analysis. The actual

ECsw-values were calculated with Equation 6.5 for the specific soils using the measured drainage at

various measured initial ECsw values and for the mentioned depths. Then the calculated actual ECsw-

values were statistically compared with the measured values. Both functions exhibited a very good

correlation as the slopes were close to one with R2 values of 0.76 and 0.91 for Soil A and B,

respectively (Figure 6.14). Most of the calculated values were within the ±20% variation lines.
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Figure 6.14 Statistical comparisons to the actual EC.^, calculated with leaching equations, against

the actual measured ECsw values, of both soils using the independent data set of

experiment 2.

Estimations of the leaching requirement for Soil A (loamy sand) and Soil B (sandy loam) were made

by computing Dw for good quality water (ECj = 50 mS m'1) at various ECSW levels and a Ds of 1200

mm with Equation 6.5. The ECsw actual value was taken as 80 mS m"1. The results were compared

with values recommended by Van der Merwe (1975) in Table 6.4. These guideline values and the

values estimated with Equation 6.5 are almost similar. It is apparent that both soil depth and initial

EC^ are important and can influence leaching considerably.

Table 6.4 Comparison of guidelines generated with the leaching equations (LE) of both soils

against the recommended leaching requirement (mm 1200 mm"1 soil depth) of Van

der Merwe (1975)

t v 5 w initial

(mSm1)
400
600
800
1000
1600

FP
t v s w actual
(mS m1)

80
80
80
80
80

Loamy sand
Van der Merwe, 1975

160
240
320
400
560

Soil type

LE Van
290
344
380
408
466

Sandy loam
der Merwe, 1975

260
390
520
650
910

LE
401
475
526
564
644

Unfortunately, the leaching equations are unique for a specific soil type and can only be extrapolated

to different soil types, if it is possible to relate the variable b to soil properties associated with drainage

rate. The drainage rate of soils is a function of the pore size distribution. For apedal soils, the

percentage silt-plus-clay (< 0.05 mm) is well correlated with the hydraulic and water holding

characteristics of soils (Bennie et ai, 1998). The relationship between the mean silt-plus-clay

percentages of the two soils and the corresponding b-values is presented in Figure 6.15.

Unfortunately two data pairs are insufficient to obtain a valid relationship. If it is not possible to
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determine leaching curves in the field the aid of models such as SWB (Annandale et ai, 1999) and

SALTMED (Ragab, 2004) can be consulted.

20
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14

at 12

5 10

• 8

6

4

2

0

Figure 6.15

y = 0.2673x- 12.346 |

10 15

Mean silt + clay (%)

20 25

Relationship between the mean silt-plus-clay percentage of the soils and the

corresponding b-values for the salt leaching equations.

6.4 Conclusions

The first experiment simulated conditions where saturated soils, containing different amounts of salts,

were drained artificially. The salinity status of the two apedal soils, as affected by irrigation water

salinity under water table conditions, were characterised and a strong relationship between the

electrical conductivity of the irrigation water (EC,) and soil water (EC^) was obtained. A total of 612

mm irrigation doubled the ECsw during the maize growing season. This illustrates the importance of

free drainage because EC^ increases linearly with an increase in the ECj. The results also revealed

that ECsy, did not significantly affect drainage rates over a soil depth of 1800 mm. Consequently all the

data was combined and a single drainage curve per soil type was derived. The single drainage cycle

of Soil A removed between 1975 and 34 901 kg salts ha"1, and that of Soil B between 808 and 13 448

kg salts ha"1 depending on the initial salinity. It can be concluded that the salt removal rate (expressed

as kg salts ha"1 mm"1 drainage) is a function of the texture and salt content of a soil.

Experiment two simulated conditions where a saline soil is reclaimed by leaching with good quality

water. From the water balance it was calculated that the average drainage rate between the two soils,

under these conditions, was 11.8 mm day'1, which amounted to 590 mm drainage over the leaching

period of 50 days. The salt concentration of a wet profile was represented by the EC^ which declined

with an increase in cumulative drainage. This decrease is best described by a semi-logarithmic

function, indicating that leaching is very efficient over the first 100 mm of drainage. Salt removal was

also expressed on a relative basis, as a fraction of the maximum amount of salts removed (kg ha"1)
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per treatment, indicating that the efficiency of salt removal decreases rapidly where the depletion level

rose above 80% of the total salts actually removed.

The third experiment differed from experiment two because various saline profiles were leached with

different irrigation water salinities. Almost all of the applied water drained from the soils with a

drainage: irrigation ratio > 0.85. The actual or target ECsw ended close to the electrical conductivity of

the irrigation water, as the accumulated salts were pushed downward and out of the profiles.

Leaching curves and equations, which can accommodate variables such as actual soil salinity,

irrigation water salinity, amount of leaching and soil depth, were developed for both soils. The

leaching curves showed that the actual EC^ decreased linearly with an increase in drainage per unit

soil depth, where after it declines sharply with a further increase in drainage per soil depth.

Estimations made with the leaching equation (Equation 6.5) revealed that both soil depth and initial

EC^ are important and can influence leaching considerably. A decrease in the amount of drainage

required to remove 80% of the salts, can be observed with an increase in the initial EC^, of soils

(Table 6.3). When almost all the salts are removed, bringing the EC^ close to that of the EC,, the

required drainage will increase with an increase in the initial EC^ levels (Table 6.4). Unfortunately

leaching equations are unique for a specific soil type and can only be extrapolated to different soil

types when sufficient data is available. For a relationship between mean silt-plus-clay content of the

two soils and the corresponding b values of the leaching equations, the two data pairs were

insufficient to obtain a valid relationship. Future research on leaching curves, as influenced by soil

properties, is therefore required.
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CHAPTER 7

PROCEDURES FOR MANAGING ROOT ZONE SALINITY

7.1 Introduction

Long-term sustainable crop production under irrigation, requires periodic information on soil salinity

and distribution within the root zone. The soil salinity of the root zone should be managed in such a

way that the salinity is kept below levels that are harmful to the cultivated crops. It is also important to

select crops, or cultivars of the same crop, with higher salt tolerance than the salinity of the root zone.

The salinity of root zones generally increases with depth and with drying of the soil at a specific depth.

The change in salt concentration in the root zone depends on the direction of the nett salt flux. Within

freely drained root zones the salinity level will be a function of the irrigation water salinity, and the

amount with which irrigation exceeds water uptake. The root zone salinity will decline when more salts

are removed through drainage below the deepest roots than the amount of salts added through

irrigation during a growing season.

Drainage of root zones can be restricted, due to the presence of a water table within or just below the

deepest roots, or a soil layer impeding the downward flux of salts. Under these conditions the salinity

of the root zone will gradually increase, depending on the amount of salts added through irrigation or

sub-surface lateral influx from higher lying soils. When the root zone salinity under these conditions

exceeds the threshold values of the cultivated crops, artificial drainage of the soil becomes essential.

Temporary alleviation of yield losses can be achieved by using high frequency irrigation, which keeps

the upper part of the root zone at or near the upper limit of plant available water.

Complex dynamic models have been developed for simulating the movement and reactions of salts in

soils during leaching. Reference to some of these models has been made in Chapter 2. Without

digressing into detail or the reasons behind this tendency, it can be stated that predictions based on

these transport theory models, for purposes of estimating the required amounts of leaching to manage

root zone salinity, are not widely used. Estimates are usually based on guidelines established from

empirical relationships derived from field experiments and experience.

It will be the objective of this chapter to formulate procedures, based on the results discussed in

Chapters 3 to 6, that can be used to manage the salinity of root zones under different conditions.

7.2 Essential information required for managing root zone salinity

The information required to make the necessary calculations and decisions for the purpose of

managing the salinity of root zones, will be discussed in this section.
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i) Potential depth of the rooting zone

The soil or rooting depth is used in calculating the increase in soil salinity during the growing season

(Equation 5.3), and the amount of drainage required to leach a specified quantity of salts from the root

zone (Equation 6.5). In Table 7.1 the maximum potential rooting depth of some crops is given. The

depth of the soil from the surface to, if present, a layer that will impede root growth or water

movement, should be measured. If the soil is deeper than the potential rooting depth, the depth of the

soil is set equal to the rooting depth. If the soil is shallower than the rooting depth the rooting depth is

set equal to the soil depth.

ii) Internal drainage of the root zone

Different salinity management procedures should be followed for root zones from which excess water

can drain freely, or where drainage from the root zone is restricted. When there is no restriction on the

drainage of excess water from the root zone, freely drained conditions will prevail. When an impeding

layer is present, in or just below the potential rooting depth and resulting in waterlogging and the

formation of a shallow water table, restricted drainage conditions will prevail.

Hi) Initial root zone salinity

The salinity of the soil, averaged over the potential rooting depth, is required for comparison with the

crop tolerance in order to calculate the expected decline in yield (Equation 4.2) and for calculating the

expected soil salinity for the next cropping season (Equation 6.5). Soil salinity can be determined from

periodic measurements made: a) on extracts of soil samples; b) on soil water samples collected with

porous cup vacuum extractors; c) in soil, using porous salinity sensors which equilibrate with the soil

water; d) in soil, using four electrode probes, or e) remotely by electromagnetic induction techniques

(Rhodes & Loveday, 1990).

The most convenient measurement of soil salinity relates to the determination of the electrical

conductivity of water extracted from saturated soil (ECe, mS m"1). The salinity of irrigated soils is

normally low near the surface and increases with depth. It is essential that representative soil

samples should be taken at different depths over the whole rooting depth and mixed thoroughly,

before ECe is determined. A distinction is made in literature between the electrical conductivity of the

soil water extracted in the laboratory from a disturbed soil sample (ECe) and, on water extracted in situ

from undisturbed soil with porous suction cups (ECw,). For practical purposes it will be assumed, in

this discussion, that the conversion of ECe to EC.™, and Wee versa is available.
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Table 7.1 Salt tolerance of different crops (after Rhoades & Loveday, 1990 and this report) and other relevant information

Crop

Bean (dry)

Cotton

Maize

Onion

Pea (dry)

Peanut

Potato

Soybean

Sorghum

Sunflower

Wheat

Botanical

name

Phaseolus

vulgahs

Gossypium

hirsutum

lea mays

Allium cepa

Pisum

sativum

Arachis

hypogaea

Solanuim

tuberosum

Glycine max

Sorghum

bicolor

Helionthus

annuus

Triticum

aestivun

Threshold-value

for Eq 4.2

(EC.w.mSm"')

100

770

350

120

105

320

170

500

680

600

b-value

for Eq 4.2

-0.0009

-0.00052

-0.00073

-0.0016

-0.00096

-0.0029

-0.0012

-0.0020

-0.0016

-0.0007

Maximum

rooting deplh

(mm)

1500

2000

2200

800

1500

2000

1800

1800

2000

1800

2000

Maximum biomass

(kg ha"')

12860

18600

25300

78000

8400

14450

62400

14280

17150

8500

14000

Harvest

index

0.35

0.35

0.45

0.9

0.40

0.30

0.9

0.35

0.35

0.45

0.40

[5-value for

Eq4.3

1,35

1,35

1.4

1,20

1.25

1,37

1.52

1,40

1.45

1,40

1.26

Maximum crop

water demand

(mm)

620

1200

958

800

618

818

858

845

636

638

684

Water table contribution with Eq 7.2 & 7.3

CF

0.00016

0.00031

0.00043

0

0.00025

0.00034

0

0.00034

0.00037

0.00037

0.00045

TWT

100

700

350

100

100

300

170

350

500

400

SWT

0.0015

0.0005

0.0004

0.0015

0.0010

0.0012

0.0015

0.0015

0.0005

0.0003
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iv) Irrigation water salinity

The salinity level and amount of irrigation water applied, determines the quantity of salts added to the

root zone. The increase in the salinity of the root zone, over a growing season, can be calculated with

Equation 5.1. The electrical conductivity of the irrigation water (EQ, mS m~1) is also needed to

calculate the amount of drainage required (Dw, mm) to leach a specific amount of salts from the root

zone.

v) Crop salt tolerance

An acceptable way to manage root zone salinity is to change to more salt tolerant crops. When the

mean root zone salinity exceeds the threshold salinity value of a crop, biomass production will decline

proportionally to the excess salinity (Equation 4.2). The parameters used in Equation 4.2 for

calculating the expected decline in yield, are given in Table 7.1. The ideal situation is to keep the

mean electrical conductivity of the root zone (ECsw) below the threshold electrical conductivity of the

Crop

vi) Crop water demand (CWD, mm)

This is the amount of irrigation that is needed over the growing season of a crop to meet the required

crop plus soil evaporation (evapotranspiration ET, mm) for a specific target yield. When irrigation plus

rainfall equals the CWD, no salts will be leached from the root zone. To make provision for the

leaching of salts from the root zone, more water than the CWD should be applied. Provision should

also be made for the amount of water needed to wet the root zone to the upper limit of plant available

water. The most accurate way to calculate the seasonal crop water demand is by using computer

programs and models, for example SWB (Annandale ef a/., 1999), BEWAB (Bennie ef a/., 1988),

SWAMP (Bennie ef a/., 1998) and SAPWAT (Van Heerden ef a/., 2001). As an alternative, the

maximum CWD for different crops is presented in Table 7.1.

vii) Drainage requirement for salt leaching (Dw, mm)

Excess salts, can be leached from freely drained root zones, by wetting the profile above the drained

upper limit. The amount of drainage water, needed to reduce the mean EC.*, of the root zone to a

specified level, can be calculated with Equation 6.5. The b-coefficient in Equation 6.5 was determined

for only two soils. As a first approximation the value of the b-coefficient can be estimated from the

mean coarse silt-plus-clay percentage (% S+C) of the root zone, with Equation 7.1 (Figure 6.15):

b = 0.2673 (% S+C) -12.346 (7.1)
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viii Maximum biomass yield and harvest index

The actual ET at a specific target yield can be calculated with a water production function for non-

saline conditions (Equation 4.3). The parameters required in Equation 4.3 are presented in Table 7.1.

