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SUMMARY. Despite efforts to optimize water and nutrient inputs to Florida's
vegetable and fruit crops, the sandy soils, shallow water table, and tropical climate
of Florida result in nutrient leaching losses that are unavoidable. Water quantity
and quality management strategies that can reduce these nutrient losses from
Florida's horticultural crops were reviewed and research needs for quantifying their
effectiveness were identified. The water quantity management strategies included
water table management for irrigation, drainage management, detention of runoff
and drainage, and summer flooding. In addition to the expected water quality
benefits of these practices, potential effects on crop production and farm economics
were also discussed. Watershed-scale adoption of stormwater harvesting has the
potential to not only reduce the nutrient loadings but also become a source of
additional income for landowners through water trading. The water quality
practices included structural and managerial practices (e.g., vegetative filter strips
and ditch cleaning). Key research needs for reducing the unavoidable nutrient
discharges included the development of a crop-specific drainage management tool;
quantification of farm and watershed-scale benefits of stormwater detention and its
reuse with regards to nutrient loadings, water supply, crop production, and farm
income; enhancement of hydraulic efficiency of detention areas; and effects of
summer flooding and ditch maintenance and cleaning on nutrient discharges.

Nutrient loading from agricul-
tural and urban areas is one
of the main causes of the

degradation of Florida water bodies.
A large portion of the nutrient load-
ing to surface and groundwaters of
Florida originates from commercial
horticultural crop production. Al-
though numerous horticultural crops
are grown in Florida, citrus (Citrus
spp.) and vegetables [includes water-
melon (Citrullus lanatus}] are the
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main crops with regard to acreage
[U.S. Department of Agriculture
(USDA), 2007] and water quality
effects.

A wide array of best management
practices (BMPs) has been recom-
mended to reduce nutrient loading
from agricultural areas. These BMPs
differ with regard to water quality
effects, ease of implementation, cost,
and acceptability to the landowner. A
large percentage of the BMPs are
targeted at reducing the leaching of
nutrients from the root zone by im-
proved irrigation and fertilizer man-
agement practices or simply retaining
applied nutrients in the root zone.
Flowever, despite efforts to optimize
water and nutrient input of crops,
considerable nutrient leaching is still
likely due to highly permeable sandy
soils, shallow root zones, and high
intensity rain storms. Therefore, other

BMPs are designed to better manage
the nutrients that are lost through the
root zone to achieve water quality and
conservation goals. These losses are
greatly increased after high rainfall
events. It should be noted that nutri-
ent movement within and below the
root zone is a continuous process, and
depending on the antecedent mois-
ture conditions, even a small rainfall
can result in extending the solute
spread beyond the root zone. To re-
duce the amount of nutrients dis-
charged from a farm to the receiving
water body, a systems approach is
needed that includes reductions in
the drainage and runoff flow volumes
and associated nutrient mass from
production fields to the farm outlet.
Examples of these approaches vary
from reducing drainage volume to
the retention, detention, and recy-
cling of stormwater. The goal of this
article is to review these practices and
their effectiveness, and to identify
knowledge gaps for Florida. Toward
this goal, we first describe the cli-
matic, physiographic, and hydrologic
differences among Florida's main
horticultural crop producing regions
followed by a discussion on the water
quantity and quality management
strategies that can reduce the runoff
and drainage nutrient losses. Water
quantity practices include control-
ling, detaining, and reusing the drain-
age and runoff, while water quality
practices include using vegetative fil-
ter strips (VFS) and drainage ditch
management. Potential barriers to
implementation of these BMPs such
as the spread of disease due to water
reuse are also discussed. This article
addresses the management of nutri-
ents that have already leached below
the root zone and does not cover the
BMPs that address the control of
nutrient inputs such as use of soil
testing for designing the nutrient
management program and use of con-
trolled release fertilizer. These BMPs
are covered in other articles that are
part of this special volume.

Units
To convert U.S. to SI,
multiply by

0.4047
0.3048
2.54

25.4
(°H-32) + 1.8

U.S. unit

acrc(s)
ft
inch(es)
inch(es)
°H

SI unit

ha
m
cm
mm
°C

To convert SI to U.S.,
multiply by

2.4711
3.2808
0.3937
0.0394
(1.8x°C) + 32
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Florida's horticultural crop
production regions

Fresh fruit and vegetables are the
leading agricultural commodities of
Florida and accounted for 45% of the
state's agricultural receipts in 2000
(Stevens et al., 2003). Nationally,
Florida is ranked first in citrus pro-
duction and second in total vegetable
production (Stevens et al., 2003).
Such large production of horticul-
tural crops is facilitated by abundant
rainfall and a subtropical climate. The
production regions for Florida's hor-
ticultural crops cover the entire pen-
insula from north to south (Fig. 1).
The acreage of these crops varies in
the different production regions, mainly
due to the risk of extreme climatic
events such as freezes. The tempera-
tures for the three climatic zones,
north, central, and south, range from
cooler (minimum = 14.4 °C, maxi-
mum = 26.7 °C) in the northern zone
to warmer (minimum = 18.9 °C,
maximum = 29.4 °C) in the southern

region, with southern Florida de-
scribed as hot-humid (Black, 2003;
Winsberg, 2003). Most citrus is pro-
duced in the southern two-thirds of
the state due to the low probability of
freeze (Hodges etal., 2006). Although
vegetable crops are grown throughout
the state, southern Florida (numbers
13-31; Fig. 1) accounts for almost
85% of the state's vegetable acreage
(156,000 acres) (USDA, 2002).

Apart from temperature varia-
tions, there also exists differential rain-
fall. The average annual rainfall in the
citrus- and vegetable-growing regions
of the state (excluding Key West, Fig.
1) ranges from 1750 mm in the pan-
handle to 1120 mm in parts of south-
eastern and central Florida (Henry,
1998). Average rainfall for southern
Florida is 1370 mm (VanArman et al.,
1998), of which w70% falls during the
wet period (June-October). A large
proportion of rainfall in Florida re-
sults from tropical storms and hurri-
canes, which produce high rainfall
volumes in a short time period. The

Elevation above
mean sea level (m)

Fig. 1. Topography and major vegetable growing counties of Florida. The numbers
1 through 31 identify major vegetable-producing counties that have shallow
water table conditions. Data from Berndt et al., (1998) were used to determine
general water table depths in Florida (1 m = 3.2808 ft).

year-to-year variation of daily maxi-
mum recorded rainfall for southern
Florida is 100 to 460 mm (Pathak,
2001). Most of these events occur
during the August through October
period. The high-intensity rainfall events
result in saturation of soils, leaching
of nutrients, and large flows to lakes,
rivers, and estuaries from the drainage
required to protect agricultural crops.

