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SUMMARY. Major horticultural crops in Florida are vegetables, small fruit, melons,
and tree fruit crops. Approximately half of the agricultural area and nearly all of the
horticultural crop land is irrigated. Irrigation systems include low-volume micro-
irrigation, sprinkler systems, and subsurface irrigation. The present review was
divided into two papers, in which the first part focuses on vegetable crop irrigation
and the second part focuses on fruit tree crop irrigation. This first part also provides
an overview of irrigation methods used in Florida. Factors affecting irrigation
efficiency and uniformity such as design and maintenance are discussed. A wide
range of soil moisture sensors (e.g., tensiometers, granular matrix, and capacitance)
are currently being used in the state for soil moisture monitoring. Current examples
of scheduling tools and automated control systems being used on selected crops in
Florida are provided. Research data on the effect of irrigation scheduling and
fertigation on nutrient movement, particularly nitrate, are reviewed. Concluding
this review is a discussion of potential for adoption of irrigation scheduling and
control systems for vegetable crops by Florida growers and future research
priorities.

F
lorida is a top water user in the
humid region of the United
States, ranking second in with-

drawal of groundwater for public
supply in the United States and rank-
ing 13th nationally for agricultural
water use (Solley et al., 1998). Agri-
culture accounts for 35% of Florida
fresh groundwater withdrawals and
60% of fresh surface water with-
drawals. This category is the largest
component of freshwater use with
45% of the total withdrawals in Flor-
ida (Marella, 1999).

An approach to conserving water
is to maximize the irrigation efficiency
and to minimize water loss. Irrigation
efficiency is a measure of 1) the effec-
tiveness of an irrigation system in
delivering water to a crop; 2) the
effectiveness of irrigation in increas-
ing crop yields; and 3) effectiveness of
reducing nutrient leaching. Irrigation
practices imply high irrigation effi-
ciency and can be achieved by main-
taining irrigation water application
uniformity and improving water up-
take efficiency of the irrigation water.
Uniformity is a measure of how well

water is distributed to the plants in
a given field and is often expressed as
a measure of variability. Crop uptake
efficiency may be expressed as the
ratio of crop yield or increase in yield
over nonirrigated production to the
volume of irrigation water used. Irri-
gation efficiencies thus provide a basis
for the comparison of irrigation sys-
tems from the standpoint of water
beneficially used and from the stand-
point of yield per unit of water used
(Howell, 2001). Irrigation system
efficiency depends primarily on three
components: 1) design; 2) installa-
tion and maintenance; and 3) man-
agement. The recommendations of
the University of Florida, Institute
of Food and Agriculture Sciences for
irrigation management and best man-
agement practices (BMPs) of horti-
cultural crops include the following:
using a combination of target irriga-
tion volume; a measure of soil mois-
ture to adjust this volume based on
crop age and weather conditions;
knowledge of how much the root

zone can hold; and an assessment of
how rainfall contributes to replenish-
ing soil moisture (Hochmuth, 2007).

Irrigation in Florida
Nationally, 53.1 million acres of

crop land are irrigated. There are
3,715,253 acres of crop land in Flor-
ida according to U.S. Department
of Agriculture (USDA, 2004a). In
2003, �1,815,172 acres of land were
irrigated and 62% of harvested crop
land was irrigated in the same year
(USDA, 2004b). In terms of irriga-
tion, virtually all horticultural pro-
duction is irrigated in Florida as a
result of the economic value of these
crops and relatively low water-holding
capacity of the sandy soils. These crops
include 748,360 acres of tree fruit
crops [mostly citrus (Citrus spp.)],
120,306 acres of vegetables [including
37,782 acres of tomato (Solanum
lycopersicum)], 49,831 acres of potato
(Solanum tuberosum), 14,629 acres of
sweet corn (Zea mays var. saccharata),
and 5,683 acres of strawberry (Fraga-
ria ·ananassa) (USDA, 2004b).

Although Florida ranks 11th in
irrigated area nationally (Fig. 1), it is
surpassed by only Arkansas in the
eastern United States (USDA,
2004b). Irrigated area in Florida has
increased from �395,000 acres in
1954 to the current level (Smajstrla
and Haman, 1998; USDA, 2004b) as
shown in Figure 2.

Irrigated area in Florida spans
a wide range of irrigation delivery
systems depending on the type of
crop and cultural conditions. Irriga-
tion can be grouped into the follow-
ing general categories: low volume
(also known as microirrigation, trickle
irrigation, or drip irrigation), sprin-
kler, surface (also known as gravity or
flood irrigation), and subirrigation or
seepage irrigation (a variation on sub-
surface irrigation or water table con-
trol in other parts of the United
States). Microirrigation and sprinkler
irrigation account for 6% and 50%,
respectively, on a national basis (USDA,
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2004a). The largest fraction of irrigated
land in Florida is microirrigation (45%,
Fig. 3A), which is largely the result
of microsprinkler irrigation of citrus,
which accounts for the largest crop area
in the state. Sprinkler irrigation ac-
counts for 11% of the irrigated land.
Florida-irrigated agriculture is thus
more water use efficient compared with
U.S. agriculture in general as a result of
greater application efficiency of micro-
irrigation compared with sprinkler
irrigation.

