Key area V. Irrigation

Soil-Water-Plant Relationships and Irrigation Scheduling Concepts

A good understanding of soil-water-plant relationships is the foundation for understanding irrigation concepts.

Water reaches the soil through irrigation, precipitation, or from groundwater drawn up into the root zone through “capillary action”.  To be available to plants, it must be held by the soil strongly enough so it is not lost to gravity before the plant gets it, but not so strongly that the plant cannot extract it from the soil.  At the same time, the roots must have sufficient aeration to function properly. 

Roots are responsible for obtaining almost all of the plant’s water and nutrients.  These substances move through the soil during and after irrigation/fertigation and rainfall.  In addition, root systems are continually growing and branching to seek out water and nutrients.   Root hairs are very fine structures that extend at right angles to the roots.  Water and nutrients predominantly enter the root system via specialised cells near the tips of root hairs.  

The xylem is the cellular pathway through the plant that transports water from the roots to the leaves for use in photosynthesis and to cool the plant by evaporation.  The process by which water vapour is released to the atmosphere by the leaves and other parts of a living plant, resulting in evaporative cooling, is called transpiration.  The xylem also transports water and nutrients to other parts of the plant.  In a living plant, the xylem is completely filled with water, just as the veins and arteries of the human circulatory system are filled with blood.  The plant needs a continual replacement of water lost through transpiration to keep the xylem full of water, and of course, this has to be accomplished without an organ analogous to a human heart.

Tomato plants weighing 5 kg may only have a dry matter content of 1 kg but require 500 kg of water to produce.  
In practice tomato crops that produce about 90 Mt/Ha require about 9 – 10 Megal / Ha in case furrow irrigation and 3.5 - 4.5 Megal for drip irrigation taking the rainfall figures into account.

Minor water deficits may result in a proportional growth reduction, but if the stress occurs at a critical growth period (eg during pollination), the loss of yield may be considerable and greatly out of proportion to the amount of stress.  

Water Storage in the Soil

Soil moisture tension is a measure of how strongly the water is held by the soil particles.  It is also called soil suction and is expressed in units of pressure (bars or atmospheres or kilopascals).   In soils that are saturated, the soil moisture tension is zero and therefore the energy required to extract this water is zero.  The roots essentially “grab” the free water, which is predominantly moving in a downward direction due to the force of gravity. 

After significant precipitation or irrigation, water drains from the soil by gravity, initially from the largest pores where it is held least securely.  Air fills the void in the pores as the water drains out.  The remaining water is in a thinner layer, closer to the soil-particle surfaces.  Once the layer is thin enough to be held securely by the soil particles so that rapid drainage by gravity is prevented, we say that the soil has reached “field capacity”.  This represents the approximate upper limit of soil water available for plant use.  Soil moisture tension (or suction) at this point is about 10 centibars.

Water Movement in Soils
The rate of water movement in the soil depends on the existing soil and water conditions.        The flow rate is predominantly determined by the size of the large pores and their proportion in the soil.  Since coarse textured soils have large pores and a high proportion of large pores, saturated flow is more rapid than in a medium or fine textured soil.

Unsaturated flow takes place when soil pores are not filled with water.  It takes place during and after irrigation. This flow occurs in the water films coating the soil particles.  The rate of flow depends primarily on the thickness of the films in fine and medium pores and involves water flowing from one point to another because of a difference in relative wetness. In other words, water moves from a region where water films are thicker to a region where water films are thinner.  Flow can be up, down or sideways.  Unsaturated flow is often called capillary flow because it occurs due to the attractive forces between the water molecules and soil particles.

These concepts help explain the different wetted patterns that are created by subsurface drip irrigation systems in coarse (sandy), medium and fine-textured soils.

Different wetted patterns created by subsurface drip irrigation in three types of soil.  In sand, there is more saturated flow (due to larger pores) and poor hydraulic conductivity in unsaturated flow conditions, leading to a narrower, deeper pattern. In clay soils, unsaturated flow and better hydraulic conductivity result in a wider, shallower wetted pattern in clay soils.  To achieve a continuous wetted strip down the row, emitter (dripper) spacings must be narrower in sand compared to clay. 

