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Abstract

Fertigation is the injection of soluble nutrients into irrigation water to enhance
crop production. In combination with micro-irrigation (drip irrigation), this
technique forms an efficient method for precisely applying nutrients close to the
crop root zone, especially when a polyethylene mulch is used. VVegetables are
grown throughout the world on a wide variety of soil types and in various
climates; China is the leading vegetable producer, followed by India and the
United States. In most areas were vegetables are grown, mineral nutrients and
irrigation must be provided to reduce nutrient and moisture stress and to
maximize production. Where water is expensive or in short supply, drip
irrigation is replacing surface and sprinkler irrigation; it is generally used in
combination with polyethylene mulch on high-value crops, including tomato
(Lycopersicon esculentum), pepper (Capsicum annuum), eggplant (Solanum
melongena), strawberry (Fragaria x ananassa) , and cucurbits. Because soluble
nutrients move with the wetting front, precise management of irrigation
quantity, and rate and timing of N and K application are critical for efficient
vegetable production. Drip irrigation can be scheduled to match the water
evaporation from the crop or by use of such instruments as tensiometers. It is
essential to avoid excessive irrigation and, on coarse textured soils, to apply
only 30 to 40% of the N and K required for the crop at planting, with the
remainder60 to 70% applied by fertigation. Generally other needed nutrients,
including P, Mg, Ca, and micro-nutrients, are most efficiently applied preplant,
in dry formulations and not by fertigation. For many vegetables, fertigation of N
and K can be applied bi-weekly, weekly or daily. Drip fertigation systems are
generally costly and require more management than seepage or sprinkler
irrigation systems. With drip irrigation, water use is reduced, nutrient
application is precise, diseases are reduced because the foliage remains dry, and
yields of some corps are increased. With fertigation, nutrient use efficiency is
increased and the risk of loss of nutrients to the ground water is reduced.
Information from studies to support this production system is presented.
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Introduction

Fertigation is the application of soluble nutrients with via the irrigation water;
its use in vegetable production has increased with the introduction of
polyethylene mulch and drip irrigation, and it is an efficient means to apply
fertilizer to the root zone. For efficient use of fertigation, water application and
nutrient application must be precisely managed, to prevent over-watering and
nutrient leaching. A wide variety of vegetables are grown throughout the world,
on many soil types and in various climates. Soils commonly used to produce
vegetables range from coarse-textured sands with water-holding capacity of 8 to
15% to fine-textured silt and clay soils with water holding capacities of over
40%. Soil textures vary from rocky and gravely to the widely used organic soils.
Production areas range from humid with high rainfall to very dry or arid with
little or no rainfall. In most areas where vegetables are grown successfully,
irrigation is essential to supplement irregular rainfall, to minimize plant water
stress (Doss, et. al., 1980; Locascio and Myers, 1974), and one or more mineral
nutrients must be applied to maximize crop production (Hartz and Hochmuth,
1996). Highly inefficient surface irrigation is most commonly used worldwide,
wherever water is abundant and inexpensive. Surface systems are inexpensive to
install and easy to manage, but their water-use efficiency is lower (33%) than
that of drip irrigation. Overhead sprinklers were introduced in the 1940°s and
are still used extensively on vegetables. The water flows to the field through
conduits and is applied through overhead nozzles. These systems are more
efficient (about 75% in the absence of mulch) and apply water more uniformly
than surface irrigation, and can be used on uneven fields. However, they are
more costly than surface irrigation systems, and are more complex to manage. In
the 1950s, polyethylene mulch was introduced (Lamont, 2005) and its use
drastically changed vegetable fertilization practices. With the so-called
plasticulture, nutrient leaching is reduced, soil temperatures can be increased by
the use of black mulch, most weeds are controlled, and yields are generally
increased. Polyethylene mulch is now widely used on many vegetable crops
worldwide. China leads the world in the use of polyethylene mulch for
vegetables and in vegetable production, followed in vegetable output by India
and the United States (Economic Research Service, USDA, 2005). In the 1960s,
micro-irrigation (drip irrigation) systems were developed (Hall, 1971), and they
are slowly replacing the more commonly used surface and overhead sprinkler
systems in areas where the water supply is limited. However, drip systems are
more costly and require a higher degree of maintenance and management than