The actual ET for non-saline conditions, multiplied by the relative biomass yield (Yr) calculated with

Equation 4.2, gives the actual ET at a specific mean ECW for the root zone.

ix) Water table contribution

The capillary rise of water into the root zone from saturated soil to just below or to the lower part of the

root zone, can be deduced from the CWD to give a lower irrigation requirement (!R, mm). Less

additional salts are added to the root zone in this way. It was reported in Section 4.3.3.3, that the

uptake of the crops from non-saline water tables remained constant, with an increase in salinity until

the threshold ECsw-value of the crop is reached. An increase in salinity above the threshold electrical

conductivity resulted in a linear decline in the uptake from the water table.

For water tables with an EC^ less than the threshold EC.^ of the cultivated crop, the water table

uptake can be simulated with SWB or SWAMP. Both these models were verified by Bennie et al.

(1998). An empirical estimation can be made with Equation 7.2.

MWT = 0.1 + CF (2000 - WTD) + 0.004 (% S+C) (7.2)

where MWT = water table uptake under non-saline conditions, expressed as a fraction of the

seasonal CWD, taken as 1.

CF = crop type dependent correction factor, see Table 7.1.

WTD = depth to the top of the water table (mm).

% S+C = percentage soil particles <0.05 mm.

For water tables with an EC^ larger than the threshold ECBW of the cultivated crop, the water table

contribution under non-saline conditions is decreased, using Equation 7.3.

WTC = MWT x [1 - ((ECsw - TWT) x SWT)] (7.3)

where WTC = water table uptake under saline conditions, expressed as a fraction of the

seasonal CWD, taken as 1.

ECsw = electrical conductivity of the capillary zone above the water table (mS m'1).

TWT = threshold salinity of the crop (Table 7.1).

SWT = crop type dependent reduction factor for the salinity above the threshold value

(Table 7.1).
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MWT = fractional water table uptake under non-saline conditions, simulated with SWB

or SWAMP, or estimated with Equation 7.2.

7.3 Root zone salinity management options

The proposed stepwise procedure, for managing the salinity level of a root zone, is determined by the

internal drainage and intrinsic salinity status of the root zone. The diagram in Figure 7.1 can be used

to select a relevant root zone salinity management procedure.

ECe < threshold value of crop - Procedure A

Restricted d r a i n a g e ^ ^

^^*-ECe > threshold value of crop - Procedure B

Root zone*

<ECe < threshold value of crop - Procedure C

ECe > threshold value of crop - Procedure D

Figure 7.1 Diagram for selecting the appropriate salinity management procedure for a root zone

(EC.*, = mean ECs* of the root zone).

7.4 Description of the different root zone salinity management procedures

The appropriate procedure can be selected from Figure 7.1.

Procedure A: This procedure represents conditions, where salts that are added to the root zone,

accumulate without any possibility for leaching. The mean salinity of the root zone is lower than the

threshold value for the irrigated crop Under these conditions the following steps could be followed:

Step 1 - Determine the seasonal CWD (mm) for a target yield.

Step 2 - If a shallow water table is present, determine or calculate the water table contribution

(MWT, mm) with Equation 7.2.

Step 3 - Calculate the irrigation requirement (IR, mm) as IR = CWD - MWT.

Step 4 - Calculate the increase in root zone salinity (AECw,), over the growing season, with

Equation 5.1.

Step 5 - Calculate the initial salinity for the next season: Initial ECe next season = Initial ECe this

season + AECsy, this season.

Step 6 - Compare the initial ECe for the next season with the ECe threshold of the crop to be

planted, tf ECe next season < ECe threshold, the procedure can be repeated from Step 1

for the following season If ECe next season > ECe threshold, the soil should be drained

or Procedure B should be followed.
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Procedure B: This procedure also represents conditions, where salts that are added to the root zone

through irrigation, accumulate without any leaching. The mean salinity of the root zone is higher than

the threshold value for the cultivated crop. Irrigation should be reduced to compensate for the

expected decline in crop growth and yield. The following steps should be followed:

Step 1 - Calculate the expected relative yield (Yr) with Equation 4.2 (Data from Table 7.1)

Step 2 - Determine the CWD at the target yield for non-saline conditions.

Step 3 - Calculate the water table contribution (WTC, mm) with Equation 7.3.

Step 4 - Calculate the irrigation requirement, at the adapted yield which is = target yield x Yr, for

the season IR = (CWD x Yr) - WTC.

Step 5 - Calculate the increase in root zone salinity (AEC^) over the growing season, using

Equation 5.1.

Step 6 - Calculate the initial salinity for the next season: Initial ECe next season = Initial ECe this

season + AECsw this season.

Step 7 - Repeat from Step 1 for the following season. Consider selecting more satt tolerant crops

or artificial drainage because the yield will decline with every season.

Procedure C: This represents conditions, where added salts can be removed from the root zone

through natural leaching processes. The mean root zone salinity is less than the threshold value of

the cultivated crops. The objective for this procedure is to irrigate according to the CWD, in order to

minimize the amount of applied salts. It is assumed that the leaching of salts from the root zone,

during periods of high rainfall, will be sufficient to keep the root zone salinity within acceptable limits.

The following steps can be followed:

Step 1 - Determine the seasonal CWD for the target yield.

Step 2 - Irrigate according to the target yield where IR = CWD.

Step 3 - Take representative soil samples of the root zone, at least every 5 years, for

determination of ECe.

Step 4 - If ECe < ECe threshold of the most salinity sensitive cultivated crop, continue with

Procedure C. If ECe > ECe threshold of the most salinity sensitive cultivated crop, change

to Procedure D.

Procedure D: The conditions for this procedure come into play where the accumulation of salts, in a

freely drained root zone, exceeds the removal by leaching to the extent that crop production is

hampered. Under these conditions the natural leaching of salts should be accelerated, by irrigating

more than the required CWD. The additional irrigation must be sufficient to leach the excess salts

from the root zone. This can be done in two phases, by first reducing the salinity level to the threshold

value of salt tolerant cultivated crops, and thereafter to the salinity level of the desired salt sensitive

crop. The following steps can be followed:
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Step 1 - Detennine the CWD for a target yield.

Step 2 - Calculate the drainage requirement (Dw, mm) with Equations 6.5 and 7.1. In Equation 6.5

set ECe initial equal to ECe threshold for the most salinity sensitive cultivated crop.

Step 3 - Detennine the amount of irrigation required to wet the root zone to the upper limit of plant

available water (mm).

Step 4 - Calculate the seasonal irrigation requirement (IR, mm) where: IR = CWD + Dw + irrigation

are required to wet the root zone.

Step 5 - Calculate the salinity added during the growing season (AECsw) with Equation 5.1.

Step 6 - For the following seasons, repeat the procedure from Step 1, but in Step 2 in Equation

6.5, set ECe actual = ECe of crop to be imgated and ECe initial = EC, + AEC^, calculated

in Step 5.

7.5 Conclusions

Effective management of salt accumulation, in soils with restricted drainage, can only be done when

good quality irrigation water with an EQ < 50 mS m"1 is used. With more saline irrigation water the

rapid salinisation of the root zone is difficult to manage, without artificial drainage. The use of irrigation

water with an EC, > 150 mS m'1 under these conditions, can raise the salinity of the root zone above

the threshold value of salt sensitive crops, within one season. The proposed procedures A and B that

were discussed, are aimed at alleviating the impact of salinity on crop growth rather than solving or

controlling the problem. A permanent solution to the problem will be to install artificial drainage.

When sufficient land is available, the irrigation can be rotated between several fields, to allow for

dilution of the root zone salinity by rainfall.

On freely drained soils it is possible to effectively manage the salinity level of the root zone, through

controlled over-irrigation, when necessary. When good quality irrigation water with an EC, < 50 mS

rrT1 is used, it will take several years before the increase in root zone salinity will require additional

leaching. Irrigating with poorer quality water will necessitate, the inclusion of a leaching fraction in the

irrigation requirements of crops, after a few seasons. It is absolutely essential to monitor root zone

salinity by regular soil sampling. Following procedures C or D, to manage the salinity level of the root

zone, should sustain the root zone salinity within acceptable limits.
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CHAPTER 8

RESEARCH OUTCOMES AND RECOMMENDATIONS

8.1 Introduction

In this chapter the outcomes of the research are addressed in relation to each of the project

objectives. This is followed by general conclusions and the practical implications of the research

results. Gaps in current knowledge that were identified are then presented. Some requirements for

future research are also given.

8.2 Outcomes in relation to the project objectives

8.2.1 Objective 1

Objective 1 was the quantification of the effect of increasing the salt content of irrigation water on the

growth and yield of selected crops. Different experiments were conducted to attain the objective.

Firstly, laboratory seed germination studies were conducted to measure the impact of salinity on the

germination of wheat, maize, beans and peas. It was concluded that the percentage seed germination

of maize, wheat and beans was not affected by salinity levels up to 600, 600 and 300 mS m'1,

respectively. A reduction in the seed germination of peas was measured at 300 mS m"1. A significant

reduction in the coleoptile or hypocotile length and root length with an increase in the salinity levels of

the treatments were measured for maize, beans and peas. For wheat the decreases were not

significant. Seedlings affected in this way would probably lead to poor emergence in the field This

might explain the observations made by farmers who were concerned about poor seedling emergence

in their fields, which they ascribed to salinity (Du Preez, 2000).

The response of the mentioned crops to different levels of irrigation water salinity during the growing

season, was studied in glasshouse pot experiments. Plants were sampled at three growth stages and

vanous plant parameters such as leaf area, root mass, biomass and seed yield were measured. All

these measured parameters were negatively affected by a deterioration in irrigation water salinity with

peas found to be the most sensitive crop, followed by beans, maize and then wheat. All the crops in

the pots used considerably more water (mm per unit soil surface) than when grown in the field. This

was ascribed to a larger plant canopy area in relation to the soil area, because plant competition was

absent between pots. This phenomenon required more water to be applied which accelerated the

salinisation of the pots, measured as electrical conductivity of the soil extract (ECe, mS m"1). The

salinity of the pots increased with a factor that varied between 1.9 and 3.2 times higher than the

irrigation water salinity, measured in mS m'1. Osmotic induced plant water stress was best described

for all crops by a relationship between ECe and the relative decline in biomass yields. The linear

decline in biomass yield to the maximum measured ECe level, compared to the control, was 33% for
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beans at 600 mS m'1, 60% for peas at 1250 mS m"\ 80% for wheat at 2600 mS m"1 and 98% for

maize at 1150 mS m"\

A series of field experiments were conducted in large 5 000 L lysimeters that were designed to

accurately measure both the water and salt balances in the presence of shallow water tables. The

lysimeters contained two soil types, viz. Soil A: a Clovelly Setlagole with 5% clay in both the top (0 -

0.3 m) and subsoil (0.3-1.8m) and Soil B: a Bainsvlei Amalia with 8% clay in the topsoil, 14% in the

subsoil (0.3 - 1.2 m) and 20% in the deeper subsoil (1.2-1.8m) (Ehlers et at., 2003). Irrigation was

applied weekly on the surface and daily via a manometer tube connected to the bottom of the

lysimeters to maintain a constant water table height. Five irrigation water salinity levels were selected

as treatments for the crops- The range of the salinity treatments varied according to the expected salt

tolerance of the individual crop species.

The statistical results showed that for the same treatments the yields of Soil A and B were similar,

except for wheat where the more clayey Soil B gave better yields. Very good fittings with polynomial

functions, describing the decline in biomass yield with increasing irrigation water salinity (EQ, mS m'1),

were found for all the crops, except wheat where the highest irrigation water salinity treatment of 600

mS m"1 was insufficient to reduce growth. The measured decline in biomass production at the highest

ECj treatments, relative to its control, were 10% for wheat at an ECj of 600 mS m'1, 100% for beans at

an ECi of 600 mS m"1, 37% for peas at EC; of 300 mS m 1 and 40% for maize at 600 mS m "'. in

retrospect, the yield reduction for wheat showed clearly that the EC, range used was too small for

identifying a critical threshold ECi value It was realized that an EC, treatment of 1200 mS m"1 should

have been included in the field experiment. Fortunately, it was done in the wheat glasshouse trial,

which was reported. The soil water salinity of the lysimeters were measured in suction cup extracts,

sampled at different depths. These measurements were taken at the start and end of the growing

season for each crop species. The salts that accumulated during a growing season, were removed

through leaching between seasons. Linear correlations between relative biomass and mean seasonal

soil water salinity (ECsw) were obtained, from which the crop threshold values were derived. The ECsw

threshold values were 82, 105 and 499 mS m*1 for beans, peas and maize, respectively. No threshold

value could be calculated for wheat because the salinity levels of the treatments were too low It was

recommended to use the value of 860 mS m"1 reported by Rhodes & Loveday (1990). The threshold

value of maize was higher than values reported in the literature. It was also possible to obtain the

relative yield reduction per mS m"1 increase above the threshold value, also known as the b-value of

Rhodes & Loveday (1990) as given in Table 4.11. It can be concluded that this part of the study

confirmed the findings reported in literature by several researchers.

