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ABSTRACT: A review of literature and summary of research results are presented on the effects of drainage
on water quality in North Carolina, South Carolina, Georgia, and Florida. Principal findings from the pre-
dominate coarse-textured soils of the Atlantic Coastal Plain include increased nitrate-nitrogen losses associated
with improved subsurface drainage. Benefits of drainage include potential reductions in organic nitrogen (N)
and phosphorus (P) losses from these mineral soils. Results of drainage investigations on organic soils in the
Everglades Agricultural Area of Florida indicate that phosphorus is the primary limiting factor for eutrophi-
cation problems in Lake Okeechobee. P losses can be potentially reduced by using slow versus fast drainage,
retaining drainage water from vegetable and sugarcane fields (on sugarcane or fallow areas), and minimizing
water-table fluctuations. Some of these potential practices and their resultant effects need additional verification

for application to other areas and conditions.

INTRODUCTION

In the Southeastern United States, as in other humid re-
gions, adequate surface drainage is required for field activities
and to reduce the potential of surface water ponding during
crop production. The need for improved subsurface drainage
for agricultural purposes is, of course, an economic consid-
eration based on the cost of installation versus the loss of
land to surface ditches and the reduced convenience of op-
erating around ditches. If no crop-production benefit is re-
alized by improved drainage (either surface or subsurface),
these practices are not likely to be adopted by farmers. The
ability to enter the field at the optimum time, perform needed
cultural practices, and improve the temperature, aeration,
and soil water regime for crop growth are factors that influ-
ence the profitability of an agricultural production system
(Pavelis 1987; Baker and Johnson 1976). In addition, reduc-
tions in erosion and surface water pollution are side benefits
of improved subsurface drainage.

The need for drainage (both subsurface and surface) in the
southeastern United States is primarily because of the sig-
nificant rainfall received (average of about 1,100 mm/yr) and
the poor natural drainage. Table 1 describes the areal extent
of drainage practices in North Carolina, South Carolina,
Georgia, and Florida. In North Carolina, South Carolina,
and Georgia, the Atlantic Coastal Plain is the primary zone
of agricultural production and drainage (Fig. 1). The agri-
cultural soils, in general, are coarse textured with low water-
holding capacities and a high potential for chemical leaching.
Most soils have relatively low natural fertility and require the
application of major and minor nutrients. These soils have
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relatively high hydraulic conductivities and are subject to
chemical leaching.

A section of the Atlantic Coastal Plain extends into Florida,
but most drainage associated with agricultural production in
Florida is in the Everglades Agricultural Area (EAA), an
intensively cropped area located southeast of Lake Okee-
chobee. The soils in this region are primarily organic in nature
and are widely represented by the term *“muck” (Snyder 1993).
These soils also have relatively high hydraulic conductivities
and a high potential for leaching. However, the primary sources
of chemical leaching are the nutrients (nitrogen and phos-
phorus) released during the soil organic-matter decomposi-
tion process as the drained soils subside.

Evans et al. (1989b) noted that drainage use in North Car-
olina began as early as the 1700s. Today, more than 40% of
cropland in production in North Carolina requires artificial
drainage. Drainage developments in South Carolina and
Georgia followed those in North Carolina as the population
expanded and land was cleared for agricultural production.
Drainage developments in the EA A were planned in the mid-
1800s and the first attempt at draining the area was made
around 1883 (Izuno and Bottcher 1993a). Drainage installa-
tion for crop production was not successfully implemented
until the early 1900s. As these organic soils were drained and
used for continuous crop production, the soils continued to
subside from oxidation. This diminished the effectiveness of
gravity drainage, increasing the development of pump and
canal networks to remove excess water and to supply irri-
gation water from Lake Okeechobee. Currently, the water
pumped in and out of the EAA is managed by the South
Florida Water Management District. '

Although the Atlantic Coastal Plain and the EAA are vastly

* different in soil characteristics and function, similarities dc

exist. Each region discharges into environmentally sensitive
and ecologically important receiving waters. Sensitive receiv-
ing waters include the estuaries along the Atlantic coast and
Lake Okeechobee and the Water Conservation Areas (WCAs)
adjacent to the EAA. Drainage waters pose two problems
for salt water estuaries: (1) saltwater concentration is diluted
by the freshwater; and (2) contamination results from nu-
trients, pesticides, and sediment in the runoff. The receiving
waters of the EA A are especially sensitive because regulatory
action has resulted in proposed limitations on nutrient load-
ings to Lake Okeechobee (Izuno and Bottcher 1993a).
Pests, both weed and insect, thrive in the subhumid climate
of the region creating crop-production pressures. These pests
are primarily controlled by chemical methods, which can re-
sult in a variety of potential problems due to the wide array