Although nutrient leaching after
high rainfall events occurs from all
horticultural crops, there are differ-
ences in the amount of nutrient leach-
ing between fruit and vegetable crops.
The potential nutrient leaching losses
are especially large for vegetable crops
because most of the beds are prepared
in August and September. For bed
preparation, high soil moisture is
needed. In most of southern Florida,
this requirement is achieved by artifi-
cially raising the water table to «8
inches from the soil surface. Raising
the water table is achieved by pump-
ing water into the perimeter as well
as field ditches. Transplanting occurs
3 to 4 weeks after beds covered with
plastic mulch are prepared. Plastic
mulch has several benefits such as
reduced weed growth and fertilizer
leaching from the bed. The combina-
tion of low plant uptake, unusually
high water table, and frequent high
rainfall events during August through
October results in a higher potential
for nutrient [nitrogen (N), phospho-
rus (P), and potassium (K)] leaching
than later in the growing season.
Planting the second crop of vegeta-
bles in central and southern Florida
normally occurs in February through
March. Although the likelihood of
large rainfall events (e.g., 3 inches in
3 d) is less during this period, they do
occur and can cause extensive leach-
ing. For Florida vegetable production
systems, a total rainfall of 3 inches in
3 d is considered a leaching rain and
growers are advised to add additional
N and K after such a rainfall to replace
the nutrients leached. In a study to
evaluate irrigation and nutrient BMPs
in southwestern Florida for tomato
(Solanum lycopersicum) and water-
melon crops, Hendricks et al. (2007)
reported that wet spring conditions
can result in extensive leaching of nu-
trients and cause reduction in crop
yield. They noted that several rainfall
events, especially between bed prepara-
tion and transplanting, were the most
important drivers for nutrient leaching.
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Considerable topographic vari-
ability exists among the state's vege-
table and fruit production areas that
results in considerable differences in
hydrology when combined with var-
iability in rainfall and soils. Although
most of the soils in the state are sandy,
surface and groundwater flows can
vary from location to location. Flat
topography, high water table, and
highly conductive soils exist in coastal
areas of northern Florida and almost
all of southern Florida (Fig. 1). These
conditions usually generate runoff
when the entire soil profile becomes
saturated (i.e., the water table reaches
the soil surface). Relatively higher
elevations and consequently deeper
water table in the central Florida ridge
region result in extensive infiltration
that reduces the runoff potential. The
central Florida ridge is a north-south-
oriented sandy uplands in the center
of the state (i.e., areas of higher
elevation shown in Fig. 1). A large
fraction of the surface water flows in
southern Florida are derived from
artificial drainage of low-lying areas
that is necessary for agriculture and
urban development. As recently as
100 years ago, most of Florida and
especially southern Florida were com-
posed of extensive marsh or swamps
(VanArman et al., 1998). Runoff
among Florida's horticultural crop
producing regions varies consider-
ably. Runoff generated from most of
the southern Florida and the central
Florida ridge is 25 cm per year, 25 to
50 cm from most of the northeastern
coastal plain and south-central coastal
plain, and more than 50 cm from
most of the panhandle (Mossa,
1998). Because most areas of south-
ern Florida are poorly drained, nearly
all the citrus and vegetable fields in
these areas have ditches to drain the
fields after rainfall events. Most of the
surface flows in agricultural areas of
southern Florida are derived from
such drainage.

Moderating the rate of drainage,
water retention, and reuse combined
with practices that directly target wa-
ter quality (e.g., VFS and canal clean-
ing) can provide opportunities for
reducing water and nutrient dis-
charges, especially after high rainfall
events. Strategies include water table
management to optimize rainfall stor-
age in the root zone, capturing and
storing runoff water in the drainage
ditches, temporary detention of

runoff and drainage, reuse of the
drainage and runoff (also termed as
tailwater recovery and reuse), and
treatment of runoff and drainage be-
fore discharging to downstream water
bodies. Although water quantity and
quality are related, these strategies
can be divided into water quantity,
including management and reuse,
and quality.

Managing water quantity
In this discussion, water quantity

(or volume management) refers to all
water management practices used in
the production and management of
horticultural crops that can help in-
crease the residence time of water
within the farm before it is discharged
to the downstream water bodies.
These practices range from water ta-
ble management to water storage
optimization (on-site retention) to
detention/retention in conveyance
and storage structures.

Water table management
WATER TABLE MANAGEMENT FOR

IRRIGATION. Water table management
for irrigation is mostly applicable to
seepage irrigation systems that in-
volve artificially raising the water table
sufficiently high to provide adequate
soil moisture in the crop root zone.
Seepage irrigation is used in high
water table areas of Florida, which in-
clude most of southern Florida and
the east coast of Florida for sod, vege-
table, ornamental crops, and citrus
production.

Traditionally, producers have
used past experience to adjust water
table levels, often resulting in exces-
sive irrigation. Even though the tar-
get water table growers generally use
for vegetables in southern Florida is
40 to 45 cm, Stanley and Clark
(2003) found that there was no ad-
vantage to maintaining a water table
higher than 60 cm. If the water table
is elevated by excess irrigation or
rainfall event, successive irrigation
can be delayed for several days until
the water table subsides to a level
where it can no longer supply suffi-
cient water to meet the crop needs.

Soil moisture measurement de-
vices can be used to determine the
depth of the water table that will
provide optimum soil moisture in
the crop root zone. In a study on
seepage irrigated vegetable crops in
southwestern Florida, Pandey et al.

(2007) compared a soil moisture-
based water table management
(SMWM) system with the traditional
practice of management based on
experience. The two systems were
evaluated for water use, runoff,
groundwater P concentration, and
crop yield. Water use for the study
was defined as water delivered to the
field minus drainage losses. Their
study found that: 1) SMWM can help
lower the water table by 13 cm and
decrease water use by 36%; 2) SMWM
can reduce the number of runoff
events by 50%; 3) SMWM resulted
in higher P concentrations in the
shallow groundwater than the tradi-
tional method; and 4) the SMWM
had equal or higher yield than the
traditional method. The higher con-
centration of P in SMWM was due
to dilution of P in the soil solution
by the extra volume of water in the
traditional method. Although the
effects of SMWM on groundwater
quality were evaluated, the effects on
actual N and P loading from runoff
and drainage were not evaluated.
The higher yield for the SMWM was
due to the waterborne plant disease
caused by Phytophthoro, cupsici on the
traditional side. This disease is mainly
caused by excess water in the soil.
Although soil moisture monitoring
is recommended to determine the
optimum water table depth at indi-
vidual farms, simple water table mon-
itoring wells can also be used to
manage seepage irrigation especially,
if the soil-specific optimum water
table depth is determined.

Reduced runoff was also ob-
served for citrus in a modeling study
by Boman and Wilson (2003), which
found that improved water table
management has the potential to re-
duce runoff volume from citrus
groves. Studies conducted on citrus
water table management have indi-
cated a range of optimum water table
depths for different soils. In a study
on capillary rise in two fine sandy soils
in southern Florida, Calvert et al.
(1967) found that capillary rise was
between 15 and 30 cm above the free
water surface. Obreza and Boman
(1992) evaluated the maximum
groundwater depth that could fully
supply citrus water requirements for
three southern Florida soils. Water
table depths in the range of 50 to
75 cm were adequate to maintain
sufficient moisture in the root zone

54 • February 2010 20(1)



so that evapotranspiration was not
limited.

Managing the water table for
irrigation using the data available for
citrus and vegetables for specific soils
has the potential to conserve water as
well as reduce runoff and drainage
from the citrus and vegetable farms.
Reduction in drainage and runoff
volume is likely to reduce nutrient
loadings from the farm. The opti-
mum water table for different soils
can be set based on the literature data
for some soils or the use of soil
moisture measurement in the root
zone. Soil moisture measurement is
the preferred strategy using actual
field soil moisture levels to adjust
the water table to provide optimum
moisture in the root zone. Although
some studies have been conducted to
evaluate the benefits of water table
management for irrigation on runoff
and water savings, limited infor-
mation is available to quantify the
reduction in N and P loadings in
Florida.

WATER TABLE MANAGEMENT FOR
DRAINAGE. Drainage should be man-
aged to avoid adverse impacts on the
crop, reduce erosion, and help miti-
gate negative effects on surface water
and groundwater quality. Controlled
drainage can conserve water and
maintain optimum soil moisture to:
1) store rainfall in the soil for more
efficient crop production; 2) improve
surface water quality by reducing
total outflow from the field (Evans
et al.,1996); 3) reduce nitrates (NO3-
N) in the drainage water by enhanc-
ing conditions for denitrification; 4)
enhance soil P retention through
adsorption (Harris et al., 1996); 5)
reduce subsidence and wind erosion
of organic soils in southern Florida;
and 6) provide water and habitat for
wildlife, especially waterfowl. With
controlled drainage, a water control
structure on the drain or ditch allows
the drainage outlet elevation to be set
at a desired level. Flashboard struc-
tures are typically used and they may
be manually operated or automated
to adjust outlet elevation in response
to rainfall. Controlled drainage tends
to decrease P concentrations on pre-
dominately surface systems, but has
the opposite effect on predominantly
subsurface systems (Evans et al.,
1996).