8.2.2 Objective 2

Objective 2 was the determination of the relationship between irrigation water with increasing salinity

and water use of selected crops on two soil types. This objective was achieved mainly from the
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results of the experiments conducted at the lysimeter unit. Wheat, followed by beans, peas and maize

were irrigated with deteriorating water salinities ranging between 15 and 600 mS m~1 for maize, wheat

and beans and 15 to 300 mS m"1 for peas. The daily and total water use, expressed as

evapotranspiration (ET), decreased with increasing levels of salt content for both soils. Both the daily

and seasonal ET did not differ statistically amongst the soil types. Consequently, the two data sets

were combined for most of the regression analyses where salt content was correlated with water use

parameters. Despite an adequate water supply through surface irrigation and capillary upflow from

the water table at a depth of 1.2 m, evapotranspiration declined linearly with increasing irrigation and

soil water salinity. Visual signs of crop water stress were most evident during periods of peak water

use, in the high EC; treatments. For beans the decline in daily ET started much earlier in the growing

season. Plants from the 450 and 600 mS m"1 EC, treatments showed severe signs of crop water

stress after emergence and the plants started to die at about 45 days after planting. In the absence of

drainage, salts accumulate in the profile during the growing season, leading to a decrease in osmotic

potential. This decrease in osmotic potential lowers the total soil water potential, and hence increases

the energy required by the crop to extract water from the soil solution. It should also be kept in mind

that irrigations were applied weekly and that soil drying between irrigations will decrease the total soil

water potential further, due to the concentration of the salts. In addition, roots behave as a semi-

permeable membrane, thus concentrating the salts around the roots in the rizosphere. The osmotic

effect near the soil surface is also increased by evaporation.

The cumulative effect of the soil water salinity on ET was determined for each crop (Figure 4.21). The

results indicated that increasing soil water salinity explained between 88 and 92% of the decline in ET.

Peas were the most sensitive to osmotic effects, followed by beans, maize and wheat in that their ET

decreased relative to the control at rates of 0.0007, 00005, 0.0004 and 0.0001 mm per unit increase

in soil water salinity measured in mS m1. Further proof for the osmotic affect was found in the

correlation between relative ET and relative yield, based on the formulation of Stewart ef a/. (1977)

through Equation 4.3. The relative decrease in growth of all the crops was directly proportional to the

relative decrease in ET (Figure 4 26, R2 = 0.94). This relationship proves that irrespective of the

differences in salt tolerance among the different crops, the reduction in growth was proportionally

related to the increase in plant water stress, induced by lower water uptake in all cases.

8.2.3 Objective 3

Objective 3 was the quantification of the root water uptake from shallow water tables with varying salt

contents. This objective was also achieved by analysing the water table uptake data gathered for the

different crops in the lysimeter unit. The water table was kept at a constant depth of 1.2 m from the

surface by adding water daily through a manometer tube connected to an outlet at the bottom of the

lysimeters. The salinity of the irrigation water used to recharge the water table was the same as the

treatment value. The daily additions required to fill up the water table to 1.2 m were taken as the daily

water uptake from the water table.
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The control treatments of the various crops represented good quality water with an EC, of 15 mS m"1.

Under these conditions water table uptake contributed between 23 and 50% of the total

evapotranspiration measured in Soil A. For Soil B it varied between 31 and 54%. The water table

contribution of the control treatments of both soils compared well with the results obtained by Ehlers et

al. (2003). The slightly higher contribution of Soil B is understandable, because the capillary rise

height is, according to Ehlers et al. (2003), 124 mm higher than in Soil A. This also explains the

observation that the crops grown in Soil B generally started to take up water from the water table

earlier because the roots reach the capillary fnnge sooner

Water uptake from the shallow water tables decreased with an increase in the water table salinity

(ECsw, mS m'1) for all the crops and on both soils. This is ascribed to the lower osmotic potential in

both the water table and the capillary zone above it. Upflow of the soil water from saline water tables

caused rapid salinisation of the capillary zone, which is enhanced with deteriorating irrigation water

salinity. The roots in the capillary zone required gradually increasing amounts of energy to absorb

water from the layers as the salt content of the zone rose. Consequently, water will be extracted from

the zone with the highest water potential and hence the lowest salt content. The EC^, of the top soil

is normally close or slightly higher than the EC,, while the ECsw of the capillary zone and the water

table ECsw below are higher most of the time. Less energy is therefore required to extract water from

the top soil that received weekly irrigations. The salts that accumulated in the top soil, were also

pushed downwards into the capillary zone with every irrigation, because of ET from this layer. The

water uptake from the water tables at a depth of 1200 mm, was converted to relative values by

dividing it by the control value. The relative water table uptake of all the crops declined linearly with an

increase in the capillary zone salinity, above the threshold value. The decline was highest for peas,

followed by beans, maize and wheat.

8.2.4 Objective 4

Objective 4 was the determination and modelling of the salt balance for a range of irrigation water

salinity and soil type combinations over a three year period. This objective was not fully met in terms of

modelling the salt balance over the three year period. It was planned that the four crops (wheat,

beans, peas and maize) would be successively grown over the four seasons with a range of irrigation

water salinities under restricted drainage water table conditions in lysimeters, allowing for an

accumulation of salts. However, in the second season it was observed that the beans started to die in

the high EC, treatments. An investigation into the problem revealed that the salts were accumulating

much faster in the profile than expected. The problem was discussed with the Steering Committee for

the project and it was decided to remove the access satts at the end of each growing season through

leaching Excess salts were defined as the difference between the mean EC^ of the root zone at the

end of the growing season and the planned EC, treatments set for the next season. The EC,
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treatments were chosen according to the salt sensitivity of the specific crop to be planted the next

season.

The change in the methodology opened the door for the study of other important aspects of managing

soil salinity under water table conditions, viz. the build-up of salts in the root zone, as affected by

increasing levels of Ed (Chapter 5) and the removal thereof (Chapter 6). Both these processes are

strongly linked to the water and salt balance. A great effort was made to recalibrate the CPN-neutron

water meter for the two soils in the lysimeters. An indirect method was used, based on the amount of

water that drained from the profiles, i.e. change in soil water content versus drainage collected from

the outlet of the lysimeters. The slope of the calibration equation in the instrument was adjusted until

the measured change in soil water content matched the amount of measured drainage. This

procedure improved the water balance calculations considerably-

Salt accumulation in the root zone was measured by collecting soil water samples with suction cups,

installed at various depths in the profiles of the two soils in the lysimeters (Chapter 5). The samples

were analyzed for electrical conductivity of the soil water (ECs*,, mS m"1) and total dissolve salts (TDS,

mg L"1). Salt distribution profiles were plotted for each crop, showing the change of salt accumulation

in the 1800 mm soil profile (Figures 5.1 - 5.4) from the beginning to the end of the growing seasons.

These salt profiles showed firstly that the salt content of the water tables increased drastically over a

season due to the lack of leaching. Secondly, there was a steep gradient of salt accumulation from

the water table upwards to the fringe of the capillary zone, in both soils. Thirdly, salt accumulation in

the capillary zone became more pronounced with increasing levels of ECj. In order to describe the

change in salinity of the profiles, the relationship between ECsw (mS m"1) and TDSsw (mg L 1) (Figure

59) as well as ECj and TDS were determined. The conversion factors were 7.568 and 7.831,

respectively. A third relationship was established, viz. salt added (kg ha"1) versus AECsw (mS m"1 1800

mm1) (Figure 5.11). Lastly, Equation 5.3 was developed to predict the accumulation of salts in soils

with limited drainage for any known quality and quantity of irrigation water added. This allows for the

prediction of the decline in yield of different crops.

The removal of salts was investigated through three studies conducted in the lysimeter unit. The first

two studies, as described in Chapter 6, were conducted after the crop experiments were completed.

For the third study the data for the leaching period between harvesting of the beans and planting of

peas was used. The aim of the first study was to determine the effect of ECsw on the drainage rate of

both soils, from the salt profiles after the harvesting of maize. The results showed that EC^ did not

significantly affect drainage rates over a soil depth of 1800 mm. All the data was combined and a

single drainage curve for each soil type was compiled. A single drainage cycle removed between

1 975 and 34 901 kg salts ha"1 from Soil A and between 808 and 13 448 kg salts ha"1 from Soil B,

depending on the initial salinity. An equation was developed for each soil type that can be used for

estimating salt removal (express as kg salts ha"1 mm'1 drainage) under saturated or water table

conditions (Figure 6.5).
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The second study represented conditions where saline soils are reclaimed by leaching with good

quality water. It was conducted on the same lysimeters following the drainage expenment The soils

were leached with 50 mm irrigation applications twice a week for a period of 7 weeks, giving a total of

700 mm irrigation or 1.2 pore volumes The mean drainage rates of the soils under these conditions

were 11.8 mm day'1, giving a total drainage of 590 mm or approximately 1 pore volume The salt

concentration of a wet profile was represented by the mean EC,*, of the root zone, which declined with

an increase in cumulative drainage. The decrease in the root zone salinity was best described by a

semi-logarithmic function, showing that leaching was very efficient for the first 100 mm of drainage

(Figure 6 8) Salt removal was also expressed on a relative basis, as a fraction of the maximum

amount of salts removed (kg ha"1) per treatment. These curves demonstrated that the efficiency of

salt removal decreases rapidly after 0.5 pore volumes of water have drained from the root zone and

the depletion level rose above 80% of the total initial salts removed (Figure 6.9).

During the third study the soils were leached with water salinities ranging from 15 to 300 mS m1 which

corresponded with the EC, treatments of the follow-up crop, peas. Of the 752 and 848 mm applied

water for soils A and B respectively, 85% drained from the soils. The salt distribution profiles showed

that at the end of the leaching period, the actual or target EC^ were close to the EC,- The leaching

results were characterised for each EC, treatment by plotting (1- (ECsw actual/EC^ initial)) as a

function of drainage (Dw) per unit soil depth (Ds) for each soil type, as have been suggested by

several researchers in literature. A single leaching curve was constructed for each soil type by

plotting the relative salt removal per EC, treatment, expressed as (1 - ((EC^ actual - EC,)/ (EC^ initial

- EC,)), versus Dw Ds"1 (Equations 6.3 and 6.4). These leaching curves (Figure 6.13) showed that the

actual ECs* decreased linearly with an increase in drainage per unit soil depth to a value of 0.3 where

after it declines sharply with a further increase in drainage per soil depth. Estimations made with the

leaching equation (Equation 6.5) showed the amount of drainage required to reclaim saline soils

increase with both soil depth and initial ECSW (Tables 6.3 and 6.4).

8.2.5 Objective 5

Objective 5 was the quantification of the leaching requirements of the two soils at five salinity levels

This objective was achieved by the development of a procedure whereby the salinity level of root

zones could be managed. As mentioned in Chapter 7, long-tenn sustainable crop production under

irrigation, requires periodic information on soil salinity and its distribution within the root zone. The

essential information required for managing root zone salinity was discussed The results obtained

from the laboratory, glasshouse and lysimeter expenments were used to develop step-by-step

procedures that can be followed to manage root zone salinity. The procedures also make use of other

local and international information sources.
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The most essential information required to apply the procedures is listed in Table 7.1 according to

crop type. The information include, for example, the ECsw threshold value (Table 4.11) above which

salinity will affect the maximum yield negatively (± 5%); the b-value listed in Table 4.11 which

describes the relative decline in yield with increasing ECSW by using Equation 4.2; maximum rooting

depth (mm), maximum biomass and its harvest index obtained from various other sources (Bennie et

al., 1988; Bennie et a/., 1994); The b-value of Stewart et al. (1977), which is the slope of relative

biomass yield versus relative evapotranspiration; the maximum crop water demand, which can be

estimated with BEWAB, SAPWAT, SWB and other models; specialized information on water table

uptake, with regard to the following components required in Equations 7.2 and 7.5, namely the crop

dependent correction factor (CF), the threshold salinity of the crop (TWT) and the crop type dependent

reduction factor for the salinity above the threshold value (SWT).

A procedure or theoretical framework is proposed for managing the salinity of the root zone. The

procedure is based on prevailing drainage conditions grouped into restricted or freely drained

categories. These categories are further subdivided into two sub-categories, depending if the actual

ECsw are smaller or greater than the threshold value of the crop (Figure 7.1). Unfortunately the

procedures were not tested and hence needed to be verified in the near future. However, it was

concluded that effective management of salt accumulation in soils with restricted drainage can only be

done when good quality irrigation water with an EQ of less than 50 mS m~1 is used. With more saline

irrigation water the rapid salinisation of the root zone is difficult to manage without artificial drainage.

On freely drained soils it is possible to manage effectively the salinity level of the root zone, through

controlled over-irrigation, when necessary. When good quality irrigation water with an Ed of more

than 50 mS m'1 is used, it will take several years before the increase in root zone salinity will require

additional leaching. Irrigating with poorer quality water will necessitate the inclusion of a leaching

fraction in the irrigation requirements of crops after a few seasons.