JOURNAL ( F IRRIGATION AND DRAINAGE ENGINEERING / JULY/AUGUST 1995/ 277



TABLE 1 Extent of Drainage in Selected Southeastern States

Drained Land Area
Total Subsurface |As percentage
State (1,000 ha) (1,000 ha) of cropland

(1) (2) (3) 4
_North Carolina 2,185 328 25
South Carolina 710 71 25
Georgia 625 94 8
Florida 2,550 128 45

q Southern Coastal Plain
Land Resource Area

[T Atlantic Coast Flatwoods
& Everglades Agricultural Area

FIG. 1. Primary Areas of Agricultural Drainage in North Carolina,
South Carolina, Georgia, and Florida

of crops produced. As a result, subsurface and surface drain-
age effects on water quality are a major concern throughout
this region.

Of course, drainage allows land that would otherwise be
minimally (or non) productive to become more productive.
Drainage, related to crop-production practices, is perceived
to produce poor water. quality by many environmental or-
ganizations. North Carolina, at least, has achieved a unique
position among most states by the designation of controlled
drainage as a best management practice (BMP) for reducing
nonpoint-source pollution (Evans et al. 1989a). BMPs asso-
ciated with controlled drainage have also been proposed for
the EAA to reduce phosphorus (P) and nitrogen (N) losses
to receiving waters (Izuno and Bottcher 1993b; Izuno and
Bottcher 1991). These types of approaches with governing
and regulatory bodies could be instituted in other states with
a concerted cooperative effort.

This paper is designed to consolidate research and results
from investigations on the impact of drainage on water quality
in North Carolina, South Carolina, Georgia, and Florida. A
limited discussion of future needs and directions for drainage
and water-quality programs will follow. Evans et al. (1992)
and Thomas et al. (1992a) address some of the water-table
management effects on water quality on a more general scale,
but these will not be reiterated.

LITERATURE REVIEW

Extensive water-table management (WTM) research [pri-
marily controlled drainage (CD), and controlled drainage/
subirrigation, e.g. (CD-S1)] has occurred in North Carolina,
South Carolina, and Florida, with limited research in Geor-
gia. Most past efforts have centered on rates and amounts of
outflows and associated nutrient losses. Studies on conven-
tional drainage effects on water quality are limited in com-
parison.

Gast et al. (1974) and Devitt et al. (1976) found that soils
with fine texture or a restricting horizon have lower quantities
of nitrate (NO,) below surface horizons or when leaving the
field than do better-drained soils. Gambrell et al. (1975a)
reported that in well-drained soils that were not saturated for
extended periods (and lacked sufficient energy sources), de-
nitrification was limited. This limitation allpwed fertilizer not
taken up by the crop to potentially move %o shallow aquifers
and then to surface water. Baker and Johnson (1976) showed
that artificial drainage increases nitrate movement from ag-
ricultural sites whether additional fertilizer was applied or
not.

In their evaluation of the effect of drainage on the fate of
unutilized fertilizer N in North Carolina, Gambrell et al. (1975b)
found that approximately one-half of the fertilizer applied to
both a well-drained and a poorly drained soil was not used
by the crop. Most of the N lost by surface runoff from both
soils was organic N tied to the sediment. A measurable in-
crease in N loss occurred from fertilized plots as compared
with nonfertilized plots. Only 50% of the surface runoff oc-
curred in the poorly drained soil when compared with the
well-drained soil. However, the N concentration in runoff
from the poorly drained soil was almost twice as great. This
resulted in the two soils possessing nearly identical N losses
in surface runoff. Nearly three times as much NO,-N/ha moved
from the well-drained soil through subsurface drains as com-
pared with the poorly drained soil. The smaller loss was re-
ported to result from the denitrification of residual NO;-N in
the shallow ground water.

Gilliam et al. (1979) evaluated whether CD could reduce
nitrate loss from fields. Flashboard riser control structures
were installed in mainlines and outlet ditches to raise water
tables and, in turn, to increase denitrification in the soil pro-
file. They found that in a moderately well-drained soil, a large
reduction in NO,-N loss occurred because of the reduced tile
effluent, and not because of increased denitrification. In a
poorly drained soil, NO;-N losses were reduced by 50% by
adding CD. Outlet control caused increased water movement
into and through deeper soil horizons.

