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Foreword

This Proceedings includes papers and posters presented at the meeting of the 10th
International Drainage Workshop of the International Commision on Irrigation and
Drainage (ICID) that was held in Finland and Estonia in July 2008. The first ICID
Drainage Workshop was held in 1978 in the Netherlands. The Working Group on
Drainage was established 25 years ago, in 1983, after which the workshops have
been one of the main activities of the working group. Hence this workshop was
honoured to celebrate the first full decade of the workshops the same year that the
Working Group commemorated its first quarter centennial of active history.
The topics at this workshop emphasized water quality of agricultural drainage and
methods to mitigate nutrient leaching. The challanges that extreme weather
conditions, such as flooding and draught, pose to agricultural drainage were also
presented. The workshop held five sessions including the following themes:
• Agricultural drainage and environment in different farming policies
• Technical solutions to prevent leaching from agricultural drainage systems
• Agricultural water management, decision support methods and technology
• Drainage in the context of environmental river engineering
• Extreme weather conditions, drainage, flood management and land use
The workshop was organised in co-operation with the Estonian (ESTCID) and
Finnish (FINCID) national committees of ICID. The workshop had two official
Committees. Scientific Committee helped to review the abstracts and papers. The
members of Scientific Committee were:
Chairman
Pertti Vakkilainen, Helsinki University of Technology, Finland
Co-Chairman
Willem Vlotman, Chairman of ICID WG-DRG, Australia
Members
Sami Bouarfa, CEMAGREF, France
Reinder Feddes, University of Wageningen, The Netherlands
Heydar Ali Kashkuli, University of Ahwaz, Iran
Chandra Madramootoo, McGill University, Canada
Felix Reinders, Agricultural Reseach Council, South Africa
Bart Schultz, President Hon. of ICID, The Netherlands
Wayne Skaggs, North Carolina State University, USA
Toomas Tamm, Estonian University of Life Sciences, Estonia
Daniele de Wrachien, University of Milan, Italy
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The Organising Committee helped with the practical arrangements. The members
of this group were:
Chairman
Pertti Vakkilainen, Chairman of FINCID
Co-Chairman
Mati Tönismäe, Chairman of ESTCID
Secretary
Rauno Peltomaa, FINCID
Members
Helena Äijö, Secretary of FINCID
Irena Bondarik, Secretary of RUSCID, Russia
Jari Koskiaho, Finnish Environment Institute, Finland
Juha Peltomaa, FINCID
Jaakko Sierla, Ministry of Agriculture, Finland
Toomas Timmusk, Estonian University of Life Sciences, Estonia
Ilmar Tupits, ESTCID
Willem Vlotman, Chairman of ICID WG-DRG, Australia

The original aim of drainage to increase crop yields has in the past decades no
longer been the main focus of drainage research. The current emphasis has been
more or less on water quality management as well as on the integration of
agricultural drainage with urban drainage within the context of integrated water
recources management.
Agricultural drainage has still several challenges today and for the future, including
coping with the present food crisis. We wish that this Proceedings will help
researchers, administration and private organisations in promoting decision making
for a sustainable future. The Proceedings will be available also at www.fincid.fi
On behalf of the Finnish and Estonian National Committees we have a great honour
to thank all persons and organisations who made the workshop and Proceedings
possible. Special thanks belong to the writers of the papers and posters, and the
Scientific Committee for reviewing the papers. In the practical arrangements the key
persons were Helena Äijö and Juha Peltomaa, our best thanks to them.
The Organisation Committee would like to acknowledge and thank the following
organisations for their generous funding that made this workshop a success:
Estonian Land Improvement Society
Estonian University of Life Sciences
Finnish Environment Institute
Helsinki University of Technology
Laheotsa Kaubandus OÜ, Estonia

Estonian Ministry of Agriculture
Finnish Drainage Foundation
Finnish Ministry of Agriculture and Forestry
Jogeva Land Improvement Buerau, Estonia
Maa- ja vesitekniikan tuki

6.6.2008

Pertti Vakkilainen
FINCID

Mati Tönismäe
ESTCID
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Session 1
Agricultural drainage and environment in different
farming policies

Keynote

Agricultural Drainage and Environment in
different Farming Policies
Dr.-Ing. Eiko Lübbe
Federal Ministry of Food, Agriculture and Consumer Protection, Bonn, Germany

1 Introduction
Drainage has a long tradition. There can be subdivided three periods in history.
Gravel and pipe drains are firstly laid into the soil in Roman times some 2000 years
ago. These techniques had been forgotten in the Middle Ages. About 1650 drainage
systems made of wood, fascines and gravel came into existence again in England.
Somewhat later in Scotland and Germany drains were laid with ridge tiles which
became the ancestor of clay pipes. The invention of the clay pipe press about 1840
in England turned up drainage works a lot in Europe. In the following one hundred
years pipe draining has been further developed by empirical ways and means until
after 1940’s the mathematic physical theory of soil water movement and drainage
could be solved for practitioners. Some 60 years ago hand laying of pipes has been
got off by drain machinery. The next step of automation followed after 1960, when
first smooth plastic pipes followed by corrugated PVC pipes were introduced
which are in use until today. Using today’s knowledge of soil science, applying the
advanced technology such as a drainage machine with fully automatic depth
control with light-beams, an optimum of performance has been reached so far and
therefore no real further technical development seems to be possible.

2 Definitions
Drainage is part of the amelioration of land. Amelioration measures serve among
others for sustainable improvement of agricultural land for better long term
cultivation possibilities. They are performed once or more often during long time
spans. Amelioration measures can be divided in
• Hydro amelioration such as irrigation and drainage
• Soil and subsoil amelioration
• Land reclamation
• Restoration of land.
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We must be aware that very often a mixture of different measures are being applied
due to the local situation, the political will and the public/private money available
for its performance. In the following the keynote will be concentrated on the hydro
reclamation sector of drainage in the humid zone of Europe.
Drainage is – simply spoken – the removal of excess surface and groundwater from
land. This can mainly be done either through a surface drainage network of ditches
including channels and natural watercourses or through artificially constructed pipe
drainage systems or moles or through a combination of all of them.

3 Need of Drainage Works
Drainage measures are necessary in areas of excess rainfall during the cropping
season but also in regions where especially in late winter heavy rainfall does not
allow the farmer to enter his farm plots for cultivation activities in early spring in
due time because high groundwater tables or water logged soils may adversely
affect soil structure, soil workability, and soil temperature and thus may lead to less
crop yields. This is true for many parts of Middle and Northern Europe.
In first instance drainage works are derived from the drainage necessity which is a
combined problem of soil type, climate conditions, topographic situation, depth of
groundwater, soil profile and its permeability. Soils in question are hydromorphic
soils such as gleys, alluvial meadow soils, bog soils, marshland, highmoor and
lowmoor. In addition the anthropogenic soils of bog, hortisol, and rigosol could
have been be converted to hydromorphic soils by man and therefore also be a case
of drainage.
Secondly drainage works need to be worthy to be drained which is an economic but
also an agro political problem taking into account a cost-benefit-analysis. In the
past the cost-benefit-ratio of drainage projects seemed to be not always above one,
but they were politically induced.

4 Extent of Agricultural Drainage Area in Europe
In nearly all states of the earth land and soil improvement measures are being
performed. In the temperate zone it is mainly done by surface drainage of openchannel drainage or by subsurface drainage. The agricultural area in some
European countries worth to be drained is layed down in the following table.
Table 1. Agricultural area worth to be drained
State

England and Wales
Finland
Denmark
Germany
Sweden
Austria
The Netherlands
Switzerland

Agricultural Area
Mio ha AA

% AA

3.4
2.1
1.4
6.7
1.0
0.5
0.7
0.2

75
67
45
39
23
21
17
9
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We know by experience that about two thirds of the area need pipe drainage.
Furthermore it can only be estimated how much of this land really is being drained.
In Germany e. g. about 2.5 Mio ha of land is regulated by pipe drainage, mole
drainage and subsoil reclamation in the sense of soil amelioration. These data are
about 30 years old, but big changes since then are not being expected due to the
fact that the lifetime of pipe drainage systems is in the same order. To keep the
status quo only you therefore need a lot of annual replacements which had been
done. On the other hand there exist a lot of pipe drained areas which are still
functioning since five and more decades.
In general it can be said that the need of drainage -due to the climate conditionsdecreases in Europe from North to South and West to East. Nevertheless it can be
stated that land drainage, especially agricultural drainage including maintenance, is
still a task to be performed.

5 Development of Land Drainage after WW II
During and after the Second World War millions of refugees in Europe were
generally forced to move westwards. New boundaries of democratic and socialist
state forms were established and they had to incorporate land as well as integrate a
lot of strange people in their polity. Increasing need of foodstuff on one hand, a
decrease of good agricultural land on the other and high unemployment rates in
addition resulted in the same political approach in the agricultural sector all over
Europe. For the politicians it was clear, more labour should be put into this sector
and the agricultural production should be intensified. This agro political and
economic goal should be reached by the following set of means and measures:
Increase of yield in plant production
•
•
•
•
•
•
•
•
•
•

More animal and milk production
More use of fertilizers and pesticides
More import of animal foodstuff
Intensification of lifestock units per hectare
Dewatering low lying areas near the sea
Land reclamation measures on the coast
Land amelioration of agricultural land of low value
Converting marginal and grassland into arable land
Reparcelling of agricultural land
Specialization and concentration of production.

The positive development of food production is not only the result of multifold
measures such as fertilization, plant protection measures, plant and animal breeding
and feeding methods but also very much a result of amelioration measures,
especially drainage, to fight unfavourable climate conditions, improve soil
conditions, and raise the value of the land. Drainage of arable land very often is
used as a compensation measure for the loss to built up land.
The political goal was reached in a relatively short time: food production increased
rapidly, the same was true for the food productivity. In the 70’s the self sufficiency
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degree of food supply was very high and converted into surplus production in the
80’s for a wide range of agricultural products.
During the same time drainage research was highly developed and a lot of staff was
employed. New drainage standards have been introduced and the change of clay
tiles with long tradition to corrugated plastic pipes has been finished. Laser driven
trenchless pipe digger were at common, but new extended surface drainage projects
stopped. Along with these measures land reclamation works were performed
including soil surface shaping together with the construction of bigger farm plots.
Wind hedges were destroyed and ditches or other parts of the landscape valuable
for biodiversity and the environment were abolished.
It can be stated that in many European countries new initiatives of drainage
measures, surface and subsurface, stopped at large since the 90’s as public financial
support decreased considerably as well. The main reason for that can be found in
the change of politics as follows:
• Surplus production led to extensification of agricultural production
• Cost-benefit-ratio of amelioration measures in general became worse
• Cost of drainage maintenance grew considerably
• Maintenance of surface drainage patterns were not any longer in line with
environmental goals
• Rural development as a whole (Common agricultural policy) was promoted
through the EU
• Environmental aspects for the development of rural areas had to be
considered
• Land reclamation activities played a minor role
• Public awareness of environment protection has risen
• New European water legislation had to be followed and fulfilled.
So it can be stated that since the past two decades drainage infrastructures in
general were not extended but are in place where they are. Surface drainage areas
are visible and therefore very well known and the amount can be determined. This
is not possible in the same order for subsurface drainage patterns. Plans very often
are missing, got lost or are not known to the water administration, because it was
not applied for the necessary licences . So one thing is clear: The agricultural area
worth to be drained as mentioned in table 1 has not been drained in total but lies
much below. A lot of arable land therefore could be used for intensification of
agricultural production if necessary.

6 Environmental Legislation with concern to
Drainage in the EU
The European environmental legislation cannot be layed down here in detail, but
the most important EU-Directives should be mentioned such as the
• Nitrates Directive (1991) with the goal to reduce the nitrate content in all
waters below 50 mg/l
• FFH Directive (1992) including Nature 2000 to improve biodiversity
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• Water Framework Directive-WFD- (2000) to reach the aim of good
qualitative and quantitative status of surface waters, groundwater and coastal
waters in the Community
• Flood Risk Management Directive (2007) aiming at the reduction of adverse
consequences for human health, the environment, cultural heritage and
economic activity associated with floods.
In the past water management issues in rural areas mainly dealt with water use and
water needs including consumption. Adverse soil water balance was influenced by
technical means and the waters were protected against any human pressure. On the
other hand protective measures were taken against dangers caused by water. Today
in addition more emphasis is given to observe watercourses and associated areas as
a unity, to safeguard landscape water balances and gear the uses and needs more to
natural water balances than before.
These ideas have been taken up by the WFD. The basic principles of the WFD are
not to deteriorate waters, but to protect and improve the conditions of waters.
Sustainable use of waters for water supply shall be enabled and the cost for water
services shall be recovered. Through Daughter Directives which are partly still in
progress quality standards for priority substances are and will be established.
The environmental objectives of the WFD are very ambitious. Natural surface
waters shall reach a good surface water status, defined within the WFD , whereas
artificially or heavily modified water bodies shall reach a good ecological potential
and highest chemical status possible. Hazardous priority substances have to be
ceased or phased out. In marine waters no priority hazardous substances may be
found and naturally occurring substances such as nutrients shall be nearly at
background values. For groundwater it is layed down that no reverse trends of
concentrations of any substance shall occur and quality standards have to be
obeyed. For nitrates it is 50 mg/l and for single pesticides 0.1 microgram/l. These
goals shall be reached in 2015, but we all know that it will take a much longer time
to be fulfilled in all water bodies.
The tool for the implementation of the WFD will be the integrated river basin
management plan for certain water catchment areas which are still not common in a
lot of European countries including Germany and we have to work on them very
hard. Until the end of 2009 they shall be established. For the time being the river
basin districts have been described and mapped, the water body types have been
identified- as difficult as it is- and the control of human effects on all waters is
under way. Through monitoring programmes point and diffuse sources of pollution
are being taken in consideration. Quantity and quality water aspects depending on
land use and protected areas are being evaluated. The next step will be to put
environmental quality standards and to propose measures in order to reach the
WFD goals as soon and as much as possible.
The drainage sector is very much affected through both, quantitative and qualitative
matters.

7 Agricultural Drainage Problems
We have to confess that the agricultural landscape has changed a lot in many
European countries as well as urban areas which were extended extraordinary
during the past 50 years. It is the political will at least in the Community to
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preserve natural landscapes on the one hand, to develop cultural landscapes and to
improve the efficiency of natural resources on the other, and thirdly to maintain
sustainable land use, safeguarding the environment and the rest function of rural
areas. In one sentence: we have to do the splits.
Today a lot of prejudice against drainage works exists which does not make it
easier for drainage people from water boards or for farmers. But it has to be made
clear that also well drained lowlands e.g. in the Netherlands or Germany belong to
our cultural heritage with its own charm and should be preserved as well. It is
generally said and may be true that through the influence of drainage biodiversity is
declining and should be stopped. Maintenance measures in watercourses should be
more restricted. Following the WFD some ideas exist to restore small canals and
drainage ditches into a more natural shape. But who shall pay? The same is true for
subsurface drainage pipes. Because nutrients (phosphorus and nitrate), E-coli from
manure and pesticides have been found in drain outlets spontaneous destruction of
the drain tiles in alluvial plains is demanded for. There is no doubt about that
nutrients can cause algae bloom and eutrophication in the open channels of the
drainage patterns, but different solutions to minimize the environmental effects are
available.
Furthermore drainage is accused to irreversibly damage the total landscape water
cycle. This cannot be confirmed. Groundwater recharge is not very much affected
by lowering the groundwater table by one meter. The runoff from drained areas
may be somewhat higher during rainfall than without, but does not really affect the
water course in question.
Climate change is also no reason to close down drainage areas. If you want to
retain more water in the countryside you can use drains as artificial groundwater
recharge systems(two-way-control) or create new wetlands or water reservoirs.
Today the public is in general of the opinion that more care should be given to
nature protection than to food and fiber production although food production is
much more necessary than ever. This opinion may change in future.

9 Future of Drainage
Positively seen agricultural drainage increases and stabilizes the crop yields for the
benefit of the farmer, alleviates impassable terrain and more land is workable. On
the other hand some negative environmental effects on the water environment from
drainage through farming cannot be overseen. The extent of pollution of water or
degradation of land is very different in the concerned regions which therefore needs
adapted measures. But all effects have to be diminished in a sustainable way.
The water management plans of the WFD will be used in order to rectify the
presence of drainage patterns or not. New drainage projects will be difficult to
raise. An Environment Impact Assessment will be necessary.
To solve current problems an integrated water resources management plan is
helpful for all people involved, from the farmer to the water boards, from the
researchers to the water administrators.
One thing is clear: in future the agricultural drainage area will not be extended very
much due to a lot of constraints and public awareness.
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Drainage channels will count for heavily modified water bodies but the water
quality must be in line with WFD standards. Nevertheless surface drains have to be
shaped and maintained in a more environmental friendly way.
Subsurface drainage systems have to be identified in location where necessary and
their contribution to water pollution to be evaluated. There will be pressure on the
agricultural sector.
Unless a need of higher production is obvious maintaining of the existing
agricultural drainage systems will be the first choice.
Some legal restrictions in the farming sector such as buffer strips along
watercourses, ban on pesticides or manure use on drained land or on a voluntary
basis may help as well to at least keep the status quo of agricultural drainage in the
landscape.

Reference
Eggelsmann R. 1981. Dränanleitung. Auflage Paul Parey Verlag Hamburg
Pollack P. 1991. Entwicklung und Stand des Meliorationswesens in den fünf
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Introduction
The practice of subsurface drainage provides many agronomic and environmental
benefits but may also contribute substantial nitrate-N loads to surface waters. Few
field studies have documented the impact of drainage intensity on nitrate-N loads in
drainage waters, yet the desired drainage intensity is a critical factor in the design
of drainage systems for crop production. An appropriate balance between
increasing drainage intensity (narrower spacing) to improve drainage and crop
yield, and decreasing drainage intensity to reduce nitrate-N losses, needs to be
found for different climatic and soil regions. A long-term (22-yr) study has been
conducted on a silt loam soil in southeastern Indiana, USA, to determine the
impacts of drainage intensity and changes in crop production system on nitrate-N
loads to drainage water. Three drainage intensities (5-, 10-, and 20-m drain
spacings) are compared for drainflow characteristics, nitrate-N concentrations, and
nitrate-N loads. Average drainflow per unit area is up to two times greater for the
5-m spacing compared with the 20-m spacing, which leads to proportionately
greater N loads to surface waters. Although crop yield is slightly higher with the
narrower spacing, nitrate-N concentrations in drainflow are not different among
drain spacings. Addition of a winter cover crop as a “trap” crop for residual soil
nitrate, along with lower fertilizer N rates, have significantly reduced the nitrate
concentrations and loads in drainflow over the 22-yr experimental period. Our
long-term study on a loess-derived soil in southeastern Indiana provides an
important data set for assessments of nitrate leaching into subsurface drains in the
Mississippi River basin. As farmers are continuing to increase drainage intensity on
their fields, it becomes even more critical to grow cover crops or implement other
management practices to prevent large increases in nitrate-N loads to drainage
waters.

Methods
A subsurface drainage research facility was established in 1983 at the Southeastern
Purdue Agricultural Center (SEPAC) in Jennings County, Indiana, USA. The site
has been described in detail by Kladivko et al. (1991, 1999). The soil at the site is a
Clermont silt loam (fine silty, mixed, mesic Typic Ochraqualf) and is typical of
extensive areas of similar soils across southern parts of Ohio, Indiana, and Illinois.
The soil was formed in 50 to 120 cm of loess over glacial till. The surface soil at
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the study site is light gray, low organic carbon (0.7%) silt loam containing 66% silt,
22% sand, and 12% clay. The soil is slowly permeable, and has a borderline
fragipan at the 120 cm depth that severely restricts further downward drainage.
Although subsurface tile drainage had not traditionally been used on these soils due
to concerns of siltation in the tiles and the slow permeability of the soil, the past
few decades have seen an increase in use of modern, perforated plastic drain tubing
in these soils, with good success. The field experimental site has drains (10 cm
diameter) installed at spacings of 5, 10, and 20 m at an average depth of 75 cm and
a slope of 0.4%. Three drain lines (225 m length) were installed at each spacing,
with the outside drain lines on each spacing acting as common drains between
treatments. Each spacing was replicated in two blocks separated by a 40 m
distance. Crop yields for the 5, 10, and 20m spacings were determined from
midplane to midplane, while crop yields from the midplane of the 40m separation
between blocks was used as a measure of a relatively “undrained” condition.
The center drains of the 5, 10, and 20 m plots discharge into observation wells at
the bottom of the slope. Subsurface drainflow volumes are monitored continuously
with tipping bucket flow gauges connected to a datalogger, and flow-proportional
samples are collected with automatic water samplers during all time periods in
which there is flow. Water samples are frozen until subsequent laboratory analysis.
Nitrate-N mass losses were calculated as the product of water flow volumes and
concentrations and were expressed on a per hectare basis, assuming that each
drainline collects water from midplane to midplane with adjacent drains. A linear
interpolation of concentrations was used to estimate concentrations on days
between measurement points.
Corn (Zea mays L.) was planted each year from 1984 through 1993, using
conventional tillage (chisel plow to a 20 to 25 cm depth in spring, followed by two
passes with a disc or field cultivator). In 1994 a no-till, soybean (Glycine max L.) –
corn rotation was begun, with the addition of a winter wheat (Triticum aestivum L.)
cover crop after corn as a “trap crop” for N in the soil profile. Fertilizer N rates
were gradually reduced during the course of the first 15 years, as new knowledge
became available and fertilizer rate “philosophy” changed. Preplant fertilizer N
rates were 285 kg N ha-1 for the first 5 years of monoculture corn, 228 kg N ha-1 for
the last 5 years of monoculture corn, 200 kg N ha-1 in 1995, and 177 kg N ha-1 in
1997 and 1999, all pre-plant applied as anhydrous ammonia. The nitrification
inhibitor nitrapyrin was used with the anhydrous ammonia applications through
1995. A small amount (8 to 28 kg N ha-1) of “starter” fertilizer N was also applied
during the planting operation for corn. Table 1 summarizes field management
practices over the 15-year period of study.

Results and Discussion
Hydrology
Average annual precipitation over the 15-yr period was 112 cm, nearly equal to the
30-yr “normal” for this region. Drainflow volumes varied among years as a result
of the differences in annual rainfall and the timing and intensity of the rainfall
within each year. Drainflow per unit area was greater for the more intensive
drainage systems (narrower spacings), as expected, with the 5m spacing averaging
72% greater flow per hectare than the 20m spacing (Fig. 1).
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Table 1. Field management practices at SEPAC.

Preplant
Fertilizer N

Winter

Year

Crop

Tillage

(kg/ha)

“trap
crop”?

1984-88

Corn

chisel

285

no

1989-93

Corn

chisel

228

no

1994-95

Beans/Corn

no-till

200†

yes‡

1996-99

Beans/Corn

no-till

177†

yes‡

†N

applied to corn years only

‡winter

wheat cover crop after corn only

Drainflow as % of annual rainfall ('85-'99)

Drainflow (% of annual rainfall)

25

20

15

10

5

0
5m

10 m

20 m

Drain spacing

Fig. 1.

Annual drainflow as percent of annual rainfall, averaged over 1985-1999 at
SEPAC

Rainfall is fairly uniformly distributed throughout the year at this site, but
drainflow is highly seasonal. The drains typically do not flow at all during July
through October and begin to flow in November or December after the soil profile
has begun to rewet from autumn rains. The drains typically flow most of the winter
and spring, although in some years they cease for short times during January or
February. This site is thus typical of many sites where the soil is not frozen the
entire winter, with the majority of the water flow (and nitrogen losses) occurring in
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the autumn, winter, and early spring (Goss et al., 1993; Drury et al., 1996; Gilliam
et al., 1999) when there are typically no crops growing.

Monthly drainage efficiencies (15-yr ave.)
60

50

Drainage as % of rain

5m
10m
20m

40

30

20

10

0
Jan

Fig. 2.

Feb

March

April

May

June

July

August

Sept.

Oct

Nov.

Dec.

Monthly drainflow from 5, 10, and 20m spacings, as percent of monthly rainfall,
averaged over 1985-1999 at SEPAC

Nitrate-N concentrations and loads
Nitrate-N concentrations in drainflow decreased from the 20-35 mg/L range in the
1985 to 1988 period, to the 7-10 mg/L range in the 1996 to 1999 period (Fig. 3).
These concentration reductions are likely primarily due to a) lower fertilizer N
rates, and b) growth of a winter cover crop as a “trap crop” for N after corn. The
switch from chisel tillage to no-till, and from monoculture corn to a soybean-corn
rotation, are not expected to have contributed much to the reduction in nitrate-N
concentrations. Nitrate-N concentrations in the drainflow did not vary among the
three drain spacings.
Annual nitrate-N loads decreased from an average of 38 kg N/ha in the 1986 to
1988 period to an average of 15 kg N/ha in the 1997 to 1999 period. The large
decrease in concentrations resulted in the decreased loads. Although concentrations
among all three spacings were similar, the narrower spacings had greater drainflow
per hectare and thus greater N loads per hectare (Fig. 4). The results illustrate the
importance of growing cover crops and optimizing N fertilizer rates in reducing N
loads to drainage waters, especially under conditions of intensive drainage.
Currently in the Midwest USA, there is economic incentive to install more
intensive drainage and to apply slightly higher N fertilizer rates, due to higher corn
prices for use in ethanol production. Our data show that these practices could lead
to much higher N loads to water, from typical row-crop systems. Cover crops are
not typically grown in corn-soybean systems in much of the Midwest, due to
increased cost and risk to the farmer and little economic gain. However, winter
cover crops reduce nitrate leaching by growing and taking up nitrogen during late
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autumn, winter, and early spring when most of the drainage occurs. Further
research is needed to better integrate cover crops and other “living cover” into
cropping systems during the normally-fallow time of year, to reduce the risk of
excessive nitrate leaching from intensive row-crop systems.
Annual flow-weighted mean concentrations

40

5m

10 m

20 m

35

Nitrate-N (mg/L)

30
25
20
15
10
5
0

1984

Fig. 3.

1986

1988

1990

1992

1994

1996

1998

2000

Annual flow-weighted mean nitrate-N concentrations in drainflow from 5, 10, and
20m spacings, during 1985-1999 at SEPAC
Annual nitrate-N loads from 3 drain spacings
60
5m
10 m
20 m

Nitrate-N Load (kg/ha/yr)

50

40

30

20

10

0

1986-88

Fig. 4.

1997-99

Average nitrate-N load in drainflow from 5, 10, and 20m spacings, during the
1986-88 and 1997-99 time periods at SEPAC
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Crop yields
Drainage improved crop growth and yield on this research site, but increases were
smaller than would be expected on farmers’ fields with poorer surface drainage.
The small differences in crop yield and presumably nitrogen uptake by the crop,
were not sufficient to cause any differences in nitrate concentrations in the
drainflow, as discussed earlier.

Average yields with drain spacing at SEPAC over 20 years
12
5 m (16 ft)
10 m (33 ft)
20 m (66 ft)
40 m (132 ft)

Yield (Mg / ha)

10

8

6

4

2

0

CC (10yr)

Fig. 5.

CS (5yr)

SC (5yr)

Average crop yields from 5, 10, 20, and 40m spacings, during 1984 to 2003 at
SEPAC. The first 10 years (1984-1993) were monoculture corn and the second
10 years (1994-2003) were a soybean-corn rotation. The CS (5yr) are the 5yr
corn yields in rotation and the SC (5yr) are the 5yr soybean yields.

Conclusions
Subsurface drainage is an important water management practice in many humid
regions of the world, but it also has potential negative effects of increased nitrate
leaching through soils. Both drainflow volumes and nitrate-N leaching losses are
greater with more intensive drain spacing. When evaluating the “optimal drain
spacing” for a given soil and climatic region, an assessment of both crop yield and
drainage water quality should be performed. In the long-term study reported here,
corn yields were only slightly higher with the narrowest spacing (5m) compared to
the widest spacing (20m). Nonetheless, crop production economics result in
narrower drains spacings than those desired for reducing nitrate-N loadings to
surface waters.
As farmers continue to increase drainage intensity on their fields, it is even more
important to find ways to reduce nitrate losses in drainage waters. For nitrogen, the
goal is to capture the “leaks” of N that will always occur when growing annual
crops. Growing cover crops or perennial crops provides for plant uptake of nitrogen
and other nutrients earlier in the spring and later in the fall than the major annual
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crops, thus trapping and utilizing some of the nitrate that would otherwise be
available for leaching. For water, the goal is to reduce the amount of water flowing
out through the drains into ditches or streams. Strategies to do this might include
growing perennials which transpire more water than annual crops, “recycling”
some of the drainage water by storing it in ponds or wetlands for later use in
irrigation, or use of drainage water management (“controlled drainage”) systems.
All of these strategies have many challenges to their practical adoption by farmers.
The drainage community should place a high priority on applied research to further
develop and implement these strategies.
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Introduction
Nonpoint source pollution from agricultural land use contributes nutrients to
surface waters and impacts downstream water quality. One of the most significant
water quality impairments with respect to nutrient delivery to aquatic ecosystems is
over enrichment or eutrophication, which contributes to increased aquatic plant
growth, low dissolved-oxygen concentrations, shifts in aquatic plant species and
food chain effects, and pH variability (Sharpley et al., 1994). Eutrophic aquatic
ecosystems often restrict beneficial uses of impaired waters for fisheries,
recreation, industry, aesthetics, and drinking water. Consequently, eutrophication
can also have serious economic impacts on a local and regional scale.
Research on the intensification of agricultural management practices, use of
inorganic nitrogen fertilizer, and subsurface drainage contributions to nitrogen loss
to surface waters have been the subject of numerous studies, book chapters, and
review articles (Gilliam et al., 1999; Randall and Goss, 2001; Sauer et al., 2001;
Dinnes et al., 2002). Numerous studies have shown edge-of-field losses of nitratenitrogen linked to factors such as subsurface drainage, nitrogen management, soil
organic matter, precipitation, and cropping system.
Artificial drainage allows food, feed, and fiber production on poorly drained soils
and is partially responsible for increasing crop productivity, reducing risk, and
improving economic returns to crop producers. Agricultural drainage is also a
source of nutrients, primarily nitrate-nitrogen, contributing to water quality
impairments in lakes, streams, rivers, and coastal estuaries.
Cropping system practices affect nitrogen losses from soils. Row crops, including
corn (Zea mays L.) and soybean (Glycine max L.), have been shown to exhibit
greater loss of nitrate-nitrogen when compared with perennial species (Drury et al.,
1993; Randall et al., 1997). Increased losses of nitrate-nitrogen with row crops has
been attributed to larger applications of nitrogen fertilizer combined with lower
evapotranspiration rates that result in more drainage flow from row crop systems.
Since nitrogen loading to impaired surface waters primarly comes from agricultural
sources, the development of agronomically, economically, and environmentally
sensible nitrogen management practices is one of the most critical challenges

-15-

IDW2008 - Session 1

facing agriculture in the U.S.. DRAINMOD-N II ( Youssef 2003; Youssef et al.,
2005) is a field-scale, process-based model that has been successfully used to
simulate water and nitrogen loss from drained agricutlural land (Youssef et al.,
2006). This paper reports on the use of DRAINMOD-N II and the 3-year data set
used to calibrate and validate the model using a pair of artifically drained
agricultural research sites located in southwest Minnesota, U.S.A.

Materials and Methods
This section gives a brief description of the DRAINMOD NII model and the field
experiment used for model testing. DRAINMOD-N II simulated water and nitrogen
losses from artificially drained convetional and organic cropping systems. This
investigation will lead to the overall goal of modelling the relationship between
management and water quality from two contrasting crop production systems.
Modelling results will be used to estimate the environmental benefits of alternative
land use and crop production management practices.
Description of DRAINMOD-N II
DRAINMOD-N II (Youssef 2003; Youssef et al., 2005) is a field-scale, processbased model that simulates C and N dynamics in drained cropland for a wide range
of soil types, climatic conditions and farming practices. As the name implies,
DRAINMOD-N II is a companion model to DRAINMOD (Skaggs, 1978), a widely
used hydrologic model for artificially drained soils.
DRAINMOD is a one dimensional model that simulates water and heat flow for
high water table soils with artificial drainage systems. It uses the water balance
approach with functional relationships to describe the main hydrologic processes
and predict subsurface drainage, surface runoff, infiltration, water table depth, soil
water content and evapotranspiration in response to given climatological
conditions, soil and crop properties, and drainage and irrigation management.
DRAINMOD simulates heat flow using finite difference solution to the heat
equation and predicts the temperature distribution throughout the soil profile. The
model uses an empirical approach to predict the relative grain yield as affected by
planting date delays, soil water related stresses, and soil salinity on crop yield. The
model is well documented (e.g. Skaggs 1978, 1999) and several reports of model
validation and application (e.g. Skaggs et al., 1981; Skaggs 1982; Fouss et al.,
1987) have shown that DRAINMOD can reliably predict water table fluctuations
and drainage volumes.
DRAINMOD-N II simulates organic carbon dynamics using a C-cycle similar to
that of the CENTURY model (Parton et al., 1993). It considers three below-ground
soil organic matter fractions (active, slow, and passive), a surface microbial pool,
two above-ground and two below-ground litter pools (metabolic and structural).
Each pool is characterised by the C to N ratio (C:N), and the potential rate of
decomposition. Nitrogen mineralization and immobilization processes are
simulated as consequences of C cycling in the system during SOM decomposition
(Youssef et al., 2005).
DRAINMOD-N II simulates a detailed N cycle that considers both mineral N
(NO3-N, NH4-N, and NH3-N) and organic N and their interaction as affected by C
cycling. The model simulates atmospheric deposition, plant uptake, mineralization,
immobilization, nitrification, denitrification, NH3 volatilization, and N losses via
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subsurface drainage and surface runoff. It simulates farming practices such as
tillage and plant residue management and the application of mineral N fertilizers
and animal manure. Nitrogen transport is simulated using a multiphase form of the
one dimensional advection-dispersion-reaction (ADR) equation. DRAINMOD-N II
solves the ADR equation using a first-order, explicit finite difference scheme
(Youssef et al. 2005). The hydrological parameters driving reactive N transport in
DRAINMOD-N II are based on DRAINMOD's output.
Model predictions include daily concentrations of mineral N (i.e. NO3 and NH4) in
soil solution and drainage outflow, organic C content of the top 20 cm soil layer,
and rates of simulated N processes on daily, monthly, and annual basis.
DRAINMOD-N II has been successfully tested using field data from artificially
drained soils with contrasting soil types, climatic conditions, and farming practices
(e.g. Youssef et al., 2006, Bechtold et al., 2007).
Description of Field Experiment
A study conducted by Rodale Institute (2004) in Pennsylvania, U.S.A. found
nitrate-N concentrations above regulatory levels occurred more frequently from
conventional than organic production systems. European research has shown
inconsistent results when comparing nutrient losses from organic versus
conventional productions systems. While some studies showed greater nutrients
loss with conventional production systems others found increased losses with
organic systems (Armstrong Brown, 1993; Nguyen et al., 1995; Korsaeth and
Eltun, 2000).
In view of these conflicting results, a study was initiated in 2002 at the University
of Minnesota Southwest Research and Outreach Center near Lamberton,
Minnesota, U.S.A. (Lat.44.23776 N Long. 95.273946 W). Soils at the site were
artificially drained and formed in glacial till. Detailed characterization and
comparison of soil properties from the organic and conventional sites are given in
Oquist et. al. (2006). Research was conducted on adjacent fields containing nonreplicated, long-term organic and conventional management practices, each
covering 65 ha. The objective of this study was to investigate the differences
between drainage and nutrient losses through artificial subsurface tile drainage
from organic and conventional production systems and to determine if organic
management practices reduced agricultural contributions to water quality
impairments compared to conventional production practices.
Oquist et al. reported that the organic management system significantly reduced
water and nitrate-nitrogen (nitrate-N) loss to surface water compared to a
conventional system (Oquist et al., 2007). Plant community diversity was a key
factor that led to reduced drainage discharge and nitrate-N loss in the organic
system. This study showed that an agronomically diverse organic cropping system
reduced tile drainage by 41% over a three year period compared to a conventional
corn-soybean sequence. The organic production system also reduced nitrate-N
losses by between 59 and 62% in two out of three years. Flow-weighted mean
nitrate-N concentrations during tile flow were 8.2 mg L-1 and 17.2 mg L-1 under
organic and conventional production systems, respectively.
This section describes meteorological conditions and selected management
components of the experiment. Additional experimental details can be found in
Oquist et al. (2007). Precipitation was highly variable during the 3-yr study period.
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The 44-year average annual precipitation at the research site was 667 mm
compared to 581 mm in 2002, 513 mm in 2003, and 753 mm in 2004. Animal
manures (beef, liquid swine, and beef compost) and legumes were used to provide
nitrogen for crop production in the organic system, while commerical fertilizer in
the form of anhydrous ammonia was used in the conventional system. Urea was
applied in both the organic and conventional systems, although minimal amounts
were applied in the organic system. Rates and amounts of applied manure and
fertilizer can be found in Oquist et al. (2007). Artifical subsurface drain depth and
spacing for both production systems were 1.2-m and 55-m, respectively. The
drainage area and drainage density for the organic and conventional systems were
similar, 58 ha and 47 ha, and 204 m ha-1 and 230 m ha-1, respectively. The
conventional system was dominated by corn (avg. 31 ha/yr) and soybean (avg. 20
ha/yr) with less than 1 ha/yr of small grains, about 1.2 ha/yr alfalfa, and no native
grasses. In contrast, the organic system was more diverse and consisted of corn
(avg. 14 ha/yr), soybean (avg. 12 ha/yr), small grains (avg. 16 ha/yr), alfalfa (avg. 8
ha/yr), and native grasses (avg. 6 ha/yr).
The Hydrus 1-D model (Simunek et al., 1998) was used to demonstrate how
differences in soil physical and hydraulic properties, for a soil under organic versus
conventional management, impacts water flow. Simulations for a Webster soil
showed that differences in soil physical and hydraulic properties caused faster
infiltration and slower drainage under organic practices versus conventional
practices (Oquist et al., 2006). These simulations did not consider the effects of
cropping system on evapotranspiration. Drainage under organic production may
decrease even further than reported according to these results if differences in
evapotranspiration and water table height between organic and conventional
practices are considered. Randall et al. (1997) reported that drainage from perennial
grasses and alfalfa was 1.6 times smaller than from row-crop systems due to greater
season-long evapotranspiration with perennial species and alfalfa, resulting in
greater water uptake.
Description of Results
At the time of this publication modelling results were unavailable. Results
summarizing the hydrologic and nitrogen loss for the conventional and organic
cropping systems will be presented.
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Introduction
In Canada, farm related activities are known as non-point sources of water
pollution (Weil et al., 1990). The surface and subsurface transport of nutrients and
pathogens is greatly influenced by tillage and drainage practices. Conservation
tillage is increasing in popularity due to benefits associated with erosion control
(McKyes et al., 1986), improved soil quality, increased water holding capacity, and
greenhouse gas benefits (i.e. carbon sequestration) (Hussain et al., 1999; Lemke et
al., 1999; Elmi et al., 2003).
Tillage practices can be categorized into conventional or conservation tillage
systems. Conventional tillage (CT) refers to the combined primary and secondary
tillage operations performed on agricultural land prior to planting. Primary tillage is
usually performed with a moldboard or chisel plow and secondary tillage is
typically performed with discs or harrows (Thiagarajan, 2005). As any surface
residues are incorporated during CT, the surface remains bare.
Conservation tillage is any tillage operation that retains at least 30% of the previous
crop residue on the soil surface (Unger, 1994). One of the widely adopted forms of
conservation tillage is zero tillage (ZT). Seeding under ZT involves using disk
coulters without any tillage, thereby retaining all or part of the previous crop
residues on the soil surface (McDowell and McGregor, 1980).
Artificial Drainage Systems in Nova Scotia
In addition to having poor natural drainage, Nova Scotia soils annually receive
precipitation in excess of potential evapotranspiration (Carter et al., 1996).
Therefore, subsurface drainage systems are often used to improve internal soil
drainage and thus crop growth. Water from these systems however, has been found
to contain NO3--N exceeding the maximum acceptable drinking water
concentration (MAC) of 10 mg L-1 (Drury et al., 1993). Although drainage water is
not directly used for drinking purposes, it poses a direct threat aquatic sources.
Tillage Effect on Nitrate-N Leaching
Tillage influences N cycling processes in soil and thus affects NO3--N leaching
losses (Malhi et al., 2001). Research findings on the effect of tillage systems on
NO3--N leaching is however contradictory. Goss et al. (1993) found that CT
increased NO3--N leaching losses by 20% over direct drilling (ZT). They suggested
that decreased NO3--N content under ZT was due to increased denitrification losses.
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Others (Gilliam and Hoyt, 1987; Drury et al., 1993) have observed greater NO3--N
losses under ZT. They attributed this to the presence of soil macropores and slower
mineralization rates. From the perspective of soil NO3--N availability, Angle et al.
(1993) and Patni et al. (1996) found that ZT allowed for lower soil NO3--N than CT
due to enhanced denitrification and slower mineralization. Ultimately, they
suggested ZT as a best management practice for reducing surface and subsurface
nutrient losses. Similar results were found by Dou et al. (1995) in the 0 to 120 cm
depth of the soil profile. From the above research findings it is evident that the
effect of ZT on the transport of NO3--N is not completely understood. Therefore
research with the overall goal of comparing the drainage water quality from CT and
ZT systems was initiated. This paper will present NO3--N losses from two research
sites with different soils, crop rotations; and manure applications. Both sites have
plots under CT and ZT, allowing comparisons to be made between tillage systems.

Methodology
Site Descriptions
Bio-Environmental Engineering Center

The Bio-Environmental Engineering Centre drainage research site (BEEC) (45°
22° N 63° 16° W) (Fig. 1) is a 6.0 ha field located in Bible Hill Nova Scotia,
Canada. Soils are predominately of the Pugwash and Debert series, typified by
melanic brunisols, with sandy loam to fine sandy loam textures (Webb and
Langille, 1996). The field has ten drainage plots (Fig.1). Since 2001, five plots
have been under CT, and five plots ZT. Subsurface tile drains (100 mm diameter)
are located at an approximate depth of 80 cm, with 12 m spacing. Buffer drains are
placed between plots to hydrologically separate them from each other. The drains
flow into two heated sampling huts (Fig. 1). Flows from each plot were monitored
using separate calibrated tipping buckets wired to CR10 dataloggers (Campbell
Scientific, Edmonton, AB, Canada). All flow volumes were initially measured in
litres, and then normalized to the plot area and expressed as an equivalent depth of
water.
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Fig. 1.

Schematic diagram of the Bio-Environmental Engineering Centre field showing the
plot layouts, location of tile drains and sampling huts, as well as treatment details.
Streets Ridge

The Streets Ridge site (Fig. 2) (45o 42o N 63o 41oW) is 5.4 ha in size, has a 4%
slope and was originally established to determine the effect of drain spacing on
subsurface drainage performance (Madani and Brenton, 1995). The predominant
soil series at this site is an imperfectly drained Queens soil with a shallow fine
loam top layer, over a highly compacted basil till (Madani and Brenton, 1995). The
site has six (83 x 96 m each) drainage plots (Fig. 2), lined with tile drains (100 mm
in diameter) located at a depth of 80 cm. Subsurface drains are placed at a
systematic spacing of 3, 6 and 12 m within each plot. In addition to subsurface
drains, each plot has a surface drainage ditch with a hickenbottom surface inlet at
its lower end to collect surface runoff water. Buffer drains hydrologically separate
all plots from one another. All twelve drains (6 surface and 6 subsurface) flow into
a heated sampling hut (Fig. 2). Separate calibrated tipping buckets, wired to a Zeno
datalogger (Coastal Environmental Systems Inc., Seattle, WA, USA), were utilized
to measure flow rates from surface and subsurface drains. All flow volumes were
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initially measured in litres, and then normalized to the plot area and expressed as an
equivalent depth of water.
Manure Application and Field Activities

At both sites, manure and inorganic fertilizer application rates were based on crop
N needs, assuming a 50% N availability from the manure applied during the current
year, soil nutrient status and nutrient credits from previous manure applications
(Langman et al., 1991).Manure and inorganic fertilizer application rates are
provided in Tables 1 and 2 for BEEC and Streets Ridge, respectively.

Fig. 2.

Schematic diagram of the Streets Ridge site showing the plot layout with drainage
and treatment details.

Table 1 Crop, manure application rates and chemical fertilizer doses at the BioEnvironmental Engineering Centre field.
Year
2002-2003
2003-2004
2004-2005
2005-2006

Crop
Spring wheat
Soybean
Barley
Spring wheat

Manure Application
Rate (T ha-1)1
40
25
65
85

1

Top Dress Chemical
Fertilizer Dose (kg ha-1)2
100 (17-17-17)
NA3
NA
NA

Liquid dairy manure was applied in the spring prior to planting.
Chemical composition of fertilizer is provided in parentheses (%N-%P-%K).
3
NA: Not applied.
2
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Table 2. Manure and chemical fertilizer applications rates at Streets Ridge for conventional
and zero tillage plots.1

Year
2002-2003
2003-2004
2004-2005
2005-2006

Fall Manure
Application Rate
(T ha-1)2
44
39
50
50

Basal Chemical
Fertilizer Dose
(kg ha-1)3
200 (18-46-0)
200 (12-24-24)
200 (18-46-0)
200 (18-46-0)

Top Dress Chemical
Fertilizer Dose
(kg ha-1)3
150 (34-0-0)
250 (18-46-0)
250 (19-19-19)
200 (40-10-0)

1

Corn was the crop each year.
Solid beef manure was applied.
3
Chemical composition of fertilizer is provided in parentheses (%N-%P-%K).
2

At the BEEC site, seeding each year was performed approximately four days
following manure application. Manure applied to CT plots was incorporated by
moldboard plowing, followed by disc harrowing. Manure applied to ZT plots was
left unincorporated on the surface. The field was under a three year cropping
rotation (barley-spring wheat-soybeans). All crops were seeded using a Tye seeder.
Cropping details for the BEEC site are provided in Table 1.
At Streets Ridge, manure was applied to all plots in the fall. Manure applied to CT
plots was incorporated by moldboard plowing (~20 cm deep), while manure
applied to ZT plots was left unincorporated on the surface. Prior to seeding CT
plots were disc harrowed to 10 cm.
A no-till corn planter equipped with disc coulters was used to seed silage corn on
all plots at the Streets Ridge site. Silage corn was grown continuously at this site
starting in the spring of 2003.
Water Sample Collection and Analysis
Water samples were collected from drainage water discharging into the tipping
buckets using 250 mL high density polyethylene bottles. From August 2002 to July
2003 samples were collected manually. Since August 2003, samples were collected
using ISCO model 6700 auto-samplers (Isco, Lincoln, NE). Sampling frequency
was based on the duration and intensity of individual flow events. Water samples
were stored at 4oC until analysis. Nitrate-N was quantified by ion chromatography
according to Standard Methods for the Examination of Water and Wastewater
Method 4110 (Clesceri et al., 1998).

Results and Discussion
Hydrology
Bio-Environmental Engineering Center

Hydrological data for the BEEC site are provided in Table 3. The average ratio of
annual subsurface drainage flow to annual precipitation was 0.16 and 0.33 for CT
and ZT system, respectively. Higher subsurface flows from ZT plots may be due to
the presence of soil macropores, which are known to be more abundant in ZT
systems. Despite receiving similar precipitation during the growing season (GS)
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and non-growing season (NGS), on average (all years), 76 and 68% of flow
occurred during the NGS for CT and ZT systems, respectively (data not shown).
Increased NGS flows are likely due to decreased evapotranspiration caused by the
lack of crop cover, cooler air temperatures and decreased solar radiation.
Table 3. Annual precipitation and subsurface drainage flow volumes under conventional
(CT) and zero tillage (ZT) at the Bio-Environmental Engineering Centre.1

2002-2003
2003-2004
2004-2005
2005-2006
Average

Precipitation
(mm)

CT Flow (mm)2

ZT Flow (mm)2

1133

172 (22)
172 (20)
169 (21)

424 (88)
313 (82)
359 (111)

251 (27)

473 (138)

191

392

888
1318
1392
1183

1

Table values are means with the standard error in parentheses.
Rainfall equivalent.

2

Streets Ridge

At Streets Ridge both surface and subsurface drainage were measured. Annual
precipitation, and combined surface and subsurface drainage flow volumes are
presented in Figure 3. Table 4 provides surface and subsurface flows from CT and
ZT plots. The average ratios of annual combined drainage to precipitation were
0.37 and 0.40 for CT and ZT plots respectively. As observed at BEEC, despite
receiving similar precipitation during the GS and NGS, on average (all years), 75%
of combined drainage flow occurred during the NGS for both tillage systems (data
not shown). The high proportion of flow occurring during the NGS suggests that
systems, regardless of tillage, must be managed carefully during the NGS. Higher
NGS flows increases the risk of losing nutrient inputs (e.g. fall manure application)
to either surface or subsurface flow. By managing tillage however, this risk may be
mitigated.
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Fig. 3.

Annual precipitation (mm) and combined drainage flows (mm) for conventional
tillage (CT) and zero-tillage (ZT) systems at Streets Ridge.

Table 5. Annual surface and subsurface drainage flow volumes from conventional (CT) and
zero tillage (ZT) systems at Streets Ridge.1

Period
20022003
20032004
20042005
20052006
Average
1
2

CT Flow
Surface
Subsurface
2
(mm)
(mm)2

ZT Flow
Surface
Subsurface
2
(mm)
(mm)2

1323

282 (78)

445 (81)

216 (9)

534 (47)

1022

208 (33)

242 (91)

213 (12)

250 (23)

1097

231 (28)

277 (100)

182 (20)

365 (25)

1381

196 (17)

215 (66)

147 (35)

319 (28)

1206

229

295

190

367

Precipitation
(mm)

Table values are means with the standard error in parentheses.
Rainfall equivalent

Nitrate-N Losses
Bio-Environmental Engineering Centre

Nitrate-N subsurface drainage flow weighted average (FWA) concentrations, and
annual loads at BEEC are provided in Table 5. Although FWA concentrations
tended to be lower from ZT plots, loads from ZT systems were consistently higher.
Higher flows from ZT plots (Table 3) may have caused dilution, resulting in lower
concentrations. This demonstrates the importance of considering loading data when
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evaluating how tillage impacts NO3--N losses. Higher loadings from ZT plots may
be the result of increased macropore flow promoting NO3--N transport to the tiles.
Table 5. Annual NO3--N flow weighted average concentrations and loads in subsurface
drainage water from conventional (CT) and zero tillage (ZT) systems at the BioEnvironmental Engineering Centre.

CT

ZT

Concentration
(mg L-1)

Load
(kg ha-1 y-1)

Concentration
(mg L-1)

Load
(kg ha-1 y-1)

2002-2003

6.95

12.77

5.03

19.05

2003-2004

7.01

9.98

5.13

12.94

2004-2005

10.54

18.19

6.91

22.38

2005-2006

11.06

27.88

8.04

36.13

Average

8.89

17.21

6.28

22.63

Streets Ridge

Nitrate-N flow weighted average concentrations, and annual loads in combined
drainage at Streets Ridge are provided in Table 6. Table 7 provides NO3--N flow
weighted average concentrations and annual loads found in surface and subsurface
drainage at Streets Ridge. The majority of NO3--N losses were through leaching to
subsurface flow (Table 7), which was expected. Nitrate-N concentrations were
however; generally less than the drinking water guideline of 10 mg L-1. Average
concentrations in combined drainage were often near or greater than the guideline
for the protection of aquatic life (3 mg L-1), demonstrating a potential threat to
aquatic life.
Table 6. Annual NO3--N flow weighted average concentrations and loads in combined
drainage water from conventional (CT) and zero tillage (ZT) systems at Streets
Ridge.

CT

ZT

Concentration
(mg L-1)

Load
(kg ha-1 y-1)

Concentration
(mg L-1)

Load
(kg ha-1 y-1)

2002-2003

2.41

17.46

1.87

17.84

2003-2004

3.47

14.46

1.92

9.25

2004-2005

3.50

18.08

3.58

21.66

2005-2006

7.54

37.88

7.75

51.94

Average

4.23

21.97

3.78

25.17
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Table 7. Annual NO3--N flow weighted average concentrations and loads in surface and
subsurface drainage water from conventional (CT) and zero tillage (ZT) systems at
Streets Ridge.

CT

ZT

Surface
1

Subsurface
Conc.

Load

Conc.

Load

Conc.1

Load2

2002-2003

1.79

3.65

3.03

13.82

0.57

1.24

3.16

16.6

2003-2004

2.61

5.13

4.34

9.33

1.02

2.15

2.83

7.10

2004-2005

3.10

7.17

3.91

10.91

2.50

4.61

4.65

17.05

2005-2006

7.14

16.98

7.93

20.90

4.92

9.52

10.58

42.42

Avg.

3.66

8.23

4.80

13.74

2.25

4.38

5.31

20.79

2

2

1

Subsurface

Load

-

1

Surface

Conc.

1

2

2

-1

NO3 -N Concentrations reported as mg L
NO3--N Load reported as kg ha-1y-1

Conclusions
Two tile drainage research sites have been established in Nova Scotia. The sites
were designed to allow comprehensive evaluations of field management practices
to be conducted. Both sites have been dedicated to evaluating tillage effects on
drainage water quality since 2002, when half of the plots at each site were placed
under ZT. A long-term evaluation of ZT is currently underway. Thus far, annual
NO3--N loads in subsurface drainage water were generally higher from ZT systems
at BEEC and Streets Ridge. It is however, necessary to continue monitoring as ZT
systems take several years to mature (i.e. form macropores) after establishment.
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--------------------------------------------------------------------------------------------------List of Abbreviations
CT ........... conventional tillage
GS ........... Growing Season
FWA........ flow weighted average
NO3--N .... nitrate-nitrogen
P .............. phosphorus
% ............. percent
mm .......... millimeters
m ............. meters
T .............. tonnes
Mg........... milligrams
Y.............. year

ZT ........ zero tillage
NGS..... non-growing season
MAC.... maximum acceptable concentration
N .......... nitrogen
K .......... potassium
o
C......... degrees Celsius
cm ........ centimeters
ha ......... hectares
Kg ........ kilograms
L .......... Litre

-30-

IDW2008 - Session 1

Trace metal behavior in drained
floodplains
Christoph Merz1, Andreas Winkler2, Asaf Pekdeger3, Joachim Quast4
1/4
Hydrogeologist, Hydrologist, Centre of Agricultural Landscape Research ZALF,
Eberswalder Str. 84, 15374 Müncheberg, Germany, cmerz@zalf.de,
jquast@zalf.de
2/3
Hydrogeologist, Hydrochemist, Department of Geochemistry, Hydrogeology and
Mineralogy, Free University of Berlin, Malteserstr. 74-100, 12249 Berlin,
Germany, rnlab@zedat.fu-berlin.de, pekdeger@zedat.fu-berlin.de

Introduction
Floodplains operate as regions with a high substance accumulation potential in the
landscape. In order to preserve or restore sink function, comprehensive water
management strategies are necessary. Therefore, it is important to analyze and
quantify the mass transport processes that occur in these significant landscape
compartments. Technical land- and water management measures that influence the
water regime are well known. Their efficiency and functioning in different
hydraulic and geochemical processes and their influence on the substance dynamics
at the interface between the groundwater and the surface water however remain
topical.
The aim of this project is to characterize trace metal migration under specific
hydraulic and hydrochemical environmental conditions exemplary in a typical
floodplain region of the NE Europe, the Oderbruch. The results should be the basis
for innovative water management methods to assess the negative impacts of human
activities on the ground / surface water systems.
The Oderbruch with an area of almost 800 km2, is the largest self-contained river
polder of Germany. The majority of the area is used intensively for agriculture and
influenced by massive hydraulic and water management measures. Levee
construction, poldering measures, and drainage with ditches and pumping stations
had enabled intensive agricultural land use in the last 250 years. These measures
had changed the water and substance balance intensively. Other important
examples of such regional developments in northeastern Europe are the Wartebruch
(Poland), the Memel floodplains (Lithuania), and the Wistula delta in Poland with a
total area of 1.5 Mio km2.
The drainage system of the Oderbruch region consists of three distinct hydraulic
channel types. The first two types show permanent exfiltrating conditions in
combination with different hydraulic gradients. They vary between low level
hydraulic gradients interrupted with nearly stagnation phases and high gradients
with a permanent exfiltration process. The third type shows exfiltrating but
seasonally dry conditions. The geochemical investigations and sediment extractions
were performed to identify trace metal specific migration behavior at the
groundwater/surface water interface and to quantify the accumulation rates of trace
elements under the characteristic hydraulically controlled geochemical conditions.
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Regional map of the Oderbruch and the Oder catchment.

2. Material and methods
Detailed investigations of the processes at the contact zone of the anoxic aquifer
and oxic surface water were performed at three different channel locations called
Bahnbrücke, Zollbrücke and Nieschen (Fig. 1). The geochemical and hydraulic
measurements were taken along transects with groundwater monitoring wells. The
screens of the wells were installed between 1 m and 6 m below surface. The lengths
of each transect covers 20 to 30 m.
Groundwater, surface water, and sediment samples were collected between May
1998 and May 2001. Nevertheless, the hydraulic system of the Oderbruch was
reported to be very stable (Kofod et al., 1997). The periodic changes in water levels
and the resulting hydraulic-geochemical processes are those actually recorded and
no changes in the water management practice had been implemented. Therefore,
balance calculations for selected trace elements were made with the consideration
of long lasting process cycles for the period of at least 40 years.
Sediment samples were taken from different depths of each transect under the
channel floor. Chemical analysis of the sediment samples was achieved through a
sequential leaching procedure that identifies the bonding fraction of the trace
metals Fe, Mn, Cd, Zn, Cu, and As: CH3COONH4 at pH 5 (adsorbed ions and
carbonates) (Wallmann et al., 1993), Na-dithionite (hydroxides) (Mehra et al,
1960), 1 M HNO3 (total content, without silicates), and 30% H2O2 (organic bound
sulfur) (Tessier et al., 1979). The extracted trace metals were determined by ICPAES (Jobin Yvon). The detection limits for the metals on a mg kg-1 of sediment
basis were: 0.02 for Cd, Zn; 0.04 for Cu; 0.2 for Fe, As and 0.5 for Mn.
Additionally, a specific extraction steps exclusively for the Fe-fraction was used.
The oxalate method shows in the absence of light a distinct affinity for amorphic
and cryptocristalline mineralogical bonds e.g. ferrihydrite and similar iron phases
(Cornell et al., 1996). The Na-dithionite method on the other hand, includes all oxic
and hydroxid compounds except magnetite. The quantitative relation between both
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fractions produces a specific ratio. In the case of extraction results, where the
oxalate method and the Na-dithionite method show a ratio of ~1 for the same
sample, young, fresh and allochtonous iron precipitations are strongly indicated.

3. Results
Nieschen
The transect Nieschen is located at a distance of 1 km to the Oder River and 50 m
behind the dyke in the southern part of the Oderbruch region (Fig. 1). The
groundwater shows a low hydraulic gradient with flow velocities between 0.2 and
0.4 m d-1. The sandy aquifer is covered by a thin soil horizon (thickness 0.3 m)
combined with alluvial loam (thickness 0.8 m). In the surface water of the channel
and in the bottom sediments, oxidation processes dominate during the exfiltration
phase. Discharging metal ions oxidize and precipitate as or together with
amorphous Fe(OH)3 in the channel bottom sediments. During low water levels the
channel runs dry with increasing oxidation processes in the bottom sediments and
even in the upper part of the aquifer sediments. This zone of changing redox
conditions is called transition zone.
To identify and quantify the precipitated trace metal mineral phases samples were
taken at depths of 0.1 m, 0.2 m, 0.5 m, 1 m, 3.9 m and 5 m from the channel floor
down to the aquifer. The mineral bonding fractions and the accumulation dynamic
of each trace element showed a significant pattern in dependence of the
environmental redox conditions in the profile. The total iron concentration in the
sediment varies between 1-2 g kg-1 in the anaerobe aquifer (background) and nearly
45 g kg-1 in a significant oxidation zone directly under the ditch floor (Fig. 2).
This aerobe accumulation horizon reaches a thickness of 0.7 – 0.8 m and is divided
into two zones. In the first 30 cm of the core, the increasing iron content in the
oxidation zone belongs mainly to the oxalate fraction (amorphic hydroxides). More
than 70 % of the iron is fixed in this mineral phase indicating the high amount of
fresh ferric hydroxides in the oxidation zone. Under these environmental conditions
mainly present as ferrihydrite (Cornell et al., 1996). The second accumulation zone
is located between the depth of 50 and 70 cm where the total iron content increase
up to 6.5 g kg-1. In this transition zone, the ratio between the oxalate and dithionite
fraction still shows values between 0.7 and 0.8, indicating a relative high amount of
ferrihydrite. The proportion of the hydroxides fraction decreases relative to the
sulfide and HNO3 fraction. In the aquifer samples taken below the depth of 1 m
more than 50 % of the iron belongs to the HNO3 and the sulfide fraction (Fig. 2).
The distribution of the manganese content in the sediment profile shows a similar
pattern. A continuous accumulation of manganese was detected in the upper 30 cm
of the core (Fig. 2). Nearly 80 % of the manganese belongs to the dithionite
fraction and 20 % was found in the carbonate fraction. In the first centimeters of
the channel sediments, the enrichment decreases from 450 mg kg-1 to 250 mg kg-1
and the distribution of the manganese changed significantly. About 50% of the
manganese in this horizon does belong to the carbonate fraction.
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Sequential extraction of Nieschen sediments, Fe (left) and Mn (right).