8.3 General conclusions and practical implications

The results from this research project are applicable to conditions where the salinity of sandy to sandy

loam soils are in equilibrium with the salinity of the irrigation water, and leaching of salts from the root

zone is restricted by the presence of a stagnant water table within or just below the potential rooting

depth of a crop. Aspects that were studied included the following:

1. The effect of irrigation and soil water salinity on the germination, growth, production and water

uptake of maize, wheat, bean and pea crops. It must be kept in mind that the crop reaction

results refer only to a first cropping season because in the following season the soil water

salinity will be several fold higher due to salt accumulation during the previous season.

2. The amount, rate and depth of salt accumulation within the potential rooting depth which

varies between 1500 and 2000 mm for the crops mentioned, were measured.
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3. The amount and rate of salt removal were measured under conditions which simulated the

installation of artificial drainage.

4. A procedure was proposed to support irrigation and crop management decision making when

taking salinity into account.

The percentage seed germination of the dicotyledonous bean and pea crops are not affected by

irrigation water salinity levels below 300 mS m'1 and those of monocotyledonous maize and wheat

crops at levels below 600 mS m~\ respectively. Although seeds of particularly peas and maize will

germinate, the growth of the seedlings in terms of hypocotile or coleoptile and root length will be

impeded at even much lower salinity levels. The results from this study on the effect of irrigation and

soil water salinity on the above-ground biomass growth of all the crops supported the findings reported

in literature. Growth of crops are not affected until a specific salinity threshold value is reached, after

which the biomass produced declines linearly with increasing soil water salinity. Of the investigated

crops dicotyledonous peas and beans were the most salt sensitive with threshold values around 100

mS m 1 followed by maize (500 mS m1) and wheat (> 600 mS m"1). The rate at which growth and

yield declined at increasing salinities, higher than the threshold values, were also peas > beans >

maize > wheat. This decline in growth with increasing soil water and irrigation water salinity, is directly

related to a decline in transpiration or root water uptake because of lower soil water osmotic

potentials. The proof for this conclusion can be found in Figures 4.21 and 4.26.

The leaching of salts from the root zone during the growing season of a crop will be impeded by the

presence of a shallow water table at a constant depth of 1200 mm. The height of capillary rise from

the water table, in the soils investigated, varied between 660 and 790 mm. This implies that over a

potential rooting depth of 1800 mm, most of the macro pores in the soil below a depth of 410 to 540

mm will remain near saturation in the capillary zone and saturated with water below the water table.

Under non-saline conditions, depending on crop type, between 23 to 50% of the seasonal crop water

use can be taken up from the capillary zone and replenished from the water table through a steady

upward capillary flux. For a specific crop the uptake from the water table will decline with an increase

in the water table salinity, resulting in a slower but more saline upward flux of water.

The amount of salts that will accumulate in the root zone during a cropping season depends on the

salt concentration of the irrigation water and the amount applied. Under these experimental conditions

the mean electrical conductivity (EC, mS m"1) of the soil water over a depth of 1800 mm increased by

1.8 times the EC of the irrigation water after 612 mm irrigation. In the presence of a shallow water

table most salts will accumulate near and just below the capillary fringe. This is a result of the

downward leaching of salts, through the unsaturated soil above the capillary fringe, into the capillary

zone combined with an upward flux from the saline water table to replace water taken up from the

capillary zone. This bulge in the salt distribution profile is always present in the capillary zone of water
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table soils, as illustrated in Figure 5.5. The salt concentration in this bulge, within the capillary zone, is

several fold higher than in the rest of the root zone. This salt barrier that develops in the capillary

zone contributes further to less water being taken up from the water table because of an excessive

decline in the osmotic soil water potential above the water table.

In practice an increase in root zone salinity in soils with shallow water tables and the corresponding

decline in crop water use and yield, necessitate adaptations in the normal approaches to irrigation

scheduling and irrigation water management. The root zone can be divided into three management

layers, namely the unsaturated layer between the soil surface and the upper fringe of the capillary

zone, the capillary layer between the upper capillary fringe and the surface of the water table and the

saturated layer beneath the surface of the water table, in such closed systems the amount of salts

added to and accumulating in the root zone are determined by the salinity status and amount of

irrigation water applied. Removal of salts from the root zone will only occur through downslope lateral

water movement below the surface of the water table, where the upslope water salinity level is lower.

In downslope position soils, this lateral water flux below the surface of the water table will be an

additional source of salts.

Any change in irrigation strategy under comparable conditions will always result in a nett upward or

downward movement of salts and the water table. When the mean EC of the unsaturated and

capillary layers of the root zone exceeds the threshold value for a particular crop, the expected yield,

crop water and irrigation requirements will be proportionally less (See Sections 4 34 2 to 4.3.4.4).

There are four management options:

Option 1: To irrigate more than the expected crop water use. The excess salts will then be leached

from the unsaturated layer, ensuring a more favourable salinity status. Less water will be taken up

from the saturated and capillary layers. The growing season will end with a higher salinity status in

the capillary layer, an increase in the height of the water table and a thinner unsaturated layer. This

option will initially give better yields but will induce more rapid waterlogging, more downslope

salinisation of soils and more salts will be added to the root zone compared to the other options. This

option will not be sustainable.

Option 2: To irrigate the same amount as the expected crop water use. Less of the excess salts will

be leached from the unsaturated layer but less salts will also be added to the root zone. The growing

season will be ended with a higher salinity status in both the unsaturated and capillary layers with the

water table remaining at the same depth. Applying this option will over time result in a gradual

increase in total root zone salinity, decreasing yields requiring less irrigation every season, but less

and less salts will be added to the root zone.

Option 3: To irrigate less than the expected crop water use. Care should be taken that the reduction

in irrigation amount should not exceed the expected water table uptake of the crop at the salinity of the
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saturated layer (See Section 4.3.3). Choosing this option will enhance crop water uptake from the

capillary layer, resulting in more capillary movement of water from the saturated layer. This will lower

the water table but will increase the rate of salinisation in the capillary layer. With this option the least

amount of salts will be added to the root zone over time but the risk of rapid salinisation of the

unsaturated and capillary layers are high. A major advantage of the lowering of the water table is that

the thickness of the unsaturated layer will increase, allowing for more effective salt leaching during

periods of above normal rainfall.

Option 4: With the first three options a gradual increase in root zone salinity over seasons is a fact

with an associated decline in expected yields of the cultivated crops. When the expected yield of a

specific crop becomes uneconomical, there is always the option to convert to more salt tolerant crops.

!t should be clear from the discussed options that none will be sustainable over the long term. The

installation of artificial subsurface drainage, that will lower the water table, thereby increasing the

thickness of the unsaturated layer and allowing for effective salt leaching by controlled over irrigation,

is the only long term solution under these conditions. The second part of this study investigated the

different aspects of salt removal from the root zone under conditions simulating both the installation

and presence of artificial drains below the root zone. It can be concluded from these results that the

water draining from the saturated soil towards the drainage tubes, following installation, will remove a

significant amount of the salts. For example on a sandy soil with a water table at 1200 mm with a soil

water EC of 777 mS m~1, approximately 18 000 kg ha"1 salt will be removed from the root zone with the

first drainage cycle. To remove 80% of the remaining salts over a depth of 1800 mm by leaching with

good quality water, approximately 300 mm or 0.5 pore volume of drainage is required. More clayey

soils will require more drainage to a maximum of 1 pore volume or 600 mm (Figure 6.9). When

leaching salts from soils it should be kept in mind that the salinity of the irrigation water determines the

equilibrium salinity of the root zone.

These conclusions were all included in a step-by-step procedure in Chapter 7 that can be followed to

formulate the best management practices for controlling root zone salinity under different conditions.

8.4 Gaps in current knowledge

This project provided the opportunity to obtain a theoretical framework on how to manage root zone

salinity It should be stressed that the above described procedure is based on inputs obtained from

experiments under controlled conditions. The following additional information is therefore required.

1. The procedure needs to be verified under controlled and on-farm field conditions

2. For managing the soil salinity levels within soil layers, the effect of rhizosphere salinity on

water uptake needs to be quantified.
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3. The soil specific leaching coefficiency of the general leaching Equation 6.5 needs to be

expanded to include more soils with different textural properties.

4. The effect of soil surface salinity and its effect on seedling emergence in the field need to be

quantified for more crop and soil combinations.

5. The evaluation and testing of instrumentation for on-farm monitoring of ECe are essential.

6. Developed procedures should be included in at least the BEWAB and SWAMP models for

efficient transfer and exchange of information to technicians, extension officers and farmers.

8.5 Requirements of future research

The proposed procedures for managing root zone salinity at field scale should be extended at best to

practices and guidelines for managing the salt load associated with irrigation at farm and scheme

level.
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Appendix 4.1 The amount of irrigation water applied at specific days after planting (DAP) for all the soils, crops and EC, treatments

Wheat
Soil

EC, (mS m )
DAP

0
11
19
28
33
46
54
61
67
75
B1
89
96
103
110
117
124
131
134
145

Total

A
15*

mm
0
0
0
0
7
0

43
0
0

38
27
0
0
0

22
18
31
17
34
29

266

liter
0
0
0
0
17
0

110
0
0

9B
6B
0
0
0

55
47
B0
43
B6
73

676

160
mm

0
0
0
0
7
7

35
0
3

26
29
0
0
3

30
17
30
28
38
30

283

liter
0
0
0
0
17
17
B8
0
8

66
73
0
0
8

76
44
76
72
9B
76

720

300
mm

0
0
0
3
10
7

52
15
10
25
35
3
0
13
25
16
32
28
40
30

346

liter
0
0
0
8

25
17

133
38
25
64
B8
8
0

34
64
42
82
72
101
76

B79

460
mm

0
0
0
0
0
17
41
3
7

29
33
0
0

20
22
7

41
37
45
30

331

liter
0
0
0
0
0

42
105

B
17
75
84
0
0

51
55
17

1D3
93
115
76

842

600

mm
0
0
7
8
7
12
46
23
1B
23
42
3
0

30
20
25
19
38
43
30

396

liter
0
0
17
21
17
30
118
59
47
59
107
8
0

76
51
63
48
98
110
76

1005

B

16*
mm

0
0
0
0

21
0

29
0
0

39
19
22
0
0
17
14
19
15
30
20

246

liter
0
0
0
0
53
0
73
0
0
99
49
57
0
0

42
36
49
39
76
51

626

150
mm

0
0
0
0
12
0
33
0
0

48
20
32
0
7

23
24
22
26
40
20

306

liter
0
0
0
0

31
0

84
0
0

121
51
81
0
17
59
61
56
65
102
51

780

300
mm

0
0
0
0
7
0

37
0

27
32
27
17
12
23
24
12
10
17
40
20

306

liter
0
0
0
0
19
0

95
0

70
81
68
42
30
59
62
30
25
42
102
51

776

460
mm

0
0
0
0
10
0

2B
0
18
23
22
20
0

32
24
3

24
20
40
20

286

liter
0
0
0
0

25
0

71
0

46
59
57
51
0

81
62
8

62
51
102
51

726

600

mm
0
0
0
0
11
0
23
0
13
25
15
25
0

25
22
0

31
23
40
20

273

liter
0
D
0
0

27
0

59
0

33
64
38
64
0

64
56
0

79
59
102
51

695

Beans
Soil

EC,(mS m )
DAP

0
9
16
23
30
37
45
52
59
66
73
80
87
94
101

Total

A

15*
mm

0
24
16
39
16
24
39
39
39
39
31
31
24
24
16

401

liter
0

60
40
100
40
60
100
100
100
1D0
80
B0
60
60
40

1020

160
mm

0
24
16
39
16
16
24
31
31
31
31
31
24
16
0

330

liter
0

60
40
100
40
40
60
80
80
80
80
80
60
40
0

840

300
mm

0
24
16
39
16
16
16
24
24
24
24
24
16
12
0

271

liter
0

60
40
10D
40
40
40
60
60
60
60
60
40
30
0

690

460
mm

0
24
16
39
16
16
8
8
8
8
8
8
8
8
0

173

liter
0

60
40
100
40
40
2D
20
20
2D
20
20
20
20
0

441

600
mm

0
24
16
39
16
16
8
8
8
8
8
8
8
B
0

173

liter
0

60
40
100
40
40
20
20
20
20
20
20
20
20
0

441

B

16*
mm

0
24
16
39
16
24
36
39
39
39
31
31
24
24
16

397

liter
0

60
40
100
40
60
92
100
100
100
B0
BO
60
60
40

1012

150
mm

0
24
16
39
16
16
31
31
31
31
31
31
8
B
0

314

liter
0

60
40
100
40
40
80
60
80
80
80
80
20
20
0

800

300
mm

0
24
16
39
16
16
24
24
24
24
24
24
B
B
0

267

liter
0

60
40
100
40
40
60
60
60
60
60
60
20
20
0

681

460
mm

0
24
16
39
16
16
B
8
8
B
B
B
8
B
0

173

liter
0

60
40
100
40
40
20
20
20
20
20
20
20
20
0

441

600
mm

0
24
16
39
16
16
16
8
8
8
8
8
8
8
0

181

liter
0

60
40
100
40
40
40
20
20
20
20
20
20
20
0

461
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Appendix 4.1 continued

Soil
EC ( ( m S m'

1)

DAP
1

e
15
22
29
36
43
50
57
64
71
78
85
92
1D0
106
113
120
Total

Soil
E C , ( m S m"1)