147



other irrigation systems. These highly efficient (about 90 to 95%) drip irrigation
systems apply small amounts of water on a daily basis, through outlets
(emitters) in low-pressure hoses placed close to the crop. Advantages of drip
irrigation over other systems include: reduction of water use by over 50%; drier
crops and row middles, which results in better insect and disease control;
reduced weed growth in row middles; drier harvesting conditions; use of smaller
pumps to provide small amounts of water daily, in contrast to large amounts
applied on a 5- to 7-day schedule; and, very importantly, the ability to precisely
control the application of plant nutrients (i.e., fertigation) and certain pesticides
with the irrigation water (Locascio, 2005). Fertigation systems can be used
without mulch, similarly to all irrigation systems, but are most efficiently used
with drip-irrigated, higher-valued polyethylene mulched vegetables, in areas
were water availability is limited. The timing of irrigation and nutrient
application for polyethylene mulched, drip irrigated vegetables are discussed
below.

Watering schedule with drip irrigation

To minimize leaching of the soluble nutrients used with drip irrigation, and to
maximize crop production, precise management of water application is
essential, since over-irrigation results in nutrient leaching and reduced yields
(Bar-Yosef, 1977). Even with fertigation, over-irrigation can result in severe
nutrient deficiencies and reduced crop yields, e.g., excessive drip irrigation
reduced tomato yield (Locascio et al., 1989). Drip irrigation can be scheduled
by matching a predetermined proportion of the water evaporated from a U. S.
Weather Service Class A evaporation pan (E pan) (Phene et al., 1973; Smajstrla
et al., 2000), which provides a measure of evapotranspiration (ET). Yields of
polyethylene-mulched tomato were lower with drip irrigation at 2.0 E pan than
at 1.0 E pan (Locascio et al., 1981). On a coarse-textured soil yields of a spring
tomato crop were higher when irrigated at 0.5 E pan than at 1.0 E pan (Locascio
et al., 1989), and the maximum yield was produced above 0.5 E pan, at about
0.75 E pan (Locascio and Smajstrla, 1989), whereas on a fine-textured soil,
tomato yields were similar under irrigation at 0.5 and 1.0 E pan (Locascio et al.,
1989; Olson and Rhoads, 1992) with water application of 20 to 30 cm/ha,
similar yields were obtained with one and with three irrigation applications per
day on both soils. Pitts and Clark (1991) found that tomato water requirements
varied from 0.2 E pan early in the season to 0.8 E pan during fruit development.
Water scheduling according to pan evaporation often over-estimates early crop
water needs: when tensiometer scheduling of water at 10 to 15 kPa was used,
less water was applied than with 0.75 E pan application. On tomato, water used
per crop was 30 cm with water scheduled to replace 0.75 E pan and 17 cm when
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irrigation was scheduled by means of magnetic switching tensiometers to apply
sufficient water to maintain soils at 10 kPa (Locascio and Smajstrla, 1996;
Smajstrla and Locascio, 1996). On finer-textured soils, sufficient water is
applied to maintain the soil at 20 to 50 kPa (Locascio et al., 1992). In addition to
tensiometers, soil water sensors and techniques that can be used to determine the
time of irrigation include granular matrix sensors (GMSs) (Eldredge et al.,
1993) and time-domain reflectometry (TDR) (Topp et al., 1984).

Soluble dyes can be applied with the irrigation water to track the depth of water
and soluble-nutrient movement (Eger et al., 2001; Simonne et al., 2003).
Excessive irrigation moves nutrients below the root zone and should be avoided.