The metal accumulation rate in the oxidation zone was determined by local balance
calculations. In the mid sixties, all the main channels were reconstructed under a
regional melioration campaign of the former GDR. Therefore, it is possible to
calculate the accumulation rate since this period under the assumption that no
intensive changes in the boundary conditions occurred since that time. Due to the
highly stable hydraulic and geochemical situation in the polder area the budged
calculation is a reasonable method for quantifying long term trace metal
accumulation. In these calculations, the annual channel exfiltration rate, metal
content in the sediments, as well as metal concentrations in the groundwater were
considered.
The accumulation rate calculated for iron averaged at 330 g (m2 a)-1. This value
corresponds to a total accumulation of 13.2 kg m-2 Fe in the sediment profile over a
period of 40 years. Compared to the average concentration of 30 µmol l-1 in the
shallow groundwater of Nieschen, nearly 100 % of the Fe is fixed in the
accumulation horizon (Table 1). Only small amounts of iron exfiltrate mainly as
small sized Fe3+ colloids into the surface water, producing the characteristic red
sediments found in this type of channels.
The accumulation rate calculated for Mn averaged at 4.8 g (m2 a)-1, which
corresponds to a total content of 193 g m-2 in the accumulation zone. These values
are nearly a hundred times lower than iron. Due to the measured Fe/Mn ratio of
~5:1 in the groundwater, this ratio indicates a strong depletion of manganese
relative to iron.
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Table 1. Balance calculations of trace metal accumulation in Nieschen. The accumulation is
calculated for a period of 40 years considering an average exfiltration rate of 202
m3 (m2 a)-1.
Element

As
Zn
Cu
Cd
Fe
Mn

concentration in the
groundwater
[µg l-1]
2.2
7.4
2
0.2
1600
300

Accumulation rate
[g (m2 a)-1]
0.24
0.1
0.33
0.0027
332.2
4.83

Percentage of
maximum
accumulation [%]
56.1
6.5
81.8
6.8
102.8
8.0

Further results show an increase in mobility with the following order:
Zn ≥ Cd > > As > Cu
This order corresponds well to the strength of metal adsorption on ferrihydrite (Cu
> Cd > Zn) found by (Dzombak et al., 1990). The reduced adsorption of Cd can be
explained by the competition for limited energy sites on the oxides. Zn, which
shows concentrations of 40 times higher than Cd, can reduce Cd adsorption on
ferrihydrite mineral surface (Benjamin et al., 1981). More than 90 % of the Cd is
transported into the surface water. The remaining 5-10 % are immobilized in an
oxidation zone directly under the ditch floor associated with the dithionite fraction.
The total content in the accumulation zone reaches 0.1 g m-2 and the mass
accumulation rate does not exceed 3 mg (m2 a)-1.
Zinc shows the third highest abundance (after Cu and As) with maximum
concentrations of 23 mg kg-1 in the sediment. The concentration corresponds to a
mass accumulation rate of 100 mg (m2 a)-1 which is one order of magnitude higher
than Cd. But in view of the relatively high groundwater concentrations, its retention
is low. Not more than 6.5 % of the Zn is immobilized in the ditch floor sediments
(Table 1). The sequential extraction showed that the accumulated Zn is located in
the first 20 cm of the profile. The majority is present in the Fe-Mn oxide fraction.
Arsenic is the second highest metal in abundance, reaching concentrations of nearly
10 mg kg-1 in the sediment profile mainly present in the Fe-Mn oxide fraction. This
concentration is lower than the maximum concentration of Zn (23 mg kg-1). But the
distribution in the profile is different. While Zn is confined to the thin oxidation
horizon at the top of the sediment profile, the accumulation of As shows a
maximum in the transition zone located at the depth of 40-60 cm. Towards the
channel floor, the concentration decreases to 5.5 mg kg-1, which is still significantly
higher than the background. Hence, in summarizing the concentration in the whole
profile, the As content reaches ~ 10 g m-2 as opposed to 3.9 g m-2 for Zn and 13 g
m-2 for Cu. The mass accumulation rate of As reaches 0.24 g (m2 a)-1. The average
concentrations in the groundwater of the transect amounts to 0.03 µmol l-1. With
respect to the exfiltration rate of the ditch (202 m3 m-2), the potential maximum
accumulation reaches 17.6 g m-2 over a period of 40 years. Therefore, 50-60 % of
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the As, which is transported from the aquifer towards the surface water is
immobilized in the sediments below the channel floor.
Besides Fe and Mn, copper has the highest abundance in the sediment profile. In
opposite to As, no accumulation was detectable in the transition zone but high
accumulation was found in the upper 20 cm of the oxidation zone. The Cu
concentration in this zone reaches 54 mg kg-1. More than 80 % was detected in the
Fe-hydroxide fraction. This result fits well to the general concept of Cu usually
associating with inorganic particle surfaces like Fe, Mn coatings (Taylor, 1965).
Regarding the distribution of the sequential extraction, it is obvious that the coprecipitation with iron is mainly responsible for the accumulation. The mass
accumulation rate of 0.33 g (m2 a)-1 is higher compared to As, whereas the average
concentration in the groundwater with 0.03 µmol l-1 is similar.
Zollbrücke
Investigations under permanent exfiltrating conditions were carried out in the
northern part of the Oderbruch region. Two different locations were chosen in
terms of high and low hydraulic gradients (Fig. 1). Both transects, called
Bahnbrücke and Zollbrücke are located at a distance of 80 to 100 m from the Oder
River, directly behind the dike. The aquifer in this region is covered by an alluvial
loam. The thickness averages 1-2 meters. The groundwater in this region shows
stable anaerobic redox conditions controlled by the Fe2+/Fe3+ equilibrium. Sulfate
reduction plays only a local role and could be verified by δ34S mesaurements in the
aquifer (Merz et al., 2005).
At Zollbrücke the hydraulics show continuous confined conditions. The
groundwater velocity varies between 0.35 and 1.80 m d-1, depending on the water
level in the river. The drainage channel is sliced into the alluvial loam reaching the
underlying sandy layer. The modeled exfiltration rates vary between 1.1 m3 (m2 d)-1
and stagnation. The total exfiltration amount calculated for the active exfiltrating
phase for one year reached 116.5 m3 m-2.
The trace metal contents in the ditch bottom show a significant accumulation of
different trace elements in the first 30 cm of the sediment profile. The results show
increasing mobility in the following order:
Cd > Zn > Cu> As > Mn > Fe
The sequential leaching results of Fe in the first 10 cm show an accumulation of
28 g kg-1 with an oxalate-dithionite ratio of ~1, indicating the allochtonous origin
and an active iron precipitation process (Fig. 3). In combination with low sulfide
contents, this situation is a strong indicator for oxidizing processes in this layer.
Less than 0.5 g kg-1 belongs to the carbonate mineral fraction.
Sediment samples from the depth of 20 cm that contain a total iron concentration of
15.7 g kg-1, containing 0.7 g kg-1 of carbonate minerals and 9.4 g kg-1 in the oxalate
fraction. The pyrite concentration is relative high (~1 g kg-1). At the depth of 30 cm
the oxalate fraction is decreasing whereas the carbonate and pyrite fraction keep
constant. This can be interpreted as a temporary sulfate reduction in this zone of the
aquifer. In the deeper aquifer zone, the iron oxides and hydroxides reach only 2030 % of the total content. The amount of sulfides vary between 20 and 30 %.
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Sequential extraction of Zollbrücke sediments, Fe (left) and Mn (right).

The accumulation rate of iron in Zollbrücke reaches 171 g (m2 a)-1. This value
corresponds to a total accumulation of 6.8 kg m-2 Fe in the sediment profile over a
period of 40 years. Compared to the average concentration of 170 µmol l-1 in the
shallow groundwater under the ditch, only 15 % of the Fe is fixed in the
accumulation layer (Table 2). This data show that under the specific hydrological
and geochemical conditions, the accumulation of Fe in the channel bottom
sediments is still active. But there is a remarkable reduction in the retention
potential from 100% in Nieschen to 15% in Zollbrücke.
Table 2. Balance calulations of trace metal accumulation in Zollbrücke. The accumulation is
calculated for a period of 40 years considering an average exfiltration rate of 116
m3 (m2 a)-1.
Element

As
Zn
Cu
Fe
Mn

Accumulation rate
[g (m2 a)-1]

concentration in the
groundwater
[µg l-1]
5.5
17.8
2
9500
2700

0.11
0.11
0.02
170.9
38.0

Percentage of
maximum
accumulation [%]
16.5
5.2
10.0
15.5
12.1

The migration behavior of manganese at this site shows a variety of differences
compared to the Nieschen trench type. Concentrations of 5 g kg-1 could be
measured in the oxidation layer of 10 cm thickness (Fig. 3). The remarkably high
manganese enrichment in Zollbrücke could be explained by the higher groundwater
Mn concentration there compared to Nieschen. The Mn concentrations in the
aquifer in the southern parts of the Oderbruch vary between 3.6 and 7.3 µmol l-1,
while the Mn concentrations in the northern part of the Oderbruch region reach 45 64 µmol l-1. The difference of a factor of 8 to 12 between these concentrations
corresponds to the difference between the accumulation rate measured in Nieschen
(4.8 g (m2 a)-1) and Zollbrücke (38 g (m2 a)-1) (Table 2). The accumulation in
Zollbrücke is significantly higher but due to the higher concentrations in the
groundwater, the retention potential is nearly the same (8% and 12%).
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Beside Fe and Mn, zinc is the most abundant trace metal at Zollbrücke. The total
concentration averaged at 23 mg kg-1, which could be detected only in the upper 10
to 20 cm of the sediment profile. The behavior of zinc shows no difference here
compared to Nieschen. The accumulation rate of ~ 0.1 g (m2 a)-1, as well as the
absolute concentration, are comparable (Table 2). There is a difference in the
distribution of the mineral fractions. The carbonate fraction for Zollbrücke plays a
more significant role in the immobilization of Zn, accounting for 30% of the total
concentration. But still the majority is present in the dithionite fraction.
Arsenic has the second highest metal abundance. More than 15 mg kg-1 is
accumulated in a small horizon restricted to the first 20 cm of the sediment core.
The main part of As is associated with the Fe-, Mn-hydroxide surfaces (> 90%).
With respect to the exfiltration rate of the ditch (116 m3 (m2 a)-1), an annual rate of
0.1 g m-2 was calculated over a period of 40 years. This rate is significantly lower
than in Nieschen, which correlates with the lower rate of iron fixation. Only 16.5 %
of the As is fixed in the bottom sediments.
The accumulation rate of copper is low. Only 6.3 mg kg-1 could be measured in a
small accumulation horizon. Cu is mainly associated with the dithionite fraction.
Therefore, the co-precipitation with Fe hydroxides is controlling factor for the
fixation of copper in the oxidation zone at the interface between groundwater and
surface water. The exchangeable/carbonate fraction reach ~ 15 %. The total
accumulation rate averaged at 0.02 g (m2 a)-1, which corresponds to a maximum of
10 % Cu fixation (Table 2). No significant enrichment of Cadmium could be
detected. Its presence in all the extraction fractions of the sediment profile below
the trench floor, as well as the aquifer sediments was either negligible or not
detectable.
Bahnbrücke
Investigations under permanent exfiltrating conditions and high hydraulic gradients
were performed in the northern part of the Oderbruch region. The transect, called
Bahnbrücke, is located at a distance of 150 m from the Oder River and 50 m behind
the dyke. The groundwater shows stable anaerobic redox conditions. The confined
aquifer is characterized by a high hydraulic gradient with flow velocities between
0.5 and 2.5 m d-1. During high water levels in the Oder River, the velocity can
reach 10 m d-1. More than 80% of the bank filtrate discharges into this drainage
channel. The flow field in this region is described in detail by Massmann et al.
(2004). The exfiltration amount calculated for the active exfiltrating phase reached
1.5 m3 (d m2)1
.
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At Bahnbrücke, the enrichment of trace metals is very low in comparison to
Nieschen and Zollbrücke. Only Fe and Mn accumulation can be reported. No
significant enrichment of Cd, Zn, As, and Cu could be detected. Their presence in
all the extraction fractions of the sediment profile below the trench floor, as well as
the aquifer sediments is either background or not detectable. The iron content
increases from background values (1.5 - 2 g kg-1) to a maximum of 3.2 g kg-1
sediment. Figure 4 shows the distribution of iron minerals in the bottom sediments.
The enrichment is restricted to a thin horizon directly under the channel floor. The
thickness of this horizon does not exceed 10 cm. The transition zone between the
accumulation horizon and the reduction zone shows a sharp boundary, indicating
the change of the environmental conditions within a few centimeters. The
hydroxides (oxalate fraction) only dominate in the first 5 cm of the profile (>60%).
The relatively high contents of pyrite and AVS of between 200 and 550 mg kg-1 in
the accumulation horizon are remarkable. This is a result of the different hydraulic
conditions. During the sampling period, low hydraulic gradients were predominant.
Fe(III), Mn(IV) reduction is the main process controlling the geochemistry in the
deeper parts of the profile. The oxidation zone is positioned between 10 to 15 cm
under the ditch floor, as described above. During higher hydraulic gradients, the
oxidation horizon is moved from the bottom sediments into the water column of the
channel restoring even sulfate reducing redox conditions in the whole profile. The
fresh amorphic iron solids with a high surface area can react very easily with HS- to
sulfide mineral compounds (Roden et al., 1996). This process is indicated by the
pyrite accumulation which was measured as a relict of this situation.
Table 3. Balance calculations of trace metal accumulation in Bahnbrücke. The
accumulation is calculated for a period of 40 years considering an average
exfiltration rate of 550 m3 (m2 a)-1.
Element

Fe
Mn

concentration in the
groundwater
[µg l-1]
1500
3000

Accumulation rate
[g (m2 a)-1]
18.2
4.4

Percentage of
maximum
accumulation [%]
2.2
0.3

Balance calculations show an iron accumulation rate of 18.2 g (m2 a)-1, which is the
lowest rate compared to the other transects (Table 3). Not more than 0.73 kg of
Fe m-2 could accumulate in the sediment profile in a 40 year period. The
enrichment of Manganese increases up to 500 mg kg-1 which is one order of
magnitude lower than the accumulation was proven and discussed in Zollbrücke. It
is obvious, that the low accumulation rate of manganese is the result of the
intensive leaching process during the exfiltration. In terms of the exfiltration rate of
1.4 m3 d-1, less than 1 % of manganese is fixed in the sediments (Table 3).

4. Conclusions
The realization of sustainable ecological concepts for polder areas and flood plains
require specific water management strategies in the future. In terms of the high
potential for matter flux in agricultural used polder systems, it is important to
consider the redox controlled interaction processes of surface waters and
groundwater. No mitigation strategies are reasonable without detailed knowledge
about water and substance flux and gradients which influence the anthropogenic
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and geogenic contaminant pools. In the younger Pleistocene flatlands, most of the
water pollution results from diffuse agricultural pollution in combination with
inappropriate water management operations (Bohlke et al., 2002; Twarakavi et al.,
2005). These operations can derange the sink function of the whole system causing
excessive mobilization of inorganic contaminants (Merz et al., 2002). Furthermore,
there is still the danger of trace metal contamination through industrial pollution of
the river systems, which are in close contact with the hydrological system of
floodplains and polder areas (Audry et al., 2006).
Field investigations using hydrochemical and hydraulic characterization of selected
ditch locations show considerable chemical interactions between groundwater and
the drainage system. Depending on the ditch type, which is defined by the
hydraulic situation, the geochemical gradient creates a high variability in the Fe,
Mn, Cd, Zn, Cu, and As accumulation processes at the interface between ground
and surface water. The accumulation rates in the sediments under the ditch floor
depend on hydraulic controlled redox sequences, forming specific trace metal
distributions with characteristic patterns of their bonding forms. Changing
hydraulic conditions result in changing environmental conditions, i.e. a change
from aerobic to anaerobic conditions. This process can effect a distinct
remobilization of the redox sensitive trace elements and therefore is a potential risk
for the contamination of surface water and groundwater (Kelly et al., 2005;
Zelewski et al., 2001). Considering these potential sources of substance flux, the
function of active redoxtransition zones as natural barriers at the interface between
surface and groundwater is the main factor controlling the mobility of inorganic
contaminants.
Therefore, water management strategies should preserve this effective barrier by
controlling the hydraulic gradients very carefully. On the other hand, the retention
for Cd, Zn, and even Mn is not definitive. The efficiency of the immobilization
strongly depends on the intensity of oxygen diffusion into the sediment. This
process is mainly controlled and limited by the hydraulic gradient. Fortunately Zn,
Cd, As and Cu play no quantitative role in the Oderbruch region and the
concentrations are too low for a risk of serious contamination. In other regions, the
relative low retention and accumulation of these trace metals might be critical and
should be considered with care.
This risk increases when the hydraulic system changes to constant high hydraulic
gradients. With regards to the ditch type Bahnbrücke, high substance flux into the
drainage system could be observed. The retardation of redoxsensitive trace metals
is low because the diffusion of oxygen is restricted. The high hydraulic gradient
displaces the chemical transition zone into the first few centimetres of the bottom
sediments or even into the water column of the drainage ditches, a process which is
very critical. Regional balance calculations carried out by Merz et al. (2005)
showed that 90 % of the iron and manganese which migrates into the surface water
is associated with the type ditch Bahnbrücke. Although only 35 % of the drainage
system belongs to the Bahnbrücke ditch type, more than 95 % of the total trace
metal amounts exfiltrate into these hydraulic conditions. Therefore, in order to
improve the sink function of the polder area, water management practices should
adjust the transition zone between anoxic and oxic environment in the sediment
column below the ditch floor.
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Regarding all aspects mentioned above, it is reasonable to initiate additional charge
of fresh, oxidized surface water from the accompanying river systems into the
channels by drainage sluices. The management measures should be done on the
basis of regional water balance calculations and in close collaboration with the
stakeholders to avoid competition between different land use demands. In terms of
the processes, long lasting mean to high water levels in the Oder River are most
critical for the substance flux. During these periods, enough surface water is
available and can be used to stabilize the redox barrier as an oxidizing horizon deep
in the sediments.

References
Audry S., Blanc G., and Schafer J. 2006. Solid state partitioning of trace metals in
suspended particulate matter from a river system affected by smelting-waste
drainage. Science of the Total Environment 363(1-3): 216-236.
Benjamin M. M. and Leckie J. O. 1981. Competitive Adsorption of Cd, Cu, Zn, and
Pb on Amorphous Iron Oxyhydroxide. Journal of Colloid and Interface
Science 83(2): 410-419.
Bohlke J. K., Wanty R., Tuttle M., Delin G., and M. Landon. 2002. Denitrification in
the recharge area and discharge area of a transient agricultural nitrate plume
in a glacial outwash sand aquifer, Minnesota. Water Resources Research
38(7).
Cornell R. M. and Schwertmann U. 1996. The Iron Oxides: Structure,
Properties,Reactions Occurrence and Uses. Weinheim: VCH
Verlagsgesellschaft mbH.
Dzombak D. A. and Morel F. M. M. 1990. Surface Complexation Modeling.
Hydrous Ferric Oxide. New York.
Kelly W. R., Holm T. R., Wilson S. D. and Roadcap G. S. 2005. Arsenic in glacial
aquifers: Sources and geochemical controls. Ground Water 43(4): 500-510.
Kofod M., Schüring J., Merz C., Winkler A., Liedholz T., Sieckmann I. and
Isenbeck-Schröter M. 1997. Der geochemische Einfluß von Sickerwasser
aus den landwirtschaftlich genutzten Flächen auf das Grundwasser im
Oderbruch. Zeitschrift Dt.Geol.Ges. 148: 389-403.
Massmann G., Pekdeger A. and Merz C. 2004. Redox processes in the Oderbruch
polder groundwater flow system in Germany. Applied Geochemistry 19(6):
863-886.
Mehra, O. P. and M. L. Jackson. 1960. Iron oxide removal from soils and clays by
dithionite-citrate system buffered with sodium bicarbonate. Clays Clay Min
7:317-327.
Merz, C, P. Schuhmacher, and J. Quast. 2002. Geochemical processes in
poldered floodplains - Consequences for an integrated land and water
management. Proceedings of the 8th International ICID Congress, Montreal,
Canada.[CD-ROM] ISBN 81-85086-79-8.
Merz, C., P. Schuhmacher, A. Winkler, and A. Pekdeger. 2005. Identification and
regional quantification of hydrochemical processes at the contact zone
between anoxic ground water and surface water in poldered floodplains
(Oderbruch polder, Germany). Applied Geochemistry 20, no. 2:241-254.
Roden, E. E. and J. M. Zachara. 1996. Microbial reduction of crystalline iron(III)
oxides: Influence of oxide surface area and potential for cell growth.
Environmental Science & Technology 30, no. 5:1618-1628.

-41-

IDW2008 - Session 1

Taylor, S. R. 1965. The application of trace element data to problemsin petroloy. In
Physics and Chemistry of the Earth, ed. Aherns, L. H. et al., 133-213. (New
York, NY: Pergamon Press).
Tessier, A., P. G. C. Campbell, and M. Bisson. 1979. Sequential Extraction
Procedure for the Speciation of Particulate Trace-Metals. Analytical
Chemistry 51, no. 7:844-851.
Twarakavi, N. K. C. and J. J. Kaluarachchi. 2005. Aquifer vulnerability assessment
to heavy metals using ordinal logistic regression. Ground Water 43, no.
2:200-214.
Wallmann, K., M. Kersten, J. Gruber, and U. Forstner. 1993. Artifacts in the
Determination of Trace-Metal Binding Forms in Anoxic Sediments by
Sequential Extraction. International Journal of Environmental Analytical
Chemistry 51, no. 1-4:187-200.
Zelewski, L. M., D. P. Krabbenhoft, and D. E. Armstrong. 2001. Trace metal
concentrations in shallow ground water. Ground Water 39, no. 4:485-491

-42-

IDW2008 - Session 1

Problems of Long-Term Use of Drained
Lands: the Case Study of Heavy Soils of
the Central Part of Russia
G.G. Gulyuk
Director, Department of Land Reclamation, Ministry of Agriculture of Russian
Federation, Doctor of Agricultural Sciences
First of all, allow me as the Chairman of the Russian National Committee for
Irrigation and Drainage to greet you on behalf of the Ministry of Agriculture of the
Russian Federation at the International Seminar dedicated to the problem of land
drainage.
Maintaining, rehabilitation, and rational use of fertile agricultural lands are still
urgent problems at present. High-quality improvement of agricultural land areas
and natural agrolandscapes on the basis of multipurpose land reclamation is one of
the quidelines of the activities of the Ministry of Agriculture, water management,
designing and research organizations.
According to the state land cadastre as of January 1, 2007, out of 220.6 million ha
of agricultural land areas available in the Russian Federation 21 million ha of lands
are overwetted, 24 million ha of lands are bogged, 17 million ha of lands are
overgrown with brush and low forests. Considerable agricultural land areas are
subject to other adverse effects: erosion, salinization, acidification, and
desertification.
One of the most important and effective methods of preventing lands from
overwetting and bogging is closed drainage.Currently, there are 9.3 million ha of
reclaimed lands in the Russian Federation, of which 4.8 million ha are drained; the
balance cost of systems of all the forms of ownership totals 307 billion roubles.
Out of the total area of drained lands 3.0 million ha, or 62 %, are represented with
closed drainage systems, including 2.6 million ha in 29 subjects of the Russian
Federation located within the Nonchernozem Zone, the remaining land areas are
located in the regions of Siberia and Far East.
The Nonchernozem Zone covers a vast area and is referred to the regions of low
biological productivity of lands caused by the fact that the greater part of
agricultural land areas is located in the regions of increased wetting and
overwetting. In addition to this, pollution of soils, surface water and groundwater
with chemicals exceeding the ultimate permissible concentrations is observed in
some areas of this zone, the pollution being caused by the impact of industry,
municipal utilities, and other factors.
Large-scale work related to the agrarian transformation in this zone was carried out
over the period of 1974-1990. These transformations were based on multipurpose
land reclamation. The lands of this zone needed drainage, removal of brush and
stones, liming, cultivation; it was necessary to construct roads, dwelling facilities
and to provide production and social infrastructure. Great volumes of works were
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implemented over the period in question. The Government was responsible for
financing of transformations stipulated by the programme.
Drainage developments in the zone were mainly accomplished at that period;
nearly all land reclamation systems currently used in agricultural production were
constructed at that time. It was the period, when closed drainage was universally
put into practice, main designs of drainage systems and conditions of their use were
studied and developed, the technologies of all the main types of land reclamation
operations were worked out.
The principal objects of drainage were overwetted boggy podzolic soils widely
spread in the zone under study; the productivity of such soils could be rather
rapidly increased through regulation of their water and air, nutritive and thermal
regimes. Drainage complete with the system of cultivation and enrichment of soil
with organic matter, liming of acidic soils and other measures permit the
optimization of fertility of low-productive lands. Another, less topical and having
limited spreading, object of land reclamation was peat soil of lowland type. Such
soils are rich in organic matter and are referred to potentially fertile lands.
The goal-oriented programme was aimed at developing the system of rational
agromeliorative practices for long-term operation of reclamation systems on heavy
soils with the use of drainage and rehabilitation of the humid zone soils polluted as
a result of human activities. This problem was successfully solved. The assessment
of theoretical findings, experimental works and results of their practical use were
carried out in some land reclamation project areas of the Nonchernozem Zone and
also in the Republic of Byelarus having similar climatic and other conditions.
Heavy soils of different degree of bogging referred to the podzolic and boggy
podzolic types are widespread in northwest and central regions of the
Nonchernozem Zone and in the Republic of Byelarus as well. The agricultural use
of these soils is possible only after their drainage. However, it is worth mentioning
that drainage of heavy soils is a complicated problem because of the specific
physical properties of a soil profile. This is particularly true, when the object of
drainage are dense, structureless and gleyed soils with a waterproof subsoil layer
(Kseepage<0.1-0.01 m/day). The problem of drainage of such kind of soils is also
observed in other countries.
The drainage of heavy soils is aimed at dropping the groundwater level and
disposal of surface water. The main method of land drainage is closed drainage
using tile or plastic pipes. The drains should be laid only with protective filtering
envelope. The efficiency of the closed drainage system operation depends on the
reliability of choosing the design parameters in the course of drainage system
planning (depth of drain laying, drain spacing, etc.), which provide the necessary
degree or rate of drainage according to crop demands for water regime.
Many famous scientists specialized in land reclamation (Kostyakov, Aver’yanov,
Pisar’kov, Ivitskii, Dubenok, Volkonskii, Rozova, Shkinkis and other researchers)
were involved in studying the theoretical principles of drainage operation and in
engineering calculations of drainage in heavy mineral soils. Provision was made for
substantiation of the impact of soil factors and human-induced (engineering)
factors on the drainage capacity. In particular, the problem concerning the role of
top soil and subsoil layers as well as drainage filling in formation of drainage
runoff was discussed. Opinions differ in interpretation of these problems. For
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example, A.N. Kostyakov has revealed that in clayey slightly permeable soils
groundwater runs to drains mainly along the plough sole of the top soil layer and
the smaller part of it runs along the subsoil layer. Kh.A. Pisar’kov has found that
the insignificant runoff through the subsoil layer is often more important than the
greater runoff through the top soil, in other words, the runoff through the subsoil
decreases the top soil overwetting. A.I. Klimko has revealed that under the
condition of the Kaliningrad Region, where drains are laid at a depth of 0.85 m and
spaced at 12-14 m, more that 40 % of water enters the drains through the top soil,
28 % of water runs along the surface of the top soil though the drainage filling, and
29 % of water comes from the subsoil layer. Ts. N. Shkinkis thinks that under the
condition of deep drainage, less that 10 % of the total amount of excess water runs
to drains through the heavy top soil layer. The studies carried out by I.M.
Krivonosov in the Leningrad Region have shown that the runoff from drains is
observed, when the level of groundwater is only in the top soil layer, i.e. the runoff
is formed in the top soil layer and in more porous drainage filling. At the same
time, the experiments performed by I. Dwob and R. Lamsodis did not reveal any
difference in water permeability of trench filling material and intact ground. The
efficiency of closed drainage operation in heavy, regularly overwetted soils was
also studied by some other researchers.
The closed drainage is known to be more efficient under the condition of levelled
surface, properly cultivated soils, and structural top soil rich in humus. The
drainage effect of closed drainage systems depends on many natural and designing
factors: permeability of soils and soil-forming rocks, meteorological conditions,
relief of the area to be drained, depth of soil freezing, and drainage system
parameters. In addition to this, the efficiency of tile drainage in loamy soils fed by
atmospheric precipitation greatly depends on the location of drains on the surface
to be drained, drain spacing, drain length, depth of drain laying, design of the
conveying part of the system of structures.
According to the existing practice in the Russian Federation, in case of drainage of
overwetted soils using the closed drainage system the recommended drain spacing
varies within the limits of 15-40 m depending on the type of bogging and soil
properties. As to the world practice of drainage construction, the closed drain
spacing in slightly permeable soils varies from 6 to 15-17 m; this value varies from
20-25 to 50 m and more in well permeable soils. For example, the drain spacing in
silty clay soils of Poland equals 8 m; it varies from 6 to 18 m in Germany, from 8
to 15 m in Austria and Switzerland, and averages 25 m in England.
The efficiency of heavy soil drainage is also achieved through regulation of the
depth of drain laying. The depth of drain laying in heavy soils of the Russian
Federation is assumed to be 1.0-1.2 m. The depth may be increased to 1.5-2.0 m
under the condition of intense feeding with pressure water. In slightly permeable
soils, when the line of seepage is not formed in subsoil layers, the depth of drain
laying is decreased to 0.7-0.9 m and drain filling with filtering material is provided.
As for the foreign experience, the following depth of drain laying is practised in
different countries depending on soil and climatic conditions: 0.8-1.6 m in arable
lands and 0.7-1.3 m in grasslands of Austria, 1.2 m in Finland; at the rate of
drainage equaling 0.6-0.9 m, the depth of drain laying varies from 0.75 to 1.37 m in
the USA; it varies from 0.9 to 1.3 m in England and from 0.9 to 1.5 m in Poland.
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The efficiency of closed drainage operation depends not only on its parameters but
also on constructional features of drainage pipes. Over a long period of time, drains
for closed drainage systems were made of tile pipes in Russia. Beginning in 1975,
corrugated PVC and polyethylene pipes 50 and 63 mm in diameter are used. Roll
synthetic nonwoven materials are used as filtering materials. Drains in moderately
and slightly permeable soils are also covered with local bulk filtering material
(sand, wood chips, slag, etc.) and then backfill of trenches with excavated earth is
performed.
To speed up water disposal from the top soil in very compacted heavy soils (the
seepage factor being less than 0.1 m/day) it is recommended to practise permeable
filling of drainage systems (up to the ground surface or up to the top soil) with the
use of gravel and crushed stone or to supplement drainage with a complex of
agromeliorative measures, which contributes to more rapid inflow of excess water
into drains. In draining lands of heavy mineralogical composition, the use is made
of granulated material of high permeability (sand, gravel, ash and slag wastes, etc.)
for filling trenches.
During the operation period, compacted layers are formed in the soil profile under
the impact of agricultural machinery. Deep ameliorative soil loosening to the depth
of occurrence of the compacted layer sole is capable to restore the soil profile
permeability and design regime of drainage operation.
Thus, it can be concluded that only the application of a complex of agromeliorative
measures can provide normal operation of drainage in heavy soils and enhance the
efficiency of drained land use.
Land reclamation systems were constructed in the Russian Federation in the 1960s1980s. Over the period of reforms, the insufficient financing from budgets of
different levels and other sources resulted in dramatic decrease of volumes of
works related to reconstruction and rehabilitation of land reclamation systems, the
volume of necessary repair and maintenance operations also decreased. As a
consequence, the technical level of these systems decreased along with the
condition of reclaimed lands, particularly in farm systems belonging to agricultural
commodity producers or assigned to them.
Currently, the condition of nearly 1.4 million ha of drained lands (29% of the total
drained area) is unsatisfactory. High groundwater table and intolerable delay in
surface water disposal are observed in this area. The total of 1.6 million ha of
drained land systems need reconstruction and rehabilitation.
The condition of about 30% of areas under drainage systems with tile drains is
unsatisfactory; secondary bogging is observed in some places. Silting of drains,
collecting drains, and discharge canals is recorded as a result of long-term
exploitation of these systems. Moreover, because of the lack of financing and
special equipment, canals got overgrown with wood and brush vegetation. The
cleaning of canals from vegetation and sediments goes on slowly.
To ensure long-term functioning and more efficient operation of drainage systems
with the use of tile and other type of drainage the following measures are
necessary: regular cleaning of drainage systems (particularly, outlets of discharge
collecting drains) from sediments with application of up-to-date methods and use
of drain-flushing machines; reconstruction, repair, and cleaning of canals from
vegetation and sediments. This will need considerable enlargement of the fleet of
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excavators, cutters, and other special machines in water management organizations.
Some steps in this direction have been already taken.
Considerable volumes of work related to reconstruction and rehabilitation of
drainage systems have to be fulfilled in accordance with the approved Federal
Goal-Oriented Programme “Maintaining and Restoration of Soil Fertility of
Agricultural Lands and Agrolandscapes as the National Wealth of Russia over the
Period of 2006-2010 and up to 2012”. During the period of 2006-2012, it is
planned to reconstruct drainage systems covering the area of 140 000 ha, to
implement a large volume of other works aimed at improving drained land areas,
soil fertility and enhancing the efficiency of drained land use.
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Introduction
The current reclamation systems in Ukraine have been constructed on the area
about 3,2 million hectares as technologically complete and complex engineering
systems for use of drained lands by large agricultural enterprises.
In the process of agrarian sector reforming and property forms change the number
of land users on the drained lands makes approximately 4800 units, from this
number only 164 are the state enterprises, and the others are farms (1740), private
enterprises (950), economic associations and cooperative societies (1900) in which
the areas of reclaimed lands mainly make from 250 up to 500 ha.
In the course of agrarian sector reforming, sharing and privatization of the
reclaimed lands the following has been elaborated:
• the theoretical bases for complex reconstruction and modernization of current
reclamation systems;
• resource-saving technologies for efficient use of reclaimed lands;
• normative base concerning anthropogenic load on local reclaimed agrolandscapes.
Furthermore, the engineering solutions have been represented for the newest
reclamation systems which were adapted to specific environment and modern
requirements of land users.

The characteristics of reclamation systems in humid
zone
Nowadays the top priority in reclamation sphere in Ukraine is a problem to
increase the role of drained lands towards sustainable agricultural production
irrespective of natural and climatic conditions, as well as creation of a reliable
forage reserve for the needs of cattle breeding and solving of food safety problems
on state level.
Under conditions of agrarian sector reforming, sharing and privatization of
reclaimed lands the categories of land owners have changed cardinally, established
regular schemes of reclamation systems management, agro-technologies, industrial
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and economic interrelations between various participants of agricultural production
have been broken, and the main thing is - the state financial policy has changed.
Reclaimed waterlogged lands in humid zone of Ukraine are important, and in many
regions they are the only guarantor of sustainable agriculture and creation of
reliable forage reserve for the needs of cattle breeding, irrespective of weather and
climatic conditions (Kovalenko 2001).
The rate of drained lands within a total area of arable lands makes from 27 %
(Volyn, Zhytomyr, Chernigyv regions) up to 64 % (Lviv region).
These lands, area of which in private property of actual land users constitutes about
3,2 million ha, have high potential fertility, and under condition of application of
scientifically-sound patterns and modern systems of agriculture management,
according to expert prediction calculations, can ensure such yields, namely:
• fodder root crops - 45 t/ha;
• maize on forage - 35-40 t/ha;
• grasses on green forage - 25-30 t/ha;
• perennial grasses on hay - 8-12 t/ha;
• grain-crops - 2,5-3,5 t/ha;
• potatoes - 15-20 t/ha;
Efficiency of drained lands use in market conditions and in the presence of
considerable quantity of land users depends on following factors:
• constructive perfection of reclamation system, first of all the farm network
and a level of its operational service;
• technologies of water control management in canals and collecting ditches;
• technologies of water regime management on the drained lands;
• technologies and patterns for carrying out of reclamative agriculture.
Reclamation systems in humid zone, total amount of which makes 1660 systems,
are divided into the following basic types depending on structurally-technical
characteristics (fig.1):
• drainage systems;
• combined (drainage-irrigation) systems;
• reuse systems;
• polder systems.

-49-

IDW2008 - Session 1

reuse
syst ems
250; 8%
combined (drainageirrigat ion)
syst ems
1100; 34%

drainage
syst ems
1500; 47%

polder
syst ems
350; 11%

Fig. 1.

Types of reclamation systems and their share within the total area of humid zone
of Ukraine

The first three types of systems provide well-timed elimination of surface and
subsurface water in the damp periods and water delivery for humidifying during the
droughty periods.
Polder systems carry out the same functions and, in addition, provide the flood
protection of agricultural lands and settlements and also creation of favourable
conditions for highly productive use of the reclaimed lands due to keeping of
optimum water-air regime in root habitable layer of soil.
According to the way of water elimination from the drained area, polder systems
are divided into the systems with mechanical water removal, the self-flowing
systems and the combined type systems.
The polder systems are mainly constructed in flood-lands of rivers, lakeside
territories and shallow waters of water basins.
The main characteristics of reclamation systems in humid zone are:
• annual quantity of atmospheric precipitation - 600-1100 mm;
• annual evaporation 450-680 mm;
• quantity of reclamation systems - 1660;
• total area of the reclaimed lands - 3,2 million ha;
• quantity of pump stations – 288;
• total capacity - 563,1 м3 a sec;
• total power - 89,2 thousand of kilowatt;
• length of main canals – 43 thousand of kilometres;
• quantity of water checks - 25200;
• length of collector-drainage network – 123 thousand of kilometres;
• length of material drainage – 526 thousand of kilometres;
• energy intensity for transmission of 1 м3 of water - 0,02-0,025 kilowatt a
year.
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The functional objectives of reclamation systems are:
• keeping the volume of water transmission on polder systems from 1 hectare 2-3,5 м3;
• level and moisture control of soil waters according to the requirements of
agricultural production;
• sustainable preservation of surface water quality by use of reclamation
systems within flood-lands as buffer ecological zones;
• flood prevention and partial accumulation of high water during its passage
(reuse systems with machine water drain);
• increase of ecological safety in radioactive pollution zone (the territory of
"the western track ").

Agricultural use of the drained lands
In conditions of land reform, when reorganization of agricultural enterprises,
sharing and personification of allotments, establishment of rent, collective, private
and other forms of management take place, it arises the necessity to change before
introduced crop rotations. Such necessity of crop rotations improvement, mainly
towards reduction of fields’ quantity and their areas, will constantly arise in the
future, depending on market conditions.
At planning the structure of sown areas on the drained lands, besides the regular
positions, such as the direction and specialization of farms, providing the cattle
breeding with forages, the types of drained lands, the ways of drainage, their
cultivation degree and a share of the drained lands in general land tenure of a farm
should be considered.
On drained mineral soils it is recommended to introduce usual grain-potatoes crop
rotations: 1 - potatoes, 2 - leguminous, 3 - winter grain, 4 - potatoes, 5 - corn, 6 spring grain with clove undersow, 7-8 - clover.
In Forrest-steppe zone of Ukraine on more fertile drained meadow soils besides the
clove it is possible to put into crop rotations alfalfa or its composites with timothy
and fescue. It is allotted here for grain - 37 %, tilled crops - 24 %, annual grasses 12 % and perennial grasses (alfalfa) - 25-30 % of area.
The principal causes which essentially influence upon the efficiency use of the
drained lands are:
• deterioration of financial conditions of the agricultural enterprises of various
forms of management;
• reduction of fund facilities;
• recession of the level of technical provision and machine-tractor fleet renewal
of commodity producers;
• existing cost disparity regarding means of production, fertilizers, crop
protecting agents and agricultural production;
• absence of predicted, both of domestic and foreign markets of production
distribution;
• acute shortage of organic and mineral fertilizers and imperfect structure of
their use (in 1990 for 1 hectare of an area under crops the volumes of mineral
fertilizers application were 130-140 kg, and in 2000 - 25-30 kg);
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• low level of agrotechnics, disregard of rational structure of areas under crops
and crop rotations;
• absence of necessary land improvement measures - deep tillage, liming;
• indetermination at the state level of interrelations between land users and
regional operational water-management organizations in the case of
maintenance service of the farm network;
• low technological level of management of water control technological
processes on reclamation systems and absence within 60 % of systems of the
guaranteed sources of irrigation water;
• absence of perfect technical means for operative management of water
control processes in canals and collecting ditches.

The modern ecological condition of the drained
lands
Table 1. Actual ecological and reclamative condition of the drained lands in a zone of the
Ukrainian Polissia.
Administrative and territorial unit
Parameter

Total area of the drained
lands, thousand of ha
In satisfactory condition,
thousand of ha
In unsatisfactory condition
(thousand of ha) for the
following reasons:
- unsatisfactory condition
of the catch-water
- unsatisfactory condition
of the drainage network:
- interfarm;
- farm
- unsatisfactory ecological
and reclamative
condition of the lands
due to:
- subsurface water levels;
- terms of surface water
elimination;
- depths of subsurface
water levels and terms of
surface water
elimination;
- average or high level of
soil acidity

The
Chernigiv
region

The
Zhitomyr
region

The
Rivne
region

The
Volyn
region

The
Lviv
region

272.0

357.8

321.0

346.7

490.0

194.1

317.4

258.3

314.1

432.8

5.8

-

6.3

-

6.5

18.0
27.5

1.2
19.0

2.7
42.9

11.1

17.1
7.3

17.7

0.1

1.2

5.9

6.8

-

20.1

3.7

8.5

5.9

2.7

-

2.3

7.1

5.9

6.2

-

3.6

-

7.7

-52-

IDW2008 - Session 1

Table 1. presents the state of reclaimed lands in a zone of the Ukrainian Polissia.
The reclaimed lands with unsatisfactory ecological and reclamative condition are
ranged because of various factors.
In modern conditions the ecological and reclamative monitoring of the reclaimed
lands (fig.2) is carried out according to the analogous method only within the
reference reclamation systems and the monitoring data is applied further on the
systems with similar ecological and reclamative conditions (Kovalenko and Yatsyk
1998).
In modern conditions the results of such monitoring do not satisfy the users any
more with this information at all levels of socially-industrial activity neither on
efficacy nor on a spectrum and quality of quantitative indicators. Therefore it
brings up the urgent problem of monitoring systems reorganization with expansion
of its function all over the territory of land reclamation.

Fig. 2.

Ecological and reclamative monitoring

Conceptual bases of sustainable and ecologically
safe use of the reclaimed lands at reconstruction
and modernization of reclamation systems
Renewal of sustainable use of the drained lands in a humid zone of Ukraine and
ecological stability securing of reclaimed agro-landscapes can be reached, first of
all, by:
• introduction of the strategy of active legislative acts reforming and new
investment policy;
• introduction of organizational-legal bases of interaction of all participants in
agricultural production in view of transformation processes and market
requirements;
• complex reconstruction and modernization of current reclamation systems;
• qualitative increase of scientific provision of land reclamation;
• creation of new technologies of reclamative agriculture, effective systems of
agrotechnical and land improvement measures;
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• reforming of the estimation and monitoring system of ecological and
reclamative condition of lands (Kovalenko et al. 1991).
The ideology of reconstruction and modernization of reclamation systems should
be based on the following principles (fig.3):
• creation of the newest constructions of reclamation systems of block-modular
type adapted for an environment and requirements of private land users;
• creation of resource-saving technologies of water control, constructions of
reclamation systems with bilateral control of water regime and management
facilities of technological processes;
• securing of water and land resources rational use, reproduction and increase
of soil fertility;
• securing of ecological balance within the reclaimed territories, in river and
waterway basins in the zones of reclamation systems influence; prevention of
negative consequences, first of all such as wind and water erosion of soils,
protection of water resources and rivers-water intakes against the pollution
and silting;
• strengthening of the state control system over reclaimed lands use and
creation of the state encouragement program on introduction of new systems
of reclamative agriculture, rational agro-technical and land improvement
measures;
• constant reduction of waterlogged areas which are in use now, due to their
partial renaturalization, temporary preservation of low-yield lands, renovation
of land structure with priority increase of fodder crop rotations part, meadows
and pastures areas and coordination all of these measures with new forms of
management;
• introduction of scientifically-sound technologies on restoration and
agricultural use of the territories polluted with radiation;
• considering of land relationship changes, management forms, peculiarities of
modern organization of land use in a zone of reclamation systems allocation,
technological conditions of their operation and interests balance of land users
and the water-management organizations;
• decision-making on the complex reconstruction of reclamation systems.
It is necessary to develop a number of normative documents for legal support of
highly productive use of reclaimed lands in the waterlogged zone, namely:
• the Procedure of drained lands use and reclamation funds of farm systems;
• the Procedure of financing costs for maintenance service of farm systems;
• the Rules of field observation, certification, estimation of technical condition
of reclamation systems and ecological condition of reclaimed agrolandscapes and determination of the extent of reclaimed lands
renaturalization;
• the Methods on normalization of anthropogenic load on the reclaimed agrolandscapes in the basins of small rivers-water intakes;
• Specifications on technical condition estimation of reclamation systems.
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The directions of effective use of the drained lands
Market and structural changes in agricultural production, privatization and land
personification determine now and will determine in future the directions of the
reclaimed lands use. The new approach to agricultural use of the drained mineral
and peat soils consists in the maximal optimization of bioclimatic agro-resource
potential of the humid zone, technical capabilities of reclamation systems,
directions and ways of water control and agricultural use of the reclaimed lands
directed on qualitative and competitive agricultural production and reproduction of
soil fertility in compliance with ecological requirements to reclamation objects.
This approach also ensures the most successful way of allotment forms of the
reclaimed lands among the private owners within the legal framework. Therefore,
there is a need for a new approach to reclamation systems operation in the humid
zone, especially when it concerns the farm network.
Irrespective of land property forms the reclaimed lands in the zone of Polissia
should be used first of all under fodder and grain crops, in the Forest-steppe zone
and around large cities and industrial centers under fodder crops and vegetables. It
is scientifically proved and confirmed by long-term practice. It is necessary to
correct the proportion of perennial grasses depending on soil types, drainage degree
and peat mineralization, area of the drained lands within a farm and so on.
The technology of land reclamation and agricultural use of drained lands to some
extent has already been worked through. However, for the last few years because of
crisis in agriculture and as a whole in the country, the attention to the reclaimed
lands use has decreased to a certain degree, the certain elements of technologies on
highly productive use of lands are ignored. One of the reasons of such situation is
the desolated condition of farm network of reclamation systems. In many cases it
does not meet the requirements of a positive control of water regime, ecological
safety at intensive agriculture.
Land reclamation and agricultural use of the drained lands cannot be considered
separately from the appropriate maintenance of reclamation systems, especially it
concerns its farm network. It should be as an integral whole.
Reclamative agriculture in modern conditions should be based exclusively on the
biological, ecological and economic basis and includes the following:
• resource-saving system of soil cultivation, including agro-reclamative
measures;
• introduction of crop rotations system with its obligatory legumes saturation
with the purpose of restriction of mineral nitrogen fertilizers application.
Such complex should provide inflow and accumulation in soil of organic matters
up to a level which provides sufficient or positive humus balance.
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RECLAMATION SYSTEM

BLOK OF RETROSPECTIVE INFORMATION
- economic efficiency of reclamative agriculture;
- social and economic indices;
- soil-ecological parameters and evolutionary soil processes;
- estimation of water control efficiency on reclamation systems

-expeditionary investigations;
- on-line methods

- organizational;
- technical;
- technological;
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- social and economic
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BLOCK OF OPTIMIZATION SIMULATION ON DETERMINATION
OF COMPLEX RECONSTRUCTION DIRECTIONS
- considering of the interests of interested parties;
- investment regime;
- modern requirements on ecological reliability increase of reclamation systems
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Iof regime of the further land use on reclamation systems
DECISION-MAKING ON COMPLEX RECONSTRUCTION
AND MODERNIZATION OF RECLAMATION SYSTEMS
Fig. 3.

Block-diagram of decision-making on substantiation of reconstruction and
modernization of reclamation systems
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Abstract
In this paper, the role of subsurface drainage in irrigated agriculture in semi-arid
and arid regions is discussed based on experiences obtained in Egypt, India and
Pakistan. Agriculture in these countries is practiced by small, marginal farmers
with landholdings of often less than 1 hectare. In general, they do not have the
means to pay for the investments in irrigation and drainage themselves.
Consequently, most irrigation and drainage projects are funded by the (local)
governments. Shallow, horizontal pipe drainage systems have proved to be a
technical feasible and cost-effective tool to combat this twin problem of
waterlogging and salinity. Their large scale implementation is, however, hampered
by a number of institutional and socio-economic reasons. The paper discusses why
subsurface drainage is needed to safeguard investments in (irrigated) agriculture
and to conserve land resources and what the challenges are to make subsurface
drainage work. It is argued that subsurface drainage should not be treated as a
separate issue but in the context of Integrated Water Resources Management.

Introduction
Subsurface drainage has been practiced for thousands of years, large-scale
introduction, however, only started around the middle of the last century, when the
prevailing empirical knowledge of drainage and salinity control gained a solid
theoretical foundation. Although sound theories now form the basis of modern
drainage systems, there will always remain an element of art in land drainage (Bos
and Boers, 2006). It is not possible to give beforehand a clear-cut theoretical
solution for each and every drainage problem: sound engineering judgement on the
spot is still needed, and will remain so. The installation practices evolved from
purely manual installation on individual farm plots to fully mechanised installation
programmes covering thousands of hectares (Ritzema et al., 2006). To make this
rapid change possible, practical tools for the implementation had to be developed.
These developments are still going on to meet the specific needs of installation in
developing countries, under climatic, physical and social conditions that differ from
the ones for which they have been designed. Furthermore, the specific needs of
subsurface drainage are also changes, particularly with regards to the quality of
drainage water, that require changes in the drain system design and corresponding
installation practices.
In countries like Egypt, India and Pakistan irrigation plays an important role to
sustain agricultural production against the vagaries of rainfall. These countries have
invested heavily in irrigation and to protect these investments and to increase the
sustainability of their agricultural lands, in drainage. About one fifth of the
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drainage systems installed in irrigated lands are in Egypt, India and Pakistan alone
(Table 1).
Table 1. Key indicators of the agricultural sector (ICID, 2003)
Indicator

Unit

World

Total geographical area (TGA)

(Mha)

13,425

100

329

80

Arable & permanent cropped area (APC)

(Mha)

1,497

3

170

22

Population

(Million)

6,134

71

1,050

150

Population in Agriculture

(Million)

3,211

40

755

99

Population in Agriculture

(%)

52

56

72

66

-2

Pakistan

Population Density with ref. to TGA

(No.km )

45

70

319

188

Population Density with ref. to APC

(No.km-2)

410

2,074

617

678

(MT)

2,086

19

232

28

Food Production (Cereals)
Productivity for Cereals

(kg/ha)

7,249

2,356

2,302

Gross national income per capita

(US$)

1,390

540

520

Irrigated area

(Mha)

272

3.4

57.2

16.7 c

Irrigated Area

(% APC)

18

100

34

80

Drained Area

(Mha)

190

3.0

2.5

7.5 c

(Mha)

1.9

0.025

0.32

(Mha)

1.0a

6.7 b

2.4a

(Mha)

0.6 a

4.5 b

1.7a

•

of which subsurface drainage

Salt-affected areas
•
a

Egypt India

of which also waterlogged

(Abdel-Dayem et al., 2007);
2005)

b

(Gopalakrishnan and Kulkarni, 2007);

c

(WRPO and IWASRI,

In these countries, the majority of the population is still employed in the
agricultural sector and the majority of these farmers are smallholders, owing often
less than 1 hectare of cultivable land. When we compare the areas in need for
drainage (waterlogged and/or salt-affected area) with the areas that are actually
equipped with a subsurface drainage system, we see significant differences between
Egypt and India and Pakistan. In Egypt almost all irrigated areas in need of
drainage are (or will be in the near future) equipped with a subsurface drainage
systems. In contrast, in India and Pakistan only respectively 25 000 ha (or 0.4%)
and 350 0 000 ha (or 4%) of the waterlogged and salt-affected lands have been
equipped with subsurface drainage. In this paper the subsurface drainage practices
in irrigated agriculture in Egypt, India and Pakistan are reviewed to assess whether
subsurface drainage a technically feasible, cost-effective and socially acceptable
technology to sustain agriculture in irrigated lands.
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Subsurface drainage practices in Egypt, India and
Pakistan
Are the subsurface drainage systems technically sound?
The subsurface drainage systems that are installed in Egypt, India and Pakistan
show great similarities; they are composite systems consisting of buried collector
and field drains. In Egypt, the collectors discharge by gravity in the main open
drainage system, from where the drainage effluent in either drained in to the River
Nile, pumped back into the irrigation system or discharged to the Mediterranean
Sea. In Pakistan, the collectors discharge into a sump from where the drainage
effluent is pumped in the open main drainage network, from where it is discharge
back to the Indus River or through the left-bank outfall drain to the Arabian Sea. In
India, both gravity and pumped systems are used, mostly draining back to the
major rivers. The depth and spacing of the field drains vary (Table 2). In Egypt,
relative shallow systems are installed with drain depths up to 1.50m (Nijland,
2000). In Pakistan and India, drains are installed at greater depth (> 1.75m) based
on the critical depth concept, i.e. to avoid secondary salinization caused by the
upward flux of water once the watertable rises to 2 – 3 m below the soil surface
(Bhutta et al., 1995; Gupta, 2002).
There is abundant evidence that these drainage systems increase yields and
subsequent increases in rural incomes. In Egypt, a nation-wide monitoring
programme showed that (Ali et al., 2001):
• Average (ground) watertable (5 days after irrigation) significantly decrease
from about 0.6 m before drainage to about 0.9 m 4 years after drainage.
• Areas with saline soils decreased from 80% (before drainage) to 30% (4
years after drainage) in saline areas and from 40% (before) to 5% (after) in
non-saline areas.
• Yield for all crops yields increased, possibly more than expected, although
individual crops reacted differently, e.g. in Mashtul Pilot Area the increase
was 10% for rice, 48% for berseem, 75% for maize and more than 130% for
wheat (Abdel-Dayem and Ritzema, 1990)
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Table 2 Characteristics of the subsurface drainage systems used in Egypt, India and
Pakistan (Nijland et al., 2005a)

Size of unit (ha)
Design:
• discharge (mm/d)
• watertable (m)
Drain depth:
• field drains (m)
• collector drains (m)
Drain spacing (m)
Field drains:
• material
• diameter (mm)
• length (m)
Collector drains:
• material
• diameter (mm)
• length (km)
Envelopes:
• material
• used in soils with
clay content

Egypt
< 120
1.0

India
50
1.5 - 2.0

Pakistan
100 - 450
0.95 - 3.5

1.0

> 1.75

1.0 - 1.2

1.2 - 1.5
< 2.5
30 – 60

1.0 - 1.75
< 3.0
45-150

1.8 - 2.4
< 3.0
60 - 300

PVC
100
200

Concrete & PVC
100
upto 315 m

PVC
100 to 200
800

PVC or HDPE
200 to 400
<3

PVC
80 to 450
< 1 (?)

PVC & PE
200 to 380
<4

gravel & synthetic

gravel & synthetic

gravel

< 30%

30 - 40%

Similar results are recorded in the subsurface drainage projects in India and
Pakistan. In India, the overall crop yield in the Rajasthan Agricultural Drainage
Research project (15 000 ha) increased by about 25% (Nijland et al., 2005a). In
Haryana, the effect of subsurface drainage in an area of 1200 ha were compared
with an non-drained area of 1000 ha (Sharma and Gupta, 2006). In the drained area,
the increase in yields of different crops ranged from 18.8 to 27.6% compared to a
decrease in the non-drained area due to the increased waterlogging and soil salinity
problems. In the drained area, the average soil salinity decreased with 35.7% and
the watertable was deeper, especially during critical periods (monsoon season from
July to October). Pumping mainly takes place during the monsoon when there is no
irrigation and in January and February (to irrigate the wheat crop). When there was
no pumping the water-table in the drained area and non-drained area are more or
less at the same depth (Figure 1). Similar yield increases were also recorded in
other agro-climate regions (Ritzema et al., 2008). In Pakistan, in areas drained with
pipe drains the shallow groundwater quality improved after the installation of the
subsurface drainage system (Wolters et al., 1996). For example, the waterlogged
conditions in the MARDAN Scarp Project reduced considerably after the project
was completed: a monitoring programme revealed that the post-drainage watertable
fluctuates between 1.2 and 2.5 m, compared to a pre-drainage fluctuation between
0.3 and 1.2 m (Nijland et al., 2005b).
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Fig. 1.

Water-table fluctuation in the drained and undrained areas during 1995– 2001
(Sharma and Gupta, 2006).

Are the subsurface drainage systems cost-effective?
The costs of installation of large-scale subsurface drainage systems depend on local
physical and economical conditions and the type of installation method (Ritzema et
al., 2006). Subsequently the overall cost varies considerable, e.g. in Egypt the
overall cost is €750/ha (Ali et al., 2001), in India the cost in large-scale schemes
varied between €770/ha for the Haryana Operational Pilot Project to €815/ha for
the Rajasthan Agricultural Drainage Research Project (Pearce and Dennecke, 2001)
and in Pakistan the cost for the East Khaipur Tile Drainage Project was €1200/ha
(Nijland et al., 2005b).
These investments prove to be very cost-effective. In Egypt, the Gross Production
Values improved about US$ 500-550/ha and the annual net farm income of the
traditional farm increased by US$375/ha in non-saline areas to US$200/ha in saline
areas (Ali et al., 2001). The pay-back period is no more than 3-4 years. The impact
of drainage on the national agricultural production is also significant; drainage
contributes to about 8% of the production in the agricultural sector. The
contribution to the gross domestic product is estimated at about US$0.9 billion per
year. In Egypt, the Government pre-finances the total cost of the installation of
subsurface drainage. Farmers pay back these costs over 20 years with a grace
period of 3-4 years without interest, this means about 50% subsidy (Abdel-Dayem
et al., 2007). The land tax is slightly increased to pay for maintenance. In India,
similar results are reported: cost-benefit ratios are in the range from 1.2 to 3.2,
internal rates of return in the range from 20 to 58%, and pay-back periods in the
range from 3 to 9 years (Ritzema et al., 2008). The funding, about € 635 per ha, is
shared by the central, state governments and farmers in the ration of 50 : 40 : 10
(Gopalakrishnan and Kulkarni, 2007). In principle, farmers are willing to pay their
part of the cost as they, both male and female, clearly see the benefits of drainage
(Ritzema et al., 2008). In reality, however, they are too poor to pay their part of the
installation cost. And in Pakistan, subsurface pipe drainage systems, although more
expensive, are better for the environment than tubewell drainage systems (Bhutta et
al., 1995).
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Is subsurface drainage accepted?
In all three countries, the Government is the driving force behind the installation of
subsurface drainage. In Egypt, the drainage programme is implemented by the
Egyptian Public Authority for Drainage Projects/EPADP; a semi-autonomous
authority within the Ministry of Water Resources and Irrigation/MWRI (Fathi and
Hamza, 2000). EPADP is responsibility for the field drainage works, including the
planning of projects, data collection, preparation of designs, contracting and
supervising the installation of subsurface drains, monitoring of the impact of
drainage, budgeting, and operating project accounts. Farmers participation has been
gradually introduced during the last two decades (Abdel-Dayem et al., 2007). In
analogy with the Water Users Associations/WUA in irrigation, Collector User
Groups/CUG were established. These groups are responsible for cleaning manholes
and minor repairs. They were not very effective due to lack of incentives; farmers
did not feel the urgency to do collective work. Furthermore there is the problem of
discrepancy between the responsibility of the WUA’s (areas served by tertiary
units) and the CUG’s (areas served by a collector). To solve these problems,
farmers’ participation has been scaled up to district level and Water Boards have
been established. Water Boards are formed by members of WUA’s and households
to integrate also water supply and sanitation and to represent all users’ interests in
water management. The main problem is, however, that Water Boards do not have
the legal status to collect fees and at the other hand the MWRI is not allow to
subsidize the Water Boards (Weissink, 2007). At agency level (MWRI) the local
irrigation districts and centres are combined into Integrated Water Management
Districts to provide advisory services and monitoring activities.
In India, there is no integrated and centralised organisation for drainage. In some
states, like Haryana, subsurface drainage is considered to be a measure for land
reclamation and, therefore, executed by the Agriculture Department (Achthoven et
al., 2000). The surface drainage network and the canal water supply, distribution
and management are, however, under the purview of Irrigation Department. Thus
the improvement of on-farm (subsurface) drainage is not integrated with the
improvement of the main irrigation and drainage systems and improvements in
management. In other states, drainage improvements within an irrigation command
are entrusted to the Command Area Development Authority/CADA (Nijland et al.,
2005b). The major drainage and irrigation networks are operated and maintained,
scheme-by-scheme, by the Irrigation Wing and the on-farm drainage improvements
by the Land Development Wing. Outside the command areas, the improvement of
drainage is the responsibility of the Irrigation Department.
In Pakistan, drainage is generally executed within the canal irrigation commands.
The drainage projects are contracted to a special project organisation under the
authority of the Water and Power Development Authority/WAPDA. WAPDA is
responsible for the coordination of design, construction and initial operation of the
engineering works, after which the Provincial Irrigation Departments/PID’s took
over operation and maintenance (Nijland et al., 2005a). As the drainage fees cover
only around 20% of the actual expenses of O&M, the financial burden to operate
and maintain the public tubewell systems became gradually too much for the
PID’s. To overcome these problems, the irrigation and drainage sector was
reformed and in 1997 Provincial Irrigation and Drainage Authorities/PIDA’s were
established in all four provinces (Bhutta and Smedema, 2007). System management
is to be decentralised and farmers are to take part in the system development and to
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take over O & M. This is realised by the creation of Area Water Boards/AWB’s
and Farmer Organisations/FO’s. The establishment of FO’s and AWB’s is however
hampered by (i) a lack of farmers’ involvement in policy reforms; (ii) the weak
legal framework (the PIDA Acts) to implement reforms; (iii) lack of knowledge
within the FO’s and AWB’s to develop and implement strategies to deal with the
systems’ problems and (iv) to make the shift from engineering to institutional
solutions. Furthermore, there is a limited awareness about the benefits of drainage
among farmers (Kishwar and Donaldson, 1997; Mann et al., 1997). In the nonsaline areas, only 20% of the farmers perceive the existing drainage system as
adequate. In saline areas, the perception of the farmers is slightly better: 40% of the
farmers perceive the existing drainage system as adequate.

What are the challenges?
The need to control drainage.
The currently installed systems have limited options for control. In Egypt, this
seems logical as there is hardly any rainfall and field irrigation efficiencies are
rather high. The major function of the subsurface drainage system is to control soil
salinity in the root zone. The systems, however, are based on average cropping
patterns and conditions, thus for most of the time excessive drainage occurs. With
the result that approximately 7.2 billion cubic metre of water is drained from areas
provided with SSD-systems. In the 1980’s, a modified lay-out for areas with rice in
the cropping pattern was developed to, among other, reduce drain discharges from
these areas (El-Atfy et al., 1990). Similar management concepts to control effective
drain depth and spacing in combination with reduce irrigation water supply during
the growing season of the non-rice crops like wheat and maize were tested, i.e.
drain spacing was doubled by blocking alternate drains and watertables were raised
by controlling outflow. The results show that with controlled drainage irrigation
volumes can be reduced without sacrificing yields (Abbott et al., 2001). Model
simulations show that application of controlled drainage has the potential to
maintain and even increase yields while increasing irrigation water use efficiency
by 15 to 20% (Wahba et al., 2005). In India and Pakistan, both with a distinctive
monsoon season, controlled drainage is a logical option to save irrigation water
during the dry season when irrigation water is in generally in short supply. In the
dry season, when in general irrigation water is scarce, the groundwater can
supplement the crop water requirements by capillary rise. The associated salinity
built-up in the root zone can be leached out during the monsoon season. Field
research conducted in Andhra Pradesh, India, showed that pumps have to be
operated for only about 10 to 15% of the time to maintain a favourable salt balance
(IDNP, 2002). In Pakistan, in drained areas where a deep water table is maintained,
farmers sometimes complain about the increased need for irrigation water (Qureshi
et al., 1997). A shallow water table, especially in the fine soils of the Indus plains,
is capable of water delivery to the crops through capillary rise. In areas with an
‘acceptable’ ground water quality, there is no need to maintain a deep water table.
Drainage in the context of IWRM
Subsurface drainage is an important parameter for maintaining the soil quality. In
irrigated agriculture, subsurface drainage is closely linked to field irrigation and
surface drainage practices. The role of irrigation slightly differs between Egypt,
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India and Pakistan. In Egypt, the irrigation supplies are based on the crop water
requirements, where in India and Pakistan protective irrigation is practiced
(Jurriens et al., 1996). In these two countries, the irrigation systems are not
designed to cover the full crop water requirement but on the principle that the
available water is spread over a large area, the so-called “protective” irrigation.
Some years there is not enough water is available and leaching requirements can
not be achieved (Ritzema et al., 2008). Irrigation modernisation will further affect
the drainage water quantity and quality. The quantity will become less and the
quality generally deteriorates. This means that irrigation modernisation, that may
be initiated to make more water available for irrigation development downstream,
may have negative externalities. The role of surface drainage also differs between
Egypt, India and Pakistan. In Egypt, surface drainage is only needed to remove
excess irrigation water and for farm management practices in rice fields.
Consequently these systems have only limited capacity and are frequently used at
their design capacity. In India and Pakistan, the main function of the surface
drainage system is to remove excess rainfall during the monsoon season. Because
of the high variability of the rainfall, these systems are hardly ever used at full
capacity. This makes operation and maintenance extremely difficult (IDNP, 2002).