Water management and Irrigation Scheduling

Irrigation scheduling involves deciding when to irrigate and how much water to apply.  The size of the root zone being explored by the crop and the water-holding capacity of the soil in the root zone must be taken into consideration when scheduling irrigations.  We are interested in the available water-holding capacity (the amount of water between field capacity and the permanent wilting point), which varies dramatically depending on soil texture, soil structure, organic matter levels and the presence of hard pans.  Table 1 shows the ranges of available water holding capacities for coarse, medium and fine-textured soils that are well structured.

Table 1.  Ranges of available water for three soil textural groups

	Soil textural group
	Available water (mm of water per meter of soil)

	Coarse (sand, loamy sand, sandy loam)
	57 - 106

	Medium (fine sandy loam, loam, silt loam)
	117 - 183

	Fine (clay loam, silty clay loam, clay)
	173 - 183


Plant growth generally ceases well before permanent wilting, so only a portion of the available water is extracted between irrigations.  With furrow or flood irrigation, water is applied when the amount of moisture in the soil reaches the allowable depletion.  

This specific level of soil moisture depends on crop characteristics, soil type and weather.   With drip or micro irrigation, it is possible to always keep the soil moisture above the allowable depletion with frequent irrigations, as illustrated in Figure 5.  However, it is still important to define this moisture level for your particular crop, root volume and soil type to ensure the moisture within the wetted soil volume created by drip irrigation is not depleted beyond the allowable depletion.

After planting depending on regions and climatic condition it is important to use water management as a tool to ensure root development to deeper layers in order to give these a better opportunity to exploit a larger portion of the soil. This will contribute to a more stable and stronger crop that will overcome stress intervals between irrigations. In the end this will lead to higher yields and might contribute to higher solids levels depending on the local condition.

When you multiply available water (mm/m) by the allowable depletion (%), you arrive at an estimate of readily available water (RAW).

Frequent irrigation with drip irrigation keeps moisture in the ideal range, well above the allowable depletion.  With surface irrigation, water is generally applied when soil moisture reaches the allowable depletion (a defined percentage of available water, based on crop, soil type and weather conditions).

The influence of weather can be accounted for in terms of evapotranspiration (ET).  Evapotranspiration is defined as the loss of water to the atmosphere due to a combination of evaporation from the soil surface (and in some cases the surface of the crop’s foliage) and transpiration by the crop.   Reference evapotranspiration can be calculated from atmospheric data collected via a weather station, using what is known as a modified Penman equation.  This equation takes into account the relative influence of temperature, relative humidity, wind speed, solar radiation and atmospheric pressure.  This calculation gives an estimate of ET by a “standard” or reference crop.  Different crops transpire at different rates depending on their physiology, stage of growth and other factors.  When the reference crop is an actively growing green grass cover, of uniform height (8 – 15 cm tall), completely covering the ground surface and adequately supplied with water, the calculated reference evapotranspiration figure is abbreviated ETo.

When ETo is multiplied by a crop coefficient (Kc), the daily crop water use (ETcrop) can be estimated:

ETcrop = ETo x Kc

Crop coefficients are available for the various growth stages of many crops.  It should be remembered that the crop coefficients used with ETo will be different from the crop factors (Kp) used with evaporation from a “Class A” pan (Epan). 
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Using ET and the Water Budget Method for Irrigation Scheduling

A widely promoted procedure for irrigation scheduling is the Water Budget approach.  It involves monitoring all of the additions of water to and losses of water from the soil in the crop’s root zone and is based on maintaining a favorable soil water level.  It is especially useful with high-frequency irrigation where known amounts of water are applied.