DAP
0
12
19
26
33
40
47
54
61
6B
75
82
89
96
103
110
117
124
132
138

Total

15*

mm
0
8
8
16
16
54
5
38
20
24
24
28
M
43
31
16
2B
47
460

liter
0
20
20
40
40
138
12
96
50
60
60

m
120
110
80
40
70
120
1148

16-

mm
0
0
16
24
24
28
35
35
29
35
21
21
22
18
IB
16
14
14
8
12
3S0

liter
0
0
40
60
60
to
90
90

n
90
53
53
57
47
47
40
37
37
20
30
993

mm
0
B
B
16
17
59
8
44
20
26
24
31
45
43
31
24
39
43
486

mm
0
0
16
24
24
26
29
26
26
3D
16
21
20
14
14
14
13
12
13
12
352

76
liter
0
20
20
4D
43
150
20
111
50
65
60
60
113
110
BO
60
100
110
1233

150
liter
0
0
40
60
60
70
73
70
67
77
40
53
50
37
37
37
33
30
33
30
B96

mm
0
6
4
16
16
53
5
53
20
24
24
20
35
35
24
39
28
31
433

mm
0
0
16
24
24
18
24
24
14
24
12
13
12
12
12
12
12
4
8
8
270

A
160

liter
0
20
10
40
40
136
12
135
50
60
60
50

• 90

90
60
100
70
80

1103

A
300

liter
0
0
40
60
60
47
60
60
37
60
30
33
30
30
30
30
30
10
20
20
687

mm
0
B
B
16
16
51
5
43
20
24
24
20
35
35
24
20
28
31
405

mm
0
0
16
24
24
24
22
22
12
21
9
11
12
12
12
8
8
6
8
8
258

225
liter
0
20
20
40
4D
129
12
110
50
60
60
50
90
90
60
50
70
80

1031

450
liter
0
0
40
60
60
60
57
57
3D
53
23
27
30
30
30
20
20
20
20
20
657

mm

8
8
16
16
53
5
62
20
24
24
20
35
31
24
39
24
24
430

mm
0

16
24
24
24
20
21
9
17
9
8
12
8
8
8
8
4
8
8
233

Peas

300
liter
0
20
20
40
40
134
12
159
50
60
60
50
90
B0
60
100
60
60

1095

Maize

600
liter
0
0
4D
60
60
60
50
53
23
43
23
20
30
20
20
20
20
10
20
20
694

mm
0
8
12
24
20
47
5
37
16
20
24
28
39
43
35
20
38
47
481

mm
0
0
16
16
20
21
24
34
24
33
24
21
21
16
16
14
14
12
13
12
348

16'
liter
0
20
30
60
50
120
12
95
40
50
60
70
100
110
90
5D
97
120
1174

15-
liter
0
0
40
40
50
53
60
87
60
63
60
53
53
40
40
37
37
30
33
30

BB6

mm
0
8
12
16
16
45
5
45
16
20
24
2B
35
39
31
31
31
43

444

mm
0
0
16
16
20
35
30
33
21
33
2D
2D
18
17
13
13
13
4
12
4
337

75
liter
0
20
30
40
40
115
12
115
40
50
60
70
90
100
8D
80
80
110
1131

150
liter
0
0
40
40
50
90
77
83
53
83
50
50
47
43
33
33
33
10
30
10
B57

mm
0
8
8
16
16
40
5
39
16
20
24
20
31
35
24
2B
24
31
3B2

mm
0
0
16
16
20
21
20
2B
12
26
12
13
13
12
12
8
12
0
12
4
264

B
160

liter
0
20
20
40
40
102
12
gg
40
50
60
50
80
90
60
70
60
B0
973

B
300

liter
0
0
40
40
50
53
50
70
30
67
30
33
33
30
30
20
30
0
30
10
647

mm
0
6
8
16
16
36
5
36
16
20
24
20
31
35
24
28
24
31
377

mm
0
0
16
16
20
31
21
26
11
21
9
11
11
12
12
4
12
0
12
4
246

226
liter
0
20
20
40
40
9B
12
91
40
50
60
50
B0
90
60
70
60
80
960

450
liter
0
0
40
40
50
80
53
67
27
53
23
27
27
30
30
10
30
0
30
10
627

300

mm
0
8
B
16
16
37
5
35
16
20
24
20
32
31
24
28
24
24
366

600
m m
0
0
16
16
20
31
24
25
11
21
9
9
12
12
12
12
B
4
8
12
269

liter
0
20
20
40
40
94
12
90
40
50
60
50
B2
B0
60
70
60
60
928

liter
0
0
40
40
50
60
60
63
27
53
23
23
30
30
30
30
20
10
20
30
660

control
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Appendix 4.2 Seed and total biomass yield data for all the soils, crops and EC, treatments

Wheat

Soil

A

B

EC; (mS m"1)
15

150
300
450
600
15

150
300
450
600

Yield (kg lysimeter1)
Rep1
1.40
1.21
0.99
1.34
1.35
1.59
1.50
1.53
1.42
1.60

Rep 2
1.38
1.48
1.61
1.41
1.18
1.50
1.55
1.62
1.59
1.60

Rep 3
1.55
1.46
1.54
1.37
1.23
1.52
1.67
1.62
1.42
1.55

Biomass (kg lysimeter"1)
Rep1
2.54
2.24
2.34
2.11
2.20
2.48
2.32
2.35
2.23
2.25

Rep 2
2.61
2.23
2.35
2.00
1.95
2.47
2.51
2.37
2.31
2.10

Rep 3
2.35
2.37
2.31
1.90
1.73
2.39
2.53
2.43
2.22
2.05

Beans

Soil

A

B

EC| (mS m'1)
15

150
300
450
600
15

150
300
450
600

Yield (kg lysimeter'1)
Rep 1
1.25
0.95
0.30
0.00
0.00
1.37
0.51
0.27
0.10
0.02

Rep 2
1.39
0.77
0.28
0.01
0.00
1.33
0.48
0.25
0.05
0.04

Rep 3
1.50
0.72
0.32
0.01
0.00
1.48
0.51
0.24
0.10
0.00

Biomass (kg lysimeter"1)
Rep 1
1.68
1.22
0.51
0.01
0.00
1.59
0.98
0.70
0.22
0.07

Rep 2
1.55
1.02
0.43
0.02
0.00
1.54
0.99
0.55
0.15
0.14

Rep 3
1.65
1.08
0.59
0.01
0.00
1.62
1.00
0.65
0.26
0.01

Peas

Soil

A

B

ECj (mS m"1)
15
75
150
225
300
15
75

150
225
300

Yield (kg lysimeter"1)
Rep1
1.25
1.28
1.06
1.03
0.67
1.06
1.25
0.88
0.96
0.70

Rep 2
1.27
1.14
1.12
0.99
0.77
1.29
1.04
1.09
0.94
0.81

Rep 3
1.25
1.09
1.09
1.01
0.53
1.14
1.25
1.07
0.95
0.53

Biomass (kg lysimeter'1)
Rep 1
1.52
1.57
1.35
1.11
1.05
1.34
1.45
1.35
1.00
0.80

Rep 2
1.66
1.24
1.24
1.21
0.92
1.55
1.31
1.31
1.38
0.91

Rep 3
1.72
1.61
1.32
1.29
0.92
1.33
1.50
1.28
1.16
0.79

Maize

Soil

A

B

ECi (mS m"1)
15

150
300
450
600
15

150
300
450
600

Yield (kg lysimeter"1)
Rep 1
3.86
3.38
3.26
1.79
1.10
2.76
3.42
2.96
1.98
1.08

Rep 2
3.64
3.31
2.63
1.94
1.10
3.38
2.56
2.66
1.98
1.28

Rep 3
3.69
3.49
2.18
2.04
1.06
3.49
3.44
2.14
1.84
1.11

Biomass (kg lysimeter"1)
Rep 1
4.21
4.42
3.93
2.47
1.83
3.10
4.29
3.49
2.98
2.84

Rep 2
4.34
3.81
4.20
2.89
2.48
3.60
4.25
3.98
2.73
2.67

Rep 3
3.88
4.41
3.50
2.97
2.79
3.83
4.42
3.12
3.13
2.29
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Appendix 4.3 Example of a water balance sheet for the control treatment of maize on Soil A during the first 26 days after planting

rXF'FRIMENTALSITE KENILWDRTH • BLOEMFdNPEIN
CROP Malm
PI ANTING DATE 17 December 1004
lYEIMFIEFt NUMBER • 2,4.13
TREATMENT . SOIL A - CONTROL
DATE
!!AvS AFTER PLANTING

d-MiO mi l )
100-600 mm|
win-900 mrni
<)!>|]-1?00 mm! Q\J
1200-1500 mm)
l iuo- iaoo mm)
MFAN 0-1B0Umm (mrnftiimj
TOTAI W 0-1BII0mm |mmt
UPANriFW 0-IBBHmm (mm}
<'AW upper 0-iflOOmm |mm]
I"AW lowr 0-IBOOmm (mm)
W1FRC1EFICIT 0-1BO!)mm |mm|
"AW O-1B[)0mm (mm]
IRRIGATION (mm)

RAINFALL I'nrni
IRRIGATION • RAINFAI L (mm)
WT DEPLETION |:ivn,

imm/cHy)
PERCOLATION HOOmm |mm)
CVAPOIRANSI'IRAriOW [mm)

(mmfctay)
F.o Imni/Uav)
niMFVAPOTRAMEPIRAIKIN |mm)
CUM IRRIGATION t RAINFAll (mm)
CIPMWI PFPtETION (IV")
CUMPLRCOLA1ION iflUOmm (mm)

29-Dec-04
12

Hpp 1

1)069

0 '51
0 ' ? !
D2B2
0 303

0061
0 147
0 177
0 279
0 302
0 286

0 065
0 149
0 174
0 28'
0 303
0 286
0.210
i/i n

0

3H'

212

1357
165 03

0

0

L'

0

C

0

i)

0

7 16
0

Hrn'J

a J65
0 155
0 175
0 J91
0 )09
D292

0 0B3
0 150
0 1B6
0 290
D2B6
0 2B9

0 0'4
0 152
0 161

0 790
0 303
0 291

D.210

.18? 12
0

391

212

3 88
U5 12

0

u

0

(J

0

D

(1

0

I 16
0

0 049
0 153
0 180
0 301
0 308
0 292

0 0 6 '
0 163
0 169
0 293
0 115
D2?8

0 055
0 ' 5 J
0 <M
D295
0311
U2B5

0.211
3B2 31

0

391

212

8 696
170 31

0

0

0

0

0

0

u
0

7 16
0

o.oes
0.151
D.1T6
0.1PB
D.3O«
D.1BJ
D 212

3B2.2BS
D

301

112

«.TU
170.28

0

0

0

0

0

0

0

0

7.10
0

0

a
a

05-Jan-05
19

Mnp 1

1)1)54

I) 142

I) 161

0 282

U .10.1

U?8f

0 0-16
0 1-lfl
0 1R4
0 279
0 Ml

(1286

ooso
0 140

[1 163

0 281

0 303

112H6

D.2D4

3f!fi 5B

-1D845

391

VI?

24-115

1S4 SS

117

c
15 i'

V

0

0

2h(.4fi

3.7821

8 54

26 55

16 70

UOO

0 0(1

Rep?

0 053

G 144

11 16?

0 291

U 303

•1292

OU72

0141
0 U5
0 290
0 296
0 289

0 06?
0 143
0 1/1

0 290
u 3 ns
0 291

O.I 10
377 85

-9 3
3H1

? ' ?

u v,
165 Hi

15.7
0

•!• r

0

0

0

?"19?

39671

24 SI
15.70

DOU

DIN)

Rr

0 113!)

0 141

0 ifi-1
0 301
0 3OB
1)29?

> 3

0 1)49

I) 14S

0 158

0 290

0 315

112/8

0 044
0 141
0 181
0 296
0311
0 286

0.2D7
371 SI

-11)395
391

?1?

19 09
159 91

IS.7
0

15 t

1)

a
0

26 09!.
5.7276

8 S 4

2S10
15 70
0 00
0D0

0.052

0.1*2
0.165
O.lSfl
0.306
O.J87
0.207
172.1
-10.2

3fi1

112

18.fi
1BD.1

1S.T

0.D

15.T

0.0

0.0

0.0

29.8

1.7

8.54

25.87

15.70

0.00

0.00

12-Jan-O5
26

oo-ia
0 139

o im
0 282

0 303

O2B7

0 04(1

[) 137

0 1/4

0 2/9

0 302

H2B0

(1 (148

(1 1.W

(1 172

0 281

0 30 1

0 2fl(i

0.2O5

3I5B ->}

1 615

391

? u
72 /8

MA 77

23. B

0
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8v = volumetric water content; PAW = plant available water, WT = water table; W = profile water content
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Appendix 5.1 The electrical conductivity of the soil water at the beginning (ECsw in, mS m'1) and end

{ECsw end, mS m~1) of the growing seasons of all the crops at the various EC,

treatments for both soils

EC, (mS m'1)

Soil Depth (mm)
300

500

700
900
1100
1500
300

500

700
900
1100

1500

EC, W

15

15

15

15

15
15

15

15

15

15
15

15

15

in E C , w e n d

162

101
285
131

90

91

78
124

159

140

97

70

EC1W

150

150

150

150

150
150

150

150

150

150
150

150

Wheat

150

in E C , , end

321

553
1136

451

260

190

271

515

1087
397

250

211

E C , .