Conclusions and recommendations
The subsurface drainage systems installed in Egypt, India and Pakistan effectively
prevent waterlogging and root zone salinity in irrigated lands. Subsurface drainage
increases leaching efficiency thus can be considered as irrigation modernization in
the sense that it saves on water use. Research shows that more savings can be
achieved by the introduced of controlled drainage as well as reducing design
discharges and drain depths (Ritzema et al., 2007). This research results support the
widely prevailing view that deep drains are unnecessary for salinity control in
irrigated lands, see for example (Smedema, 2007).
Although the installed subsurface drainage systems are extremely cost-effective,
they are not generally accepted by the farmers. Without Government support they
will or cannot install these systems. This calls for an IWRM approach. There are
several reasons why drainage should receive special attention in IWRM:
• Drainage is at the end of the pipeline. Drainage takes care of discharging
excess waters and excess pollutants discharged by human mankind. As such,
drainage is very threatening for downstream water users. Drainage however
can only with extreme difficulty be retained in the area where it is generated.
Often, combinations of purification, local reuse and accepting the export of
pollutants will be the final solution that communities need to agree upon.
• Enforcement of rules and regulations is difficult. Contrary to irrigation,
where direct benefits for stakeholders are involved, rules and regulations for
drainage are much more difficult to enforce. Water quality and pollution
needs to be monitored on a regular basis. Drainage water fees need to be
collected and unlike with the irrigation supply system, it is difficult to
disconnect unwilling customers. In The Netherlands the establishment of
Water boards who have the legal power to levy taxes to the inhabitants for
drainage services (including water purification) proves to be an effective
solution. Water Boards, however, need extensive legislation.
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• In small-scale irrigation, drainage is always a joint effort. Water
infrastructure in arid and semi arid conditions is traditionally based on the
water supply situation. Drainage of excess waters is the complementary
infrastructure, which invariably serves a multitude of users. Drainage
therefore requires cooperation of stakeholders, which makes it more difficult
to organize.
• Boundaries of drainage units generally do not coincide with the boundaries
of irrigation units. This applies both for the command area and catchment
area level as well as for the field level. Thus the existing institutional set-up,
often based on irrigation system lay-out, needs to be modified or adapted as
soon as drainage is introduced in the area.
• Disposal of drainage water creates off-site externalities. Drainage water
discharged back into the river, from where it was originally diverted as
irrigation water, has a higher salt content, but is also often polluted with
residues of fertiliser, pesticides and waste water from villages, cities and
industries. While upstream users benefits from disposal, downstream users,
or the society as a whole, bear the cost. This calls for state regulation.
• High investment costs versus long-term benefits. Investment costs in
drainage are only a fraction of the investment costs in the irrigation
infrastructure (usually between the 10 and 30% of the investment cost for
irrigation). Nevertheless, investment costs are high and full benefits are often
accrued only after a few years. Salinity build-up is a slow process, and
subsistence farmers normally do not have the resources to invest for the
benefit of the next generation.
• Reuse of drainage water. Although drainage water from irrigated lands has a
higher salt concentration compared to the irrigation water where it originates
from, the quality can still be good enough for reuse in a downstream area.
Drainage water can supplement freshwater resources, sometimes only after
mixing. Pollution of drainage water put increasing constraints on this reuse
however.
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Introduction
From the farmer’s perspective, drainage systems could be divided into two
categories: one with a system above the surface, the other a subsurface system.
Subsurface systems are expensive but offer the possibility of conforming larger
base parcels and, in this way, of improving the efficiency in field works. This gives
farmers and landowners a choice as to drainage systems. Key criteria involve profit
maximisation and environmental questions.
It is commonly believed that a small farm size will hamper Finnish farmers when
they try to solve challenges related to productivity and profitability. When Finland
joined the European Union (EU), it negotiated a 10-year transition period to
improve farm structure in order to be competitive under the EU’s Common
Agricultural Policy (CAP) with other member states in the Union. However, it has
been shown that, even though there is rapid ongoing structural change in Finnish
agriculture, no major improvement has occurred either in productivity or in
profitability (Niemi and Ahlstedt 2007). One explanation might be that there are
large transaction costs related to increasing farm size. Transaction costs include
costs related to learning processes, costs in increasing stock and also costs from
reorganising arable farming. The reorganisation of arable land is characterised with
choices related to open versus subsurface drainage systems. Choices between
drainage systems are complicated, because almost 40% of arable land is no longer
owned by the farmers themselves.
A lot of research has been done about what is hampering progress which is caused
by an unfavourable parcel structure (Suomela 1950, Klemola et al. 2002, Myyrä &
Pietola 2002). The parcel structure is unfavourable because of small parcel size and
long distances from the farm compound to the base parcels. The subsurface
drainage systems are one of the most efficient methods when the parcel size is
increased. However, reallocation of the base parcel structure is needed to get the
best results from subsurface systems. Despite these clear needs, to our knowledge,
there exists no measure of the maximum aspired parcel size.
Non-agricultural owners also own significant amount of Finnish fields. The interest
of these ‘landlords’ in taking part in land consolidation and long-term land
improvements, such as the renewal of the drainage systems, is unknown.
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Problems related to base parcel structure
Only 9% of the land area of Finland is agricultural land (Statistics Finland 2005).
However, it is not evenly distributed. This makes it possible to organise larger and
continuous base parcels by restructuring the fragmented owner structure. For this
land consolidations and subsurface drainage systems are needed. The question
remains what is the maximum parcel size to be aspired to? Currently, the average
size per base parcel in Finland is 2.39 ha (Figure 1). Base parcels are commonly
bordered by property boundaries as well as drainage systems. Very often base
parcels are also bordered by forest or road and in these cases there is not much to
be done to enlarge the plot.
It is argued that small parcel sizes will be prejudicial to reorganising arable farming
when the farm size is increased. This question has received a lot of attention in
agricultural technology research. In particular, replacing open ditches with
subsurface drainage systems has attracted a lot of attention. Savings gained by
reorganising drainage systems are usually measured in working hours spent in field
works. However, this technological point of view has not indicated what the
aspired parcel size is.
Despite the fact that the underground main drainage systems are an economically
risky investment, they are needed to improve the base parcel structure (Myyrä
2006). These improvements are needed to make it possible to improve productivity
in field works, especially when farm size is growing rapidly (Myyrä and Pietola
2002). The improvements of agricultural productivity are a foundation of the
European Union’s (EU) Common Agricultural Policy (CAP). Parallel distripution
of fertilizers
Because economic losses from small parcel size have already been studied, the
question is turned round in this study (Suomela 1950; Klemola 2002; Aaltonen et
al. 1999; Myyrä and Pietola 2002). The main goal is to reveal the maximum parcel
size economically feasible for farming in Finland.
It might be argued that there is not as such a maximum parcel size. However,
farmers do voluntarily split large base parcels into smaller parcels. This is a typical
entrepreneur’s profit maximisation problem which could be studied based on the
entrepreneur’s action (Maddala 1993). One aspect in favour of splitting might be
the risk aversion.
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The average base parcel size in Finland in 2001 and 2006 by regions.

Challenges related to owner structure
Although there has been fast structural development in Finnish agriculture, the base
parcel structure has not improved significantly (Figure 1). Over the last eleven
years, almost 27,000 farmers have given up farming (Niemi and Ahlstedt 2007).
This corresponds to 28% of all farms. Although they have given up farming, the
former farmers still maintain ownership of their lands. Land leasing has increased
and the number of non-agriculturally motivated owners of farmland has increased
significantly. In Finland, land leasing contracts are typically short-term contracts
with an average length of five years. Contracts longer than 10 years are prohibited
by Finnish law.
The lease holder’s motivation to long-term land improvements has been under the
spotlight of agricultural economic research. It is known that the simple fixed
duration and fixed lease payment contracts are not the most efficient in
internalising incentives for irreversible land improvements which exhibit long
payback periods (Soule et al. 2000). Nevertheless, they have remained persistent
and popular in Finland for several reasons 1.
The market environment has turned into a situation where more than one third of
agricultural land is owned and farmed by people with weakened incentives for
long-term land improvements. The landowners are maximising short-term profits,
and lease farmers have been cut off from long-term benefits of land improvements

1

See Myyrä et al. 2005.
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because long-term land leasing contracts are prohibited. Figure 2 illustrates how
property borders conform to drainage systems.

Fig. 2.

Farmed by owner (yellow) and leased base parcels (purple) with property borders
(left) and without them (right). White areas are parcels other than fields. Blue lines
are waterways and drainage systems. (National Land Survey of Finland
23.10.2007).

Data
Farmers
We studied about 1,000 farmers and their economically driven decisions in splitting
continuous base parcels between two or more crops. This means that they have
divided base parcels into two or more agricultural parcels. The data are based on
the base parcel register maintained as the payment basis for CAP subsidies. Our
study includes almost 82,000 farming decisions i.e. data on these parcels. This
decision-making reveals the minimum parcel size which farmers consider large
enough to be cut into two when aiming at maximising farm profit. The size in
question is also the maximum size which has to be recognised when reorganising
base parcel structure and drainage systems.
Landowners
The population of non-farming and possibly urban landowners is already larger
than the number of actively farming households. Because the owner is the one who
makes decisions over long-term investment, such as drainage systems, this study
also pays attention to canvassing their attitudes as to investment in land
productivity such as land consolidation. Land consolidation commonly includes
renewal of drainage systems. This is important because, by improving land
productivity, agri-environmental programs could increase efficiency, e.g. in
decreasing nutrient runoffs.
The study includes a questionnaire which was sent to 6,000 landowners (Myyrä et
al. 2008). The question posed in this study is ‘Is the reallocation of disorganised
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parcel structures needed?’ The possible answers are divided into five category
responses of ‘totally agree’, ‘partly agree’, ‘don’t know’, ‘partly disagree’ and
‘totally disagree’.

Method
Farmer profit maximisation problem
The economic model is based on the standard conditional profit maximisation
problem. In its general form, it assumes that a farmer will maximise short-term
profits (π) conditional on an exogenously given set of current output prices (pi),
input prices (wj), fixed factors (ks), and technology constraint T(.):
J
⎫
⎧I
(1) π ( p ,..., p , w1 ,...,wM , k1 ,...,kS) = max⎨∑ p y − ∑wj x j : T (x, y, k), p > 0, w > 0⎬
i
i
1
N
x, y
j =1
⎭
⎩ i=1

where yi is the output i and xj is the input j for i=1,2,…I, and j=1,2,… J. The
technology constraint T(.) gives mappings between outputs y and inputs x which
are conditional on the amount of fixed inputs ks , for s=1,2,…S. The set of fixed
inputs could be augmented by the parcel characteristics. Technology and profit
meet the standard regularity conditions.
The optimal decision rules, i.e. the output supplies and input demands, are then
derived using the envelope theorem in the profit maximisation problem (1), which
yields
(2a)

∂ π(.)/∂ pi = yi(.) for all i=1,…, I and

(2b)

∂ π (.)/∂wj = -x j(.) for all j=1,…, J.

The self-selection problem: endogenous choice of splitting base parcels

It is likely that the parameters of the profit and demand-supply system (1-2) will
depend on the farmer’s decision to split the base parcel between two or more
plants. More particularly, the effects of inputs are expected to be different as to
parcels farmed as one unit from those parcels which are farmed as two or more
agricultural parcels. Therefore, the model could be divided into two regimes and
could also define land allocation specific profits such that:
π1 = profit of base parcel which is farmed as one

π2 = profit of base parcel which is farmed in two or more
agricultural parcels.
The corresponding demand-supply systems are then given by
(3a)

∂ πq(.)/∂ pi = yiq(.) for all i=1,…, I and

(3b)

∂ πq (.)/∂wj = -xjq (.) for all j=1,…, J

where q=1,2 such that q=1 indicates which parcel is farmed as one unit.
The farmer farms the base parcel as one (q=1) if
(4)

π1 - π2 >0 => u2 – u1 < Zβ1 – Zβ2
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Due to data limitations 2, it is not possible to estimate the farmer's decision-based
profit function and test if a self-selection problem exists (Heckman 1979).
However, it is important to know which farm-, farmer- or base-parcel-specific
characteristics result in the farmer’s decision to split a base parcel into two or more
agricultural parcels. The most interesting parcel characteristic in this case is parcel
size.
Farmer choice

In this paper, attention is given to the farmer’s choice in splitting the base parcel
into two or more agricultural parcels or not. The probability that the farmer splits a
field into two or more agricultural parcels was modelled by means of logistic
regression. Because farmers make decisions on splitting relating to all fields which
they are cultivating, splitting decisions made by the same farmer are correlated. In
order to take this correlation into account, the model was fitted using generalised
estimating equations (Liang et al. 1986) assuming exchangeable correlation
structure. The software used was the GENMOD procedure of the SAS/STAT
software, version 9.1.3. (SAS Institute Inc., Cary, NC, USA).
Landowner attitudes

The landowner dataset indicates if he/she is an employee, entrepreneur
(farmer/other), pensioner, or other. The data include also a variable which indicates
land use in 2006. The most important indication of land use is land leasing. The
dataset also includes a variable which describes landowner attitudes towards land
consolidation.
The effect from landowner status to the landowner’s opinion about land
consolidation is studied using the chi-square test. Let C denote the number of
classes or levels, in the one-way table and fi denote the frequency of class i (or the
number of observations in class 1) for i = 1,2,3 …C. The chi-square statistic is
calculated as:
(5)

QP = ∑
i

(ni − ei )2
ei

where ei is the expected frequency for class i under the null hypothesis. The
expected frequency for each class equals the total sample size divided by the
number of classes.

Results
Farmer
Farm size, the production line and the size of the base parcel have a significant
effect on the farmer’s choice into dividing the base parcel on two or more
agricultural parcels, i.e. for two or more crops. Other tested factors such as the
distance from the farm compound to the base parcel or the farmer’s status
(owner/lease holder) did not make a contribution to the farmer’s decision.
As assumed, the most important factor when the farmer decides to divide a base
parcel is the parcel size. On the average sized farm of 30 ha, the parcel size aspired
2

We do not have any data of base-parcel-specific profits.
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to is 8 ha (Figure 3). With parcels larger that 8 ha, the probability that the grain
farmer will divide the parcel is higher than 50%. Example of the division of 8
hectares base parcel is: 3 ha wheat and 5 ha barley. For the social planer, this
indicates that there is no point in aspiring to parcels larger than this, simply because
odds are that larger parcels will be divided by the farmer when farmed.
Probability that base parcel will be divided into two agricultural parcels
Silage

Grain farming

Area = South Finland, farm size = 30 ha

Area = South Finland, farm size = 90 ha

Fig. 3.

Effect from parcel size to the probability to divide it into two or more agricultural
parcels. Base parcel size in hectares (ha).

Also, the production line has a connection to the farmer’s decision. If the crop to be
farmed is silage in state of grain, the farmer will divide a smaller base parcel
(approximately 6 ha) into two or more agricultural parcels (for example silage and
pasture or silage and hay). This does not mean that 3 ha would be the aspired base
parcels size, but 6 ha is. This is because odds on a parcel smaller than 6 ha are that
it will be farmed as one agricultural plot.
Results highlight the fact that we economists are living in a dynamic world even
when studying base parcel structures. The average base parcel size is increasing
slowly (Figure 1), but the need for larger base parcels is obvious when farm size is
increasing. Figure 3 highlights these results. When the farm size has increased to
90 ha, the grain farmer thinks that there is no point in splitting base parcels smaller
than 10 ha into two or more agricultural parcels.
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Landowners
Landowners who have leased out their lands have as positive an opinion toward
land consolidation as those who have not leased out their land. The chi-square
statistic was 4.58 and the probability of a wrong judgement against null hypothesis
(equal distribution in answers), if rejecting, was 31%. This means that the null
hypothesis stays.
However, the result changes if we take into account the farm sizes. These could be
done by weighting the owner’s answers by farm size (Figure 4). In this way, we get
a realistic picture which the authorities face when carrying out real-life land
consolidations. Indeed, results support the prediction that farm landowners who
have leased out their lands do not have as positive an opinion about land
consolidation as owners who have not leased out their farm land. The possibility of
making a wrong judgement is in this case less than 0.001.
In weighted results, 51% of out-leased land have a landowner who totally or partly
agrees that the reallocation of a disorganised parcel structure is needed.
Respectively, 61% of owner-farmed land has a landowner who thinks that
reallocation is needed. The results shown in Figure 4 occur because of differences
in farm size. Those farmers who have leased out their lands have smaller farms
than those who are farming. Farmers having larger farms are not as willing to
divide base parcels into smaller agricultural parcels and they also see the
reallocation of base parcels as more important than landowners leasing out smaller
farms.

0%
Land leasing (943 land
owners)

20 %

17

Land leasing (7,440 ha)

18

No land leasing (12,989 ha)

27

15

No land leasing (741 land
owners)

60 %

80 %

100 %

47

25

6

44

33

26

Totally agree

Fig. 4.

40 %

35

Partly agree

Don't know

8

6

36

27

Partly disagree

6

8

4

7

5

Totally disagree

Farmland owner opinions to the question posed ‘Is the reallocation of disorganised
parcel structure needed?’ (up). Opinion weighted by farm size (down).

Nevertheless, owners of farmland are not a homogenous group. Only 48% of all
agricultural area is currently owned by those who define themselves as farmers
(Figure 5). Other owner groups, employees, entrepreneurs other than farmers,
pensioners and others own the balance. Attitudes towards land consolidation vary
significantly between these groups. Active farmers need the most land
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consolidations. Those landowners who ‘partly’ or ‘totally’ disagree with the need
for the restructuring of fields are quite evenly distributed.

20 %

0%
Employee (24%)

11

43

44

24

58

Partly agree

Don't know

100 %
8

29

26

Totally agree

Fig. 5.

80 %

52

32

17

7

60 %

31

12

Pensioner (18%)

Other (5%)

23

26

Entrepreneur farmer (48%)
Entrepreneur (other) (5%)

40 %

Partly disagree

6

7

8

5

9

6

6

7

6

Totally disagree

Farmland owner opinions about land consolidation when asked ‘Is the reallocation
of disorganised parcel structure needed?. Owners are grouped based on their
opinions by their occupation.

Discussion
It is argued that structural and technological development in agriculture will
increase pressure to renew the base parcel structure in Finland. This opinion is
based on almost 60 years of research in agricultural technology. However, the
technological approach has not produced any statement about the aspired base
parcel size. In studying farmer decisions, we could conclude that we have a long
way to go when base parcel structure is improved. The current base parcel size of
2.39 ha is far off from the aspired size, which found to be approximately 8 ha.
It is commonly believed that land leasing is the highest obstacle to land
consolidations. Based on the result of this study, that prediction could not be
denied. But, this study has shown that those farmers who have leased out their
lands have as positive an opinion toward land consolidation as those who have not
leased out their land. It is just the farm size which makes the difference.
Problems about land consolidation related to land leasing might occur because of
other reasons such as delays in informing passive, possible non-agriculturally
orientated landowners who have leased out their lands. It also seems that those
landowners who do not define themselves as farmers do not have as positive an
opinion toward land consolidation as those who define themselves as a farmers.
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Abstract
The concerns about nutrient pollution from agricultural lands has received much
arttention over the years. Subsurface drainage systems are seen as the conveyance
pathways for nutrients such as N and P to rtivers and lakes. The impacts of
eutrophication on aquatic ecosystems have led to the development of best
management practices such as subirrigation and controlled drainage to reduce non
point source pollution. While subirrigation has been shown to reduce nitratenitrogen concentrations from the drains, we are now finding that it may actually
increase P loads to rivers and water bodies. The focus of our research has been on
understanding the pathways and components of P under tile drainage and
subirrigated fields. Modelling studies have also been conducted to better predict the
forms and concentrations of P losses under different drain spacings. This paper
reports on our various N and P studies under drainage and subirrigation.

Introduction
While agricultural lands generally benefit from artificial drainage, typical drain
depth (1.0 m below the soil surface) is well below the optimal watertable depth
(0.45-0.90 m) of most crops (Evans and Skaggs, 1985), so that, in certain
circumstances, artificial drainage can aggravate water deficits, and reduce yields
(Tan et al., 2002). Drainage can also lead to a more rapid passage of water-soluble
nutrients and agricultural chemicals such as nitrate ( NO 3− ) to ground- and surfacewaters. The hydrological and water quality impacts of agricultural drainage have
been extensively reviewed elsewhere (Skaggs et al., 1994). The need to limit
drainage or even provide additional water to crops, as well as to limit pollutant
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losses, led to the development of the best management practice (BMP) such as
water table management (WTM), which includes both controlled drainage (CD)
and subirrigation (SI). Under the former, water is retained in the soil profile by
restricting the flow from the drainage outlet, while under the latter a control
structure is installed at the drain outlet allowing water to be supplied to the
drainage system, and an elevated water table depth to be maintained in the field.
The use of WTM [vs. standard free drainage (FD)] has been shown to increase crop
yields (Evans and Skaggs, 1985; Mejia and Madramootoo, 1998; Tan et al., 1999;
Borin et al., 2001). Furthermore, reductions in annual, seasonal or event-scale
outflow volumes under WTM (vs. FD) have been widely documented: e.g.,
Northern Italy (Borin et al., 2001), North Carolina (USA) (Evans et al., 1991,
1995), southern Ontario, Canada (Tan et al., 2002), eastern Ontario (Lalonde et al.,
1996), and in the St. Lawrence lowlands of Quebec, Canada (Madramootoo et al.,
2001, Sanchez Valero et al., 2007).
Nitrogen- and phosphorus-based fertilizers are among the most important factors in
maintaining modern agriculture's productivity; however, nitrogen (N) and
particularly phosphorus (P) are the most limiting nutrient factors in surface-water
algal growth, and thus key to environmental contamination issues, such as
eutrophication, attendant on algal proliferation in lakes and rivers. By way of nitrite
( NO −2 ), converted from NO 3− in the digestive tract, highly NO 3− -contaminated
water can also cause potentially fatal methæmoglobinæmia (anoxia) in susceptible
infants (Gelberg et al., 1999). While some reduction in N and P losses from
agricultural lands can be achieved by a more limited and judicious use of fertilizers,
WTM can also contribute to retaining these nutrients in the field.
In comparison with FD, WTM reduces NO 3− losses to subsurface drains (Wright et
al., 1992; Fausey et al., 1995; Mejia and Madramootoo, 1998; Madramootoo et al.,
2001). This occurs primarily through two mechanisms: a reduction in the volume
of drain flow, and by promoting anaerobic soil conditions which enhance
denitrification (Elmi et al, 2000, 2002; Jacinthe et al., 2000).
Given that P was known to quickly bind to soil particles, leaving only a small
portion in soluble form available to plants, attention was mainly focused on P
losses through soil particles carried in surface runoff, and few studies investigated
P levels in subsurface drainage. However, more recently, in Quebec, long-term
overfertilisation with P has led many agricultural soils to approach P-saturation.
The question of what proportion of more freely mobile P being lost through surface
vs. subsurface drainage water arose in the context of reducing agricultural-source
P-pollution's increasingly severe downstream effects (algal blooms, fish kills, etc.).
Jamieson et al. (2003) was the first in Quebec to show that a significant proportion
of P was being lost from an agricultural field through subsurface drain flow. While
Evans et al. (1991) found a decrease in both surface and subsurface P losses under
SI (vs. FD), Fausey et al. (1995) found no such effect. Given the pressing need for
BMPs to limit P pollution in Quebec waterways, recent work addressing these
issues is discussed in the paper.
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Effects of SI on soil and drainage water N and P
dynamics
Methodology

The studies by our group on the effects of SI on soil and drainage water N and P
dynamics, were undertaken on a 4.2 ha research site in St. Emmanuel, QC
(74°11'15"N, 45°2'10"). Corn (Zea mays L.) was grown on a stone-free Soulanges
very fine sandy loam (humic gleysol). For the studies on N dynamics (Elmi et al.
the experimental set-up consisted of a factorial combination of two WTM
treatments (FD and SI) with two N fertilisation treatments (120 or 200 kg ha-1)
arranged in a randomized complete block design (RCBD) with three replicates
(Figure 1). For the studies on P dynamics, the experiment consisted of two WTM
treatments (FD and CD/SI), replicated thrice in an RCBD (Figure 2). Drains were
centrally located down the length of each plot and routed to two buildings where
tipping-buckets measured drain outflow and activated automatic drainage water
sampling at selected intervals. After standard extraction/filtration procedures, soil
and drainage water NO 3− (Keeney and Nelson, 1982) and Mehlich-III P were
measured colorimetrically on a Lachat QuickChem autoanalyzer.

Fig. 1.

Schematic of St. Emmanuel, QC research site for subirrigation—N dynamics
experiments.
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Fig. 2.

Schematic of St. Emmanuel, QC research site for subirrigation—P dynamics
experiments.

Effects of SI on soil NO3- levels (1996-2000)

The factors of WTM and N fertilization rate showed no significant interaction, only
the effects of WTM are discussed here.
For most sampling dates from 1996 through 2000 when WTM was implemented
soil NO 3− levels in the topsoil (0-0.20 m depth in 1996-1997; 0-0.15 m in 19982000) were generally greater under SI than FD (Elmi et al., 2000, 2002b, 2005b).
For individual dates in 1996 topsoil NO 3− levels were, with the exception of highly
variable results on August 22, significantly greater (P ≤ 0.05) under FD than SI
(Figure 3a; Elmi et al., 2000). In 1997, while all sampling dates but the first
showed a tendency towards greater soil NO 3− levels under FD than under SI, only
for the September 3 date was the difference significant. The lesser difference
between FD and SI treatments in 1997 compared to 1996 might be attributable to
the fact that growing season precipitation in 1997 was roughly 10% below the 30year (1961-1991) norm, whereas that of 1996 was 8.6% greater than the norm.
Assuming the lowered soil NO 3− under SI to be attributable at least in part to moister
soil conditions and thereby enhanced denitrification, it would follow that in a drier
year topsoil denitrification would be less active, and FD vs. SI differences
minimized. Overall NO 3− concentrations were reduced 42 and 16% in 1996 and
1997, respectively.
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Fig. 3.

Differences in soil NO 3− concentrations (kg ha-1) between FD and SI plots in (a)
1996, and (b) 1997. Bar represent ± one standard error (Elmi et al., 2000).

In the spring of 1998, roughly 20 Mg ha-1 of cattle manure was applied across the
field, which accounts for the higher NO 3− levels measured in and after 1998,
compared to before. From 1998-2000, there was a trend of NO 3− levels being lower
under SI than under FD, but only isolated instances of significant differences
(Figure 4; Elmi et al., 2005b).
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Fig. 4.

Differences in soil NO 3− concentrations (kg ha-1) between FD and SI plots in (a)
1998, and (b) 1999 (c) 2000. Bar represent ± one standard error (Elmi et al.,
2000).

The effects of SI on NO 3− levels also extended to deeper soil layers, as shown in
soil NO 3− measurements made in the spring and fall of 1997 and 1998 (Elmi et al.,
2002a, b), and in those of 1999 and 2000 (Elmi et al., 2005c) (Figure 5). With few
exceptions, in 1997 and 1998, at all depths, soil NO 3− levels were lower under SI
than under FD (Figure 5 Left). In general, soil NO 3− decreased with depth,
although the decrease tended to be sharper under SI than under FD. Across all
depths, SI reduced NO 3− levels by 37, 2, 45 and 19% for spring 1997, fall 1997,
spring 1998 and fall 1998, respectively, compared to FD.
Again in 1999 and 2000, soil NO 3− levels were generally lower under SI than under
FD, and generally decreased with depth (Figure 5 Right). Averaged across depths,
spring NO 3− levels were 2-29% lower under SI than under FD, and 36-50% lower in
the fall. The lower impact of SI in the spring may be explained by the fact that it
had only been implemented for a short time, whereas in the fall, it had been
implemented throughout the growing season.
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Fig. 5.

Differences in soil NO 3− concentrations (mg kg-1 D.W.) at depths of 0-0.25 m,
0.25-0.50 m, and 0.50-0.75 m, between FD and SI plots. LEFT: (a) spring 1977,
(b) fall 1997), (c) spring 1998, (d) fall 1998; RIGHT: (a) spring 1999, (b) fall 1999,
(c) spring 2000, (d) fall 2000. Bar represent ± one standard error. (Elmi et al.,
2002a, 2002b, 2005c)

Effects of SI on NO3- concentrations in drainage water (1997-1998)

In both 1997 and 1998, SI plots generally showed significantly lower drainage
water NO 3− concentrations than did FD plots (Table 1; Elmi et al., 2002a). Along
with the fact that soil NO 3− levels under SI were lower than under FD, this suggests
that some process, in this instance denitrification, is reducing NO 3− levels in the
soil, and this, in turn, has the effect of providing less NO 3− that can be leached to
tile drainage water.
Table 1. Differences in mean monthly tile drainage water NO 3− concentrations between FD
and SI in 1997 and 1998 (Elmi et al., 2002a).

* FD and SI are significantly different (P ≤ 0.05)
Month
May
June
July
August
September
October
November

1997
FD
SI
3.42 0.50
4.22 1.10*
4.10 0.92*
3.80 0.75*
4.40 0.60
2.08 1.00*
5.50 0.94*

1998
FD
—
5.2
5.1
3.7
2.7
3.0
3.2

SI
—
1.03*
1.50*
1.02*
0.70
1.0
1.0*

Effects of SI on denitrification rate

Across both 1996 and 1997, except for the particularly dry date of August 22,
1996, denitrification rates were consistently higher under SI than under FD (Table
2.; Elmi et al., 2000) . In 1998 and 1999 denitrification rates were significantly
greater under SI than FD on 6 of 15 sampling dates, while in 2000, 2 of 8 showed
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such a difference; otherwise SI and FD treatments were not significantly different
(Figure 6 LEFT; Elmi et al., 2005b). For the years 1998, 1999 and 2000,
cumulative denitrification over the May to October season was 12.89, 10.15 and
15.58 kg N ha-1 under SI, compared 5.62, 5.06 and 6.84 kg N ha-1 under FD,
respectively. The greater denitrification rate under SI than FD also extended to
depths of 0.15-0.30 m and 0.30-0.45 m (Figure 6 RIGHT; Elmi et al., 2005b)
Thus,

clearly,

the

drops

in

soil

NO 3−

levels

and

tile

drainage

water NO 3− concentrations under SI are linked, at least in part, to enhanced
denitrification under SI, compared to FD. However, while this does benefit water
quality, one of the end products of denitrification is N2O, a greenhouse gas. On the
other hand, since both N2O and N2 are end products of denitrification, the more
important questions are whether SI enhances overall N2O production and whether it
alters the proportion of N2O in gaseous denitrification products.
N2O production in 1998-2000 (Figure 7; Elmi et al., 2005a) followed a similar
pattern as total denitrification, with a mean of seasonal totals of 2.18 and 1.55 kg N
ha-1 for SI and FD plots, respectively. On average, denitrification products
contained 35 and 11% in 1998, 29 and 18% in 1999, and 37 and 20% in 2000,
under FD and SI. Thus, N2O was not the dominant denitrification product released
under either FD or SI. Although denitrification rates (N2O + N2) were greater under
SI than FD, the proportion of N2O:(N2O + N2) was lower under SI than under FD.
Table 2. Differences in topsoil (0-0.15 m depth) denitrification rates (N2O + N2 produced per
hour) between FD and SI in 1996 and 1997 (Elmi et al., 2000).
Date of
sampling
11 July
15 July
23 July
6 Aug
18 Aug
22 Aug
3 Sept.
17 Sept.
20 Sept.
3 Oct.
5 Oct.

Denitrification rate (g N ha-1 day-1)†
1996
1997
FD
SI
FD
SI
38.1
36.1
—
—
—
—
225
185
14.2*
6.7
—
—
7.2
6.8
113*
31.3
8.78*
1.1
—
—
—
—
21.8
27.3
12.0*
4.8
30.5*
5.5
20.0*
7.8
—
—
—
—
25.8
14.3
11.2*
4.9
—
—
—
—
15.3*
4.64

* FD and SI are
† N2O + N2 produced

significantly

-86-

different

(P

≤

0.05)

IDW2008 - Session 2

Fig. 6.

Differences between FD and SI plots for (LEFT) denitrification at a depth of 0-0.15
m (a) 1998, (b) 1999, (c) 2000 (Elmi et al., 2005b); (RIGHT) denitrification
measured in 2000 at depths of (a) 0 to 0.15 m, (b) 0.15 to 0.30 m, and (c) 0.30 to
0.45 m (Elmi et al., 2005a)
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Fig. 7.

Differences in N2O production at a depth of 0-0.15 m between SI and FD plots: (a)
1998, (b) 1999, (c) 2000. (Elmi et al., 2005b)

Modelling N dynamics under FD and SI with DRAINMOD-N

The site characterized above supplied data for calibration (1996 and 1997) and
validation (1998-1999) of DRAINMOD-N (Brevé et al., 1997). Helwig et al.
(2002) used the coefficient of efficiency to evaluate model accuracy, where
Ceff = 1.0 represents a perfect match of observed and simulated values, Ceff = 0
represents a prediction no better than choosing the mean of observed values, and
increasing negative values indicate increasingly poor predictions.
With a few exceptions DRAINMOD-N gave fairly good prediction of WTD and
drain flow, particularly for 1999 (Table 3). However, NO 3− losses through tile drain
flow were poorly predicted for 1998 (Ceff ≤ 0.02), though their prediction was
excellent in 1999. (Ceff ≥ 0.56). For denitrification, Ceff values for full growing
season predictions (June—September) were extremely poor (Ceff ≤ —139.70), and
while better in 1999, still very poor (Ceff ≤ —0.25). However, if the month of June
was omitted from the calculation of Ceff, values were very much improved,
particularly in 1998 when Ceff for SI plots was excellent (Ceff > 0.9).
Comparatively, removing the month of September from the Ceff calculation
worsened the values. However, in both years, the majority of denitrification
occurred in June (Figure 6 LEFT), rather than July—September, so the fact that
DRAINMOD-N performed better for non-peak months, limits its applicability to
the accurate simulation of N dynamics for the site in question.
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Table 3. Coefficient of efficiency for predictions of water table depth (WTD), monthly drain
flow (Flow), monthly NO3- losses in tile drain flow (NO3- loss), and denitrification
(Denit.) in 1998 and 1999 using DRAINMOD-N calibrated with 1996 and 1997
data.

Parameter
predicted
WTD
Flow
NO3- loss
120 kg ha-1
200 kg ha-1

WTM treatment
Subirrigation (SI)
Free drainage (FD)
1998
1999
1998
1999
—
0.198
0.035
0.846
0.169
—
0.021
0.829
0.975
0.963
—

0.59
4.88

0.95
0.77

—

0.02
0.16

—

0.86
0.56

Denitrification

June-Sept
N120
N200
July-Sept
N120
N200
June-Aug
N120
N200

—

—

—

—

139.70
280.09
0.98
0.91

—
—

148.30
309.27

—
—

—

—

2.77
—
14.76

—

503.04
—
123.05

—

—

< —1000
—
982.47

—

15.53
2.67

—

98.99
860.12

—

14.06
17.00

0.25
5.08
0.02
4.35

—

0.10
2.27

—

Effects of WTM on P in tile drainage water (2001, 2002, 2005)

On the same site (St. Emmanuel, Qc) as the denitrification measurements were
done in 1996-2000, measurements of total dissolved phosphorus (TDP) in tile
drainage water were made in 2001 and 2002 (Stämpfli and Madramootoo, 2006),
and 2005 (Sanchez-Valero et al.,2007).
While a combination of limited drainage samples from FD plots and the need for
non-parametric analysis, made it difficult to test differences in some cases, data
gathered in 2001 and 2002 showed that TDP in tile drainage from SI plots was
generally greater than that from FD (Figure 8). While 39 of 200 sample TDP
concentration values for SI plots exceeded Québec's surface quality standard of
0.03 mg P L-1 (max. 0.096 mg P L-1), under FD none of 85 sample concentrations
exceeded the quality standard (max. 0.025 mg P L-1). Interestingly, significant
differences in TDP between SI and FD plots extended to the off-season (Dec. 10,
2001—June 20, 2002) when SI plots were allowed to fully drain (i.e they were
under FD). On this field this may be in part attributable to the fact that SI water was
drawn from a well whose water had a naturally high TDP (mean. 0.06 mg L-1).
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Fig. 8.

Mean rank of TDP concentrations in tile drainage from SI and FD plots in 2001
and 2002.

Similar measurements were made from May to October 2005 (Sanchez Valero et
al., 2007), and also showed higher tile drainage water TDP levels from SI plots
than FD plots (Table 4). Similar trends were found for total phosphorus and
dissolved reactive phosphorus.
From these experiments it is clear that while SI reduces NO 3− losses through tile
drainage by both retaining more soil water in the field and contributing to greater
denitrification. However, this may contribute some addition N2O to the
atmosphere, although N2O was not the dominant denitrification product released
under either FD or SI. Also, although denitrification rates (N2O + N2) were greater
under SI than FD, the proportion of N2O:(N2O + N2) was lower under SI than under
FD. However, SI also appears to enhance TDP levels in drainage water, so
depending on what the primary agricultural pollutant is in a given region, SI may
represent more or less of a BMP, though, particularly in dry years, in the absence of
other forms of irrigation, it will enhance yields.
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Table 4. Average total dissolved P (mg L-1) in tile drainage water from SI and FD plots in
2005.

Sampling date
03/05
13/06
17/06
20/06
12/07
21/07
22/08
31/08
05/09
13/09
19/09
27/09
30/09
07/10
12/10
21/10
26/10
01/11
Mean
% diff. from FD

Total dissolved P (mg L-1)
FD
CD/SI
0.032
0.044 ns
0.032
0.035 ns
0.054
0.113 *
0.045
0.099 nt
0.040
0.036 nt
0.032
0.084 nt
0.035
—
0.041
0.107 *
0.039
0.088 *
0.016
0.056 *
0.016
0.060 *
0.018
0.067 *
0.016
0.069 *
0.011
0.103 *
—
0.034 nt
0.010
0.037 *
0.014
0.037 *
0.013
0.031 *
0.027
0.065 ...
136

WTM mode in use
in CD/SI plots
FD
CD/SI
CD/SI
CD/SI
CD/SI
CD/SI
CD/SI
CD
CD
CD
CD
CD
CD
CD
FD
FD
FD
FD
FD

*, ns, nt: significant difference (P ≤ 0.05); not significant (P > 0.05); not testable,
insufficient data.
Surface/Subsurface runoff partitioning of P in an P-polluted
agricultural watershed.

The effect of subsurface drainage on P losses from agricultural fields was
investigated by comparing a combination of four active agricultural fields with two
soil types (sandy loam and clay) with or without surface drainage. The
characteristics of the fields, located within 3 km of each other in the Eastern
Townships of Quebec, Canada are given in Table 5. The total, particulate,
dissolved, and bioavailable P (TP, TPP, DP, and BAP, respectively) losses on clay
soils were increased at least 2-fold when subsurface drainage was present (i.e., site
A vs. site C). However, on the sandy loam soil differences in P loss with and
without drainage were minimal (i.e., site B vs. site D). In the presence of
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Table 5. Drainage and P losses over the 2005-2006 hydrological year at four sites within 3 km of each other, located in south-central Québec.

Parameter
type
Soil

Drainage

Parameter (units)

Site A

Site B

Site C

Site D

FAO soil type
% Sand
% Clay
Total soil P (kg ha-1)
Soil % saturation in P
Artificial drainage
Area surface drained (ha)
Area subsurface drained (ha)

humic gleysol
22
40
145
7
10 m spacing, 1 m
deep
6.9
7.8
corn/soybean
conv./NT
46/0
1124
0.8
220
737
4.0
3.2
0.8
2.1
56
62

humic podsol
59
10
289
17
13 m spacing, 1 m
deep
5.2
6.0
Alfalfa/Alfalfa
conv./conv.
22/22
1144
2.6
79
528
1.2
0.3
0.9
1.0
33
50

humic gleysol
22
40
176
9
no
2.3
—

humic podsol
55
12
112
7
no
3.9
—

Corn/Cereal
conv./conv.
35/35
1161
3.1
175
—
1.8
1.6
0.2
0.7
—
—

Alfalfa/Alfalfa
conv./conv.
48/48
1110
2.7
296
—
1.4
0.3
1.1
1.1
—
—

crop
Agronomic
tillage
practices
P fertilisation (kg/ha)
2005/2006
Hydrological Precipitation (mm yr-1)
Land slope (%)
Surface runoff (mm yr-1)
Subsurface runoff (mm yr-1)
Total P (kg ha-1) (TP)
P losses
Particulate P (kg ha-1) (TPP)
Dissolved P (kg ha-1) (DP)
Bioavailable P (kg ha-1)
(BAP)
% P loss by subsurface
drains
% sediment loss by SS drains
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subsurface drainage, even though the sandy loam site had both higher soil P and
greater soil P saturation than the clay soil site, total P loss on the clay site was
233% fold greater than on the sandy loam soil. This shows that it is important to
consider soil type when assessing the potential effect of installing subsurface drains
on P losses from agricultural fields to adjacent waterways.
In a separate experiment, the use P loss data from sites A and B in DRAINMOD,
served to simulate the effect of drain spacing in different soil types on P losses
from agricultural fields. For each site individually, DRAINMOD was calibrated
with data from the 2003/4 hydrological year and validated with data from 2002; in
all cases Ceff ≥ 0.69.
Strong regressions (r2 ≥ 0.47, P ≤ 0.01); were developed for each site between
log TP or log TPP and log of surface or subsurface runoff, using data from
individual drainage events (Figure 9).

Log ( TP (g/ha) + 1)

.

1,8
1,5
1,2
0,9
0,6
0,3
0
0

Fig. 9.

0,3

0,6
0,9
1,2
Log (Tile drainage depth (mm) + 1)

1,5

1,8

Regression of log total phosphorus losses in runoff and log of subsurface runoff
depth based on data from individual drainage events on Site A.

When these relationships were used to predict TP and TPP in surface or subsurface
flow from surface or subsurface runoff depths (validation) good results were
obtained for site A, but weaker predictions were obtained for site B, particularly for
surface runoff (Table 6). These predictive relationships were then used to predict P
levels in runoff from DRAINMOD-predicted surafec and subsurface drainage
flows.
Table 6. Validation of runoff-P load models. Coefficient of determination, r2, between TP
and TPP predicted from subsurface or surface runoff .

Site B
Site A

log Subsurface
runoff (mm)
log TP log TPP
0.66**
0.59
0.90*** 0.90***

log Surface runoff
(mm)
log TP log TPP
0.39
0.26
0.65** 0.62**

*,** and *** significant, P≤ 0.05, 0.01 or 0.001, respectively.

DRAINMOD was first used to predict annual subsurface and surface runoff under
different drain spacings (Figure 10). The ratio of predicted subsurface drainage to
total annual drainage from site B was greater than that predicted for site A. This
can be attributed to site B's sandy loam is of a coarser texture and has a relatively
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higher hydraulic conductivity than site A's clay loam. This increases the amount of
water infiltrating through the soil profile and reduces the surface runoff.
Subsurface

Subsurface

500

%

50

200
25
100
0
0

20

40
60
Drain spacing (m)

80

0
100

50

300
200

25
100
0
0

20

40
60
Drain spacing (m)

80

(T ile drainage/T otal F low ) %

300

75
400
F low (m m )

400

Tile drainage/ Total flow) %

500

75
Flow (mm)

Surface
100

.

.

%

600

.

Surface
100

600

0
100

Fig. 10. Effects of drain spacing on annual subsurface flows and surface runoff for site A
(right) and site B (left).

Using the runoff-P relationships, the flow vs. drain spacing data could be made to
show the relationship between drain spacing and annual losses of TP, TPP and TDP
in subsurface and surface runoff, at both sites (Figure 11). At the 10 m drain
spacing for site A, the annual TP load predicted by the model was 1.91 kg ha-1 and
the corresponding observed value was 1.41 kg ha-1, showing that the model
slightly overestimated the annual TP load, but was able to predict satisfactorily at
an event scale. Simulated results indicated that increasing drain spacing caused a
decrease in TP loads in subsurface runoff. A similar effect was observed for TPP
and TDP. For a range of drain spacing (5-70 m), the total phosphorus loads for site
A varied from 2.29 to 0.1 kg ha-1, indicating that 5 m incremental increases in drain
spacing might result in a decrease of 20% of TP loads in subsurface drainage.
However, the impact of increasing the drain spacing was less pronounced for site
B. For a range of drain spacings (5-70 m), the TP loads for site B varied from 0.51
to 0.21 kg ha-1, and incremental increases of 5 m in drain spacing would result in a
decrease of only 6% in TP loads in subsurface runoff. Moreover, Figure 11 shows
that the TPP fraction from site A was important. This predominance may be linked
to the mechanism of transport, which is likely to be preferential flow, given the soil
profile texture (high clay and silt content). In such a soil macropores can provide a
direct route for eroded sediment to subsurface drains.
For site A, TP loads in surface runoff were greater than those from subsurface
runoff (Fig. 11). Also, the ratio of TPP to TP was high for both sites, indicating that
sediment-bound TPP were the most important source of P loss in surface runoff
from agricultural fields in Quebec. However, predicted TP loads in surface runoff
from site A was higher than that predicted values for site B, which might be
explained by greater soil erosion and sediment yield on site A.

-94-

IDW2008 - Session 2

SITE B
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6
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TPP

1,5

4

TPP
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3
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1
0
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80
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Fig. 11. Predicted the effect of drain spacing on annual losses of TP, TPP and TDP in
subsurface (top) and surface runoff (bottom) at sites A (right) and B (left).

Conclusions
There are significants benefits of subirrigation and water table management to
control nitrate-notrogen losses from agricultural drained lands. Our reserach over a
very long term in Quebec, Eastern canada, show that nitrate-nitrogen losses from
corn producing lands can be up to one-fifth lower with subirrigation compared to
conventional free drainage. Denitrification rates were also much higher in the
subirrigated plots, when the water table was kept at 50-75 cm below the soil
surface. However, subirrigation was not as effective in reducing P losses. In fact,
our research found that TDP concentrations under subirrigation could be up to 4
times higher with subirrigation, compared to conventional subsurface drainage.
Filed scale studies in conjunction with DRAINMOD simulations, were undertaken
to assess the effects of different drain spacings on TP, TPP, TDP, and BAP. Drain
spacings greater than 40m led to significanty increases in TP, TPP, TDP in surface
runoff. Soil type was also an influential factor, with higher P losses on a clay soil.
This canh be attributed to the macropore flow and deep fissuring of the clay soils,
during the dry periods, and the subsequent flush of P during a rainstorm.
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Introduction
Minnesota is one of the most productive agricultural states in the Great Lakes
region and relies heavily on artificial surface and subsurface drainage practices
(Zucker and Brown, 1998). Agricultural soils in Minnesota include moderately,
poorly, and very poorly drained soil classes: 59% of the soils in the 4-million
hectare Minnesota River Basin are classified as poorly drained (Mulla, 1997).
Artificial subsurface drainage came into use in southern Minnesota in the early of
1900s (Eidman, 1997) and some estimates suggest that 40% of the total cropland in
Minnesota has benefited from this practice (Zucker and Brown, 1998).
Artificial drainage of cropland benefits farmers by increasing profitability and
reducing the risks of lower crop yields due to excess-water stress during wet years.
Improving subsurface drainage may also decrease loading of phosphorus, sediment,
and soil adsorptive constituents by decreasing surface runoff (Bengtoson et al.,
1988; Skaggs et al., 1995). However, subsurface drainage expedites the transport of
nitrate nitrogen and some soluble pesticides to surface waters (Randall et al., 1997;
Zucker and Brown, 1998; Dinnes et al., 2002). The Minnesota River Basin has
been identified as a significant source of nutrient loads to the upper Mississippi
river, contributing—together with Illinois and Iowa—more than one-half of the
total nitrate load of entire Mississippi river basin, while contributing less than onefourth of the total water (Antweiler et al., 1995). The increased nitrate loading from
agricultural watersheds is believed to be one of the primary causes of hypoxia in
the Gulf of Mexico (Rabalais et al., 1996).
It is necessary to develop approaches and practices for productive but poorly
drained agricultural soils, which maintain agricultural productivity while at the
same time, minimize adverse impacts exacerbated by artificial drainage practices.
Dinnes et al (2002) summarized extensive research results from the studies
conducted in the north central region and suggested various strategies to reduce
nitrate leaching loads from subsurface drains. These strategies include in-field
management methods (fertilizer application, crop rotations, cover crops, etc) and
off-field means (riparian buffers, wetlands, bioreactors, etc). Another approach to
minimize nitrate loss is to manipulate water table depth by altering conventional
designs of artificial drainage to enhance the denitrification process and decrease
drainage volumes (Dinnes et al., 2002).
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Controlled drainage has been successful in reducing drainage volumes and
subsequent nitrate loads to surface waters (Gilliam et al., 1979; Evans et al., 1989
and 1995; Kalita and Kanwar, 1993; Fausey, 2004). However, the efficacy of
controlled drainage is more limited on sloping or rolling topographies, which are
common landscapes in southern Minnesota. Skaggs and Chescheir (2003) proposed
that shallow drain installation could have similar effects on nitrate losses as
controlled drainage, and would not be limited by the need for a flatter field
topography. Their simulation study concluded that shallow drains could
significantly reduce nitrate loads compared to conventional deeper drains and
indicated a need for experimental evidence to prove such an effect could be
achieved.
Another simulation study for Upper Midwestern region indicated that the greatest
reduction in nitrate losses resulted from reduced fertilizer application, followed by
shallow drain installation and increased drain spacing (Davis et al., 2000). Schwab
et al. (1980) compared nitrate losses to subsurface drains between two drainage
systems, 50-cm deep by 6-m spacing and 100-cm deep by 12-m spacing, in
northern Ohio. Gordon et al (2000) compared nitrate leaching between 50- and 80cm drain depths, both spaced at 12 m. These two studies reported 40 and 38 %
reduction in nitrate loading, respectively, with shallower drains compared to deeper
drains. A study near Plymouth, NC, conducted by Burchell et al. (2005)
demonstrated 17.8% and 8.5% reductions in drain flow and nitrate load,
respectively, with 75-cm deep drains by 12.5-m spacing as compared to 150-cm
deep drains by 25-m spacing. Cooke (2002) reported a 51% nitrate load reduction
with 61-cm deep drains at 15-m spacing, compared to 122-cm deep drains at 30-m
spacing, on a Drummer silt loam in Illinois.
The objective of this study was to investigate the impacts of subsurface drain depth
and spacing on drainage volume and nitrate loading in south-central Minnesota.
This study is the continuation of the work reported by Sands et al (2003) and
presents a summary and analysis of 2001-2006 results from the project.

Materials and Methods
Site description and experimental setup

Subsurface drainage field research was initiated in 2001 and conducted through
2006 at the University of Minnesota, Southern Research and Outreach Center
(SROC) in Waseca, MN. Soils and topography of the site are typical for southcentral Minnesota. Major soil types at the site are Webster silty clay loam (fineloamy, mixed, superactive, mesic Typic Endoaquolls) and Nicollet clay loam (fineloamy, mixed, superactive, mesic Aquic Hapludolls). These soils are described as
poorly drained soils that developed under tall prairie grasses in glaciated
landscapes. The topography of the region is slightly rolling with numerous small
depressions. The 30-year annual average precipitation at the site (1971 to 2000) is
881 mm, 59 percent of which occurs from April through August. This includes an
average annual snowfall precipitation of 1390 mm (equivalent water depth of 139
mm) during the winter season with snow-melt runoff typically occurring in March
and April. Soils typically freeze during winter in Minnesota with average frost
depths from 1 to 2 m occurring between December and March. Subsurface drainage
flow commonly ceases during these months.
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The experimental design consisted of nine subsurface drainage plots due to space
and landscape constraints, varying from 0.8 to 2.4 ha in size (Fig. 1). The drainage
system for each plot employed a design depth tolerance of ±7.5 cm, which was
accomplished with the LANDRAIN software package (AB Consulting Co.,
Lincoln, Nebraska), as described by Sands et al. (2001).
Drainage depth and drainage intensity were the two design factors selected for this
study. Note that the term drainage intensity throughout the text indicates theoretical
drainage intensity or drainage rate, defined in the Hooghoudt equation (below),
unless indicated otherwise. Two treatment levels for each factor were incorporated
into the experimental design based on a conventional drainage treatment of 120-cm
drainage depth and a 13 mm/day drainage intensity, a common drainage depth and
intensity for these soils, in Minnesota. Five plots employed the conventional
drainage depth of 120 cm and four plots had a 90-cm drainage depth, the shallow
drainage treatment. The plot locations were randomized at the experimental site
with respect to drainage depth.
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Fig. 1.

Illustration of drainage plot layout at the University of Minnesota Southern
Research and Outreach Center, Waseca, Minnesota. Contour interval is 30 cm.

Drain spacings of 24 m and 18 m were computed using the Hooghoudt drainage
spacing equation for the two drainage depths, for the conventional drainage
intensity of 13 mm/day. Values for K were obtained from the USDA-NRCS
National Soils Database (http://soildatamart.nrcs.usda.gov/), which provides these
data for discrete increments over the soil profile.
The high intensity drainage treatment level was that which resulted from dividing
the conventional 24-m and 18-m drain spacings by two. This was done to address
concerns regarding the water quality impacts associated with the intensification of
existing drainage systems, now taking place within agricultural watersheds in the
region. Using smaller drain spacings than traditional or conventional values is
becoming more common among drainage practitioners. Thus, a high intensity
treatment of 51 mm/day was computed with the Hooghoudt equation for the 120-
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and 90-cm drain depths using 12- and 9-m drain spacings, respectively. These
depth and spacing combinations resulted in five replications for the 120-cm
drainage depth and four replications for the 90-cm drainage depth. Alternatively,
grouping the plots by drainage intensity resulted in five plots at the conventional
intensity and four at the high intensity. The four high intensity plots (nos. 6 through
9) were positioned on a lower landscape position of the field because this is where
a producer might typically place a more intensive drainage system. Thus, no
randomization occurred with regard to drainage intensity.
The field comprising the research plots was managed by the University of
Minnesota SROC for general crop production. That is to say that production inputs
were made on a whole-field, not plot, basis. Corn and soybeans were grown in an
annual rotation starting with soybeans in 2001. Application of nitrogen fertilizers
was practiced for corn while phosphate and potassium was applied for both corn
and soybean. Anhydrous ammonia nitrogen was applied at the rates of 135 and 142
kg/ha for corn production in April 2002 and 2004, respectively. Phosphorus (168
kg/ha) and potassium (224 kg/ha) were applied biennially after corn harvest in
2002 and 2004. In 2004, an additional 66 kg/ha of anhydrous ammonia nitrogen
was applied to the entire field along with late fall P and K fertilization to try to
improve soybean production in 2005.
Each of the nine drainage plots was instrumented with a data acquisition system to
monitor subsurface drainage flow and water quality. Tipping buckets and a
datalogger (CR10X, Campbell Scientific Inc., Logan, UT) operated by 12V battery
that was charged by a 5-W solar panel provided continuous data collection for each
station. A tipping bucket rain gage (TE525, Campbell Scientific, Inc., Logan, UT)
recorded rainfall at the site. Rainfall was also recorded at the SROC weather
station, located approximately 1.6 km from the experimental site. Accumulated
subsurface drainage flow was measured at 15-minute intervals. Fifteen-minute
drainage flow rates were calculated as the product of 15-min bucket tips and bucket
volume.
Berms were constructed around plot perimeters and surface flumes were installed at
low points in each of nine plots to measure surface runoff. However, during the
first two project years, only five surface flow events totaling less than a centimeter
of surface runoff were measured. In the absence of other physical evidence of
significant surface runoff, we decided that either our surface runoff measurement
scheme was inadequate for the landscape and scales of interest, or surface runoff
volumes were too small to be reliably measured. Thus, surface runoff measurement
was not attempted for the subsequent three project years.
Automatic water samplers (ISCO 6712, Teledyne ISCO Inc., NE) were used to
sample subsurface drainage water on a volumetric basis. The water samples were
retrieved from the site once or twice a week depending on drainage flow rates,
refrigerated, and transported to the laboratory for nitrate/nitrite concentration
analysis. Annual plot nitrate loads were computed as a product of drainage
flowrates and nitrate concentrations. Annual flow-weighted nitrate concentrations
were calculated by dividing annual plot nitrate loads by the annual drainage
volumes.
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Statistical analyses

An ANOVA approach was used to evaluate the effects of drainage depth and
intensity on annual drainage volume, nitrate concentration, and nitrate loads (mass
movement) through subsurface drainage waters. Drainage depth and drainage
intensity were considered independent variables for the GLM procedure and all
other conditions were assumed to be equal for all drainage plots. ANOVA was
performed on an individual year basis (for treatment annual effects) and then the
five years of data were pooled together for a multi-year treatment effect analysis.
For the pooled analysis, two additional factors, annual precipitation and crop type,
were introduced into the GLM procedure to represent yearly climate and
fertilization effects, respectively. Annual precipitation was incorporated into the
GLM as a covariate to represent the annual effects climate on drainage volume.
The crop effect from the corn and soybean rotation was accounted for in the GLM
as a categorical variable.

Results and Discussion
Precipitation during the five-year experimental period varied from 495 mm in 2003
to 1064 mm in 2004. The ratio of rainfall to the 30-year normal ranged from 0.56 to
1.21 and averaged 0.93 for the five years. Precipitation in 2002 and 2003 was well
below the normal, slightly above normal in 2001 and 2005, and the wettest of the
experimental period in 2004. An average of 84 percent of annual precipitation
(range of 79 to 97 percent) occurred during the crop growing season The
distribution of precipitation in the study site is distinct from those in the warmer
corn-belt states, where precipitation is more uniformly distributed throughout the
year (Kladivko et al., 1999, 2004; Burchell et al., 2005).
Figure 2 presents drainage flow and nitrate loss observations for the six-year study
period. Drainage flow in 2004 did not begin until May despite greater snowfall
amounts during the previous winter. It is likely that 2004 spring snowmelt and
rainfall recharged a relatively depleted soil moisture profile from the previous dry
year. On average, 31 percent of April – June rainfall was converted to subsurface
drainage while only 5 percent of rainfall left the soil profile through subsurface
drainage during the July – October period.
Annual drainage volumes were highly variable due to the differences in the amount
and timing of rainfall each year. The smallest annual drainage volume was 5.6 cm
(11.3 percent of annual precipitation) for the 90-cm drainage depth and 13 mm/day
drainage intensity in 2003, while the largest was 18.5 cm (20.5 percent of annual
precipitation) for the 120-cm drainage depth and 51 mm/d drainage intensity in
2001. Annual drainage volumes were also highly correlated with the amount of
rainfall during April through June rather than annual precipitation. This is primarily
because of the differences in the fractions of rainfall that resulted in drainage flow
between two seasons, April – June and July – October, as described earlier.
Subsequently, greater annual drainage flow was observed in 2001 than in 2004
(rainfall amounts from April to June were 407 and 350 mm, respectively), although
the annual rainfall was greater in 2004 than 2001. On average, 17 percent of annual
rainfall over the five-year study period was converted to subsurface drainage flow.
This is much less than 27 percent reported from an 85-year simulation study for
south-central Minnesota (Jin and Sands, 2003). However, this study simulated with
a deeper drainage depth (145 cm) that might have resulted in greater conversion of
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annual precipitation to subsurface drainage. Randall et al. (2003) conducted a field
study with a drainage depth of 120 cm from 1987 through 1994 and reported that
21.1 percent of annual rainfall resulted in subsurface drainage on soils similar to
this study. The 15-year study conducted in Indiana reported that drainage flow
removed 8 to 26 percent of annual rainfall depending on year and drain spacing
(Kladivko et al. 2004).

100

DD = 90 cm

15.9%

Precipitation

16.4%

31.3 %
25.1%

20

200
25.3%

10

300

30.4%

0

Annual drainage volume (cm)

DD = 120 cm

30

2002c

2003s

a.

2004c
Year

2005s

0

29.8%

Precipitation

17.8%
200

20.5%

10

300

400
2002c

2003s

2004c
Year

2005s

2006c

60

0

100

DD = 90 cm

5.2%

Precipitation

34.1%

17.5%
29.7%

27.3%

20

200

300
31.2%

10
0

400
2001s

2002c

2003s

2004c
Year

2005s

DI = 51 mm/day

100

DI = 13 mm/day

40

25.0%

Precipitation

30

2.9%
22.7%

15.5%

18.1 %

20

Annual precipitation (cm)

40

Annual nitrate load (kg-N/ha)

50

Annual precipitation (cm)

Annual nitrate load (kg-N/ha)

25.6%

21.7%

b.

DD = 120 cm

Fig. 2.

14.3%
20

2001s

50

c.

100

DI = 13 mm/day

2006c

60

30

DI = 51 mm/day

30

0

400
2001s

0

Annual precipitation (cm)

40

0

Annual precipitation (cm)

Annual drainage volume (cm)

40

200

300
25.6%

10
0

2006c

400
2001s

d.

2002c

2003s

2004c
Year

2005s

2006c

Observed annual drainage volumes and nitrate loads for, a) and c) two drainage
depths, and, b) and d) two drainage intensities. Error bars indicate the 95%
confidence interval. Annual precipitation is read on the reversed right vertical axis.

Shallow drainage consistently resulted in lower annual average subsurface drainage
volume varying from 16 to 30 percent than conventional drainage depth (Fig. 2a),
depending on climatic conditions. Differences in annual drainage volume between
the two drainage depths were smallest in 2004, when several large rainfall events
occurred. In addition, the conventional drainage intensity (13 mm/day) showed
smaller average annual drainage volumes by 14.3 to 29.8 percent relative to the
high intensive drainage systems (51 mm/day). Although the average effects of
drainage depth and drainage intensity appear to be relatively large, they were not
found to be statistically significant at the α =0.05 significance level when evaluated
on an annual basis (p-values varied from 0.064 to 0.231 and 0.054 to 0.205 for
drainage depth and intensity, respectively). Results based on aggregated (across
years) data are described in a later section.
Nitrate Concentration

Annual flow-weighted nitrate concentrations in subsurface drain water varied from
10 to 20 mg/L. Noticeably higher nitrate concentrations were observed in 2004, the
wettest year of the 6-year period. Sudden increases in nitrate concentration were
observed from the water samples collected on Jun 10, 2004 when a 62-mm rainfall
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event occurred. This rainfall was the first rainfall event in 2004 to cause a
significant drainage flow and the second largest drainage flow over the 6-year
experimental period. Nitrate concentrations in 2004 increased from an average of
10.7 to 27 mg/L (average of the nine plot samples) lasting approximately three
weeks at the elevated concentration until returning to previous levels. The nitrate
concentration in one of the 90-cm (shallow) drainage plots experienced its
maximum value (39 mg/L) during this period, causing the average nitrate
concentration from the shallow drainage plots to exceed those of the deep drainage
plots. Because an average of 38 percent of the 2004 annual drainage occurred in
June, the elevated nitrate concentrations significantly affected the annual flowweighted nitrate concentration for the year. The annual flow-weighted nitrate
concentration in 2004 was much higher than in 2002 even though they were both
corn rotation years.
With the exception of 2004, annual average flow-weighted nitrate concentrations
were slightly lower for the shallow drainage depth than the conventional drainage
depth, although the differences were not statistically significant at the α = 0.05
confidence level when evaluated on an annual basis (p-values from 0.182 to 0.431).
Similar flow-weighted nitrate concentration differences (Fig. 5b) were also
observed between the two drainage intensities (13 and 51 mm/day) (p-values from
0.150 to 0.448). Previous studies have reported that nitrate concentrations in drain
water were not influenced significantly either by drainage depth (Gordon et al.,
2000; Burchell et al., 2005) or drainage spacing (Kladivko et al., 2004).
Nitrate Loads to Subsurface Drainage

Annual nitrate loads to subsurface drains is a product of drainage volume and
nitrate concentration. Annual nitrate loads varied from the 6.2 kg/ha/yr for shallow
drains with conventional intensity (2003) to 34.4 kg/ha/yr for conventional
drainage depth and high intensity (2004). As with annual drainage volume, the
differences in annual nitrate loads between treatment levels were not found to be
statistically significant at the α = 0.05 significance level when evaluated on an
annual basis (p-values varied from 0.099 to 0.365 and 0.052 to 0.436 for drainage
depth and intensity, respectively). As shown in Figure 3, the overall trends of
nitrate loads were very similar to the annual drainage volume patterns since flowweighted nitrate concentrations were not found to be significantly different among
treatments.
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Aggregated (2001-2005) Results

Figure 4 present the 2001-2006 aggregated subsurface drainage volume, nitrate
concentration, and nitrate loads to subsurface drains. The values of annual drainage
depth, nitrate concentration, and nitrate loads are adjusted means over the 5-year
period. Adjusted means are average values of all estimates from the GLM for all
combinations of the factors over each factor level after removing all contributions
by the covariate—rainfall in this study. Mean annual drainage volumes were 11.8
and 15.3 cm for shallow and conventional drain depths, respectively, for the 6-year
period. The 22-percent reduction in drainage volume was found to be statistically
significant at a p-value of 0.0008. Drainage intensity was also found to be a
significant factor affecting 6-year drainage volume (p-value = 0.0013). Average
annual drainage volume was 3.2 cm (21 percent) higher for the 51 mm/day
drainage intensity compared to the 13 mm/day drainage intensity.
Flow-weighted nitrate concentrations were not significantly affected by either
drainage depth or drainage intensity when evaluated on a 6-year basis. Previous
studies also have reported independence of nitrate concentration with drainage
depth (Burchell et al., 2005) and drainage intensity (Kladivko et al., 2004). The
mean flow-weighted nitrate concentration for all treatments was approximately 13
mg/L. Thus, the 6-year nitrate loads reflected the pattern of the 6-year drainage
volume. Five-year average nitrate loads were 15.8 and 20.2 kg/ha/yr for shallow
and conventional drainage depths, respectively. The reduction of 4.4 kg/ha/yr (22
percent) for shallow drainage was statistically significant at a p-value of 0.004. The
higher intensity drainage treatment experienced a 3.7 kg/ha/yr (19 percent) greater
nitrate load than the conventional drainage intensity, significant at a p-value of
0.0012. Similar results have been reported by Burchell et al. (2005) who found that
shallow drains 75-cm deep and 12.5-m spacing, reduced outflows and nitrate loads
by 17.8 and 8.5 percent, respectively, compared to drains 150-cm deep and 25-m
spacing, for a three year period in Plymouth, NC.
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Six-year (2001-2006) pooled effects of a) drainage depth, b) drainage intensity,
and c) crop type, on drainage volume, nitrate concentration and nitrate load to
surface water for the study site.