In its simplest form, the equation used with the Water Budget method is:

Irrigation application + effective rainfall = crop water use + irrigation losses

 






+ leaching requirement

Crop water use, irrigation losses, the leaching requirement (if there is one) and effective rainfall are estimated to arrive at the amount of water to be applied.  

Daily crop water use is calculated by multiplying daily reference crop water use (ETo or Epan) by the appropriate crop coefficient (Kc) or crop factor (Kp) for the stage of growth.  

ETcrop = ETo x Kc

or

ETcrop = Epan x Kp

With drip irrigation, crop water use is generally replaced on a daily basis or every second or third day.  This allows the soil moisture to be kept in an ideal range at all times.  At some crop stages, it may be ideal to have the soil in the 0 – 25% depleted range (i.e. fairly close to field capacity).  At other stages it may be recommended to keep the soil moisture in a more depleted state, for example to keep vegetative growth under control or to promote a quality attribute during ripening (eg. improved soluble solids in processing tomatoes).

With annual crops like processing tomatoes, the volume of soil being explored by the root system must be taken into account, and this volume will increase as the crop grows during the season.  The volume of the root zone must be considered when making irrigation timing decisions (eg daily versus longer intervals).  It makes no sense to replace 3 days’ worth of crop water use if in doing so, you’ve let the soil moisture in the wetted pattern around the roots be drawn down beyond the allowable depletion, thereby causing stress.

If the wetted volume is allowed to expand beyond the boundary of the root system due to over-watering, water is being wasted and it is possible that valuable nutrients are also being pushed outside the effective root zone.  Soil moisture monitoring is the best way to ensure the correct wetted volume is re-established after each irrigation.  

Irrigation Losses and Leaching Requirement

The application efficiency of your irrigation system must be taken into account when deciding how much water to apply each time you irrigate.  With drip and micro-irrigation, this is usually specified at the design stage.  For example, if the flow variation is +/- 7%, you must add an additional 7% to ensure all parts of the field receive adequate water.  In addition, there may also be a need to apply a small amount of water (eg 5% more on top of the extra 7% added to account for flow variation) to maintain a satisfactory salt balance in the soil.

Effective Rainfall

Effective rainfall, the portion that contributes to evapotranspiration, is one of the more difficult components to estimate in an irrigation water budget.  The grower or consultant must make reasonable estimates of the following variables:

• total rainfall;

• root zone water content at the time of the rainfall event and the amount of water held in the root zone at field capacity;

• surface runoff, which may be considerable if the surface soil seals off quickly, making infiltration rates too slow to take in rainfall from a downpour that lasts for a relatively short period;

• losses to deep percolation.

It is best to make a direct check of the soil moisture level following a significant rainfall event.  As a general rule, ignore any falls of rain less than 5 mm.

Field Checking to Confirm Water Budget Estimations

Finally, it is strongly recommended that you carry out routine field checking to ensure you have carried out the components of the water budget procedure accurately.   A field check usually involves using a reliable method of soil moisture monitoring to verify the accuracy of the estimates that went into your water budget calculation.  For example, if the crop factor or coefficient you are using is too low, the soil will be drier than what has been predicted by the water budget method and signs of plant stress may be noticed.  If the crop factor or coefficient is too high, the soil will be wetter than expected.

Keep in mind that crop factors and crop coefficients are average figures.  Local conditions such as exposure, windbreaks, soil characteristics and cultural practices can change the amount of irrigation required.  By using both the water budget approach and soil moisture monitoring, growers will enhance their ability to make more reliable and efficient decisions when it comes to irrigation scheduling.

Incorrect usage of water can have a detrimental effect on product quality. To avoid excessive or insufficient water usage, methods of systematically predicting the crop requirement for water should be utilised. Where possible irrigation should be adjusted based on predicted rainfall, plant water use and evaporation. Daily rainfall records for outdoor production may be used to assist in planning irrigation requirements. Growers are recommended to obtain access to regular meteorological forecasts to support irrigation planning.