The USDA for many years has
ranked gravity irrigation as very high
in Florida (USDA, 2004a); however,
we believe this nomenclature is in-
correct. Strictly speaking, gravity irri-
gation does not use an artificial power
source (i.e., pump) to move water and
relies on water infiltrating the ground
from the surface. There are a few
flood irrigation systems in Florida;
the authors believe that gravity and
seepage (i.e., subirrigation by the
USDA) categories refer to the same
type of irrigation system where irriga-
tion is primarily the result of upward
movement of water from capillarity
resulting from an artificially main-
tained water table (Fig. 3B). This
water table is typically maintained by
water furrows where an outlet from
a pressurized source is used to deliver
water to the furrow (spaced every 60
ft) and thereby maintains the shallow
water table. In contrast, gravity irri-
gation uses water diverted from sur-
face canals to flood entire fields or to
flood furrows and then relies on cap-
illarity to move water laterally to the
crop root zone. Descriptions of these
irrigation methods and their relative
efficiencies follow.

Irrigation of vegetables
and melons

The estimated area planted with
vegetables and melons in the United
States in 2007 was greater than 1.9
million acres and the estimated value
of the crop was $10.9 billion nation-
wide (USDA, 2008b). The four larg-
est vegetable crops, in terms of U.S.
production, are onion (Allium cepa),
head lettuce (Lactuca sativa), tomato,
and watermelon (Citrullus lanatus),
which combined account for 65% of
the total production. In particular,
vegetable crop cultivation areas are
concentrated in the west, southeast,
northwest, and Great Lakes regions of

the United States and the leading
states in the order of area and dollar
value are California, Florida, Georgia,
Arizona, and New York.

Florida is the most important
center of production and distribution
of vegetables in the southeastern
United States with 181,000 acres

Fig. 1. Irrigated area for states with more than 989,000 acres irrigated according to
from the U.S. Department of Agriculture (2004b); 1 acre = 0.4047 ha.

Fig. 2. Irrigated land in Florida over time according to the U.S. Department of
Agriculture (2004b); 1 acre = 0.4047 ha.

Fig. 3. (A) Percentage of total irrigated land by irrigation delivery method
according to the U.S. Department of Agriculture (USDA, 2004b) and (B) authors’
interpretation of USDA data as related to Florida irrigation systems. Note that
USDA numbers were adjusted slightly to maintain a 100% total.
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planted in 2006 and a crop value
greater than $1.2 billion (USDA,
2008b) (Figs. 4 and 5). Among the
vegetable crops cultivated in Florida,
tomato, bell pepper (Capsicum ann-
uum), sweet corn, strawberry, snap
bean (Phaseolus vulgaris), and cucum-
ber (Cucumis sativus) are very impor-
tant economically (Fig. 4).

Tomato is the most important
vegetable commodity in Florida in
terms of planted area and crop value.
Between 1998 and 2006, the planted
area with tomato averaged 42,601
acres, �20% of the total vegetable
area planted in the state (Fig. 4).
However, high crop value is attached
to tomato production, because the
average tomato crop value during

the same period was $537 million
(Fig. 5) representing 38% of the total
crop value of all state vegetables
according to Florida Department of
Agriculture and Consumer Services
(FDACS, 2007). Southern Florida
has the largest number of tomato
farms in the state and in this area,
there is a predominance of seepage
irrigation. Other important produc-
tion areas are Hillsborough, Dade,
and Gadsden counties with predom-
inance of drip irrigation.