Nitrate loads were also affected by crop type (i.e., corn or soybean). In contrast to
the effects of drainage depth and intensity, drainage volumes were not significantly
affected by crop type. However, the flow-weighted nitrate concentration was
significantly greater by 2.7 mg/L for corn than for soybean (p-value < 0.0007).
Thus, annual nitrate load with corn production was 32 percent (5 kg/ha) greater
than that during soybean production years (p-value = 0.0017). However, due to the
small data size (3 years soybean and 2 years corn), stating a significant crop effect
might be presumptuous. Continued data collection will provide more confidence
with which to confirm the crop effects on nitrate loads to drainage water.
Crop Yield

Annual crop yields were obtained from combine yield monitor data from the
research site. The field was harvested in bulk, and the yield monitor data for
individual plots was cut from the bulk field area for analysis. Mean yields varied
only slightly between treatments, with average yield differences between drainage
depth treatments of less than 1 percent (3 percent in 2004). Slightly higher
differences in mean crop yields were observed between drainage intensity
treatments, with a statistically significant 5 percent yield increase in 2001 and
2002. Although larger differences in mean yields were observed in subsequent
years (between drainage intensity treatments), they were not statistically
significant. Figure 5 shows the pooled 5-year (a pooled analysis with 2006 yield
had not been performed at this writing) crop yields by drainage design depth and
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drainage coefficient. No significant difference existed between drainage depth
treatments, however, corn yields were 5 percent higher for the 13 mm/day drainage
intensity compared to the 51 mm/day drainage intensity.
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Conclusions
Annual subsurface drainage volumes and nitrate loads exhibited high annual
variability. The timing and amount of annual precipitation, annual dry-wet
precipitation sequences and cropping sequence are assumed to be the primary
factors for this variability. Moreover, subsurface drainage volumes and nitrate
loads displayed high intra-seasonal variability, with a large fraction of total annual
drainage volume and nitrate load delivered between April and June. The
seasonality of observed drainage flows are supported by the findings of other
researchers in Minnesota and Iowa.
Drainage installation depth appears to influence annual drainage volume and nitrate
loads to surface waters, but observed differences between treatment levels,
sometimes as high as 34 percent on an annual basis, were not statistically
significant for any of the 2001-2006 study years. Both shallower and less intense
drainage systems were found to significantly affect drainage volume (20 percent
reduction) and nitrate loading (18 percent reduction), but not flow-weighted nitrate
nitrogen concentration. These results required an analysis of aggregated data
(across study years).
Crop yields were not significantly affected by drainage depth, either positively or
negatively. The results of this study suggest that the reductions in annual nitrate
loads to subsurface drainage with shallow and less intense drainage designs are
primarily a function of reduced annual drainage flow resulted from these design
alternatives. Thus, alternative drainage design has the potential to reduce nitrate
loads to surface waters while not adversely affecting crop yields. However,
seasonal and annual climatic variability, and other factors, will play significant
roles in the magnitude of the impact from year to year. Additional research is
needed to investigate the mechanisms for drainage volume and nitrate load
reduction.

-107-

IDW2008 - Session 2

References
Allen, R. G., L. S. Pereira, D. Raes, and M. Smith. 1998. Crop evapotranspiration Guidelines for computing crop water requirements - FAO Irrigation and
drainage paper 56.
Antweiler, R. C., D. A. Goolsby, and H. E. Taylor. 1995. Nutrients in the
Mississippi River. In: R. H. Meade (Ed.). Contaminants in the Mississippi
River, 1987–1992. U.S. Geological Survey Circ. 1133.
Bengtson, R. L., C. E. Carter, H. F. Morris, and S. A. Bartkiewicz. 1988. The
influence of subsurface drainage practices on nitrogen and phosphorus
losses in a warm, humid climate. Transactions of the ASAE, 31(3): 729–733.
Burchell II, M. R., R. W. Skaggs, G. M. Chescheir, J. W. Gilliam, and L. A. Amold.
2005 Shallow subsurface drains to reduce nitrate losses from drained
agricultural lands, Transactions of the ASAE, 48(3): 1079–1089.
Cooke, R., J. Nehmelman, and P. Kalita. 2002. Effect of tile depth on nitrate
transport from tile drainage systems. ASAE Meeting Paper No. 022017. St.
Joseph, Mich.: ASAE.
Davis D. M., P. H. Gowda, D. J. Mulla, and G. W. Randall. 2000. Modeling nitrate
nitrogen leaching in response to nitrogen fertilizer rate and tile drain depths
or spacing for southern Minnesota, USA. Jour. Environ. Qual. 29:1568-1581.
Dinnes, D. L., D. L. Karlen, D. B. Jaynes, T. C. Kaspar, J. L. Hatfield, T. S. Colvin,
and C. L. Cambardella, 2002, Review and interpretation: Nitrogen
management starategies to reduce nitrate leaching in tile-drained
midwestern soils. Agron. J., 94: 153–171.
Eidman, Vernon. 1997. Minnesota farmland drainage: Profitability and concerns.
No. 688. Agricultural Economist. Spring.
http://www.mes.umn.edu/Documents/F/L/Other/ag237-688b.html
Evans, R. O., J. W. Gilliam, and R. W. Skaggs. 1989. Effects of agricultural water
table management on drainage quality. Report No. 237. Raleigh, N. C.:
Water Resources Research Institute of North Carolina.
Evans, R. O., R. W. Skaggs, and J. W. Gilliam. 1995. Controlled versus
conventional drainage effects on water quality. Trans. ASAE, 121(4): 271–
276.
Fausey, N. 2004. Comparison of free drainage, controlled drainage, and
subirrigation water management practices in an Ohio lakebed soil ASAE
Paper Number 042237, 2004, Annual ASAE Meeting, St. Joseph, MI: ASAE.
Gilliam, J. W., R. W. Skaggs, and S. B. Weed. 1979. Drainage control to diminish
nitrate loss from agricultural fields. J. Environ. Qual., 8(1): 137–142.
Gordon, R., A. Madani, K. Caldwell, N. Boyd, T. Astatkie, and R. Jamieson. 2000.
Subsurface nitrate-N leaching loss as affected by drainage size and depth in
a shallow slowly-permeable soil. Can Water Resour J., 25(4): 331–341.
Helmers, M. J., P. Lawlor, J. L. Baker, and S. Melvin. 2005. Temporal subsurface
flow patterns from fifteen years in north-central Iowa, paper No. 052234,
ASAE Annual International Meeting, Tampa, Florida, 17-20 July 2005, St.
Joseph, MI: ASAE.
Jin, C.X. and G.R. Sands. 2003. Long-term Field-scale Hydrology of Subsurface
Drainage Systems in a Cold Climate. Transactions of ASAE 46(4):10111021.
Kalita, P. K., and R. S. Kanwar. 1993. Effect of water table management practices
on the transport of nitrate–N to shallow groundwater. Transactions of the
ASAE, 36(2): 413–422.

-108-

IDW2008 - Session 2

Kladivko, E. J., J. R. Frankenberger, D. B. Jaynes, D. W. Meek, B. J. Jenkinson,
and N. R. Fausey. 2004. Nitrate leaching to subsurface drains as affected by
drain spacing and changes in crop production system. J. Environ. Qual. 33:
1803–1813.
Mulla, D. J., ed. 1997. Minnesota river basin water quality overview. FO–7079E.
St. Paul, Minn.: University of Minnesota Extension Service.
Rabalais, N. N., R. E. Turner, D. Justic, Q. Dortch, J. W. Wiseman, Jr., and B. K.
Sen Gupta. 1996. Nutrient changes in the Mississippi River and system
response on the adjacent continental shelf. Estuaries, 19(2B): 385–407.
Randall, G. W., and T. K. Iragavarapu. 1995. Impact of long–term tillage systems
for continuous corn on nitrate leaching to tile drainage. J. Environ. Qual.,
24(2): 360–366.
Randall, G. W., D. R. Huggins, M. P. Russelle, D. J. Fuchs, W. W. Nelson, and J.
L. Anderson. 1997. Nitrate losses through subsurface tile drainage in
conservation reserve program, alfalfa, and row crop systems. J. Environ.
Qual., 26: 1240–1247.
Randall, G. W., and D. J. Mulla. 2001. Nitrate nitrogen in surface waters as
influenced by climatic conditions and agricultural practices. J. Environ. Qual.,
30: 337–344 (2001).
Sands, G. R., K. B. Householder, and L. M. Busman. 2001. Design of a
subsurface drainage research facility with LANDRAIN and SEDCAD 4,
Applied Engineering in Agriculture, 17(3): 309–314.
Sands, G. R., L. M. Busman, W. E. Rugger, and B. H. Hansen. 2003. The impact
of drainage depth on water quality in a cold climate, the annual international
ASAE meeting, paper No. 032265, Las Vegas, NE, July 27-30 2003. Am.
Soc. Agric. Eng., St. Joseph, MI.
SAS institute, SAS OnlineDoc® Version 8,
Hhttp://gsbwww.uchicago.edu/computing/research/SASManual/main.htmH,
SAS Institute Inc. Cary, NC.
Schwab, G. O., N. R. Fausey, and D. E. Kopcak. 1980. Sediment and chemical
content of agricultural drainage water. Transactions of the ASAE, 23: 14461449.
Skaggs, R. W., M. A. Breve, and J. W. Gilliam. 1995. Simulation of drainage water
quality with DRAINMOD. Irrigation and Drainage Systems, 9: 259–277.
Skaggs, R. W., and G. M. Chescheir III. 2003. Effects of subsurface drain depth on
nitrogen losses from drained lands, Transactions of the ASAE, 46(2): 247–
244.
Zucker, L.A. and L.C. Brown (Eds.). 1998. Agricultural drainage: water quality
impacts and subsurface drainage studies in the midwest. Ohio State
University Extension Bulletin 871.

-109-

IDW2008 - Session 2

Minnesota’s Conservation Drainage
Demonstration Project
Craig Schrader1, Gary Sands2, Mark Dittrich3, Lowell Busman4
1
Assistant Extension Professor, University of Minnesota Extension, Extension
Regional Center, Mankato, MN 56001
2
Associate Professor, University of Minnesota, Dept. of Bioproducts & Biosystems
Engineering, St. Paul, MN 55108
3
Senior Planner, Minnesota Dept. of Agriculture, 625 Robert St., St. Paul, MN,
55155
4
Senior Planner, Minnesota Dept. of Agriculture, 625 Robert St., St. Paul, MN,
55155

Introduction
Minnesota is a state blessed with an abundance of surface water, the state being
known as the ’Land of 10,000 Lakes’. Water quality issues both within the state of
Minnesota and also at the national level have drawn attention to the practices of
agricultural drainage. The Environmental Protection Agency, through the Clean
Water Act has set standards for water quality. Through the Total Maximum Daily
Load (TMDL) program, bodies of water are identified if impaired. The TMDL
program specifies a maximum amount of pollutant that a body of water can receive
and still meet drinking water standards.
On a more regional and national level, there is concern about an area in the Gulf of
Mexico known as the ’Dead Zone’ (see Figure 1.). This is an area of hypoxic
waters at the mouth of the Mississippi River. The oxygen depleted waters range
from 13,000 to 21,000 km2. Nutrients flowing into the Gulf contribute to
phytoplankton blooms. As the blooms die and the organisms die, oxygen is
depleted. Nitrogen in the form of nitrates is key in the algae blooms. The source of
the nitrates is from agricultural areas of mid-America. Minnesota is in the Upper
Mississippi zone which accounts for about 31% of the nitrates reaching the Gulf of
Mexico, although Minnesota’s contriburtion is only a portion of this. Reducing
nitrogen loss to the greater Mississippi basin is key to reducing the Gulf of Mexico
hypoxia area.
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Fig. 1.

Map of the Mississippi River Basin with sub-basin
www.cop.noaa.gov/images/GOMhypoxia_map.jpg)

delineations

(from

For these reasons, the University of Minnesota reseach has focused on both nutrient
and water management as methods to reduce the amount of nutrient loss from
Minnesota farmlands. Minnesota has many hectares of potentially highly
productive soils, most of which are restricted due to poor internal drainage
characteristics. For this reason many producers are investing in pattern tile drainage
systems. There are a number of reasons for this including allowing the producers to
till and plant earlier in spring and to reduce the frequency of water logged rooting
zones.

Location and Methodology
Through the Conservation Innovation Grant (CIG) program from the United States
Department of Agriculture (USDA) Natural Resources Conservation Service
(NRCS) a number of demonstration sites have been developed across Minnesota.
The goal was to take University research from a plot scale to something closer to
the field scale typical of Minnesota farms. The sites are located across southern
Minnesota with an additional site in west central Minnesota (see Figure 2.). This is
done in part because Minnesota’s climate transitions from east to west.
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Clay County

Rice County
Nicollet County
Jackson County
Dodge County
Nobles County
Mower County

Fig. 2.

Map of the Conservation Innovation Grant (CIG) demonstration sites in Minnesota.

Table 1.
LOCATION
Clay County
Dodge County
Jackson County
Mower County
Nicollet County
Nobles County
Rice County

TREATMENTS (replications)
Conventional (2), Shallow (2) and
Controlled (2)
Conventional, Shallow and
Controlled
Controlled (3)
Conventional (2), Shallow (2) and
Controlled (2)
Conventional (2), Shallow (2) and
Controlled (2)
Conventional and Controlled
Conventional and Controlled

BIOREACTOR
No
No
No
Yes (2)
Yes (2)

Yes

Nitrogen losses may be reduced by the use of controlled drainage, shallow drainage
systems and by ”edge of the field” treatments. A multi-site demonstration projects
began in Minnesota in 2006 to show the efficacy of these treatments.
In each of the sites, conventional (unrestricted) drainage was compared with a
controlled drainage systems, using a control structure which allows the in-field
water table to be controlled through the use of control structures (See figure 3).
Another method is the shallow drainage system where the tile lines are installed at
a more shallow depth than typical (90 cm vs. 120 cm). This method reduces the
volume of soil drainage while still maintaining the advantages of drainage.
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Fig. 3.

Schematic of a drainage control system on a tile drained field.

Controlled drainage, with today’s technologies, works best if the topography is
relatively uniform and the slopes are of 1% or less. Controlled drainage requires
management. Typically in the spring, before field operations, the water table is
lowered to allow tillage and planting. At this time the system would closely
resemble a more conventional system as the water has been allowed to drain to the
full depth of the drainage lines. In most instances this would be 120 cm. After the
spring field operations have been completed, the stop logs in the control structure
would be set back in place allowing the water table to rise above the depth of the
tile lines. A typical stategy would be to bring the water table up to within 60 cm of
the surface. As the season progresses, the water table would be lowered. At harvest
time the profile would again be fully drained.
Additionally, on some sites a bioreactor was installed. The bioreactor is a wood
filled trench 2 m in depth, 0.5 m in width by 8 m per hectare of crop (See Figure 4).

Fig. 4.

Schematic of wood-chip bioreactor used for denitrification of drainage effluent.
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The bioreactor creates an anaerobic environment which allows denitrifying bacteria
to convert NO3 back to N2 .Water preferentially flows through the trench before
leaving the field. Results at other research sites have shown reductions in NO3-N of
20-50% and higher in some instances.
Crop yields, annual water flow, weekly NO3 concentrations and rainfall were
measured at each of the sites. Experience at the Southern Research and Outreach
Center, University of Minnesota showed that yields were not significantly different
between drainage methods but the quantity of NO3 leaving the field was
significantly reduced by both of the conservations drainage methods as well as by
the bioreactor.

Results
Data was collected in Nicollet County. The crop was Zea mays. The soil was in the
Webster series which consists of a very deep, poorly drained, moderately
permeable soil. It is classified as a fine-loamy, mixed, superactive, mesic Typic
Endoaquoll.
The graph in Figure 5 shows the cumulative drainage during the growing season.
The year 2007 was an unusual year. Rainfall was below normal for much of the
summer, actually pushing Minnesota into a drought status. Figure 6 shows the 2007
precipitation collected at the demonstration site versus a 30 year normal for the city
of Mankato, approximately 20 km to the south of the demonstration site. Looking
at the amount of drainage in the three systems, it can be seen that the conventional
(120 cm) and the shallow (90 cm) were approximately the same. The controlled
drainage drained about 3 cm less water during the growing season, presumably
contributing to growth of the plants. The controlled drainage delievered about half
as much NO3-N as the other two drainage methods. Yields were not significantly
different on three treatments which is consistent with other research done in
Minnesota.
Treatment
Conventional
Shallow
Controlled

NO3-N mg L-1
12.7
12.5
6.2
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CIG Site 1 - Nicollet County
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Fig. 5.

Graph of growing season precipitation and cumulative drainage of three drainage
systems (conventional, shallow, and controlled drainage)
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Fig. 6.

Growing season 2007 precipitation and 30 normals values.
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Summary
Several drainage demonstration sites were developed in Minnesota as part of a
Conservation Innovation Grant from USDA/NRCS. The purpose was to
demonstrate that alternative forms of drainage could be used to both reduce nutrient
loss and conserve water in cropping systems in Minnesota. Additionally, an edge of
field treatment, the woodchip bioreactor, was used to reduce the NO3 concentration
is water leaving the field. The controlled drainage system reduced the amount of
water drained during summer months.
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Abstract
A lysimeter study was conducted in the field in Karaj - Iran to investigate the
effects of water table management (WTM) on the quality of subsurface drainage
effluents Drain volumes, nitrate-N concentration, phosphorus concentration and
electrical conductivity of drain effluents were monitored during the growing season
of alfalfa (Medicago Scatella). Totally 12 lysimeters consisting of four treatments
were used in this study, nine of which were equipped with subirrigation (SI) and
the other three with free drainage (FD) systems.An annual crop alfalfa (Medicago
Scatella) was planted in all the lysimeters. Water table levels were kept at 30 cm
(SI30), 50 cm (SI50) and 70 cm (SI70) below the soil surface in SI-lysimeters and
more than 100 cm below the soil surface in FD-lysimeters. The results of this study
showed a significant reduction in nitrate-N concentrations in SI-lysimeters
compared to FD-lysimeters. The reduction levels were 82 and 78.5% in SI30 and
SI50 respectively. Also, alfalfa productions increased 73 and 94% in SI30 and SI50
respectively, compared to FD-lysimeters. The average electrical conductivity of
drainage water was reduced in SI lysimeters (2.65 dS/m) compared to FDlysimeters (4.56 dS/m) that meet Iranian standard level (3 dS/m). There are not
statistically significant differences in phosphorous concentration in drainage water
of different treatments. Finally, the results of this study indicated that the water
table management practices are economically and environmentally feasible in Karaj
in order to have a sustainable agriculture.

Introduction
The main objective of drainage in arid and semiarid areas is to remove excess
irrigation water applied for salt leaching in the soil for The purpose of balance salt
for the protect the root zone from salt stress. In most irrigation and drainage
protects, drainage effluent is a major concern. This concern can be decreased by
reducing drainage volume and improving drain water quality.
The potential of nitrate leaching in drainage systems is high, because it is mobile
and can be transported toward the drain pipes by water flows rapidly. Therefore,
nitrate fertilizers are easily lost in the field through subsurface drains. Studies have
shown that nitrate loss from agricultural lands is a major contributor to nutrient
enrichment of surface and ground waters (Baker and Johnson 1981; Lowrance et
al., 1984; Adiscott et al., 1991; Fausey et al., 1995). Excessive nutrient loading to
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streams and lakes stimulate aquatic plant growth, destroy aquatic ecosystems and
impairs downstream water quality (Madramootoo, 1996). Furthermore, water
pollution costs billions of dollars not only to agriculture, but also to recreational,
commercial fishing, and municipal water sources (Madramootoo, 1996). Thus, it is
essential to apply strategies and approaches that exert simultaneous management of
soil, water and crop.
Water Table Management (WTM) has been identified as a best management
practice in humid areas. In this method, water table level is adjusted by controlled
drainage (CD) and subirrigation (SI). Controlled drainage restricts flow at the outlet
by means of a control device, while subirrigation pumps water into the drain
laterals to keep water table at a certain level. In both systems, a shallow water table
is created which compensates the crops.
In North Carolina, water table management has been shown to be effective in
reducing nitrate concentration in drainage water up to 50% relative to free draining
fields (Gilliam et al., 1979; Evans et al., 1989). Nitrogen loading reduction to
surface water bodies has been estimated to be more than 100 thousand tons per
year, using water table control to areas suited physically for these practices (Evans
et al., 1995). Water table management has also been shown to be effective in
reducing pesticide concentration in drainage water (Liaghat and Prasher, 1996).
Most of the research works on WTM have been conducted in humid and semihumid areas, whereas they are limited in arid and semi-arid areas. The objective of
this paper is to investigate the effect of water table management on crop yield as
well as on draining water quality in a semi arid area (Iran).

Materials and Methods
Lysimeter construction

This study was carried out in 12 large PE lysimeters 1.2 m in height and 0.7 m in
diameter filled with clay loam silt soil. Each lysimeter was equipped with a drain
pipe installed at 1 m depth below the soil surface. Lysimeters were located at the
Soil and Water Research Center of Tehran University (35º 56’ N, 50º 58’ E) and
they were planted to alfalfa (medicago scatella), moderately tolerant crop with
threshold value of 4 dS/m. Urea and ammonium phosphate fertilizers were applied
on lysimeters at a rate of 150 kg/ha. A completely randomized design including
four treatments (three water table levels and a free draining system) and three
replicates were used in this study. Water table levels were kept at 30 (SI30), 50
(SI50) and 70 cm (SI70) below the soil surface by subirrigation system and at least
100 cm or more by FD-lysimeters. Irrigation water (1.5 dS/m) was applied on the
soil surface and on the basis of soil moisture deficit in free draining lysimeters, and
through the drain pipes in subirrigation lysimeters in order to keep water table level
at 30, 50 and 70 cm below the soil surface.
Data collection and analysis

Drainage water was collected from both FD and SI lysimeters in order to measure
drainage volume, EC, nitrate and phosphorus concentrations. Leaching requirement
in FD-lysimeters was estimated based on electrical conductivity of irrigation water
(ECir) and crop threshold value (ECth) and was added to the irrigation water depth
at any irrigation event. But in SI lysimeters, it was estimated based on average ECe
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of the root zone and was applied on the surface whenever the soil salinity in the
root zone was closed to the crop threshold value. In this situation, water table
control equipments were disconnected from the SI lysimeters and the soil profiles
were washed by irrigation water and drainage outflows collected.
Drainage water samples were stored in the refrigerator at 4 ºC, maximum for 2 days
and their nitrate and phosphorus concentration were analyzed by ion meter and
their EC by conductivity meter. Nitrate losses in different treatments were
estimated based on mass balance. Statistical F-test method was used to compare
and evaluate different treatments.

Results and Discussions
Drainage Volume

Total drainage waters discharged from each treatment during the experiment are
shown in Figure 1. This figure shows that the drainage water discharged from SI
lysimeters is significantly (at 99% level) less than that discharged from FDlysimeters. This can be explained by the fact that the soil salinity in FD-lysimeters
was leached in each irrigation event, however it was leached through SI lysimeters
when the soil salinity in the root zone come closed to crop threshold value. In
addition, the amount of salt loaded to the SI lysimeters through irrigation was less
than that in FD-lysimeters. Because, evaporation from the soil surface and
consequently irrigation water consumption in SI-lysimeters. Water consumption in
SI-lysimeters was less than in FD-lysimeters. The volume of drainage water in
SI50 was more than that for SI30. Because the top 50 cm of the soil profile needed
to be washed in SI50 compared to the 30 cm in SI30. There was no need to wash
the soil profile in SI70 during the experiment. Therefore, no drainage water was
discharged out of the drain in these lysimeters. The total drainage water in SI30 and
SI50 was measured to be 183 and 209 mm respectively, which less than the
drainage water in FD-lysimeters (311 mm). The total drainage water in FDlysimeters is shown in Figure 2. The drainage water in the first irrigation event was
low due to high soil moisture deficit, and increased graduately in the next irrigation
events. Again, drainage water was reduced at the middle and end of the growing
season. The reasons could be explained by the fact that the crop evapotranspiration,
air temperature and evaporation rate from the soil surface (after each cutting)
increased after the 1st and 2nd growing stages. Drainage water of FD-lysimeters
was increased at the sixth irrigation event, because of salt accumulation in the soil
profile due to inadequate salt leaching. Consequently, leaching fraction and
drainage volume were increased at this stage.
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Drainage water quality

Nitrate-N concentrations in drainage water of all lysimeters ranged from 0.4 to 28.6
mg/l. Similar results from tile-drained corn fields were reported by Kaluli and
Madramootoo (1995) in Quebec and by Drury et al., (1996) and Barry et al., (1993)
in Ontario of Canada.
There are significant differences (at 99% level) between NO3-N concentrations in
drain effluent discharged from FD and SI lysimeters. The NO3-N concentrations
discharged from SI lysimeters were significantly lower than the ones discharged
from FD-lysimeters (Table 1).
Among drainage water samples collected from SI30 and SI50 lysimeters, 19% and
15% of the latter had higher concentration than the standard level of NO3-N (10
mg/l). However, the NO3-N concentration in 58% of the water samples collected
from FD-lysimeters was above the standard level (Table 1). The main factors
influencing nitrate leaching are the amount of water and available nitrate at the time
of flow passage through the soil (Mejia and Madramootoo, 1998).
There is a significant difference (at 99 % level) between SI and FD treatments in
terms of nitrate loss (Figure 3). Nitrate losses through drainage water in
subirrigation lysimeters were lower than that in free drainage lysimeters. Nitrate
losses from FD-lysimeters was 41 kg/ha, whereas from SI30 and SI50 were 4.4 and
6 kg/ha, respectively.
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The Results from this study were in agreement with the results of Evans et al.,
(1995) obtained from a controlled drainage system. They reported that the low
drain volume in controlled drainage system is the main reason for nitrate loss
reduction. In addition, the enhanced denitrification rate in water table management
systems (controlled drainage and subirrigation system) plays a major role in
reducing nitrate in drainage water (Wright et al., 1990). Specifecally if the water
table depth is kept high for a prolonged period, the effect of enhanced
denitrification rate could be more essential in reducing nitrate pollution. Under low
water table depth, anaerobic conditions prevail and soil microorganisms metabolize
nitrate in the absence of oxygen (Zumft and Kroneck, 1990). Soil temperature
being higher in arid regions could enhance the rate of denitrification.
Table 1. Comparison of Nitrate-N Concentrations
Treatment
SI30
SI50
FD

Percent of Samples
over 10 mg/L
19
15
58

Mean NO3-N
concentration-(mg/l)
2. 4
2.85
13.2

Nitrate loss (kg/ha)

50

A

40
30
20
10

B

B

SI30

SI50

0
FD

treatment

Fig. 3.

Nitrate-N Losses to Subsurface Drains

differences in phosphorous concentrations discharged from FD and SI lysimeters
were not (Table 2). The average phosphorous concentration in drainage water
discharged from SI-lysimeters was 11.2 percent lower than that from FDlysimeters. The mobility and transportation of phosphorous in the soil is very low
in comparison to nitrate. Consequently, it leached downward gradually.
As before mentioned, the irrigation application rate in SI systems is less than that in
FD systems due to lower evaporation rate from the soil surface. Consequently, the
amount of salt entering the soil through irrigation water is lower in SI and higher in
Table 2. Comparison of Phosphorous Concentration
treatment
SI30
SI50
FD

Percent of Samples
over 6 mg/L
13
17
19

Mean Phosphorous
concentration(mg/l)
2.04
2.15
2.42
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FD systems. The average electrical conductivity of drainage water for different
treatments is shown in table 3. The average electrical conductivity of drainage
water in SI30 and SI50 were measured to be 2.6 and 2.75 dS/m, respectively, that
meet the Iranian standard level of 3 dS/m. Figure 4 shows the average EC of
drainage waters in FD-lysimeters, which range from 1.6 to 8.3 dS/m. The high
range of these values was due to high evaporation rate during the study and
leaching fraction rate which was increased at the end of experiment. Salt
accumulation in the soil profile grows up by evaporation and grows down by salt
leaching.
Table 3. Comparison of Electrical Conductivity
Treatment Average electrical conductivity of
drainage water (dS/m)
2.6
SI30
2.75
SI50
4.56
FD

drain water EC (dS/m)

7
6
5
4
3
2
1
0
0

1

2

3

4

5

6

7

irrigation event

Fig. 4.

Average Electrical Conductivity of Drainage Water in FD

Yield production

Alfalfa yield was found to be 73 and 94 percent higher in SI30 and SI50 lysimeters
respectively, compared to FD-lysimeters. The increased yield can be attributed to
greater crop water uptake in the SI lysimeters, in which water table is high and crop
root water uptake from soil easy. Irrigation water consumption in SI lysimeters was
lower than that in FD-lysimeters. Thus, the water use efficiency was high in SI
3
lysimeters. Water use efficiency was 0.83, 0.97, 0.6 and 0.27 Kg / m in SI30,
SI50, SI70 and FD respectively (Fig.5).
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Water Use Efficiency

Conclusion
Water table management proved to be highly effective in reducing drainage volume
and improving drainage water quality. Water table management using subirrigation
systems substantially reduced nitrate losses and EC during the growing season. The
reduced nitrate losses were attributed to a combination of reduced drain flow and
enhanced denitrification in the SIs. Improved drainage water EC was attributed to
lower evaporation rate and lower applied irrigation water. Finally, It can be
concluded that subirrigation is an effective method of minimizing nitrate and EC
pollution from subsurface drainage water in Iran.
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Introduction
Installation of drainage systems has increased both the area of land available for
biomass production and the time during which the soil can be tilled and harvested.
Of the drained arable land in Sweden today, 80% was tile-drained before the 1970s.
The average expected lifetime of tile drainage systems is 30 to 50 years. However,
most of the systems installed more than fifty years ago are still functioning.
During a 30-year period (1947-1977), large-scale field experiments were carried
out in Sweden on different soils and under different climate conditions. In total,
100 field trials on drain spacing and 25 on drain depth were carried out, with an
average of 14 years of harvest (Håkansson, 1960, 1961; Eriksson, 1979). The
outcome of these field experiments, together with practical experiences
accumulated over the years, form the framework of the present Swedish drainage
design criteria. During recent decades, crop production methods have been
significantly intensified. The effects of such changes in production methods are
often reflected in spatial and temporal variation in yield within a field, with the
lowest yields in traffic-turning areas due to soil compaction. Degradation of soil
structure also affects the rate and quality of water leaving agricultural land.
The main objective of this paper was to evaluate the function of old tile drains in
heavy clay soils in order to determine the long-term structural effects of drain
installation on soil properties and crop yields. Three old field drain spacing
experiments from the 1950s were re-examined during the period 2004-2006. Data
from recent field trials on soil physical properties and yield were compared with
old data in order to quantify soil compaction and crop yield at different distances
from drains in a long-term and short-term perspective.

Materials and methods
The long-term effects of drainage installations were examined at three sites, all
with high clay content (Table 1), in the counties of Västergötland, Östergötland,
Uppland, respectively. The age of the drainage systems was about 60 years and the
tiles were made of baked clay which was flushed against each other with spacers.
At the time of installation all soils were considered to be in good structural
condition, with high hydraulic conductivity (Berglund et al., 1975).
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Table 1. Description of site, soil type and drainage system
Sites and
coordinates

Bruntorp
64o69'60"N;
14o00'75"E
Krogsta
58o17'51"N;
12o58'55"E
Edeby
65o92'18"N;
15o53'92"E

Clay content (%)

Drainage system

Topsoil

Subsoil

Type

26

42

52

61

Tile

Age
(years)
47

Depth
(cm)
80

Drain
spacing (m)
32

55

Tile

58

75

36

72

Tile

60

90

30

In order to establish the relationship between drain spacing and crop yield, stripplot experiments, with plots laid out in long narrow strips parallel with the drains
(Figure 1), were carried out in the period 2004-2006. The results obtained were
compared with data from similar strip-plot experiments carried out at the same sites
in the period 1952-1976 (Håkansson, 1961). In all these experiments, plots
equidistant from the drains were treated as replicates of the same drainage intensity.
Detailed historical data on crop yield were available for periods of 11 to 14 years at
the three sites (Table 2) and these were compared with crop data measured in the
present experiment between 2004-2006. In this manner a relationship between
drain spacing and crop yields was indirectly obtained for drain spacing smaller than
or equal to the spacing tested in the field.

Fig. 1.

Experimental field design of a strip-plot experiment with 6 blocks (I-VI) and 5
distances from the drains (for d0 = 36 m; 3.6, 7.2, 10.8, 14.4 and 18 m =
treatments A-E).
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A summary of crop rotations, number of years and blocks at the three different
field sites are presented in Table 2.
Table 2. Summary of field experiments
Site

Crop rotation

Bruntorp Ray/winter wheat/oats/barley/
spring oilseed/winter oilseed
Edeby
Wheat/winter wheat/oats/barley/
spring oilseed/winter oilseed/forage
crop
Krogsta Wheat/winter wheat/oats/
mixed cereal/forage crop

Number of
blocks
6 (1961-1976)
4 (2004-2006)
6 (1952-1968)
4 (2004-2006)

Number of
years
11

6 (1952-1965)
4 (2004-2006)

14

15

In the spring of 2005 and 2006, undisturbed samples of moist soil were taken in
cylindrical cores of 72 mm diameter and 50 mm height from the topsoil (5-15 cm)
and subsoil (45-55 cm) of each plot (four replicates per layer) for standard
determinations of soil characteristics such as bulk density, pore volume and
drainable pore volume. Saturated hydraulic conductivity (Ks) was analysed in a
permeameter with steady water level at unit hydraulic gradient at all sites
(Andersson, 1954).
Statistical analyses

Three models were used to analyse the long-term effects of the drainage system on
crop yield. Classes included in the models are presented in Table 3.
Table 3. Classes, levels and values included in the statistical models
Class
Distance
from drain
Year
Site
Block
Crop

Crop type
Season

Levels Values
4
BCDE
21
3
6
11

3
2

1952-1956 1958 1960-1968 1972 1973 1976 2004-2006
Bruntorp Edeby Krogsta
I II III IV V VI
Wheat/winter wheat/oats/barley/rye/mixed cereal/spring
oilseed (2 varieties of rape)/winter oilseed (2 varieties of
rape)/forage crop
Cereal/oilseed/forage crop
Spring crop/winter crop

In addition, we tested the influence of two continuous variables, Trend and
Distance, where Trend included the same values as Year and Distance was the
distance in metres from the drain.
Analysis of variance was carried out with the procedure MIXED in SAS (SAS
Institute Inc., 2004). The response variable Yield measured the relative yield (in
values relative to the yield of the strips closest to the drain (A) which was set at
100). Three models were fitted: i) a model with Treatment and Crop to obtain least
squares estimates, ii) a full factorial model with Treatment, Crop and Trend; iii) a
full factorial model with Distance, Crop and Trend. All models included year, site,
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block, plot, the interaction between year and site, and the interaction between year
and block as independent normally distributed random factors. The variance
components were estimated using the method of Restricted Maximum Likelihood
(REML). F statistic was used for measuring whether an interaction was significant.
To compute denominator degrees of freedom for the tests of fixed effects, a method
proposed by Kenward and Roger (1997) was used. The p-value for the significance
of the associated interaction measured how large the F statistic was for the analysis
where a p-value within the range of 0.05 to 0.01 was considered appreciable.
Statistical analysis with an ANOVA Main Effects Model (StatSoft Inc., 2001) was
performed on measured soil physical variables from samples taken on the same
occasion from the different strips at Bruntorp and Krogsta. The post hoc Fisher
LSD test was used to evaluate the statistical significance of differences between
group means in analysis of variance settings (Winer et al., 1991).

Results and discussion
Yield

The most frequently recurring crops in the crop rotation from the beginning of the
experimental period until today at all sites were winter wheat and oats. Winter
wheat was grown in total of 15 years and oats in 6 years, of which four of the years
were at Krogsta. The average yields of strip A, at 15% water content, are presented
in Figure 2. There has been a significant yield increase over the years, with the
average yields of winter wheat and oats having increased by 130% and 95%
respectively in the past 40 years. The highest yields of both winter wheat and oats
were found at Edeby which had the highest clay content in soil of the three sites in
this field experiment. This site also had the largest drain depth (90 cm) and the
narrowest drain spacing (30 m).
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Fig. 2.

Average yield in strip A at Bruntorp, Edeby and Krogsta of a) winter wheat (N = 15)
and b) oats (N = 6).

The least square estimates of the relative yields compared with the yield of strip A
(set at 100) of all crops from all three sites during all years for four different
distances from drains (strips B-E) are presented in Table 4. There were no
significant differences between the yields. However, the relative yield from all
strips B-E was clearly below 100 and thus yields were evidently lower than the
yields in the vicinity of the tile drains (strip A). The yields also showed a tendency
to decrease with distance from the drain (B>C>D>E).
Table 4. Least square means of relative yield in different treatments
Treatment
A
B
C
D
E

Estimate
100
94.2679
93.7816
93.5819
92.5802

Standard Error
2.1123
2.1123
2.1123
2.1126

The statistical analyses of a) individual crops (Crop), b) winter/spring crops
(Season) and c) combinations of crops such as cereal/rape seed/forage crops (Crop
type) revealed no significant effects of these fixed parameters on relative yield
(values not presented). Furthermore, when Year was treated as a continuous
variable no unequivocal long-term effects on relative yields over the years could be
detected (Table 5). The continuous variable Distance also had no significant effects
on relative yield (Tables 6 and 7).
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Table 5. Type 3 test of the influence of fixed parameters on relative yields of all crops in
different treatments (distance from drain), with Year as a continuous parameter
(Trend)
Fixed effects
Treatment
Crop
Treatment * Crop
Trend
Trend * Treatment
Trend * Crop
Trend * Treatment * Crop

Nominator DF
3
5
15
1
3
5
15

Denominator DF
313
17.8
520
18.5
502
18.6
517

F value
1.56
1.21
0.37
0.78
1.71
0.35
1.71

Pr > F
0.1990
0.3429
0.9849
0.3887
0.1630
0.8726
0.0450

Table 6. Type 3 test of the influence of fixed parameters on relative yields of all crops at
different distances from drains, with Distance and Trend as continuous parameters
Fixed effects
Distance
Crop
Distance * Crop
Trend
Trend * Distance
Trend * Crop
Trend * Distance * Crop

Nominator DF
1
5
5
1
1
5
5

Denominator DF
343
44.1
549
44.7
538
46.8
547

F value
4.20
0.17
1.02
0.00
1.42
0.07
1.15

Pr > F
0.0412
0.9724
0.4059
0.9660
0.2335
0.9967
0.3334

Table 7 Type 3 test of the influence of fixed parameters on relative yields of all crops with
different distances from drains as the only fixed parameter
Fixed effects Nominator DF Denominator DF F value Pr > F
Distance
1
39.3
3.51
0.0685

During 1950-52, when the strip-plot method was first being tested, the older type of
drainage experiments were still being harvested according to the traditional
method. The older type of drainage experiments were designed such as the plots
were staked out laterally across the tiles and the yields from those plots became
average yields for the particular tile spacing used. Experimental data could be
obtained simultaneously for both methods, making a direct comparison between the
methods possible. Amongst the most important advantages with the strip-plot
method were higher precision in the reporting of crop yield data and better
opportunities for analysing the effects of drainage intensity on crop yields. The
strip-plot experiment also supplies detailed information regarding the drain
spacing-crop yield relationship for each individual year, while for the older type of
experiment it is usually necessary to compile the results from several experimental
fields in order to compensate for defects in experimental design. Furthermore, the
strip-plot method requires far less land, which greatly facilitates the finding of
suitable experimental fields.
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Soil physical properties

The saturated vertical hydraulic conductivity was measured at 10 cm intervals
down to 1 metre depth at Bruntorp in 1961. The highest value, 2.4 m day-1, was
found at 15 cm depth. The hydraulic conductivity gradually decreased within the
soil profile to the lowest value of 0.02 m day-1 at 1 m depth. The hydraulic
conductivity was 0.4 m day-1 at 55 cm depth. In 2006 the saturated hydraulic
conductivity was measured again. Average values (N = 23) were 2.1 m day-1 and
0.02 m day-1 at 15 and 55 cm depth respectively. At Krogsta the hydraulic
conductivity was only measured in the field in 1957 by the auger whole method.
The hydraulic conductivity was considered to be satisfactory, with values ranging
between 0.4 to 0.7 m day-1 at 40 to 150 cm depth. In 2005 the average saturated
vertical hydraulic conductivity (N = 24) was 4.6 m day-1 and 0.02 m day-1 at 15 and
55 cm depth respectively.
The least square means of saturated vertical hydraulic conductivity at 15 and 55 cm
depth for different strips at Bruntorp and Krogsta are presented in Figure 3. The
statistical analysis did not reveal any significant differences in measured hydraulic
conductivity with distance from the drain. There was a high variability among
replicates, which resulted in high standard deviations. The highest values of
hydraulic conductivity were measured in the vicinity of tile drains at 15 and 55 cm
depth respectively at Bruntorp (Figure 3a). At Krogsta too, the highest values of
hydraulic conductivity at 15 cm depth were measured close to tile drains. At 55 cm
depth values close to zero were found at all distances from the drain (Figure 3b). At
both sites the variation in hydraulic conductivity was generally higher above the
tile drains. This confirms earlier findings by Messing and Wesström (2006) that
measured hydraulic conductivity has high spatial differences, with the trench
backfill zone having larger values than the zone midway between trenches still
existing in very old drainage systems in heavy clay soils.
The least square means of bulk density at 15 and 55 cm depth for different strips at
Bruntorp and Krogsta are presented in Figure 4. The highest variation in measured
bulk densities was found in soil close to tile drains. The lowest bulk densities were
measured above the drains in both topsoil and subsoil at Bruntorp. This agrees with
the higher hydraulic conductivity in the topsoil but does not explain the lower
hydraulic conductivity in the subsoil. At Krogsta the lowest bulk density was found
above drains in the topsoil and the highest 14.4 metres from the drain (Treatment
D) in the subsoil, which agrees with the measurements of hydraulic conductivity.
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Fig. 3.

Least square means of hydraulic conductivity in soil at 15 and 55 cm depth at a)
Bruntorp and b) Krogsta. Vertical bars denote 0.95 confidence intervals.

Fig. 4.

Least square means of bulk density in soil at 15 and 55 cm depth at a) Bruntorp
and b) Krogsta. Vertical bars denote 0.95 confidence intervals.

Conclusions
The results of these split-plot experiments clearly indicate positive effects of the
drainage system on crop yields, with higher yields nearest the drains and
decreasing yield with increasing distance from the drains (drain spacing 30-36 m).
This was true for all crop types sown in different seasons and did not change over
the years.
The tendency for higher permeability and porosity and lower bulk density in the
immediate vicinity of drains indicates positive effects of loosening the soil when
installing the tile drains. These positive effects above the drains were evident for as
long as 50 years after installation of the drainage systems.
The strip-plot experimental design supplies detailed information regarding the
distance from drain-crop yield relationship for each individual year and requires far
less land than experiments with a multitude of replicates of different drain spacing.
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Introduction
Subsurface-drained agricultural fields have been identified as sources of excess
nitrate in surface waters. Nitrate-enriched streams and rivers contribute to hypoxia
in coastal waters. In the USA, nitrate loss in the Mississippi River Basin is a
particular concern because of its contribution to hypoxia in the Gulf of Mexico
which has caused a severe reduction in fish populations and harmed an important
fishing industry. The Gulf of Mexico hypoxic zone is the second largest area of
oxygen depleted waters in the world and appears to be growing (Rabalais et al.,
2002). Drainage management practices are needed that can reduce nitrate losses
from drained fields while maintaining the highly productive agriculture in the U.S.
region known as the Corn Belt, most of which drains to tributaries of the
Mississippi River and eventually to the Gulf of Mexico.
Drainage water management, also called controlled drainage, is gaining interest as
a management strategy for reducing nitrate losses from drained fields while
maintaining drainage intensity during critical periods of the crop growth cycle.
Drainage water management systems have control structures that raise the effective
height of the drain outlet, increasing the water table level at which drainage first
occurs (Figure 1). By reducing the amount of subsurface drainage from a field, the
nitrate losses through drainage waters are also reduced.
The potential of drainage water management to reduce nitrate loads from tiledrained fields has been studied in a number of locations (Evans et al., 1995;
Lalonde et al., 1996; Tan et al., 1998; Wesstrom et al., 2001, Cooke et al., 2004;
Fausey et al., 2004), but more field-scale studies would help determine the
potential at the field or farm scale. In addition, the impacts of the practice on soil
structure and soil biological activity, crop growth, yield, and farm profitability are
largely unknown. To address these agricultural sustainability questions as well as
determining the impact on nitrate losses, an integrated study in Indiana, USA, is
researching the impacts of drainage water management on nitrate loss and also soil
quality, nitrate uptake, and crop yield. The focus of this paper is the hydrological
impacts, specifically the drain flow and water table depth changes due to drainage
water management. The other studies are briefly reviewed in the final section.
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(a) After harvest.

Fig. 1.

(b) Before planting/harvest

(c) After planting

Drainage water management. (a) After harvest, the outlet is raised to reduce
nitrate loss in the winter. (b) Before planting or harvest, the outlet is lowered to
allow the field to freely drain. (c) After planting, the outlet is raised to potentially
store water for crops.

Methods
Field-scale research sites

On-farm trials of drainage water management have been implemented on five
private farms in west-central Indiana and the Davis Purdue Agriculture Center
(Davis PAC), a university research farm in eastern Indiana (Figure 2). At each
research site, two treatments are being compared: drainage water management and
conventional (free) drainage. Davis PAC has two replicates of each treatment,
resulting in a total of six paired sites on the five farms. One farm has a paired-field
design, in which two fields with similar soils, drainage systems, management
histories and yields are planted with the same corn hybrid or soybean variety, with
the same pesticides and fertilizer rates. The other farms have a split-field research
design, in which the tile drain configuration allowed, or was altered to allow, a
control structure to be installed to regulate flow on one half of the field, while the
other half remains conventionally drained. All sites have complete (pattern) tile
drainage systems and flat topography.

’
Fig. 2.

Location of drainage water management on-farm research sites in Indiana, USA

Drain flow measurement

Measuring drain flow at these sites is challenging because of the low topographic
gradient and the resulting lack of a free outlet during many drain flow events. The
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frequent outlet submergence due to a high water level in the receiving ditch
precludes using methods that have been used in previous drainage studies such as
tipping buckets or weirs. To effectively determine drain flow under the conditions
at these sites, flow measurement devices must be capable of measuring flow at
water levels ranging from a few centimeters at the bottom of the pipe to completely
submerged flow, when the water level in the ditch is 10 cm or more above the top
of the pipe outlet. The devices must be effective in water with suspended sediment
concentration ranging from low (< 25 mg/L) to high (>1000 mg/l), which is outside
the operating range of many acoustic Doppler flow devices which require a
minimum suspended sediment concentration or bubbles to function effectively.
Drain flow measurement devices must work at a range of flow velocity from less
than 1 cm/s to more than 1 m/s. To measure flow over this range of conditions,
three types of devices have been used.
Circular flumes modified for subsurface drainage by Cooke et al. (2004) were used
initially. These devices had a small vertical pipe placed within the larger pipe to
create critical flow. Water level was measured in the flume using pressure
transducers. At two of the sites, a second pressure transducer was used to determine
downstream depth, following the method of Cooke et al. (2004). Although good
results were found in the laboratory, field measurements with this method were less
reliable without the development of a site-specific rating curve, which varied
depending on outlet submergence.
The second measurement method involved the installation of a U-shaped section in
the pipe to create continuous full-pipe conditions, so that flow velocity could be
used with the constant flow area to determine flow. Propeller-type insertion flow
meters (Global Water IF200; www.globalw.com) were originally used, but the
minimum velocity was too high to provide effective measurements.
Electromagnetic insertion flow meters (SeaMetrics Ex100; www.seametrics.com)
have been installed at two of the sites, which also have a fairly high minimum
velocity (8 cm/s) but are providing flow information under higher flow conditions.
The third and best-performing device is an area-velocity meter (Marsh-McBirney
Flo-Tote 3; www.marsh-mcbirney.com), which measures both depth and flow
velocity near the outlet of the pipe. This meter also uses an electromagnetic
velocity sensor with a minimum recorded velocity of 2 cm/s, together with a stage
measurement. With the addition of a small dam downstream of the sensor, flow can
be measured both when the flow is only a few centimeters deep and also when the
pipe is full and the outlet is submerged.
Water Table Measurement

Observation wells were installed in each field site, in order to compare the water
table depth under free drainage and drainage water management. Well locations
were selected to be approximately mid-way between drains, at least one spacing
distance away from the main drains, and fairly close to the control structure where
the effect of drainage water management was expected to be the greatest. Wells
were drilled by hand to approximately 2 m depth, and each well was equipped with
a water level logger for measuring water table depth every hour. The water table
sensors have performed well, but data are limited because the wells or top sections
of the well casings are removed before field operations two times each year for the
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wells that are located within the cropped portion of the fields on the private farms.
At the Purdue research farm wells are permanently installed.
Statistical Analysis

The research was designed to implement the paired watershed method (Clausen
and Spooner, 1993) to determine the impacts of the drainage water management
practice. Both the treated (drainage water management) and control (free drainage)
subfields at each site were allowed to flow without restriction for a calibration
period, during which the drain flow and water table depth for each subfield were
observed. The data from the calibration time period was used to establish baseline
relationships between the two subfields, and used in determining the treatment
effects. The paired watershed approach requires the development of a linear model
that relates the drain flow or water table depth for the controlled subfield to the
corresponding value for the freely drained subfield. The treatment effect is
determined by a significant difference in the slope and or intercept for the
calibration and treatment periods.
Normality was checked through the visual analysis of the normal probability plot as
a means of verifying the assumption. If the residuals did not fall on a straight line,
then the Box-Cox procedure in the statistical package SAS® (SAS, 2008) was used
to determine the transformation that would cause the data to approach normality.
Water table and flow data were both found to be autocorrelated, meaning that the
assumptions in ANOVA of independence would be violated. Therefore, the
repeated measures mixed method (Littell et al., 1998) was used to conduct the
paired field analysis instead of the ANOVA model used in Clausen and Spooner
(1993). The repeated measures mixed method accounts for the correlation between
data points, so can be used to analyze measurements that are repeated across time
or space and requires special attention to the sequential nature of the data being
measured. The repeated measures mixed method using the spatial power function
to model the covariance structure was used to determine if there were any treatment
effects. In order to determine whether the calibration period was sufficient for the
analysis to be conducted, information from repeated measures mixed method was
used.
The significance of the effect of controlled drainage was determined by testing the
significance of the treatment regression, overall regression and the differences
between the slope and intercept of the calibration and treatment period. The
differences between the calibration and the treatment period relationships was also
evaluated visually using bivariate plots of paired observations and the percent
change in mean flow. The percent change between periods as well as the average
daily difference in the water table depth was determined between controlled and
free drainage subfields.

Results
Drain Flow and Water Table Depth Measurements

Because of flow measurement difficulties, drain flow data are not yet sufficient to
statistically determine the impact of drainage water management on drain flow. The
expected results are that drainage water management will result in a statistically
significant decrease in drain flow during the periods of control and annually. Figure
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3 shows drain flow at Site 1, where both fields drained freely before 1/31/2008 and
after 4/1/2008, while at the north field drainage was controlled during the period
shown. Data are not shown when the north sensor recorded incorrectly. The low
but constant flow in the north drain during the controlled period results from a full
pipe due to a submerged outlet with a very low velocity of 0.02 m/s, the minimum
that can be recorded. The peak flow in the north field starting 4/1/2008 shows the
effect of the outlet being lowered in preparation for spring field operations.

Fig. 3.

Flow in the free and controlled fields at Site 1 are compared to determine the
impact on drain flow.

The impact of controlled drainage on water table depth at a different site, Site 3,
can be seen in Figure 4. Water table depth follows the predicted pattern, where
recessions are considerably flatter, but somewhat more responsive to individual
rain events (i.e., Jan-Feb 2007) in the controlled drainage field.

Fig. 4.

Water table depth at Site 3 recedes more slowly in the controlled drainage field
compared to free drainage.
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Paired Statistical Analysis

The paired statistical analysis plot for water table data for Site 3 is shown in Figure
5. The linear model for the calibration period shows the relationship between the
water table in the two fields when both have the same free drainage treatment. The
effect of the drainage water management treatment has been divided into separate
linear models for the summer (growing season) and the winter (dormant season).
The effect, as expected, is that the depth to water table is less (i.e., higher water
table) in the treatment when the control is implemented.The magnitude of this
effect will be calculated when data are sufficient. Similar analyses of flow data will
show the impact of the treatment on drain flow, and combined with nitrate
concentration data will determine the impact of drainage water management on
nitrate loss at these research sites.

Fig. 5.

The linear model changed significantly from the calibration period for both the
summer (growing season) and winter( dormant season).

Discussion: Nitrate Loss and Agricultural Sustainability

The interdisciplinary project team is also studying nitrate loads and potential agroeconomic tradeoffs at these research sites, including soil quality, the crop N cycle,
and crop yield and economic benefits.
Drain flow reductions have environmental significance because they are linked to
reductions in nitrate loads. To determine nitrate loads, water samples are being
analyzed for nitrate concentration once per week when drains are flowing. This
sampling frequency is based on a study by Wang et al. (2003) using three years of
subsurface drainage data in Indiana, which showed that weekly nitrate sampling
had a 91.8% probability of annual nitrate mass loss estimates being within ±15% of
the true value. As has been found in other studies, results so far suggest that
drainage concentrations are similar between free and controlled drainage, so the
reduction in nitrate loss appears to be equivalent to the reduction in drain flow
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which is still being determined.
Concern has been raised about potential negative impacts of drainage water
management on soil structure and soil biological activity due to the higher water
table. Soil physical properties have been found to be improved by drainage (Hundal
et al., 1976), which raises the question of whether keeping the water table higher
for prolonged time periods in winter and for part of the summer with controlled
drainage, might cause soil physical properties to deteriorate. To address this
concern, selected soil physical properties, including penetration resistence and soil
aggregation, were measured in 2005 and will be measured again in 2008.
Earthworm populations, both deep-burrowers (L.terrestris) and shallow dwellers
(several species), have also been assessed, although few were found in these
particular fields. Earthworms will be counted again to determine any changes.
The impact on the crop N cycle itself was also studied to determine whether
managing drainage may have promoted denitrification by increasing the volume of
saturated soil during times when soil temperatures are suitable for biological
activity. Plant growth, development, and N content of soil have been monitored
throughout the growing season at 262 geo-referenced points at three of the sites
(Carter, 2007), but have not shown significant effects of the drainage water
management treatment.
Profitability of drainage water management is an important concern for farmers
considering the practice. Profitability depends on increasing yield and/or
decreasing costs, and facilitating risk management. To assess the economic
benefits, crop yield data have been collected using GPS-enabled yield monitors for
three years at four of the research sites. Yield point data were aggregated into
combine head width squares, and the yield response equation was estimated using
spatial statistical techniques (Griffin et al., 2007) controlling for the topography,
weather and the drainage treatment. Results suggest a generally positive effect of
drainage water management, although the magnitude varies temporally among
years and spatially depending on field topography (Nistor et al., 2008).
Conclusions

Drainage water management is a high-potential management practice for
addressing nitrogen loading from drained agricultural fields that is of interest to
many stakeholders in the Midwestern USA. This study is characterizing the
effectiveness of drainage water management in reducing edge-of-field nitrate loss
in subsurface tile drains. The paired field statistical approach is being used to
determine the impact of the practice on hydrologic variables including flow and
water table depth. The project is also determining co-benefits and costs of the
practice with respect to soil quality attributes, crop growth, yield and fertilizer N
use efficiency on four Indiana farms.
Although assessment of the impact of drainage water management on nitrate loss at
the field scale has been delayed by the difficulty of effectively measuring drain
flow in drains emptying into ditches that are often submerged, the results of this
study will eventually be able to provide recommendations to producers, drainage
designers, and policy makers about the benefits and potential costs of the practice.
Data collected will be used to enhance farmer awareness and understanding of the
utility of drainage water management for promoting environmental stewardship of
their farming enterprise. Policy makers will also be able to use project results to
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make appropriate decisions about drainage water management to reduce negative
water quality impacts of production agriculture.
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Introduction
In Finland, subsurface drainage is a common practice in field cultivation. On
average, almost 60% of the total agricultural field area (2.2 millions ha) is
subsurface drained. The proportion is even 75% in southern and south-western
Finland where the main crop cultivation areas are located. In this region, clayey
soils (>30% clay fraction, 0.002 mm) account for 55-66% of the total field area.
The agriculture induced water pollution in the region is evident and there is an
urgent need to reduce nutrient loading from field cultivation and animal production.
In arable fields, subsurface drainage is regarded beneficial in controlling of erosion
and phosphorus losses which is the main focus in water pollution control of Finnish
watercourses. Drainage also enhances crop growth and nutrient uptake reducing
potentially leachable nutrients in the root zone. However in low permeable soils,
several studies reviewed e.g. by Nieber (2001) and Jarvis (2007) have
demonstrated the ability of preferential flow via macropores to transport pollutants
rapidly through the soil to drain lines leading to loading of surface waters.
Transport of eroded soil and particulate phosphorus via tile drains has been
discovered in several studies in Finland and the other Nordic countries (e.g. Grant
et al. 1996; Øygarden et al. 1997; Ulén and Persson 1999; Djodjic et al. 2000;
Uusitalo et al. 2001, 2007; Turtola et al. 2007).
The aim of this paper is to characterize seasonal and short-term transport of
nitrogen, phosphorus and eroded soil via subsurface drainage on the field scale.
The study was based on on-farm monitoring data representing cracking and
swelling clay soil under relatively old subsurface drainage system in southern
Finland. Potential pathways of water flow to tile drains and their impact on nutrient
transport are discussed on the basis of these data and soil properties investigated by
Alakukku et al. (2003, 2008). A 3-D model application of water flow at the field
site is presented by Warsta et al. (2008) in this proceedings.

Field site and data
The data used in this study are from the Sjökulla experimental site located in
southern Finland (60º15' N, 24º27' E). The site was run by Water Resources
Laboratory at the Helsinki University of Technology in the 1990s to monitor
runoff, erosion and nutrient transport. After the monitoring study, investigation of
soil macroporosity and hydraulic conductivity and earthworm abundance on the
field was conducted in relation to location of the tile drains by MTT Agrifood
Research Finland (Alakukku et al. 2003, 2008). The hydrometeorological and
water quality data used in this study covered different periods of time from January
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1995 to April 1999. The average annual precipitation in southern Finland is 600700 mm and evapotranspiration 400-500 mm. Snow forms about 30-40% of the
annual precipitation.
The experimental site embodied a field section of 3.3 ha. The subsurface drainage
system was installed in 1951, the drains being comprised of clay tiles. The distance
between the drains is about 13 m and the drain depth 0.7-1.5 m. The drainage outlet
discharged to a main ditch flowing to an adjacent lake.
The clay content of the soil varies from 38% to 90% increasing with the depth. The
soil is prone to cracking and swelling. The topography of the field is undulating
with the maximum slope of almost 5%. Detailed data on the texture, macroporosity
(diameter > 0.300-0.450 mm) and other soil physical properties can be found in
Alakukku et al. (2003, 2008). Mineralogical features of the soil layers have been
presented by Peltovuori et al. (2002).
Small grain crops (wheat 1994, barley 1995, autumn rye 1995-1996, spring wheat
1997 and 1998) were grown in the field. Mineral fertilizers were applied with a rate
of 95-120 kg N ha-1 and 9-20 kg P ha-1 by placement technique. Ploughing (depth
23-25 cm) or stubble cultivation (depth 15 cm) was used in autumn and seedbed
preparation (depth 5 cm) in spring and in autumn 1995.
Tile drain flow from a field section of 3.14 ha was measured by using a v-notch
weir and a pressure transducer at the drainage outlet. Surface runoff was measured
from two subcatchments (0.63 ha and 2.04 ha) within the field. Depth of
groundwater table was monitored with several observation tubes along a single
hillslope. Precipitation and other meteorological was available on-site. Hourly
values of the hydrometeorological variables were calculated from the
measurements recorded every 15-30 minute. Snow water equivalent (SWE) and
frost depth were measured manually on several points within the field.
An autosampler (EPIC 1011 Portable Water Sampler) was used to study short-term
variation of subsurface drainage water quality in May/June – October/November
1995 and 1998. Grab samples of tile drain flow were collected at irregular intervals
during spring and late autumn in 1995 and 1998, and throughout the year 1996.
Samples of surface runoff during the study periods were always collected
manually.
The water quality data comprised of concentrations of total nitrogen (total N), sum
of nitrite and nitrate nitrogen (NO2+NO3-N), and total suspended solids (TSS) in
subsurface and surface runoff samples through the study periods. Nitrite nitrogen
(NO2-N) was measured in April 1995−December 1996. Total phosphorus (total P)
was analysed from September 1997 to April 1999 and dissolved orthophosphate
phosphorus (DP) in April 1995−December 1996 and September 1997−April 1999.
The analytical methods are described by Paasonen-Kivekäs et al. (1999) and
Paasonen-Kivekäs and Koivusalo (2006).
Drain flow, and concentrations and losses of nutrients and TSS were studied over
three seasons: winter-spring (January-April), summer/growing season (MayAugust), and autumn (September-December). The division was done on the basis
of hydrometerological conditions and cultivation practice.
When calculating the estimates of nutrient and TSS losses, the hourly/daily runoff
volumes were multiplied by the measured or estimated concentrations. Annual and
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seasonal flow weighted concentrations were calculated using these losses and
measured discharges.

Results and discussion
Drainage discharge

The measured runoff and precipitation values for each season in the study years are
shown in Table 1. Data was occasionally missing in surface runoff of the winterspring season due to malfunction of the instruments. In 1998, drain flow existed
almost throughout the year due to exceptionally high rainfall. Whereas, in the other
years long periods without drain flow and surface runoff existed.
Table 1. Rainfall and subsurface drain flow and surface runoff in different seasons, at
Sjökulla experimental site.

