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INTRODUCTION

Excessive soil water is a major concern on soils with
seasonally shallow water tables. Drainage is the prac-
tice of removing excess water from land in order to
facilitate seedbed preparation and planting and to pro-
vide adequate aeration following excessive rainfall.
Several techniques are available to improve drainage
and reduce excess water-related crop stress. These
include both surface practices[1] and subsurface prac-
tices.[2–4] While wetness is the major concern, soil
moisture under rainfed conditions varies such that
crops periodically suffer from drought stresses even
on traditionally shallow water table soils. Intensive
drainage systems that are often necessary to remove
excess water during extreme wet periods, tend to
remove more water than necessary during drier peri-
ods, a condition referred to as temporary overdrain-
age.[5] To reduce the occurrence of overdrainage
and improve crop utilization of rainfall, a water con-
trol structure may be installed in the drainage outlet
to regulate or ‘‘control’’ the rate and amount of drain-
age, Fig. 1. The decline in the drainage volume often
results in a reduction in the nutrient load being dis-
charged with the drainage water.[7,8] While recent
growth in the use of controlled drainage has been to
conserve water and enhance drainage water quality,
controlled drainage has been used historically to
reduce subsidence in drained organic soil.[9] This appli-
cation continues in places such as the Everglades
agricultural area in Florida, the Wester Johor area
in Malaysia, and several other locations around
the world.[10]

HOW CONTROLLED DRAINAGE WORKS

Controlled drainage involves the use of some type of
adjustable, flow-retarding structure placed in the
drainage outlet that allows the water level in the outlet
to be artificially set. Many types of structures can be
used depending on the layout of the drainage system.
Controlled drainage may be practiced with either sur-
face or subsurface drainage systems, although the
benefits of drainage control are closely correlated
to subsurface drainage intensity. In other words,

controlled drainage effectiveness increases as the sub-
surface drainage intensity increases. Where drain tub-
ing or field ditches outlet directly to an open channel
such as a canal or stream, the system is referred to as
an open system. Water control structures for open sys-
tems may range from simple, stop-log, weir type struc-
tures often referred to as flashboard risers,[11] Fig. 2, to
automated inflatable dam type structures.[5] Where
drain tubes outlet to main drains rather than open
channels, the system is referred to as a closed sys-
tem.[12] Several tubing manufacturers have designed
and marketed barrel type structures for use in closed
systems that function as a weir in the main drain line
and allow the water level to be controlled.

When operated in the controlled drainage mode,
drainage occurs as long as the water table in the field
is at a higher elevation than the weir elevation at the
control structure. As the water table in the field
recedes, the rate of drainage decreases. Once the water
table drops below the weir setting, drainage stops;
however, the water table will continue to recede as
the crop removes water by evapotranspiration. Once
the field water table drops below the water level in the
outlet, the process may reverse and water stored in
the outlet ditch flows back through the drains into
the soil profile. The amount of water stored in the
outlet depends on the dimensions of the outlet. Large
canals may supply the equivalent of 5–10 mm while
tubing outlets store very little water. In either case,
water stored in the soil profile that would otherwise
drain is typically of greater magnitude than the
amount of water stored in the outlet. In the controlled
drainage mode, the water level in the outlet typically
fluctuates several times during the growing season
between the weir setting and the bottom of the outlet,
Fig. 3, in response to daily fluctuation in rainfall and
evapotranspiration.

The control structure is normally sized to convey
the full capacity of the ditch or waterway during
high flow periods. For a flashboard riser type struc-
ture, the flashboards function as a rectangular weir,
Fig. 4, and the flow over the weir is computed by the
equation:

Q ¼ CH3=2ðL � 0:2HÞ ð1Þ
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where Q is the discharge in cubic meters per second
neglecting velocity of approach, L the length of weir
in meters, H the head on the weir in meters measured
at a point no less than 4H upstream from the weir,
and C is 3.33 for rectangular weir.

The weir design is normally based on fully con-
tracted flow, which means that the weir crest and sides
are far enough removed from the bottom and sides of
the weir box or channel that ‘‘fully contracted’’ flow is
developed. The discharge pipe for a flashboard riser
structure is sized as a culvert (i.e., boards are out and
ditch is flowing full), although the weir is normally
sized as though boards are in place. This usually elim-
inates the need for the farmer to rush out to the struc-
ture and remove boards each time a high flow event
occurs (flash flood type event). The design head on
the weir is typically assumed to be between 150 mm
and 300 mm. These design constraints result in a weir

length that is about 1.5 times the diameter of the cul-
vert or outlet pipe. Similar design guidelines are used
for barrel type structures.[15] The backfill over the out-
let pipe must be of suitable texture and compaction to
function as a dam. The outlet pipe often serves as a
road crossing so the pipe length typically varies from
6 m to 12 m depending on depth of the ditch and
whether or not head walls are constructed. Water
pressure acting against the upstream side of the flash-
board riser results in uplift, which tends to cause the
structure to ‘‘float up.’’ For small structures, typically
structures with weir lengths less than 0.5 m, the weight
of the soil over the outlet pipe is adequate to counter-
act the buoyancy of the water being held by the struc-
ture. For structures larger than 0.5 m, concrete should
be poured around the base of the structure to offset
the buoyancy of the upstream water.