300

300

300

300

300

300

300
300

300

300

300

300

300

in E C , w e n d

510

808
1374
854

890

400

365

609
1333
1036
598

343

ECSW

450

450
450

450

450

450

450

450
450

450

450

450

450

n | E C , , end
720

975

1704
1562
1400
590

927

1381
1841
1623
1098
597

E C , .
600

600

600

600

600

600

600
600

600

600

600

600

600

n E C , , end
840

918
1988
1591
1570
1168
880
1391
2228
2133
1390
735

Beans

EC, (mS m'1)
Soil Depth (mm)

300

500
700
900

1100
1500
300
500

700

900
1100
1500

15
EC,w in EC,wend

162 142
101 144
285 288
131 144
90 129
91 103
78 206
124 218
159 180
140 150
97 140
70 64

150

E C , , in EC, , end
321 528
553 509
1136 715
451 812
260 473
190 227
271 580
515 592
1087 656
397 837
250 453
211 696

300
EC,, in

510
808

1374
854

890
400

365

609

1333
1036
598

343

ECS . end
823

1002
936

642

788
619

1446
2115
1935
1345
963

428

450
ECSW in

720
975

1704
1562
1400
590

927

1381
1841
1623
1098
597

ECSW end
1785
2011
1640
1110
1237
1167
1883
1729
1451
1591
1355
839

GOO
EC,, in

840
918

1988
1591
1570
1168
880

1391
2228
2133
1390
735

E C , , end
2815
2474
1736
1255
1464
158D
1891
1590
1601
2230
1727
1151

EC: (mS m 1)
Soil Depth (mm)

300

500

700
900
1100
1500
300

500
700
900

1100
1500

EC,W

45

48
49

52

75

52
45

45

44

61
74

15

in |EC,wend
68

93

123
128

70

72

91

92
126

76
57

52

EC,W in
120

118
110

116

117

122

102
95

97

88
114

157

Pea?

75

EC,B end
163
240

390

222

149
117

266
343

393

171

130
133

EC,W

119

132
131

131

114

115
175

179

129

114

120
216

150
n EC,W end

328
507

715

436

259

178
743

713

453

207

188
184

ECSW

255
248

260

251

253

240
209

213

214

204

217
272

225
n JEC,wend

354

436
544

387

315

262

731
675

676

313
273

279

E C , .
367
410

415

420

385
384

3B6

344

352

378

373
457

300

in E C , , end
475
716

812

654

542

436

752
1003
967

585
419

430

EC, (mSm'1)

Soil Depth (mm)
300
500
700

900

1100
1500
300
500
700

900

1100
1500

E C 5 .
70
65

67

80

94

89
61

52
75
92

88

69

15

in EC,W end
174

578
150

121

101

78
139

108
163

89

70

50

EC1W

213

196

204

184

192
265

228

169

200

200
234

221

Maize

150

n EC,W end
1209
1415
943

540

293

212
1149
923

738

298

223

223

EC,.
382
354

384

324

268

497
358

329
334

353

415

340

300

n EC t. end
1131
1456
1864
1054
683

414
1970
1190
1110
1458
443

356

E C t .
592
521

557

483

461

536
610

505

495

524

503

486

450

n ECS . end
2138
1844
1964
1303
931

559
2374
1633
1548
1012
696

558

E C , .
708

870

624

578

543

830
663

686

701

742

781

715

600

n E C , , end
2088
3314
2216
1512
1172
808

2670
2510
1817
1311
794

664
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Appendix 6 1 Statistical results of the rational function for measured cumulative drainage per

lysimeter regressed with time, for both soils and all EC, treatments

Soil

A

B

EC.fmSm"1)

15

150

300

450

600

15

150

300

450

600

Rep
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

a
-73222
-7.8471
-3.4366
-12.3080
-9.7487
-6.1024
-7.0908
3.5615
-9.6385
-5.6908
-8.3385
-5.7676
-0.3068
-3.8328
-3.7188
6.1967
7.0494
12.6701
12.0713
5.2246
7.8496
58253
6.3796
12.2061
10.5594
7.2106
7.6945
11.3312
8.8140
7.0017

b
478.5908
345.4001
177.2507
802.9413
228.6349
268.2978
1098.1595
2661.6159
1022.4346
533.0296
433 8008
900 4149
1314.9859
1816.6118
1939.7837
151.1615
350.5155
351.9910
603.7351
447.4971
457 7164
2069796
610.5078
5447500
387.9289
543 7941
407 5538
375.2801
292.8748
315 9930

c
2 1034
1.4307
0.6647
2.7219
0.9186
1.1011
4.2160
8.2127
3.8324
2.1184
1.5246
30123
47755
6.0235
6.0962
1 3997
2 1447
2.4074
3.4397
2.6066
2 7186
1 4249
3.2651
3.1237
2.2625
2.7762
2 6022
2 1575
1.7386
2 1124

d
-0.0046
-0.0008
0.0001
-0.0019
0.0002
-0.0006
-00132
-0.0367
-0.0120
-0.0057
-0.0012
-0 0082
-0.0211
-0.0246
-0.0249
-0.0071
-0.0097
-0.0143
-0.0193
-0.0105
-0 0129
-0 0066
-0.0155
-0.0172
-00110
-0.0126
-0 0147
-0.0111
-0.0075
-0.0125

r*

0.998
0.998
0.994
0.996
0.996
0.998
0.999
0.997
0.998
0.999
0.998
0.999
0.999
0 999
0.999
0.997
0.998
0.993
0.995
0.988
0.997
0.997
0.998
0.996
0.996
0.999
0.991
0.996
0.998
0.996
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Appendix 6.3 The electrical conductivity of the drainage water (ECd), cumulative measured drainage

(£ D) and the cumulative salt removed (T_ SR) during the entire drainage period of all

the lysimeters on both soils.

Soil

EC,(mSm1)

15

150

300

450

600

Rep

1
2

3
Average

1
2
3

Average
1
2
3

Average
1
2
3

Average
1
2
3

Average

A

ECd (mS m"1)

107

113
103
108
487
407

390
428
799
687
843
777

1131
979
1171
1094
1371
1391
1381
1381

Y D (mm)

237

239
251
242
296
238
239
258
282
367
288
312
266
283
318
289
310
337
355
334

JSRfkgha1)
1922
2049
1953
1975
10929
7318
7057
8435
17038
19076
18398
18171
22778
20996
28206
23993
32169
35417
37116
34901

B

EC0(mSm1)

64

68
69
67

296
263
267
275
467
664

501
544
696
803
716
738
872
1100
889
954

7 D (mm)

121
183
171

158
204

190
190
195
161
212
202
192
194
220
182
199
198
186
175
186

I SR (kg ha"1)
588
941
894

808
4577

3778
3842
4066
5706
10639
7665
8004
10218
13368
9856
11147
13081
15519
11744
13448

158



Appendix 6.4 Water content of the lysimeters during the entire leaching period for the EC,

treatments on both soils

Soil

ECi(mS m"1)

Time (days)
0
1
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

A
15 150 300 450 600

Rep
1

409
408
402
402
444
432
462
443
427
421
417
451
442
475
455
434
425
416
456
439
479
449
431
423
412
461
441
477
452
439
426
422
461
436
478
447
433
422
411
451
439
470
445
429
418
412
443
430
422
414

2
419
413
411
410
455
443
478
461
450
437
431
469
457
480
463
450
439
430
469
456
495
465
451
436
430
474
456
492
466
454
444
437
473
453
495
467
453
444
430
465
448
486
455
447
435
428
462
451
442
431

3
427
425
422
421
469
461
493
474
458
443
434
474
460
495
480
461
452
442
479
461
494
471
454
442
433
474
457
490
471
457
447
439
475
460
491
473
456
445
433
472
459
488
461
449
437
402
458
459
445
436

1
389
384
382
379
422
414
444
425
411
402
395
436
423
447
433
410
406
403
437
425
470
442
504
408
403
442
425
458
442
423
411
407
442
429
464
437
418
410
401
444
426
472
442
426
406
406
444
431
421
414

2
401
399
393
393
438
433
472
452
440
431
422
466
449
482
460
444
438
429
472
454
500
469
452
442
435
469
462
488
471
457
447
443
477
463
500
457
454
449
436
474
457
499
463
452
445
439
471
461
448
437

3
423
422
417
414
455
449
485
466
454
445
434
474
439
503
475
457
448
439
480
468
500
476
464
450
443
482
468
496
480
467
461
447
484
471
499
482
465
455
447
481
463
499
472
463
456
448
480
471
461
453

1
453
449
443
440
491
479
518
489
478
466
459
511
491
515
496
482
471
466
516
497
545
500
484
474
469
520
499
545
507
496
485
476
527
503
548
503
489
482
475
520
504
549
510
492
485
479
524
504
493
483

2
435
429
424
424
473
461
501
474
462
449
440
489
473
511
482
464
456
449
497
483
524
485
463
457
451
508
487
525
489
471
461
453
503
485
527
492
476
465
448
499
484
525
486
478
463
459
488
489
476
465

3
436
433
431
431
478
470
509
482
471
456
456
497
483
524
492
473
464
459
515
494
540
496
479
469
467
524
497
530
502
484
474
470
516
496
540
501
483
473
458
507
491
538
496
483
476
466
515
499
488
478

1
444
440
434
437
481
462
518
492
481
469
461
511
493
525
504
486
480
469
516
498
546
514
490
478
480
526
506
546
519
501
492
483
527
506
546
523
505
494
481
525
507
548
514
503
492
483
531
515
501
493

2
438
437
430
431
481
474
513
495
482
470
464
506
493
529
506
487
478
472
524
502
561
519
512
489
480
534
509
550
525
506
496
491
536
514
559
525
503
495
481
528
510
565
521
510
495
489
528
515
502
495

3
421
416
414
412
461
453
498
468
456
441
435
482
468
509
475
462
452
445
498
479
533
489
467
453
450
507
481
515
491
469
459
453
489
480
523
492
474
459
446
497
481
527
485
475
460
447
498
489
477
466

1
428
425
420
418
468
463
494
475
465
454
446
490
481
523
491
482
467
459
506
493
539
495
510
471
463
520
503
539
505
487
477
469
513
500
550
507
492
480
468
514
501
545
509
494
483
481
510
503
492
481

2
418
411
411
412
467
455
495
466
450
435
419
477
472
517
478
456
450
443
496
480
534
489
444
451
443
494
481
519
487
464
454
449
499
481
525
483
460
452
443
491
485
520
478
462
453
444
493
487
469
458

3
434
425
430
426
475
471
514
483
465
451
451
493
482
529
495
479
467
461
516
498
533
500
473
465
464
513
498
533
504
484
475
467
512
501
536
500
482
469
469
511
500
536
501
484
472
466
515
504
489
479

159



Appendix 6.4 continued

Soil

ECiimSm"1)

Time (days)
0
1
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
35
37
38
39
40
41
42
43
44

45
46
47
48
49
50

B
15 150 300 450 | 600

Rep
1

525
519
514
556
548
539
573
551
539
532
565
548
540
573
553
534
533
569
556
539
570
552
547
536
570
552
542
573
558
547
539
568
550
543
559
550
541

535
555
549
540
561
547
547
533
552
550
539
535
530

2

500
496
490
534

519
509
549
522
509
497
537
522
507
543
520
505
501
544
519
506
551
522
515
497
542
522
506
555
526
514

501
547
530
509
546
524

509
499
552
525
506
547
522
514
504
547

522
509
500
494

3
527
521
518
555
540
528
565
543
529
519
559
539
530
561
540
530
521
561
540
529
567

539
527
522

560
544
531
559
542
532
525
564
550
535
569
5*5
535
525
562
545
532
566
543
530
525
562
545
534

526
521

1

519
513
509
555
540
529
567
542
526
519
556
546
528
566
546
532
527
565
543
527

568
549
546
528
575
552
536
574
552
541

532
569
557

542
573
556
542
533
573
555
542
583
557
544
534
576
558
542
537

531

2
526
521
513
560
545
535
572
552
535
527
566
550
534
576
553
545
532
574
552
541

576
553
542
530
575
557
543
581
554

543
535
571
560
548
582
561
547

540
579
561
531
574

558
548
535
572
561
547
538
534

3
533
525
519
565
542
531
574
545
534
526
570
546
534
574
552
538
536
576
549
556
588
556
540
540

576
554
545
584
558
547

536
580
563
550
590
5.57

548
543
590
559
550
586
554
551
541

589
559
554
544

539

1
518
513
510
552
547
536
576
555
540
533
566
557
542
580
563
551
544
586
563
556
586
569
561
547
586
568
567
594
577
562

559
593
575
562
593
575

565
557
591
575
562
597
575
563
556
595
579
567
559
553

2
504
501
495
539
527
512
549
531
517
507

545
534
520
563
541
522
517
558
538
525
560
544
530
519
564
544
530
567
546
539
526
562
546
532
567
550

536
527
569
551
534
569
552
538
530
557

552
537
530
525

3
528
520
515
555
542
531
571
550
535
528
567
552
544
579
558
547

539
577
559
544
584
562
548
543
592
564
542
583
561
551
544
584

568
557
588
5fi4

557
548
591
563
555
592

566
558
549

588
572
560
554
546

1
509
501
494

536
534

522
565
543
528
517
557
544

531
578
554
540
534
572
551
541
574
561
546
537
578
558
547
586
566
553
546
583
571

