wa field drainage is managed
on cropland has important implications
for the quality of surface and shallow

groundwater resources

Water table
management
for water quali
iImprovement

By D. L. Thomas, P. G. Hunt. and J W Gilliam

ATER quahity o streams and
groundwiter s among the most
critical cnvironmiental concerns

in the United States and elsewhere The US
Department of Agniculture’s Agricoltural
Rescarch Service tARSH US Geologiead
Survey (USGS). Experiment Station Com
mittee on Organization und Policy 1ESCOPy,
and other instiiutions have rescarch and ex
tension priorities directed toward protecting
surface water and groundwater resources. In
the mid-1980s. ESCOP commussioned a task
force 1o establish a groundwater quality in-
itiative for the entire United States (/3) In
the report of that task torce. groundwater
quality issues were separated by region:
West. South. North Central. and Northeast
In all areas. the wop rescarch and extension
priorthies included the evaluation of the
source. fate. remedial treatment. and -
pacts of agricultural pesucides and mitrates
Agriculture s considered @ major con-
tributor 10 water quahity problems (4. 5, 25,
35038 41,43, 5. Improved surfuce and
subsurface drainage has been associated
with water quality problems in streams and
lakes (2. 9. 18 28, 36). Rescarch indicates
that nitrogen losses increased due 1o drain-
age of relatively heavy agricultural soils in
Ohio. but sediment and other nutrient losses

DL Thomays s an assectate professor with the
Agriculnual Engincering Depariment. Coustad Plain
Experiment Station. Universuy of Georgia, Tifion,
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29502-3039: and J. W Gilliam is a professor with
the Soil Science Department. North Carolina Stare
University, Raleigh. 27695 This article is based on
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decreased (42). Studies on a Commercee silt
town in southern Louisiana showed that sub-
surtace drimage reduced surface cunoft 33
percent (3. There were  corresponding
reductions i totad sedunent, mtrogen. potas-
st and phosphorus Josses of 21, 23, 29,
and 33 pereent. respectively. These results
rebate drrectly o the heavier textured soils
and high ramtalt conditions characteristic of
the Lower Mississippi Valley.

In the Eastern Coastal Plan of the United
States, surfuce and groundwater resources
are tremendously valuable. Agriculture has
plaved a major role in this region because
of the favorable climatic conditions, long
growing scason. and high annual rainfall.
Most of the lower Coastal Plain, however.
needs some form of improved drainage 1o
maximize the agricubtural land use potential.

The ettects of improved surface and sub-
surtace dramnage on water quality are a ma-
Jor concern, and research programs have ad-
dressed this issue. With the introduction of
more ntensive water table management
ssatemis. such as controlled drainage and
controlled drainage-subirnigation (8. 46, 52).
surtace and shallow groundwater quality is
affected ditferenty than with conventional
drainage.

The Eastern Coastal Plain is not unique
in the use of water table management
systems. But the combination of climate.
predominantly sandy soils. coastal impacts.
rural shallow groundwater use. and water
table management potential does provide a
unique region for evaluation.

Water quality in the area

As in other regions, water quality has been
and continues to be a concern in the Eastern

Coastal Plain (/. 11, 14. 2224, 32 19, 45,
48} Improved surface and subsurtace draimn
age of agricultural land has been necessan
on a majority of the soils because of the
relatively flat topography. high annuad ram

tall. sandy surface soibs. and tvpically poor
nawural drainage. The poor natural drainage
1s usually an indication of a confining laver
within the soil profife or a high water wble
that restricts vertical water movement. In the
Flatwoods region of the Eastern Coastal
Plain. & confining laver usually exists that
limits water movement into deep aquifers.
This perched water table svstem helps o
protect the major water supply aquifers in
the region: however. water will move lateral-
Iv and resurface tn streams and lakes.

The leaching  of autrients. primartly
nitrates. to shallow groundwater and return
flow through npuarian zones has received
some attention (/7. 291, Studies on the move-
ment of nitrates in the Coastal Plain have
been described (2. One of the typical
hvdrologic charactensties of the Coastal
Plain includes an upland agricultural arca
bordering heavily vegetated. scasonally wet
riparian zones, also described as floodplains
or scasonal wetlands. Shallow groundwater
trom the upland areas enters these poorly
drained riparian zones through seepage. The
riparian arcas can be effective filiers for
nitrate-nitrogen (34). Research has shown
that cropped upland arcas bordered by
nparan forests used. retained. or trans-
formed 96 percent of the nitrate-nitrogen
(38).