Sweet corn in Florida has
�38,785 acres planted annually, and
the crop value is �$108 million
(Fig. 5). Sweet corn is predominantly
grown in Palm Beach and Miami-Dade
counties and the irrigation manage-
ment is mainly sprinkler sometimes
combined with seepage irrigation.
Snap bean has �32,865 acres planted
annually in Florida. This crop is grown
in several counties in Florida; the most
important are Miami-Dade, Hendry,
Palm Beach, and Alachua. Snap beans
are typically irrigated by sprinklers
in Dade and Alachua counties and
seepage in Hendry and Palm Beach
counties. Watermelon is broadly culti-
vated in Florida with �23,000 acres
planted in the state annually. The
irrigation methods for this crop are
drip irrigation and seepage irrigation,
depending on the region within the
state. The counties with drip irriga-
tion are Suwannee, Manatee, Levy,
Alachua, and Marion. Watermelon is
grown using seepage irrigation in
Hendry, Charlotte, Collier, and
Desoto counties. Bell pepper is the
second most important vegetable
produced in Florida in terms of value.
With a crop value of $209 million, the
average area annually planted with
bell peppers in Florida is 18,533 acres.
Palm Beach County has the largest
area cultivated with bell pepper fol-
lowed by Collier and Hillsborough
counties, predominantly seepage irri-
gation. Strawberry is the most valuable
crop per unit area in Florida. The
average annual crop value is �$171
million (Fig. 5); however, the area
planted with this crop represents only
3% (6,700 acres) of the total area
planted of fruit and vegetables in
Florida. Strawberry production is con-
centrated in Alachua, Pasco, Hillsbor-
ough, and Polk counties and uses drip
irrigation as well as sprinkler irriga-
tion for frost protection. Approxi-
mately 80% of Florida strawberry

area is drip-irrigated (Haman
et al., 2005).

The irrigation of vegetable crops
in Florida is classified in sprinkler,
microirrigation systems, and seepage
irrigation. Sprinkler systems are de-
signed to use overlapping patterns to
provide uniform coverage over an
irrigated area. These types of systems
have been frequently used under row
vegetable crops such as sweet corn,
potato, and snap beans, which are
vegetable crops not cultivated with
plastic mulch. Sprinklers are normally
spaced 50% to 60% of their diameter
of coverage to provide uniform appli-
cation in low wind conditions. Stud-
ies have shown that 1.5% to 7.6% of
irrigated water can be lost as a result
of wind drift and evaporation during
application (Frost and Schwalen,
1960; Kohl et al., 1987). Application
efficiencies of sprinkler systems are
typically less than 80%. Because net-
works of pressurized pipelines are
used to distribute water in these sys-
tems, the uniformity of water appli-
cation and the irrigation efficiency are
more strongly dependent on the hy-
draulic properties of the pipe net-
work. Thus, application efficiencies
of well-designed and well-managed
pressurized sprinkler systems are
much less variable than application
efficiencies of seepage or surface irri-
gation systems, which depend heavily
on soil hydraulic characteristics.
Therefore, during water applications,
sprinkler irrigation systems lose water
as a result of evaporation and wind
drift (Haman et al., 2005). More
water is lost during windy conditions
than calm conditions. More is also
lost during high evaporative demand
periods (hot, dry days) than during
low-demand periods (cool, cloudy,
humid days). Thus, sprinkler irriga-
tion systems usually apply water more
efficiently at night (and early morn-
ings and late evenings) than during
the day. It is not possible to apply
water with perfect uniformity because
of friction losses, elevation changes,
manufacturing variation in compo-
nents, and other factors. Traveling
guns typically have greater applica-
tion efficiencies than portable guns
because of the greater uniformity
that occurs in the direction of travel
(Smajstrla et al., 2002). Periodic
move lateral systems are designed
to apply water uniformly along the
laterals. Nonuniformity and low

Fig. 4. Percentage of planted area with
vegetables in Florida, average values
between 1998 and 2006 according to
the U.S. Department of Agriculture
(2008a).

Fig. 5. Crop value (· $1000) of
vegetables produced in Florida; average
values between 1998 and 2006
according to the U.S. Department of
Agriculture (2008a).
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application efficiencies occur when
the laterals are not properly posi-
tioned between settings. Nonunifor-
mity also occurs at the ends of the
laterals where sprinkler overlap is not
adequate (Smajstrla et al., 2002).

Application efficiencies of micro-
irrigation systems are typically high
because these systems distribute wa-
ter near or directly into the crop root
zone; water losses resulting from
wind drift and evaporation are typi-
cally small (Boman, 2002; Locascio,
2005). This highly efficient water
system (90% to 95%) is widely used
on high-value vegetables and tree
fruit crops. The advantages of micro-
irrigation over sprinkler include: re-
duced water use, ability to apply
fertilizer with the irrigation, precise
water distribution, reduced foliar dis-
eases, and the ability to electronically
schedule irrigation on large areas with
smaller pumps relative to sprinkler
systems. If microsprinkler systems
are operated under windy conditions
on hot, dry days, wind drift and
evaporation losses can be high. Thus,
management to avoid these losses is
important to achieving high applica-
tion efficiencies with these systems.
Therefore, management to avoid
these losses is important to achieve
high application efficiency. The most
common application of microirriga-
tion in Florida is that of under-tree
microsprinkler systems for citrus. Less
efficiency has been found for micro-
sprinkler system compared with drip
irrigation. Application efficiencies
of drip and line source systems are
primarily dependent on hydraulics
of design of these systems and on
their maintenance and management
(Boman, 2002). It is thought that
drip irrigation gives the higher appli-
cation efficiency for vegetables in
Florida (80% to 90%) compared with
seepage (20% to 50%) and overhead irri-
gation systems (60% to 80%) (Simmone
et al., 2007).