555
592
571

558
548
587
578
557
587

573
562
551
592
573
559
554

549

2
502
500
492
537
525
511
555
528
515
506
546
533
517
562
537
523
514
557
535
525
561
546
527
518
563
545
530
572
547
534
526
563
558
536
572
551

537

529
570
554
535
575
551
538
527
575
552
538
531
527

3
513
509
500
548
536
524
562
541
528
518
560
543
528
573
546
533
526
570
548
536
57S
553
541
532
578
551
537
585
555
543
535
575
562
545
581
Sfin

546
538
583
562
550
588
566
551
539
577

563
550
542
534

1
532
526
516
566
546
533
579
546
537

525
573
553
542
580
559
542
539
583
558
550
586
565
554
544
586
566
555
589
568
557
549
591
572
561
597
569

561
551
593
575
556
597
574
566
551
594
576
564
557
549

2

500
492
485
531

518
504

530
527
509
500
539

525
511
550
530

527
508
552
530
519
564

535
523
516
557
539
525
562
540
529
520

562
547
532
576
545
530

525
567

545
532
572
545
535
522
569

549
536
528
521

3
515
511
504
552
536
529

568
547
535
523
561
550
534
562
552
542
534
565
551
543
581
557
544
53S
575
561
551
586
582
555
548
585
569
557
590
565
556
547
573
567
559
592
572
559
551
593
573
563
557

551

160



Appendix 6.5 The electrical conductivity of the soil water (ECSW, mS m" ) measured at specific times

(days) during the leaching period for all the lysimters of the EC, treatments on both

soils

Soil A

Time
(days)

5

12

19

26

33

40

47

ECj(mSm ")

Depth (mm)
300
500
700
900
1100
1500
Ave
300
500
700
900
1100
1500
Ave
300
500
700
900
1100
1500
Ave
300
500
700
900
1100
1500
Ave
300
500
700
900
1100
1500
Ave
300
500
700
900
1100
1500
Ave
300
500
700
900
1100
1500
Ave

15 150 300 450 600
Rep

1
734
83.3
75.5
100
89.9
91.1
86
71.3
62.9
66.5
86.8
98.3
92.9
80
82.1
63.7
63.4
77
80.8
804
75
79.3
65.9
66.1
76.1
72.9
76.6
73
79.3
65.9
67
73.4
72.1
75.8
72
83.9
64
71.2
74.4
73
72.7
73
85.2
65.9
69.4
75
73.6
72.4
74

2
72.5
85.1
78.2
92.1
87.8
87.6
84
54.4
57.5
67.3
78.6
102
92.2
75
57.3
58.4
65.2
68.2
74.2
89.6
69
549
57.4
73.8
70.2
72.8
84.4
69
61.5
62
67.9
69.6
71.4
83.5
69
67.4
66.2
71.8
72.1
71.8
76.5
71
67.1
69.1
71.9
73.7
72.1
77
72

3
71.6
85.2
69.7
89.2
92.4
99
85
57.5
66.6
72.6
75.8
80.4
86.7
73
68.3
684
58.6
66.4
70.8
74.7
68
72
73.7

68.5
71.3
71.6
71
72.9
77.9
86.8
69.4
74.5
62.1
74
.65.4
71.4
71.9
674
74.4
162
89
684
70.9
73
70.4
74
62.7
70

1
118
202
188
207
212
593
253
75.7
104
114
156
204
465
187
69.2
93.1
104
99.1
113
232
118
70.5
92.8
96.9
93.7
103
153
102
76.9
76.1
95.6
92
97.6
117
93
75.6
86.5
94.2
90.4
92
102
90
71.2
85 6
91.2
89.1
88.8
98.2
87

2
131
168
554
199
188
444
281
86.5
88.7
187
108
180
380
172
71.1
80.4
111
86.9
93.4
173
103
84.3
79.6
103
85.1
90.2
138
97
88.8
77.6
102
83.3
87 6
112
92
77.7
77.4
95.1
846
83.3
97.8
86
78.5
75.6
86.1
85.1
83.4
93.2
84

3
96.9
173
201
203
191
628
249
58.8
81
102
114
174
428
160
65.6
68
87.1
87.1
93.3
192
99
70.1
68.9
88.7
83.1
89.3
138
90
81.9
70.6
85.3
79.4
84.2
122
87
73.6
72.4
85.2
81.1
78.7
98.4
82
78.1
72.4
84.6
834
78.6
95.5
82

1
310
287
298
303
309
476
331
106
158
139
164
271
305
191

103
100
102
119
286
142
173
102
89.3
93.4
108
138
117
123
95.9
85.2
90 8
98.6
118
102
94.1
94.5
82.1
84.6
964
101
92
125
91.9
78.7
83.7
88.8
84
92

2
145
295
296
355
289
320
283
924
118
113
168
159
281
155
78.3
83.8
95.5
145
97.7
120
103
84.6
82.2
91.5
138
91.9
96.7
97
84.4
82.7
86.1
168
86 7
89.5
100
80.3
84.6
84.4
167
81.1
85.6
97
83
84.7
82.6
147
77.5
81.2
93

3
211
286
286
287
309
613
332
92.2
144
136
181
234
412
200
73.7
96.7
106
101
964
292
128
78
133
101
108
892
171
113
85.8
95.3
115
974
85.9
112
98
83 6
97
120
103
83.3
99.9
98
75.6
102
113
95.7
84.1
100
95

1
232
465
452
496
596
1094
556
124
120
114
338
490
674
310
101
97.8
110
103
140
462
169
96.7
94.8
86.7
90.1
104
195
111
93.9
94.6
91.5
83.4
95.7
128
98
87 5
92.1
84.9
81.7
89.5
109
91
84.8
89.9
87.1
835
84.6
101
88

2
177
477
455
516
599
1177
567
79.7
142
136
456
486
782
347
80.4
111
102
121
184
462
177
78.8
103
107
114
123
239
127
81.3
104
103
111
122
131
109
75.9
101
102
110
118
112
103
73.5
98.8
101
109
118
107
101

3
173
406
463
440
474
687
441
113
116
117
117
209
493
194
81.3
117
103
119
108
242
128
83
91.8
101
85
869
124
95
91.8
110
100
81.5
85.7
105
96
88.7
99.3
104
83.2
83.8
92.9
92
86 4
99.6
105
834
80.2
96.3
92

1
323
617
666
670
702
984
660
102
121
486
610
621
737
446
90.7
83.5
142
137
208
630
215
92.7
88.8
124
102
109
205
120
91.8
874
129
101
101
120
105
110
92
87.5
99.2
102
103
99
87.2
88
11.7
104
104
102
83

2
235
600
1344
605
597
907
715
160
185
176
317
526
633
333
94.3
145
115
102
116
332
151
90.7
143
103
99
110
104
108
106
163
102
99.9
102
97.2
112
100
161
95.2
98.8
103
92.9
109
109
120
103
97.8
102
90.3
104

3
438
541
638
610
723
878
638
224
119
161
160
436
633
289
190
120
92.3
92.7
90.5
582
195
186
99.7
113
153
88.8
114
126
144
110
111
97.8
902
922
108
103
104
112
88.3
984
85.2
99
117
105
99.1
924
858
84.5
97

161



Appendix 6.5 continued

Time
(days)

4

11

18

25

32

39

46

EC|(mS m ')

Depth (mm)
300
500
700
900
1100
1500
Ave
300
500
700
900
1100
1500
Ave
300
500
700
900
1100
1500
Ave
300
500
700
900
1100
1500
Ave
300
500
700
900
1100
1500
Ave
300
er\n
<JVW j

700
900
1100
1500
Ave
300
500
700
900
1100
1500
Ave

15
Soil

150
3

300 450 600
Rep

1
57 7
49 7
6 4 5
93 2

79 5
69

53 8
52 8
59 9
79 9

85 4
66

52 8
51 6
57.5
76.1
65 8
83.7
65
54

51 2
57 2
72.5

74 8
62

56 6
53 5
69

72 3

73 9
65

56 4
C A

69
68 2
60 5
62 8
62

62 2
59 7
65 4
69 8
68 6
59 9
64

2
67 2
55.1
83.1
105
104

83
6 4 9
566
69 7
9 4 9
103
76 9
78

6 6 3
57 1
65 4
78.1
8 8 4
97.4
75

67 2
58 2
6 4 7
74.5
78.1
98 3
74
67
61

67 4
76 6
73 1

69
70 4

65 2
72 7
6 8 2
59 7
66

77.6
6 4 8
68 1
79 2
69 5

72

3
71 9
80 6
79 1
106
103
99 3
90

69 4
66 2
71.8
8 7 4
85 4
9 4 3
79

62.1
77.4
61.8
74.8
73.7
77.1
71

63.5
68 9
61.6
70.4
76 8
75 5
69

65 8
8 9 5
68 8
69 6
73 2
78 2
74
64

t * C

67 5
66.7
72.3
69.1
69

69 1
73 3
69.6
77 4
77
66
72

1
101
145
177
242
402
425
249
78 5
83 4
98 6
126
209
522
186
71.1
72.1
76.7
81.8
112
255
111
70.7
70

83.9
72.9
83.3
173
92

74.4
67.2
87 5
72 1
74 8
141
86

76 5
7 f l A

83
68 8
71 8
110
80

77.3
74 1
87.1
73

74.5
103
81

2
117
177
306
322
466
361
291
81.4
85.4
201
185
282
419
209
80.1
77.7
206
96.6
161
341
160
82.3
79.3
104
78.6
111
288
124
83.9
78.7
101
74 9
99.6
200
106
9 0 3
-TO n

114
70.7
91 1
150
99

87.1
89.9
108
71.5
92.9
127
96

3
114
284
169
225
400
454
274
86.5
100
96.3
165
289
646
231
79.4
83.5
73.2
93.6
166
415
152
97.8
86.3
69.1
77.1
107
242
113
95.5
85.9
77.1
76 7
94.6
176
101
98 8

73
74.4
88 5
135
91

9 6 4
84

71.3
74.5
86.9
116
88

1 | 2
272 156
294 289
378 346
577
689 820

442 403
118 97
164 109
388 208
466
565 509
616 902
386 365
102 83.3
104 96.4
276 103
355
427 238
710 748
329 254
96.1 78.9
103 87.4
171 84.7
236
301 157
612 507
253 183
99.7 83.9
105
129 86.6
181 87.9
239 106
485 59 7
207 85
89 8 80 4
•i n-i -TO

98.4 85.2
135
203 90
356 204
164 108
97.4 85.7
102 84.2
103 89.1
121
201 92
290
152 88

3
275
285
305
477
769
651
460
146
119
201
383
552
710
352
144
92 3
98 7
200
346
711
265
113
86.7
85.1
119
193
562
193
144
94.2
95.7
133
140
386
166
144
oc n

91.9
103
106
250
130
140
92.1
98.8
106
107
189
122

1
177
472
711
937
1094
888
713
125
118
425
668
930
885
525
104
9 4 4
176
390
670
534
328
101
97.5
143
205
403
525
246
106
95.5
129
127
252
387
183
108
inn

77.2
102
188
258
139
114
104
116
99.4
148
159
123

2
161
419
458
535
706
875
526
106
254
193
358
523
658
349
95.3
101
105
188
281
858
271
94.6
96.9
87.8
111
153
582
187
102
105
93 9
93

93 4
331
136
95 8
no c

92 6
86.1
77 1
231
114
101
108
98.4
93.1
77.5
174
109

3
287
468
539
713
1135
1074
703
94.3
117
220
364
660
833
381
94.6
9 9 4
111
113
271
783
245
97.5
102
97.3
85 2
124
408
152
101
104
102
84 1
99.9
207
116
98.2
•inc

106
84.2
9 0 4
132
102
94.8
121
105
8 6 4
161
109
113

1
204
560
802
1485
1762
1280
1016
108
140
468
874
1507
1501
766
97.9
95.1
188
447
783
1337
491
94.2
92.6
84.5
214
409
912
301
99.4
97.9
115
139
226
515
199
103

QO -1

948
109
154
302
144
106
106
97.9
104
131
210
126

2
339
866
672
910
1213

800
139
175
625
697
814

490
108
114
173
327
537
694
325
106
105
148
154
269
648
238
104
109
135
116
168
270
150
122
100
118

121
311
154
118
98.9
98
110
104
542
179

3
727
676
899
1569
1727

1120
200
366
618
1177
1420

756
131
144
206
733
883

420
116
132
118
346
477

238
127
141
145
203
232

170
112
121
111
133
133
526
189
114
115
113
115
106

112

162



Appendix 6.6 The full data set of the electrical conductivity of the drainage water (ECd, rnS m" ) as well as the measured drainage (mm) for all the lysimeters

of the Ed treatments on both soils

Soli A

EC|(ms m )
Rep

iim» (days)
1
3
4
6
B
7
8
9
10
11
12
13
14
16
16
17
18
19
2D
21
22
23
24
26
2B
27
28
29
30
31
32
33
34
36
36
37
38
39
40
41
42
43
44
46
46
47
48
49
60

16
1

0.4
2 1
2.0
2.3
1D.1
1D.2
IB 7
9.7
12.7
10,0
6.2

14 1
12.1
27.5
18.1
10.3
8 7
8 0
14.B
12.0
25 1
17,2
14.6
8.1
50
16 7
13.9
2B.0
16.0
8.2
1 1.8
9.2
12.0
15 7
27 5
15.7
13.5
B.8
7.9
13.8
13 1
27 5
14 7
8.3
7.9
6.7
10,1
11.8
7.9