Subsurface drainage flow constituted about half of the annual measured total runoff
(drainage+surface runoff). In real terms, the proportion was likely lower due to the
unmeasured part of surface runoff.
In May-August, almost all the runoff discharged through the tile drains. Surface
runoff appeared only occasionally and remained negligible even in the rainy
summer 1998. Drain flow accounted for 90% of the total runoff in autumn 1995. In
autumn 1996 the proportion was 59%, and 39% in autumn 1998.
Examples on short-term dynamics of drainage discharge to rainfall in summer and
autumn are shown in Fig. 1a and in Fig. 2a, respectively. Antecedent soil moisture
conditions of these time points differed before the first flow event. In June the
surface soil was slightly cracking, but in October the tilled soil was wet and no
cracks were visible.
The share of subsurface drainage flow of the annual total runoff (drain flow +
surface runoff) has largely varied in Finnish experimental sites in clayey soils
(Seuna 2004, Puustinen et al. 2006, Turtola and Paajanen 1995, Turtola et al.
2007). A clear reason is the age of the subsurface drainage system, but the weather
conditions and cultivation practice have also impact. At the Kotkanoja site in
south-western Finland, drainage water constituted 10-40% of the total runoff, but
after the renewal of the drainage system 18-92% (Turtola and Paajanen 1995,
Turtola et al. 2007). A long-term study at the same site showed that 13-42% of the
total runoff from the ploughed plots was surface runoff. In the untilled plots the
respective value was 36-82% (Turtola et al. 2007).
Nitrogen concentrations and losses in tile drainage water

The average seasonal flow weighted concentrations and estimated losses of total N
in the tile drain outflow are presented in Table 2.
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Table 2. Average flow weighted concentration and load of total nitrogen in tile drain outflow
in different seasons.

The results showed prominent variation of the total N loading via tile drains in
respect to one season and different seasons. In some season, as in winter –spring
1996 and 1999, the seasonal loads were equal but the concentrations and drain
volumes differed remarkably between the years.
Large variation of the total N loads via drain lines was discovered among growing
seasons. High N losses were measured in the early growing season when the N
concentrations increased sharply compared to the values before fertilization. The
concentrations clearly decreased towards later summer and the losses generally
remained lower in spite of higher runoff volumes. In autumn, the total N losses via
tile drains varied from 1.5 to 5.2 kg ha-1. The average flow weighted concentrations
remained relatively stable between the autumns, thus, the variation was mainly
attributed to flow volumes.
Proportion of NO3-N of the total N loss in the drainage effluent showed evident
temporal variation. In May-June after fertilization, NO3-N accounted for 80-90% of
the total N export, whereas about 30% of the total N load was as NO3-N in the
rainy autumn 1998.
The tile drain outflow was intensively sampled during storm events in 1998. Total
N and NO2+NO3-N concentrations over the course of subsurface flow events in
early summer is shown in Fig. 1b. An example of the variation in late autumn is
shown in Fig. 2b. In June 1998, the total N transport varied from 0.6 to 2.3 kg ha-1
among the three drain flow events.
The estimated annual losses of total N (subsurface flow + surface runoff) at the
Sjökulla site (14-21 kg ha-1) corresponded well to the range measured in other
Finnish experimental fields and small agricultural catchments in clayey soils (e.g.
Turtola and Paajanen 1995, Vuorenmaa et al. 2002). At Sjökulla, subsurface
drainage flow made up 60-90% of the estimated annual total N load.
Phosphorus and suspended solids concentrations and losses in tile
drainage water

The total P and TSS concentrations on the Sjökulla field had clear seasonal
variation. The highest concentrations and losses both in drain flow and surface
runoff were measured in autumn after tillage. TSS concentrations and loads in the
drainage outflow are show in Table 3.
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Table 3. Average flow weighted concentration and load of suspended solids (TSS) in tile
drain outflow for different seasons.
Year

1995
1996
1998
1999

TSS concentration mg/l
Jan-April May-Aug Sep-Dec
116
203
106
573
642
1750
365
856
1664
269

TSS load kg/ha
Jan-April May-Aug Sep-Dec
18
48
39
114
140
1649

153
154

461

937

Jan-Dec
105
1903
1551

The measured concentrations of total P varied between 0.04 and 6.6 mg l-1 in tile
drain outflow during the period from September 1997 to April 1999 when the
parameter was analysed. The respective range in the surface runoff samples was
0.14 − 6.7 mg l-1. The maximum measured DP concentration was 0.24 mg l-1 in
drain flow and 0.41 mg l-1 in surface runoff. Major part of total P in drain flow was
as particulate P which was assumed to be the difference of total P and DP.
Accordingly, the concentrations of total P (and PP) and TSS were tightly
correlated. The highest DP values were observed in spring 1996 when the soil was
covered with autumn rye and after fertilization.
The average flow weighted concentration of total P in tile drain outflow was 0.32
mg l-1 in January-April 1998 and 0.35 mg l-1 in January-April 1999. In May-August
1998, the concentration was 0.80 mg l-1 increasing to 1.96 mg l-1 in SeptemberDecember. The respective seasonal loads of total P through tile drains were 0.13,
0.43 and 1.11 kg ha-1. The estimated losses via surface runoff were 0.65, 0.06 and
2.28 kg ha-1 for the sequential seasons in 1998.
In 1998, the average flow weighted DP concentrations for the sequential seasons
were 0.045, 0.095 and 0.063 mg l-1. The concentration value in January-April 1999
was 0.039 mg l-1. Subsurface drainage flow carried the following seasonal DP loads
in 1998: 0.02, 0.05 and 0.04 kg ha-1.
Variation of TSS, total P and DP concentrations in subsurface drainage water under
individual rainfall-runoff events in early summer is illustrated in Fig. 2c-d and in
late autumn in Fig. 3c-d. Temporary elevated TSS and total P peaks were always
observed in drain discharge, followed by a gradual decrease. TSS and total P
concentrations increased clearly after tillage. In October, the TSS loss varied from
45 to 188 kg ha-1 and total P loss from 0.06 to 0.21 kg ha-1 between the drain flow
events.
At the Sjökulla site, the estimated transport of eroded soil and total P was
exceptionally high in 1996 and 1998 compared to the values measured in other
experimental sites in southern and south-western Finland (e.g. Vuorenmaa et al.
2002, Puustinen et al. 2006, Turtola et al. 2007, Uusitalo et al. 2007). In the sloping
fields of the Kotkanoja experimental site, subsurface drainage outflow carried 3794% of the annual soil losses ( Turtola et al. 2007). The annual loading (drain flow
+ surface runoff) varied from 407 to 1700 kg ha-1. According to Uusitalo et al.
(2003, 2007) P associated with eroded soil can form a significant loss of
bioavailable P both in surface and subsurface runoff from clayey fields. In this
study also runoff water samples from the Sjökulla site were analyzed.
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Fig. 1.
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Hourly rainfall and tile drain flow (a), total N and NO2+NO3-N concentration (b),
total P concentration total suspended solids (TSS) (c), and dissolved P
concentration (DP; d) in subsurface drainage outflow on 17−26 June 1998.
Seeding (spring wheat) and fertilisation (117 kg N ha-1) were carried out on May
16. Rainfall was 53 mm, subsurface drainage outflow 12.2 mm and surface runoff
0.3 mm during the period. Total N loss was 5.1 kg ha-1, TSS loss 149 kg ha-1, and
total P loss 0.12 kg ha-1 over the three drain flow events.
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Hourly rainfall and tile drain flow (a), total N and NO2+NO3-N concentration (b),
total P total suspended solids (TSS) concentration (c), and dissolved P
concentration (DP; d) in subsurface drainage outflow outflow on 12−22 October
1998. Harvest was carried out on 24-25 September, and the field was partly
ploughed and partly cultivated on 6 October. Rainfall was 68 mm, subsurface
drainage outflow 12.6 mm and surface runoff 33 mm during the period. Total N
load was 1.27 kg ha-1, TSS load 441 kg ha-1 and total P load 0.52 kg kg ha-1 over
the four flow events.
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The experimental setup of this study did not enable us to reliably evaluate the
proportion of subsurface drainage and surface runoff of the total nutrient and
sediment loading from the field to the main ditch. The main source of uncertainty
was the water sampling schedule. The different schedules also caused some
uncertainty in the calculated seasonal loads via drain lines and hampered
comparison of the concentrations. Most uncertainty is involved in loading via
surface runoff. However, we believe that the presented loads from the drainage
outlet in autumn and summer are close to actual values because of the intensive
water sampling.
Discussion: Pathways of water flow and nutrient transport to the tile
drains

It was expected that preferential flow is an important factor in drain flow
generation in the studied clayey field. Following features of the event-scale data
revealed preferential flow from the surface layer to drain lines: 1) the rapid
response of drain flow to rainfall, 2) the peak N concentrations after fertilizer
application, 3) the increase of DP concentrations after fertilization and 4) the high
concentrations of TSS and PP in drain discharge after tillage. The NO3-N
concentrations in soil water also reflected that part of the fertilizer nitrogen leached
into the tile drains bypassing the soil matrix (Paasonen-Kivekäs et al. 1999).
137
According to the Cs measurements conducted by Uusitalo et al. (2001), the soil
particles in the drainage water mainly originated from the topsoil.
Besides the experimental results, different model applications (e.g. Al Soufi 1999,
Hintikka et al. 2008, Karvonen and Paasonen-Kivekäs 2005, Warsta 2007, Warsta
et al. 2008) to the Sjökulla field indicated the central role of preferential flow in
drain flow generation.
Preferential pathways in the Sjökulla field can originate from shrinkage cracks and
fissured due to soil drying and freezing, biological activity (root channels,
earthworm burrows) and the backfill trench lines. Because the drainage system is
relatively old and a hard tillage pan existed below the surface layer we assume that
the natural macropores has the key role in preferential flow. In clayey fields in
south-western Finland, compaction below the plough layer has been observed
within 5 years and even earlier after installation of the tile drainage system
(Vakkilainen 1980, Aura 1990).
The measured macroporosity and hydraulic conductivity until the depth of 50 cm
did not show systematic difference among the sampling points from the tile lines, 2
m from the lines and midpoint of the lines (Alakukku et al. 2003, 2008). The
clearest difference was discovered between different soil layers and different parts
of the hillslope. The median number and biomass of earthworms were highest
above the drains but the variation in the measurements was very large (Alakukku et
al. 2003). Deep burrowing earthworms (Lumbricus terrestris L.) were almost
entirely discovered along the drain lines. However, their number was relatively
small compared to other studied fields in Finland (Alakukku et al. 2003).
The Sjökulla soil has a typical vertical distribution of Finnish clayey soils:
macroporosity and saturated hydraulic conductivity decreased sharply below the
tillage layer (Alakukku et al. 2003, 2008). In a sloping field, such as Sjökulla, this
induces flow along the border of the tillage layer and the tillage pan. Part of this
flowing water is likely infiltrating to macropores along the slope.
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Deeper in the soil (> 50 cm) the backfill might have remained uncompacted
promoting bypass flow. It has also been presented that the walls between trench
and the bulk soil serve routes for preferential flow (Uusitalo et al. 2001). A
Swedish investigation showed a higher drainage efficiency of the trench backfill
compared to the undisturbed soil for several decades after the installation of the
drain pipes (Messing and Wesström 2006).
There was a visible difference between the seasons and shorter time spans with
respect to the surface soil conditions. The soil was strongly cracking during drying
increasing infiltration capacity. On the other hand, the short time lags between
rainfall and drain flow in late autumn indicated stable water conducting macropores
even in the swelling soil. The model application mentioned above could describe
the total runoff (surface runoff + drain flow) reasonabily well but failed to calculate
correctly the separate runoff components, especially in autumn, which can
attributed to changing hydraulic properties. The impact of the spatial variation of
soil properties on runoff generation was studied by applying the MACRO model to
a down and upper hillslope section in the field (Hintikka et al. 2008). In the Nordic
conditions, soil freezing and thawing change soil structure and hydraulic
characteristics which further complicates the experimental and modelling research.

Conclusions
This paper dealt with water flow and concentrations and export of nutrients and
eroded soil via tile drains from a sloping clayey field. The results from the Sjökulla
site indicate that contribution of different runoff components to loading of surface
waters can vary a lot even on an individual field under quite stable cultivation
practice. The information on transport routes improves evaluation of the
effectiveness of the agri-environmental measures, e.g. buffer strips and zones. A
correct description of water flow on field scale is also basis of modelling of erosion
and nutrient transport in cultivated areas.
The discovered relatively high losses of nutrients and eroded soil via subsurface
drains at the Sjökulla site, as in other experimental sites in clayey soils, give cause
to pay more attention on nutrient export from subsurface drains. For example,
investigation of different type of clayey soils and drainage systems (age and
installation) in Finland is needed to get a more precise picture of the role of
subsurface drainage in controlling erosion and phosphorus loading.
The results of this study confirm earlier results that preferential flow via biopores
and cracks and fissures and/or backfilled drain trenches can be an essential carrier
of nutrients and eroded soil to tile drains in clayey soil, especially after fertilization
and tillage. However, a good permeability of the backfill material and the
undisturbed soil is a prerequisite for an effective drainage and gas exchange in
these soils. A challenge is to find trade-off between these opposite points.
The losses via drain lines can likely be diminished with environmentally sound
cultivation methods, such as an adjusted rate and timing of fertilization and tillage.
Besides this, development of subsurface drainage design, materials and installation
technique for clayey soils is needed to meet requirements of sustainable crop
production.
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Abstract
Regarding the role and importance of subsurface drainage in water table control,
many studies have been made in the world to find out new techniques and more
economic solutions, related to different pipe, envelope material and their
installation. This research was conducted to investigate the use of rice husk in
drainage as drain envelope material. In addition, it was compared with standard
sand and gravel envelope. Therefore, some of physical and hydraulic properties of
rice husk such as bulk density, void ratio, gradation curve and hydraulic
conductivity were measured. A physical model that simulates a part of drain trench
enabling water table control was used to simulate land drainage in the laboratory
and to test filtration and water conductivity of rice husk envelope. The experiments
were carried out in two soils, which definitely require envelope material based on
standard methods. The results of this study showed that hydraulic conductivity of
the rice husk, even under large loads, is high enough to guarantee its hydraulic
function as an envelope. Also, the rice husk envelopes have appropriate filter
function in comparison with mineral envelopes. However discharge rate of drains
with rice husk envelope were lower than drains with gravel envelope, but because
of higher cost of mineral envelope, the use of rice husk envelope is
recommendable.
Keyword: drain envelope, drain filter, rice husk, gravel

Introduction
Regarding the importance of envelopes in lands drainage projects, paying attention
to total consideration of projects and technical and economical aspects of drainage
projects and international experiences are from the most important aspects of
choosing the kind of envelope. Sand and gravel envelopes, that are the most
common kind of drainage pipes envelope, are nowadays very costly. Sometimes
the source of granular envelope material is at much a distance from the project site
that makes transportation a major problem. In Khuzestan’s sugar-cane
developement project (Iran) for instance, this distance is about 50 to 220 Kms. It is
clear that the transportation of about few millions of tons of sand and gravel from a
far distance has been very difficult and costly (4). In contrast, organic envelopes
have advantages like cheapness, ease of installation and no need for special design.
Durability of these materials is quite variable and strongly depends on the
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environmental conditions and factors like temperature, humidity, pH, biological
activity of bacteria and presence of oxygen in the site (5 and 10). Sawdust from
coniferous trees is often used as envelope material for drainage pipes in
Scandinavian countries. 50% of sawdust is usually decomposed in Norway after 20
years. But some of drains in Scandinavian countries are older than 30 years due to
the low temperature. Sawdust is used as an envelope with layer with a large
thickness of about 50-70 mm in these countries (3). The results of a four-year
research that was done in 1994-98 in Lithuania shows that using the sawdust
envelope resulted in the improvement of the performance of drainage system (9).
Rice husk is a left over product of rice milling factories. On the basis of published
statistical information by agriculture ministry’s head-office of statistics and
information, rice production in Iran had been 2700000 tons with a potential for
producing 0.5 millions tons per year of husk which is 20% of total rice production
(1).
Many studies have been done to use rice husk as poultry ration, agricultural
fertilizer, stuffing and filling material, fuel, absorbent of biological pollutants
(pollutions related to gas and water) and etc. (2,6,7 and 8). Using rice husk as drain
envelope has no precedence and was investigated in this research for first time. The
basic reason for using this material as envelope of drain pipes, has been the high
amount of silica (percent of minerals content) and its porosity.
This research aims at reducing drainage expenses for a project, using the local
materials, especially where other sources are not available. For this purpose the
following approaches was taken:
1. study of the hydraulic characteristics of rice husk from water conductivity
and filtration point of view.
2. study of the capability of using rice husk instead of sand and gravel
envelope.

Materials and methods:
Physical characteristics of rice husk

Some of the important physical characteristics of rice husk including gradation
curve, porosity, bulk and particle density and the percent of water absorption were
measured. With different periods of sifting rice husk can have different gradation
curves which is due to its special shape (fusiform), Therefore, gradation curve is
determined for a number of time e.g. 5, 10, 20, 30, 60 and 90 minutes. Increasing
the time of sifting, increases the chance of particles passing the sieve and changing
the gradation curve due to the breakage of the particles of rice husk. Considering
this and using particle size distribution curve standard for soil, a 10 minute time of
sifting with 3 replications were used. Uniformity coefficient (CU) and curvature
coefficient (CC) of these gradation curve were calculated.
Hydraulic conductivity of rice husk

Hydraulic conductivity of drain envelope is one of the useful factors in determining
entrance resistance to flow and hydraulic performance of the envelope. Hydraulic
conductivity of organic envelopes and contained rice husk is dependent on the
compaction resulting from the imported load of the overlying soil. Because of this,
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a conductivity meter was made to measure change of the hydraulic conductivity of
rice husk as a result of different static load applied on top. As shown in figure 1,
the conductivity meter was made with a transparent plexiglass cylinder of 8 mm
thickness with a diameter of 20 cm and height of 120 cm which has two holes, one
on top to keep a costant water level at the entrance and one at the bottom to act as
an outlet. A piezometer was placed at the bottom for making the estimation of
hydraulic gradient possible. The inlet is extended down whit a short pipe in order to
prevent surface disturbance by inflowing water. Coarse gravel is filled from the
bottom of conductivity meter to the piezometer installation place. Rice husk is then
placed on top of the gravel layer to a specific height. Two thin metal screen plates
are placed, one on top of the coarse gravel layer and one on the rice husk, to
prevent the movement and washing out of the material. To simulate the pressure of
the soil column on top as happens in the field, a concrete cylinder of 15 cm
diameter was put on top. The amount of load is increased in each step after
specifying the hydraulic conductivity. In order to spread the static load over all of
the surface, an 8 mm thick netted plexiglass plate is placed on the metal screen.
Because placing the concrete cylinder on this netted plate would result in
obstruction of the holes on the plate and preventing the flow conduction from all of
the rice husk surface, a large of coarse gravel is placed under the concrete
cylinders.

1. coarse gravel
2. thin metal screen
3. rice husk
4. netted plexiglass plate
5. concrete cylinder
6. outlet weir
7. piezometer
8. upper hole for making constant water
table
9. inlet valve

Fig. 1.

Conductivity meter structure and its details

Investigation of rice husk envelope

To study water conductivity and filtration characteristics of rice husk and compare
it with common granular envelope (sand and gravel envelope) in the laboratory, a
rectangular trenchlike physical model was used with the ability of water table
regulation at a certain height and simulate a part of drain trench in the field (figure
2). Water table in the lateral walls is controlled by the weirs installed at distances of
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15 cm from each other. Water flows into the soil from orifices that are placed at
distances of 10×10 cm with diameter of 4 mm in the lateral walls, simulating the
conditions of water flow to drain pipes in nature.
In order to simulate radial flow, the drain pipe is placed at a distance of 25 cm
above the model bottom. Water entrance into the sides can be done by existing
valves on the lowest part. With the entrance of water from this level and gradual
raising of water table, entrapped air bubbles are displaced and a better saturation of
soil is achived. Drain discharge is conducted to a silting tank placed behind the
physical model for collecting the sediments.
Soil are placed into this model to the height of 150 cm. Experiments were
conducted with two soils of light and heavy texture which strongly require
envelope material on the basis of available standards (SCS standard and Western
Germany Standard on the basis of soil texture). Experiments were conducted with
the water table at 45 and 90 cm above the drain pipe. Heavy soil was Loam texture
with 14% clay, 43% silt and 43% sand, while the light soil was Loamy Sand with
6% clay, 23% silt and 71% sand. Discharge and temperature of drained flow was
measured daily until the discharge was stable, which took few days. The amount of
discharged sediments and the amount that was deposited in the drain pipe was
recorded at the end of each experiment. In this research, corrugated PVC drain
pipes with a diameter of 10 cm and a 10 cm thick envelope were used.

Fig. 2.

Details of physical (soil and water) model
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Results
Soil type and physical characteristics of rice husk

The kind of soil is very important in the execution of drainage experiments and
directly affect the results. On the basis of this, with respect to the results of
gradation and Atterberg limits, the soils classifies in a unified system. finally,
heavy texture soil, ML and light texture soil, SM-SC needed envelope, on the basis
of SCS Standards. Soils and rice husk gradation curve are shown in figure 3.

Fig. 3.

Rice husk and two soils gradation curve

The physical characteristics of rice husk is also represented in table 1. As seen,
porosity of rice husk is about 79%. The reason of a high porosity of rice husk is the
fusiform shape of the rice husk.
Table 1. Physical properties of rice husk
CC

CU

Porosity
(%)

1.16

2.8

79

Water
absorption
(%)
410

Bulk
density
(gr/cm3)
0.081

Particle
density
(gr/cm3)
0.36

Hydraulic conductivity of rice husk

Variation of hydraulic conductivity of rice husk under static loading is presented in
figure 4. Variation of hydraulic conductivity of rice husk under pressure from 0-26
KPa is between 6500 to 500 m/day. As shown, with increasing the pressure (or
increasing the rice husk compaction), the hydraulic conductivity decreases, but it
become stable at high compaction. Hydraulic conductivity of rice husk even under
high compaction is still high which guarantees the hydraulic function of rice husk
envelope.
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Investigation of rice husk envelope and its comparison with granular
envelope

Drain discharge with sand and gravel envelope and rice husk envelope for the ML
soil at two water tables of 45 and 90 cm are shown in figures 5 and 6, respectively.
As seen in figure 5, the difference between final discharge (mean discharge in last 3
days) of the drain with the sand and gravel envelope and final discharge of the
drain with the rice husk envelope was not high when the water table was at 45 cm.
The final discharge of the drain with the rice husk envelope was even a little higher
than the sand and gravel envelope. One reason is higher temperature of water
during rice husk testing (mean temperature during the experiment was 24ºC) in
comparison with the time of sand and gravel testing (mean temperature during the
experiment was 8ºC). Figure 6 shows the final discharge of the drain with sand and
gravel envelope for the water table at 90 cm in the ML soil which was 1.45 time the
final discharge of drain with the rice husk envelope.

Fig. 4.

Hydraulic conductivity of rice husk in different soil column pressure
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Fig. 5.

Drain discharge in 45 cm water table for ML soil

Fig. 6.

Drain discharge in 90 cm water table for ML soil

Discharge of the drain with the sand and gravel envelope and drain with the rice
husk envelope for SM-SC soil at the two water table levels of 45 and 90 cm is
shown in figures 7 and 8, respectively. On the basis of figure 7, final discharge of
the drain with the sand and gravel envelope for the water table at 45 cm is twice as
much as the final discharge of the drain with the rice husk envelope. Figure 8
shows the discharge of the drain with the sand and gravel envelope to be very high.
This is due to soil settlement in the physical model and the appearance of suture
cracks and fissure in the soil at the depth of drain installation. This has been the
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reason for avoiding the comparison of this with the discharge of the drain with the
rice husk envelope. The reason of suture cracks and fissure appearance is
hydrostatic pressure, which affected the soil from the two lateral sides and from
above part that adding to not compaction of soil resulted in soil settlement and
appearance of suture cracks and fissure.
The increasing drain discharge in the early days with the water table at 45 cm is
due to the increasing level of water table from 0 to 45 cm. Reading the discharge
with the water table at 90 cm is done when the water table is stablized at the level
of 90 cm.
In all cases, drain discharge was decreasing and finally reached in a nearly low
frequency. The reason for decreasing discharge is that after filling the model with
soil and during flow, soil particles around the pipe and envelope find new
arrangement and smaller particles fill the free spaces between envelope particles
which results in a decreasing discharge.

Fig. 7.

Drain discharge in 45 cm water table for SM-SC soil
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Fig. 8.

Drain discharge in 90 cm water table for SM-SC soil

The amount of discharged sediments from the drain and the deposited sediments in
the drain pipe for drain with the sand and gravel envelope is represented in table 2.
With respect to this fact that for both soils and for both water table levels in drain
with the rice husk envelope, no sediments depositted in the silting tank and drain
pipe, amounts of sediments in table 2 only relate to the drain with the sand and
gravel envelope. Non existence of sediment in drains with the rice husk envelope is
the reason for considering it to be a suitable filtering material.
Table 2. Amount of sediments (gr) that silting in the drain and out of it (silting in tank) for
sand and gravel envelope treatment
soil
SM-SC
ML

45 cm water table
In drain
In silting tank
Low
0
Low
15

90 cm water table
In drain
In silting tank
10
59
67
251

Conclusion
In conclusion, it can be presumed that using the rice husk envelope in comparison
with the sand and gravel envelope resulted in a decreasing drain discharge, but
anyway it can not be said that this material is not usable as the drain envelope. The
reason for decreasing discharge from the drain with the rice husk envelope, is the
tiny texture and fusiform structure of the rice husk that results in trapping of the
soil particles in the spaces in the envelope, and therefore increases the entrance
resistance. This also results no entery of sediments into the drain pipe. In this
manner, although sediment silting risk in the drain pipe decreases with rice husk
envelope, but with time, trapped sediments in the envelope of the drain results in
the decreasing of the conductivity of envelope. The amount of final discharge of
the drain confirms this. It seems that by the combination of rice husk and sand and
gravel, can prevented the risk of mineral obstruction of the rice husk envelope,
providing suitable hydraulic function and high conductivity of envelope and also
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decreasing the cost of providing of sand and gravel envelope. Therefore it is
suggested that the performance of an envelope with different combination ratios of
rice husk and sand and gravel be evaluated in another research. Finally using rice
husk as an envelope is recommended in rice growing area especially where no
other sources are available like northern parts of Iran.
One reason behind this research was to find ways for decreasing the cost of
drainage installation and using the available local sources in each area. Considering
the amount of rice husk produced in Iran which as said before is about 0.5 million
tons annually and using a thickness of 15 cm envelope around the pipe of 10 cm
diameter, more than 35 Kms of drain lines can be laid with this material annually.
Finally it is recommended to use field experiments under real situations to reach at
a final conclusion about the use of this material as drain envelope.
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Abstract
Subsurface drainage is essential for water management and improved productivity
of agricultural lands in humid regions with slowly permeable soils. Flow of
drainage water is known to increase the quantity of outflow and to contain soluble
nutrients and salts that can negatively impact the receiving water body. Temporal
difference in the quality of drainage water was related to the amount of
precipitation and evapotranspiration in Behshahr, a coastal region in the northern
part of Iran. A subsurface drainage system at the region was monitored for which
rate of drainage water discharge was frequently measured and electrical
conductivity (EC), sodium adsorption ratio (SAR) and cations’ concentrations (Na,
Ca + Mg) were analyzed for soil and drainage water. The results indicated that the
subsurface drainage system was not completely capable of controlling water table
and soil salinity due to flow of subsurface seepage from Miankale bay to the fields.
Based on the measured discharge flows and drainage water quality parameters it is
concluded that pollution load entering Miankale Bay (known as “Paradise of Asian
birds”) was very high and dangerous to the coastal environment and wild life
ecosystem. This study showed that design of subsurface drainage systems, for
protection against water logging and salinization and for water quality
management, based on only the use of traditional drainage equations is inadequate.
Finally, some recommendations for control of pollution introduced by drainage
water are proposed.
Keywords: Evaluation, Subsurface drainage, Miankale bay, Drainage water,
Salinity

1. Introduction
Aside from economic considerations, it is necessary to consider environmental
aspects in sustainable agriculture. Deposition of salts from drainage water salinity,
transformation of chemical elements in downstream receiving waters and plant and
animal environmental disorder are among important environmental problems.
Drainage plays a key role in agriculture productions via disposing of extra water
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and control of soil salinity. Aerobic condition provided by drainage helps to
decompose contaminants. However drainage systems have created environmental
problems themselves. Nearly 50 percents of United States wetlands have been
transformed to agriculture fields through installation of drainage systems. This
transformation has caused the immigration of different kinds of birds and increased
their population in other wetlands. Drying of Aral lake is just another catastrophic
example that has happened by the development of irrigation projects. The
environment of wetlands is crucial for the survival of plants and wildlife. Their role
is very important for tourism industry.
The Miankale bay is a biosphere reserve and is especially important with regard to
environmental problems and also is an outlet of drainage system in a region in
northern part of Iran, thus the objective of this paper is to evaluate the performance
of drainage system on Miankale bay with respect to its environmental impacts.

2. Description of the site
This study was conducted on a site located north of Behshahr a city in the northern
part of Iran. The drainage system is located in the southern border of Miankale bay
(Figure 1). The area of drained fields is 840 ha in the Mazandaran province lying
between 53° 40′ to 53° 41′ E longitude and 36° 45′ to 36° 48′ N latitude. This zone
has semi-Mediterranean climate with an average annual rainfall of 577 mm and an
average annual temperature of 16 ◦C.

Fig. 1.

Map of Iran and position of Miankale bay and subsurface drainage system
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2.1 Importance of drainage

According to previous studies, installation of drainage system was necessary in the
area due to the high water table, and salinity of groundwater and soil.
2.1.1 Groundwater depth

The results of groundwater studies showed that the water table was at its maximum
in March with an average depth of 0.5 m.
2.1.2 Ground water quality

Several samples from the groundwater were taken in Ran field. Salinity and sodium
adsorption ratio (SAR) of groundwater were found to be very high before
installation of drainage system (Table 1) known as C4S4 in Wilcox classification.
Table 1. Quality of ground water samples in design time
Sample

Salinity
(dS/m)

pH

Sodium adsorption
ratio

1

129.2

6.26

107.2

2

54.7

6.69

58.8

3

116.9

6.37

98.9

4

63.2

6.68

62.9

5

79.2

6.78

59.2

6

122.0

6.62

101.9

7

112.2

6.39

92.7

8

99.9

6.17

89.5

2.1.3 Soil

Extent of salinity and alkalinity of soils prior to the installation of drainage system
in Ran field is presented in Table 2. Seven hundred hectares of fields had a very
high salinity and alkalinity. The main reason for the high salt content was assumed
to be through subsurface seepage of Miankale bay water to the field which resulted
in a water table rise and salt accumulation. Ran field soils are heavy with a limited
internal drainage. Based on the soil and groundwater conditions, installation of
drainage system was found to be vital for growth of plants.
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Table 2. Area and percents of salinity and alkaline class of soil
Area (ha)

Percent

Salinity
(dS/m)

Sodium
adsorption
ratio

Soil salinity
and alkali
classes

94.4

11.24

4-8

8-13

S1 A1

36.8

4.38

8-16

8-13

S 2 A1

88.7

10.56

8-16

13-30

S 2 A2

48.8

5.81

16-32

30-70

S 3 A3

15.7

1.87

> 32

30-70

S 4 A3

530.4

66.14

>32

> 70

S 4 A4

840

100

-

-

Sum

2.2 The drainage system

To prevent water logging and soil salinization 125 mm diameter drains were laid at
a depth of 1.5 m. Corrugated perforated PVC pipes with rice husk envelope were
spaced at 75 m with 440 m length,. The drainage system consists of open earth
collector drains with an outlet to Miankale bay. Drainage water was from excessive
rain, as the field was under dry farming and was not being irrigated.
2.3 Miankale bay

The Miankale wildlife conservation area is recognized internationally by the United
Nations on 17 Jan, 1977 for the protection of environment by division of "mankind
and environment". The Miankale wetland is permanent and a suitable environment
for native birds as pheasants and francolin. This wetland also is suitable refuge for
peregrine birds like black stork, grey goose, partridge, and different kinds of duck
that travel from Siberia to this Torrid Zone in winter season. The Miankale wetland
is naturally affected by upstream basins that carry sediments and surface flows that
contain chemicals and pollutants carried from residential, industrial, and
agricultural sectors.
The contaminated drainage water flowing out from Ran field, located upstream of
Miankale bay can eventually deteriorate the preservation of the Bay. Therefore
environmental evaluation of drainage system’s performance and its impact on
Miankale bay environment was found to be necessary.

3. Experimental field and data measurements
The study area was located between two subsurface drains designated as S3PD14
and S3PD15. Subsurface drainage system was monitored in rainfall seasons.
Parameters such as drainage discharge rate and quality of soil and drainage water
were recorded. Drain discharge was measured in both drains for the duration of
four months (22 November to 19 March). Changes in soil quality were monitored
by collecting soil samples at 0–25, 25-50, 50-75, 75-100 and 100-150 cm depths at
the midpoint between two drains before and after the rainfall seasons. In this study,
quality of drainage water and sediments collected from drain pipes were analyzed
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by measuring electrical conductivity (EC), sodium adsorption ratio (SAR) and
cations’ concentrations (Na, Ca + Mg).

4. Results and discussions
4.1 Soil water quality

Quality of soil water at five depths before rainfall (August, 2006) and after rainfall
(April, 2007) seasons are shown in Table 3 and Table 4, respectively. A total of
561 mm of rainfall was observed during this period of 220 days. Soil salinity (ECe)
before and after rainfall season (leaching season) was found to range between 35.475.4 ds/m and 8.8-61.4 dS/m, respectively. Fluctuations of soil salinity in the
profile were due to leaching (Fig. 2). Average soil salinity decreased from an initial
value of 55.1 to 41.4 dS/m with a sharp decrease from 35.4 to 8.8 dS/m, at 0–25 cm
depth was observed. The surface layer was continually being leached by rain. The
rest of the profile basically remained steady however salinity decreased more in
deeper layers because of the presence of drain and frequent flow of water.
Sodium adsorption ratio (SAR) was very high ranging between 45.8-71.6 and 35.975.1 before and after rainfall, respectively. The same was true for exchangeable
sodium percentage (ESP) varying between 39.8-51.1 and 34.1-52.3. Therefore the
soil of the study area was designated as highly saline and sodic.
Salt accumulation in the upper soil layers occurred in spring and summer as a result
of evaporation and upward flux. In fact salinity returns in the coastal boundary
fields of Ran because subsurface seepage from the bay to the fields, resulting in a
weak performance of drainage system due to lack of salinity control. Indeed surface
and subsurface dikes had been installed parallel to the coast line during
implementation of the drainage system but local officials decided to destroy part of
these dikes to facilitate easier transportation of patrol boats to Miankale bay.
Table 3. Chemical characteristics of soil layers before rainfall seasons (August, 2006)
Depth
)cm(

ECe
(dS/m)

pH

Na+
(meq/l)

Ca++ + Mg++
(meq/l)

SAR

ESP

0-25

35.4

7.5

220.0

46.2

45.8

39.8

25-50

49.2

7.1

336.5

67.8

57.8

45.6

50-75

53.5

7.4

337.0

72.7

55.9

44.8

75-100

62.2

7.5

464.3

94.8

67.4

49.5

100-150

75.4

7.3

519.5

105.3

71.6

51.1
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Table 4. Chemical characteristics of soil layers after rainfall seasons (April, 2007)
Depth
(cm)

ECe
(dS/m)

pH

Na +
(meq/l)

Ca ++ + Mg ++
(meq/l)

SAR

ESP

0-25

8.8

8.2

80.2

10.0

35.9

34.1

25-50

34.9

7.9

286.3

39.1

64.8

48.5

50-75

52.0

7.9

418.9

76.2

67.9

49.7

75-100

49.8

7.8

426.1

64.3

75.1

52.3

100-150

61.4

7.8

433.6

97.2

62.2

47.5

P

P

P

P

P

P

Soil salinity (dS/m)
0

20

40

60

80

Soil depth (cm)

0
25
50
75
100
125
150
Augest 2006

Fig. 2.

April 2007

Salinity variation in soil profile due to rainfall

4.2 Drainage water quality

The results of drainage water quality are shown in Table 5. Salinity of drainage
water changed from 47.6 to 110.7 dS/m. Such a high salinity level of the drainage
effluent would obviously make it unsuitable even for very tolerant crops. This high
salinity of drainage water is an evidence of the high salt concentration of the soil.
Salinity was highest in the first sample (18 Nov, 2006) right after salt leaching by
rainfall began. Thereafter salinity remained basically constant (about 70 dS/m) 40
days after the first sampling. In the last sampling, soil and drainage water were
sampled. Salinity of drainage water (ECd) was 72.0 dS/m with the depth of water
table at 20 cm. The average soil salinity (ECe) beneath water table was measured to
be 50.3 dS/m. Measuring showed that the soil salinity was 1.43 times higher than
what it was for drainage water. The variation in drainage water salinity with time
and rainfall is presented in Figure 3. Fluctuations of water salinity are due to
evaporation (upward flux) and rainfall (leaching). Alkalinity of drainage water
(SAR or ESP) ranged from 58.6 to 89.3 which were very high.
The bay water salinity changed from 17.2 dS/m to 24.3 dS/m while average salinity
of drainage water was measured about 77 dS/m. It is clear that the great difference
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between salinity of the drainage and bay water can drastically deteriorate
environment of Miankale bay.
Table 5. Drainage water Quality during the measurements
pH

Na+
(meq/l)

Ca++ +
Mg++
(meq/l)

SAR

ESP

Date

1

2006/11/18

110.7

7.35

880.2

194.1

89.3

56.6

2

2006/12/14

91.5

6.84

811.5

172.5

87.4

56.1

3

2006/12/30

77.2

6.64

783.8

136.7

94.8

58.1

4

2007/01/17

74.3

6.64

731.0

81.6

81.6

54.4

5

2007/01/31

73.1

6.61

635.2

72.7

72.7

51.5

6

2007/03/10

77.6

6.51

642.6

173.9

68.9

50.1

7

2007/03/19

68.9

6.78

629.4

151.1

72.4

51.4

8

2007/04/04

72.0

6.69

553.3

151.1

63.7

48.1

120

100

100

80

80

60

60
40

40

Rain (mm)

Drain water salinity
(dS/m)

Sample

EC
(dS/m)

20

20
0
0

30

60

90

120

0
150

Period (day)
Rain
Fig. 3.

Drainage water salinity

Variation in drainage water salinity with time and rainfall.

4.3. Sediment quality

Chemical characteristics of the sediments collected from in drain pipe and drainage
was shown in Table 6. The salinity and exchangeable sodium percentage of the
sediments indicate that soils are highly saline and sodic. The amount of iron in the
sediments was found to be higher than in the soil samples (ranging from 4.1 to
mg
) indicated that deposits of iron ochre existed in the sediments due to the
11.9
kg
entering of dissolved Fe+2 into the drains through ground water flow. There was
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enough oxygen in drain pipes for some bacteria (as Leptothrix) to replace Fe+2 by
Fe+3 causing formation of iron ochre.
Table 6. Quality of sediment in drain pipes and drainage water
Sediment

EC
(dS/m)

pH

Na+
(meq/l)

Ca+++Mg++
(meq/l)

SAR

ESP

Fe
(mg/kg)

Drain pipe

77.9

7.6

561.8

120.8

72.3

51.3

61.4

Drainage
water

74.5

7.5

609.7

164.4

67.3

49.5

49.8

4.4 Estimation of drainage load

It is necessary to determine drainage water volume and salt loads to analyse
discharge of drainage water to the outlet (Miankale bay). Salt loads in drainage
water that is calculated from product of the concentration and discharge of drainage
water is an important factor for evaluation of environmental performance of
drainage system. A linear relationship was found between drainage water volume
and salt load (total salts, sodium, and sum of calcium plus magnesium) (Table 7).
Monthly total salt loads, sodium, and sum of calcium plus magnesium in
experimental field during the measurement were calculated by these linear
equations (Table 8). The total salt from both drains (experimental field) was
estimated to be about at 167 tons and for all fields at 42509 tons. It is concluded
that load of salts entering Miankale Bay (known as “Paradise of Asian birds”) were
very high and would cause dilemma to coastal environment and ecosystem of wild
life.
Table 7. Drainage load-flow linear relationships (y=ax)

a (kg / m 3 )

R2

66.0
16.7
4.9

0.77
0.84
0.78

Total salt
Na+
Ca+++ Mg++

Table 8. Monthly loads of total salt, sodium and sum of calcium and magnesium in
experimental field during the measurement (Azar: 22 Nov to 21 Dec, Dey: 22 Dec
to 20 Jan, Bahman: 21 Jan to 19 Feb and Esfand: 20 Feb to 19 Mar)
Total drainage
water volume
(m3)

Total salt

Na+

Ca+++ Mg++

Azar

798.0

52667.1

13326.4

3910.1

Dey

662.6

43730.7

11065.2

3246.7

Bahman

517.8

34177.8

8648.0

2537.4

Esfand

551.7

36414.2

9213.9

2703.5

Total

2530.1

166989.8

42253.5

12397.7

Month

Load amounts (kg)
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5. Conclusions
General trend of subsurface drainage system to control water table and soil salinity
was found to be insufficient because of the observed subsurface seepage from
Miankale bay to the field. Entrance of polluted drainage water to Miankale
wetlands will cause great losses in future and to the birds’ population. Elimination
of many native birds and aquatic plants and introduction of new species will disrupt
ecosystem balance and eliminate local birds and plants. This study also showed that
use of only traditional drainage design equations for protection against water
logging and salinization are inadequate for water quality management.

6. Recommendations
• Shallow drains will significantly decrease drainage water salinities as
compared to deep drains.
• Biodrainage or removal of excess groundwater by transpiration of planted
trees would be a feasible option. This can prevent the flow of saline drainage
water into the wetland thereby helping to restore the salinity levels in the
wetlands. Water logging/salinity problem in the Ran fields can not be
overcome by traditional drainage measures. There is a threat of gradual
worsening of the situation with time. Biodrainage, by itself or in combination
with other drainage measures, can be of great help.
• Drydrainage could also be a viable option in this area; in fact drydrainage is
similar to biodrainage other than the fact that drydrainage evolves
introduction of fallow lands instead of trees borders.
• Controlled drainage could be considered as an alternative to reduce volume
and salinity of drainage water, nitrate and phosphate losses to downstream
water bodies and ecological damage.
• A more extensive study on drainage water quality would be recommended for
evaluation of drainage system impacts on Miankale environment because
Miankale bay is particularly important from the viewpoint of ecosystem.
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Abstract
Pristine peatlands provide important hydrological and ecological functions that can
be lost after drainage. Different types of peatlands such as bogs, fens and coastal
floodplains have been drained to reclaim land for agriculture, forestry, peat harvesting
and urban infrastructure. Such drainages can exacerbate nutrient leaching to
watercourses and increase the emission of greenhouse gases to the atmosphere.
Changes that can occur after drainage are, however, complex and must be better
understood in order to be able to reduce or prevent their negative environmental
impacts. In this paper the recent environmental research in Oulu on peatland
hydrology, environment, management and water pollution control has been
presented. The issues cover especially nutrient leaching, suspended solid erosion
and transport, transport of organic matter and acidification, and various restoration
and water treatment methods to reduce impacts of peatland drainage.
Keywords: peatlands, drainage, environment, impacts, management.

Introduction
Peatland drainage and peat harvesting lead to many hydrological changes such as
high runoff peaks and increased groundwater discharge, followed by increased
erosion (Gafni and Brooks, 1986). Their environmental impacts include also
releases of greenhouse gases to the atmosphere and leaching of nutrients and
suspended solids to watercourses. In pristine state, peatlands are accumulators of
organic matter and therefore sinks for CO2 and other elements. (Immirzi et al.,
1992; Laine and Päivänen, 1992). Peatlands accumulate progressively less carbon
with time reaching a balance where accumulation equals decomposition. In
peatlands the flow pathways occur mainly in the biologically and hydrologically
active peat surface layers effecting cycling of elements by different biogeochemical
processes. Drainage increases especially the depth of the oxidized peatland soil
layer and leads to intensified peat decomposition and release of nutrients and CO2.
The environmental impacts of peatland drainage can be seen locally, regionally and
globally. Examples of regional impacts are river and lake eutrophication, river
channel siltation and changes in groundwater levels. Globally, the main concerns
are increase in climate gas emissions as well as loss of biodiversity. Several
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international legislations, such as the Ramsar convention, the EU Bird habitat
directive and the Natura network, focus on protecting peatlands as important global
habitats.
In Finland, one of the main local environmental problems is the erosion and
transport of peat and sand after peatland drainage. This is mainly due to the erosion
of ditches in the drainage area. The soil particles mobilized are deposited in the
water bodies downstream, causing siltation in streams, rivers and lakes. Sand is
eroded, when the ditches are cut into mineral soils. Especially vulnerable water
bodies for suspended solid (SS) loading are small headwater brooks, important
natural environments for brown trout and grayling. Here the deposition of SS on
the channel beds deteriorates especially the reproduction and feeding habitats of
salmonids (Laine and Heikkinen, 2000; Laine, 2001; Laine et al. 2001). Various
methods have, however, been developed to reduce SS loading and its impacts in
water bodies. These methods can be located either in the drained peatland areas
themselves or in the brooks downstream.
This paper highlights some issues of recent environmental research in Finland on
peatland hydrology, environment, management and water pollution control.

Functions of peatlands
Pristine peatlands have many important functions, which are related to hydrology
and ecology. They effect the variation of life forms, the biodiversity, in the
peatland area itself, but in many ways also within the surrounding forests and water
environments. Fauna in the surrounding land areas can for example be dependent
on the suitable breeding grounds in the natural peatland, which are likely to
disappear after drainage. It is also known that peatlands have effects on
microclimate (moisture and temperature) in the nearby upland ecosystems.
Peatlands also possess marked water retention and storage capacities within the
catchments. These capacities are highly decreased after peatland drainage. This can
lead to changes in water pathways, flood storage capacities and low flow
conditions (Francis and Taylor, 1989; Burt, 1995; Dunn and Mackay, 1996). One
special feature that distinguishes the rivers and many lakes in Finland from the
European ones is that they are organically brown coloured because of the high
content of humic substances (HS) (Heikkinen, 1989; Heikkinen, 1990a; Heikkinen,
1990b). HS are formed mainly in the wide peatland areas of the drainage basins.
On total drainage basin scale they effect material transport and transformation
processes in many ways. Also the biota consists of many species adapted to the
humic environment.
Loading from drained peatland areas can also deteriorate the ecological status of
lakes and rivers downstream. Water bodies are affected especially by increased
loading of nutrients and SS. Phosphorus and nitrogen overloads can cause
eutrophication, which can be seen as increased production of phytoplankton,
aquatic macrophytes and periphyton algae. Increased content of organic matter may
also cause depletion of oxygen especially in lake environments. Here also loss of
biodiversity and spawning grounds of fish has been reported (Granberg, 1986;
Marja-aho and Koskinen, 1989; Selin et al., 1994). Increased plant biomasses often
deteriorate also the quality of river beds, which has harmful environmental impacts
on fisheries and recreational value of rivers. There are foul taste of fish, sliming of
fish nets and possibly also gradual changes in the fish species composition. In the
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riverine environment SS loading has been reported also to change biomass and
species composition of benthic invertebrate fauna, the main food items of fish, and
to deteriorate the reproduction habitats of fish (Olsson and Näslund, 1985; Olsson
and Persson, 1986; Chapman, 1988; Weaver and Fraley, 1993). These harmful
environmental impacts can result to decreased sizes of the fish, like those of
yearling salmon in a humic river in northern Finland (Laine, 2001). In Finland SS
also carry Fe to the river beds (Laine and Heikkinen, 2000), which seems to have
harmful effects on river biota (Vuori, 1995). In many practical water pollution
control projects in Finland it has been noticed that problems caused by SS loading,
like siltation, can be locally quite noticeable, particularly when the loading is
concentrated on the small tributaries of a river system. Some headwater streams
have been noticed to be even filled with sand after ditching peatlands on easily
eroded sandy or silty soils.

Peatland uses in Finland
Peatlands form 34% of the land area of Finland (10,4 Mha). About 2/3 of this area
has been drained in 1950’s to 1980’s for forestry. Also many headwater streams
have been straightened to improve drainage. About 0.7 Mha of peatland has been
drained for agriculture (Myllys, 1996). Currently 200 00 ha or 10 % of Finnish
agricultural fields is on organic soils. About 1-2 % of the peatland is used for peat
harvesting for fuel purposes providing 6 % of Finnish energy production. Several
major cities are heated with peat (e.g. Oulu and Jyväskylä). Some peatlands have
also been left under hydropower lakes like the large peatland complex under the
Lokka-Porttipahta artificial hydropower lake in Lapland. In order to protect pristine
peatlands, drainage for forestry and peat harvesting is currently carried out mainly
on the formerly drained peatland areas. Pristine peatlands are seen as valuable
nature resources both by the public and environmental authorities, and also by the
stakeholders related to drainage of peatlands.

Methods in management and future research
Key current issues in Finnish peatland management are reduction of environmental
impacts of drainage, especially that of ditch maintenance, and restoration of
abandoned peatlands. Peatlands are abandoned either as peat harvesting has been
ended and no peat is left or as the area is no longer suitable for forestry or
agriculture. Drainage water treatment is carried out on runoff water from peat
harvesting sites and on runoff water from peatland forestry. Here some examples
are given on on-going or resent research on peatland forestry, peat harvesting and
peatlands in water pollution control.
Peatland drainage and surface water and groundwater ecosystems

Recently, research has been started on impacts of drainage on river dissolved
organic carbon (DOC) and pH. Changes in stream water pH is a threat for salmon
spawning. This is a problem especially in areas where sulfide soils are exposed to
the atmosphere after peatland drainage. As the interest to restore streams for
recreational purposes and salmon has increased during last years, the effect of land
use management on water acidity must be better understood. Also the variation of
pH values must be better known as even short low pH periods are toxic for fish,
especially for juvenile fish.
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The impact of peatland management and drainage on groundwater and ecosystems
will be a key research issue in the future. The role of peatlands in controlling
hydrology of boreal catchments is complex and should be better known. Especially
headwater peatlands are important in regulating water quantity and quality
(Kværner and Kløve, 2006 and 2008). Here drawdown of water levels has been
noted in several areas and small lakes have become dry. A better understanding of
land use alternatives and hydrogeological mechanisms leading to groundwater level
drawdown is needed. A study on the subject will be carried out in co-operation in
the University of Oulu including departments of Biology, Sociology and Geology
and also through international co-operation in the GENESIS partner framework.
Peatland forestry

Peatland drainage causes sediment erosion and leaching. A new promising method
to prevent harmful environmental impacts of these processes is runoff water
retention. Peak runoff control structures have been noticed to be useful and costeffective methods in forest drainage areas for sediment erosion control (Fig. 1). The
first results of the studies show that with these structures water and sediment can be
retained to prevent erosion and sediment transport (Marttila et al. 2008a). During
the two years measuring period of the study, peak flow control reduced the major
flow peaks significantly and increased also retention of SS and nutrient loads in the
research areas. By the method it was also possible to store storm runoff waters
temporally to the ditch system and to provide more retention time for the eroded
sediment to settle back to the ditch bed. The method probably also increases the
purification efficiency of the other water pollution control methods, e.g. wetlands,
downstream in the area, mainly because the peak flows are diminished.

Fig. 1.

Illustration of peak runoff control dam with sediment storage, control spillway and
emergency spillway.

As a part of intensive forest and peatland drainage in 1950’s to 1980’s many brooks
have been straightened and disturbed. This has caused increased erosion, siltation
and deposition of sand, silt and organic peat sediment in forest brooks, which in
turn has decreased biodiversity and reduced spawning of migratory fishes (Fig. 2
a). Some promising results on the prevention of these changes have, however, been
obtained from restoration projects in peatland dominated headwaters (Marttila et al.
2008b). Here restoration included both prevention of additional erosion of organic
and inorganic sediments from the headwater upland areas, and also restoring of
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altered brook channels and flood plains. It was seen that many headwater brooks
have potentials to recover even after extensive sediment load had been restrained to
them. The most altered reaches needed, however, aid in order to be restored for
their fluvial processes. This aid could be given especially by placing certain
wooden structures in the channel. A new restoration structure “underminer” was
developed to alter the bed transport and shape, and to increase the potential fish
habitats (Fig 2 b). This structure forces stream flow towards the bed and results in
erosion of sand (scour). Restoration was also successful to transport external
sediment to downstream locations, where it was trapped with an in-stream
sedimentation basin or to the flood plain. The wooden structures placed in the
channel are useful also in that respect that they increase the channel diversity and
habitats of fishes.
(a)

Fig. 2.

(b)

Extensive sand transport (a) has covered resting and feeding habitats and burring
woody debris causing shallow channels. With underminer restoration structures (b)
it is possible to improve to create pools and deeper stream habitats and alter local
sediment settling and transport.

Use of peatlands in water pollution control

Water pollution control structures for diffuse loading have been targets of active
research and development in Finland. Finnish researchers coordinated e.g. the EU
5th Research Program project PRIMROSE (in 2001-2003), where dimensioning of
wetlands was developed on the basis of process studies so that better purification
results could be achieved using these structures.
Most of the current water pollution control structures of diffuse source pollution
already in use, or under development, are based on the natural biogeochemical
abilities of soil ecosystems to decrease the pollutant loading. Land-based structures
are cost-efficient, and in this respect practically the only means to decrease nonpoint source loading over the whole drainage basin scale. One type of these
structures is water pollution control wetland constructed on peatland, which has
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already been used in Finland for almost 20 years in decreasing the loading imposed
to watercourses from peat harvesting areas (Heikkinen and Ihme 1995, Heikkinen
et al. 1995a, Heikkinen et al. 1995b, Huttunen et al. 1996, Ihme et al. 1991, Ihme
1994, Karjalainen et al. 2005, Liikanen et al. 2006). Use of these structures is
currently increasing intensively also in forestry.
Water pollution control wetlands constructed on peatland are today included in the
BMP`s of peat harvesting in Finland. Pristine, intact peatland is, however, needed
for the use of the method. On the other hand, peat harvesting is at present directed
mainly towards peatlands already drained, where forestry has not been successful.
On these sites natural peatlands for the wetland type are missing. In one of our ongoing researches we are trying to develop water pollution control wetlands on
drained peatland areas. Some environmental permits for peat harvesting require
water treatment also through all the seasons, also in winter. This is a demanding
task as drainage often requires water pumping. The feasibility of winter time
treatment is currently also being studied.
Hydrogeochemical processes in peat soils

We have been studying also water flow pathways and geochemical retention
processes in pristine peatlands. Also modelling approaches have been applied and
developed. The results of these studies will be used in developing water pollution
control wetlands for peat harvesting, gold mining and municipal wastewater
treatment. The studies have shown that it is overland flow that is the dominant flow
process in water pollution control wetlands constructed on peatlands, and that the
surface flow in these structures is divided into an active flow area and a dead zone.
The results indicate further that in many of these structures the use of the potential
area for pollutant reduction is not fully used as preferential flow occur (Ronkanen
& Kløve, 2007 and 2008.).

Conclusions
Peatlands cover large areas of the boreal region. They are unique and have many
important hydrological and ecological functions that are not yet known enough.
These functions are locally, but also globally important. Future management and
use of peatlands requires that the environmental impacts of the different measures
should be minimized. Cost-efficient methods should be developed especially for
water pollution control of peatland drainage and stream restoration.
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Introduction
In this paper we are describing the use of irrigation and drainage for wastewater
treatment on wetlands, on previously sandy dunes. The terrestrial ecosystems and
plants were used in the past during the period 1872-1982 to solve pollution
problem that otherwise would be more harmful to aquatic or maritime ecosystems
of Baltic Sea. The problem of irrigation and drainage in context of environmental
engineering and phyto-remediation measures is more and more actual. Not only
food-oriented solutions are promoted recently.
Solutions in Gdansk can be an example of solving sanitary problems using
phytotechnology in the middle of the 19th century. In 1863 the population of
Gdansk was about 100 000 people and the water consumption was predicted on the
level of 100 litres per person a day, which meant about 10 000 m3/day of
wastewater. The situation of the sanitary infrastructure was described in the earlier
paper and it is recalled partly here (Kowalik and Suligowski, 2001). The mayor of
the town L. von Winter decided to construct a new water supply and sewerage
systems (Cieslak and Biernat, 1994). The main designer of the new sanitary system
was E. Wiebe, a railway engineer. His main consultant was B. Latham, a sanitary
engineer and president of the London Society of Engineers.
After a study tour to England and Western Europe they made, together with a
group of planners, a feasibility study that was published in the form of a book in 2
volumes in 1865 (Wiebe, 1865). Their plan was accepted by the city council. The
new water source was a groundwater located in the gravel formations of the village
of Pregowo, about 15 km from the city, 110 m above sea level (a.s.l.). This location
was chosen in order to avoid possible contamination. A water reservoir was
constructed 43 m a.s.l. in Orunia. The city itself is located 2-4 m a.s.l. The aqueduct
was a cast iron pipeline with a diameter of 418 mm. It was dug underground and
was 14 km long. This main water pipe is still functioning today without any major
problems in capacity. The water distribution pipelines in the city were constructed
during 1869-1871 to supply water to 100 000 inhabitants (Seeger, 1999).
Meanwhile the sewerage system was completed and the streets were paved by
stones imported from Sweden. The sewers were laid along the streets in a relatively
shallow fashion in order to avoid contact with the groundwater. The main
collectors ended in the Old Motlawa and New Motlawa Rivers in the harbour.
Siphons were installed under the river beds to conduct the wastewater by gravity to
the small Olowianka Island, located about 1 m a.s.l. The main pumping station was
completed on this island and a 3 km-long pressure pipe led to the wastewater
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treatment plants (Salomon, 1907). Its pumping station has worked to the present
without major changes.
The first wastewater-treatment plant consisted of the irrigation fields of Sianki (in
German: Heubude). The sewerage systems were completed in 1869-1871 and the
wastewater treatment plant was constructed in 1872, three km from the city. This
consisted of the 180-320 ha of the irrigation fields. These fields were never used
for agriculture and have always served as a phytotechnological treatment plant till
1983.

Constructions
Sand dunes were levelled and ditches were constructed on 2 levels. Ditches on the
upper level received municipal wastewater, those at the lower level served to drain
treated wastewater. From the upper ditches wastewater was distributed to flood and
irrigate sandy soils covered by grass (Figure 1, Figure 2). Frequency of flood was
mainly every week and the total hydraulic load was 3000-8000 mm per year.

Vegetation and soils
Fields in Gdansk-Sianki were covered by grass monoculture for hay production of
couch-grass (Agrophyron repens L.) and in the locations of local sedimentation of
sewage sludge the monoculture of nettle (Urtica dioica L.) was developed. Soil
profile was greatly changed under the influence of the wastewater irrigation and
under the change of the water conditions of soils. Evolution of soils started from
the pure sandy dunes, Albic Arenosols (Transportic) (IUSS, 2006) changing to
forest podzols, sod covered podzols with gley formation in subsoil, rich in organic
matter shallow boggy black earths and ending with shallow peat soils on the gley
sandy subsoil (Kowalik, 1966). This evolution of soil profiles was generated by the
regulation of water conditions in the fields.

Fig. 1.

Figure 1. Irrigation system with flood of the fields on the artificial slopes. 1 –
original level of the ground; 2 – ditch for irrigation by wastewater; 3 – ditch for
drainage of treated wastewater (Woycicki, 1956).
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Fig. 2.

System of irrigation and drainage of the fields in Gdansk-Sianki

Characteristic of dune soils
Sandy dunes on the Baltic Sea coast are created by the accumulation of sand
carried by the sea waves. The next step is the eolian activity of wind formatting the
dunes in one, two or three ridges. These sandy dunes in the region of Gdansk are
covered here by vegetation and are stable. Close to the water developed different
salt-tolerant grasses, further are sedges (Carex spp.) and willows (Salix caspiniana)
and finally there are forest ecosystems with pines (Pinus sylvestris L.) trees
(Zoladeski, 1991).
Soils are formed here on the very uniform material of coarse sand, containing
mainly one sand fraction of the diameters between 0,1 to 0,5 mm. Sand is located
on the different altitude above sea level, with different depth of the groundwater
and with different conditions for accumulation of the organic matter on the surface
and in the topsoil (Krzyszowski, 1952). Most common are soils containing pure
coarse sand, sandy soils rich in water in the local depressions in the dunes, and
light rusty podzols under the pine forest. Representative soils are Stagnic
Albeluvisol associated with Endogleyic Regosols, Placic Podzols, and Gleyic
Podzols (IUSS, 2006) on the top of the dunes and in the local depressions, where
the forest is denser and where the accumulation of organic matter is more distinct.
In case of very shallow ground water the process of podzolisation is combined with
the formation of boggy soils, giving the podzols with gley subsoil or even the
shallow peat soils on the gleyed sand.
Mean depth of the ground water on the sandy dunes is in the range from 80 to 145
cm. The dunes are not very high, 2-5 meters above sea level. Mean rainfall is about
600 mm per year, in which about 100 mm is the rainfall during winter, from
October till March. The natural vegetation of the dune area is formed in two very
different plant communities. In case of dry slopes of sandy dunes we can observe
dry pine forest, association Empetro nigri-Pinetum (Zoladeski, 1991). In local
depressions between dunes there are wetter conditions and development of fresh
forest is possible, with alder (Alnus), willow (Salix) and green undergrown with
grass (Aira elegans Willdt), mosses and shrubs (Vaccinium vitis-idea L., V.
myrtillus L. and others).
It is clear that if the ground water is closer to the surface than the soil forming
processes are more intensive (Stremme, 1942). The dune sand forms the soil
profiles of podzols, rusty pozols, gley podzols or podzols below the new sand.
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North and East areas surrounding the irrigated fields are covered by such soils and
before irrigation this was the natural environment of dunes.
If the ground water on dune is very deep (below 150 cm than the soil surface) soils
are very dry and bare, which causes that only lichens (Cladonia chlorophaea, C.
cornutoradiata, C. floerkeana) and small grasses are present (Zoladeski, 1991).
Without vegetation covering the soil is dry during longer periods. Organic matter is
not produced and consequently it is not cumulated. Development of pine forest
does not change much the ecosystem, because most of the plants are not able to
grow here, the only exception being pine trees with very deep roots to ground
water. Topsoil is not protected by the vegetation and thus it is very dry all the
summer (Stremme, 1942). The soil is dry and has only certain type of vegetation.
Soil profile of these soils is defined as initial stage of podzols under forest (Table
1). This is only descriptive and no judgment is made whether this is good or bad.
On the area of dunes with high ground water level (shallower than 140 cm) more
and more plants are able to survive, developing deep roots. They are trees and
shrubs, producing leaves, needles and litter. Soil became protected against wind
erosion and new organic matter is stimulating microbiological activity in the soils.
Table 1. Soil profile of Haplic Podzol (Arenic) in Gdansk-Sianki (Kowalik, 1966)
Soil
horizon
A1(A2)

Depth
in cm
0–15

B

15–90

C(G)

90–200

Soil morphology
Black coarse sand with low content of organic matter,
with tendency to create powdered structure, with sod
layer in topsoil up to 8 cm
Black and rust coarse sand, lighter colours in deeper
parts, ending with fawn colour in subsoil
Yellow-fawn-white coarse sand, more grey in subsoil,
ground water on the level of 140 cm

Organic matter may produce humus and thus minerals are weathered, increasing
fertility of soil. In the soil profile we can notice Fe(OH)3, Al(OH)3 and fresh
organic matter. Process of podzolization is changing soil profile morphology.
Shallow ground water is generating gley process from subsoil, with reduction of
chemicals. Gley process is changing colours of many soil components into grey,
blue-grey and green-grey colours. As a final result the soil profile is forming gley
podzols or simple podzols.
If the ground water is very close to the soil surface, usually in the local depressions
between dunes mosses (mainly Sphagnum) develop on the soil. The may create
shallow peat layers and peaty soils, Histosols (Stremme, 1942; Sokolov and
Tangul’yan, 1964).