Nutrient requirements

The use of fertigation generally does not change the fertilizer requirements of a
particular crop. Total fertilizer nutrient requirements vary with location, soil
type, and crop (Hartz and Hochmuth, 1996). Most soils, except for organic soils,
are deficient in N, which must be applied for most annual vegetables. Most
mineral soils also lack P and K, which are applied to each crop. Needs for
secondary and micro-nutrients vary widely according to the crop and the fertility
of the soil, and the needs for P, K, secondary nutrients, and some micro-
nutrients should be established by means of calibrated soil tests. Growers should
use fertilizer recommendations developed by local scientists on the basis of soil
fertility and crop needs, as exemplified by vegetables grown in Florida
(Hochmuth and Hanlon, 1995).

The use of plasticulture often enables a double crop or a second crop to be
grown after the initial crop. With drip irrigation, fertigation facilitates the
application of nutrients for this second crop. Proper management of the first
crop leaves little residual N and K for the second crop, which, therefore, should
be fertigated with nutrients as required for a first crop (Clough et al., 1987). Soil
tests should be used to determine the P and K requirements. Micro-nutrients
applied for the first crop are generally sufficient for a double crop.

Fertigated nutrients

All soluble nutrients can be applied effectively by fertigation with drip
irrigation, but N and K are the main nutrients applied in this way, because they
move readily with the irrigation water. All other needed nutrients generally can
be applied most efficiently preplant. Fertigation P and most micro-nutrients
move very poorly in the soil and do not reach the root zone. Needed P,
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secondary elements, and micro-nutrients are most efficiently applied preplant in
the root zone. Use of fertigation to apply P and micro-nutrients together with Ca
and Mg may cause precipitation and blockage of the emitters (Imas, 1999), and
therefore should be minimized. When conditions require that P be applied by
fertigation, it should be applied alone and the irrigation water should be
acidified, to prevent clogging of the emitters (Rolston et al., 1981). Were micro-
nutrient deficiencies occur and applications are made via fetigation, completely
soluble sources or chelates can be used.

Scheduling of N and K fertigation

The scheduling of nutrient application with drip irrigation is critical to the
efficient use of nutrients, especially on coarse-textured soils, and requires some
change in the way fertilizer is applied. When all nutrients were applied preplant
in the bed, as with overhead- and surface-irrigated, polyethylene-mulched crops,
both sprinkler and drip irrigation resulted in similar yields of tomato (Doss
etal., 1980; Locascio and Myers, 1974) and of watermelon (Citrullus lanatus)
(Elmstrom et al., 1981). When part of the N and K was applied preplant and part
by fertigation with drip irrigation, yields were higher than with overhead
irrigation for tomato (Locascio and Myers, 1974), muskmelon (Cucumis melo)
(Shmueli and Goldberg, 1971), and strawberry (Locascio and Myers, 1975).
With 100% preplant application of N and K, tomato yields were lower than
when 50% was applied by fertigation (Dangler and Locascio, 1990). On a
coarse-textured soil preplant application of all the P and of 40% of the N and K,
with 60% of the N and K fertigated with drip irrigation tomato yields were
greater than when all nutrients were applied preplant (Locascio and Smajstrla,
1989; Locascio et al., 1997b).

With drip irrigation on a coarse-textured soil, it is essential to supply only part
of the N-K requirement via fertigation and to avoid over-irrigation. With part of
the nutrients applied at planting, nutrient leaching is reduced, nutrient use
efficiency is increased, and this generally results in higher yields than if all the
nutrients were applied either preplant or through the drip system (Locascio
etal., 1997b). In a 2-year study on fine-textured soils, however, yields were
higher when 100% of the nutrients were applied before planting than when all or
part of them were applied by fertigation (Locascio et al., 1997b). Split
applications of nutrients were reported to maximize production of pepper (Hartz
et al., 1993) and muskmelon (Bogle and Hartz, 1986). Preplant incorporation of
N and K in the root zone provides nutrients for early growth during a period
when irrigation may not be required, and before fertigation begins to supply
nutrients throughout the bed as crop growth continues.
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Frequency of fertigation