In seepage or flood systems, wa-
ter is distributed by flow through
the soil profile or over the soil sur-
face. The uniformity and efficiency of
the irrigation water applied by this
method depends strongly on the soil
topography and hydraulic properties
(Boman, 2002). Florida’s humid cli-
mate requires drainage on high water
table soils, and field slope is necessary
for surface drainage. However, sur-
face runoff also occurs because of field

slope. Runoff reduces irrigation ap-
plication efficiencies unless this water
is collected in retention ponds and
used for irrigation at a later time
(Smajstrla et al., 2002). Water distri-
bution from seepage irrigation sys-
tems occurs below the soil surface.
Therefore, wind and other climatic
factors do not affect the uniformity
of water application. Use of a well-
designed and well-maintained irriga-
tion system reduces the loss of water
and thereby increases application effi-
ciency as well as uniformity (Boman,
2002).

Approximately 44% of Florida
irrigated area uses seepage irrigation;
most of this area is under high-value
crop production such as fresh market
vegetables and potato. Unfortunate-
ly, this type of irrigation has very low
efficiency as a result of the large
amount of water required to con-
stantly maintain a shallow water table
throughout the crop season, which
may cause nutrient leaching (Pandey
et al., 2007). However, growers like
this type of irrigation system as a result
of its relative ease of operation (e.g.,
constant pumping during the season)
and because the infrastructure costs
are much lower than with systems such
as drip irrigation. Thus, as water sup-
plies become strained, one option to
increase irrigation efficiency is conver-
sion from seepage to drip irrigation.

Application uniformity
One important irrigation man-

agement factor is irrigation uniformity,

which is how evenly water is distrib-
uted across the field. Nonuniform
distribution of irrigation water (Figs.
6 and 7) may create zones of over-
and/or under-irrigation, which can
lead to yield reduction resulting from
excessive nutrient leaching or plant
water stress.

For a sprinkler irrigation system,
the uniformity of application can be
evaluated by placing containers in
a geometric configuration and mea-
suring the amount of water caught in
each container. Dukes (2006) used
this type of testing to show that effect
of pressure and wind speed on oper-
ating performance of two types of
center pivot sprinkler system nozzle
packages. Furthermore, Dukes and
Perry (2006) showed that uniformity
of a variable rate control system was
not different from a traditional con-
trol system on two typical center
pivot/linear move irrigation systems
used in the southeastern United
States. However, the problem of
sprinkler systems is that the water
application pattern is susceptible to
distortion by the wind. Although
wind speed and direction are not
controlled variables, their effect on
irrigation uniformity is significant so
that sprinkler system design must be
done with anticipated wind condi-
tions. Under windy conditions, the
spacing between laterals when possi-
ble should be reduced to optimize the
application uniformity. Maintenance
of adequate water pressure through
the entire systems, repairing leaks and

Fig. 6. Photograph of lateral movement of irrigated water for pepper crop in
a sandy soil after 1 h of irrigation.
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replacing malfunctioning sprinklers,
is also a way to improve the irrigation
uniformity.

Drip irrigation systems are very
efficient in terms of water distribution
and reduction of water losses. The
uniformity is directly related to the
pressure variation within the entire
system and the variability of the emis-
sions of each individual emitter. Sev-
eral factors contribute to reduce the
uniformity of water application such
as excessive length of laterals, exces-
sive pressure losses resulting from
changes in elevation along the lat-
erals, emitter clogging, and soil
characteristics. Specifically for drip
irrigation in which the number of
point sources of water (emitters) is
limited, the uniformity of application
can be compromised by the soil char-
acteristics, leading to very intense
water percolation during long irriga-
tion events. The water-holding capac-
ity of sandy soils is very low because of
the large spaces between soil particles
(macropores with diameter larger
than 0.06 mm), through which water
can pass rapidly.

Conversely, for finer texture
soils, smaller pore sizes are dominant
and the result of capillarity higher
lateral movement is expressed. The
important aspect of such flow in sandy
soils (most of Florida soils) is that
water and nutrients (particularly ni-
trate) can infiltrate downward through
soil profile much faster than finer
soils. It is also important to point
out that preferential pathways lead
to dramatic reduction in wetted soil

volume and an increase in nutrient
leaching, which can be crucial for root
development, plant growth, and yield
on many vegetables. The limited lat-
eral water movement in sandy soils
under drip irrigation drastically affects
the root distribution (Zotarelli et al.,
2009) and nutrient interception in
the sides of the raised bed (Fig. 6).
This could be a problem for double-
row crops like peppers and squash
when a single drip tape in center of
the bed is placed.