Drainage water management has
the potential to reduce NO.rN loads

from subsurface drainage systems by
30% to 40%, mainly by reducing
drainage outflow volumes (Cooke
et al., 2005). With less water leaving
the field through the drainage system,
there is potentially less NO3-N flow-
ing out of the drainage system, even
with no change in NO3-N concentra-
tion. In a summary of 14 North
Carolina field studies, Evans et al.
(1996) reported that controlled drain-
age reduced annual transport of total
N and total Kjehldal N (TKN) by 45%
at the field edge and total P by 35%.
Controlled drainage had little effect
on the concentrations of N and P in
the outflow, therefore the reductions
were primarily from reduced outflow
volume from the fields.

Several studies from North Car-
olina have investigated the effective-
ness of controlled drainage (Doty
et al., 1985; Gilliam et al., 1978),
developed design guidelines (Evans
and Skaggs, 1989; Gilliam and Skaggs,
1986), and demonstrated application
of the method (Evans et al., 1990,
2000). Others document the effect of
drainage on N loss (Burchell et al.,
2005; Gilliam and Skaggs, 1986;
Skaggs and Chescheir, 2003; Skaggs
and Gilliam, 1981). Researchers have
reported reductions in NO3-N loads
due to drainage water management
ranging from 14% (Liaghat and
Prasher, 1997) to 87% (Gilliam et al.,
1979).

In a 3-year experiment in Iowa,
Kalita and Kanwar (1993) examined
the effect of outlet level on crop yield
and N concentration in a controlled
drainage system. They observed a re-
duction in NO3-N concentration for
all outlet levels and an increase in crop
yield for most. They also found, how-
ever, that setting the outlet too close
to the soil surface during the growing
season can reduce yields. Drury et al.
(1996) reported a 25% decrease in
mean NO3-N concentration and
a 49% decrease in the total annual
NO3-N load when drainage water
management was implemented on
clay loam soil in southwestern
Ontario. Lalonde et al. (1996), work-
ing with 2-year corn/soybean (Zen
mays/Glycine max) rotation on a silt
loam soil in Quebec, measured NO3-
N concentration reductions of 76%
and 69%, compared with conven-
tional subsurface drainage, for two
outlet levels in drainage water man-
agement systems.

Given the shallow water table
conditions of southern Florida, even
a relatively small rainfall (e.g., 10 mm)
can result in leaching nutrients below
the root zone of crops. Traditionally,
producers lower the water table under
the crop if rainfall is anticipated. At
most of the citrus and vegetable
farms, water table is lowered by re-
moving one or more boards in the
drainage riser structure. After drain-
age, boards are put back in and the
water table is again brought up to
around 45 cm. The drop and rise in
the water table results in loss of
nutrients that move from the root
zone to the groundwater and then
to the drainage ditch. Improving the
timing and duration of drainage can
reduce the nutrient discharges from
the field by reducing the drainage and
runoff volumes as well as reducing the
movement of nutrients within the
plant root zone.

As the water table is raised, the
saturation zone and the capillary
fringe extend toward the bed top.
Fertilizers that have been placed
within the bed may become solubi-
lized with this increased wetness. The
fertilizer diffuses from a dry fertilizer
point source into a larger volume
within and below the bed. This wet-
ting process was the primary mecha-
nism described by the nutrient
gradient mulch system (e.g., Geraldson,
1977). While this rising water allowed
soluble fertilizer to be available to
plant roots, the concentration of sol-
uble nutrients changes. As the water
table recedes, the soluble fertilizer
leaches out of the root zone. While
it is possible for some of those soluble
nutrients to move back upward into
the root zone, concentrations are
often dilute compared with the orig-
inal soil-water solution. As a conse-
quence, nutrients are lost from the
plant uptake zone and contribute
little to crop production thereafter.

Another means by which nutri-
ents can move out of the root zone is
from differences in solution density.
Bonczek and McNeal (1996) con-
ducted an experiment to study fertil-
izer movement in sandy soils of
Florida. They found that the local
density of water changes as fertilizer
is solubilized. If a continuous water
film exists through the soil profile,
this denser fertilizer solution can
move at a higher rate downward than
can be explained by diffusion alone in
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the coarse-textured soils of the Flor-
ida flatwoods. Florida flatvvoods in-
cludes most of the low-lying nearly
level areas of the state (i.e., most of
the areas at <10 m elevation in Fig. 1
except numbers 27, 29, 30, and 31).
For one sandy soil in the column
experiment, they measured fertilizer
movement at 31.2 cm-rr1. Because
the root zone is much shallower than
0.5 m for most commercial horticul-
tural crops, this so-called dropout
removes nutrients beyond plant ac-
cess (Bonczek and McNeal, 1996).
Therefore, the common grower prac-
tice of lowering the water table for
drainage purposes and bringing it
back up to the 45 to 55 cm can result
in dropping out of nutrients that
leached below the root zone. Sub-
sequently, nutrients can be moved
laterally by subsurface flow and then
transported off-site through the drain-
age ditches. To reduce these nutrient
losses, water table fluctuations need
to be minimized. This finding also
suggests that subsurface irrigation must
be closely managed to avoid fertilizer
losses. These results also give a good
explanation of southern Florida veg-
etable industry statements indicating
the need for higher fertilizer rates in
subsurface irrigation compared with
microirrigation.

Although there are recommen-
dations for irrigation of horticultural
crops (Olson and Simonne, 2007)
in Florida, no such recommendation
exists for drainage. Unlike irrigation,
drainage management varies consider-
ably from farm to farm and is affected
by a variety of factors including depth
to the water table, relative elevation of
a field within a farm, numbers and type
of drainage structures and pumps,
type of crop, and presence of storm-
water detention/retention areas. One
of the challenges in improving drain-
age management is the accuracy of
rainfall predictions. At times, a farm
is drained before the rainfall event due
to time needed to drain a farm to avoid
crop damage. In some instances, rain-
fall does not occur or is much less than
anticipated. Reducing instances of un-
needed drainage has the potential to
reduce nutrient losses from the root
zone as well as below the root zone.

The water table under flatwoods
soils rises rapidly in response to rain-
fall or subirrigation because sandy
soils are highly conductive to water
flow. Using large lysimeters, Jaber

et al. (2006) developed a relationship
between water table change and rain-
fall, irrigation, and drainage for a flat-
woods soil in southern Florida for
plastic mulch raised bed system used
for vegetable production. Jaber et al.
(2006) noted that for every 1 mm of
rainfall, the water table beneath a veg-
etable field can rise up to 16 times the
rainfall depth. If similar relationships
could be developed for major soil
types where horticultural crops are
grown, these relationships could be
used to better predict water table rise
that can then be used to make better
drainage decisions. For example, con-
sider a case of a vegetable field in
southern Florida with an antecedent
water table depth of 60 cm. If the pre-
dicted rainfall for the area is 10 mm,
the relationship from Jaber et al.
(2006) would predict that the water
table level would rise to 44 cm fol-
lowing the rain and would likely not
require drainage. Reducing the num-
ber of drainage events during a grow-
ing season can potentially reduce
water use (by efficient use of rainfall)
and drainage nutrient losses. The rate
of water table decline is also relatively
rapid (although not as fast as water
table rise) if the farm drainage system
is working properly. The information
on water table decline can be used in
decision-making related to delaying
drainage and/or reducing drainage
rate from the field resulting in poten-
tial reduction of nutrient losses. Ap-
propriate water table decisions may
increase the time that the field will be
saturated. If the crop tolerance to
different levels of flooding and the
field drainage rate is known, drainage
rates can be reduced to the extent that
will achieve water quality and conser-
vation benefits without adversely
impacting crop production. The rate
of water table recession following
heavy rainfall is dependent upon the
antecedent conditions, soil hydrau-
lic properties, bed height, drainage
structures, and water table gradient.
Roman (1987) reported a recession
time of 48 h or less for the water table
to drop 15 cm for a bedded citrus
grove in southern Florida. Shukla and
Pandey (2008) reported water table
recession of almost 50 cm in less than
14 h for a flatwoods vegetable farm in
southern Florida equipped with drain
tiles.