Dune soils with wastewater irrigation
Dune soils were utilized for the irrigation of wastewater of the city of Gdansk and
wastewater treatment in soil environment. It started during spring 1872. They were
the first soils irrigated by wastewater on the European continent (Wierzbicki, 1962;
Seeger, 1999). After 110 years of irrigation it was possible to observe the evolution
of the soil environment here (Kowalik, 1966). The question is what interest this
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would have to the workshop participants. It seems to be in the environmental
context.
During years 1869-71 pine forest was cut, dunes were leveled and ditches for
wastewater flow were constructed, as indicated in Figure 1 and Figure 2. At the
beginning of 1872 only 180 ha were utilized, but in the next years additional 120 ha
were included, ending with 320 ha at the beginning of twenty century (König and
Lacour, 1914).
Hydraulic load can be calculated, dividing the amount of wastewater (10 000
m3/day) by the surface area of the fields (360 ha). During 1912 the hydraulic load
of the field was 3 300 mm per year (König and Lacour, 1914), during the year 1958
– 3650 mm per year (Jarosz, 1958) and in 1972 - 8 000 mm during the year
(Swinarski, 1999). Most of the wastewater was treated only in the sedimentation
basins. Irrigated fields were dewatered only by the open ditches. Treated
wastewater was dumped into Vistula River outlet close to the Baltic Sea.
On the dune sands after irrigation of wastewater the succession of grass vegetation
was observed and formation of sod layer. Instead of forest podzolic soils were
created grassland sod soils with shallow gley formation. After intensive irrigation
the ecological and hydraulic situation was changed. Formation of grass and sod in
topsoil was stimulated by frequent wastewater irrigation and formation of gley
subsoil because of anaerobic conditions and lack of oxygen diffusion from the
atmosphere (Kowalik, 1985). Old process of podzolisation was dominated now by
the process of sod formation. Vegetation consisted of grass, intensively and
frequently irrigated by wastewater. After these irrigations the soil profile was
changed and the soil horizons were:
• living sod full of roots;
• sod formation, rich in organic matter, black or dark-grey in wet conditions;
• podzolic horizon, light and acid;
• iluvial horizon with dominant gley process;
• gley horizon, anaerobic, grey, green or blue;
• sandy subsoil from the original dunes.
Such soils cover at least ½ surface area of the irrigated fields, but only if the
drainage ditches are working properly and the altitude is high. They were used as
mowing grassland, to produce hay twice a year.

Dune soils changed into boggy wetlands
Wastewater treatment is possible because of the filtration into sand and the created
wetlands are considered good. On the surface of the sand grains are forming the
bio-film with microbes, suspensions and colloids. It is a place of the bio-sorption of
the pollutants from wastewater. In the bio-film the supply of oxygen trough
diffusion from the atmosphere is easy. Organic matter is changed into humus and
partly mineralized into chemicals, acting as fertilizers in the soil. Most important is
the positive balance of oxygen in the soil, mainly in the 20-30 cm of topsoil.
Deeper soil layers are anaerobic and oxidation is not possible any more.
If the ground water level is close to the surface and soil is very rich in organic
matter from wastewater, the oxygen balance is negative (Kowalik, 1985). Lack of
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oxygen is giving shallow gley layer in soil and succession of the hydrophilic plants,
natural for wetlands. Instead of natural grasses appear grasses producing tufts and
clusters and sedge (Carex) (Ziaja, 1958). The domination of wetland conditions
occurred on the half of the surface area of the Gdansk soils irrigated by wastewater.
Part of the soils was ponded, or changed in the wastewater lagoons with the
vegetation of wetlands. The soil profiles were changed into direction of bog areas,
like in Table 2.
Table 2. Spodic Anthrosols (Arenic) of the local wetlands irrigated by wastewater in
Gdańsk-Sianki (Kowalik, 1966)
Soil
horizon
Ao
AG
G

Depth
in cm
0–15
15–25
25–100
and
deeper

Soil morphology
Black soil rich in organic matter with sod layer
Dark grey coarse sand permanently saturated by water
White-grey coarse sand with cool colours, uniform,
deeper with blue-grey colours, saturated by water from
the depth 10 cm

Concluding remarks
Evolution of dune soils is indicating that soil processes and development of
vegetation are greatly influenced by wastewater irrigation. In the case of sewage
fields in Gdansk (Poland) it is visible that the soils were overloaded by high
hydraulic load of wastewater, from 3000 mm up to 8000 mm per year. This was the
reason for the creation of the conditions of wetlands. The efficiency of the
wastewater treatment in this ecosystem was about 80%. The phytotechnological
solution was serving here during 110 years (1872-1982) and it was a good and
efficient example of utilization of soil for protection of Baltic Sea. In the last 25
years (1983-2008) was no irrigation and drainage here. We do not consider the
problem of reproduction of described solution and we do not recommend this for
the future. The technology belongs to the past.
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Introduction
Tile drainage systems are used in Germany on about 2 million hectares to improve
farming conditions on waterlogged sites . On the one hand, tile drainage systems
are precondition for intensive arable farming at such sites ,while on the other hand,
the originally strongly damped runoff processes at waterlogged sites obtain the
character of fast interflow. Additionally, agricultural drainage systems are coupled
with high nutrient outfluxes which have a eutrophying impact on downstream
receiving water bodies (David et al. 1997, Drury et al. 1997, Kahle et al. 2005,
Scheffer & Kuntze 1991, Scheffer 1993, Sims et al. 1998, Xue et al. 1998).
Among suitable mitigation measures for such ecologically negative secondary
effects, there are cutting back the drainage performance of the systems to the
minimum required for the agricultural production targets as well as reducing the
outflux of eutrophication causing matters into downstream waters. Existing
technical solutions for controlled drainage are in most cases not applicable on
sloping waterlogged sites. Each check gate would serve only a small area of 1 – 3
ha and a supplementary installation would require not economically justifiable high
financial inputs.
However, it seems appropriate to retain water and nutrient fluxes from drainage
systems by purification ponds which are placed between drainage outlets and
downstream receiving waters and, thus, mitigate eutrophication effects in
downstream waters (Kovacic et al. 2000, Saunders and Kalff 2001). The principle
of action of purification ponds is to enhance sedimentation processes, nutrient
accumulation in biomass and biogeochemical transformation processes within a
possible long residence time. These factors depend on the individual site conditions
but can be affected also by the pond design. The placement of purification ponds is
done preferably by utilisation of existing natural depressions which might be
supplemented by additional dikes.
Since 2006, the ZALF Institute of Landscape Hydrology has been investigating the
effects of such purification ponds within a research project funded by the German
Federal Agency for Agriculture and Food (Steidl et al. 2007). The project aims at
providing evidence for the functioning of pilot ponds as well as at elaborating
design and operation principles for environmentally adapted purification ponds for
nutrient retention from drainage effluents.
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Pilot Purification Ponds
The implementation of pilot ponds required the following preconditions:
• the possibility is given to install a purification pond between the drainage
system and the downstream water by either being newly established or
implemented by utilisation of an existing water body
• the installation of measuring devices is possible to monitor the key
parameters required for providing evidence of pond functioning
• sufficient data on location, function and design of the drainage system are
available
• land owner’s permission for the establishment and operation of a pilot pond
In 2006, three pilot ponds were established financed by funds of the State
Brandenburg Programme on the Improvement of Landscape Water Balance,
Melioration Measures and Biodiversity in Rural Areas and were implemented by
the respective responsible water and soil associations (Table 1).
Pilot pond I was placed in a depression of a wet grassland between the drainage
system and the local outlet creek. By excavating the top soil layer within part of the
envisaged pond area material for the surrounding embankment was provided and,
at the same time, the available pond volume was increased (Fig. 1). For pilot pond
III a strongly silted and only temporarily water discharging kettle hole was
remediated by silt clearance and used as purification pond. Pilot pond II was
established by utilisation of an existing pond which, in contrast to pond III,
remained strongly silted.
Table 1. Pilot installations of purification ponds for the purification of drainage effluents.
pilot purification ponds
drained area
field drainage
system
drainage system
substrates

water surface
volume
max. water depth
shore length / water area
substrates

I

II

III

31 ha

185 ha

5 ha

regular

checked

regular

sand and deep
layered loam

sand

0.17 ha
ca. 560 m³
0.8 m
0.05 m-1

0.06 ha
ca. 240 m³
1.1 m
0.14 m-1

sand and deep
layered loam

sand

sand with deep
layered loam or
covered loam
deep layered loam
and loam
0.5 ha
ca. 1000 m³
0.65 m
0.10 m-1
peat with sand and
organic silt
underground

dominant vegetation
purification pond

Lemna-Floating
cover
Typha-SparganiumPhragmites-Glyceria- Reed, Canary reed
amphibious zone
Reed, Carex-Reed
grass-EpilobiumReed
percentage of water surface covered by vegetation
aquatic zone
22%
36%
amphibious zone
66%
50%
aquatic zone

Filamentous algaeMat
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Fig. 1.

Site map of pilot pond I and adjacent drainage system; views of pond outlet with Vnotch weir and vegetation (after 6 months of plant growth)

The meteorological situation for all pilot ponds is characterised by annual
precipitation of 593 mm/year and annual grass reference evapotranspiration of 625
mm/year (Müncheberg meteorological station of the German National
Meteorological Service). The long-term average monthly climatic water balance is
positive only during the period from October to March (Fig. 2).
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Fig. 2.

ETP

Balance

Long-term average monthly precipitation, evapotranspiration and climatic water
balance for the observation period1951-2006 at Müncheberg station of the
German National Meteorological Service

The long period of negative climatic water balance already indicates the need for
water retention in this region. Water retention is just one of the basic conditions for
the purification function of ponds enabling a sufficiently long residence time of
drainage water to allow for the necessary matter related processes.
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Methods
The analysis of the principle of action of a purification pond (Fig. 3) is based on a
comprehensive measuring and monitoring program at the pilot plants. Influxes
coming from the drainage systems, pond water levels and outfluxes leaving the
ponds are recorded every hour. Precipitation and parameters for evapotranspiration
calculations are recorded by micrometeorological stations. Hydraulic
characteristics of the ponds are derived from storage capacity, residence time, flow
path and flow velocity.

Fig. 3.

Schematic cross section of a purification pond with typical retention and
transformation functions

Matter transformation in the water body is analysed on the basis of water samples
taken up to twice weekly in dependence on the flow pattern at the inlets, outlets and
other selected sampling points in the ponds. Concentrations of nitrogen,
phosphorous and other water quality parameters are determined by laboratory
analyses. Supplementary season-dependent analyses allow for an assessment of the
impact of transformation relevant processes within the pond and their effect on
matter retention. To characterise mass accumulation, undisturbed sediment cores
and samples of above surface macrophyte biomass from the aquatic and amphibian
zones with their different vegetation are taken three times a year and are analysed
for their nutrient contents. Additionally, mobility of nutrients in the sediment is
investigated to assess redissolution processes. Thereto, fractionation of phosphorus
in the sediment layers (from undisturbed core samples) as well as in-situ fluxes
(sampling by dialyse sampler) of pore water are determined (Psenner et al. 1988,
Steinmann and Shotyk 1996). Sedimentation in the pond is evaluated by the use of
plate sediment traps (Kozerski & Leuschner 1999). To analyse emissions of
nitrogen and nitrous oxide (denitrification) as well as of carbon dioxide and
methane, gas samples are taken in laboratory above undisturbed sediment cores
according to a static approach (1 hour gas accumulation) and to a dynamic
approach (continuous gas flux) and measured by gas chromatography (Mander et
al. 2005).
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Mass balances based on the above series of measurements are used to determine
the nutrient retention in the purification pond and to interprete the impact of
individual processes.

Results
First results are presented here exemplified by pilot pond I. The comparison
between pond influxes from the drainage system and the pond outfluxes
demonstrates the discharge damping impact of the pond (Fig. 4, left). In spite of the
whole year inflow entering the pond from the drainage system outlets there was no
pond outflow from July to almost the end of November. During a period from
September to November backwater occurred in the directly adjacent outlet channel
which reached back to the pond outlet weir and, thus, affected the outflux
measurements, but which may be considered as a rather positive effect on the
purification function of the pond.
While high total N concentrations of about 30 mg/l were measured in the drainage
effluent during the whole year, these concentrations were about 15 mg/l at the pond
outlet during the vegetation period. In the winter time they increased corresponding
with the dying of biomass and reduced microbial activities. Especially during the
vegetation period, N was incorporated in the strongly developed macrophyte
biomass (up to 6500 kg dry matter in pilot pond I in summer, dominance of reed
grass) and intensely depleted by denitrification. Herewith the emission of
molecular N was dominating, while the emission of climate relevant nitrogen oxide
was low (0.1 mg NO2-N m-2d-1). During the first investigation phase, monthly
retention of total N ranged from 3 to 100 % of the load coming from the drainage
system (Fig. 4, right).
The discharges from the drainage system showed low concentration of total P of
about 0.08 mg/l throughout the year. Nevertheless, after the beginning of operation
and in late summer, significantly higher concentrations of up to 0.33 mg/l of total P
were observed in the pond. The initial short-time increase of P evidently results
from decomposition of dead biomass already existing in the pond after filling. In
late summer, the increasing P concentration goes along with an increase in the
amount of readily available P in the upper sediment layers from May until October.
Reasons for this are the gradual increase of the anaerobe microbial matter turnover
as well as redissolution processes after flooding the formerly wet grassland (fen).
Another source of the increase of readily available P in the upper sediment layer
may be the growth of periphytes and the sedimentation of newly formed
phosphorous biomass. Together with the restart of water discharge out of the pond,
outflux of P occurred into the water course. In December and January, P outfluxes
from the pond were above P influxes.
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Precipitation, inflow, outflow
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Left column: Inflow, outflow, TN and TP concentrations in influx, pond water and
outflux of pilot pond I from April 2006 to June 2007; right column: Monthly retention
of water, TN and TP in pilot pond I from April 2006 to June 2007

Conclusions
The up to now investigated purification ponds with their natural vegetation mitigate
nutrient fluxes from the drainage systems into the downstream receiving water
courses considerably. N and P retentions follow a seasonal dynamic showing the
highest retention during the vegetation period with no outflow from the ponds for
most of this time. Throughout the year, N is retained at a higher degree than P. Due
to an increase of anaerobe microbial matter turnover and to redissolution processes,
P outflux from the sediment may occur temporarily. P outfluxes depend on the
availability of phosphorous, the initial sediment conditions with regard to content
and mobility of P, organic carbon and oxygen deficits. Since P outfluxes may
temporarily be crucial to downstream waters, it is necessary to check how far the
removal of organic sediments of high P content would be required when
establishing new purification ponds. This has to be compared to the denitrification
capacities of the ponds. The efficiency of purification ponds is expected to improve
by the removal of biomass dying in autumn.

-192-

IDW2008 - Session 2

References
David M. B., Gentry L. E., Kovacic D. A., and Smith K. M. 1997. Nitrogen balance
in and export from an agricultural watershed. J. Environm. Qual. 26: 10381048.
Drurcy C. F., Tanner C. S., Gaynor J. D., Oloya T. O., and Welcky T. W. 1996.
Influence of controlled drainage-subirrigation on surface and tile drainage
nitrate loss. J. Environ. Qual. 25: 317-324.
Kahle P., Tiemeyer B. and Lennartz B. 2005. Stoffausträge aus
landwirtschaftlichen Nutzflächen über Dränung. Wasserwirtschaft 12, 12-16.
Kovacic D.A., David M.B., Gentry L.E., Starks K.M., and Cooke R.A. 2000.
Effectiveness of constructed wetlands in reducing nitrogen and phosphorus
export from agricultural tile drainage. Journal of Environmental Quality 29
(4): 1262-1274.
Kozerski H.-P. and Leuschner K. 1999. Plate sediment traps for slowly moving
waters. Water Research 33 (13): 2913-2922.
Quast J., Dannowski R. and Balla D. 1993. Improved calculation methods and new
technical solutions for sub-surface controlled drainage systems. 15th ICID
Congress, The Hague, Question 44, Paper R79.
Mander Ü., Lähmus K., Teiter S., Nurk K., Mauring T., and Augustin J. 2005.
Gaseous fluxes from subsurface flow constructed wetlands for wastewater
treatment. Journal of Environmental Science and Health, Part A:
Toxic/Hazardous Substances & Environmental Engineering 40 (6-7): 12151226.
Psenner R., Boström B., Dinka M., Petterson K., Pucsko R., and Sager M. 1988.
Fractionation of phosphorus in suspended matter and sediment. Arch.
Hydrobiol. Suppl. 30, 98-110, Schweizerbart’sche Verlagsbuchhandlung
Stuttgart.
Saunders D.L., and Kalff J. 2001. Nitrogen retention in wetlands, lakes and rivers.
Hydrobiologia 443 (1-3): 205-212.
Scheffer B. and Kuntze H.1991. Nährstoffaustrag aus einem grundwassernahen
Sandboden bei Mineral und Gülledüngung – DVWK-Schr., 93, 3-39,
Hamburg u. Berlin
Scheffer B. 1993. Zum Nitrataustrag über Dräne. Wasserwirtschaft 83
Schmidt R. and Diemann R. 1981. Erläuterungen zur Mittelmaßstäbigen
Landwirtschaftlichen Standortkartierung. Forschungszentrum für
Bodenfruchtbarkeit Müncheberg, Bereich Bodenkunde Eberswalde, pp. 78.
Sims J. T. et al. 1998. Phosphorus loss in agricultural drainage: Historical
Perspective and current research. J. Environ. Qual. 27: 277-293.
Steidl J., Kalettka Th., Ehlert V., Quast J., Augustin, J. 2007: Nährstoffrückhalt aus
Dränabflüssen in nachgeschalteten Reinigungsteichen. In: Miegel K.,
Trübger E.-R., and Kleeberg, H.-B.: "Einfluss von Bewirtschaftung und Klima
auf Wasser- und Stoffhaushalt von Gewässern". Forum für Hydrologie und
Wasserbewirtschaftung, Heft 20.07, Band 2, S.23-26
Steinmann P., and Shotyk W. 1996. Sampling anoxic porewater in peatlands using
"peepers" for in situ-filtration. Fresenius J. Anal. Chem. 354, 709-713.
Xue Y., David M. B., Gentry L. E., and Kovacic D. A. 1998. Kinetics and modelling
of dissolved phosphorus export from a tile-drained agricultural watershed. J.
Environ. Qual. 27 : 917-922.

-193-

IDW2008 - Session 2

Acknowledgement
The authors thank the German Federal Agency for Agriculture and Food (Bundesanstalt für Landwirtschaft und Ernährung) for funding the research project (Az:
514-33.81/04HS039), the State of Brandenburg for funding the establishment of the
pilot ponds, the Water and Soil Association „Stöbber-Erpe“ for the implementation
of pilot ponds I and III as well as the Water and Soil Association „Untere Spree“
for the implementation of pilot pond II.

-194-

IDW2008 - Session 3

Session 3
Agricultural water management, decision support
methods and technology

Keynote

Effect of Controlled Drainage on Water
and Nitrogen Balances in Drained Lands
R. Wayne Skaggs and Mohamed A. Youssef
W.N. Reynolds Dist. Univ. Professor and Assistant Professor, respectively
North Carolina State University, Raleigh, NC27695-7625 wayne_skaggs@ncsu.edu

Introduction
Artificial drainage is necessary to farm some of the world’s most productive soils.
Drainage ditches or subsurface drain tubes are used to lower water tables, improve
trafficability, prevent water-logging, control soil salinity and increase yields.
Subsurface drainage reduces surface runoff, sediment losses and the movement of
contaminants attached to the sediment, such as pesticides and phosphorus, into
surface waters. However, subsurface drainage increases the losses of nitrogen (N)
to surface waters (Gilliam et al., 1999; Dinnes et al., 2002), and has been cited as
one of the primary sources causing algal blooms and hypoxia in major water
bodies. For example, N losses from over 20 million ha of intensively drained
cropland in the U.S. Midwest have been cited as a major contributor to excessive N
and hypoxic conditions in the northern Gulf of Mexico (Mitsch et al., 2001). The
development of methods to reduce N losses from agricultural drainage systems has
become an important objective of researchers, engineers and drainage
professionals. In the U.S, the Agricultural Drainage Management (ADMS) Task
Force (http://extension.osu.edu/~usdasdru/ADMS/ADMSindex.htm) was organized in 2002
with the objective of developing and implementing methods to reduce N losses to
surface waters from drained lands. The Task Force consists of drainage
professionals from USDA Agricultural Research Service and the Natural Resources
Conservation Service, US Environmental Protection Service, university researchers
and extension specialists, environmental and agricultural experts from state and
local agencies, and representatives form the drainage industry. The initial focus of
the Task Force is to reduce N losses from drained lands to the Mississippi River
and Gulf of Mexico.
Research has shown that drainage volumes and Nitrogen losses through the drains
can be substantially reduced by a practice called Controlled Drainage (CD). This
practice, which is also referred to as the more general term, Drainage Water
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Management, involves the use of a weir or an overflow device to raise the water
level in the drainage outlet. This reduces the hydraulic gradient to the drain,
subsurface drainage rates and annual drainage volumes. Since drainage
requirements for crop production vary with season, CD can be used to reduce
drainage rates during periods when intensive drainage is not necessary, such as the
winter months. Based on research conducted in the 1970s and 1980s (Gilliam et al.,
1979; Skaggs and Gilliam, 1981; Evans et al., 1995), CD was accepted as a best
management practice (BMP) in North Carolina for reducing N and phosphorus (P)
loads to surface waters and is cost shared by the state to support its implementation.
More recent research by a number of investigators has shown that the practice is
effective for a wide range of soils and climatological conditions, and it is now
being promoted and applied in the U.S. Midwest for water conservation and the
reduction of N losses to the environment. A review of research on CD shows a
wide range of response depending on soil and site conditions. Controlled drainage
has reduced drainage volumes, compared to conventional or uncontrolled drainage,
in all cases studied. The amount of reduction has varied from 17% to over 90%. In
some cases the reduction of N losses to surface and groundwater is nearly equal on
a percentage basis to the reduction in drainage volume. In others it is clear that the
route of N loss has been changed, but the magnitude of reduction, if any, is
uncertain.
This paper reviews results of previous field research and uses simulation analyses
to analyze the effect of CD on the hydrology of drained agricultural lands and on
the loss of N in drainage waters.
Effect of Controlled Drainage on the Hydrology of Drained Fields

Results of published research to determine effects of CD on drainage volumes and
N losses in drainage water are summarized in table 1. A number of experimental
studies on the effects of a combination of subirrigation and controlled drainage
have been reported in the literature (Drury et al, 1996; Madramootoo et al., 2001).
Typically those studies involved the use of controlled drainage during the winter
months, conventional drainage during planting and harvest periods, and
subirrigation during the growing season. While this degree of drainage water
management may produce increased yields, it requires a water supply and
considerably more investment than the simpler use of controlled drainage for water
conservation and reduction of N losses in drainage outflows. In order to
concentrate on effects of the CD practice, results of studies on the combination of
subirrigation and controlled drainage are not presented in table 1 nor discussed in
this paper. Results of modeling studies on effects of CD on hydrology and N loss
are also not included in table 1. Simulation modeling is very useful, and will be
used herein, to study the effects of CD on the various hydrologic components of a
drained field. However, table 1 is confined to results of field studies on CD.
A cursory review of results in Table 1 shows that CD substantially reduced
drainage outflows in all studies. The range was wide with CD reducing drainage
outflows by 17 to 94% compared to uncontrolled or conventional drainage. These
results raise questions as to what happens to the water that was not removed by
drainage and why the response to CD was so different between the different sites
and soils represented. Consider the field shown schematically in figure 1, which
depicts one of the sites in the first field studies conducted on controlled drainage in
North Carolina (Gilliam et al., 1979). Controlled drainage was implemented by
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partially blocking the outlet ditch by the use of a weir (W in figure 1). The crest of
the weir varied during the three year study, but was generally 0.3 to 0.5 m below
average ground surface when it was in CD mode. The water table in both the
controlled field and in the uncontrolled (conventional drainage) field to the west is
shown for a period following rainfall in the elevation schematic at the bottom
(figure 1b). The water balance for Field D may be written for any period of time as,
R = ET + D + RO + ∆Vw + S

(1)

where R is precipitation, ET is evapotranspiration, D is subsurface drainage, RO is
surface runoff, ∆Vw is change in water stored in the profile, and S is water lost by
lateral and deep seepage, all in units of length (cm), or volume per unit surface
area. Field measurements showed that controlled drainage decreased drainage
outflows by about 50% in field D. Drainage measurements were made at the weir
and included both surface runoff and subsurface drainage. Solving Eq. 1 for D +
RO,
D + RO = R - ET - ∆Vw – S

(2)

Taking a period when Vw at the beginning is about the same as at the end, ∆Vw =0,
and
D + RO = R – ET –S

(3)

Rainfall is obviously not affected by the use of CD, so if D + RO is decreased by
50%, ET and/or S must be increased. The effect of CD on the hydrologic
components of field D was evaluated with the simulation model DRAINMOD.
Model inputs for field D are given in table 2. Seepage losses are normally ignored
in analyzing the hydrology of drained fields, so we first assumed that both lateral
and vertical seepage were negligible in the DRAINMOD analysis. It is recognized
that, depending on the boundary conditions, lateral seepage at the field edge may
be significant, but it is normally assumed that lateral seepage from the interior of
the field is negligible. Simulations were conducted for the continuous production of
corn on field D for a 50 year period of climatological
Table 1. Summary of results of field studies on effectiveness of Controlled Drainage
Drain Drain Control Percent Reduction
Area Spacing Depth Depth* Drainage N Loss
(ha)
(m)
(m)
(m)
_____________________________________________________________________________________________
Gilliam et al. (1979)
N. Carolina Portsmouth sl 5 to 16 30 & 80 1.2
0.3-0.5
50
50
N. Carolina Goldsboro sl
3
30
1
0.3
85
85
Evans et al. (1989)
N. Carolina Ballahack sl
4
18
1
0.6
56
56
N. Carolina Wasda muck
4
100
1.2
0.6
51
56
N. Carolina Wasda muck
4
18
1
0.6
17
18
Lalonde et al. (1996)
Ontario
Bainesville sil 0.63
18.3
1
0.75
49
69
0.5
80
82
Tan et al.(1998)
Ontario
Brookston cl
2.2
9.3
0.65
0.3
20
19
Gaynor et al., 2002
Ontario
Brookston cl
0.1
7.5
0.6
0.3
35**
***
Wesstrom et al. (2007) Sweden
Loamy Sand
0.2
10
1
0.2-0.4
80
80
Fausey (2005)
Ohio
Hoytville sic
0.07
6
0.8
0.3
41
46
Reference

Location

Soil

* Controll typically removed during seedbed preparation, planting, and harvesting periods.
**CD reduced subsurface drainage by 35%, increased surface runoff by 28% & reduced total outflow by 16%
*** Nitrogen results not reported, effects on pesticide loss are reported
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Fig. 1.

Schematic of field D (Figure 1a) showing location of the CD structure, W, and an
alternate location, A. Figure 1 b shows a profile view with factors that affect
seepage. Figure 1c shows a potential experimental plot layout for studying effect
of CD.

Table 2. Summary of DRAINMOD inputs for field D, TWS, Plymouth, NC

.

Soil Series

Portsmouth sl

Depth to Restrictive Layer

215 cm

Depth of layer

Hydraulic K

Vd*

0-30 cm

15 cm/hr

0.83 cm

30-50

2

1.69

50-100

2

5.36

100-150

8

10.3

150-215

8

15.8

Saturated water content

0.365 cm3/cm3

Wilting Point

0.17 cm3/cm3

Drain Spacing

30 m

Drain Depth

120 cm

Drainage Coefficient

2.5 cm/d

Drain Diameter

10 cm

Effective Drain Radius

1.5 cm

Depressional Storage

1 cm
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record (1951-2000). Simulations were conducted for conventional and controlled
drainage for drains spaced 30 m apart and 1.2 m deep. For controlled drainage, the
weir in the drainage outlet was raised to a depth of 30 cm below average ground
surface on Oct. 1 following harvest in Sept. and remained at that elevation until
March 15, when it was lowered for seedbed preparation and planting (by April 15).
The weir was raised on May 15 to a depth of 60 cm for water conservation where it
remained until August 1 when it was lowered to drain depth prior to harvest in
Sept. The long term simulations were conducted to consider the effect of weather
variability on the performance of CD.
Average annual predicted values of the hydrologic components are given in table 3
for both conventional and controlled drainage (CD). DRAINMOD is based on a
strict water balance conducted on an hourly basis for, in this case, a 50 year period
of weather record. Results in table 3 indicate that, in the absence of seepage, CD
would increase ET and surface runoff and decrease subsurface drainage. The
predicted decrease in subsurface drainage was 16.4%, but total outflow (drainage +
surface runoff) was only reduced by 7.7% when seepage losses were assumed
negligible (table 3). If seepage is in fact zero (S=0), a simple water balance (Eq. 2)
shows that, over many years (when ∆Vw may be considered negligible), CD can
only reduce outflow (Drainage + Runoff) by an amount equal to the increase in ET.
Observations in the North Carolina studies(Gilliam et al., 1979) showed CD
reduced outflows by about 50%, even during the winter months when ET is low. It
was concluded that CD increased deep and/or lateral seepage from the controlled
fields resulting in the substantial decrease in outflows. This means that the
effectiveness of CD in reducing outflows, and perhaps N losses, depend strongly on
the factors affecting seepage. For example, Gaynor et al (2002) conducted
experiments on 0.1 ha plots with impermeable plastic barriers to prevent lateral
seepage. They found that CD reduced subsurface drainage by 35%, but reduced
total outflow by only 16%, because of a 28% increase in surface runoff. Results
from such plots may or may not reflect the performance of CD on the field scale. If
seepage is significant at the field scale, it will likely have a substantial effect on the
impact of CD, as will be discussed later.
Table 3. Predicted effect of CD on 50-yr. average annual ET, drainage and runoff for field D
at the Tidewater Experimentation Station, Plymouth, NC, no seepage considered.

Rainfall

ET

Drainage

Runoff

Drainage+Runoff

Drainage

1287 mm

636 mm

621 mm

30 mm

651 mm

CD

1287

686

519

82

601

+7.9%

-16.4%

+173%

-7.7%

% Increase

Consistent with the Gaynor et al (2002) measured results, the effect of CD on both
subsurface drainage and surface runoff predicted in long-term simulations of field
D was greater than it is on total outflow (the sum of the two) as shown in table 3.
This may be important to the effectiveness of CD on reducing N losses to surface
waters as N concentrations in surface runoff are typically much less than in
subsurface drainage. The effect of CD on the partitioning of surface and subsurface
flows depends on surface depressional storage. The effect of surface storage and
CD on subsurface drainage and surface runoff is shown in Table 4. While the
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average depth of depressional storage had little effect on predicted total outflow
(drainage + runoff), it had a much greater impact on the effectiveness of CD in
reducing subsurface drainage as shown in Table 4.
Table 4. Predicted effect of CD on annual subsurface drainage and surface runoff for three
values of surface depressional storage. Results are 50-year average values
predicted by DRAINMOD for field D assuming seepage is negligible. Values in ( )
are average annual amounts predicted for CD and % values represent increases
due to CD.
Surface
Storage,mm

Subsurface

%

Runoff,
mm

%

Drain.+Runoff %

20

630 (552)

-14

21 (48)

+128

651 (600)

-7.8

10

621 (519)

-16

30 (82)

+173

651 (601)

-7.7

5

615 (488)

-21

36 (113)

+214

651 (601)

-7.7

Drainage,mm

Lateral Seepage

Seepage on the field scale is usually not zero. Consider field D in Figure 1 as an
example. Assume CD is practiced in field D and on adjacent field E to the south.
Drains in fields to the east, north, and west of field D are not controlled so there is
potential for lateral seepage from field D to the uncontrolled drains to the east,
north and west. Lateral seepage would occur from controlled drain 1 in field D to
the first uncontrolled drain in the field west of D (Figure 1). Using the D-F
assumptions, the rate of lateral seepage across the western edge of field D may be
approximated as,
Q=K

(h12 − h22 )
2x

(5)

where Q is the seepage rate (m3/d), K is effective hydraulic conductivity (m/d), and
h1, h2, l and x are water table elevations and lengths as defined in Figure 1.
Assuming an effective K value of 1.4 m/d (6.0 cm/hr, Table 2) and a weir depth of
0.30 m below ground surface, h1 = 1.85 m, h2 = 0.95 m, x = 45m, and l =275 m.
Equation 5 predicts a seepage rate across the western boundary of 11 m3/d. When
similar calculations for the north and east boundaries are added and the sum
divided by the area of field D, lateral seepage may be estimated as 0.078 cm/d for
the 5 ha field. As the depth of the weir increases the seepage rate decreases as
shown in Figure 2.
Lateral seepage, on a per unit area basis, is dependent on field size, as well as
boundary conditions. Consider the effect on lateral seepage if, for experimental
purposes, field D had been divided into two fields by placing the control structure
at position A in the outlet ditch. Then one-half of the field (2.5 ha) drained by
laterals 4, 5 and 6 could have been under controlled drainage and the other half
(drains 1, 2 and 3) under conventional drainage. Using the same methods applied
above, maximum lateral seepage for a weir depth of 30 cm was calculated as 0.16
cm/d. The Gilliam et al.(1979) study was conducted on field D and other fields of
similar or larger size. An alternative would have been to divide field D into six 60
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Lateral Seepage, cm/d

m X 90 m plots as shown in figure 1c. Then we could have conducted experiments
with three replications of conventional drainage (Dr) and CD. Lateral seepage
under CD in this case would depend on the location of the CD plots relative to the
drained plots. Using plot 6 in figure 1c as an example, Eq. 5 predicts a steady
lateral seepage rate, when the water level in the controlled drain is 30 cm from the
surface, of 0.34 cm/d, or 4.3 times as much per unit area as predicted for the 5 ha
field scale. The effect of weir depth on lateral seepage, as calculated by Eq. 5, is
shown in figure 2 for the three field sizes considered.

0.4
0.3

180 m X 275 m, 5 ha
90 m X 275 m, 2.5 ha
60 mX 90 m, 0.5 ha

0.2
0.1
0
0

50

100

150

Weir Depth Below Ground Surface, cm

Fig. 2.

Effect of weir depth on maximum lateral seepage rate for three field areas

Results given in figure 2 represent lateral seepage rates that would occur when the
elevation of water in the control structure is equal to the weir elevation (i.e., the
pressure head in the controlled drains is equal to the elevation of the weir above the
drains). As the water table recedes due to drainage, seepage and ET, seepage rates
will decrease. So the seepage rates plotted in Figure 2 represent maximum values
which will not usually be sustained over long periods. The effects of lateral seepage
on the hydrology of field D and on the effectiveness of CD at the various scales
considered above were simulated with DRAINMOD. Equation 5 is used in
DRAINMOD to calculate lateral seepage rates based on the computed water table
elevation, which changes continuously, and boundary conditions for the field.
Vertical or deep seepage may occur and will be discussed in the next section, but
was assumed negligible in these simulations. Predicted water tables are plotted for
CD and conventional drainage in Figure 3. Note that the water table for CD is
somewhat above the weir elevation early in the year, but considerably below the
weir during most of the year. Thus the lateral seepage rates are generally less than
those shown in figure 2. Predicted effects of CD on the hydrologic components of
field D are
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Fig. 3.
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Fig. 4.

Effects of weir depth on hydrologic components for field D. Results are 50-year
average values predicted by DRAINMOD. Lateral seepage was considered but
deep seepage was assumed to be zero.

plotted in figure 4. Results given are 50-year averages of annual values predicted
for continuous corn production for a range of winter or fallow season weir depths.
A constant weir depth of 60 cm was assumed for the growing season for all cases.
Compared to conventional drainage, CD (with 30-cm weir depth) increased
predicted annual lateral seepage to 10 cm and ET by 7 cm; it decreased predicted
outflow (subsurface drainage plus surface runoff) from 64 to 50 cm or about 22%.
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% Reduction of Outflow

The predicted effect of CD on subsurface drainage alone, a reduction of 29%, was
somewhat greater than on total outflow.

60
50

180 m X 275 m, 5 ha
90 m X 275 m, 2.5 ha
60 m X 90 m. 0.5 ha

40
30
20
10
0
20

40

60

80

100

120

140

Weir Depth During Winter, cm

Fig. 5.

Effectiveness of CD in reducing outflow (subsurface drainage + surface runoff)
from field D (5 ha), from one-half of field D(2.5 ha), and from a 0.5 ha plot.

The impact of field size on the effectiveness of CD in reducing outflow from
drained fields is shown in Figure 5. The substantial difference predicted for the
different field sizes is due to the differences in lateral seepage on a per unit areas
basis (Figure 2). These results indicate that, if deep seepage is negligible, CD with
a winter weir depth of 30 cm would reduce drainage and runoff outflow from field
D by 22% on average, compared to 50% for a 60 m x 90 m plot. The clear message
here is that field experiments to determine the effect of CD on drainage outflows
and N losses should be conducted on field size units; i.e., on fields of about the
same size that would be used in practice. Lateral seepage losses per unit area
increase sharply with decrease in field size, so the effectiveness of CD may be
overestimated if based on measured results at plot scale. To avoid problems of
interaction between experimental plots with different treatments, drainage water
management and otherwise, researchers have attempted to isolate the plots by
installing plastic barriers at the plot edge to limit lateral seepage. This is a usually a
difficult task as the required depth of the barrier to prohibit lateral seepage is often
uncertain and its installation imperfect. If the barrier installation is completely
successful, the effect of lateral seepage, which may be important on a field basis,
will not be properly represented. If lateral seepage from experimental plots is only
partially blocked, there is no guarantee that the remaining seepage properly reflects
the field scale.
Vertical or Deep Seepage

Results presented above for field D show that CD (with winter weir depth in the 30
to 50 cm range) increases predicted ET and lateral seepage resulting in a reduction
of drainage outflows (subsurface drainage + surface runoff) by about 20% over the
long term. This reduction is considerably less than measured in the Gilliam et
al.(1979) study for years 1973-1976. Analysis of DRAINMOD simulation results
for those specific years showed that CD reduced predicted drainage outflows by
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21%, which is close to the 20% reduction predicted for the long term. While this
indicates that results measured over the three year period may be reflective of long
term averages, it is clear that the measured effect of CD can not be accounted for
by increases in ET and lateral seepage alone. It is likely that the difference is due to
vertical seepage which was ignored in the simulations of Figures 4 and 5.
The effect of vertical seepage on the water balance of field D was considered by
assuming that the restricting layer in figure 1b is underlain by a confined aquifer
with a constant hydraulic head, hv. Based on soil borings and piezometer
measurements in the watershed, the thickness of the restricting layer was taken as 2
m and the hydraulic head in the aquifer was assumed constant at 2.9 m referenced
to a datum at the top of the aquifer. This hydraulic head is consistent with
piezometeric readings during periods when drainage occurs, and equates
approximately to the elevation of the bottom of the drainage ditches in the
watershed. The rate of vertical seepage is calculated in DRAINMOD by a simple
application of Darcy’s law and is dependent on the saturated vertical hydraulic
conductivity of the restrictive layer, Kv. Simulations were conducted for a range of
Kv values to determine the impact of vertical seepage on the effectiveness of CD.
The basic weir depth scenario of figure 3 was assumed; different winter or fallow
season weir depths were considered to analyze the effect on hydrology.
Results in figure 6 show the effect of Kv on predicted annual outflow for field D.
Both lateral and vertical seepage were considered. Note that vertical seepage is zero
for Kv =0 and CD reduced predicted outflow by 20% due to its effect on ET and
lateral seepage. For Kv = 0.02 cm/hr, predicted annual outflow was reduced from
59.3 to 32.9 cm, about 45%. This reduction is in the range measured in field
experiments on field D (Gilliam et al, 1979). The effect of CD on predicted ET,
drainage, outflow (drainage + runoff), and seepage (lateral + vertical) is shown in
Figure 7. Predicted seepage is about the same magnitude as drainage for winter
weir depths of 30 to 50 cm. That is, CD is predicted to reduce subsurface drainage
and total outflow by 40 to 50% (Fig.8), which is consistent with field
measurements for the very poorly drained soils and sites considered.
Based on the factors controlling seepage and the prominent role of seepage in the
effectiveness of CD, we should not expect the impact of CD on drainage outflows
to be the same for all soils and sites. This has clearly been the case as indicated by
results in table 1. Evans et al.(1989) reported that CD reduced drainage outflows
from a 4 ha field by only 17% for a Wasda Muck soil in eastern NC. Tan et al.
(1988) found that CD reduced drainage by 20% on a 2.2 ha field of Brookston clay
loam. Results obtained by Gaynor et al.(2002) from Brookston clay loam plots with
lateral seepage barriers showed that CD reduced subsurface drainage by 34% but
total drainage outflows by only 16%. Such results should be expected where
seepage, as governed by soil and site conditions,
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Effect of hydraulic conductivity of restrictive layer, Kv, on average annual predicted
drainage plus runoff for both conventional drainage and CD modes. Weir depth
for CD was 30 cm during fallow months and 60 cm during growing season.

Average Annual Flow, cm

Fig. 6.
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Fig. 7.

Predicted effect of weir depth on 50-year average values of hydrologic
components of field D for Kv = 0.02 cm/hr.
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Fig. 8.

Effect of weir depth on effectiveness of CD in reducing outflow for field D
assuming Kv=0,02 cm/hr.

is small. On the other end of the spectrum, CD has been reported to reduce
drainage outflows and N losses by 80 % or more on several sites. In the NC study,
CD reduced subsurface drainage from field scale (3 ha) moderately well drained
soils by approximately 85% (Gilliam et al., 1979). Weirs at 30 cm below ground
surface essentially blocked subsurface drain flows except during high rainfall
periods. While CD likely increased ET and surface runoff as discussed previously,
the investigators concluded that most of the water that would have moved through
the drains, in the absence of CD, was lost through seepage which most likely
entered surface waters down gradient. These soils are moderately well drained
under natural conditions, so seepage under CD is expected to be greater than from
soils classified as poorly drained or very poorly drained. Lalonde et al.(1996) found
that CD reduced drainage volumes by 80% for weir elevations 50 cm below the
surface in experiments conducted in Ontario. Their 0.6 ha plots had buffer drains to
isolate CD from conventional drained plots. Wesstrom et al.(2007) determined that
CD reduced subsurface drainage by 65 to 95% (average 80%) in a four year
experiment on a shallow loamy sand in Sweden. The 0.2 ha plots were surrounded
by a 1.6 m deep plastic barrier to prevent lateral seepage. Although cereal yields
were increased by 2-18%, and presumably ET by a similar amount, most of the
reductions in drainage occurred during the winter months and it seems unlikely
they resulted from increases in ET alone. It seems plausible that vertical and/or
lateral seepage may have played an important role in the impact of CD observed in
studies in which CD reduced drainage outflows by more than 25%.

Effect of Controlled Drainage On Nitrogen Losses
CD did not have a significant effect on the nitrate concentration in drainage water
in the large majority of field studies conducted. There have been exceptions.
Lalonde et al. (1995) found that CD lowered nitrate concentrations in drainage
water for a weir depth 75 cm deep, but not at a 50 cm depth, and Fausey (2005)
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found a significant but relatively small difference compared to conventional
drainage. In all other studies referenced (table 1), drainage water nitrate
concentrations under CD were not significantly different than those under
conventional drainage. As a result, the effectiveness of CD in reducing N losses in
drainage water was nearly the same, on a percentage basis, as its effect in reducing
drain flows (table 1). What happens to the nitrogen that would have been lost in
drainage water in the absence of CD? To the extent that CD increases ET and
yields, some of the N may be taken up by the crop and removed at harvest.
However, in most cases CD reduces drain flows by raising the water table and
increasing lateral and deep seepage as discussed above. The important question
then is, what happens to the nitrogen (mostly in nitrate form) in the seepage water?
If the nitrate is denitrified before returning to surface waters or entering ground
water, CD will be an effective practice in reducing pollution. If it is not denitrified,
CD may reduce the N load from the drainage system, but not the load to surface
and ground waters.
Gilliam et al. (1979) determined from redox measurements and by sampling
shallow ground water, that the profiles of soils classified as poorly or very poorly
drained were reduced at depths greater than 1 to 1.2 m. Nitrate concentrations in
the ground water taken over the course of the three year study were consistently
below detectable limits at these depths. Earlier studies (Gambrell et al., 1975)
showed there is sufficient organic carbon to support denitrification in this zone. It
was concluded that the increased seepage due to CD passed through the reduced
zone where it was denitrified. Evans et al. (1989) found similar evidence of
denitrified zones in six other soils classified as poorly or very poorly drained. This
was not the case for the Goldsboro soil (Table 1) which is classified as moderately
well drained. Oxidation-reduction measurements indicated no differences between
CD and conventional drainage. Concentrations of NO3-N were relatively high
throughout the profile (to depth of 2.4 m) with no apparent difference caused by
CD. Gilliam et al. (1979) concluded that CD did not increase denitrification at this
site. It did substantially reduce NO3-N losses through the drains, but there was no
evidence it prevented the N lost in seepage water from entering surface or ground
waters through other pathways.
The effectiveness of CD in reducing N losses to surface and ground waters depends
on both its effect on hydrology and on nitrogen dynamics in the soil profile. Field
studies have shown that CD reduces drain flows and increases seepage. In cases
where the bottom of the profile is reduced or the seepage water passes through
reduced zones, CD is a very effective practice for reducing N losses to the
environment. For moderately well drained soils, CD may be equally or more
effective in reducing drain flows, but have limited effectiveness in reducing N
losses.
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Abstract
A dual-permeability, three-dimensional process model was developed to simulate
the flow patterns in a subsurface drained field. The distributed model solution was
designed to solve overland and subsurface flow at the whole field and to produce
overland and subsurface drainage runoffs. Data from a subsurface drained clayey
field in southern Finland was used to develop and test the model. The results were
promising although the distribution of runoffs has to be perfected in the future with
a soil swelling and cracking model.

Introduction
Reduction of non-point source pollution from field cultivation is one of the most
important topics in the water pollution control in Finland (Nyroos et al. 2006). The
key to understanding erosion and transport phenomena in arable soils is to resolve
how water flows at agricultural fields.
An important aspect of arable fields is subsurface drainage, which alters the local
hydrological cycle profoundly. At present, on average 60% of the arable land area
in Finland is subsurface drained. In southwestern Finland clayey soils account for
60% of the subsoil in arable areas. In this region even 75-80% of the arable fields
are subsurface drained. In clay soils, preferential flow via natural macropores and
cracks and via permeable backfilled drainage trenches can contribute to severe
nitrogen and phosphorus losses via tile drains. Unfortunately modelling subsurface
flow and material transport in clay soils is a challenging task.
The objective of this study was to create a deterministic flow model, which
integrated lateral overland flow and three-dimensional subsurface flow into a single
field-scale model. The data available from an on-farm monitoring site in southern
Finland described by Paasonen-Kivekäs et al. (2007) was used to develop and test
the model. Both the data and past one- and two-dimensional model applications to
the experimental site (Koivusalo et al. 1999, Hintikka et al. 2007, Karvonen and
Paasonen-Kivekäs 2005) indicated that preferential flow had a crucial role in water
flow and nutrient transport from the top soil to the tile drains.
One- and two-dimensional models have limitations at field-scale studies because
they cannot reproduce both horizontal overland and tillage layer flow on the field
and vertical flow into the subsurface drains simultaneously (Jarvis 2007). The 3-D
model developed in this study integrated overland and subsurface flow at the whole
field. Water flow in the subsurface soil was calculated in two pore systems by
using the dual-permeability model developed by Gerke and van Genuchten (1993).
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The model was used to test several hypotheses including model specific design and
runoff related issues. The following fundamental question was addressed in this
paper. Is a 3-D, dual-permeability model structure required to effectively capture
the essence of flow at an undulating clayey field? Another important question is,
can overland flow be modelled with the same algorithm as the subsurface flow with
a suitable parameterisation?

Model description
The developed model used finite volume method to calculate the flow of water in
the 3-D computational grid depicting the field. The model included following
components: evapotranspiration, overland flow, subsurface flow, open ditches and
subsurface drainage. A dual-permeability approach was used to solve subsurface
flow in soil matrix and and macropores. Overland flow was modelled with the
same algorithm as the subsurface flow. The model produced soil moisture, pressure
conditions and flow velocities in both poresystems and overland and subsurface
drainage runoffs. Key features of the model are described in the following chapter.
A detailed description of the model is presented by Warsta (2007).
Flow in macroporous medium

Flow of water in a macroporous medium was carried out with a dual-permeability
model by Gerke and van Genuchten (1993). The basic idea behind the model is that
the total pore space is divided between micro and macro pore systems and they are
modelled separately. However they are connected with a mass transfer function,
which shifts water or material between the pore systems. The pore systems can be
given different properties by using suitable water retention characteristics and
hydraulic conductivities. The flow of water can be modelled with any suitable
algorithm. In this study Darcy’s law and Richards equation were used to model
saturated and unsaturated flow. The dual-permeability model is defined as follows
∂θ f
∂t

= ∇(K f ∇H f ) − S f −

Γw
w

∂θ m
Γ
= ∇ ( K m ∇H m ) − S m + w
∂t
1− w

(1)
(2)

where θf and θm [-] are volumetric water contents, Kf and Km [m/s] are hydraulic
conductivities, Hf and Hm [m] are hydraulic heads and Sf and Sm [s-1] are sink terms
of the fracture and matrix systems. Γw [1/s] is the mass transfer function and w [-] is
the ratio of volumes of the fracture and the total volume of both pore systems. Mass
transfer function is defined as follows
Γw = α w (h f − hm )

(3)

where αw [s-1 m-1] is the first order mass transfer coefficient and hf and hm [m] are
pressure heads in the pore systems. Coefficient αw in turn is defined as follows

αw =

βw
d2

K aγ w

(4)

where βw [-] is a shape factor, which depends on the geometry of the pore systems,
d is effective diffusion length [m], which is half the aggregate width or half the
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fracture spacing, Ka is effective hydraulic conductivity in the fracture-matrix
interface [m/s] and γw is scaling factor [-]. Gerke and van Genuchten (1993) have
presented a thorough explanation about the estimation of the different parameters.
In this study all the terms in the first order mass transfer coefficient (equation 4)
excluding Ka were lumped into a single parameter, which was solved with
calibration (Šimůnek et al. 2003).
Development of the numerical model

The framework of the numerical model i.e. the general solution method of the
governing partial differential equations was done according to Karvonen (1988).
Dual-permeability equations were solved with finite volume scheme. The whole
field was divided into interconnected hexahedric control volumes. Flow of water
between the cells was solved with Richards equation in both micro- and macropore
systems. The Mualem-van Genuchten equations (van Genuchten 1980) were used
to solve volumetric water contents in each control volume after pressure heads had
been calculated.

Description of the data
Data from an on-farm monitoring site (Sjökulla, 60º15’ N, 24º27’) in southern
Finland was used to develop and test the model. The experimental site for runoff
and groundwater measurements used in the modelling, embodied a field section of
3.3 ha within a larger area of arable land (Figure 1). The topograghy of the field is
undulating with the maximum slope of almost 5%. The field borders consist of
roads, ditches, arable subdrained land and alluvial land. In the model application,
the studied field area was 3.6 ha including a field section outside the monitored
field area. This was needed for the 3-D modelling.
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P

Location of the Sjökulla experimental field and field layout. Contour lines are
marked with thin black lines (elevations are in [m]) and drainage network with thick
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black lines. P2 and P3 represent measurement weirs of surface runoff and S3
represents the measurement weir of subsurface drainage outflow.

The time series used in the modelling were from May-November 1996 and MayOctober 1998. They included hourly values of overland and subsurface drain
runoffs, groundwater level and meteorological data. Extensive data on soil physical
properties were available from a field section of about 1 ha within the experimental
site (Alakukku et al. 2003, 2007). Van Genuchten water retention characteristics
for three soil layers were also available from a previous study (Kankaanranta
1996). A more detailed presentation of the experimental field, soils and
measurements can be found from Paasonen-Kivekäs et al. (2007).

Model application
The computational model was derived from the numerical model by adding all the
field specific components including geometry, drainage and soil properties into the
model. Evapotranspiration was derived from theoretical PET values, which were
calculated in a previous study using the Penman-Monteith equation (Hintikka et al.
2007). Root water uptake was calculated as a function of evaporative demand, soil
water content and root distribution. By default, PET values describe the
evapotranspiration from an area covered by grass. Unfortunately correction factors
for cultivated cereals in Finland were not available for the study.
Drainage geometry data was used to detect the cells containing drainage lines. The
length of drainage pipe in each cell was calculated and used as a characteristic
length in drainage calculations. The pipes were assumed to be in atmospheric
pressure. A resistance factor was used to adjust the flow of water into the drains.
Ditches surrounding the field took water from the adjacent cells if the groundwater
level rose above the ditches.
The calculation grid depicting the field was created with the following method.
First a regular 2-D grid was fitted inside the field borders. Next it was distorted
vertically to match measured contour curves. Resulting 2-D grid was then extruded
into a 3-D volume grid according to vertical soil layers. Several different grids
were used to test the effect of grid resolution (12x8x11, 24x16x11, 24x16x20 and
48x32x11 cells in x, y and z directions). The grid was extended into a depth 2.8 m
but the bulk of the vertical resolution (8 cells out of 11) was used between 0.0–1.0
m between soil surface and subsurface drains. An image of one of the calculation
grids and a snapshot of flow patterns in the tillage layer are presented in the Figure
2.
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(b)

(a)
Fig. 2.

A low-resolution computational grid (a) and horizontal flow patterns in the tillage
layer (b).
Calibrating and validating the model

The model contained many unknown factors including hydraulic properties of
macropores, variables concerning mass transfer between pore systems and
resistance factors for subsurface drainage, ditches and overland flow weirs. The
model was calibrated against hourly measured values of subsurface drainage runoff
(measuring weir S3), surface runoff (measuring weir P2) and depth of groundwater
table (observation tubes 9, 19 and 23) with the data from May to October in 1998.
The validation period was May-November 1996. Measured precipitation values
were corrected with a constant coefficient of 1.1 in order to take into account the
errors from the rain gauge. Parameters of the model were changed one by one and
the resulting modelled runoffs were compared visually to the measured ones. In the
model calibration, the measured macroporosity values were used as such but the
actual macropore conductivity values were not available. The available
conductivity measurements represented the mean conductivities of the whole soil
samples.
Soil parameters used in the model are presented in the Table 1. The parameters are
form left to right: saturated and residual water content θs and θr [-], van Genuchten
water retention characteristic parameters α [m-1], β [-] and γ [-], saturated hydraulic
conductivities in three dimensions [m/s], fractions of total porosity [-] and pore
exchange factor [m-2]. Pore exchange factor affects the speed of water exchange
between soil matrix and macropores. The letters M and F refer to soil matrix and
fractures (macropores). Soil types listed are impervious medium (rock), surface
layer (overland flow), tillage layer (Δz ~0.25 m), subsurface layer (Δz ~0.15 m)
and bottom soils. The pore exchange factors were acquired purely through
calibration because no data was available for comparison.
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Table 1. Soil parameters used in the model.
Index Soil type

θs

θr

β

γ

Ks(x)

Ks (y)

Ks (z)

Poros. Por.Ex.

0

Impervious_M

0.01

0.001 6.75

α

1.4

0.286

0

0

0

0.999

0

1

Impervious_F

0.01

0.001 6.75

1.4

0.286

0

0

0

0.001

0

2

Surface_M

1

0.01

7

2

0.5

12.5

12.5

0.01

0.965

22.0

3

Surface_F

1

0.01

7

2

0.5

0

0

1

0.035

22.0

4

Tillage_M

0.518 0.1

9.51

1.108 0.097

3.0E-4

3.0E-4

3.0E-4

0.965

0.005

5

Tillage_F

1

7

2

2.5

2.5

0.6

0.035

0.005

6

Subsurf_M

0.564 0.1

3.4

1.079 0.075

5.0E-5

5.0E-5

5.0E-5

0.994

0.003

0.01
0.01

0.5

7

Subsurf_F

1

7

2

0

0

0.4

0.006

0.003

8

Soil_M

0.564 0.1

3.4

1.079 0.075

1.0E-5

1.0E-5

1.0E-5

0.998

0.01

9

Soil_F

1

7

2

0

0

0.2

0.002

0.01

10

Bottom_soil_M

0.564 0.1

3.4

1.079 0.075

1.0E-5

1.0E-5

1.0E-5

0.999

0.00006

11

Bottom_soil_F

1

7

2

0

0

0.01

0.001

0.00006

0.01
0.01

0.5
0.5
0.5

Results and discussion
Calibration results

The cumulative values of runoff components from the calibration period (year
1998) are presented in the Figure 3. The model simulated quite well runoffs in the
summer and in the early autumn. However in October calculated subsurface
drainage runoff was too high and overland runoff too low. The same problem can
be seen in the hourly runoff graphs in the Figure 4. It is possible that tillage
operations done at the beginning of October decreased hydraulic conductivity of
the macropores, which in turn affected the runoff. Swelling and cracking of soil can
also change hydraulic properties of the soil. Modelled groundwater depths were too
low compared to measured ones although the dynamics were good (Warsta 2007).
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Measured and modelled cumulative subsurface drain runoffs in May-October 1998
(a) and measured and modelled overland runoffs at the measuring weir P2 in MayOctober 1998 (b).
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and measured and modelled overland runoffs at the measuring weir P2 in MayOctober 1998 (b).

Validation results

The cumulative values of runoff components from the validation period (year
1996) are presented in the Figure 5. The simulated cumulative subsurface drainage
runoff was quite good throughout May-November. The calculated overland runoff
was too low during higher precipitation events in November. In addition the model
could not reproduce the first subsurface drainage runoff events in the autumn. This
can also be seen in the hourly data (Figure 6). Hourly overland runoff was
constantly too low.
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Measured and modelled cumulative subsurface drain runoffs in May-November
1996 (a) and measured and modelled overland runoffs at the measuring weir P2 in
May-November 1996 (b).
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Conclusion
The need to use a complex 3-D model remains debatable. However there are a few
things, which support the use of a 3-D model on undulating fields with subsurface
drains. Horizontal flow patterns are hard to reproduce with a 1-D model or 2-D
section model if the topography of the field is complex. On the other hand the only
way to correctly reproduce the delay between precipitation event and subsurface
drain runoff is to use a model, which takes the vertical soil column into account.
The surface of the field turns into wet mud in autumn and it is difficult to separate
overland flow from subsurface flow in the tillage layer. This was the main criterion
to integrate overland and subsurface flow into single model. This decision also
simplified the model design considerably.
It seemed impossible to calibrate the model to the data precisely with the current
model configuration. This is probably due to the lack of dynamic cracking and
swelling component in the model. This improvement could fix the runoff
distribution error in the autumn. Otherwise the integrated model design performed
quite well. The plan is to extend the flow model with sediment transport and
erosion components in the future.
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Introduction
In arid and semi-arid regions, salinity is a most important factor influencing
productivity and crop growth in irrigation. In this paper we will discuss salinity
issues in the Río Dulce irrigation system (RD system, Santiago del Estero,
Argentina). To study the salinity process in more detail on shorter and longer time
scales (within seasons/years and over seasons/years) and to consider different
possibilities of soil reclamation in the area results from two models will be
discussed: WASIM (Wallingford/Cranfield) and SALTMOD (International
Institute for Land Reclamation and Improvement). An important difference
between the models is the time step in the calculations on water and salt balances.
Where SALTMOD employs seasonal time steps WASIM uses daily time step.
Apart from studying salinity issues in the RD system, both models will be
compared in terms of results, applicability and user friendliness. We will comment
on the possibility for applying both models together as a strategy to study longer
term salinity issues in irrigation in areas with low data availability.

The Río Dulce irrigation area
The Río Dulce basin covers about 100 000 km2. Within the basin, the Río Dulce
irrigation area, with an irrigable area 122 000 hectares in a command area of
around 350 000 ha, is one of the largest irrigations schemes in the country and the
most important irrigated area in the province of Santiago del Estero. Before 1968,
the irrigation infrastructure provided two or three irrigation turns for each farmer in
late spring and summer, when the water levels in the Río Dulce were sufficiently
high. The building of a reservoir in 1968, the Embalse de Río Hondo, has created the
potential for irrigation all year round. The official distribution schedule applies
monthly intervals with an irrigation flow of 300 L/s, a permitted time per hectare of
50 minutes per hectare per month, resulting in an irrigation volume of 900 m³/ha
per month (equal to 990 mm/ha per year, with one month for maintenance). In
actual practice, an indicative average for annual net water application to the
irrigated fields would be around 1300 mm/ha (Ertsen et al., 2004).
Data from the systems’ intake indicate that each hectare is irrigated with 2000 mm.
This means that about 35% of the inflow is not accounted for. What happens with
this water? It could flow back to the river, either through surface or groundwater
flow. However, the salt content of water samples from the river along one year
immediately upstream and downstream of the irrigated area was similar, indicating
a low return flow from the irrigated area (Ertsen et al., 2004, Prieto, 2006). A
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second option is that most water evaporates. One would expect an irrigation system
with a relatively high inflow of water to have a higher actual rate of ET compared
to its semiarid surrounding area with native vegetation. However, despite its
relatively high inflow, evapotranspiration rates of the irrigated area and its
surroundings seem to be similar, as the irrigation area does not stand out on ETmaps based on remote sensing analysis (Schipper 2005).
The irrigation system as a closed system

It is likely that the properties of the irrigation area, the extension of the command
area, the canal system, cultivation pattern and in particular water rights distribution
have a redistributing and thus buffering effect on evaporation rates (Ertsen et al
2007). In terms of salt balance, the PRD can be regarded as a closed system: salts
entering the system through the (fresh) irrigation water do not leave the system. The
RD area may be a labeled as a salt sink. The canal system serves a command area
three times as large as the irrigated area. Many fields are only cultivated during the
summer, and are left fallow during the rest of the year. Within the irrigation area, not
all the fields have irrigation rights; consequently not all fields are irrigated. This has
an impact on the water flows between and salinity levels of fields, such as, for
example, capillary rise from groundwater to non-irrigated fields that act as salt sink
areas (Prieto, 2006). Table 1 shows typical salinity values for three irrigated sub-areas,
with salinity for irrigated fields being much lower than for non-irrigated fields. In
each location, salinity values increase in the irrigated fields during the dry season
(May-October) because of capillary rise. When the main irrigation season starts,
salinity levels decrease thanks to rainfall and irrigation that remove salts from the
topsoil. In the non-irrigated fields salinity levels increase in the wet season
(November-April). This phenomenon may be explained because in these fields
there is not enough percolation from the surface to counteract effects of capillary
rise. Prieto (2006) reports data on salinity of irrigation water and groundwater for area
1 in table 1 as well. In this area, groundwater salinity is 12 times higher (9.4 dS/m)
than irrigation water salinity (0.8 dS/m). The water table remains at around 2 meters
depth at present.
Table 1. Soil salinity of irrigated and not irrigated parcels (Prieto 2006)
Area 1
Area 2
Area 3

Number of samples
8
5
8

Irrigated
1.6
1
1

Non-irrigated
7.7
16.7
25.9

Area 1, 2 and 3 are different locations within the Río Dulce irrigated area. Salt concentrations in
dS/m expressed in Electrical Conductivity of an extract of saturated soil paste.
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Area 1

Area 3

Experimenta
l field

Area 2

Fig. 1.