Nonuniform distribution of wa-
ter in the bed may also compromise
the acquisition of nutrients by the
root system. Because nitrate is a highly
mobile, nonadsorbing ion, low root-
ing densities may not be sufficient for
nitrate acquisition, and a larger frac-
tion of the nitrogen applied through
fertigation can escape below the root
zone. The basis for this lies in pre-
vious field observations, which dem-
onstrated that the displacement of
irrigation water and nutrients is pri-
marily vertical and confined to a 30-
to 40-cm wide zone as a result of the
extremely high hydraulic conductivity
of our sandy soils. With the use of
conventional irrigation practices such
as single application, water and nutri-
ents are thus displaced up to 100 cm
within 1 week, whereas the effective
vegetable root zone may only be 30 to
60 cm deep. The use of appropriate
irrigation scheduling facilitates more
frequent applications of small vol-
umes of water and improves matching
of water supply and crop water de-
mand, which is critical to reduce

potential crop water stress and leach-
ing losses in sandy soils (Zotarelli
et al., 2008a, 2008b, 2009). Because
applying frequent small-volume irri-
gation with conventional systems
tends to be labor-intensive and/or
technically difficult to use, sensor-
based irrigation systems may facilitate
the successful use of low-volume,
high-frequency irrigation systems in
commercial vegetable systems. In ad-
dition, reduction in emitter spacing
and also the use of double drip tapes
placed closer to the crop rows may
improve the uniformity of water and
nutrient distribution along the beds
while reducing the amount of water
required. However, there is a lack of
information about the effectiveness of
this system for double-row crops.

Irrigation system maintenance
Microirrigation systems are tech-

nically more complex than overhead
sprinkler or flood irrigation systems.
Low-volume irrigation systems re-
quire significant maintenance to as-
sure maximum operational efficiency.
The performance of a microirrigation
system may rapidly deteriorate if it is
not routinely maintained properly
(Obreza, 2004). Maintenance to im-
prove system uniformity includes
checking for leaks, backwashing and
cleaning filters, periodic line flushing,
chemical injection (e.g., chlorinating
and acidifying), and cleaning or
replacing plugged emitters. For ex-
ample, in irrigation water that con-
tains sand, a sand separator should be
used. Clogging may occur when no
filter or the incorrect type of filter is
used resulting in poor water distri-
bution uniformity and crop loss. Fig-
ure 7 shows the effect of clogged
emitters in the water distribution in
the root zone of bell pepper. Proper
maintenance of a microirrigation sys-
tem will extend system life, improve
performance, minimize downtime,
reduce the probability of nonuniform
water and fertilizer applications
resulting from emitter plugging, re-
duce operating costs, and save water
and fertilizer.

Irrigation scheduling
Irrigation scheduling consists

simply of applying water to crops at
the ‘‘right’’ time and in the ‘‘right’’
amount and it is considered an
important BMP. Scheduling often
consists of grower judgment or a

Fig. 7. Photograph of drip irrigation on a pepper field. Detail of nonuniformity
of water application as a result of emitter clogging.
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calendar-based schedule of irrigation
events based on previous seasons.
Several factors such as plant evapora-
tive demand, soil characteristics, and
root distribution are taken into ac-
count as well to establish proper irri-
gation scheduling (Locascio, 2005).
The simplest form of scheduling is the
‘‘feel’’ method as outlined by the
USDA (1998). A wide range of irri-
gation scheduling methods is used in
Florida with corresponding levels of
water management. The recommen-
ded method for scheduling irrigation
(drip or overhead) for vegetable crops
is to use together 1) the crop water
requirement method that takes into
account plant stage of growth; 2)
a measurement of soil water status;
and 3) guidelines for splitting irriga-
tion into small events so as not to
exceed the soil water holding capacity
(Simmone et al., 2007).

Soils hold different amounts of
water depending on their pore size
distribution and their structure. The
upper limit of water-holding capacity
is often called ‘‘field capacity’’ (FC),
whereas the lower limit is called the
‘‘permanent wilting point’’ (PWP).
The total amount of water available
for plant uptake is the ‘‘available
water’’ (AW), which is the difference
between FC and PWP (Fig. 8) and is
often expressed as a percent by vol-
ume (volume of water/volume of
sample). The ‘‘plant-available water’’
(PAW) is determined by multiplying
the AW (in units of water depth) by
the root zone depth where water
extraction occurs. Depletion of the
water content to PWP adversely

impacts plant health and yield. Thus,
for irrigation purposes, a ‘‘maximum
allowable depletion’’ (MAD) or frac-
tion of PAW representing the plant
‘‘readily available water’’ (RAW) is
essentially the operating range of soil
water content for irrigation manage-
ment. Theoretically, irrigation sched-
uling consists of irrigating at a low
threshold corresponding to a water
content at a given MAD and irrigat-
ing until the depleted water has been
replaced to but not more than the
FC level; otherwise, drainage and/or
deep percolation will occur.