All growers should maintain records of irrigation water usage. These records should include:

· Weather station records: rainfall, evaporation, temperatures

· Water application per day

Based upon risk assessments, irrigation water sources should be analysed at least once a year for microbial, chemical and mineral pollutants. The analysis should be compared against official standards and adverse results acted upon.

Drip Irrigation

During the last decade there have been great technological improvements  on drip irrigation system equipment. This has also lead to a better reliability of the systems together with a better knowledge on drip irrigation management.   

For example, the dripperlines come in different wall thicknesses.  Some are made to last for 15-20 years; others are thin and must be discarded after one crop.  In some situations it will be logical to have the dripperlines sitting on the surface of the soil, and in other cases a subsurface installation will be chosen, with dripperlines buried at a particular depth to suit the soil, the crop, and the various operations carried out during the growing and harvesting periods. Regardless of the final combination of options chosen by the farmer, a drip irrigation system that is well designed and managed will have significant advantages over surface and overhead irrigation systems, because of significant reduction of water usage, better control of watering, less energy consumption, less inputs on nutrients and fungicides compared to overhead systems in certain regions. 

With drip irrigation it is possible to irrigate without wetting the leaves of the plant, which has distinct advantages for disease prevention.  Subsurface drip systems are even more advantageous in this regard if they are managed in such a way that the surface soil remains dry.

Drip irrigation systems distribute water at points close to the plants at a rate and frequency suitable to the needs of the plant.  The number of water emission points in a given area is not fixed.  Each system is designed according to crop requirements and soil type. Water is supplied to all plants uniformly.

In most situations, the system is designed and operated in such a way that non-irrigated strips are left between the plant rows, enabling the farmer to work in the field at any time, whether or not the irrigation system is operating, without damaging the soil structure.  For example, the timing of sprays is often critical to successful implementation of integrated pest management (IPM) programs.  With drip irrigation, you have the highest likelihood of having field access at critical times.  Even if there has been unexpected rainfall, the dry soil between the plant rows has the capacity to absorb some or all of it, allowing access by farm equipment sooner than would be the case with surface (flood or furrow) or overhead (sprinkler) irrigation.

The use of drip irrigation results in higher water use efficiency than can be achieved with other methods of irrigation, for the following reasons:

(a) Frequent, uniform irrigation and fertigation results in higher yields (and often better quality), meaning less water is used per unit of yield.

(b) There is less loss of water by evaporation than with sprinkler or surface irrigation, due to less moistened surface area.

(c) Winds do not influence water distribution and have much less effect on evaporation from a drip-irrigated field.

(d) Low flow rates and point water distribution with drip irrigation prevents runoff, even in difficult topographical conditions.

(e) Distribution of water is more uniform with drip irrigation than with other methods of irrigation.

(f) Drip irrigation systems are much less sensitive to drops in pressure than sprinkler systems.  In other words, the uniformity of water distribution will not be reduced to as great an extent with the drip system in situations where pressure has dropped below the recommended range.

(g) With drip irrigation there is no peripheral water loss.

(h) Weed growth can be minimized, especially with subsurface drip irrigation, so competition for water by weeds is generally less than with other irrigation methods.

Due to the capillary water flow in the soil, almost no air is forced out of the soil by the movement of water, except in a small saturated area that is created near each dripper.  The larger pores in the soil generally remain well aerated, even when the soil moisture level is being maintained near field capacity.  The plant roots have good access to air throughout the growing season, with no interruption during or immediately after irrigation.

Drip irrigation allows relatively good field sanitation conditions to be maintained.

(a) Dry foliage results in a decrease in diseases and pests.

(b) Insecticides and fungicides are not washed off the leaves as with sprinklers.

(c) Fewer weeds germinate as a result of limited wetting of the soil surface.

(d) Drip irrigation prevents the spread of diseases and weeds which can be transferred to other areas of the field by surface irrigation.

(e) When properly managed, there should never be anaerobic conditions in the soil for an extended time with drip irrigation. The incidence of soil borne diseases is greatly reduced.