PRODUCTION BENEFITS OF
CONTROLLED DRAINAGE

In shallow water table soils, crop yield is roughly
related to water table depth as shown in Fig. 5. Under
highly controlled environmental conditions with a sta-
tic water table, there is an optimum water table depth,
typically 0.6–1 m deep, where yield will be maximized.
This optimum depth is associated primarily with the
type of crop and the soil physical properties affecting
soil-water and aeration. Under field conditions, the
water table position is constantly fluctuating such that
an absolute optimum rarely exists. When the water
table is close to the soil surface, conditions are typically
too wet for optimum crop growth and yields are often
suppressed due to wet stress. Holding the water table
too high can result in root pruning and nitrogen
deficiency as high water levels promote rapid loss of

Fig. 1 Schematic of the controlled drainage operational mode. Drainage stops when the water table drops to the same level as
the top of the control structure (weir). The water table may continue to drop due to evapotranspiration. Source: From Ref.[6].

Fig. 2 Flashboard riser type water control structure used to
manage the outlet water level in an open ditch system.
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nitrogen through denitrification. Similarly, when the
water table drops ‘‘too low’’ below the root zone,
capillary rise (as was shown in Fig. 3) is not adequate
to supply evapotranspiration requirements leading to
crop yield reduction due to drought stress. The objec-
tive and challenge with controlled drainage is to man-
age the water table within these two extremes.

Controlled drainage has the greatest production
benefit where drought conditions are intermittent and
of short duration. For a single event, controlled drain-
age may retain up to 25 mm of water in a sandy soil
profile that would otherwise drain from the system.
The water saved could delay drought stress for a
period of 3–7 days depending on evapotranspiration.
Over the course of a growing season, drainage control
may conserve upwards of 75 mm that would other-
wise drain from the soil.[13] Actual storage depends
on the drainage intensity, drainage system layout,

and soil drainable porosity. The benefit of the water
saved depends on the rainfall amount and distribution
during the growing season coupled with the water
requirements of the crop.

Crop yield response to water table depth and sub-
irrigation has been studied extensively.[17] Although
controlled drainage has been practiced with a variety
of crops, there are only a few field studies documenting
yield response. Most studies have involved corn, soy-
bean, or wheat. In a watershed scale study in North
Carolina, Parsons and Evans[18] reported a 15–25%
yield increase with water level control on corn,
Table 1. In a 10-yr study, Cozier et al. (unpublished
data, N.C. State University, Department of Soil
Science) observed yield responses ranging from �16
to 13% for corn and 5–21% for soybean with
controlled drainage compared to conventional drain-
age. They observed considerable year to year variation

Fig. 4 Schematic of a rectangular con-
tracted weir representing a flashboard riser

type water control structure. Source: From
Ref.[14].

Fig. 3 Water level fluctuation with a controlled drainage system. The cross hatched area represents the amount of water saved
during one cycle. Once the water table drops below the weir, it does not rise again until the next rainfall event large enough to
cause percolation below the root zone. Source: From Ref.[13].
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that was closely correlated to rainfall with controlled
drainage being most beneficial in dry years. Winter
wheat yield was generally suppressed by controlled
drainage, a result they concluded was due to periods
of excess moisture occurring during the winter and
early spring. While yield increases have been observed,
results demonstrate that controlled drainage must be
closely managed to obtain consistent yield benefits.

WATER QUALITY BENEFITS OF
CONTROLLED DRAINAGE

Fertilized cropland is a potential source of nitrogen
and phosphorus, which can contribute to the
nutrient enrichment of surface water ecosystems.

Many artificially drained soils are adjacent to environ-
mentally sensitive and ecologically important surface
water resources. Often natural streams and surface
water bodies provide the outlet for artificial drainage
systems. Research has shown that agricultural drain-
age water may contain fertilizer nutrients. In many of
the surface water bodies, nutrient levels, particularly
nitrogen and phosphorus, have become high enough
that a very delicate balance exists between undesirable
species such as blue-green algae and other desirable
flora.[19] Controlled drainage has been recognized in
some states as a best management practice (BMP) to
reduce the transport and delivery of nitrogen and
phosphorus to surface waters.[7]

The first suggested use of controlled drainage for the
purpose of reducing nitrate-nitrogen losses in drainage
water came from experiments on drainage from irri-
gated land.[20,21] Both groups of researchers were suc-
cessful but the practice apparently was not adopted
in either location.[22] Research on the water quality
benefits of controlled drainage was begun in North
Carolina in 1974 and have continued since that time.
Evans, Gilliam, and Skaggs[23] summarized drainage
water quality studies representing approximately
125 site years of drainage and controlled drainage
water quality data collected at 14 locations in North
Carolina. Skaggs, Breve, and Gilliam[24] presented a
comprehensive review of research on hydrology and
water quality effects of agricultural drainage, citing
studies from several countries. Gilliam, Baker, and
Reddy[22] explained the processes by which nutrients
are transported in drainage waters and how drainage
control could be utilized to reduce drainage losses.