Irrigation control strategies for
vegetable crops

Irrigation control strategy goals
of providing optimum soil moisture
for plant growth, productivity, and
reduction of fertilizer nutrient leach-
ing. The following section describes
irrigation control options and the
technologies involved in each.

SOIL MOISTURE SENSOR-BASED

IRRIGATION CONTROL. There are
two fundamental types of irrigation
control when sensors are used, on-
demand and bypass (Dukes and
Muñoz-Carpena, 2005). On-demand
irrigation control consists of a control
system that irrigates in response to
soil moisture measurements in the
irrigated zone to maintain soil mois-
ture content within low and high
thresholds (i.e., to maintain soil water
content within RAW). Thus, this type
of control system must determine
when to start and when to end irriga-
tion. This type of control system has
been used on sweet corn research in

Florida (Dukes and Scholberg,
2005), on green bell pepper (Dukes
et al., 2007a), and is currently being
used with promising results for golf
course fairway irrigation control
(M.D. Dukes, unpublished data).
On-demand control is controller-
and sensor-intensive. That is to say
that there is little room for error in
the control system or sensor perfor-
mance. Alternatively, bypass control
simply bypasses timed irrigation
events when measured soil moisture
exceeds preset thresholds (e.g., field
capacity as the upper limit). This type
of control is simpler from a controller
standpoint; however, the user must
program the number and length of
irrigation events to correspond to
plant water requirements. Bypass
control has a long history in Florida
irrigation research starting in the
1980s on vegetables and turfgrass
research with switching tensiometers.
Bypass control is currently being
researched in Florida on tomato,
zucchini (Cucurbita pepo), green
bell pepper (Zotarelli et al., 2008a,
2009), turfgrass, and landscapes
(Dukes et al., 2007b) with capaci-
tance-based soil moisture sensor ir-
rigation controllers.

As an irrigation scheduling
method, sensors have been promoted
for many years and have been used
to some extent in various types of
agriculture. Muñoz-Carpena et al.
(2005a) provided a comprehensive
review of types of sensors used to
measure soil moisture content. Gen-
erally, there are two types of sensors
that are used for irrigation schedul-
ing, those that measure soil water
potential (also called tension or suc-
tion) and those that measure volu-
metric water content directly.

Dukes and Muñoz-Carpena
(2005) summarized some advantages
and disadvantages of both types of
sensors. Within the category of volu-
metric sensors, capacitance-based
sensors have become common in re-
cent years as a result of a decrease in
the cost of electronic components
and increased reliability of these types
of sensors. However, a variety of
sensors are available on the market
that have substantially different accu-
racies, response to salts, and cost.

VEGETABLE PRODUCTION USING

SENSOR BASED IRRIGATION CONTROL.
Increase in crop production with re-
duced soil moisture tension using

Fig. 8. General relationship between readily available water, field capacity,
permanent wilting point, and soil unavailable water and soil texture class.
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tensiometers has been documented
(Clark et al., 1991). Simple soil water
status sensors (e.g., tensiometers)
have been used for many years as
devices used to give growers feedback
on when to irrigate. Tensiometers are
viable devices for this purpose; how-
ever, they require constant mainte-
nance to keep them refilled and to
maintain water within the water col-
umn free of dissolved air.

Many researchers have examined
the use of sensor-based control sys-
tems in vegetable production (Table
1). As a result of documented main-
tenance issues (e.g., Smajstrla and
Koo, 1986), tensiometer-based auto-
matic control is not practiced in Flor-
ida vegetable or citrus production and
use of tensiometers for manual irriga-
tion is limited. The first attempts at
irrigation automation used switching
tensiometers that have a magnetic
switch that opens the irrigation con-
trol circuit bypassing timed events
when the measured tension exceeds
the switch set point. Smajstrla and
Locascio (1996) used switching ten-
siometers to control drip irrigation of
fresh market tomato. These switching
tensiometers automatically initiated
up to three daily irrigation events.
Irrigation durations were determined

by half pan evaporation of the pre-
vious week and events varied from 30
to 90 min as environmental demands
increased throughout the season. The
highest yields in a 4-year study were
achieved with a 1.45 psi tensiometer
set point, which is equivalent to 10%
volumetric water content for the
Arredondo fine sand (hyperthermic
Grossarenic Paleudults) at the study
site. Irrigation applied at this thresh-
old was reported as ranging from
�6.3 to 8.85 inches depending on
study year. Problems associated with
tensiometers for use in automated
irrigation systems have been reported
as needing frequent maintenance as
well as clogging as a result of algae
growth (Smajstrla and Koo, 1986).