As the Coastal Plain approaches the coast
(Lower Coastal Plain or Flatwoods region).
the slope of the uplund arcas decreases, and
the sotls are poorly drained. Riparian areas
stll occur naturaily: however, improved
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drainage systems can bypass and incorporate
these zones. In the North Carolina Coastal
Plain, loss of riparian wetlands and the
associated loss of nutirent removal capac-
ity has been identified as a major contributor
to coastal eutrophication by phosphorus and
nitrogen enrichment (/0).

Soils in the lower region of the Eastern
Coastal Plain lend themselves to drainage
and water table management because of the
sandy nature of surface layers and the clay
confining layer.

Drainage

The impacts of drainage on water quali-
ty, especially nutrient movement, have been
evaluated in many studies. In most cases,
drainage has been assumed to increase the
losses of mobile chemicals, such as nitrates,
to surface water resources. This assumption
also applies to the movement of mobile
pesticides; however, few data are available
to evaluate or model the effects of drainage
on pesticide movement in Eastern Coastal
Plain soils.

Nitrate-nitrogen losses ranging from 9 to
50 pounds per acre per year have been mea-
sured from well- and moderately well-
drained soils in the Middle Coastal Plain
(29). The same study found that fields con-
taining subsurface drainage tubes with out-
flow into open ditches lost more nitrogen
than fields without improved subsurface
drainage.

Nitrogen application rates with swine

lagoon effluent has been studied on a sandy

loam soil in the Coastal Plain of North
Carolina (13). Results indicate that the up-
take ability of Coastal bermudagrass in com-
bination with denitrification may allow ap-
plication of up to 356 pounds of nitrogen per
acre per year without exceeding the 10-parts-
per-million drinking water standard in the
shallow groundwater beneath the field.
Phosphorus application, in all the nitrogen
combinations, greatly exceeded recom-
mended rates, and the measured results in-
dicated a gradual increase in phosphorus
movement in subsurface drainage. Phos-
phorus losses could be a problem if not
taken into account during application.
The hydrologic and water quality effects
of drainage and land development have been
investigated in the North Carolina Tidewater
region (48). Researchers found that agri-
cultural development on the organically rich
soils produced a significant increase in in-
organic nitrogen in drainage water. The de-
veloped, highly organic soils also lost sig-
nificantly higher levels of phosphorus,
whereas the developed mineral soil had lit-
tle effect on phosphorus loss.
Nitrate-nitrogen concentrations in in-field
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shallow well samples and tubing effluent
from a drained Flatwoods soil have been
evaluated in the Georgia Coastal Plain (53).
The tubing effluent was fairly representative
of the in-field nitrate-nitrogen concentrations
following an application of 22 pounds of
nitrogen per acre. However, the potential for
lateral intrusion from adjacent areas intc the
drained fields can distort the results follow-
ing rainfall events. Well-drained agricultural
conditions with high oxidation-reduction
potential and a high nitrate-nitrogen to
chlorine ratio indicates that denitrification
has not occurred. Thus, under well-drained
conditions, excess fertilizer nitrogen has a
strong potential to move to shallow aquifers
and surface water (/4).

Researchers have found evidence of
alachlor persistence in the organic soils of
the Tidewater region of North Carolina (48).
Alachlor disappeared rapidly from the soil
in the first four weeks after application, but
low concentratins of nonphytotoxic alachior
persisted from one season to another. The
concentrations of alachlor in drainage water
appeared to be greatly affected by the quality
and timing of the application. The outflow
ditch contamination was attributed to direct
spraying over ditches and drift of sprays in-
to ditches rather than from surface runoff.

One research study has evaluated the
movement of the nematicide fenamiphos and
its metabolites (f. sulfone and f. sulfoxide)
on a drainage system in the South Georgia
Coastal Plain (¢9). Fenamiphos, f. sulfone,
and f. sulfoxide have soil degradation half-

The Atlantic Coast Flatwoods region of
the Eastern Coastal Plain where water

table management practices may have

potential.

lives of about 4, 8, and 42 days, respective-
ly (55). The parent compound fenamiphos
degraded rapidly, and little was measured in
the drainage outflow. The metabolite f.
sulfone was much more persistent and
mobile, with concentrations in the drainage
outflow approaching 180 parts per million.
The metabolite f. sulfoxide was less mobile
than f. sulfone, but the sampling period may
have been too short to detect the movement
of most of the f. sulfoxide.