Drip irrigation requires more specialised  labour, training, knowledge and maintenance. It requires less energy than other methods of irrigation.

 The crop uses up to 95% of supplied water. This is a significant ecological advantage of drip irrigation.  (It should be noted that if surface and subsurface drainage are required in high rainfall areas for removing excess water, these drains should be established and maintained, even when drip irrigation has been installed.) 

Drip irrigation makes possible the use of sloped areas and areas with difficult topographical conditions, with no need for steps or for moving soil which, in addition to being expensive, can cause damage to the soil structure and can expose infertile layers.

With drip irrigation it is possible to irrigate large areas simultaneously, without influencing the pressure in the general water system.

The volume of soil being irrigated by a drip system is relatively small (compared to overhead and surface irrigation).  The plant still requires the same amount of water and therefore the same amount of root surface and root hairs.  A more concentrated root system is created within this wetted volume. 

The most efficient and commercially practical water supply system should be used to ensure the best utilization of water resources. Drip irrigation instead of furrow and pivot irrigation systems are encouraged.

Drip irrigation systems minimize water use in the tomato fields. Drip systems deliver water to the plants much more uniformly than furrow irrigation and some growers feel that drip irrigated fields are less prone to disease and pest problems.

Fertigation with Drip Irrigation Systems

Fertigation capability is an integral part of the drip system, and drip irrigation provides the most convenient means of supplying nutrient materials.  

Fertigation is the direct application of fertilizer at the correct time through the irrigation system to the region where most of the feeder roots are sitting. This results in yield increases and often quality increases (eg a higher proportion of uniformly  sized fruits), as well as in more efficient use of the fertilizer.

By reducing the interval between applications, it is possible to maintain a uniform level of nutrients and to control the nutrient supply in the soil in accordance with changing plant needs during the growing season. Thus, the drip system can be regarded not only as a method of water application, but also as a system for conveying fertilizer to the desired location at the proper time.

Drip irrigation gives us the potential to apply 100% of a crop’s fertilizer requirements through the drip system, and to feed the plant frequently with small portions of balanced nutrient mixes. This type of nutrient application could provide a major breakthrough in achieving considerable increases in crop production.  However, due to the potential for creating precipitates (solid molecules) that could cause blockages in the drippers, caution is advised.  There are many things to be aware of when fertigating in order to avoid undesirable reactions in the dripperlines.  Many farmers apply some fertilizers to the soil and mainly use fertigation for applying nitrogen through the drip system.

These are some of the things that need to be taken into account to ensure successful fertigation through drip irrigation systems:

1. Ascertain that your fertilizer is completely soluble and does not contain any impurities or insoluble matter. 

2. Always inject the fertilizer before the filters, never after! 

3. In most cases it is not advisable to use fertilizers with an alkaline reaction. 

4. Avoid the use of any fertilizer (solid or liquid) that contains an iron residue, such as red KCl. 

5. Never fertigate with mineral microelements. Use only chelates (microelements combined with organic matter). 

6. Ascertain that chelates to be used are known to be stable, as there are certain types that decompose in the system. This is not good for the crop, and it is very bad for the drip system. 

7. Fertilizers containing phosphorous can form calcium phosphate precipitates in the drip system. This is a dangerous blockage issue for drip systems. The following precautions should be taken: 

1. Avoid high concentrations.

2. Do not use fertilizers based on polyphosphate; use only orthophosphate! 

3. Ascertain that your P fertilizer has a strong acidic reaction. 

4. Acidic P fertilizer is not sufficient to prevent precipitation when the water contains high calcium levels or when the water is alkaline. In this event, fertigate with phosphoric acid, or acidify the water. 

5. When the irrigation water is acidic, with a pH of 6 or less, you can fertigate freely with most phosphorous fertilizers. 

6. Never stop irrigation and fertilization at the same time; turn off the fertilizer pump ½ to 1 hour before the end of irrigation. This is vital for flushing any remaining phosphate ions from the system.
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