DRAINMOD, the water-management model designed to
predict the soil water response to rainfall, evapotranspiration,
drainage, and water-table control (Skaggs 1980), was used to
simulate the effects of drain spacing and surface storage on
surface and subsurface runoff (Skaggs and Nassehzadeh-Ta-
brizi 1981). Ten surface/subsurface drainage combinations were
used with corn grown on a continuous basis. Results showed
that with good surface drainage, a drain spacing increase from
15 m to 100 m caused three times more surface runoff. With
poor surface drainage, surface runoff increased five times for
the same spacing increase. Drain spacing and surface drainage
conditions significantly affect the amount and rate of surface
runoff. They concluded that the drainage system design af-
fects erosion and pollutant transport in drainage outflows
from flat or mildly sloping sites.

Skaggs and Gilliam (1981) reported on a North Carolina
study to determine the effects of drainage-system design and
operation on nitrate transport. Data from the study suggests
that poorly drained soils with relatively high water tables lost
less nitrate to drainage waters than did naturally wel-drained
soils. This decrease in nitrate loss was attributed to denitri-
fication in the subsoil of the poorly drained soils. This sim-
ulation study (using DRAINMOD) showed that nitrate out-
flows for soils were very dependent on drainage-system design
and operation. The authors stated that nitrate movement from
a field can be minimized by using good surface drainage and
wide subsurface drain spacings. However, drainage systems
must be designed to satisfy trafficability and crop protection
requirements.
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Evans et al. (1984) conducted a subsurface drainage water-
quality monitoring study. Drainage was from small plots re-
ceiving 325 kg N/ha/yr, 650 kg N/ha/yr and 1,300 kg N/ha/yr
from sprinkler-irrigated swine lagoon effluent. Each plot was
covered with Coastal Bermuda grass. The applied N rates
represent 1, 2, and 4 times the recommended rate for Coastal
Bermuda grass. Nitrogen applications at the medium and high
rates resulted in NO,-N concentrations in subsurface drain-
age, which were higher than the EPA drinking water standard
(10 mg/L). By interpolation, they decided N could be applied
at 1.25 times the recommended agronomic rate without ex-
ceeding standards.

Jacobs and Gilliam (1985) investigated nitrate losses in
drainage outflow from agricultural fields in the North Car-
olina Coastal Plain. Ten kg/ha/yr to 55 kg/ha/yr NO;-N were
lost to subsurface drainage water in a coastal plain watershed
with well-drained to moderately well-drained soils. Fields with
forested buffer strips had substantial downslope reductions
in N concentration (assumed due to increased denitrification).
Subsurface drained fields with ditch outlets apparently moved
more N to surface water than nondrained fields.

Gilliam and Skaggs (1986) examined the hydrologic and
water-quality effects of clearing, draining, and developing
flat, poorly drained soils in the North Carolina Tidewater
region in a 3-yr field study (1977-1979). Land development
(for agricultural purposes) caused three times the peak runoff
rates when compared with areas in native vegetation. How-
ever, the total annual outflow varied little. The two developed
sites in the study produced low annual losses of NO;-N, yet
the losses were still seven to 10 times greater than NO;-N
losses from the undeveloped sites. A relatively small increase
in P loss occurred in a mineral soil, with a larger loss from a
shallow organic soil.

Buried subsurface drains are designed to remove excess
water from the soil profile. The drains lower the natural water
table and provide more storage for infiltration. This reduces
surface runoff. Gilliam and Skaggs (1986) noted that higher
crop yields resulted with better subsurface drainage. How-
ever, the better the subsurface drainage, the more NO,-N
and total N lost and the less P in drainage effluent.

Another study was conducted in North Carolina to deter-
mine the effects of various artificial drainage treatments on
the movement of N and P from poorly drained soils in the
coastal plain region (Deal et al. 1986). Computer simulations
were used to predict N and P losses over 20 yr from six soils.
The results showed that both drainage-system design and
management can significantly affect N and P movement in
drainage effluent. Systems designed for good subsurface
drainage lost 17-35 kg NO,-N/ha/yr more than systems with
poor subsurface drainage. In addition, good subsurface drain-
age decreased total P losses by 0.2-0.4 kg/ha/yr in mineral
soils. The authors suggested using controlled drainage to off-
set some of the N losses.

Many areas near the North Carolina coast with elevations
below 1.5 m mean sea level require drainage water to be
pumped to outlets because gravity flow is not sufficient (Gil-
liam et al. 1988). Pumped areas in North Carolina contain
mostly surface-drained fields. Because of the topography,
pumps can be placed at any of several outlet locations.