2 3

0.4
0.7
0.8
1 4
56
8.7
20 1
9 7
13.0
79
9.4
13 3
13.B
20,5
16.6
9.0
10.6
8.2
12.1
15.7
20.9
11 8
11.8
9.5
9.0
16.8
15.7
24.1
15,7
8.2
11.B
10.6
17,5
15.7
29 9
15.7
15.7
11.B
9.2
14,4
12 2
27.5
19.6
9.0
9.B
8.0
12.2
13.5
B.9

0,5
1.3
1.4
1.4
4.8
11.8
19.9
108
16 0
60
3.9
13.3
15 7
15.7
168
2.1
1B 1
12.5
11.B
15.7
11.8
19.6
20.3
6.5
1 1.9
1 1 8
142
16 1
9 7
96
19.6
12.0
14.2
129
12.2
14.2
17.2
12.4
16.2
13.7
13.5
20.6
11.8
10.3
9.3
6.3
10 0
12.6
10.6

160
1 2 3

0.4
1.2
1.1
1.5
5.1

9.B
24 2
10 0
12 B

B.r
106
12 5
12.0
24.5
16.4
8.1
7.9

5.2
13 5
15 7
33 4
14.2
16.4
6.5
5.7
12.5
12.1
29.3
15.7
B.1
88
7.1
157
13.3
28.4
16 7
10.8
79
6 1
109
12.1
32,6
196
B 6
7,9
6.3
11.B
11 B
B 6

0 5
1 2
1 2
1 6
1 1.8
86
18 5

8.B
11.0
10.3
8 3
12 7
12.1
20 4
15 1
10 0
10 3
B 1
13 7
12 2
20 9
15.7
12.8
8 1
8 0
14 7
16.1
23 6
13.2
8.B
11.B
9.6
17.1
14.2
23.6
14.2
14.2
11.B
9.B
14.5
13.6
23.6
15.7
10.2
9.B
9.3
12.2
11.B
8.9

05
2 2
2 1
2 1
4 6
B.6
20 0
9.6
B.9
11.8
5.4
14 1
11 8
20 4
17.3
10.6
10 5
8.1
12.0
13.3
19.6
15.7
12.7
95

e o
13 6
11 8
20.0
13.2
8.8
11 8
13 3
12.0
13.9
16.3
19.6
142
10.3
9.2
14.2
12.0
23 6
15 7
B.8
9 8
9.6

12.1
11 8
B.9

300
1 2

Dralnaga
0 3
1 1
1 6
20
9.7
12 3
22.5
10.B
10 3
7.9
5 6
10.6
12 9
28.2
140
7 1
60
46
12 0
13.3
28 7
13 7
10.2
5.1
6.8
9.0
13 2
31 9
15,7
7 9
B 5
96
14,-1
13 2
31 4
14 2
10.2
6,1

5.0
13.6
12.0
35.4
11.B

B.4
6.2

5.1
14,5
12.9
B.4

0.4
1.2
1.3
2.2
102
7.9
20.5
10 9
12 8
9 1
9.0
126
13 7
24.3
16 5
B 2
B 7

B4
12.1
14.4
2B.7

142
8 8
42
98
16.8
17.7
31.9
13.2
6 1
10.0
96
13.3
15.7
28.1
12.5
10.8
9.0
9.0
15.7
13.6
26.6
142
8.9
79
69
10.1
11.8
9.1

3

mm |
0,5
1.5
1.5
2,1
9.0
11 0
24.1
10 9
11 B
8.6
6 5
11 B
134
27.5
15.2
8 1
7.9
56
14.2
14 1
31.4
15 7
8 5
5.9
5 6
196
17.4
31.9
15.9

B6
7.9
4.7
17.1
13.2
32.2
1b./
12.4
4 1
6.0
11.B
13.0
32.3
15.7
9.6
7.9
6.2
10.2
13.1
B.6

450
1 I 2 3

0 5
0 9
1 0
1.6
5.1
100
20.2
9.9
12 9
100
11 8
11.8
13 5
23 8
16.4
B 2
B.5
6 1
1? 0
13 5
25.2
17 2
10 6
6.9
5.6
13 2
12.1
26.1
15.7
8 1
9.4
8.2
15.7
11.8
25.8
15.7
13.6
89
7.9
11.0
12.1
28.3
15.7
8.9
9.6
80
12.1
11.8
8.8

0.4
0.6
0.7
1.1
2.0

6.5
16.0
8 5
11 B
10 ?
8 2
10 2
10.4
20 4
15 0
8 9
8 7
6 6
12 1
12 4
25 2
17.4
13.0
B.2
8.0
11.B
11.B
24.0
13 3
B 1
9.6
9.3
13.3
13 8
25.7
14.2
12,7
9.0
B.3
11.8
12.1
27.5
15.7
9.0
9.B
B.O
12.1
11.B
B.9

04
1 1
1 1
1 7
4 6
11 8
24 0
9.1
13.0
8.3
57
10 4
12.9
27 5
14 4
10 1
6 5
4 5
12 4
14 1
26 0
23 6
8.8
98
50
15 7
142
27.5
168
9.6
94
56
11 B
15 7
27.5
18.1
14.1
7.5)
56
10.7
12.6
20.4
11 8
12.4
8.6
9.7
10.6
12.6
8.3

GOO
1

0 3
0.7
0.B
1.4
5.6
11.?
14.6
9.B
12 0
7 9
6.1

B.4
13 0
35 4
14 3
8 1
7.D
4 9
10 0
14 4
29 0
17 B
B.6
5 7
4 1
14 8
157
32.0
13 1
6.9

B7
6.7
17.5
13.4
34.2

17 1
11 8
7.9
5.9
7 9
12 1
31 4
14.2
B.5
7.2
5.B
6 2
11.0
7.9

2

0 4
0.7
1.2

?2
85
19.6
26 1
14 5
11.8
6 2
5.6

79
14 1
33.8
16 8
B 0
54
8 0
14 0
12 9
34 1
12.4

5.?
52
53
9 3
15 7
31.7
17.1
8.5

7.9
9.5
10.1
13.1
35. B
13.7
13.7
6.0
5.3
8.9
14.2
35.9
16.7
9.7
5.8
5.4
9.5
12.6
8.2

3

0 5
0 5
1 2
1.1
6.3
8 3
34 3
16.3
10.2
6 4
5.0
9.4
14.3
35 7
16.3
7.2
5.4
4.1
9.9
14 5
33.B
14 2
B 7
55
46
10 B
14 2
35 5
16.B
9 1
6 7
9 1
11.9
1-1.1
35 7
14.2
9 1

5.B
47
B.B
12 5
39 3
17 6
9 1
9.5
4 B
11.B
12.3
B.2

Soil A
EU ((mSm )

Rtp
Tim* (day*)

1
3
4
6
B
7
B
9
10
11
12
13

14
16
16
17
18
19
20
21
22
23
24
26
26
27
28
29
30

31
32
33
34
36
36
37
38
39
40
41
42
43
44
45
46
47
48
49
60

IB

1 2 3
160

1 2 3

B7
90
90
91
67
81
76
72
74
76
76
72
69
74
76
BO
B0
79
83
B4
B4
B3
B4
B3
B?
B2
B1
80
B0
83
79
B0
80

77
77
78
77
77
78
77
77
75
76

It
!7
78
77
76
J7

98
87
89
89
89
83

76
73
77
78
75
76
71

75
75
77
76
7b
81
79
77

7!
78
77
75
75
75
75
76

78
74
76

75
73
72

rs
73
73
73
72
71
71
71

71
71
72
71
71
71

93

87
89
87
81

82
80
82
82
82
8U
7B
74
74
74
73
76
76
78
77
71
75
76
75
75
72
70
69
68
70
71
72
69
69
65
6/
6B
69
71
69
68
67
69

6B
6B
6B
67
67
67

505
491
503
500
488
466
453
434
442
574
431
399
368
356
327
318
31?
314
279
264
231
292
208
198
190
181
170
162
153
150
143
142
133
129
122
118
116
116
118
111
106
100
99
yg
98
99
95
92
92

438
426
437
431
421
417
397
714
425
416
413
390
357
355
340
3?8
310
308
2B8
277
?46
243
224
212
206
194
1B9
174
176
1B3
173
164
150
1-18
139

142
143
139
137
121
124
113
116
11B
117
115
107
102
103

399
404
411
410
696
408
437
412
465
431
435
412
382
372
369
377
365
35B
339
317
2BB
276
253
250
237
210
204
183
178
179
173
160
146
142
132
129
123
124
120
112
109
103
103
101
100
100
96
95
94

300

1 I 2 3
EUd |m5 m ']

839
841
838
838
824
822
800
757
75B
759
740
6B6
628
566
554
552
5rtO
534
527
492
415
403
3BB
370
36B
350
333
279
265
263
24B
242
220
173
174
202
175
171
174
147
139
121
126
123
123
123
110
106
109

646
643
643
627
630
628
609
636
644
611
579
469
424
3/6
3B1
3B0
369
367
346
325
270
394
272
265
273
209
212
212
292
207
201
76
171
153
127
147
145
144
142
121
113
100
106
106
105
108
100
94
98

854
83B
843
831
785
750
699
71B
725
730
718
540
587
551
515
519
496
47B
416
402
349
331
315
298
2B5
254
244
221
210
200
1B2
1B2
168
159
142
131
124
121
119
113
111
106
103
102
101
100
99
99
9B

460

1 2 3

1168
1158
1188
1168
1165
1111
1087
1 116
1141
1 10B
1097
1D53
964
927
B37
B19
773
758
742
704
6rtO
595
563
541
527
512
487
434
386
360
334
311
281
243
220
19S
1B9
175
171
160
153
139
133
130
127
127
123
120
120

102B
999
1035
1018
1012
959
944
943
980
925
993
957
885
8B9
877
8B4
865
B57
800
773
697
675
639
618
601
524
492
428
426
430
405
394
343
331
291
290
289
268
267
230
218
187
184
181
173
167
152
145
140

1179
1141
1168
1143
1085
1013
935
891
943
893
B77
B19
736
719
682
677
649
63B
5B9
587
586
619
483
454
437
372
35B
332
277
254
252
226
201
200
166
189
117
153
148
134
132
125
122
11B
115
111
107
107
107

600

1 2

1422
1387
1375
1369
1362
1298
1195
1196
1197
1149
1134
1074
964
916
B42
B38
B02
794
807
771
709
677
659
644
637
603
573
504
442
415
387
320
310
170
209
273
135
147
145
135
127
116
111
110
110
109
109
106
105

1347
1320
1356
1325
1295
1231
1119
1022
1066
1024
1024
962
890
B62
769
765
739
734
708
699
620
603
503
474
472
406
371
301
265
250
254
256
209
189
159
148
142
133
134
120
112
107
105
102
100
101
96
95
95

3

1258
1273
1277
1254
B96
1175
1156
10B7
1016
951
911
B54
843
846
811
751
705
671
673
691
669
554
436
377
350
30B
35D
359
319
255
272
200
1B7
219
242
167
206
147
141
127
143
166
141
118
110
107
105
108
108

163
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Appendix 6.7 The full data set of cumulative irrigation, cumulative drainage as well as the change in

the electrical conductivity of the soil water (EC^, mS m'1) for all the EC, treatments on

both soils
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Appendix 6,8 The ratios used in the leaching equations for the different treatments and soil depths

of all the EC, treatments on both soils
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Other related WRC reports available:

Multi-dimensional models for the sustainable management of water quantity
and quality in the Orange-Vaal-Riet convergence system.

Viljoen MF; Armour RJ; Oberholzer JL; Grosskopf M; Van der Merwe B; Pienaar P

Safinisation of various irrigation schemes has become a problem in South Africa. One
such area that experiences salinisation problems is the Lower Vaal and Lower Riet
irrigation areas, upstream from where these rivers converge and flow into the Orange
River. From a total irrigation area of 12 556 ha in the Orange-Vaaf Water Users
Association, 23 % is either slightly or severely affected by salinity problems.

The overall aim of this study was to develop and integrate multi-dimensional models for
sustainable management of water quantity and quality in the Orange-Vaal-Riet (OVR)
convergence system.

The main results from the research are the following: Salinisation is an important problem
in the study area that needs special management attention. The relative importance of the
problem differs between WUAs and irrigation blocks. From various management options,
drainage installation and consequent leaching is a better option financially,
environmentally and socially than changing to more salt tolerant crops at farm, WUA and
regional level. At regional level the direct and indirect benefits of modelled improved
drainage (and subsequent investment in higher value crops) proved far greater than the
costs of drainage, and produced the highest index for socio-economic welfare (ISEW), and
an addition of jobs to the irrigation and linked industries over the long term. The total real
cumulative cost (2005 basis) of salinisation over a period of 15 years for the whole study
area was calculated at R955 million, a good benchmark to use to leverage funds for
remediation action

This above mentioned finding presents an overwhelming case for the full sustainability
("green box") grant assistance of additional irrigation drainage in the interest of increased
sustainable regional socio-economic welfare. The main recommendations of this research
project is that drainage installation for facilitation of leaching, needs to be promoted in the
Orange-Vaal WUA and especially in the Lower Riet Irrigation Blocks in the study area.
Factoring in the costs of drainage into irrigators' water use charges, is less than the
additional financial benefits derived from the drainage, and should therefore be acceptable
to farmers. This should however be re-evatuated with a detailed survey and feasibility
study.
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