Controlled drainage

Controlled drainage is accomplished by
regulating drainage depth with some water-
level control device. Controlled drainage,
which effects water quality quite different-
ly than conventional drainage. has been
shown 10 effectively reduce the loss of
nitrate-nitrogen from drainage systems.
However, the loss of phosphorus may in-
crease under controlled drainage as com-
pared 1o drainage alone. Few data are avail-
able to evaluate the effect of controlled
drainage on pesticide movement.

Researchers have studied the effects of
water-level control structures, such as flash-
board risers, on water quality in tile mains
and outlet ditches on a farm in the North
Carolina Coastal Plain (/7). They found a
reduction of about 50 percent in nitrate-
nitrogen movement into the drainage ditches.
The reduction was attributed to enhanced
water movement into and through deeper
soil horizons, which had low oxidation-
reduction potential and sufficient organic
carbon to reduce the nitrate. They found no
apparent decrease in the oxidation-reduction
potential or denitrification in the surface
soil. One study indicated that drainage sys-
tems with good subsurface drainage lost
about 10 times more nitrate-nitrogen than
systems with primarily surface drainage
(16). The system with good surface drainage
lost about twice the amount of phosphorus
that the good subsurface drainage system
did. However, controlled drainage may in-
crease the total phosphorus efflux compared
to conventional surface and subsurface
drainage.

One of the important characteristics of
controlled drainage is the reduction in total
drainage outflow on a yearly basis compared
to conventional drainage (/). Holding water
in the system enhances evapotranspiration
and vertical seepage. The timing of rainfall
events and potential nutrient and pesticide
applications can have a more severe effect
on chemical and sediment losses because of
the higher water table during the rainy
season.

There is one noteable characteristic of
studies on the effects of controlled drainage
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‘Il). Average nitrate-nitrogen concentrations
.n the controlled drainage outflow remained
selow 10 parts per million in 1l of 13 studies.
Concentrations in the outflow from con-
rolled drainage were only slightly lower
han the outflow values with conventional
irainage. This probably was a result of the
lecreased outflow under controlled drain-
1ge.

We are unaware of any research results on
he effects of controlled drainage on pesti-
‘ide movement along the Eastern Coastal
’lain. Studies are being instigated in several
tates, but data are not currently available.

>ontrolled drainage-subirrigation

Controlled drainage-subirrigation is
‘imilar to controlled drainage but includes
1 supplemental water supply to maintain a
vater table level sufficient to supply crop
vater requirements. This practice potentially
an reduce outflow chemical concentrations
recause of the addition of water from below
luring nutrient and pesticide application
reriods.

In gravity flow controlled drainage-
ubirrigation systems, water is supplied at
he highest elevation in the field and distrib-
ited through ditches or mainlines that are
{ttached to the perforated laterals. Except
nder high rainfall conditions, supplemen-

tal water is added during the crop growth
stage, which is also during the period of
nutrient and pesticide applications. The
water supply, primarily groundwater, usual-
ly does not contain high concentrations of
nitrate-nitrogen or other chemicals. During
subirrigation, therefore, water in the distri-
bution ditches or mainlines also does not
contain high concentrations of chemcials.
The limited overflow at the outlet of the dis-
tribution system (to maintain a particular
water level) is similar in quality. The opera-
tional characteristics of controlled drainage-
subirrigation systems can reduce potential-
ly high concentrations of chemicals in the
outflow during the time of application.
When rainfall occurs during the subirriga-
tion period and the system reverts to drain-
age to remove excess water, the rainfall and
water supply dilute the chemical concentra-
tions, but do not reduce the mass load.
One research study compared nitrogen
and phosphorus losses under potato produc-
tion from a water-furrow system and a con-
trolled drainage-subirrigation system on a
sandy soil in Florida (6). The water-furrow
system employs a similar water table man-
agement technique, but uses primarily sur-
face drainage and has no improved subsur-
face drainage. Results indicated that the en-

hanced surface runoff characteristics of the
water-furrow system increased the nitrate-
nitrogen and phosphate-phosphorus losses
in runoff compared with drain outflow from
the controlled drainage-subirrigation system.
The average weekly nitrate-nitrogen concen-
trations in subsurface drainage outflow re-
mained below three parts per million dur-
ing the [3-month study even though 133
pounds of nitrogen per acre were applied at
planting, followed by 36 pounds of nitrogen
per acre 40 days later.