Effects of flooding on crop pro-
duction need to be quantified to

develop drainage management plans
for specific crops. High volume rain-
fall events that occur in southern
Florida temporarily flood the root
zone of commercial crops grown in
the region. The major horticultural
crops grown in Florida include citrus,
tomato, pepper (Capsicum annuum),
watermelon, potato (Solanum tuber-
osum), and strawberry (Frafjaria
xananassa). These crops are meso-
phytes, requiring oxygen to the root
zone due to lack of adaptation to
saturated soils. Saturated soils exclude
oxygen leading to anoxic conditions,
and persistent refilling of the root
zone with water can cause hypoxic
conditions with oxygen falling to
levels insufficient for aerobic respira-
tion (Davies, 1980; Pfister-Sieber and
Brandle, 1995). The flooding re-
sponse of mesophytes has been ex-
tensively reviewed (Bailey-Serres and
Chang, 2005; Kozlowski, 2002;
Schaffer et al., 1993; Vartapetian and
Jackson, 1997; Vartapetian et al.,
2003). The initial response to satu-
rated soils is a shift in energy gen-
eration from aerobic to anaerobic
metabolism (Sieber and Brandle,
1991). In addition to greatly reduced
energy production, anaerobiosis also
causes accumulation of ethanol, acet-
aldehyde, and reactive oxygen spe-
cies, which are toxic to plant cells.
Some products of anaerobiosis, in-
cluding 1 -aminocyclopropane-1 -car-
boxylic acid that promotes ethylene
production (Else et al., 1995; Else
and Jackson, 1998) and reactive oxy-
gen species (Bailey-Serres and Chang,
2005), serve as secondary messengers
for the aerial portion of the plant.
Root anoxia causes changes in ultra-
structure (Vartapetian et al., 2003),
stomates to close (Bradford, 1983;
Li et al., 2004; Ruiz-Sanchez et al.,
1996), epinasty (EJse and Jackson,
1998), reduced growth (Aloni and
Rosenshtein, 1982), and reduced fruit
quality and yield (Hubbell et al.,
1979; Karlen et al., 1983). Prolonged
flooding of mesophytes can also lead
to senescence. Although the under-
standing of metabolic adjustment to
flooding is leading to strategies for
genetic modification that would en-
hance tolerance, the complexity of
metabolism will require considerable
research before genetically modified
crops will be available (Allegre et al.,
2004; Dolferus et al., 2003; Gharbi
etal.,2007).
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Species and cultivars vary in their
response to flood tolerance that will
impact strategies for on-farm and re-
gional flood control strategies. To-
mato is one of the most sensitive
vegetable species (Kuo and Chen,
1980; Kuo et al., 1982) with injury
occurring within 24 h after the soil
zone is flooded (Rao and Li, 2003).
Differences in flooding response
among tomato genotypes have been
reported (McNamara and Mitchell,
1989; Poysa et al., 1987). Potato
tubers are slightly more tolerant, los-
ing viability after 48 h of anoxia
(Sieber and Brandle, 1991). Water-
melon plants can endure 4-d of flood-
ing before leaf conductance and
transpiration are affected (Yetisir
et al., 2005). Sensitivity of citrus
crops has been shown to be rootstock
dependent with sour orange (Citrus
aurantium) considered sensitive
(Ford, 1964; Syvertsen et al., 1983),
Carrizo citrange (Citrus sinensis x
Poncirus trifoliata) moderately sensi-
tive (Ford, 1964), and trifoliate or-
ange (P. trifoliate) moderately
tolerant (Ford, 1964). Swingle citru-
melo (Citruspamdisi x P. trifoliata)^
a rootstock that has become popular
in recent years in Florida, had fewer
roots below 0.5 ft than Carrizo cit-
range, which may indicate greater
flood sensitivity due to "root prun-
ing" during the rainy season (Morgan
et al., 2007).

In addition to the inherent spe-
cies and cultivar-dependent differ-
ences, plant tolerance to anoxia is
also influenced by a number of envi-
ronmental factors, including duration
and intensity of flooding, soil struc-
ture and chemistry, soil ecology, evap-
orative demand, aerial and root zone
temperatures, stage of plant develop-
ment, and preconditioning (Schaffer
etal., 1993). Determination of flood-
ing response for a given commercial
situation will require empirical deter-
mination for specific crops and culti-
vars. Such information for much of
the crops grown in southern Florida is
lacking and will require additional
research to develop strategies for wa-
ter removal after a rainfall event so
that the root zone of any given crop is
not saturated for a period of time that
would cause significant injury. This
information is especially critical for
crops such as bell pepper, strawberry,
and watermelon, where little is
known.

Once the crop-specific data on
flood tolerance are available, it can be
combined with rainfall, soil, and hy-
drologic characteristics of the farm,
and type of drainage structure to de-
velop and test farm-specific drainage
management strategies with regard
to production, water use, and water
quality. Based on the current litera-
ture, it seems that certain crops are
better suited to delayed drainage than
others. For example, among the veg-
etable crops, watermelon seems to
be a good candidate crop for which
delayed drainage shows promise. In-
creasing residence time for drainage
and runoff water in the field, ditches,
and canals can reduce N and P load-
ings. Shukla et al. (2006) showed that
increased residence time of drainage
from a southern Florida cow-calf
ranch resulted in reducing soluble P
loadings by as much as 50%. Similar
results can be expected for horticul-
tural crops in southern Florida due to
similar soil, hydrologic, and weather
conditions.

Overall, limited research has
been conducted in Florida to develop
soil- and crop-specific drainage guide-
lines and evaluate the effects of drain-
age strategies with regard to water
conservation, N and P loadings, and
crop production. Given the demon-
strated benefits of drainage manage-
ment strategies in other soil-hydrologic
regions of the United States., these
strategies have the potential to reduce
the mass of nutrients that can leach or
have already leached below the crop
root zone. From the standpoint of
adverse impacts on water resources,
more emphasis is needed on control-
ling P discharges because P is the
limiting nutrient for the major water
bodies in southern Florida such as the
sensitive Lake Okeechobee and Ever-
glades ecosystem. The published data
on the effectiveness of drainage man-
agement strategies on P discharge is
limited for Florida and elsewhere in
the nation. Although developing and
implementing crop-specific drainage
management will help reduce the
drainage volume from the fields, it
cannot completely eliminate the drain-
age discharges especially from large
rainfall (e.g., a 10 cm rainfall) events.
For such events, temporarily detain-
ing the runoff and drainage from
fields at an on-farm downstream lo-
cation may help further reduce the
water and nutrient discharges.

Water detention/retention
and water recycling

Detention is commonly used to
describe the temporary storage of
water on the land such as in ponds
before final discharge to downstream
water bodies (e.g., river). Retention,
on the other hand, refers to the
storage of water for an extended
period of time. The most common
water detention/retention practice
for horticultural crops in Florida is
stormwater detention areas. Often,
terms such as impoundments, reser-
voirs, and ponds have been used to
describe detention structures.