Gilliam et al. (1988) noted that drainage water was being
pumped years beforé concern over the potential adverse en-
vironmental consequences to receiving waters surfaced. Usu-
ally outlets have been placed at convenient locations with
water pumped into estuaries, rivers, and wooded wetland
areas. In North Carolina, regulatory agencies now recom-
mend that agricultural drainage water be pumped into wet-
land areas. This recommendation was made without appro-

priate documentation of the effectiveness of wetlands for
removing pollutants from drainage water.

As a result, studies on the pollutant-removal potential of
wetland filter areas below pumped agricultural outlets were
instituted (Gilliam et al. 1988; Chescheir et al. 1992). Samples
from two wetland filter areas were analyzed for NO,-N, total
kjeldahl nitrogen (TKN), total P, and sediment. These areas
effectively removed sediment, P, and N from drainage water.
During the drainage events studied, at least 90% of the total
sediment and 70% of the P was removed. Less N was re-
moved. TKN concentrations approached background levels
and only about 50% of nitrates were removed.

Evans et al. (1989c) investigated the influence of field scale
conventional drainage and WTM on drainage water quality
at five field locations. Nitrate concentrations at the field edge
were reported as being slightly higher and TKN and total P
concentrations were slightly lower for good subsurface drain-
age as compared with surface drainage areas. Total N loss
was about 30% higher on subsurface drainage sites when
compared with surface drainage sites. Total P transport was
20% higher on surface-drained sites.

Evans et al. (1991) summarized results of 10 studies rep-
resenting approximately 120 site years of data collected on
poorly drained soils in North Carolina. These studies were
conducted to evaluate the effects of subsurface drainage., CD.
and CD-SI on nutrient and pesticide movement to the surface
and ground water. Fertilizer nutrient losses in conventional
drainage effluent typically exceeded 20 kg N and 0.25 kg P/
ha/yr.

When fields are developed for agricultural production (by
removing naturally occurring vegetation such as noncom-
mercial trees and underbrush, grading surfaces, and forming
channels), runoff and peak flow increases. Subsurface drain-
age can reduce peak flows from these areas as compared to
areas with only surface drainage. Subsurface drainage systems
lower water tables and increase the potential for infiltration
and storage during rainfall events, thereby reducing surface
runoff. ~

Evans et al. (1991) concluded the following: (1) peak out-
flow rates at the field edge are reduced with subsurface drain-
age systems compared to surface drainage; (2) surface drain-
age systems typically produce higher concentrations of P and
sediment than subsurface drainage systems; and (3) effluents
from subsurface drainage systems usually contain higher con-
centrations of NO;-N than those from surface drainage sys-
tems.

There is limited drainage research in Georgia. Many soils
in the Atlantic coast flatwoods region of the state (approxi-
mately 2,700,000 ha) require subsurface drainage for eco-
nomical and consistent crop production. Much of the region
is forested or partially cleared, so future uses of subsurface
drainage are limited by the Food Security Act of 1985. Studies
on water-table management (CD-SI and CD) impact on water
quality have been, or are being, performed (Thomas et al.
1991; Thomas et al. 1992b).

In agricuitural areas, effluent from artificial drainage can
be an important contribution to streamflow nutrient loads.
Lowrance et al. (1984) quantified the effects of artificial drain-
age effluent on streamflow nutrients on an agricultural wa-
tershed. Concentrations and loads of NO,-N, NH,-N, organic
N, dissolved molybdate (reactive P), total P, Ca, Mg, K, Cl,
and SO,-S were measured in streamflow and artificial drain
flow on a 1,568 ha agricultural watershed near Tifton, Geor-
gia. Concentrations of NO,-N, Ca, Mg, K, and Cl were gen-
erally higher in drainage water than surface in flow. NO;-N
loads were about 60 times higher (per ha) in row-cropped
fields than in a mixed-cover watershed. Organic N loads/ha
were lower in the drained fields, but Ca, Mg, K, SO,-S, and
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Cl were lower in the mixed-cover area. They assumed that
in-stream and riparian zone processes converted inorganic N
to organic and removed N by denitrification.

In South Carolina, watershed-scale controlled drainage has
been investigated; however, no direct research resuits have
been reported on conventional drainage and water quality.