Fig. 5 Yield depression as a function of the mean depth of the water table during the growing season for various soil types.
Source: From Ref.[16].

Table 1 Summary of corn yields at the Mitchel Creek
Stream Control Project, 1981–1985

Corn yield, kg/ha

No stream control Stream water control

Year Non-irrigated Irrigated Non-irrigated Irrigated

1981 6,460 10,662 — —

1982 6,899 8,279 8,279 10,286

1983 3,199 7,840 5,394 9,784

1984 7,401 9,533 7,338 10,411

1985 6,899 8,844 9,847 11,038

Mean 6,147 9,032 7,715 10,412

Source: From Ref.[18].
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Collectively, these reviews represent more than 200
published articles on the hydrology and water quality
of drainage and controlled drainage practices. General
conclusions derived from these reviews are summarized
later. The reader is encouraged to refer to the earlier
reviews for details and citations from the original work.

The original idea of using controlled drainage to
reduce nitrate-nitrogen transport was that holding
the water table closer to the soil surface would encour-
age more rapid and complete denitrification. Several
studies have documented modest decreases (typically
less than 15%) in nitrate-nitrogen concentration result-
ing from controlled drainage. However, the most
dominant factor affecting the reduction in nitrate
effluxes appears to be associated with the reduction
in drainage volume sometimes on the order of 30%
per year. The combined effect of concentration and
outflow reduction resulted in a net decrease in nitrogen
efflux of 45% in the North Carolina studies, Fig. 6. The
reduction in outflow also resulted in a reduction in
phosphorus efflux, Fig. 7, although controlled drainage
did not cause a change in P concentration.

APPLICATION AND MANAGEMENT
CONSIDERATIONS

The successful management of controlled drainage
systems rests on two important objectives. The first
is achieving optimum production efficiency and
maximum nutrient utilization by the crop. The second
is attaining maximum water quality benefits. A major
challenge for controlled drainage is determination of
the optimum water control level and then maintenance
of the water table within that range. Typically, the
costs of additional structures needed to maintain a
suitable water level becomes prohibitive when the land
slope exceeds 0.5%. Thus, controlled drainage is most
practical on relatively flat fields. As noted earlier,
potential production benefits are greatest in coarse tex-
tured drained soils sometimes prone to overdrainage
and drought. Several studies have documented that
the nitrogen reduction benefits increase at higher con-
trol levels up to about 300 mm from the soil surface.
Ideal yields result when water levels are in the range
600–1000 mm. Under some conditions, productivity,

Fig. 7 Average annual total phosphorus
transport in drainage outflow as measured

at the field edge of 12 sites in eastern North
Carolina. Controlled drainage resulted in a
net 35% reduction compared to conven-
tional drainage. Source: From Ref.[25].

Fig. 6 Average annual total nitrogen trans-
port in drainage outflow as measured at the
field edge of 14 sites in eastern North
Carolina. Controlled drainage resulted in a

net 45% reduction compared to conven-
tional drainage. Source: From Ref.[25].
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water quality, or both goals may need to be mutually
compromised for the benefit of the other. At other
times, productivity and water quality goals may be
compatible at least seasonally. Gilliam, Osmond, and
Evans[26] present general management recommenda-
tions that attempt to achieve a balance between pro-
duction and water quality goals. They suggest that
for most mineral soils, the water table should be main-
tained between 300 mm and 1000 mm, depending on
the crop and its stage of development, the need to
access fields with equipment, and prevailing weather
conditions. As a guide, crop production goals can be
satisfied during the growing season with only modest
compromise to water quality. They suggest that some
water quality benefit will be realized, although not
necessarily optimized, whenever the water level is
maintained within 1 m of the soil surface. Water levels
in the range 500–750 mm will satisfy crop requirements
for most crops grown on most mineral soils during
non-extreme wet periods. Water control levels should
be lowered to 1000 mm to accommodate field opera-
tions involving heavy equipment. By holding the water
table high (within 300 mm of the surface) during non-
cropping periods, water quality goals can be optimized
with no adverse production impacts. It should be noted
that many of the management indicators are hidden
from view and the response to adjustments is not
always immediate. Thus, intensive management with
long-term monitoring is necessary to develop a site-
specific understanding of the system.

SUMMARY

The technical feasibility of controlled drainage is well
documented. Controlled drainage can increase crop
yields, reduce overdrainage, reduce the transport of
fertilizer nutrients and other potential pollutants, and
improve water use efficiency. The magnitude of the
benefits vary among fields and watersheds as well as
from year to year. The success of controlled drainage
at any scale is influenced by soils, crops, topography,
seasonal rainfall, hydraulic properties within the con-
trolled area, and overall management of the system.
While research over the past 30 yr has lead to signifi-
cant improvements in design and operational methods,
there still remains a need to improve and fine tune
management strategies to optimize the net benefits of
controlled drainage.
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