STORMWATER IMPOUNDMENTS.
In most modern horticultural crop
farms in southern Florida and parts
of central and northern Florida,
stormwater impoundments are pres-
ent to reduce downstream flooding.
By law, a southern Florida landowner
cannot alter historic hydrologic water
discharges from his/her property
(South Florida Water Management
District, 2007). Hence, producers in
southern Florida, including citrus,
vegetables, and nursery producers,
are required to build and maintain
stormwater impoundments. Histori-
cally, these structures have been
designed for the sole purpose of con-
trolling downstream flooding.

Typical stormwater impound-
ments are aboveground structures
and consist of water detention areas
surrounded by dikes (Fig. 2) (Jaber
and Shukla, 2004). Impoundments
are designed to store the first 1 inch
of runoff from the drainage area to
meet the off-site discharge limit that
is equal to historic discharges (if avail-
able), or discharges from a 3-d, 25-
year storm event. All impoundments
are surrounded by a "borrow" ditch,
which serves to collect runoff and
drainage from the farm. Using a
"throw-out" pump, water from the
inflow borrow ditch is pumped into
the impoundment. After water in the
impoundment exceeds the outflow
weir elevation, water is discharged
into downstream water bodies such
as a river or lake (Fig. 2).

In addition to flood control,
impoundments are also effective in
retaining nutrients and reducing
nutrient discharges from the farms.
Among different BMPs for reducing
nutrient losses from horticultural
crops, impoundments are assumed
to be the most effective BMP. Some
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impoundments contain functioning
wetlands. Impoundments reduce nu-
trient loading through physical, bi-
ological, and chemical processes.
Excess N and P loadings are of con-
cern in Florida. Drainage water that is
pumped into the impoundment con-
tains paniculate and dissolved forms
of N and P. Wet detention/retention
systems vary widely in their ability to
remove pollutant from water with
high removal rates for selected non-
dissolved contaminants. Some of the
most important removal processes
are purely physical such as sedimen-
tation via reduced water velocity and
filtration by hydrophytic vegetation
(Roman et al., 2008). These processes
can result in high removal rates for
suspended solids, paniculate organic-
matter [paniculate biochemical oxygen
demand (BOD)], and sediment-bound
nutrients. Similarly, some pathogens
are also effectively removed in wet
detention/retention systems via sed-
imentation and filtration, natural die-
off, and by ultraviolet degradation.

Dissolved constituents such as
soluble organic matter, N, and P tend
to have lower removal rates than
paniculate constituents (U.S. Envi-
ronmental Protection Agency, 1999).
Soluble organic matter (such as dis-
solved organic N and P) is largely
degraded by bacteria in the water
column, plant-attached algal and bac-
terial associations, and microbes at
the sediment surface. N is removed
largely through microbial action
(e.g., denitrification), plant uptake,
and volatilization. Denitrification in-
volves converting nitrate-nitrite (NOx)
to gaseous forms of N, thereby re-
ducing dissolved N concentrations.
Microbial degradation processes are
relatively slow, particularly from an-
aerobiosis that require longer resi-
dence times, a factor that contributes
to the more variable performance of
wet detention/retention systems for
these dissolved constituents. P is pri-
marily removed through soil sorption
processes that are slow and vary based
on soil properties. These processes are
likely similar to those in warm, shal-
low water bodies, such as lakes. Al-
though most impoundments reduce
the nutrient discharges, there are sev-
eral avenues that can enhance their
nutrient treatment efficiencies. These
enhancements include: 1) harvesting
and reusing the water and plant ma-
terial from the impoundment; 2)

increasing the hydraulic efficiency of
these impoundments; 3) modifying
the vegetation within the impound-
ment; and 4) amending the soil
within the impoundment.

Shukla and Jaber (2006) found
that an impoundment has the poten-
tial to act as a stormwater harvesting
unit and become sources of alternative
water supply during the wet (June-
September) and dry (October-May)
seasons. Jaber and Shukla (2004)
evaluated the feasibility of using agri-
cultural impoundments as sources of
alternative water supply within the
Caloosahatchee watershed in south-
ern Florida. In present conditions,
the impoundment water level went
below the useable levels within 1
month after the wet season ended
(Shukla and Jaber, 2002). Subsurface
losses were the main avenue for water
lost from impoundments. Using a hy-
draulic/hydrologic simulation model
and hydrologic data from a southern
Florida impoundment, Jaber and
Shukla (2004) found that some

managerial and structural changes in
the impoundment could extend the
useable storage from the impound-
ment. These changes include recap-
ture of seepage losses and pumping
back into the impoundment structure
(recirculation) (Table 1) using the
existing pump(s) and lining part or
all of the impoundment area. Using
impoundment storage for irrigation
can potentially reduce the nutrient
loads by reducing the nutrient con-
centration as well as volume of water
leaving the impoundment. Use of
impoundment storage for irrigation
can reduce the net volume of water
leaving the impoundment and there-
fore reduce nutrient loading. In-
creased nutrient retention within the
impoundment as well as cropped areas
is achieved by increasing water resi-
dence time, promoting crop and other
plant uptake of nutrients, and nutrient
retention through physical (e.g., sorp-
tion) and biological (e.g., denitrification)
processes. Additionally, accounting of
N and P contribution from recycled

N

Surface and
Ground water Level
Monitoring Locations

Pump

Fig. 2. Aerial photo of an impoundment in a citrus grove (from Jaber and
Shukla, 2004).

Table 1. Weeks of irrigation supply for structural and managerial changes for an
impoundment in southern Florida (Jaber and Shukla, 2004).

Modifications

I
2
3
4

Description'

Lining entire reservoir with 0.1 5-m clay liner
Lining inside ditch and embankments with 0.1 5-m liner
Lining inside ditch and embankments with 0.30-tn liner
Recirculation

Irrigation
(weeks)

13
3
4
4

'1 m=,3.2808 ft.
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water from impoundment could re-
duce the amount of fertilizer N and P
inputs to the crop, which can poten-
tially reduce the N and P loadings
from the farm. Modifying impound-
ments to extend their useable storage
for irrigation may require substantial
investment in irrigation infrastruc-
ture by growers. Given the societal
benefits resulting from the use of
impoundment storage, innovative ap-
proaches are needed to facilitate these
modifications.

The use of distributed impound-
ments as an alternative source of
water supply at the watershed scale
can result in economic and environ-
mental benefits. Given the distributed
nature of impoundments, they can act
as distributed water supply reservoirs.
Compared with other water supply
storage structures such as reservoirs,
impoundments do not require addi-
tional land area. Impoundment water
used for irrigation can reduce the
amount of water pumped by agricul-
ture from traditional surface and
groundwater sources, increasing the
amount of water available to other
water consumers (Shukla et al., 2008).
If appropriate policy mechanisms ex-
ist, farmers can "sell" their reductions
in water use to urban water supply
utilities, which are demanding addi-
tional water for growing populations.
Currently, landowners do not own
the groundwater they use for irriga-
tion and are not allowed to sell it. If
landowners are allowed to trade water
credits with urban communities, it
could potentially generate an addi-
tional source of income for agri-
cultural landowners (Shukla, 2006;
Shukla et al., 2008). In addition to
economic benefits from the water
supply aspects, use of these impound-
ments to treat the water from public
canals (Bohlen et al., 2008) or other
neighboring land uses (agricultural or
urban) to meet water q uality goals can
also generate additional income for
the grower.

The use of impoundment stor-
age for irrigation can reduce farm-
scale water discharges to the rivers
and lakes and help meet maximum
flow levels to the estuarine systems.
Modification of impoundments to
increase dry period storage can also
have positive impacts on wildlife. A 5-
year study by Main and Allen (2007)
to evaluate wildlife use in a similar
agricultural impoundment located in
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southwestern Florida showed wet-
land habitats within impoundments
attracted a variety of avian species.
Economic benefits obtained from pro-
viding environmental services from
these impoundments could not only
pay for the impoundment modifica-
tions, but could also provide a net
profit to the grower.