Granular matrix resistance sen-
sors have been manufactured for
a number of years as a replacement
for tensiometers. However, these sen-
sors have been shown to require
special calibration for coarse Florida
soils (Irmak and Haman, 2001).
When used for vegetable irrigation
control on gravelly loam soil in south-
ern Florida, granular matrix sensors
performed erratically and did not re-
duce water application compared
with a time-based schedule (Muñoz-
Carpena et al., 2005b). Similarly,

Cardenas-Lailhacar et al. (2008)
found that granular matrix sensor-
based irrigation controllers were no
more effective than a rain sensor for
turfgrass irrigation control on a fine
sand soil. These sensors have been
used successfully to irrigate onion and
potato on moderately heavy soil
(Shock et al., 2002).

Capacitance [e.g., time domain
reflectometry (TDR) and frequency
domainreflectometry] -basedsoilmois-
ture measurement devices have been
shown to have relatively accurate soil
moisture measurement in sandy soils
common to Florida (Irmak and Irmak,
2005). Dukes and Scholberg (2005)
installed an automatic irrigation con-
trol system based on research grade
TDR soil moisture probes and micro-
controllers for irrigation of sweet
corn. Irrigation was initiated based
on preset low soil moisture thresholds
and ended based on an upper thresh-
old. This control system was coupled
with a subsurface drip irrigation sys-
tem with a drip tube buried under
each row at 23 and 33 cm in two
different treatments. The 23-cm deep
treatment under automatic control
reduced irrigation 11% relative to
sprinkler irrigation typically used by
growers. Dukes et al. (2003) used

Table 1. Literature summary of automatic irrigation control systems used in Florida vegetable research.

Author Crop
Automatic irrigation

control system (AICS) Research findings

Smajstrla and
Locascio, 1996

Tomato Switching tensiometers Reduced irrigation requirements of tomato by 40%
to 50% without reducing yields compared with
fixed schedule (three to five times per week)

Dukes et al., 2003 Pepper Capacitance-based soil moisture
probe, time domain
transmission (TDT)

Use of 50% less irrigation water, similar yields
compared with a daily based on Class A pan
evaporation irrigation method

Nogueira et al.,
2003

Sweet corn Time domain reflectometry
(TDR) soil moisture probes

Permits the control of the water application showing
potential for automatic irrigation management

Dukes and
Scholberg, 2005

Sweet corn TDR soil moisture probes Up to 11% of reduction in water use using AICS
with subsurface drip irrigation compared with
sprinkler irrigation without affecting yields

Muñoz-Carpena
et al., 2006

Tomato Switching tensiometers and
granular matrix sensor
based irrigation controllers

Switching tensiometers at the 15 kPa (0.15 bar)
set point resulted to up to 73% reduction in
water use when compared with the control

Dukes et al., 2006 Pepper Commercially available
dielectric sensor

50% of reduction in water use compared with
manually irrigated once per day, similar yields

Muñoz-Carpena
et al., 2008

Tomato Capacitance-based soil moisture
probe, TDT

Savings up to 74% in water use compared with the
fixed-time irrigation; 61% of savings compared with
the evapotranspiration-based water application

Zotarelli et al.,
2008a

Zucchini Capacitance-based soil moisture
probe, TDT

Reduction in water use by 30% to 80% compared
with the single, daily fixed-time irrigation,
significant reduction in nitrogen leaching,
increase in yield and nitrogen use efficiency

Zotarelli et al.,
2009

Tomato Capacitance-based soil moisture
probe, TDT

Irrigation water savings superior to 67% compared
with the control, yield increment of 11% to 26%
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a simple soil moisture-based control
system to automatically maintain a rel-
atively constant soil moisture content
in the root zone of green bell pepper
through high-frequency irrigation
based on soil moisture measurements
by the control system. Compared
with manual irrigation treatments
with one or two irrigation events per
day with similar yield, irrigation
amount was reduced by �50%. Ca-
pacitance-based soil moisture sensors
do not require maintenance once in-
stalled in contrast to tensiometers
that require weekly (Muñoz-Carpena
et al., 2005a) or biweekly mainte-
nance (Smajstrla and Locascio, 1996)
to maintain accuracy. Soil moisture
sensor irrigation control has been used
on drip-irrigated zucchini to increase
yield by 35%, irrigation water use
efficiency by 274%, and nitrogen use
efficiency by 40% relative to single,
daily timed irrigation representative
of grower practices (Zotarelli et al.,
2008a). In general, this study found
that a simple and inexpensive irrigation
controller coupled with commercially
available soil moisture probes (Muñoz-
Carpena et al., 2008) was effective at
reducing both irrigation water appli-
cation and nitrogen leaching under
several drip irrigation configurations.
Zotarelli et al. (2009) reported irriga-
tion savings of 40% to 65% less than
typical grower-based time irrigation
scheduling while increasing tomato
yield 11% to 45%. Similar results reduc-
ing irrigation application and drain-
age while maintaining green bell
pepper yields on sandy soils have been
reported for Florida conditions (Dukes
et al., 2006).