The effects of controlled drainage-subir-
rigation on in-field and outflow water quality
under blueberry production as compared to
adjacent cleared and forested areas were
evaluated in the Flatwoods of the Georgia
Coastal Plain (54). First-year results in-
dicated that the shallow subsurface nitrate-
nitrogen concentrations in the controlled
drainage-subirrigation area exceeded 10
parts per million following fertilizer applica-
tion. But nitrate-nitrogen concentrations in
the outflow samples were below that level.
After three years of biweekly sampling, the
results did not change. Nitrate-nitrogen con-
centrations in in-field samples exceeded 17
parts per million, while outflow samples re-
mained below 10 parts per million.

The foregoing research results and other
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.
water quahity studies imdicate the potential
tor agnculturally induced increases n
mitraie -nirogen concentrations m shallow
croundwater. whether using i controlled
dranage or g controlled drianage subirniga
ton svstem This inerease may not be
problem i some areas. But i Georgra, o
major cross-section of the rural popualation
more  than 120000 wells - uses shallow
sroundwater (less than 80 feet) for is pri-
mary donking water supply (27). Past re-
search and current regulatory programs i
Georgia and in other states have not ad-
dressed the extent of shallow groundwater
use or the quality of this supply.

The eftects of controlled dramage subirri-
ddlton systems on pcxlludc fosses his not
been addressed extensively an the Bastern
Coustal Plamn - Rescarch s underway
Naorth Caroling to address some of these
issues. but results are not available, and ad
dional rescarch s needed throughout the

region
System design and management

The design and management of drainage
and  water table management systems,
whether contralled drainage or controlled
dramage ~subirrigation. does have an etfect
on water quahity. Spacing of the drams, qual-
ity of the installation. crop and system man-
agement capabilities of the owner. bufter
zones around the svstem. and depth o the
water table can have impacts on the quality
of the shallow subsurface and outflow water
In addition. new model developments should
help o predict the long-term eftects or bene-
fits of particubar design and management
decistons

One rescarch study indicated that under-
sized dranage canal outets can prevent sub
surtace dratnage systems from removing
water at the drinage capacity. Consequent-
Iy, runott rates tron deseloped and undevel
oped land may ditfer very hittle (48). Con-
trofied  dramage  and  controlied  dram
age-subirrigation systems usually are de
stened with closer drain spacings than con
ventional drinnage svstems. This inereases
the rate of water movement into the sotl 1w
mantam the desired water table elevation
This decreased spacing can increase the
outflow rates and nutrient transport and
reduce the residence time of pesticides when
in the drainage mode. Optimization of the
design. o provide the widest drain spacing
to meet design and management criteria. s
easential to reduce a system's cost and water
quality impacts (/).

Once of the most important considerations
when destgning and instathing a water table
management system s the ability of the sys-
tem to handle large rainfall events. For ex
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ample. one eritical SUUoN s an anticipated
large raintall event during the crop growth
stage A svstem that is poorly designed (o
s assunied 1o be poorly destgned) will re
duce the confidence of the operator and nuy
induce poor decisions, such as “puthing the
plug” calowmg tree drinmage) prior tooan
anticipated extreme ramtall event This ivpe
Ol practice may Credte d severe waler quahi
1y problem. especiully af the ramfall event
does nat oceur. A well-designed systemin
the Bastern Coastal Plain where sandy soil
condiions predominate should  promote
owner operator confidence and would not
require the operator o antcipate raintall
cvents The operator should be able 1o ad
ust the drain outlet durimg or immeduatehy
tolowang a large rainfall event because the
high potential outtlow rates trom the sandy
sonls should remove excess water betore
CTOPS STFess aeeurs

One additonal consideration i the design
of dosvstem s the nunntenance of o orested
or vrassed butter zone between streams o
tahes and the dramage. controlled dramage.
or controlled dratnage subirrgation system
For outtlow and ditch management. this may
not be practical But rescarch ndicates that
fipartan s pe areas adjacent oowater table
mianagement systemis can reduce the poten
tal movement of chenneals and sediment o
surtace waters. The denunfication ability of
torested butter areas can reduce substantial
Iv the Tateral movement of nirate-mtrogen
o adjacent water bodies (295 Where sur
tuce runoft is a problem. maintenance of o
bufter zone is recommended