Indicative locations of areas included in table 1 and the experimental field of
figures 2 and 3 within the irrigated system of the Río Dulce

The methodology in brief
As table 1 shown, some salinity data of different locations are available. A general
overview of salinity processes in the RD system over a longer period building on
available data will provide additional information. To study these processes in
more detail on short and longer time scales (within seasons/years and over
seasons/years) and to consider different possibilities of soil reclamation in the area,
two models were used:
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• WASIM (Wallingford/Cranfield)
• SALTMOD (International Institute for Land Reclamation and Improvement)
An important reason to select these models is that they are freely available. An
important difference between them is the time step used to conduct the calculations
on water and salt balances. SALTMOD employs a seasonal time step whereas
WASIM has a daily time step. This difference was one of the reasons to employ
and compare both models. We started with studying salinity process on field level
by setting the WASIM model in such a way that it would resemble measured data
from a small field experiment discussed below. The WASIM model can be used for
such an approach, as it employs the daily time step. The objective was to find an
acceptable match between measurements and model to define acceptable values for
certain parameters required to run both models for longer time frames and evaluate
potential measures. For SALTMOD the field experiment could not be used because
of the larger time step. Because of this, SALTMOD typically is suitable for longer
term analysis of salinity.
WASIM

WASIM is a one-dimensional, daily, soil water balance model that requires daily
reference evapotranspiration and rainfall data (Hess et al., 2000; Hirekhan et al
2007; Depeweg and Otero 2004; Adderley and Simpson 2006). Reference ET is
used to estimate the changes in the soil water content taking into account inputs of
rainfall and irrigation including canal seepage wherever relevant. Daily surface
runoff due to rainfall is estimated as well. For the redistribution of soil water, the
upper boundary is the soil surface and the lower boundary is defined as
impermeable. WASIM allows selecting predefined soil profiles or defining one’s
own profile. With WASIM one soil column can be simulated, divided into:
0. a surface layer (0 - 0.15m)
1. an active root zone (0.15m - root depth)
2. an unsaturated compartment below the root-zone (root depth – water table)
3. a saturated compartment above drain-depth (water table – drain depth)
4. a saturated compartment below drain-depth to the impermeable layer
The boundary between root and unsaturated zones changes as the roots grow.
Similarly, the boundary between unsaturated and saturated zones fluctuates with
the water table depth.
SALTMOD

SALTMOD predicts salinity of soil moisture, groundwater and drainage water
developed at the International Institute for Land Reclamation and Improvement
(Oosterbaan, 2000; Bahceci and Nacar 2007; Singh et al 2002; Srinivasulu et al
2004). The model is based on seasonal water balances. Four seasons in one year
can be distinguished. The water balance components used as input data are related
to the surface hydrology (e.g. rainfall, evaporation, irrigation, use of drain and well
water for irrigation, runoff) and the aquifer hydrology (e.g. upward seepage, natural
drainage, groundwater pumping). The other water balance components (e.g.
downward percolation, upward capillary rise, subsurface drainage) are predicted as
output. SALTMOD accepts four different reservoirs:
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1. a surface reservoir above the soil surface
2. an upper shallow soil reservoir or root zone
3. an intermediate soil reservoir or transition zone
4. a deep reservoir or aquifer.
If a horizontal subsurface drainage system is present, this must be placed in the
transition zone, which is then divided into two parts: an upper transition zone
(above drain level) and a lower transition zone (below drain level). Water balances
are calculated for each reservoir separately. Salt balances are calculated for each
reservoir separately. SALTMOD can distinguish between different irrigated fields
or areas within seasons, including fallow land.
The field experiment

Within the RD system, a small-scale experiment was conducted on the Pilot Area
of Drainage and Soil Reclamation of the Instituto Nacional de Tecnología
Agropecuaria (Angueira and Prieto, 1994; Angueira et al, 1991a and 1991b). The
experimental field had artificial drainage by means of two pipe-drains, 150 m apart
at a mean depth of 190 cm. Soils are loessical silt with scarce development. In the
first 25 cm there is moderate content of organic matter decreasing with depth. The
soils in the area are saline-sodic. Initial average salinity of the soil is 15.8 dS/m and
the initial average cationic exchange capacity is 26.3, with Ca as the most common
cation adsorbed. Vegetation is scant and it is composed mostly by small brushes.
Six irrigations of about 150 mm each were applied with a mean frequency of 17
days in winter, which is the dry season in the area. Salinity levels dropped over
time. After about 90 days resalinization occurred at the center of the field. This was
most likely due to a high water table level, as the drainage system was not able to
maintain water table level at 1.4 meter below surface. The evolution of salinity
levels over time at the center of the field is shown in figure 2.
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Modeling salinity with WASIM and SALTMOD
San Isidro soil is similar to Silt Loam and Sandy Loam within WASIM. After
setting most soil properties at measured or realistic levels (for details see Alcaraz
Bosca, 2007), three main variables remained to be set:
• Unsaturated hydraulic conductivity Ksat at 0.2 m/day
• Leaching efficiency at 70 %
• Initial Water Table (IWT) level at 3.7 m
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In figure 3 an example is given of this calibration process of WASIM for the IWT.
With Ksat and leaching known, different water table levels were modeled. Although
an initital water table level of 3.5 meters below surface yields better salinity values,
it would also yield water ponding after 80-85 days. Therefore the initital water
level was set at 3.7 meters below surface, as a compromise between salinity
development and water level development. The match with measured data is far
from perfect, but at least the simple water budget approach within WASIM is
capable of modeling the resalinization process (except in the unsaturated zone).
Applying the SALTMOD model

With the experimental data and the WASIM results, it was possible to run
SALTMOD. The aim of applying SALTMOD was to study the evolution of
salinity for several years, focusing on differences between irrigated and nonirrigated fields within the command area. With WASIM such analysis is not
possible, as one cannot distinguish between two different fields. We applied several
irrigation scenarios, ranging from the official monthly schedule of 90 mm/month to
the rather ample water use of several (larger) farmers in the area of 200 mm/month.
The principal difference between irrigated and non-irrigated fields remains the
same for all schedules, however. When initial salinity values set at EC’s of 5 dS/m,
over time salinity increases in non-irrigated fields and remains stable in irrigated
fields (figures 4 and 5). The water table rises to about 1.5 meter below surface, a
realistic value.
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Salinity levels predicted by SALTMOD for non-irrigated fields in the three different
irrigated areas from table 1 and figure 1
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Salinity levels predicted by SALTMOD for non-irrigated fields in the three different
irrigated areas from table 1 and figure 1

As SALTMOD runs with average values, changes in rainfall over the years is not
taken into account. Applying these changes in the model (which is relatively
cumbersome as values need to be manually entered for each consecutive year)
yields changing salinity and water table depth over time emerges, although the
general trends remain similar (figures 6 and 7).
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SALTMOD results on water table depth for different rainfall scenarios

Discussion and conclusive remarks
Although WASIM was unable to approximate salinity in the unsaturated zone, it
was able to reproduce both the evolution of the water table level during the
experiment and salinity levels in the root zone, including resalinisation. As salinity
levels in WASIM cannot be set at values above 12 dS/m, some additional
calculations and scaling was required to run the model (Hirekhan et al, 2007)
SALTMOD does not have this disadvantage and is therefore most likely better able
to simulate realistic salinity values. It is an advantage that this model can distinguish
between irrigated and non-irrigated fields.
Although SALTMOD is attractive because of its simplicity, using average inputs
for all years may not yield as much insight as variable inputs would. For example,
both models suggest that it is possible to reach suitable salinity levels for
agriculture with the installation of a drainage system and irrigation of non-irrigated
fields. WASIM is able to show the variation in salinity levels within and between
years whereas SALTMOD is basically giving the trend line (figure 8).
WASIM may as such be more realistic, as it shows variability over time much
better. However, the need for daily data may hamper practical applicability.
Nevertheless, for a model originally designed as a training tool, WASIM seems to
provide interesting and realistic results. Having said that, being relatively new also
brings along the need to gather more experience with the model. SALTMOD has
already proven to be a suited tool to study salinity. We suggest that combining
WASIM and SALTMOD not only will build up experience with the WASIM
model, but also bring on board the variation on shorter time levels lacking in
SALTMOD.
If these models can be used in combination, dedicated and relatively modest field
experiments and measurements would already yield important information for the
models to be used. And one should not underestimate their shared huge advantage:
both models are really good value for money. They yield usuable results and are
freely available.
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1. Introduction
Low performance in irrigation projects is very often criticized; particularly the
water use efficiency. Many factors can contribute to such low performance. The
inadequate or / and improper operation of irrigation systems is one of the key
factors. It leads to waste of water and inequity between users; causing water
logging in some areas while other areas face water scarcity. In this process canal
operation becomes one of the key components in irrigation water management. It
deals with manipulation of part or all the control and delivery facilities to fulfill
expected targets of water supply while making best use of water available from
various sources within the system. This activity implies the mobilization of human
resources to effectively manner to meet real time needs with improved
communication facilities when necessary to implement necessary changes in the
system status.
However, it has been observed that the irrigation systems in Sri Lanka are of
heterogeneous nature due to type of technology on control, sources of supply,
topographical features of the system, network of canal flows and resources
available in relation to the canal operation techniques. The studies carried out on
Sri Lankan Irrigation systems identified four basic types of main systems.
The above classification make easier to disintegrate main Irrigation System in to
further sub-systems for refinement of system operation for effective agricultural
water management. Particularly at sub-system level according to the topographical
condition of the irrigation system, the re-use of agricultural drainages from upper
reaches is a common feature in many systems. Furthermore in Paddy irrigation, the
leaching requirement provided under irrigation water requirement is effectively
used under re-use sub-systems. The effective use of rain water harvested through
single bank contour canals and intermediate local storages fed by local catchments,
could be utilized by real time monitoring to regulate flows diverted from main
reservoir or diversion weirs.
This paper will present the general guidelines for system managers for operation of
different types of systems and sub-systems under varying flow conditions that
occur during cropping season. The rules are derived from hydraulic simulation of
unsteady flow condition for different types of systems and sub-systems by the use
of decision support models. Furthermore the study will provide guidance for
system design for any new irrigation development projects and for modernization
of existing projects for effective agricultural water management.
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2. Typology for Systems Operation
The generic typology for irrigation system operation was identified in four different
levels for the irrigation systems in Sri Lanka. They are; ‘Factory and Machines’
representing level of technology used in the infrastructure, ‘Networks’ level
representing water fluxes entering and leaving boundaries of the irrigation system,
‘Water’ level describes the hydrological context of the irrigation system and
‘Consumer’ level concentrates on outputs of irrigation and the notion of service to
users. The application of the typology consists in screening of 64 major systems at
the four different levels with the objective of identifying most prominent levels and
relevant criteria that partitioned irrigation systems in Sri Lanka.
At the sub-level of Factory, systems are found to be homogeneous and designed for
discharge control operations and they are all upstream controlled. At the sub-level
of Machines, systems were also found to be homogeneous in nature with gradually
adjustable, manually operated and in-situ controlled structures. In conclusion at this
level, only the localized on-line storages (LS) presence due to topographical nature
of the system and the absence of Localized Storage ( NLS) criteria bring a partition
of irrigation system. Also the presence of Single Bank (SBK) canals with on-line
distributed storage or Double Bank (DBK) canals with limited on-line storage
partitioned the sub-systems and makes a difference in operation of the systems.
At the level of Networks, some systems are Diversion type, while others are
Reservoir type i.e. (D or R). The presence of Return Flow or No Return Flow ( RF
or NRF) also partitioned the systems at this level. The level of water does not
partition irrigation systems as whole as the water availability is homogeneous and
mostly classified as varying seasonally. Finally, at the level of Consumer, most of
the systems are of single use (agriculture) with supply based distribution policy to
meet soil-crop water requirements. In conclusion, the level of consumer does not
bring any partition for Sri Lankan irrigation systems.
2.2.1 Reservoir and Diversion ( R / D)

Reservoir supply is more stable, no unscheduled flow variations and all the flow
variations are scheduled and known to the system operators. Diversion systems on
rivers are likely to create low and high unscheduled changes and not known to the
system operators.
2.1.2 Localized Storage (LS)

Localized storages are intermediate reservoirs present in the canal network due to
topographical features that act as level crossings. These localized storages dampen
upstream perturbations, allow issuing water in advance. However, operation of
these Local Storage reservoirs is crucial during rainy periods as runoff from its own
catchment get in to the system. Therefore monitoring of reservoir levels and timely
operation of gates is crucial.
2.1.3 Return Flow (RF)

In a Return Flow system (RF), surface drainages from agricultural and nonagricultural lands are connected to the canal system. These flows create on-line
discharge variations of low magnitude that are generated when changes are made in
the practices within the agricultural command area. During rainy periods RF
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systems act as catchment areas which generate medium to high magnitude delayed
perturbations after rains.
2.1.4 Single and Double Bank Canals (SBK / DBK)

The Single Bank Canal has an increased surface area compared to Double Bank
Canal. This reduces the speed of wave propagation and comparatively stores more
water than Double Bank canal and is considered as ‘Distributed storage’ in the
typology. SBK generates run-off and large perturbations during rainfall events.
Also the SBK dampens and stores perturbation to a certain extent. Double Bank
Canals (DBK) are not very common in Sri Lanka. In DBK no flows enters the
system during rains, so they have limited distributed storage capacity. The DBK
propagates perturbations faster than SBK.
2.2 Major Types based on Typology

The sixty four major irrigation systems used in the survey were analyzed according
to the above typology and classified according to the 04 major types as indicated
below.
Table 1. Results of Typology Application
R-LS-NRF
D-LS-NRF

Reservoir-with Localized Storage (SBK) – without Return Flow
Diversion-with Localized Storage (SBK) – without Return Flow

R-LS- RF
D-LS- RF

Reservoir-with Localized Storage (SBK) – with Return Flow
04
Diversion-with Localized Storage (SBK/DBK) – with Return Flow nil

R-NLS-RF

Reservoir-without Localized Storage (SBK)– with Return Flow
Reservoir-without Localized Storage (DBK)– with Return Flow
Diversion-without Localized Storage (SBK) – with Return Flow
Diversion-without Localized Storage (DBK) – with Return Flow

D-NLS-RF

19
04

02
01
04
01

R-NLS-NRF Reservoir-without Localized Storage (SBK) – without Return Flow18
Reservoir-without Localized Storage (DBK) – without Return Flow02
D-NLS-NRF Diversion-without Localized Storage (SBK)– without Return Flow 08
Diversion-without Localized Storage (DBK)– without Return Flow 01

Having identified the main types of irrigation systems in Sri Lanka, the study will
focus on the improved operational strategies for these types. The operation of
systems becomes more crucial under varying flow conditions. As such it is
important to analyze input flow variations (Low and High Perturbations) that
influence operation process and opportunities related to the internal physical
features of the different types.

3. Perturbations causes and their magnitudes
Perturbations can be classified according to their cause of occurrence and
magnitude, and the degree of information available at management level. A
distinction is first made between scheduled and unscheduled perturbations.
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Scheduled perturbations concern planned changes in the delivery and is assumed to
be known by operating staff. Unscheduled perturbations are the discharge
variations that may occur along a canal and which cannot be predicted in advance.
Unscheduled perturbations can become known after certain period of time if proper
assessment of the canal flow status is carried out.
The second distinction is related to the magnitude of the change and leads to
distinguish low and high perturbation. They may be distinguished with reference to
conveyance and storage capacity of accommodating them and basis of their
frequency and occurrence.

Table 2. Perturbation Causes, Magnitude and Status

Cause of Perturbation

Magnitude of
Perturbation

Scheduled

A change in the delivery

A variation of the ReturnFlow (low rainfall or field
practice change)

Low Change

Unscheduled

A variation of the supply at
diversion point

Scheduled

A change in the scheduling

A variation of the ReturnFlow (High rainfall)

Status of Information

High Change

A high variation at diversion
point

Unscheduled

A Run-off flow (SBK)

3.1 Considerations Regarding Operation Modes

Operation of structures considered in this study applies mainly to cross-regulators
gates along the canal. Gates at Offtakes are assumed to be set to the correct
openings corresponding to the targeted water level in the main canal and required
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discharge to the secondary canal as per water management schedule; they are
usually not changed or are changed infrequently.
The operation modes are based on available resource and usual practice in Sri
Lanka. Hence only manual operation has been investigated. Furthermore,
communication between gate operators and central manager is assumed to be
limited to one or two communications per day.
In this study two operational modes of main canal have been investigated, FSD
(Full Supply Depth of main canal) and BFSD (Below Full Supply Depth of main
canal).
In FSD mode, operations aim to maintain water depth at cross-regulators to the
spilling level of the side weirs, corresponding to FSD. The second mode (BFSD)
investigated is an attempt to improve the perturbation harvesting by creating online storage capacity for DBK and SBK canals. The operating target for water level
is set below FSD in this case.
The main variable taken into consideration in the study is the frequency of
interventions with respect to structures, i.e. time between two routine operations.
For each operation, gate closing and opening are limited by maximum of 10 cm
and minimum of 2cm amplitudes.
3.1.1 Types of Operation
3.1.1.1 Full Supply Depth (FSD) Mode

In Sri Lanka the frequency of routine operation of gates is often twice per day. This
operation corresponds more or less to a 12 hour frequency operation type. To
investigate the relation between performance and operation, other types of
operation are also considered in the study. The first one is the no-operation type
(NO). It is corresponds to an “infinite” frequency and means that the setting of the
cross regulators is held constant. Other alternatives are fixed frequency of 03 hours,
06 hours, and 12 hours during daytime. It must be pointed out that whatever the
schedule, there are no changes of settings at nighttime
A specific type of operation is studied for the purpose of scheduled delivery. It is
the time –lag operation (TLO). The time-lag is the delay of the perturbation
propagation between the main sluice and the cross regulator gate. Operation is
made approximately when the wave begins to pass through the gate and the
opening is made only once to suit increased discharge.
3.1.1.2 Below Full Supply Depth (BFSD) Mode

Only the systems with SBK and DBK are investigated as it is compulsory to
operate subsystems having downstream storage or intermediate storages in BFSD
mode to accommodate perturbations.
In the no-reaction option (NO), the objective is only to increase the effective use of
the perturbation through additional on-line deliveries. In case of high perturbations
if the free-board of the canal is limited, then the operation should be based on
requirements for the safety of the canal.
The reaction option Cut-Back (CB) is implemented from the main supply. The CB
consists of reducing the main sluice discharge, after the detection of the
perturbation i.e. when assessment of the canal reveals that several reaches are
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running at FSD. The magnitude and duration of CB should be selected to avoid any
negative reaction.
3.1.2 Evaluation of Performance of Operation

For the purpose of evaluation and comparison, different performance indicators are
used in relation to the water management practices indicated in Table 2.
3.1.2.1 On-line delivery Adequacy

This indicator evaluates the deviation between actual and expected total volume
delivered at the offtakes that are located between the main sluice and the tail
delivery point.
3.1.2.2 Tail Delivery Adequacy

This indicator assesses the effectiveness in conveying the hydrogram to the
delivery point. Specifically it represents the ratio between the effective volume
reaching the tail delivery point of the subsystem and the targeted volume.
3.1.2.3 Timeliness at Tail

This indicator evaluates the time deviation at tail delivery point, between the actual
and the expected delivery.

4. Hydraulic Simulations
Hydraulic simulations were conducted to analyze behavior of most common subsystems identified in the typology.
4.1 Studied subsystems

To study the behavior of the main irrigation system types, hydraulic simulations
were conducted for three different subsystems. The topography of these subsystems
was derived from a real canal in Sri Lanka. The DBK system considered in the
study is an existing main canal in Kirindioya irrigation system in Sri Lanka. The
SBK canal has twice the bed width of DBK canal. The third system (STO)
corresponds to a localized storage located at the tail-end of DBK canal.
4.2 Hydraulic Simulation model

The hydraulic software used in these simulations is SIC (Baume et.al., 1993),
which has been recently equipped with an additional regulation module. SIC, “
Simulation of Irrigation Canal”, is mathematical flow simulation model developed
by CEMEGREF, France, to study the hydraulic behavior of irrigation canals under
steady and unsteady flow conditions.
The model consists of three units namely;
• Topography module (Unit I)
• Steady flow module (Unit II)
• Unsteady flow module (Unit III)
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4.2.1 Topography module

This module allows the user to input and verify the data obtained from a
topographical survey of the canal. It generates the topographic data of canal used
by the computation programmes of Unit II and III.
4.2.2 Steady Flow module

The steady flow module is designed to perform the steady flow computation. It
allows determining offtake gate settings required to satisfy given water distribution
plan whilst simultaneously maintaining a set of target water levels at cross
regulators.
4.2.3 Unsteady Flow module

This module is designed to carryout the unsteady flow computations. It allows the
user to test various operational scenarios of water demand schedules and operation
at the headwork and control structures. Starting from an initial steady flow regime,
it will help the user look for the best way to attain a new water distribution plan.
The efficiency of the operational strategy may be evaluated through the water
delivery indicators computed at the offtakes.
The regulation module attached to this module allows selecting different
operational options at cross regulators, when unsteady flow simulations are carried
out. The originally model was calibrated under a steady main supply discharge of
8.21 m3/sec, which was measured at field level.
Table 3. Matrix of the Hydraulic Simulation

Operation
Mode

FSD

Simulated
Perturbation

Low Increase Scheduled
01
m3/sec (Change
and
(24hour)
Delivery)

(level
discharge
control type)

High Increase
(24 hour)
03 m3/sec

BFSD

State
of Topographical Type
of
Perturbation
feature
of Operation
subsystem

Low
Increase*

(superimposed
with volume 01 m3/sec
control type)
(24 hour)

DBK
in

Unscheduled
(Return Flow,
Run-off,
Diversion
change)

TLO
03 hr.

SBK

06 hr.
12 hr.

STO

NOoperation

Unscheduled

DBK

( Return Flow,
Run-off,
Diversion
Change)

NOoperation

SBK
Reaction
after
detection

* Only Low increase perturbation is considered in the simulations for improving storage
management because on-line storage capacity is limited compared to High perturbation volume.
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5. Results and Discussion for Different Subsystems
5.1 Usual FSD Mode

The results derived from the simulations are regrouped and displayed in the
following manner: performance indicators are plotted for the three subsystem types
under low perturbation in Figure 1, for a high magnitude perturbation similar
results are plotted in Figure 2. The analysis have been carried out considering first
the physical criteria of the typology , i.e. DBK, SBK and STO. The operation types
tested here are: TLO, NO, and FF ( 03 hr, 06 hr, 12 hr) during day time.
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5.1.1 Double Bank Canal (DBK) Subsystem

Time-Lag operation (TLO) appears to be the more effective operation type for the
DBK subsystem as computed values of all indicators are close to 1 under a
scheduled high or low change. If the system is operating on fixed frequency type a
12 hr operation is recommended for low perturbations (Figure 1) and a 06 hr
operation is recommended for high positive perturbations.
In case of DBK system with RF, where low magnitude perturbations are expected,
a 12 hr operation is recommended. In case of DBK with River Diversion where
high perturbation expected 6 hr operation is recommended.
5.1.2 Single Bank Canal (SBK) Subsystem

It is recommended that TLO is more effective type of operation for the SBK
subsystem as all indicators are very close to 1 under scheduled high or low change.
If the system is operating on fixed frequency, then, for a low change a 3hr
operation and for a high change, a 6hr operation is recommended.
The SBK systems may experience high unscheduled perturbations (run-off from
hill side, and flows from drainage ditches). Hence for safety reasons 6hr operation
is recommended.
5.1.3 Storage Subsystem (STO)

The time-lag operation (TLO) is the most effective operation type for storage subsystem under low or high magnitude perturbation. The fixed frequency type of
operation gives poor performance unlike in SBK or DBK subsystems. Simulations
were conducted for adjustment of gates on a 1 hour schedule, but the situation was
not improved.
5.2 Below FSD Mode (BFSD)
5.2.1 No Reaction Option
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Fig.3.

n-line canal storage evolution for DBK and SBK under low positive perturbation
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5.2.1.1 Double Bank Canal (DBK) Subsystem

Under the NO reaction option, the canal storage for DBK increases to maximum
value of 28,000 m3, 24 hours after the beginning of the perturbation and depletes to
zero after 60 hours. This volume is greater than the on-line storage capacity of
21,500 m3 below the spill crest, due to the afflux prevailed during spilling.
5.2.1.2 Single Bank Canal (SBK) Subsystem

The canal storage for a SBK increases to a maximum value of 47,000 m3 at 24
hours after the beginning of the perturbation. The depletion occurs at a lower rate
than for DBK, and at 72 hours 3,800 m3 still remain in the system. In this case the
maximum stored value is approximately 48,600 m3.
5.2.1.3 Comparison

The efficiency of the NO reaction option is assessed through the ratio between
additional on-line deliveries and the perturbation volume of 86,400 m3. It is
observed that SBK performs better than DBK.
5.2.2 Reaction Option

In DBK it is observed that the entire canal reaches to FSD after 12 hours. In the
simulation, perturbation starts at 6:00 am and the reaction is set to implement at
6:00 pm the same day or 6:00 am the following morning. Therefore, three options
are offered to the operators:
• Scenario 1: Implementing a low magnitude CB of 0.5 m3/sec at 6:00 pm. No
operations during night time of cross regulators. Observe following day
morning and apply another CB if required not tested under this simulation.
• Scenario 2: Implement a CB only when the canal is under full control of
operators i.e. following day morning. For this simulation the magnitude of
CB is set to 1 m3/sec for 05 hour operation. Unlike in Scenario 1 in this case,
simultaneous adjustments of cross regulators are made both in reduction and
increase of discharge.
• Scenario 3: Combination of night time and day time CB in case the
perturbation is still active in the system in the following day morning. The
simulation has been carried out CB of 0.5 m3/sec from 6:00 pm to 6:00 am
followed by another CB of 01m3/sec for 4.5 hours from 6:00 am in the
morning.
In SBK subsystem, it is observed that the entire canal reaches to FSD only after 24
hour duration. The stored volume is about 48,600 m3. In this case the perturbation
detection can only be made at 6:00 am in the following day, thus only the scenario
2 is implemented. The magnitude of the CB is 01 m3/sec for duration of 12 hours.
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Table 4. Efective use of water under different reaction options.
Sub
System

On-line
Storage
Capacit
y (m3)

Cut – Back (CB)

CB
Efficiency

Additional
on-line
delivered
volume in
m3

Overall
Efficiency

Additional
Tail volume
reached in
m3

Scenario Volume in m3
21,500
DBK

SBK

48,600

1

21,500

25%

42,100

74%

22,800

2

18,000

21%

38,600

66%

29,800

3 (1+2)

37,700

44%

40,700

91%

8,000

2

43,200

50%

59,600

103%

-16,400

5.2.2.1 Comparison

The results of simulations carried out as shown in Table 4 indicate that DBK is
more dynamic than SBK and requires a prompt action to implement effective CutBack. Both subsystems can achieve a high level of efficiency if CB is properly
implemented to reach at least 50% efficiency. In addition, in case the surplus
through offtakes can be used effectively, then the global efficiency will reach
almost 100%.

6. Conclusions
The suggested modes of operation for major types of main systems identified in Sri
Lanka based on simulations carried out are be summarized as follows.
1. D/R–LS-RF Systems main canal should operate on TLO with FSD mode
under scheduled perturbation and Local Storages should be kept under
BFSD by operating under TLO. Under unscheduled perturbation main
canal should operate at fixed frequency ( 6 hr ) while local storage should
operate while Monitoring water level with possibly of Cut-Back (CB)
option.
2. D/R-LS-NRF Systems main canal and Local storage should operate on
TLO with FSD mode under scheduled perturbation. Under unscheduled
perturbation main canal and local storage may operate at fixed frequency (
6 hr ) , however, it is suggested to operate LS under monitoring in rainy
periods due to local runoff.
3. D/R-NLS-RF Systems main canal should operate under BFSD on TLO
under scheduled perturbation. Under unscheduled perturbation main canal
should operate on BFSD at a fixed frequency & it is highly recommended
Cut-Back option from main supply.
4. D/R-NLS-NRF Systems main canal should operate under FSD on TLO
under scheduled perturbation; however, systems with SBK should operate
under BFSD during rainy periods. Under unscheduled perturbation main
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canal with SBK should operate at fixed frequency (6hr) under BFSD
possibly with CB option in reservoir (R) systems.
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Abbreviations
SBK................Single Bank Canal
DBK ...............Double Bank Canal
STO ................Storage Sub System
R.....................Reservoir
D.....................Diversion
LS...................Local Storage
NLS ................No Local Storage
RF...................Return Flow
NRF................No Return Flow
FSD ................Full Supply Depth
BFSD..............Below Full Supply Depth
FF ...................Fixed Frequency
NO..................No Operation
TLO................Time Lag Operation
CB ..................Cut Back
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Introduction
Hydraulic conductivity (K) is the most important measurable soil property in
drainage design calculations. Measurement of K in the saturated zone below the
water table by the famous auger hole method is well established. In dry regions,
where water table is well below the surface and the auger hole method is
impractical, several methods have been proposed for measuring K above the water
table. Over the past 50 years a number of field methods have been developed for in
situ measurement of K in the vadose zone. Many of these techniques are not cost
effective due to the need for large equipment, personnel, time and water
requirements. In addition established methods like Shallow Well Pump In method,
(SWPI) is not feasible due to extensive replication usually required to account for
spatial variability.
Guelph Permeameter (GP) method (Reynolds and Elrick, 1985), which is capable
of simultaneous in situ measurement of Kfs, S, and α , and which is potentially
simple and rapid, remains cost-effective even when extensive measurement
replications are required. With the Guelph Permeameter method, one person can
complete one measurement in less than one hour for most soils. (Reynold W. D.,
Elrick , D. E., and Clothier, B.E. 1985). In this method, two or more heads (H) are
ponded sequentially in a well augered into the unsaturated soil. Steady flow rate,
QS, out of the ponded well, can be written for each ponding depth, H as:
⎡⎛ 2πH 2
Qs = ⎢⎜⎜
⎣⎝ C

⎤
⎞
2πH / C
⎟⎟ + πa 2 ⎥ K fs +
φm
⎠
⎦

(1)

Therefore a set of simultaneous equations is solved for finding Kfs (ms-1) and
φm (m2 s −1 ) . For more ponded heads, least square regression analysis is used. In Eq.
1, H(m) is the steady depth of ponding in the well, a (m) is the well radius and C is
a dimensionless shape factor. The "double- head" procedure known as the
“Richards analysis”, works well in uniform structureless soils. Heterogeneity in the
forms of layering, cracks, wormholes, root channels, etc. can result in a high
percentage of negative Kfs and φ m values, which are invalid (Viera et al. 1988).
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Viera et al. (1988), obtained a 27 % success rate (i.e. both positive Kfs and φ m ).
Available data suggest that a success rate of 20-70% can generally be expected in
most structured soils (Viera et al. ,1988).To avoid the problem of negative values,
Elrick et al. (1989) proposed a single- head well permeameter technique for
determining Kfs and φ m . This approach requires writing Eq. 1. in the following
form.
K fs =

φm =

CQS
2π H + Cπ a 2 + 2πH / α ∗

(

2

)

(2)

CQS
[(2πH + CπQ 2 ) α ∗ + 2πH ]

(3)

2

( )

where α ∗ m −1 is defined by

α ∗ = K fs / φ m

(4)

Values of K fs and φm are obtained by substituting into Eq. 2 and 3 a value of

α ∗ from table 1. Thus equations can be solved using QS from only one ponded
head (H), and therefore negative K fs and φm values are avoided. The physical basis
of single head technique is the linkage between the magnitude of α ∗ , soil
capillarity and the type of porous medium. The α ∗ value indicates the relative
importance of the field saturated and unsaturated component of flow in the soil
surrounding the permeameter well (Reynold and Elrick,1985).
Table 1. Porous media categories used for estimating α ∗ in the single head well
permeameter analysis of Elrick et al. (1989)
Porous media category

Corresponding

α∗
Compacted, structureless clayey materials such as landfill
caps and liners; lacustrine or marine sediments, etc.
Soils which are both fine textured (clayey) and unstructured
Most structured soils from clays through loams; also
includes unstructured medium and fine sands. The first
choice for most soils.
Coarse and gravelly sands; may also include some highly
Structured soils with large cracks and macropores.

(m-1)
1
4
12

36

The "Laplace analysis" of Reynold and Elrick (1985), where unsaturated flow
component is neglected (Sandy soils) can be written as

(

2

K L = CQS / 2π H m + Cπ a 2

)

(5)

Combining this equation with Eq. 2 yields
K fs

(

)

⎡
2 H m2 + Ca 2
=⎢
2
2
∗
⎢⎣ 2 H m + Ca + 2 H m / α

(

) (

⎤
⎥
⎥⎦

(6)

)
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where, H m (m ) is the largest of the heads ponded in the well. Comparison of Eqs. 1,
2 and 5 shows that K L is an estimate of the field- saturated hydraulic conductivity,
obtained when soil capillarity (i.e. the φm term in Eq. 1 or the α ∗ term in Eq.2 ) is
∗
disregarded. As a consequence, K L ≥ K fs , for φm ≥ O in Eq. 1 and O < α ≤ ∞ ,

in Eq 2 . Equation 6 shows the functional relationship between K fs , soil capillarity
and K L . Viera et. al. (1988), generalized Eq. 6, using the empirical form,
γ

K fs = β K L

(7)

Where β and γ are dimensionless.
Equation 6 can be written as follows:

1

α

∗

=

(2H

+ Ca 2
2H m
2
m

)⎡ K

⎤
L
− 1⎥
⎢
⎢⎣ K fs
⎥⎦

(8)

β and γ in Eq. 7 can be determined by least square fitting. For this purpose
LnK fs against LnK L plots are prepared for the successful wells. Equations 5, 7 and
8 were then applied to all the wells. This produced estimates of K fs , α ∗ and φm
values. Saturated hydraulic conductivity measured by Guelph Permeameter has
been reported by Lee et al. (1985), Reynold and Elrick (1985), Stephen et al.
(1987), Darcy et al. (1990), Mohanty et al. (1994), Reynolds and Zebchuk (1996),
Kashkuli and Mashal (1995), Mokhtaran, (2004). Reynold et al. (1992), have
presented a thorough evaluation of the single head analysis procedure of Richards
in 4 different soils. They found α ∗ to be 11 (m −1 ) for all these soils. Reynolds and
Zebchuk (1996) compared the auger hole method with the Guelph Permeameter
method in a silty clay soil. They used the single head method, of Richards,
regression based Richards analysis and the single head Richards method for the
removal of negative values produced in the multiple head measurement technique.
In this research our objective was the evaluation of the more practical single head
analysis of constant head well permeameter for the determination of hydraulic
conductivity above the water table in a medium texture soil.

Materials and Methods
Measurements were taken in 40 wells dug to a depth of 60 cm, with 5 m spacing,
covering an area of a bout 1000 m2 on the agronomy experimental fields of Shahid
Chamran University. In order to determine soil texture, 9 one meter deep holes
were dug scattered throughout the field. Soil samples were taken for analysis from
the depth of (40 -70) and (70-100) cm. Grain size distribution was determined by
sieve analysis. Table (2) shows soil texture determination for 40-70 cm depth
samples. Due to soil profile uniformity, the same soil texture was obtained for 70100 cm depths.
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Table 2. Results of soil analysis for the experimental site
Soil texture

% Clay

% Loam

% Sand

Well depth
(cm)

Well
code

Sandy loam
Loam
Loam
Sandy loam
Loam
Sandy loam
Sandy loam
Sandy clay loam
Sandy clay loam

23
25
25
15
23
24
23
21
39

22
27
27
32
36
20
18
26
22

55
47
46
53
41
58
59
53
52

40-70
40-70
40-70
40-70
40-70
40-70
40-70
40-70
40-70

A11
A51
A3 B3
B2 C2
B4 C4
D3 F3
G2 F4
G4 F4
G3 H3

Results and Discussion
Guelph permeameter experiments for 2 constant depths of 5 and 10cm were
conducted for all the 40 holes. The rate of water level drop in the Guelph
permeameter reservoir, R , was calculated for each well. Hydraulic conductivity,
matric flux potential and α ∗ relations are represented by equation (9), (10) and
(11).
K fs (cm / sec ) = (0.00425)(35.39 )cm 2 (R2 )cm / sec − (0.00554 )(35.37 )cm 2 (R1 )cm / sec
φ m (cm / sec ) = (0.0588)(35.39 )cm (R1 )cm / sec − (0.9245)(35.39 )cm (R2 )cm / sec
2

α∗ =

2

K fs

(9)
(10)
(11)

φm

Results of this analysis for K fs , φm and α ∗ ,based on two depth experiments
produced 19 negative and 21 positive values. In 20% of the wells, reduction of
outflow as a result of increase in the depth of the well produced negative
K fs values. Also in 27.5% of the wells, sudden increase in the outflow, Q, due to
increasing depth of the well, produced negative φm values. To avoid these negative
values, single head analysis of Laplace (KL) with α ∗ = ∞, regression based
Richards analysis (KR) and single head analysis of Richards (K S ) with
α ∗ = 12 and a ponding head of 10cm was used (table3). K R was
determined from least square analysis using SPSS software. Figure 1. shows the
regression analysis between LnK L and LnK fs , in the successful wells With

β = −0.657 and ω = 1.048 .
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Table. 3. Final K fs values based on 2 depth analysis and single depth results of successful
attempts
Name of well
Kfs × 10
(m/sec)
KL × 10-5
(m/sec)
KR × 10-5
(m/sec)
KS × 10-5
(m/sec)

A2
1.5

A3
0.9

A4
0.4

A5
1

B2
0.2

B1
1.1

B4
8.1

B5
1.4

C1
1.1

C2
0.6

C5
2.9

3.66

2.28

1.31

2.52

4.58

1.6

13.3

2.74

2.35

0.838

7.21

1.495

0.91

0.51

1.01

1.892

0.628

5.82

1.107

0.939

0.318

3.044

2.049

1.28

0.738

1.41

2.56

0.896

7.495

1.537

1.314

0.469

4.036

-5

Continued
Name of well
Kfs × 10-5
(m/sec)
KL × 10-5
(m/sec)
KR × 10-5
(m/sec)
KS × 10-5
(m/sec)

D1
1.7

D3
0.1

F2
0.6

F3
7.1

G2
0.4

G3
2.8

G4
1.5

G5
0.3

H1
2.6

H3
0.9

2.35

0.536

2.06

8.93

1.14

3.13

5.15

1.77

6.18

1.14

0.393

0.199

0.807

3.75

0.666

1.25

2.107

0.688

2.55

0.436

1.317

0.3

1.153

4.997

0.642

1.753

2.883

0.992

3.459

0.642

-

LnKfs(m/se

-

-

-

-

-

-

-

-

-

-

LnKL(m/se

Fig.1.

Data point plot of Ln Kfs versus Ln KL for the determination of ω and β

are the most applicable methods of statistical analysis for soil properties, therefore
these analyses are given in tables (4) and (5). Analysis with Spss for all
the K fs , K L , K R and K S values resulted 95% acceptance level for a normal
distribution assumption. It was also shown that normal distribution would represent
the data better than log- normal distribution. As seen from table (4) and (5), single
head analysis of Laplace gives a higher mean value compared to other methods,
specially the two depth analysis of Guelph. This is in due to the assumption of
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α ∗ = ∞ (zero capillarity), in the single analysis of Laplace. Regression based
Richards analysis has a geometric mean close to that of two depth analysis of
Guelph. Standard deviation (SD) and Standard error, (SEM) for this analysis is
much less compared to the other analyses.
Table. 4. Normal distribution of hydrulic conductivity from single head and double head
analysis of Guelph
Hydraulic
Arithmatic Geometric Standard Standard Coefficient Coefficient Coefficient
Conductivity
mean
deviation
error
of
of skew
of stretch
mean
variation
KGP
KL
KR
KS

×10 −5

×10 −5

×10 −5

×10 −5

1.77
3.556
1.48
2

1.038
2.264
1.064
1.462

2.106
3.216
1.36
1.76

0.46
0.72
0.3
0.38

1.183
0.9
0.92
0.88

2.28
1.83
2
1.88

4.89
3.447
4.356
3.812

Table. 5. Log normal distribution of hydraulic conductivity from single head and double head
analysis of Guelph
Hydraulic
Conductivity
KGP
KL
KR
KS

mean

Standard
deviation

Standard
error

×10 −5

×10 −5

×10 −5

1.85
3.59
1.59
2.2

2.81
3.535
1.483
1.933

0.61
0.77
0.32
0.42

Coefficient of
variation

Coefficient
of skew

Coefficient of
stretch

1.52
0.98
0.93
0.96

7.88
3.909
3.95
3.74

206.87
35.99
37.039
32.52

α ∗ values from two depth analysis of Guelph are given in table 6. Standard
deviation and standard error for these values is high. Coefficient of variation is also
high. These large value of (SD) and (CV) seems to be due to the sensitivity of α ∗
to water table depth variation in the Guelph permeameter. Mean α ∗ value obtained
was 15.37 (m −1 ) which could be taken equal to the initial assumption of α ∗ = 12 ,
with a confidence level of 95%. Studies by Reynolds and Elrick (1992) indicate
that the first and best assumption for all the soils considered was α ∗ = 12 . Values of
φm from the two depth analysis of Guelph is given in table 6. As can be seen from
this table SD and standard error are much lower compared to K fs values.
Coefficient of variation of φm from table 7 is shown to be much smaller than that
for α ∗ and K fs . This is an indication of the lower level of the sensitivity of φm
values to the variation of water level in the Guelph permeameter.
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Table .6. Analysis of α ∗ and φ m values
Parameter

φm

α∗

Mean

1.9 × 10 −6

15.37

Minimum

0.21 × 10 −6

0.5

Maximum

5.6 × 10 −6

84.7

Variance

2.642 × 10 −12

396.414

Standard Deviation

1.625 × 10 −6

19.9

Standard Error

0.35 × 10 −6
1.064
.008
.855

4.35

Coefficient of skew
Coefficient of streth
Coefficient of variation

2.465
6.9
-

Summary and Conclusion
An attempt was made to use results from the single head analysis of Guelph
permeameter, in order to develop a relationship between two ponded depth
technique above the water table, in a medium texture soil. Negative values of
K fs from the two depth technique were first discarded and a correlation was
developed with the remaining values, and the single head equivalents. This
relationship was then used to replace the negative values that were discarded. It
was shown that the single head analysis of Laplace gave higher values for saturated
hydraulic conductivity, compared to double head and other methods, because of the
neglect of capillarity region around the well. Considering that saturated hydraulic
conductivity for both regression based Richards method and two- depth technique
were equal, and due to a lower SD and SE for the Richards method, this method
was selected as the preferred method for measuring K fs above the water table. Due
to the sensitivity of α ∗ parameter to water depth fluctuation in the well, α ∗ has to
be kept constant. For the soils investigated, α ∗ =12 is recommend
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Restoration of contaminated waterways in
the Netherlands.
Pol Hakstege, Senior Advisor, Ministry of Transport, Public Works and Water
Management, Rijkswaterstaat, Centre for Public Works, P.O. Box 20000, The
Netherlands; pol.hakstege@rws.nl

1. Introduction
The Netherlands is situated in the delta of the rivers Rhine and Meuse, which
became contaminated due to emissions from industry and other sources such as
agriculture, especially during the period of industrial development from 1950 to
1975. The first step to improve the water quality was to regulate emissions into
surface water on a national level. The Pollution of Surface Water Act came into
force in 1970. Next, upstream sources of contamination were tackled in cooperation with neighbouring countries. For example the Rhine Action Plan has
been very successful, in the period 1987-2000, in reducing the emissions of
contaminants, in co-operation with the industries along the Rhine (ICPR, 2000).
For the river Meuse more effort is needed on source control to improve the water
quality.
The primary sources of contamination have been substantially reduced; in addition
diffuse sources have become more important. This concerns emissions of
contaminants from a number of sources such as traffic, building materials and from
agriculture. An important source is the use of fertilisers, in the field, which causes
that drainage water from agriculture contains nutrients such as nitrate and plant
protective agents. Attention should also be paid to new emerging contaminants like
certain herbicides and emission from medicines in the water systems. Although
measures have been taken, the contribution from diffuse sources should be further
reduced to comply with national and European legislation.

2. Dredged material management
The main drivers for dredging and management of contaminated sediments are
navigation, development of harbours, flood management and drainage for
agriculture. Several options for the destination of dredged material are available
depending on the quality of dredged material and site-specific conditions
(Hakstege, 2005). The chemical quality of dredged material is expressed in classes
of contamination. Recently this classification was modified and based on sitespecific risk assessment to enable more use of dredged material. The Soil Quality
Act has come into force in 2007.
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Fig. 1.

Placement of dredged material on banks of waterways

Some major options are: relocation of dredged material into water systems and on
banks of waterways, removal and use of dredged material, removal and confined
disposal of dredged material. Maintenance of drains by water-boards and farmers
involves larges volumes of dredged material. It is common practice that dredged
material is placed on the banks of these waterways and spread over arable land and
meadows in use for agriculture and cattle grazing (Figure 1). In some places
dredged material is naturally dewatered in a storage site, during about one year,
before it can be used. In this way dredged material is used as soil and the land is
raised, which makes the land less vulnerable to inundation.
In case of heavy contamination, if there are potential risks for the environment and
possibly for food production, dredged material has to be stored in confined disposal
facilities. This has financial implications for the water authorities, such as waterboards, as disposal is much more costly than relocation on the banks of waterways.
In the Netherlands several large-scale sub-aquatic confined disposal facilities are in
operation to store heavily contaminated dredged material (Figure 2). Dredging and
handling of dredged material should also comply with other European legislation
such as the Bird and Habitat Directives.
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Fig. 2.

Construction of sub-aquatic confined disposal facility Hollandsch Diep

3. Remediation programme of contaminated sediments
Contaminated sediments are considered as a heritage from the past that reflects
former periods of emissions of contaminants. Sediments act as a sink of
contaminants from surface water, which become more and more sealed in the
course of time. However in some circumstances contaminated sediments may act as
a secondary source of contaminants and have negative effects on the environment.
For locations with high contents of contaminants (exceeding the intervention
values) a site-specific assessment of risks for humans, ecology and the quality of
surface and ground water is carried out in order to decide if remediation is
necessary and what measures are feasible (Figure 3).

Risks for humans, ecology and
dispersion of contaminants in
surface water

Contaminated
sediments

Risk for dispersion of
contaminants to
groundwater

Fig. 3.

Pathways of potential environmental risks from contaminated sediments

Remediation measures to reduce environmental risks can be categorised as removal
or isolation of contaminated sediment. An example of an isolation measure is
capping of contaminated sediments with clean material to reduce risks for humans
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and ecology (Figure 4). Remediation of contaminated sediments is regulated in the
Soil Protection Act, which is applicable for both soils and sediments. Each year a
remediation programme for contaminated sediments is scheduled for the next 5
years (Rijkswaterstaat, 2007). Contaminated sites concern hot spots in rivers,
canals, lakes and harbours. A large number of locations have been cleaned up in the
last decades, but even more sites await remediation or a decision on remediation.
An example is the tidal river Hollandsche IJssel, in the west of the Netherlands,
from which both the riverbed and the embankments are heavily contaminated.
Clean up and redevelopment of the river and its embankments, over a stretch of 20
km, are in full progress (Figure 4). The project started in 1996 with an agreement
between 11 governmental organisations and will be finished in 2010 (Doze et al.,
2004).

Fig. 4.

Capping of contaminated sediments with clean sand layer (0,5 m) for remediation
of river Hollandsche IJssel

From 2009 the WFD will be the guiding principle to decide on measures for
remediation of water systems. This means that sediments will be taken out of soil
legislation and be incorporated into water legislation (Water Act).

4. Role of sediments in Water Framework Directive
Presently, the European Water Framework Directive (WFD, 2000) poses a challenge
to reach a good chemical and ecological quality or potential of water systems by
2015. To reach these objectives co-operation and implementation of measures on a
river basin scale is necessary. In the restoration of rivers sediments play an important
role in relation to water quality and ecology. Sediments are indirectly within the
scope of the WFD, because they are an essential part of water systems. The criteria
for remediation, which are based on the Soil Protection Act, are now being adapted
to the WFD, which means that only if contaminated sediments are the main cause for
not achieving water quality standards set by the WFD requirements, remediation
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measures are necessary (de Boer & Hakstege, 2004).

5. Flood management of river systems
In 1993 and 1995 very high water levels occurred in the rivers Rhine and Meuse,
which accelerated the development of flood management programmes. These
programmes aim to lower the flood levels by providing the rivers with more space
for the discharge of water. In this new policy, called “Room for the River” for the
Rhine river branches, river cross sections will be widened by situating the dikes
further away from the river, creation of secondary channels or by lowering the river
floodplains. For the branches of the River Rhine the objectives are safety against
flooding and improvement of environmental quality to be reached in 2015 (van
Meel et al., 2006).
For the River Meuse the works are already being carried out. Where it is feasible
measures are included to enhance the environment for example by removing or
isolating contaminated soils and sediments (Hakstege et al.,1998). In the upper
Meuse (Grensmaas), which is not navigable, measures are aimed at a combination
of flood management, nature development and gravel mining. For the lower Meuse
(Zandmaas) also measures to accommodate navigation are included.

6. Ecology
The EU Bird and Habitat Directives have been implemented in Dutch legislation
for the protection of species and conservation of nature. Dutch policy aims at the
realisation of a National Ecological Network (Egmond and Vonk, 2007), in which
the rivers have a crucial role. A number of these areas have been designated as
special protected areas in the framework of Natura 2000 (Natura 2000, 2005).

Fig. 5.

Dredging of river Meuse for flood management
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7. River basin management plans
The above-mentioned programmes for water management (including sediment
management), flood management and nature conservation are now being
coordinated and integrated. The packages of different measures are further
elaborated and integrated on a local and regional level. These integrated
programmes and measures for each River system in the Netherlands, form the basis
for a River Basin Management Plan. These plans are regulated in EU Water
Framework Directive, and have to be completed in 2009. As measures upstream
may have consequences downstream, trans boundary coordination of these plans
between the different countries is crucial for an efficient and sustainable river
management.

8. Conclusions
• Source control of the emissions of contaminants has been very successful in
improving the water quality of Dutch waterways, but further attention is
necessary especially for diffuse sources of contamination.
• For dredged material management a new classification, based on site-specific
risk assessment, is aimed at more use of dredged material.
• The regulatory framework for sediment remediation will be transferred from
soil legislation to water legislation, which means that the criteria for
remediation will be changed in compliance with the WFD.
• Measures on the rivers for flood management, water management (including
sediment management) and nature conservation are being integrated into
River Basin Management Plans.
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Introduction
Drainage of agricultural and forest areas needs dredging of brooks to allow
sufficient drainage depth and conveyance to prevent local flooding. Sub-surface
drainage must be efficient enough to ensure the use of modern machinery. Wet
summers, which are estimated to become more frequent, reveal the need for
maintenance of small watercourses. Regular dredging of brooks in agricultural
areas has been accomplished by straightening and deepening, which has lead to
weakening of ecological diversity of watercourses in Finland.
Siltation and growing of vegetation, which are a cause for new dredging, can also
be considered as natural recovery of watercourses (Figure 1). Even valuable fish
species can survive in agricultural circumstances. European water policy directs
water management to consider ecological diversity. To gain good ecological status
of waters, new practices for maintenance are needed, by combining the goals of
drainage with restoration of rivers and streams.

Fig. 1.

Siltation and growth of vegetation cause problems for water conveyance, but it can
also be considered as recovery of ecological diversity of agricultural streams

Research of new dredging and restoration methods
Environmental aspects in drainage and flood control have been considered in
Finland since 1970'ies. They were emphasized in guides for planning of land
drainage (Vesihallitus 1986, landscape management in water construction (Kurttila
1991) and water quality protection in drainage (Vesi- ja ympäristöhallitus 1993). In
Denmark maintenance practices, concerning vegetation removal and circumstances
for fish have been developed (Madsen 1995). Morphological processes and natural
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recovery has long been regarded as basis for stream restoration (Brookes1988).
Methods of environmental river engineering, which have been practiced in Central
Europe, have been studied since 1990'ies and possibilities of applications in
Finland were published (Jormola et al.1998).
To get practical knowledge of the methods, a research program was started in 1999
and a publication with guidelines for different methods of environmental river
engineering and restoration was published (Jormola et al. 2003). Goals for stream
restoration according to knowledge of the original pristine state were tested in a
brook restoration case (Järvenpää 2004). Research on effects of plants to
conveyance was done in the Helsinki University of Technology (Järvelä 2004).
More knowledge of working methods was needed for the new guide of land
drainage (Pajula & Järvenpää 2007) and a research project "Sustainable
management of dredged agricultural streams", coordinated by the Finnish
Environment Institute was executed from 2005 to 2007. The aim was to test and
develop methods in two groups of cases: restoration of dredged brooks with special
interest for fisheries and cases of maintenance dredging. Dissemination with
landowners was regarded essential to get new dredging ideas in practice. A study of
the attitudes of land owners of the new method was published (Näreaho et al.
2006), aiming also for increasing people's awareness of small streams. A new
leaflet of the methods was published recently (Sarvilinna et al. 2008)
Restoration of trout books

Agricultural brooks, where trouts spawn have been noticed to have great value for
the vulnerable sea trout population of the Baltic Sea. Brooks are a new interest in
river restoration in Finland. Possibilities to improve conditions of fish in
agricultural brooks were tested in four dredged streams in Southern Finland. The
brooks had natural or introduced trout populations but no drainage problems. Some
of them were in a longer monitory program of The Game and Fishery Research
Institute. The cases served as examples in the new guide for restoration of
agricultural brooks (Böhling 2008).

Fig. 2.

The straightened Longinoja brook was restored slightly meandering and stones
and gravel were added for erosion control and to enhance trout habitats

In Longinoja brook in Helsinki city restoration of a straight section, where not
much recovery could be noticed, was accomplished in winter 2006 (Figure 2). The
brook flows in a green area along a farmland and has traces of an agricultural and
of an urban brook.Volunteers had restored habitats on the upper reach and
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introduced trout juveniles into the brook since year 2000. Until 2006 the juveniles
had formed a spawning sea trout population, migrating from the sea along
Vantaanjoki river and natural reproduction already existed. An old map from 1870
was used in the restoration planning as model for meander length. Stone material
was placed for erosion protection to ensure the banks to remain during flood. The
stones and gravel also enabled new habitats for fish.

Fig. 3.

In the case Kocksbybäcken brook only gravel and stones were added to form
spawning grounds for trouts.

In two cases the restoration method was to add gravel and stones as riffles into the
brook bed, thus increasing diversity and possibilities for trout spawning in the
brooks (Figure 3). In these cases the course of the stream was left straight like it
was after the former dredging. Depth variety in the channels was increased. Pools
were excavated to serve as sediment traps and vegetation was added for diversity
and protection of the banks. In one case curves were excavated as broadening of the
flood terrace above the summer water level.
Dredging with two-stage profile

Five cases of basic drainage represented different circumstances in the country.
One case in South Western Finland had severe erosion and siltation problems
because of former straightening in erosion prone soil. A case near to Helsinki city
was accomplished because of growth of vegetation and to compensate eventual
water level rise of a wetland construction. One case in South Eastern Finland had
problems of flooding caused by sinking of humus soil due to drying. In two cases
in North-Western coast drainage problems were caused by growth of water
vegetation and siltation. Two dredging cases have been accomplished.
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Fig. 4.

A two-stage profile with flood terraces was excavated at Juottimenoja brook.

In the cases with drainage problems the main objective was to investigate two-stage
profiles (Figure 4). They were tested at Juottimenoja brook in July 2007. Widening
of the cross section for flood discharge can be gained by excavating floodplains or
narrow terraces. Only if drainage depth must be increased, the deepening of the bed
is necessary. Normally the present bed can remain untouched, drainage pipes
coming to the flood terrace (Figure5).

Fig. 5.

The flood terrace has been excavated on the level of drainage pipes at
Juottimenoja, enabling normal drainage depth. Herbal vegetation and stumps
protect the steep bank.

The downstream section, about 500 m was accomplished in traditional manner with
trapezoidal profile and normal slopes (Figure 6.) The wet width of the channel is
about 1,5 m and the depth is very small for fish on small discharges.
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Fig. 6.

A section with traditional trapezoidal profile of Juottimenoja, where the whole bed
with bottom and both slopes was excavated. The bed is straight and shallow for
fish.

The rest of the brook, about 800 m was done with a two-stage profile. A flood
terrace of 1-2 meters was excavated above mean water level on both banks (Figure
6). The level of the terrace was adjusted to be as low as possible, to allow big
discharges easily to rise on the terrace. Existing herbal vegetation and tree stumps
were left to protect the bank where possible, to allow the banks of the bed to
remain steep (Figure 5). The bank height from the bottom was originally more than
one meter, causing erosion in the sandy soil. After excavation the bank height
decreased to about 50 cm, making the bank more stable than before. The bed itself
remained as narrow as originally, about 1 meter. Respectively, water depth during
low discharge is about 20-30 cm with some deeper pools. Ecological diversity and
sufficient water depth for fish in the bed during small discharges could be
preserved.

Fig. 6.

In the two-stage profile of Juottimenoja the naturally enhanced bed was preserved
as low flow bed and only flood terraces on both banks were excavated. The bed is
slightly curving, the water area is narrow and deep enough for fish.

The banks at the shoreline were not protected during or after the work. For security,
the bank outside the excavated area was protected by poles on sections where
severe erosion had occurred after the former dredging. One weir, made of pole
basement and stone cover, was constructed in the upper reach, where the gradient
increases and where erosion was deepening the bed (Figure 7). Further weirs will
be constructed.
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Fig. 7.

Weirs are constructed to prevent further erosion and deepening of Juottimenoja

Methods in the research program

The research began in 2005 before the excavation and restoration works. In the
restoration cases with interest for fish, electro fishing was accomplished before and
after restoration. To evaluate morphological changes, five cross sections in
distances of 10 meters were measured in each restoration site. The species and
coverage of vegetation in the bed and banks were evaluated at the cross sections, to
be able to follow the development. The monitoring will be continued. Until now
preliminary results from the accomplishment and first stages of morphological
development and vegetation have been gained, reported by photographs during and
after accomplishment.

Results
Increase of trout populations

Electro fishing at all research sites was accomplished in the years 2005-2007 in
October, before the spawning of trouts. Juvenile (Figure 7) and local adult trouts
(Figure 8) were caught. Big migrating sea trouts of several kilograms were seen
and photographed when spawning in November each year. Most of the juveniles
that were caught in the brook had migrated from populations that were introduced
some kilometres away in the main course of Vantaanjoki river, distinguished from
the local ones by a cut adipose fin.
The electro fishing at Longinoja showed in 2005, before the restoration, only few
trouts in the restoration section, less than in the reference sections upwards and
downwards (Figure 9). No difference could yet be seen in autumn 2006, the year of
the restoration. In autumn 2007 a significant increase of trout population in the
whole brook could be noticed, partly due to a good water year. The amount of
juveniles in the restored section (black in the figures) was as big as 140 trouts/100
m2. The amount of locally born juveniles from the previous spawning was higher
than before. The increase of trout amount was bigger in the restored section than in
the reference sections, which shows the influence of restoration to habitat diversity.
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Fig. 7.

Juvenile trouts, partly self migrated from the main river, were caught in the electro
fishing

Fig. 8.

Also local adult trouts, prepared for spawning, were caught.
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The amount of juveniles in the restoration section of Longinoja (black) exceeded
the amounts of the reference sections in 2007 (Figure: Ari Saura)
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In the case of Kocksbybäcken only some trouts were found in the section before
restoration in 2005, whereas in the reference section underneath the amount was
exceptionally high, 300 juveniles/100m2 (Figure 10). After restoration in 2006 only
few trouts were found in the reference section and none in the restoration section.
One reason was that the year was dry for trout juvenile production. In 2007 an
increase in the restored section was noticed. The difference compared with the
good reference section was smaller, about a half.
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Fig. 10. In Kocksbybäcken the amount of trout juveniles in the restoration section (black)
increased in 2007 and was a half of the amount of the good reference section
(grey). (Figure: Ari Saura)

Finding suitable excavation manners for two-stage profile

In the dredging case of Juottimenoja the first remarks during the practical work was
that landowners and the machine driver were not eager to accomplish two-stage
profiles, even if it was according to the plan made in the regional environment
centre. Problems in the first phase were caused by eroding and mixing of the soil
with water, which made the construction of flood terraces difficult. As a result,
more exact instructions were given. The machine can excavate flood terraces only
from one side of the stream at a time, leaving the bed and banks untouched with
protecting bank vegetation. Once learned, the excavation of the flood terraces did
not need more time than the traditional excavation and thus did not increase costs.
The area for the flood terraces was not remarkably broader than in the traditional
excavation. Digging from both sides or only from one side must be considered in
the planning and contracts with land owners. Also trees that should be protected, to
give shelter for the bed and fish in the brook, should be considered in choosing the
banks where the machine works.
Effects in water, morphology and vegetation

As the bed was not excavated, no turbidity of the water was caused during the
work. After one month one trout was found in the excavated section, in electro
fishing by the fishery district. Further fish monitoring could not be included in the
dredging project. After one month of the excavation, as flood had risen to the flood
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terrace, modifications of the bed could be seen. On most banks vegetation was
preventing erosion. In some places on banks with no or little vegetation collapsing
of the bank had occurred (Figure 11). The bed was widening and a narrow terrace
at the summer water level was beginning to develop.

Fig. 11. In some places collapsing of the bank occurred, forming a new terrace in the water
level

After two months new vegetation was beginning to grow on the flood terrace from
natural seeds, in addition to the vegetation that was left in the excavation. Erosion
material had begun to settle down especially behind vegetation (Figure 12).

Fig. 12. After two months sedimentation had occurred on the terrace behind vegetation
and new plants from seeds were growing

Deepening through erosion of the bottom was noticed in a section, where
excavation downstreams had increased the gradient. Protection of the bottom with
stone material and gravel was proposed, but could not be accomplished.
Siltation of trout habitats in the section underneath the excavation site was noted.
The reason was erosion from the traditional excavation section and the increased
gradient and erosion on the two-stage section, but the main cause could not be
monitored.

Discussion
Electro fishing with a yearly continuing monitoring program gave convincing
results about increasing of fish amounts on the restoration sites. On the dredging
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site of Juottimenoja equal monitoring would have been needed, to find the impacts
of the dredging for fish and to add restoration measures in the dredging project.
The siltation of trout habitats, caused by excavation, stresses the need for erosion
control and sediment traps in dredging works. Smaller slope gradients are required
in new dredging regulations to prevent erosion. Morphological processes and
erosion control still need further monitoring to prevent unwanted erosion and
siltation. Investigation of the use of vegetation through planting and seeding on
slopes and flood terraces is needed. When dredging is based mainly on flood
terraces, further monitoring of vegetation will be necessary to evaluate the impact
of vegetation to conveyance and need of maintenance.

Conclusions
Trout brook restoration in agricultural areas showed clearly the good effect of
restoration for increasing diversity for fish. As assumed, even small brooks in
agricultural areas can gain high densities of juveniles and thus can serve for
essential reproduction of trout and other fish.
The use of two-stage profiles has many benefits for diversity, water quality and
rural landscape. Water turbidity can be totally prevented during excavation. Flood
terraces serve for cross section volume for increasing discharges, but at the same
time they serve for sedimentation of solid substances. Erosion of the bed must be
prevented by stone material, weirs and vegetation. Sedimentation basins and
wetlands should be created downstream of all kinds of dredging works, to stop the
movement of solid material. Erosion control should be combined with restoration
purposes for fish.
The accomplishment of new profiles needs more experience, to fit working
methods in different soil circumstances and to convince landowners of the benefits.
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Introduction
Traditional river engineering has focused mainly on increasing agricultural
production and protecting people and property from flooding. Nowadays,
environmentally sound river engineering and flood management together with the
application of bioengineering techniques have become routine tasks for river
managers and engineers. In addition, particularly in industrialised countries, river
restoration or rehabilitation is widely practised in order to revitalize degraded
aquatic ecosystems and recover the lost biodiversity and ecological integrity of
riverine landscapes (e.g. Wohl et al. 2005, Palmer et al. 2005). On the other hand,
particularly in developing countries, increasing populations and emerging
economies demand a more efficient utilisation of water resources, as was the
situation in Europe and North America in the 20th century. River engineers and
managers are facing a challenging task: how to balance technical, economical, and
ecological issues.
Flood protection based solely on technical objectives is in many countries no more
adequate; rather one is expected to aim at integration of partial rehabilitation and
minimum engineering. The new EU directive on the assessment and management
of flood risks (2007) promotes flood management, which tries to address technical,
ecological, and economical issues in a more sustainable manner. Certain level of
hydraulic performance is needed for flood control, but passive methods such as
land-use re-planning or construction of floodplain impoundments may be
favourable. Still, active methods for flood protection are needed. In these cases,
non-uniform multi-stage channels with locally enhanced floodplain–channel
interaction may be practicable as a mitigation measure.
Hydraulic design is one of the key issues both in river restoration and construction
of environmentally preferable channels. Environmentally preferable is ordinarily
defined as the alternative that causes the least damage to the biological and physical
environment; it also means the alternative that best protects, preserves, and
enhances historic, cultural, and natural resources. In conventional channel design,
conveyance and channel stability are the key factors to be considered. However, to
reach an ecologically sound solution, further aspects need to be taken into account.
Features such as non-uniform cross-sectional profiles, meanders, riffles and pools,
and natural vegetation increase the heterogeneity of depths and velocities and thus
create variable habitats. However, the influence of these features on channel
hydraulics is complex and difficult to estimate when compared to simple regularshaped channels.
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The aim of this paper is to discuss hydraulic design challenges in environmental
channels with the help of recent experiences from field and laboratory studies.
Special emphasis will be placed on two topics: 1) hydraulic features of small
natural streams, and 2) the effect of natural vegetation on flow resistance. The
proper understanding of associated physical processes is the basis for the
development of reliable modelling tools for stage-discharge relationships, sediment
transport, stream morphology, and pollutant transport.