A number of researchers have
shown that excessive irrigation on
vegetables may cause yield de-
creases relative to optimum irriga-
tion amounts as determined by soil
moisture sensor control on green bell
pepper (Dukes et al., 2003) as de-
termined by pan evaporation for
a yield decrease in high irrigation rates
on fresh market tomato in one of two
seasons (Locascio et al., 1989) and as
shown on fresh market tomato in
southern Florida (Muñoz-Carpena
et al., 2005b).

Nitrogen leaching: fertigation
versus irrigation

Fertigation is the application of
nutrients through the irrigation sys-
tem. Fertigation is a widespread

practice for microirrigated vegetable
and fruit crops in Florida, providing
growers with the opportunity to apply
nutrients more frequently in quan-
tities that closely match short-term
crop nutrient requirements (Hartz
and Hochmuth, 1996; Hochmuth,
1992).

This results in higher fertilizer
use efficiency by the crop as well as
a reduction of nutrient leaching be-
low the plant root zone. However, in
soils with poor water retention such
as sandy soils, application of excess
water may promote displacement of
nutrients before complete uptake
has occurred (Dukes and Scholberg,
2005; Zotarelli et al., 2008b, 2009).
Appropriate irrigation scheduling
and matching irrigation amounts
with the water-holding capacity of
the effective root zone thus may pro-
vide ways to minimize the incidence
of excess nitrogen leaching associated
with overirrigation. Figure 9 shows
the effectiveness of appropriate irri-
gation scheduling to reduce the

volume of water percolated in the
soil profile compared with fixed-time
irrigation.

As described in the previous sec-
tion, uniformity of water application
also drives the uniformity of the fer-
tilizer application. Therefore, high
water application uniformity is essen-
tial for proper fertigation. The drip
system needs to be completely pres-
surized before the fertigation begins
to avoid uneven application rates. In
addition, the fertilizer used must be
completely soluble in water and pass
through the filters to ensure that any
undissolved fertilizer particles are fil-
tered out of the drip system. Injecting
nitrogen fertigation toward the end of
the irrigation cycle may also prevent
immediate nitrogen displacement be-
low the soil region with highest root
concentration (Scholberg, 1996). Al-
ternatively, monitoring of soil elec-
trical conductivity (EC) sensors has
the potential for estimating variation
in nutrient displacement in the crop
root zone to improve fertigation and

Fig. 9. Demonstration of the effectiveness of soil moisture sensor-based irrigation
systems in enhancing nutrient retention for soil moisture sensor irrigation (top
row) resulting from small, frequent irrigation events compared with fixed-time
irrigation schedule with single daily large irrigation events (bottom row) applying
dye through the fertigation drip lines. Soil moisture sensor irrigation (top row) and
fixed-time schedule irrigation (bottom row) at after 24 h (left), after 3 d (center),
and after 7 d (right) of the injection of dye; 1 cm = 0.3937 inch.
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irrigation management. However, lit-
tle information is available on the
effectiveness of EC sensors on irriga-
tion/fertigation management for veg-
etable crops in Florida.

Potential use of irrigation
technologies and future
research priorities

As outlined in this review, soil
moisture sensor-based irrigation of
vegetable crops has shown strong
potential for saving irrigation water.
Advances in soil moisture sensors and
irrigation controllers have made them
easier to use and the cost of energy
has made the sensor a more viable
alternative. In the past, soil moisture
sensors have not been used widely by
growers as a result of costs, the level of
technical skill required, and sensor
maintenance required. Continued re-
strictions aimed at reducing nutrient
leaching and recent increases in energy
costs have increased grower interest
in use of improved technologies re-
viewed in this article. However, more
work is needed to develop irrigation
scheduling recommendations and au-
tomated control systems that the ma-
jority of vegetable crop growers would
use. Detailed analysis of sensor po-
sition in microirrigated crops, par-
ticularly plastic-mulched vegetable
systems, is needed. The use of EC
probes to track fertilizer movement
would aid growers in development of
more effective irrigation and/or ferti-
gation management with the potential
of reduced nutrient leaching. Guide-
lines on commercial automatic soil
moisture-based irrigation controls as
a BMP should be developed for vege-
tables. The grower guidelines should
include number of sensors required
and optimum placement relative to
varying soil conditions of commercial
production. An economic assessment
of costs associated with and benefits
derived from conversion of irrigation
systems in vegetables from seepage to
drip irrigation needs to be made to
promote water conservation by vege-
table growers in southern Florida.
Current work on the assessment of
fertilizer application method and nu-
trient distribution uniformity in vege-
tables and at various rates is needed.
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