Rescarch indicates that “discharging agn-
cultural drainage water into wetland butter
arcas s expected to remove ntrogen. phos
phorus. and sediment and to attenuate peak
tlow rates of freshwater into suline recen
g waters” (7). Wetland arcas can he ex-
tremely o etfective N renov g trogen,
phosphorus, and sediment betore the witer
reaches the wetland outlet (75). The ettec-
thveness of wetland filtering depends upon
hydrologic conditions, but for the dramage
cvents studied. the wetland arca removed a
minmmum of 70 and 90 percent of the
phosphorus and sediment, respectively

Besides the degradation of surface water
quahts, un additional problem associated
with improved drainage in North Caroling
i~ the concern over increased freshwater in-
Tux 1nto the saline marshes and 1ts poten-
tal cftects on fish and shellfish populations
Addional research s needed to quantty the
extent of the potential problem uacross the
region

The management of controlled drainage
and controlled  drainage-subirrigation
svatems requires a destred water table depth,
or acceptable depth range. in the field.

Mamtoming a deep water wble, which sul)
achieves opumum crop erowth s desirable
from the standpomt of sager use (pumping
costsand reducing potentiad surtace runoft
As the water table rises . the <ot win voelume
avilable for water storage decrcases, the i
ttration e decrcisesand the potential o
additanal surface tunott mcreases. U ntog
tunatehv this desired depth range oy iy
be knewn for many of the crops bemg grown
with water table management systeins

In North Caroling. the recommended
starting depth tor sandy Toam sorls s abou
twoteet far most crops, based on pust
studies A miggority of the crops studied can
toferate o waier tabie tluctuation of phus oy
ninus sy anches o/ Water tables man
taimed al one toot or five feet produced
sinlar crop vields tor sort and crop conda
Hons mone study O T Optinam waien ble
depthator the crowth of many crops and tog
HI.HIII.HIIH]:_‘ wated klll(il!l} are not known

I'he need o evaluate the potential water
quahity mmpacts of water table management
swatenis and therr operation has lead o cony
puter simulation programs. Modehing ool
have been developed o evaduate mian
agement eftects on water yuahits 1o Fla
wood sonlsan Flooda (200 27y These wols
use the argina CREAMS (30) model o
desertbe the etfects of management on sur
face hvdrotogys runotts and erosion trom
tield arcas and basins. The model deselop
mients currentdy are designed for undesel
oped cundramedy Nields and basins. But they
do represent w method of quantifying the
varying hydrologic and water quahity charac
tenstics of areas with high water tables

A combined model has been developed
that uses CREAMS and DRAINMOD (46,
700 evaluate water wble management ¢t
tects on sonl crosion tor North Caroling
chimatie condions 47y Results mdicate
that design and managemient options for
water table management systems can be
cvaluated tor their etfects on sediment loss
as well as crop production

A vadose zone model has been developed
10 route pcrcuvlulmn water and pesticides. as
calculated 1 the GLEAMS model (4.
from the root zone o the water table (44
Addional data ure needed to validate the
results and to evaluate the preferential flTow
contribution

Whether water table management is used
or not. the reduction of nutrient losses re-
qurires crop and soil montoring and an ap
plication schedule that provides nutrients on
ly when they are needed. Increased splicap
plications of nitrogen have been shown o
reduce the total leaching losses of nitrate-
nitrogen in modeling studies (31, 55). The
potential exists 1o reduce phosphorus losses
by the same technique.