In Florida, research has primarily been directed toward
water-table-management practice effects on water quality in
the EAA in South Florida. However, limited research has
occurred in the high water-table region of Northeast Florida,
which is associated with the Atlantic Coast flatwoods region
of the Coastal Plain. Campbell et al. (1985) investigated the,
effects of potato production practices on drainage water qual-
ity in a 3-yr project. In this study, water-furrow irrigation
with surface drainage was compared to a subsurface drainage-
irrigation system. Although total water discharge from each
system varied by less than 10%, measured inorganic N losses
were about 35% less and P losses were about 60% less for
the subsurface drainage-irrigation system when compared with
the water-furrow irrigation system.

Phosphorus in drainage water leaving the EAA is pro-
claimed to be contributing to accelerated eutrophication of
Lake Okeechobee and to the degradation of the Everglades
National Park and the Water Conservation Areas adjacent
to the EAA. Izuno et al. (1991) investigated P concentrations
in drainage water from muck soils of the EAA to identify
critical P-loss problems for the development and implemen-
tation of appropriate BMPs. The cropping systems during the
study included sugarcane, radish, cabbage, rice, drained fal-
low, and flooded fallow fields. The flooded fallow component
is designed to reduce the subsidence and degradation rate of
the organic soils.

Total dissolved P loading rates from the overall cropping
system represented from 50% to 80% of the total P (TP)
loading rates (Izuno et al. 1991). P losses from the mineral-
ization of soil in the drained fallow fields were a large per-
centage of overall P losses. In some cases, under less-fertilized
crops, the P concentrations in drainage water were lower in
comparison to the drained fallow fields. These crops may be
responding as P sinks or PO, fixation (sorption) by soil col-
loids may have reduced losses. Overall, recommendations for
reducing P losses included the development and implemen-
tation of BMPs, which: (1) reduce P fertilization; (2) increase
the efficiency of plant available P usage (including both ap-
plied and mineralizable sources); and (3) improve drainage
practices that reduce outflows, but also maintain flood control
and crop protection. Current methods of reducing P loads,
which primarily rely on strategic pumping, should not be ex-
pected to significantly reduce the total P loading to the canals,
Lake Okeechobee, and the WCAs without considerable risk
to crops. The combined implementation of pumping and on-
farm management practices could significantly reduce the
loadings.

The foregoing results are consistent with results developed
by other studies in the EAA (CH2M-Hill 1978, 1979; Dickson
et al. 1978). Some of these results must be interpreted by the
methodology being used and the reader is referred to these
references for more detail. Basically, drainage and fertiliza-
tion practices contributed significantly to the loadings, but
questions still remained about which practices would reduce
loadings and by how much they would be reduced.

Izuno and Bottcher (1987) implemented a study to evaluate
the effects of slow versus fast drainage on N and P losses
from sugarcane, along with crop-management alternatives.
Their results indicated that basin-wide implementation of BMPs
could potentially reduce P loadings by 20-60% (lzuno and
Bottcher 1991; Wiggins and Bottcher 1993). In addition, the
most significant P loading reductions were attributed to al-
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farm drainage practices, i.e., the use of slow versus
tinage reduced P loadings the most.

itional water-management practices to reduce P losses
roposed by Izuno and Bottcher (1993b). By retaining
inage water from vegetable production in sugarcane
w fields, the potential P reductions are estimated at
%. Retaining drainage water on sugarcane fields is es-
I to reduce P losses by 15-60%. Minimizing water-
uctuations by changing pumping schedules can poten-
:duce P loadings by 0-50% when implemented on all
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1 the aforementioned studies and the wide variety of
ss investigated and results obtained, the consolidation
nformation is not simple. Table 2 summarizes results
:ffects of agricultural drainage on NO;-N losses. Over-
inage increased NO;-N losses when compared with
rinately surface-drained, poorly drained, undevel-
»r mixed-cover areas. P losses in the EAA were as-
to be the limiting factor associated with the eutro-
on of Lake Okeechobee and drainage practices
uted to the P losses.

overall benefits of drainage indicate potential reduc-
organic N and P losses in mineral soils (Table 3). In
WA, under organic soils, P losses can be potentially
1by using slow versus fast drainage, retaining drainage
rom vegetable and sugarcane fields on sugarcane or
reas, and minimizing water-table fluctuations. Some
¢ potential practices and their resulting effects need
nal verification for their application to other areas and
ns.

oved agricultural drainage continues to be an eco-
1 method of maintaining the soil water regime for crop
tion. Improved subsurface drainage (conventional) de-
surface runoff, which, in turn, decreases chemical and
nt losses associated with surface runoff. As the effi-
of subsurface drainage increases, the loss of nitrates
llow ground water increases result in a need for the
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