Several hydraulic design modi-
fications can be made to enhance
hydraulic and nutrient treatment effi-
ciency of impoundments (S. Shukla
and F.H. Jaber, unpublished data). In
some impoundments, inflow and out-
flow locations are close to each other,
which reduces the residence time in
the impoundment. Increased resi-
dence time has been shown to result
in N and P retention in a cattle ranch
drainage ditch in southern Florida
(Shukla and Collins, 2005). Similar
results were also reported by Edwards
et al. (1999), who reported on a sim-
ulated agricultural runoff event where
water amended with sediment, N,
and P, was passed through an exper-
imental sedimentation basin. An av-
erage of 94% of the sediment, 76%
of the N, and 52% of the P added to
the inflow were retained by the basin
in Pennsylvania. The 3-d retention
time treatment retained significantly
more sediment than the 1-d treat-
ment. The majority of the sediment,
N, and P were released within the first
12 h during the 3-d runs and the first
4 h during the 1-d runs.

Using soil amendments inside
the impoundment can increase the
nutrient retention within the im-
poundment. Impoundments tend to
"leak" through the berm to the out-
side perimeter ditch and through the
bottom (Jaber and Shukla, 2004).
This fact suggests that soluble forms
of P, which are difficult to remove
from the water column, are also ex-
posed to reactions with organic mat-
ter and soil due to water losses from
the impoundment. This leakage
could also result in reactions created
by providing reactive materials, such
as finely ground limestone to react
with soluble reactive P and ligands to
react with organic forms of P. Suc-
cessful use of these materials with
impoundments has not been tested
(Hanlon et al., 2007). P is also re-
moved through plant assimilation
and subsequent burial in organic lit-
ter. Consequently, P removal rates are
variable and typically lower than for

N. Impoundments that incorporate
wetland plants can be expected to
achieve or exceed pollutant removal
rates estimated for wet detention
alone.

In summary, the research needs
for understanding and enhancing the
environmental benefits including the
nutrient treatment efficiency of the
impoundments are: 1) quantification
of treatment efficiencies of storm-
water impoundments; 2) effects of
hydraulic designs on water and nutri-
ent retention; 3) effects of using the
impoundment water for irrigation
(discussed in the next section) on
water use and quality; 4) effects of
harvesting the organic matter from
the impoundment and using it as
amendment in the cropped areas or
as potential feedstock for biofuel, on
nutrient retention and water quality;
5) effects of using soil amendments
such as lime to increase the P reten-
tion; 6) effects of using these im-
poundments as water harvesting units
at the watershed-scale on water supply,
water quality, and farm income.

TAILWATER RECOVERY AND USE.
Recycling of runoff and drainage
originating from Florida's agricul-
tural areas has the potential to pro-
vide water conservation as well as
water quality benefits. The runoff
and drainage in a farm can be stored
at the tail end of the farm and used for
irrigation. In southern Florida, most
of the stormwater impoundments are
located at lower elevations within the
farm. The use of these impoundments
to store drainage/runoff and use this
storage for irrigation is similar to
a tailwater recovery system. Farms
that do not have such storage areas
can construct an impoundment. To
use the impoundment as part of a
tailwater recovery and reuse sys-
tem, additional irrigation infrastruc-
ture would be needed. These include
pumps, water treatment systems, and
irrigation conveyance systems to de-
liver the tailwater back to the crop.
The cost for the additional infrastruc-
ture would vary depending on the
crop and the type of irrigation used
at the farm. For example, if seepage
irrigation is used, the additional cost
for using the impoundment storage
would be less than at farms where
microirrigation is used. For seepage
irrigation, the impoundment storage
can simply be pumped to the irriga-
tion ditches that are used to maintain
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the water table in the production
fields.

Water treatment systems may be
needed to remove plant pathogens
in recycled water used irrigation be-
cause this source can potentially re-
introduce economically important
disease pathogens. Several plant path-
ogens, including bacteria (Schuster,
1959; Thompson, 1965), fungi and
oomycetes (Dukes et al., 1997; Easton
et al., 1969; Gill, 1970; MacDonald
et al., 1994), and nematodes (Faulkner
and Bolander, 1970) have been found
in surface irrigation water. These
water sources may contain more than
one potential pathogen (Roberts
et al., 2005). Irrigation water contam-
inated with plant pathogens was im-
plicated in initiating disease outbreaks
on certain field crops (Mclntosh,
1966; Whiteside and Oswalt 1973).

The presence of pathogens in
runoff and drainage water has also
been investigated in Florida. An out-
break of Phytophthora citrophtkom in
citrus in central Florida was related to
overhead sprinklers and the irrigation
pond source was shown to contain
the pathogen (Whiteside and Oswalt,
1973). Phytophthora capsiciand other
plant pathogenic oomycetes were
recovered in runoff water from
ponds and canals in southern Florida
(Roberts et al., 2005). Several species
of Pythium and Phytophthora species
caused disease on pepper and tomato
in plant bioassays. Thus, in Florida,
the potential exists for reintroduction
and dissemination of plant pathogens
by the use of recycled water for irri-
gation, therefore, decontamination of
irrigation water may be warranted to
avoid plant disease epidemics initiat-
ing from inoculums in recycled water.

Transmission of human patho-
gens via irrigation water is also a con-
cern as highlighted recently in the
popular press with two incidents in-
volving spinach (Spinacia oleracea)
and muskmelon (Cucumis melo).
Fresh and precut fruit and vegetables
may become contaminated if exposed
to irrigation sources containing hu-
man pathogens. By regulation, con-
tact of plants with effluent irrigation
water is not allowed in Florida for
produce that is not peeled, cooked,
or thermally processed for the con-
sumer. This requirement eliminates
the use of sprinkler or overhead irri-
gation with recycled water. However,
seep or drip irrigation is not a problem

because neither of these involves di-
rect contact with the plants. How-
ever, treatment of irrigation water to
improve quality and to reduce the
risk of plant and human disease trans-
mission may be needed before using
recycled water.

Various physical and cultural
treatment regimes may be needed to
improve water quality and reduce
plant pathogen transmission in com-
mercial operations. Some options in-
clude sand filtration, chlorine, and
ultraviolet light to remove microor-
ganisms from contaminated water.
Sand filtration systems (SFS) use
physical and biological activity to de-
contaminate water. In an SFS system,
the filter bed contains a medium with
high surface area into which suppres-
sive microorganisms such as species
of bacteria in the genus Pseudomonas
and the fungus Trichoderma, with
demonstrated ability as biological
control agents, is introduced and
allowed to colonize the surface thus
reducing microorganism in the
water source. Chlorine (Cl), widely
used in some commercial vegetable
and citrus operations to clean and
maintain irrigation systems, also im-
proves water quality by killing micro-
organisms, in particular bacteria,
and altering some chemicals that af-
fect the taste, odor, and color of
water. Ultraviolet light exposure is
also used for water disinfection causes
molecular rearrangement of DNA of
microorganisms, preventing organ-
isms from reproducing (Mebalds
et al., 1996). The efficiency of ultra-
violet depends upon contact time and
light intensity.