Fertigation can be applied with each irrigation or on a scheduled basis to prevent
nutrient stress. Since nutrient uptake increases with plant growth, some
schedules ensure that the fertigation rate increases according to the crop growth
curve. However, Locascio et al. (1997b) Locascio and Smajstrla (1989) found
that with 40% preplant N and K application, similar yields were obtained with
six 2-weekly or 12 weekly applications, either all equal or scheduled with
initially small amounts that increased progressively with plant growth, and with
daily or weekly fertigation. The frequency of fertigation — daily, weekly or 2-
weekly — and whether the applications were uniform or increased progressively
to match the plant growth were not critical, so that fertigation can be planned to
suit the equipment available and the grower’s convenience. Application of
100% of the N and K either preplant or by fertigation resulted in lower
production than the split application (Locascio et al., 1989). On finer-textured
soils, response to fertigation was not as consistent as on coarse ones, although
N, and sometimes K, are most usually applied through fertigation to increase
nutrient use efficiency. With subsurface drip-irrigation, broccoli (Brassica
oleracea var. italica) yields were similar with fertigation at 1, 7, 14 and 28-day
intervals (Thompson et al., 2003). It is apparent that to maximize crop yield on
coarse-textured soils, 30 to 40% of the N and K must be applied preplant and the
remainder by fertigation and that the actual schedule for fertigation is not
critical.

Fertigated N and K sources

All soluble nutrient sources are suitable for fertigation, and selection is generally
according to the cost and the other element in the salt. Sources of N that perform
similarly to one another in the fertigation of vegetables include ammonium
nitrate, calcium nitrate, ammonium sulfate and potassium nitrate (Hartz and
Hochmuth, 1996; Locascio et al., 1982; Locascio et al., 1984, Locascio and
Martin, 1985). Also, urea can be applied via fertigation, but, studies have shown
that nitrification of urea may be slow in fumigated soils (Fiskell and Locascio,
1983), and that some nitrate-N should be applied after soil fumigation,
especially in cooler soils. Suitable K sources for fertigation include potassium
chloride, potassium sulfate, and potassium nitrate, which generally perform very
similarly to one another (Locascio et al., 1997a). Growers’ concerns about the
use of the chloride source are generally unfounded, except where saline water is
used, where the soil is saline, or when application rates are excessive. On soils
low in organic matter, S deficiencies may occur if some S-containing fertilizer is
not applied either before planting or through fertigation; the required S can be
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supplied by applying part of the fertigated N or K in the form of S-containing
fertilizers such as ammonium sulfate, ammonium thiosulfate, or potassium
sulfate. On a low-S soil cabbage yields were higher when S was applied by
fertigation than when applied preplant (Susila and Locascio, 2001); this
indicates the importance of S fertigatiom on coarse-textured soils.

Drip fertigation system components

Drip irrigation systems are complex and include pumps, backflow-prevention
systems, filters, nutrient storage tanks, fertigation injectors, timers, and drip
tubing. Clogging of emitters is a major concern, and efficient management and
maintenance of the system are necessary (Imas, 1999). Drip irrigation and
fertigation can be applied with smaller pumps than those used with other
irrigation systems, since only a small amount of water is applied on a daily
basis, which reduces pumping costs (Prevatt et al., 1992). Because of the
complexity of the numerous system components, drip/fertigation systems are
more costly ($1,200/ha) than subirrigation system ($470/ha), therefore,
drip/fertigation systems are used mostly in areas where water is scarce and
costly, and on relatively high-value crops.

Fertigation is an efficient method to apply part of the fertilizer in a precise
manner during the crop growing season. The nutrients most commonly applied
in this way are N and K. Other nutrients are more efficiently applied preplant, in
dry formulations. Efficient use of fertigation enables precise nutrient
application, reduces the likelihood of nutrient leaching, and increases crop
production.
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