Elimination o tertihization

thraugh micnsive sorl wnd crop monioring

CXUUNSSNIVEe

will hefpm any environment tn the mid-
westerns United Stes. the potential 1o
reduce excessive fertilization s ligh because
of the wram orented crop production NN

s 01 However control of mitrogen teg

nhization an the southeastern United States
will require closer monitormg hecause of the
legume croppimg systens typical i the
region Legume crops often add - more
nitrogen o the soal through dinttrogen fixa-
von than s removed i the seed. Annual

creases monitrogen levels may be more than
YO pounds peracre for some crops (/9. 26,
400

The ivanlabihine of sonl water dramatical
Iy atfects dinstrogen fixanon in legunnnous
plants This consequenthy has impacts on the
decumuation of autrogen m dry matter and
seed (200 Peanut plants were estimated 1o
have both negative and positive net annual
accumulations of mtrogen. depending upon
seasonl ramtall and ~otl mitrogen tevel And
arogen accumulations were more positine
0T peanuts grown over water table depths
of two feet versus tour feet (PG Hunt,
Florence. unpubished data)

Operating water tble munagenient sy
tems for the benetit of surtuce and subsur
face water quahity requires un understanding
and appreciation by the tarmer of the en
vironimental consequences and benetits. In
FROST Cases. mianagement decisions are not
made o mamtnn water quality, but are an
mtegral component ot crop production.
System operators must be aware of all the
impacts of therr management  decisions
Rescarch and extension personnel must
understund the tnpacts of particular dec
stons and provide this mtormation o svstem

owners and operators

Potentials and needs

The potential exists for improving and ex-
panding agricultural production areas in the
Eastern Coastal Plain as other production
dreas decline because of resource depletion.
Most of the Flatwoods region does. however.,
need some form of improved drainage to
maximize the agricultural land use poten-
ual. Surface and subsurtace drainage effects
on water quality are a major concern. In
most cases. conventional drainage has been
assumed to enhance or increase the losses
of mobile chemicals. such as nitrates. 10 sur-
face water resources.

This assumption would also apply to the
movement of mobile pesticides. However.
few data are available to evaluate or model
the effects of drainage on pesticide move-
ment in Eastern Coastal Plain soils, and ad-
ditional research is needed. Specific re-

Design and management of water table
management systems can help land
managers improve water quality in surface
water and groundwater.

search needs include tield data on pesticrde
movement as aftfected by ullage operations
and the impact of ditterent pesticide and
nutnent appheation techmgues, such s
b ading und broadeusung. and tormulatons,
such as slow release. on pesticide move
ment The enhuncement and venification of
water guality and management models o n-
Clude drmnage mmpacts on natrient and
pesticade movernent are needed for improsed
drimage management across the entire
region

Controlled dramage effects water quahiny
quite different than conventionat drinnage
Controlled dramage can decrease the Joss
of mtrate-mitrogen from drainage systeny.
However, the loss of phosphorus may in-
crease under controtled dramage compared
with drinage alone. Few data are available
o evaluate the eftect of controbled drainage
on pesticide movement. Additional inforn-
ton s needed with respect o varying
chimatic wand ~orl conditions through the
i the I'he
needs mentioned above for drasmage are alo

other states region research
needed for controlled drainage svstems

Controlled  drainage-subirrigation can
potentally reduce outflow chenucal coneen-
trations because of the additon of water
from below durimg nutrient and pestiaide ap-
plication periods. Unfortunately, few data
also are available o evaluate the water yuali-
ty benetits of controlled  drainage-
subirrigation. More precise field data, with
discrete samples throughout the rainfall
events. are needed 1o justity these assump-
tions.  Additional needed o
evaluate the influence of controlled dramnage
and controlled  drainage-subirrigation
systems with good nutrient management
practices. such as split nutrient applications.
on shallow groundwater quality.

The design and management of drainage
and water table management systems does

research s

the drans. quality of their installation, crop
and system management capabitities of the
owner, butter zones around the svstent, and
depth o the water tuble can have impacts on
the gquahin of the shallow subsurface und
outflow water

Addiondal field rescarch s needed o
evaluate the potental practice of directing
outflon water nto npanan zones and pump
g mto other tpes of vegetated filters

Controlled dramage and controlled drain-
age-subirrigation swstems do have beneticial
water guality characteristics that only cun
be maximized by proper design and manage
ment. Untortunately. all the questions on the
best design and management scenarios for
improved  water qgualiy have not been
amwered. especially those questions on
pestucide movement The development of
design and management wols (models) that
can be used to evaluate the alternatives are
needed  Modeling structures, with water
table munagement and water quality com-
ponents in a user-friendly operating system,
are required for widespread application
Specific investigations on the psychology ot
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have an effect on water quality. Spacing of




* - .
management decisions would be beneficial

in

developing user-oriented management

guidelines. These tools must also be suffi-
ciently validated with laboratory and field
data before widespread application.
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