In southern Florida, detection of
plant pathogens in tailwater suggests
that if this water source is used to
irrigate a field growing susceptible
plants, there is potential for pathogen
dissemination and disease to occur.
However, the interaction of many
factors (e.g., plant susceptibility and
age, pathogen concentration, cultural
practices, and environmental condi-
tions) influence whether a disease oc-
curs or not. It is important to consider
these factors when making decisions
about implementing disease manage-
ment practices with recycled water,
for example, not using recycled water
on transplants that are typically quite
susceptible to the damping-off path-
ogen Pythium sp. that is frequently
present in tailwater

One of the effects of using tail-
water that has received attention in
the arid west of the United States is
high salinity and its adverse effects on
crop yield (Corwin and Bradford,
2008). In Florida, salinity problems
have been mainly due to salt water
intrusion in the coastal areas and
salinity problems associated with tail-
water use have not been reported.
Other issues emerging from the use
of tailwater may include clogging of
microirrigation system by biological
growth. However, use of the above-
mentioned disinfectants (e.g., Cl) to
remove plant pathogens is likely to
reduce or eliminate such effects.

There is a lack of published evi-
dence on the long-term sustainability
of recycling degraded water such as
tailwater (O'Connor et al., 2008).
Currently, limited or no literature
exists that has quantified the effects
of recycling tailwater on N and P
discharges in Florida or elsewhere in
the world. Although tailwater recy-
cling has been promoted, several ques-
tions regarding its efficacy need to
be answered to facilitate wide-scale
adoption. Research needs for on-farm
tailwater recycling are: effects on farm-
scale N and P loadings, surface and
groundwater withdrawals for irriga-
tion, and farm income; effects on
viability of plant pathogens and crop
production; and nutrient value of
tailwater to partly offset the N and P
fertilizer needs of the crop.

Summer flooding
A large fraction of vegetable

fields are kept fallow during the
June-August period. High water ta-
ble conditions combined with the fact
that almost 70% of rainfall in southern
Florida occurs from June to October
can result in occasional flooding of
vegetable production fields. Flooding
is especially likely after a tropical
storm or hurricane. If fields are
allowed to be flooded for a prolonged
period without drainage, it may not
only reduce nutrient loadings from
the farm, but also decrease the poten-
tial for plant pathogen survival and
root anoxia (Maas, 1987). Periodic
flooding to alternate anaerobic and
aerobic conditions decreases nema-
tode populations (Dunn and Noling,
1995). In Florida organic soils, as
little as 2 weeks of flooding followed
by 2 weeks of drainage, drying, and
disking was as effective to reduce
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nematodes as continuous flooding for
9 months (Stover, 1979). Fields in
southern Florida are particularly ame-
nable to this method because of the
naturally high water table.

An additional benefit of main-
taining a high water table during
fallow period is reduction of NOs-N
content of the soil and the shallow
groundwater due to denitrification.
Studies on a loam soil showed a 4-
fold increase in denitrification from
that soil when the water table was at
a depth of 15 cm compared with
45 cm (Kliewer and Gilliam, 1995).
Although potentially an attractive op-
tion, the effect of this practice on
nutrient loading has not been quan-
tified for southern Florida conditions.

Managing drainage and runoff
water quality

A wide variety of managerial and
structural practices are available that
can reduce the mass of nutrient
leached below the crop root zone
before nutrients leave the farm
through physical, biological, and
chemical processes [Florida Depart-
ment of Agriculture and Consumer
Services (FDACS), 2005, 2008). Ex-
amples of structural practices include
using riser board in place of screw
gate structures to reduce erosion and

. sediment-bound nutrient losses.
With riser-board structures, water is
forced to flow over the top of the
boards (FDACS, 2005). This flow
path creates a low current area toward
the bottom of the structure, which
facilitates the deposition of sediments
and accompanying nutrients or pesti-
cides, essentially removing them from
the discharges. Conversely, screw-
gates do not create this dead-current
zone. Because screw-gates open from
the bottom, sediments and accompa-
nying load are swept out along with
the discharge water.

Settling basins or settling ponds
are another simple way to remove
sediments out of runoff water. Set-
tling basins simply slow down the
water and reduce turbulence, allow-
ing sediments to fall to the basin
bottom before the water returns to
the receiving water body. Water dis-
charging from settling basins will be
lower in suspended solids concentra-
tions and concentrations of Total N,
Total P, and BOD than water enter-
ing them. An Oregon study (Oregon

Department of Agriculture, 2003)
showed a 60% reduction in turbidity
and suspended solids for water pass-
ing though a sediment basin at field
edge.

Managerial practices include
maintenance of VFS along the drain-
age and runoff pathways to retain
nutrients. Some selected practices
are discussed below.

Vegetated filter strips
VFS remove sediment and other

pollutants such as nutrients, pesticides,
organic material, and trace metals
(Table 2) from runoff and drainage
by filtration, deposition, infiltration,
absorption, adsorption, decomposi-
tion, and volatilization, thereby reduc-
ing the amount of pollution entering
surface waters (USDA, 1988). These
strips have higher efficiency for re-
moval of particulars pollutants than
for removal of soluble pollutants
(Schueler, 1987). Filter strips should
not be relied on as the sole or primary
means of preventing nutrient move-
ment from cropland (Lanier, 1990).

VFS are appropriate for use in
areas adjacent to surface water sys-
tems that may receive runoff contain-
ing sediment, suspended solids, and/
or nutrient runoff. VFS are designed
to be used in conditions where runoff
passes over the vegetation in a uni-
form sheet flow. If runoff is allowed to
concentrate or channelize, the VFS is
easily inundated and will not perform
as it was designed to function. There-
fore, VFS systems are most applicable
to areas in central and northern Flor-
ida that have considerably deeper
water tables than in southern Florida.

VFS need the following elements
to work properly: 1) a device such as
a level spreader that ensures that
runoff reaches the VFS as a sheet flow
(berms can be used for this purpose if
they are placed at a perpendicular
angle to the VFS area to prevent
concentrated flows); 2) a dense vege-
tative cover of erosion-resistant plant
species; 3) a slope of no more than
5%; and 4) a length at least as long
as the adjacent contributing area
(Schueler, 1987). If these require-
ments are met, VFS have been shown
to remove a high degree of particulars
pollutants, with as much as 92% of
sediment (Blanco-Canqui et al.,
2004) and more than 70% of TKN
and total P removed (Lim et al.,
1998).

Several studies show that VFS
improve water quality. The VFS are
most effective at sediment removal,
with rates generally greater than 70%
(Table 2). The published results on
the effectiveness of VFS in nutrient
removal are more variable, but N and
P removal rates are typically greater
than 50% (Table 2). With proper plan-
ning and maintenance, VFS can help
improve water quality when coupled
with 1) farming practices that reduce
nutrient inputs or minimize soil ero-
sion or 2) detention ponds to collect
runoff as it leaves a VFS.

Southern Florida has consider-
ably different soil, topography, and
hydrology than other physiographic
regions of the United States. The
runoff produced by high-intensity
rain storms may reduce the effective-
ness of VFS and favor grassed water-
ways. The effectiveness of VFS in
southern Florida may be considerably
different from the published litera-
ture. Therefore, Florida-specific stud-
ies are needed to quantify the
effectiveness of this BMP before its
wide-scale adoption.

Cleaning and dredging
of drainage ditches

Almost all agricultural opera-
tions in southern Florida contain an
extensive network of drainage ditches
to drain and at times irrigate the
horticultural cropland. Depending
on the specific farm hydraulic system
and its management, there is gener-
ally a layer of light sediment floccule
material accumulated at the interface
between the sediment bed and water
column in the ditch that has high P
content. Organic floccule material is
easily suspended and transported dur-
ing drainage events. Daroub et al.
(2002) reported that particulate P
accounted for up to 50% of the P
loading from the Everglades Agricul-
tural Area (EAA). The source of most
of this P (approx 60%) was found to
be biological matter (e.g., floating
aquatic weeds, submerged aquatic
growth) growing in the drainage
and irrigation canals. Sediment sur-
veys of selected farm drainage canals
in the EAA showed that sediments
tend to accumulate in main drainage
canals upstream of drainage struc-
tures. The sediment survey reported
that there was sufficient P in the
accumulated sediments to supply par-
ticulate P for several years if the
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Table 2. Selected references reporting effectiveness of vegetative filter strips (VFS) for pollutant removal (adapted from U.S.
Environmental Protection Agency, 2008).

Author

Dickey and Vanderholm,
1981

Dickey and Vanderholm,
1981

Dillaha et al., 1988

Dillaha ct al., 1989

Magette et al., 1989

Younger al., 1980

Schwer and Clausen, 1989

Overman and Schanze, 1985

Total
Sediment nitrogen Total

Study VFS length removal removal phosphorus
conditions (m)7 Vegetation (%) (%) removal (%)

Pumped effluent

Pumped effluent

Simulated feedlot
runoff

Simulated cropland
runoff

Simulated cropland
runoff

Simulated feedlot

Milkhouse runoff

91
51

152-457
229
305
381
433
4.6
9.1
4.6
9.1
4.6
9.1

35-41

26

Mixed fescue/alfalfa/ foxtail
(Festuca arundinacea/Medicttgo

sativa/
Alopecurus arundinaceus)
Not applicable

Orchard grass (Dactylis glomemta)

Orchard grass

Orchard grass

Corn (Zea mays)
Orchard grass
Sorghum
(Sorghum vulgarc)
Oats (Avena sativa)
Fescue
(Festuca arundinacea], ryegrass
(Lolium spp.), bluegrass
(Pott spp.)
Bermudagrass
(Cynodon dactylon)

73
63

78
39
59
56
80
79
80
63
76
72
86
86
66
82
75
79

89

81

80/89
71/72

89/85
50/41
61/63
66/64

83/8/3
64
74
50
67
17
12
92
87
84
73
84

76

67

78
NA*

NA*
NA*

16
49

NA*
58
68
57
74
41
53
91
88
81
70
83

78

39

'1 m = 3.2808 ft.

sediment was not removed (Diaz
etal.,2008).

A canal cleaning program re-
duces sediment material that has ac-
cumulated in the canal systems. Canal
cleaning should be conducted dur-
ing quiescent conditions. Biological
growth in main farm canals is the
primary contributor to particulate P;
thus, it is important to regularly clean
the canal sections directly upstream of
main drainage structures. In addition,
drainage pumping during or immedi-
ately after canal cleaning is to be
avoided so as not to release drainage
waters of high sediment concen-
tration. Spoil material should be
removed and deposited on a self-con-
tained, upland spoil site that will pre-
vent the movement of the water and
excavated spoil material into wetlands
or other surface waters. Erosion and
sedimentation control devices (e.g.,
turbidity screens) should be used to
prevent bank erosion and scouring
and to prevent turbidity from dis-
charging into adjacent waters during
maintenance dredging. Potential uses
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of the biological growth could include
reuse as compost or for biofuel pro-
duction; however, such uses and the
potential benefits and challenges have
not been investigated.

Removal of accumulated sedi-
ment generally increases the canal
cross-sectional area and reduces water
velocities, thus reducing the potential
for bank scouring. Diaz et al. (2008)
describe the following practices to
reduce particulate P and sediment
discharges in farm drainage in the
EAA: ditch and canal bank berms;
main canal sediment sumps and traps;
sediment sumps in field ditches; reg-
ular canal and field ditch cleaning;
slowed drainage near exit pump sta-
tions; installation of raised culverts;
and vegetated ditch banks for stabili-
zation. Although studies have been
conducted in southern Florida to char-
acterize the resident P mass in the
drainage network, limited published
data are available on the actual effec-
tiveness of ditch cleaning on N and P
loadings. Such information is needed,
especially for the long-term, to quan-

tify the effectiveness of ditch cleaning
in reducing the N and P losses from
fruit and vegetable farms.

Summary and research needs
Florida's unique hydrology and

climate result in high nutrient leach-
ing losses from farms, especially after
high rainfall events. A variety of
approaches ranging from drainage
management to on-farm recycling of
drainage and runoff have the poten-
tial to reduce the nutrient loadings
from farm. Strategies for reducing
unavoidable nutrient losses from the
shallow water table environments of
Florida need a systems approach that
includes practices targeting water and
nutrient retention from the produc-
tion field to the drainage ditches
and finally to the farm outlet. Drain-
age management includes control-
ling drainage to reduce the drainage
volume for specific crops. For large
rainfall events that require drainage,
stormwater impoundments can be
used to reduce water and nutrient
discharges. To further enhance the
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effectiveness of stormwater impound-
ments, the water stored in the im-
poundment could be used as a source
of irrigation, moving nutrient load-
ings from the drainage water to the
irrigation source and enhancing both
nutrient and water recycling. Al-
though the recycling of stormwater
for irrigation is an attractive option,
careful management is needed to
prevent the spread of economically
important pathogens through the
recycled water. Practices such as plac-
ing VFS or grass waterways that target
the nutrient reduction at a variety of
locations within a farm can reduce
the entry of nutrients to the drainage
ditches. Maintenance cleaning of
ditches can help reduce the amount
of N and P loadings by reducing the
amount of nutrients that have already
moved into the ditch and been taken
up by the aquatic plants. Although
several strategies exist for reducing
nutrient losses from horticultural
crops, limited data exists in Florida
on their effectiveness with regards to
nutrient losses and crop production.
A summary of future research needs
to address the reduction of nutrient
losses from Florida's horticultural
crops is given below:

• Develop and evaluate tools for
managing drainage under high water
table conditions. The use of such
tools can reduce the drainage volume,
nutrient loading, and water use. Ex-
amples include: a) prediction of water
table response to a rainfall and drain-
age event for different soil types and
using these relationships to make
drainage decisions; b) soil moisture-
based drainage management; and c)
delaying drainage by reducing the
drainage rate and volumes. Quantify
the effects of using these practices on
water use, quality, plant disease, and
crop production.

• Determine the flooding toler-
ance and survival of plant pathogens
for some of the most commonly
grown commercial citrus rootstocks
and vegetable cultivars under differ-
ent drainage conditions. Evaluate
new cultivars that may have enhanced
flooding tolerance. This evaluation
should be in conjunction with the
preceding research need to design
crop-specific drainage management
practices that may reduce the rate
and volume of drainage, conserve wa-
ter, and reduce nutrient loadings with-
out adversely impacting crop yield.

• Develop tools to analyze hy-
drologic performance of drainage in-
frastructure to: a) determine the need
for system improvements (water con-
trol structures, ditch capacity, pumps,
etc.) to provide adequate drainage to
protect crops while retaining as much
water on site as possible, and b) de-
velop operating criteria to effectively
manage the system under various
rainfall scenarios.

• Quantify water and nutrient
dynamics in stormwater impound-
ments. Identification and evaluation
of strategies to enhance the nutrient
treatment efficiency of impound-
ments. These include modifications
to increase the hydraulic efficiency
and increased retention by soil and
plants.

• Develop and evaluate tailwater
reuse strategies with regards to water
and nutrient discharge, production,
and farm income. Tailwater reuse in-
cludes the construction of new storage
infrastructure as well as modifications
to the existing stormwater impound-
ments to facilitate water reuse.

• Evaluate the effectiveness of
ditch management (cleaning and
VFS) practices with regards to reduc-
ing N and P discharges.

• Evaluate the effects of sum-
mer flooding on water and nutrient
discharges, plant disease, and crop
production.

• Evaluate the feasibility of using
agricultural areas (e.g., stormwater
impoundments) for water harvesting
and use this water for on-farm irriga-
tion and "banking and trading" with
the urban sector for economic bene-
fits to the landowner. Effects of these
strategies on watershed water supply,
surface water flows, groundwater
levels, water quality, and wildlife.
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