Hydraulic considerations
Factors affecting flow resistance in open-channels include substrate, flow depth,
cross-sectional shape, vegetation, sinuosity, bed forms, sediment transport, and icecover. In addition, relevant to vegetated and compound channels is the flow
interaction between the high-velocity main-channel flow and the low-velocity flow
on floodplain or in vegetated zones.
Routinely, hydraulic design of open channels has often focused on (flood)
conveyance. Recently, analyses of environmental or in-stream flow requirements
have shown that ecologically sound hydraulic design must be effective at low and
mean flows in addition to high flows to provide suitable habitat conditions (e.g.
Dyson et al. 2003). Hydraulic design may be seen as a trade-off process between
ecological and technical interests under certain degree of uncertainty. For example,
if channel dimensions are overestimated its ecological values may be lost (and
unnecessary costs caused). On the other hand, to underestimate the conveyance
capacity of a channel may result in significant damages to infrastructure and
property.
The hydraulic analysis of flow in open channels provides the interface between
discharge and the determinants commonly used by river scientists for assessing
environmental flow requirements, including flow depth, bed shear stress, flow area
and wetted perimeter (Jordanova et al. 1999). Local hydraulics and channel
morphology are the primary determinants of the physical habitat, which control
ecosystem functioning (Broadhurst et al. 1997). The local hydraulic conditions are
determined by flow resistance and geometry of a channel. Hydraulic analysis is
often based on empirical or semi-empirical models or equations because of the
complex nature of the flow system and the diversity of channel conditions.
Increased interest in environmental channels has complicated the hydraulic design
process, as the methods developed for regular channels are generally not valid for
such channels. Although the number and scope of river restoration projects are
increasing, designs for these projects are often weak in hydraulic engineering
(Shields et al. 2003).
Small natural streams

Particularly in small rivers, natural channel topography, bank vegetation, and instream woody debris may have a great influence on hydraulics, and further, the
physical habitat (Broadhurst et al. 1997). A majority of studies in small channels
have been restricted to flow resistance of irrigation canals and highway or field
ditches of uniform cross-section and longitudinal profile. McKenney et al. (1995)
argued that the effect of woody debris on sedimentation, scour, and flow damming
has not been adequately addressed for low-gradient streams. Field studies by
Manga and Kirchner (2000) revealed that woody debris cover of less than 2% of
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the streambed provided roughly half of the total flow resistance. Huang and
Nanson (1997) reported that in small forested rivers log and debris dams and large
protruding roots can dominate channel morphology obscuring hydraulic geometry
relations.
In Finland, small streams in agricultural areas have been extensively dredged to
provide effective land drainage, but recently environmental issues have received
more attention (e.g. Jormola et al. 2003, Näreaho et al. 2006). A major challenge is
to simultaneously improve and maintain the hydraulic performance and diversity of
habitats. Suggested measures can be grouped into two categories: passive and
active flood control, the first group being preferred. Conveyance capacity can be
improved by utilising two-stage channels, i.e. enlarging cross-sectional area above
the mean water level. Channelization can be prevented by using variable crosssectional profiles and preserving meandering. Flooding may be allowed and even
enhanced in certain stream sections to preserve and restore valuable habitats and to
provide retention and water quality improvement. Thus, passive flood control may
locally enhance flow dynamics and decrease erosion and sedimentation problems.
Related hydraulic issues have been investigated in field studies; for this paper the
case of Myllypuro Brook restoration was selected to illustrate the uncertainties in
the hydraulic design of small channels.
Case study: Myllypuro Brook

Hydraulic field studies were conducted in Myllypuro Brook as a part of a stream
restoration project. In the early 20th century parts of the catchment were in
agricultural use as fields and pastures, and the brook was straightened and
deepened for land drainage. Nowadays agricultural usage constitutes only about
0.5% of the catchment area. The objectives of the field study were to: 1) gather data
on flow resistance in degraded, restored, and natural channel reaches, and 2) assess
the factors causing resistance to support hydraulic design and modelling efforts in
stream restoration and environmental engineering projects. The five-year field
study was motivated by the fact that a majority of literature data cover either larger
rivers or engineered channels.

-272-

IDW2008 - Session 4

n
0.3

n

M1

0.3

0.2

0.2

0.1

0.1

M2

Re

Re
0

0
0

50,000 100,000 150,000

n
0.3

0

50,000 100,000 150,000

n

M3

0.3

0.2
0.1

0.2

0.1

0.1

50,000 100,000 150,000

n
0.3

Re
0

0

50,000 100,000 150,000

n

M7

0.3

0

n

M8

0.3

0.2

0.2

0.2

0.1

0.1

0.1

Re
0

Re
0

0

50,000 100,000 150,000

M6

Re
0

0

Fig. 1.

0.3

0.2

Re
0

n

M5

50,000 100,000 150,000

K9

Re
0

0

50,000 100,000 150,000

0

50,000 100,000 150,000

Reach-averaged Manning’s n as a function of the corresponding Reynolds
number. Because of the scaling, some n values greater than 0.3 are not shown.

Flow resistance data were gathered from field sites covering two pristine or natural
reaches (sites M1 and M6), two restored reaches (M7 and M8), and three degraded
straightened reaches (M2, M3 and M5). The stream was one to five metres wide. In
addition, a short restored reach (K9) was located in a small tributary of the
Myllypuro Brook. The study reaches were delimitated so that the cross-sectional
geometry was relatively homogenous within the individual reaches (see Järvelä &
Helmiö 2004 for details). Considerable spatial variation in flow resistance was
detected, but the differences in the resistance coefficients were unexpectedly small
between the pristine, restored and degraded stream reaches despite the fact that the
geomorphic and vegetative characteristics of the reaches were markedly different
(Figure 1). The results indicated that the factors describing the hydraulic geometry
(width-depth ratio, hydraulic radius and depth) correlated weakly with the observed
flow resistance. The sinuosity was not able to explain the variation either.
Unexpectedly, seasonal or yearly patterns in flow resistance could not be observed.
The results suggested that spatial variations (e.g. positioning of vegetation and
woody debris) were far more important than temporal variations. It was evident
that in small channels random factors such as individual logs may significantly
contribute to flow resistance. Differences in meeting the design objectives between
the restored reaches showed that to achieve a sound restoration design that provides
similar hydraulic conditions to those found at a natural site, both cross-sectional
geometry and flow resistance need to be considered.
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Effect of vegetation on flow resistance

Vegetation along rivers and on floodplains was traditionally regarded as a nuisance,
one that hinders flow capacity. However, riparian vegetation is a ubiquitous feature
of riverine landscapes providing habitat and food sources, aesthetic appeal as well
as erosion control. From an engineering point of view, vegetation increases flow
resistance, changes backwater profiles, and modifies sediment transport and
deposition. The quantification of the net impact of vegetation is, however, difficult.
Flow in vegetated areas is complex as it is influenced by several interconnected
factors such as topography, relative submergence (flow through and over
vegetation), vegetation characteristics (e.g. coverage and patchiness), and plant
characteristics (e.g. flexibility and shape). For example, properties of woody
vegetation range from porous and flexible shrubs to large tree trunks. The role of
vegetation in governing critical flow processes has been widely acknowledged, but
a physically based numerical understanding of the hydraulic, mechanical, and
biological controls remains incomplete. One of the key issues is the prediction of
the magnitude of flow resistance associated with vegetation.
For reliable modelling of flow-vegetation interaction under different conditions, the
proper understanding of the associated physical processes is a prerequisite.
Conventional approaches typically use reference publications such as Chow (1959)
for selecting a roughness coefficient, which groups all sources of flow resistance,
including vegetation, into Manning’s n. Much of the earlier work on the hydraulic
properties of riverine vegetation was conducted by agricultural engineers who
concentrated on determining roughness coefficients or developing design methods,
rather than on obtaining a better understanding of the physical processes (Wilson et
al. 2003). Many of the hydraulic design methods used currently rely on the
professional judgment of an experienced engineer. For example, in many
approaches complex roughness elements and/or patterns are simply reduced to
boundary roughness by some empirical method to adjust the channel and/or
floodplain roughness coefficient. Recently, attempts have been made to develop
physically based models and to relate resistance to measurable characteristics of
vegetation and flow (for a review see e.g. Järvelä et al. 2006).
In hydraulic analysis of vegetation, non-submerged and submerged conditions are
typically distinguished, since flow phenomena become more complicated when
flow depth exceeds the height of plants. In addition, two types of vegetation are
usually defined: rigid (normally woody or arborescent plants) and flexible
(herbaceous plants). Flexible, herbaceous type of vegetation is widely used as a
protective liner in agricultural waterways, floodways, and emergency spillways,
and a significant amount of practical and theoretical research is available on such
linings. For designing vegetated waterways, Palmer (1945) introduced the n-VR
method relating Manning’s n with the product of average velocity V and hydraulic
radius R for various channel slopes and plant stands. Kouwen and Unny (1973)
criticised the application of the method, since their experiments on flexible plastic
roughness indicated that the resistance over such roughness is primarily a function
of the relative roughness, defined as the ratio of the deflected plant height to the
flow depth. Temple (1999) concluded that although alternate approaches for
predicting vegetal flow resistance have been proposed, the n-VR method has
remained the primary tool for practical application to grass-lined channel
conditions. More recent studies by Stephan and Gutknecht (2002) and Järvelä
(2005) showed, however, that deflected plant height summarising all the flow and
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plant characteristics was an appropriate parameter to describe the geometric
roughness height in determining flow resistance. Less is known about the hydraulic
effect of natural woody vegetation.
Natural woody vegetation: determination of flow resistance

A considerable number of flow resistance formulas or models has been developed
treating plants simply as rigid cylinders. Branched and leafy plants are far from this
simplification. Because of a lack of information and despite very poor results, the
effects of flexibility and depth on resistance for non-submerged vegetation are
universally ignored in practice and in theoretical analysis (Fathi-Moghadam and
Kouwen 1997). The rest of this section investigates the characterisation of natural
woody plants, and further, the determination of flow resistance coefficients in nonsubmerged condition. For this purpose, knowledge gained from flume studies with
living vegetation is used. The investigated plants were slender tufted-sedges (Carex
acuta; grassy type of vegetation) and willows (Carex sp.; bushes with stiff and
flexible parts). Figure 2 illustrates the complex dependency of flow resistance on
vegetation properties; the data are taken from a flume study with natural plants
(Järvelä 2002). Plots a-c show that for flexible vegetation the friction factor is
highly dependent on the flow condition (flow velocity) because of bending. For
comparison, plot d represents the case of rigid vegetation, where the friction factor
is practically independent of velocity. Foliated woody vegetation consists of rigid
and flexible elements. Trunks of trees and large branches are typically rigid but
bushes, smaller branches, and leaves bend in a flow. Fathi-Moghadam and Kouwen
(1997) stated that for non-submerged cases, the vegetation density is always a
dominant parameter regardless of tree species or foliage shape and distribution.
Thus, the most essential factors to be considered in determining flow resistance are
1) density of vegetation, and 2) deformation of plants in a flow.
To quantify flow-vegetation interaction, a formula or model that will relate
measurable characteristics of vegetation to flow properties is desirable. The density
of vegetation can be quantified using the leaf area index (LAI), which refers to the
ratio of the area of the upper side of the leaves in a canopy projected onto a flat
surface to the area of the surface under the canopy. Järvelä (2004) suggested a
characterisation of leafy vegetation based on three dimensionless parameters: 1)
leaf area index (LAI), 2) a vegetation parameter χ, and 3) a species-specific drag
coefficient Cdχ. The vegetation parameter χ accounts for the effects of plant
deformation (flexibility and shape) in a flow, and is unique for a particular species.
The use of LAI as a density measure offers notable advantages, as it is widely used
in agricultural, silvicultural, and hydrological sciences. LAI can be measured by
ground-based equipment in the field or by using remote sensing techniques (e.g.
Welles and Cohen 1996, Stenberg et al. 2003). The increased availability of highresolution satellite and airborne data makes the analysis of large floodplains
possible.
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Determination of flow resistance can be based on the drag approach because of its
sound physical basis. The drag is usually defined as Fd = ½ρCdApV2, where ρ =
fluid density, Cd = drag coefficient, Ap = projected area, and V = average velocity.
By equating the definition of Fd to the gravitational force Fg = ρg(Abh)S, and using
the two standard definitions U/u* = (8/f)1/2 and u* = (ghS)1/2 with Ab = bottom area,
u* = shear velocity, g = gravitational acceleration, h = flow depth, and S = energy
slope, the friction factor f can be formulated as f = 4CdAp/Ab. By using the
characterisation of vegetation proposed above the friction factor can be modified as
⎛V
f = 4C dχ LAI⎜
⎜V
⎝ χ

⎞
⎟
⎟
⎠

χ

(1)

where the mean cross-sectional velocity V is normalized by Vχ, which is the lowest
velocity used in determining χ. Values for χ, Cdχ and Vχ can be taken from literature
or computed by Eq. 1 from field data if available (see Järvelä 2004 for details and
test computations). The application of this approach is limited to non-submerged
flow, where total resistance is dominated by vegetation rather than channel
boundary roughness. The benefit of the approach is that it is based on sound
hydraulic principles and characteristics of vegetation, and it is straightforward to
apply in numerical modelling. Although the friction factor is preferred in the
present analysis, it can be related easily to Manning’s n with the equation n =
(fR1/3/8g)1/2, where the hydraulic radius R can be replaced by the flow depth h for
wide channels.
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Conclusions
Two challenges in designing environmentally preferable channels were
investigated in this paper: hydraulic characteristics of small natural streams and the
determination of flow resistance caused by natural vegetation.
The field studies in a natural stream indicated that in the case of small channels
cross-sectional geometry and flow resistance were weakly interconnected, and were
significantly influenced by factors such as local roughness elements. The special
characteristics of small streams should be fully addressed to accomplish a
successful hydraulic design. Most currently used models or methods for
determining flow resistance caused by woody vegetation are based on theory and
experiments on rigid cylinders, and thus, are lacking of essential process
descriptions, such as the streamlining of vegetation. The characterisation of
vegetation should be based on readily defined, objective and measurable variables.
Herein, natural woody vegetation was characterised by leaf area index, a speciesspecific drag coefficient, and a vegetation parameter, which accounts for the effects
of plant deformation in a flow.
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Abstract
Lowland, flood prone areas can be found all over the world, along the coasts, in
river floodplains and as inland depressions. Generally they are by their nature
sensitive areas with a high ecological value. Due to their physical conditions and
environmental value they are basically unsuitable for development. However, due
to the in many cases strategic location and/or suitability for agricultural production
there is often a tremendous pressure to develop these areas for various types of land
use. We therefore may observe a rapid population growth, a significant increase in
agricultural exploitation, urbanisation and industrialisation in lowland, flood prone
areas. Due to this such areas become increasingly vulnerable for extreme weather
conditions that will have their effect on the requirements for drainage and flood
management. The various relevant issues are summarised in this keynote. Attention
is paid to the impacts of developments in land use, land subsidence and climate
change. Although the changes due to these processes may be of different speed and
magnitude, they all result in an increase in vulnerability and requirement of an
increase in measures to be taken with respect to drainage and flood management.

Introduction
Lowland, flood prone areas can be found all over the world, along the coasts, in
river floodplains and as inland depressions. Generally they are by their nature
sensitive areas with a high ecological value. Due to their physical conditions and
environmental value they are basically unsuitable for development. However, due
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to the in many cases strategic location and/or suitability for agricultural production
there is often a tremendous pressure to develop these areas for various types of land
use. We therefore may observe a rapid population growth, a significant increase in
agricultural exploitation, urbanisation and industrialisation in lowland, flood prone
areas. Due to this such areas become increasingly vulnerable for extreme weather
conditions that will have their effect on the requirements for drainage and flood
management.
Due to these developments an increasing number of worlds’ population is living
and working in flood prone areas. There are no indications that this tendency will
change. In the rural areas we may observe improvements in agricultural production
and an increase in the value of crops, farm buildings, water management facilities
and infrastructure. Due to urbanisation and industrialisation and the improvement
in the standard of living the value of property, buildings and infrastructure has
significantly increased and will further increase in future. Especially in flood prone
areas in South and East Asia we may observe a very rapid growth of urban areas. In
order to cope with this growth for new urban areas very often reclamation has taken
place of low-lying areas in the neighbourhood of the existing urban area. From a
water management and flood protection point of view this implies removal of
storage area, increase in urban drainage discharges and in the need for adequate
flood protection (Schultz, 2001 and 2006).
In this keynote address I like to focus on opportunities and threats for development
of flood prone areas, while taking into account the increased vulnerability for
extreme weather conditions and resulting concepts for water management, flood
protection and multifunctional land use.

Population growth and urbanisation
Basis for the water management and flood protection requirements is the worlds’
population, its growth and its standard of living. Van Hofwegen and Svendsen
(2000) showed the worlds’ population in 2000 and prognoses of the population in
2025 and 2050 and grouped it for developed countries, emerging countries and
least developed countries separately. Based on their findings Schultz (2001) and
Schultz et al. (2005) described the possible consequences for future developments
in irrigation, drainage and flood protection. In the latter paper the three categories
of countries have been identified, based on the Gross National Income per capita
(GNI) and the classification as given by UNCTAD (UNCTAD, 2002 and The
World Bank, 2003). Based on this classification Figure 1 has been prepared. The
categories were defined as follows:
•

Developed countries. Most of the countries in Western and Central Europe,
North America and some countries in Central and South America, the larger
countries in Oceania and some countries in Asia;

•

Emerging countries. Most of the Eastern European countries (including
Russia), most of the countries in Central and South America, most of the
countries in Asia (including China, India and Indonesia), and several
countries in Africa;

•

Least developed countries. Most of the countries in Africa, several countries
in Asia, 1 country in Central America and most of the smaller countries in
Oceania.
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World population and growth in least developed, emerging and developed
countries (UNDP Population Reference Bureau, 2007 and International
Commission on Irrigation and Drainage (ICID), 2007)

From Figure 1 it can be derived that by far the majority (almost 75%) of the
worlds’ population lives in the emerging countries and that population growth will
take place in the emerging and least developed countries. In the developed
countries a slight reduction of the population is expected. Another interesting
feature in relation to population growth is the migration from rural to urban areas.
The expectation is that due to this the population in the rural areas in the emerging
and least developed countries will more or less stabilise and that the growth will be
concentrated in the urban areas in these regions (Figure 2) (Birendra, 2008).
In addition to this trend there is the expectation that within 50 years 80% of the
worlds population will live in the flood prone areas, by far the majority of them in
urban areas (Figure 3). This will require adequate drainage, flood management and
flood protection provisions.
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World cities exceeding 5 million residents in 1950 and 2015 (U.N. Population
Division)

Population density, which is generally expressed as total population compared to
the total area of a country, or total population divided by the arable area are
indicators for the availability or shortage of land (Schultz et al., 2005). The data for
each of the Continents and for the three categories of countries is shown in Table 1.
From Table 1 it can be easily observed that the Asian Continent has by far the
largest population and the highest population density, both with reference to the
total area, as well as to the arable land. We may therefore expect that most of the
future activities with respect to development flood prone areas will take place at
this Continent. This can be illustrated by the fact that in 2006 the largest sea dike in
the world has been closed. It was the Saemangeum dike in South Korea (Figure 4).
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Table 1

Continents and categories of countries ranked according to the population density
with reference to the arable land (updated after Schultz et al., 2005)
Continent

Asia
Africa
Europe
Americas
Oceania
World
Developed countries
Emerging countries
Least developed countries

Fig. 4.

Population density
Total area Arable land Total
6
6
in 10 ha in 10 ha
population in persons/km2
in million with reference to
total
arable
area
land
701
123
3,911
558
3,177
425
30
906
213
3,032
245
32
729
297
2,299
229
22
892
390
3,997
63
4
33
53
806
13,311

1,511

6,471

49

428

3,186
8,046
2,079

375
996
140

961
4,751
759

30
59
37

256
477
541

Saemangeum sea dike under construction along the west coast of South Korea.
The dike with a total length of 33 km was closed in April 2006. It encloses a former
tidal basin in which about 40,000 ha is being reclaimed for different types of land
use. South Korea is one of the most densely populated countries on Earth,
resulting in tremendous pressure to reclaim new land, in this case even from the
sea.

Opportunities and threats for development of flood
prone areas
When we look at the development of flood prone areas, four issues may be
considered of major importance (Schultz, 2002):
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•

Reclaimed flood prone areas are significantly contributing to agricultural
production and create room for urban and industrial settlements;

•

A significant amount of the flood prone areas may be of high economic
value, due to their strategic location and optimal production conditions;

•

Flood prone areas may create room for future developments in densely
populated areas;

•

Flood prone areas with a high environmental value need to be preserved.

In light of the issues as just mentioned we can observe quite some potential and
possibilities for future development of flood prone areas:
•

Improvement of water management with the existing infrastructure, through
better operation and maintenance, increased users participation and
commitment;

•

Improvement of living and production conditions in reclaimed rural areas,
among others through mechanisation;

•

Change in land use in reclaimed areas, generally from agricultural land to
multi-functional land use;

•

Careful selection of flood prone areas that still can be reclaimed and that
should not be reclaimed, but need to be preserved.

However we also have to recognise that there are quite some problems related to
the development of flood prone areas, that underline the requirement of a careful
preparation of future policies, programmes and projects in order to reduce the
chances of the occurrence of such problems in future. I would like to mention
several problems:
•

Socio-economic problems, especially in decision-making and the initial
stage of development after reclamation;

•

Improper level of service, inadequate water management and flood
protection, insufficient pollution control;

•

Increased damage and casualties due to flooding, especially in relation to
rapid urbanisation;

•

Problems with operation, maintenance and management;

•

Negative environmental impacts;

•

Technical problems due to special soil conditions, the occurrence of problem
soils like: peat, acid sulphate clays, saline soils and the occurrence of
subsidence;

•

Long-term problems due to changes in land use (urbanisation and
industrialisation), subsidence and impacts of climate change (rise of the
mean sea level, increase in extreme river discharges and in extreme rainfall).

Crucial questions

Development programs and projects in flood prone areas will have to be developed
and implemented in such a way that on the one hand the objectives are realised, and
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on the other hand the environmental impacts are at an acceptable level. The
projects may strongly differ in type and scale. Answers to the following crucial
questions determine the living conditions of the users for many decades (Schultz,
1993):
•

What will be the need for development?

•

Which level of service will be required?

•

What will be the role of the government?

•

What will be the side effects of the development?

Need for development

The need for development in rural flood prone areas is generally determined by the
need to increase and/or to rationalise food production and to promote sustainable
rural development. In other words, there is a direct link between the investments to
be made and the benefits to be expected. These benefits generally include the
increase in yields, but may also be expressed in a more efficient production by
better transport facilities, an improved marketing system and sustainable
development. This direct link enables planners to identify which investments may
be justified. In flood prone areas development projects for rural areas have been
generally purely agricultural development projects. Recently also other land uses,
like recreation and nature conservation, are integrated in the plans. From a
technical point of view, the questions to be solved refer to the water management
system, where required flood protection, infrastructure, drinking water supply and
sewerage, and required facilities. As all physical structures need to be maintained,
all these questions have to be taken into account from a design point of view, and
from an operation and maintenance point of view.
Investments in urban areas are generally justified by the need for areas for living,
industry, and/or commercial development. Urban development projects in flood
prone areas are significantly more complex than the development projects for rural
areas, as many more components have to be developed and integrated. Another
essential difference is that investments per square metre are much higher than those
needed in rural areas. From a technical point of view questions to be solved refer to
preparation of building sites, foundation aspects, storage and removal of surplus
rainwater, where required flood protection, water supply for the green areas,
infrastructure, drinking water supply and sewerage, and required facilities. The
maintenance of public facilities is generally the responsibility of the municipality.
Required level of service

The success of a development project in a flood prone area is strongly determined
by the creation of an attractive environment for the users to initiate and continue
the proposed activities (Constandse, 1988). This means that the project has to be
attractive and implies that it can be maintained adequately.
In the design of water management and flood protection schemes for rural areas,
the determination of the required level of service is a complicated matter, as the
interaction between water management and crop yield is difficult to quantify and
the benefits of flood protection are irregular. Insight in the sustainability of such
schemes requires first of all insight in the expected crop yield, farm practices and
the capacity of the farmers or government agencies to contribute to, or finance the
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required operation and maintenance activities. Based on such information and on
the meteorological, hydrological and soil conditions, water management and flood
protection schemes can be designed. Where required, a legal framework and an
organisational structure have to be developed to realise the operation, maintenance
and management.
In urban areas, investments in property are generally that high, that investment in
urban water management and flood protection schemes is easily justified. Here,
however, the level of service also concerns various recreational facilities, like parks
and sports fields, to make living attractive. Special aspects with respect to the level
of service in the development of urban areas in flood prone areas are (Wandee and
Schultz, 2003):
•

Vertical positioning of the urban area, compared to the surrounding rural
area. A relative small increase in level - say 0.50 m - will have as a
consequence that initially inundation will occur in the rural area and only in
more extreme cases in the urban area as well;

•

Vertical positioning of the different elements within the urban area. A
relative low location of green areas and parks compared to roads and
buildings will concentrate inundation initially in these areas and only in
more extreme cases problems may arise with the roads and the houses.

Role of the government

In most development projects for flood prone areas the government plays an
important role, as she initiates developments that fit in her development policy, and
by preventing unwanted developments. Concerning the technical aspects, she is in
charge for land use, or development plans, the required legal framework, standards
concerning the functioning of systems, and in many cases for the actual
implementation. It will be clear that the different levels in the government will play
different roles.
Side effects of development

Each development will result in side effects. In many cases these side effects
caused a lot of trouble. It is the responsibility of the organisation in charge of the
development, to identify possible side effects and to prevent the negative ones as
much as possible. This can be realised by adapted designs, and by establishing a
legal framework and control mechanism. Some typical side effects are impact on
the existing (geo)hydrological regime, damage to existing natural values, and
pollution of air, soil and water. Especially this last aspect resulted and still results
in many problems, leading to substantial costs afterwards for cleaning what was
polluted. To prevent negative side effects as much as possible, many countries
demand an environmental impact analysis and appropriate measures.
Development approach

In general, development of flood prone areas has to fit into the development policy
of a country or a region. Development projects may strongly differ in type and
scale. This refers to the improvement of existing areas, as well as to reclamation
and development of new areas. Various development approaches can be followed.
For example, distinction can be made in large-scale rapid development and smallscale gradual development.
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For the different approaches it has to be taken into account that a project will have
to follow various stages, and should include the socio-economic and environmental
consequences of the proposed development. Specifically for the development of
flood prone areas is the approach to the physical development related to flood
protection. Basically a distinction in three approaches can be made:
•

Put relevant infrastructure and valuable buildings and structures relatively
high and accept flooding of the less valuable parts in the flood prone area;

•

Protection with submersible dikes that protect the lands against regular
floods, but are overtopped during more extreme floods;

•

High level of protection with dikes that only fail in extreme events.

The choice between these three basic alternatives is very crucial, while many
aspects are involved in the decision-making and the selected alternatives strongly
influence the living conditions of the inhabitants for many generations.
Concepts for water management and multifunctional land-use
Water management for agriculture

In light of this keynote address I briefly like to give some data on water
management related to agricultural production. With respect to this there are
broadly speaking three agro-climatologic zone’s, being: temperate humid zone, arid
and semi arid zone and humid tropical zone. In addition, in principle, four types of
cultivation practices may be distinguished, being:
•

Rainfed cultivation, without or with a drainage system;

•

Irrigated cultivation, without or with a drainage system.

Dependent on the local conditions different types of water management with
different levels of service will be appropriate.
As far as flood prone areas are concerned, in the temperate humid zone agriculture
generally takes place without a water management system, or with a drainage
system only. Supplementary irrigation may be applied as well. In the humid
tropical zone generally a distinction is made in cultivation during the wet and the
dry monsoon. In many areas during the wet monsoon cultivation is possible with a
drainage system only, although quite often irrigation is applied as well to overcome
dry spells. In the dry monsoon irrigation is generally required to enable a good
yield.
The total cultivated area on earth is at present about 1,500 million ha, which is 12%
of the total land area. At about 1,100 million ha agricultural exploitation takes
place without a water management system. Presently irrigation covers more than
270 million ha, i.e. 17% of world’s arable land and is responsible for 40% of crop
output. It uses about 70% of waters withdrawn from global river systems. Drainage
of rainfed crops covers about 130 million ha, i.e. 9% of world’s arable land, to a
large extent located in flood prone areas. From the 130 million ha rainfed drained
land it is roughly estimated that about 15% crop output is obtained. So, in total
55% of the food production is obtained with the support of a water management
system.
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With the above in mind we can look at concepts for water management and flood
protection in flood prone areas. First of all I like to sketch who are the actors in the
field of water management (Figure 5). In the rural area responsible are government,
irrigation and drainage agencies and farmers. Those three parties have to agree on
their role and share in water management in a region. All others contribute. They
are needed and have a function for various reasons, but they are not responsible.

RESPONSIBLE

CONTRIBUTING
Consultants, contractors,
manufacturers

Government

Agencies

Policy, legislation,
national waters
Main and distributary systems

Universities, schools
Research institutes
Banks, donors

Farmers

Field systems
NGO’s, Int. org.
Farmers associations

Fig. 5.
Indicative schematisation of actors in rural water management
(Schultz, 2001)

The sector vision of Water for Food and Rural Development indicates a required
duplication in food production and gives general recommendations how this
increase can be achieved (Van Hofwegen and Svendsen, 2000). The major part of
the increase in production would have to come from already cultivated land, among
others, by water saving, improved irrigation and drainage practices, and increase in
storages. Especially in the emerging and least developed countries, huge efforts are
required to:
•

Feed the still growing worlds population;

•

Improve the standard of living in the rural area;

•

Develop and manage land and water in a sustainable way.

In order to achieve the required increase in food production in the framework of
sustainable rural development, the following issues as far as related to development
of flood prone areas are generally considered to be of major importance:
•

Availability of water and availability in space and time;

•

Need for increasing withdrawals with 15 - 20% to bridge mismatch between
demand and supply in combination with water saving and improved
efficiency in irrigation;

•

Basin wide planning for integrated development and management;
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•

Links between water management and flood protection, and food security,
protection of the environment, sustainable rural development and livelihood;

•

Rural development, agriculture based infrastructure, socio-economic and
ethical issues, poverty alleviation, employment generation, migration from
rural to urban areas;

•

Governance, legal, institutional and environmental issues;

•

Stakeholder involvement;

•

Financing integrated water management, modernisation and replacement;

•

Equity, efficiency and economy.

Urban water management

For urban water management a similar scheme can be presented as shown in Figure
5, although in this case the municipalities, and not the individual citizens, are in
charge of the urban systems: the sewerage, the waste water treatment and the urban
drainage systems. Citizens can contribute by efficient water use in their homes, as
well as by proper waste disposal.

I don’t think anybody anticipated the breach of the levees.
They did anticipate a serious storm.
But these levees got breached.
And as a result, much of New Orleans is flooded.
And now we are having to deal with it and will.

President George W. Bush August 31, 2005

Flood management and land use planning

The rapid developments in the flood prone areas have resulted in the following
characteristics (Schultz, 2001):
•

Protection levels that are generally far below the economic optimum;

•

Serious risk of loss of a large number of human lives when an extreme event
would occur;

•

Costs of only physical solutions are generally unaffordable.

Flood management and flood protection schemes may have to protect both rural
and urban areas in flood prone zones. The design of such systems has to be
approached fundamentally different compared to the design of water management
systems. When an irrigation system cannot supply the required amount of water
there may be damage to the crops. When a drainage systems can not remove the
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excess water there may be inundation and damage to buildings and infrastructure.
However, when a flood protection provision fails there may be significant damage
and casualties. Therefore design standards for flood protection are generally
substantially higher than design standards for water management systems.
Generally Central governments have their roles and responsibilities, at least for
policy, legislation and the major regulation and protection works. In addition river
basin authorities, drainage agencies, local level government - provincial, municipal
- and farmers may each have their roles and responsibilities. However, there are
quite some differences between approaches in different countries, and it is often
even not fully clear who is responsible for which part of the flood management, or
flood protection activities, provisions and structures.
Measures with respect to flood management and flood protection are generally
categorised in structural and non-structural measures. The structural measures
concern: dams, dikes, storm-surge barriers, etc. In fact it concerns physical
provisions to reduce the risk of flooding. Non-structural measures concern: food
forecasting, flood warning, flood mapping, evacuation plans, land use zoning, etc.
(Working Group on Non-structural Aspects of Flood Management, 1999 and Van
Duivendijk, 2005). In practice one may expect that for a certain river basin an
integrated package of flood management and flood protection measures for both
rural and urban areas would have been developed and implemented.
The terms ‘flood’ and ‘flooding’ are often used in different ways. In this keynote
address I will base them on the following definitions:
•

A flood is a temporary condition of surface water (river, lake, sea), in which
the water level and/or discharge exceed a certain value, thereby escaping
from their normal confines. However, this does not necessarily result in
flooding (Munich-Re, 1997);

•

Flooding is defined as the overflowing or failing of the normal confines of a
river, stream, lake, canal, sea or accumulation of water as a result of heavy
precipitation by lacking or exceedance of the discharge capacity of drains,
both affecting areas which are normally not submerged (Douben and
Ratnayake, 2005).

The worldwide damage caused by flooding has been extremely severe in recent
decades. No other natural hazard appeared so frequent, has claimed more human
lives, generated such large economic losses, ruined more fertile land and destroyed
more houses (Douben and Ratnayake, 2005). The largest economic losses were the
result of urban flooding or the destruction of immense areas of farmland. The fastgrowing cost of flooding and other weather-related disasters is nowadays 50 to 60
billion US$ per year, most of it in emerging and least developed countries (EO
News, 2004). Between 1986 and 1995 storm surges, river floods or flash floods
have caused the loss of live of about 200,000 people. Most of the casualties were in
Asia (Munich-Re, 1997). The tsunami of 26 December 2004 alone caused a similar
number of casualties in the South Asia Region and the damage of the flooding of
New Orleans due to hurricane Katrina in August 2005 is estimated at US$ 100
billion. When this keynote was prepared the cyclone that hit the coastal zone of
Myanmar caused at least 30,000 casualties and a still unknown, but huge damage.
During the past years there have been quite some debates regarding the possible
impacts of climate change on respectively:
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•

Rise of the mean sea level and increased risk of flooding from the sea;

•

Change in river regimes and increase in peak discharges of rivers;

•

Increase in average annual rainfall and in peak rainfalls.

All these developments may increase the risk of flooding of flood prone areas.
However, although such developments may occur, it has to be realized that the
possible changes in design standards for water management and flood protection
schemes due to the impacts of climate change are generally in the order of
magnitude of 10 - 30% over the forthcoming 100 year. Locally there may be
exceptions that can have more far reaching consequences, for example when
drainage by gravity would have to be replaced by drainage by pumping. Therefore
the effects of climate change are generally such that in the modernization of water
management and flood protection schemes - which normally takes place every 25
to 50 years - the impacts of such changes can be easily accommodated.
If we, however, look at the increase in population and increase in value of public
and private property - houses, buildings, infrastructure, public facilities - in flood
prone areas, then such increases are much more significant than the possible
impacts of climate change. Therefore, compared to the issue of climate change,
these increases would have to significantly dominate decision-making on water
management and flood protection measures. So far this has generally not been the
case, but the understanding that these processes would indeed have to play a major
role is rapidly growing and not only the issue of flood protection, but the much
broader approach to flood management is getting increasing attention. This was, for
example, clearly shown in the 21st ICID European Regional Conference in
Frankfurt am Oder (German National ICID Committee, 2005), the 3rd International
Symposium on Flood Defence (Van Alphen et al., 2006) and the 19th Congress of
ICID (Schultz, 2005).
The effect that the increase in value of property may have on design standards for
flood protection works is indicated in Figure 6. In this theoretical figure the costs
for flood protection measures are given for different design frequencies of the
safety for a supposed situation in 1950. In addition the estimated damages as
related to the design frequencies are given, based on the value of protected
buildings, infrastructure and properties at the supposed value of 1950. An
economically ‘optimal’ design is obtained when the total of costs and damages
would be minimal. For the 1950 situation such an optimal design would in this
theoretical example be in the range of 1/1 per year to say 1/50 per year. In addition
Figure 6 shows what the damage would be in 2005, when the same frequency for
the design of the flood protection works be maintained and the values in the
protected area would have increased ten times during the 55 years. In many flood
prone areas this is an increase, which easily has occurred in reality. So, finally in
Figure 6 the total line is given for the 2005 situation, based on the assumptions as
outlined before. From this line it can be observed that the design frequency for the
flood protection measures would have to be raised to say at least 1/1,000 per year.
This would mean significant investments in flood protection, just to maintain the
economic optimal level. Final conclusions can only be drawn when the cost figures
for designs at this safety level would be determined. In this theoretical example the
increase in number of people in the flood prone area has even not yet been taken
into account.
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Fig. 6.

Indicative relations between design frequency, cost of flood protection, related
expectation of damages and relative total cost. The cost line is only given for 1950,
applicable for the situation that no increase in the level of safety has been made
since then. In theory the design frequency would have to be taken that coincides
with the lowest level of the total cost
Rapid growth of Asian cities

Especially in flood prone areas in South and East Asia one can observe a very rapid
growth of cities. During the past decades mega cities like: Bangkok, Hanoi, Ho Chi
Minh City, Jakarta, Manila, Osaka, Shanghai, Taipei and Wuhan have shown more
or less an explosion in population growth and have transformed from cities with
less than one until two million inhabitants to cities with in some cases even more
than 10 million inhabitants (Figures 3 and 7). The increase in the value of property
in these cities has been in general even more rapid than the growth of the
population.
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Fig. 7.

Statue in front of the dike along Yangtze River upstream of Wuhan to protect the
flood prone areas behind the dike against flooding. In the past the dike has
breached here several times. When it would breach in future a large area will be
flooded and more than 15 million people will be in danger.

In order to cope with the growth of these cities for new urban areas very often
reclamation has taken place of low-lying lands in the neighbourhood of the existing
urban area. From a flood protection and water management point of view this
implies removal of storage area and increase in urban drainage discharges.
Therefore the development, implementation, operation, maintenance and
management of integrated flood management and flood protection measures for
such urbanised areas can only solve the present problems. The development and
implementation of such plans is urgently required. The flooding of the City of New
Orleans due to hurricane Katrina in August 2005 is an obvious proof of this
statement. Also in this case the level of protection was far below the economic
optimum at a level of about 1/100 per year. The costs of the measures that are
being taken after the disaster by far exceed the costs of the economic optimal flood
protection measures, when such measures would have been taken before the
hurricane, and the disaster would not have occurred. Very strange is, however, that
the measures that are now being taken for the reconstruction of the flood protection
for New Orleans are designed at the same chance of occurrence of 1/100 per year.
Finally there is the aspect of subsidence. This aspect doesn’t get so much attention
in the public debate. However, its impact is in quite some cases of much more
significance for flood prone areas than the impact of climate change. Due to
subsidence over the centuries the peat soils in the flood prone part of the
Netherlands have gone down about 5 – 7 metres, which has been on average 0.50
m per century (De Bruin and Schultz, 2003). Reclamation of peat soils in the humid
tropics is even more harmful, while this results in a subsidence of 0.10 – 0.15 m per
year. In these conditions the critical question is at what moment the drainage by
gravity will have to be replaced by drainage by pumping, because drainage by
pumping is generally unaffordable for rural areas in the humid tropics. Last but not
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least there is the pumping of groundwater under urban areas that may result in
subsidence. For example in the city of Jakarta, Indonesia, this results at present in a
subsidence in quite some areas of 0.05 – 0.10 m per year, in Semarang it is even
0.10 – 0.15 cm per year. Compared to the maximal expected sea level rise of 0.60
m per century, these processes are of course completely dominating the problems
of urban drainage and flood protection.

Future outlook
In light of the above opportunities and threats for future development in the flood
prone areas, I like to recommend certain activities and directions that in my opinion
will contribute to the success of development of flood prone areas in future. These
recommendations also have to be considered in light of the requirement to
duplicate food production over the next 25 – 50 years, the expectation that the
major part of the increase will have to come from the existing cultivated areas and
that most of the increase in population will take place in urban areas in the flood
prone areas of emerging and least developed countries (Schultz, 2006):
•

Countries would have to prepare their development strategy, taking into
account, both short term, medium term and long term perspectives;

•

Integrated flood management packages, especially for densely populated
flood prone areas need to be carefully developed and implemented;

•

Responsibility and funding for operation, maintenance and management of
water management and flood protection provisions would have to be put as
much as possible in hands of the users;

•

Improvement works need to be developed in consultation with the users. It is
of importance to require at least partly funding by them;

•

Strong Central Government for policy development, standards, laws and
supervision.

This brings me to the future directions. We cannot forecast these directions in
detail, but tendencies can be observed that may sooner or later result in policy
decisions, actual guidelines, or standards for design, implementation, operation,
maintenance and management. These directions can be put under the following
headings: integrated planning, sustainable development, developments in irrigation,
drainage, flood management and flood protection and integrated water
management. I like to give some more background on each of these directions.
Integrated planning

Water management and flood protection are no isolated activities. They play a role
in societies and have to be treated, also taking into account such issues. Therefore
of importance are:
•

links between water management and flood protection, and food security,
rural development and livelihood, urbanisation and industrialisation;

•

basin wide planning for integrated development and management.

Sustainable development
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We are more and more concerned about the sustainability of our activities
especially with respect to development of flood prone areas (Oudshoorn et. al,
1999). In the past we did not have to bother so much about this, but increasing
population pressure, changes in food production practices, and increasing
vulnerability of flood prone areas have increased our concern. The tendencies as
presented in this keynote will in different ways have an impact on water
management and flood protection:
Developments in water management and flood protection

Regarding water management and flood protection in flood prone areas there are
some specific issues that deserve attention. Here we see that in the developed
countries a lot has already been achieved, but that especially in the emerging
countries these issues are far from being solved. It regards especially:
•

optimisation of flood protection measures related to the increase in value of
protected properties and population growth;

•

modernisation (Figure 8);

•

cost recovery.

Integrated water management

For many centuries water management was mainly focused on water quantity
control, by water supply, drainage, flood management and flood protection. In most
countries nowadays we may speak about water quantity and water quality control,
although at different levels of service, more or less dependent on the respective
standards of living. What we also see is that water management in many regions is
becoming more adapted to diversification in land use, and not exclusively anymore
only for agricultural use. In future most probably another step will be taken and we
will come to an ecosystem approach.

Fig. 8.

Movable flapgate in a tertiary canal in tidal lowlands in Indonesia. With these
flapgates farmers are able to control the water level in the tertiary canals in
drainage, or in supply position (Hartoyo Suprianto et al., 2006)
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Final remarks
Flood prone areas have a tremendous potential for development. However, a
careful selection of the areas to be developed, as well as of the development
approach will be of major importance for success. In such an approach the specific
physical conditions will have to play an important role in order to prevent reduced
benefits from generally considerable investments.
Another observation is that flood control or flood management measures are
generally taken after a flooding disaster and not before. Many casualties and
substantial damage would have been prevented when the same measures would
have been taken before the disaster, but it looks like our societies are not able to
take such decisions in time.
As long as population growth, increases in standards of living, urbanisation and
industrialisation in flood prone areas goes on, increasingly flood management and
flood protection provisions will be required. Additional complications with respect
to this are created by the effects of climate change and land subsidence, which
occurs in many of the flood prone areas. Such processes make these areas
increasingly vulnerable. May be this will result in the need to abandon such areas
in the medium, or long term future. If this would become an actual problem in a
certain area there will be an urgent need for timely and complicated measures.
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Abstract
Flood risk management may significantly contribute to the safety and standard of
living of people in flood prone areas. To enable flood risk management, flood
hazards, flood vulnerability and assessment of damages in areas exposed to the
risks need to be quantified by using an integrated approach. In such an approach
the impacts of changes in land use on the hydrology would have to be included in
order to identify potential hazardous events that would have to be taken into
account in the development of flood management strategies. The focus of the
present study is on the Lower Nam Pong River Basin, which is one of the major
sub-basins of the Chi River Basin in the northeast of Thailand. The main purpose is
to perform an assessment of the impact of the present land use pattern on flood
processes under extreme flood events. In order to achieve this objective a coupled
computer program is being developed based on the existing numerical computer
programs Soil and Water Assessment Tool (SWAT) and 1D/2D SOBEK.
The program SWAT has been applied for quantifying the effect of the current land
use pattern on the rainfall-runoff relations and also to present the capability of the
program. In addition, the program 1D/2D SOBEK was applied in order to simulate
the inundation processes in the floodplains of the Lower Nam Pong River Basin,
which provides data for flood hazard zonation and risk mapping.
The SWAT results show that the model performance proved to be quite satisfactory
for the Lower Nam Pong River Basin during the calibration process (1/198312/1984). The SWAT program calculated the discharges of the tributaries, which
have to be input to the 1D/2D SOBEK.
Regarding the 1D/2D SOBEK, the extreme discharge during the 1978 flood has
been used in the modelling in order to simulate the maximum inundation extent for
an extreme flood event, which can be applied to the flood hazard mapping. Based
on the results of the simulations and by superimposing a Digital Elevation Model
(DEM), estimations were made of the depth of flooding and flood extent at any
location within the Lower Nam Pong River Basin. By considering the agricultural
and urban areas as the most vulnerable and susceptible to flooding, the lower limit
for high hazard levels has been arbitrarily set at a water depth of 0.1 m, 13.9% of the
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total Lower Nam Pong River Basin was flooded with a maximum water depth up to
more than 2.3 m.
This paper presents a summary of the numerical modelling of flooding to predict
flood behaviour within a river basin for an extreme flood event. The results from this
study are preliminary and rather a good basis for discussion of further
improvements. Finally, they create the base for comprehensive risk analyses and
flood management strategies.
Keywords: Land use changes, flood damage, flood hazard zonation, flood control,
flood extent, flood management.

Introduction
Floods may cause huge negative impacts, including the loss of life and damage to
crops, flood control structures, infrastructure such as roads, utilities and buildings
(Schultz, 2001). Therefore, the understanding of the magnitude and possibility of
hazardous flood events for design of flood management and mitigation measures is
crucial. Human induced changes in land use are one of the significant reasons that
exacerbate flood occurrence and its severity in various river basins (Myers, 1997;
Schultz, 2001, 2006). In general, more and more people live in floodplains and may
be therefore exposed to floods.
The terms ‘flood’ and ‘flooding’ are often used in different ways. In this paper they
will be based on the following definitions:
• a flood is a temporary condition of surface water (river, lake, sea), in which
the water level and/or discharge exceed a certain value, thereby escaping
from their normal confines. However, this does not necessarily result in
flooding (Munich-Re, 1997);
• flooding is defined as the overflowing or failing of the normal confines of a
river, stream, lake, canal, sea or accumulation of water as a result of heavy
precipitation by lacking or exceedance of the discharge capacity of drains,
both affecting areas which are normally not submerged (Douben and
Ratnayake, 2005).
The Lower Nam Pong River Basin, which is located in the northeast of Thailand, is
one of the greatly affected basins as a consequence of changes in land use,
including rapid urbanization and high population growth. This can lead to
substantial problems. In order to assess the possible impacts of historic and
expected future land use changes on flooding and examine the major source areas
of recent floods, process-based models are required to improve the understanding
of the fundamental mechanisms associated with floods and flooding. To achieve
the purpose of this study, obtaining a better understanding on hazardous flood
events, reliable flood simulation and appropriate prediction tools are essential. Such
tools could facilitate the mapping of possible flood hazards and assist in the
development and design of flood alleviation measures. Several aspects, including
the alteration of flood levels, flow velocities, flow directions, flood duration and
inundation extents have been simulated to determine the potential flood damage.
In this paper, a widely process-based hydrological program called ‘Soil and Water
Assessment Tool’ (SWAT) (Di Luzio et al., 2005; Neitsch et al., 2005a; Neitsch et
al., 2005b) that simulates the relevant hydrologic processes in a river basin, is
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combined with a 1D modelling of rivers/channels with 2D overland flow modelling
within the integrated hydraulic program 1D/2D SOBEK for the assessment of land
use changes on flood processes (WL|Delft Hydraulics, 2004). The establishment
and calibration of the hydrological and hydraulic models, including the application
to a large flood will be described. Eventually, an integrated modelling technique
will also be proposed as an assessment tool to identify potential impacts on flood
processes.

Methodology
This study focuses on the Lower Nam Pong River Basin, which is one of the major
sub-basins of the Chi River Basin, Thailand. The results will be applied and
provide benefit to the whole Chi River Basin in a later stage. The selection as a test
area for the application of the SWAT and 1D/2D SOBEK programmes was based
on the availability of input data, which have been used to calibrate the model.
As a result of the developed methodology, the relationship between hydrological
and water resources models and the physical aspects in the Lower Nam Pong River
Basin will be established as shown in Figure 1.

Fig. 1.

The relationship between hydrological and water resources models and the
physical aspects in the Lower Nam Pong River Basin.

Study area

The Lower Nam Pong River Basin is located in the northeast of Thailand. The total
area covers approximately 2,386 km2 (Figure 2). The 36.1 m high Ubol Ratana dam
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was constructed in this basin in 1966. The reservoir has a retention level of 182.0
m+MSL (Mean Sea Level), an average annual inflow of 2,264 MCM (million cubic
metres) and covers an area of 401.2 km2 (Electricity Generating Authority of
Thailand (EGAT), 1997).
The valley of the Lower Nam Pong River Basin is a flat alluvial floodplain, which
is one of the main agricultural production areas of the Chi River Basin. Historically
this area suffered from frequent and extensive flooding. The recent major events
occurred in 1978, which covered the whole Chi River Basin, and in 1980 only the Nam
Pong River Basin.

Fig. 2.

The Lower Nam Pong River Basin, as part of the Chi River Basin, Thailand.

Model setup

The Nam Pong flood model is composed of a hydrologic model and a hydraulic
model. The program SWAT was developed to determine the hydrological
processes in a river basin and to simulate the effect of land use changes on runoff
generation. The hydraulic program 1D/2D SOBEK is used to simulate the flow of
water through a river channel network. An interface between SWAT and 1D/2D
SOBEK is required in order to investigate the effect of land use changes on floods
and flooding. A flow chart showing the whole modelling process is given in Figure
3.
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Fig. 3.

Flow chart of the interface system coupling the computer models SWAT and
1D/2D SOBEK.

Setting up of the SWAT model

The program SWAT is based on a spatially semi-distributed, widely process-based
hydrological model. The hydrological processes in the program SWAT are based on
the following water balance equation (Figure 4):

SWt = SW0 + ∑ (Pi − Qsurf − Ea − wseep − Qgw )
t

i =1

(1)

where: SWt is the final soil water content (mm/day), SW0 is the initial soil water
content on day i (mm/day), t is the time (days), Pi is the amount of rainfall on day i
(mm/day), Qsurf is the amount of surface runoff on day i (mm/day), Ea is the amount
of actual evapotranspiration on day i (mm/day), wseep is the amount of water
entering the vadose zone from the soil profile on day i (mm/day), and Qgw is the
amount of groundwater flow on day i (mm/day). Four data layers comprise the data
set used for the program SWAT, i.e., land use, soils, hydrometeorology and
topography.
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Fig. 4.

Schematic diagram of the hydrologic cycle (adapted from Neitsch et al., 2005a).
Land use data

The land use patterns were derived from the Thailand Land Development
Department (LDD) (Land Development Department, 2001). These data were
received in the form of a digital map (scale 1:50,000), with polygons represented in
different land use types such as agricultural or residential parcels. The parcels,
which were labelled with attributes such as vegetation type, showed current land
use patterns. Processing of the data was done with the use of ArcView GIS by
categorizing known uses into larger groups, which were matched to the appropriate
land uses included in the database of the program SWAT. A total of 5 different
land uses were chosen, being: Forest-Mixed (FRST) 10.7%, Rice (RICE) 76.6%,
Range-Brush (RNGB) 5.4%, Residential-Medium/Low Density (URML) 5.1%, and
Water (WATR) 2.2%.
Soil data

The soil data, which apply to the vadose zone, were also gathered from the
Thailand Land Development Department (Land Development Department, 2001) at
1:50,000 scale and clipped to fit the domain of the Lower Nam Pong River Basin.
The upper soil layer is used in SWAT for calculating infiltration, ponding and
runoff generation.
The 27 different types of soil and rock that exist in the basin were introduced into
the program SWAT in the form of a digital map. A series of attributes was assigned
to each type of soil, e.g., depth, saturated hydraulic conductivity and content of
clay, silt and sand. The soil pattern in the basin is one of the vital input data to the
model, it is combined with the land uses to determine areas with similar land use
and soil type without reference to its actual spatial position within each subcatchment, the so called Hydrologic Response Units (HRUs).
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Hydrometeorological data

The meteorological data were derived from 8 meteorological stations and
additional 13 rainfall stations. Three series of streamflow data were derived from
hydrological stations located in the Lower Nam Pong River Basin and surrounding
areas. The meteorological data refer to daily temperature, average mean monthly
values of wind speed, solar radiation and relative humidity, corresponding to the
period 1980-2005. Only daily streamflow data at the Ban Nong Wai station
(E.22A) for the period 1983-1984 were used for the calibration of the model.
Because of the discharge measurements, which are used to calibrate the SWAT
model, are not available for the other streamflow stations during the year 1983-1984.
Digital Elevation Model

Spatial information for the model runs was provided by a 30 m x 30 m Digital
Elevation Model (DEM), which was used to delineate the sub-basins. Initially, the
DEM was derived based on contour lines taken from a 1:50,000 scale map of the
area in the year 1997.
SWAT model outputs

Simulation results as obtained from the SWAT simulations have been used for
making a preliminary assessment of the impact of the present land use pattern on
the rainfall-runoff relations and also to show the capability of the program.
SWAT calibration results

The SWAT model was calibrated by optimising 4 parameters which were soil
conductivity (sol_k: mm/hr), surface runoff lag coefficient (surlag), Soil
Conservation Service (SCS), runoff curve number for moisture condition II (CN2)
and baseflow alpha factor, which is used to compute Qgw (ALPHA_BF: days), in
order to obtain similar discharges to those recorded at the streamflow station E.22A
(Figure 5).
With respect to calibration results at the streamflow station E.22A as shown in
Figure 5, the model performance proved to be quite satisfactory. Several statistical
indicators were used to evaluate the calibration accuracy, such as the NashSuttcliffe coefficient (ENS) (Nash and Suttcliffe, 1970) that indicates how well the
plot of observed versus simulated values fits the 1:1 line, Root Mean Square Error
(RMSE) to quantitatively measure how closely the simulated values track the
actual data, Goodness of fit (R2) as an indicator of strength of relationship between
the observed and simulated values, and the Mean Absolute Error (MAE) to
determine the average over the verification sample of the absolute values of the
differences between simulated and corresponding observed values.
If the ENS and R2 values are less than or very close to zero, the model accuracy is
considered “unacceptable or poor”. If the values are one, then the model prediction
is “perfect”. In this study, ENS and R2 values are greater than 0.70, which indicates
that the SWAT model is able to simulate the discharge reasonably. In addition, the
RMSE will always be larger than or equal to the MAE; the greater the difference
between them, the greater the variance in the individual errors in the sample. If the
RMSE = MAE, then all the errors are of the same magnitude. With respect to MAE, a
zero MAE represents a perfect fit. The results of statistical indices are summarized in
Table 1.
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Fig. 5.

Comparison between observed and simulated daily discharges at the streamflow
station E.22A for the period 1/1983-12/1984.

Table 1. Statistical results obtained during model calibration calculated for the Ban Nong
Wai streamflow station (E.22A) for the time series of 1/1983-12/1984.
Index
Value

ENS
0.83

RMSE
23.8

R2
0.86

MAE
18.7

Setting up of the 1D/2D SOBEK model

Water movement in the stream channel in 1D/2D SOBEK is described by a finite
difference approximation, based upon a staggered grid approach as shown in Figure
6a. In the 1D/2D SOBEK model, the interaction between the 1D and the 2D
schematisations is combined into a shared continuity equation at the grid points
where water levels are defined as illustrated in Figure 6b (Frank et al., 2001).

dVi , j (ζ )
dt

[

]

[

L (i , j )

] ∑Q

+ Δy (uh )i , j − (uh )i −1, j + Δx (vh )i , j − (vh )i , j −1 +

i =1

kl

= 0 (2)

where: V is the combined 1D2D volume (m3), t is time (s), u is the 2D layer
velocity in x direction (m/s), v is the 2D layer velocity in y direction (m/s), h is the
total water height above the 2D bottom (m), ζ is the water level above the plane of
reference (the same for 1D and 2D) (m), Δx is the 2D grid size in x (or i) direction
(m), Δy is the 2D grid size in y (or j) direction (m), Qkl is the 1D discharge flowing
out of control volume through link kl (m3/s), L(i,j) is the number of 1D branches
connected to 2D nodal point (i,j) and i, j, k, l is the integer numbers for 2D nodal
point and 1D channel numbering.
The momentum equation is applied at grid points where discharges (1D) or
velocities (2D) have been defined. The velocities are eliminated by substitution of
the momentum equation into the continuity equation. This results in a system of
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equations at water level points, with all water levels at the new time level as
unknown.

ui-1,j

ζ

j

vi,j

ui,j

vi,j-1
j-1

i-1

Q

ζ

ζ

i

i+1

Qk+1
Qk

(a)

Fig. 6.

(b)

Schematisation of the hydraulic model: a) combined 1D/2D staggered grid; b)
combined continuity equation for 1D2D computations (adapted from Frank et al.,
2001).

For the application of the program 1D/2D SOBEK, the model setup needs to be
established in order to identify the propagation of floods through floodplain areas. The
hydraulic system of the Nam Pong River was schematised in a 1D/2D SOBEK model
using the following input:
1. 1DFLOW module, GIS layers were imported representing the stream
network and lateral inflow points. These layers were derived from
1:50,000 digitised survey maps.
2. the overland flow (2D):
• the topography was defined using a 300 m x 300 m Digital Elevation
Model (DEM) from the Shuttle Radar Topography Mission (SRTM).
The DEM covered approximately 2,386 km2 and served as input to the
flood simulations. The DEM used in the hydraulic model is shown in
Figure 7;
• boundary conditions in the form of discharge at the upstream (Figure 8)
and water levels at the downstream side;
• 48 cross sections from the streamflow station E.31 (Ubol Ratana Dam
Site) to E.91 (Ban Khui Chuak) (Figure 7);
• time series of 1980-2005 of water levels and discharges at various
streamflow stations;
• estimation of the roughness coefficients for the main channel and
floodplain are obtained through the available literature. Hence, the
Manning’s roughness n for the entire river channel and floodplain were
both used as 0.045;
• hydraulic structures that have an effect on peak flood levels in this case
Ubol Ratana reservoir.
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1D/2D SOBEK simulations

It should be noted that the progression of the flood waves in the Nam Pong River
and its tributaries determines the impact of a flood. Hence, the discharges of the
tributaries, which were calculated by the program SWAT have been incorporated
into the 1D/2D SOBEK model. The approach is to import the input variables
(output from the program SWAT) and, subsequently, run them through the 1D/2D
SOBEK model in order to obtain the results for the flood propagation.
By applying 1D/2D SOBEK simulations were made for flood events under normal
flow and extreme flood conditions. Regarding the normal flow condition, the
operation of the Ubol Ratana reservoir was taken into account. On the contrary, it
was not taken into account for the extreme flood condition, which results in an
overestimation of the flood affected area, because the reservoir may provide full
protection up to and including a 100-year flood (Electricity Generating Authority of
Thailand (EGAT), 1997).
It is obvious that one of the important measures for flood protection in this area is
the construction of a reservoir. In fact, the flood protection study has been considered
and has been implemented. In 1966, a multi-purpose reservoir was constructed and
started operating. However, due to the extraordinary flood event that occurred by a
cyclonic storm in 1978, the huge volumes of released water from the reservoir have
created heavy damages in the inundated areas in the Lower Nam Pong Basin.
Therefore, the flood simulation under extreme discharges without considering the
reservoir has initially been considered in this study.
From the model results it can be derived that the Lower Nam Pong River Basin
does not cause inundations during normal conditions.

E.31 (Ubol Ratana Dam Site)
E.22A (Ban Nong Wai)

E.91 (Ban Khui Chuak)

Fig. 7.

Digital Elevation Model (DEM) of the Nam Pong River and its floodplain as applied
in the 1D/2D SOBEK.
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The result of the 1D/2D SOBEK simulations under the extreme discharges at the
streamflow station E.31 during the 1978 flood as shown in Figure 8 for the related
flood event is given in Figure 9. For the hydrograph with a peak flow of approximately
6,400 m3/s, the magnitude of this flood event is comparable to a flood with a chance
of occurrence of once in 65 years. The model simulations resulted in a maximum
water depth in the Lower Nam Pong River Basin up to more than 2.3 m.

Time

Fig. 8.

Discharge hydrograph at the streamflow station E.31 during the 1978 flood used
as an inflow to the Nam Pong River for the 1D/2D SOBEK for extreme flood
simulations.

Fig. 9.

Maximum inundation extent for a flood with a maximum peak flow of 6,400 m3/s.
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The maximum inundation depths can also be analysed with the existing land use
map in order to identify the potentially affected areas due to an extreme flood
event. The majority of the land use in the Lower Nam Pong River Basin consists of
agricultural land, therefore the land use map was reclassified into two classes, being
agricultural and urban areas, which were overlaid with the maximum flood extent.
In this study, an inundation depth of 0.1 m was arbitrarily set as lower limit for high
hazards, and an inundation depth based on the hazard map was created. The
identified affected areas in the Lower Nam Pong River Basin of the agricultural and
urban areas due to the extreme flood event is shown in the Figure 10.

Fig. 10. Potentially area affected by flooding for each land use types (agricultural and
urban areas) in the Lower Nam Pong River Basin.

The agricultural and urban areas were combined in order to delineate the affected
areas, which have the inundation depth more than 0.1 m. As a result, the
identification of potentially area affected by flooding in relation to water depth
higher than the lower limit for high hazards was achieved. The results showed that
17.3 km2 (0.7% of the Lower Nam Pong River Basin) and 315.2 km2 (13.2% of the
Lower Nam Pong River Basin) were identified as inundated area with high hazard
levels for the urban and agricultural areas respectively, and others 60.6 km2 which
gives a total of 393.1 km2.
Additionally, for each land use types a curve of the inundation depth against
cumulative area of potentially affected areas was drawn (Figure 11).
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Fig. 11. Accumulated potentially area affected by flooding compared with the water depth
for each land use types.

Discussion
The results for the Lower Nam Pong River Basin as presented above are a good
basis for discussion of further improvements in the models. The methodology used
for the preliminary assessment of the current land use pattern on flood processes, is
a simplified method including some numerical modelling for an extreme flood
event.
Considering the SWAT simulation, the results showed that the SWAT reasonably
tracked the daily streamflow variation for the entire simulation period. However,
there seems to be an underestimation of the streamflow. Possible explanations for
model underestimation of the streamflow may be attributed to some of the
parameters in SWAT. Therefore, further calibration efforts for a longer period and
validation of the models are required to obtain more accurate results.
Subsequently, 1D/2D SOBEK modelling of flooding is being integrated in order to
predict flooding behaviour within a river system for extreme flood conditions. The
analysis of the results from this study includes an assessment of the flood
simulation in relation to the extreme flood 1978, as well as a preliminary
investigation of the potentially affected area.
Due to the discharges with an extreme event coming along the Nam Pong River, as
a result, the vulnerable flood prone areas can be detected, i.e. agricultural and urban
areas. Regarding the value of 0.1 m for the lower limit for high hazard levels, it has
been found that the agricultural and urban areas are flooded by 13.9% of total
Lower Nam Pong River Basin, with a maximum water depth up to more than 2.3
m. These results have to be considered as initial results, which have to be refined
with 1D/2D SOBEK simulations for different flood events.

Future Activities
In future, the coupling of simulation modules will be improved for certain design
floods for different probabilities of occurrence. As a result, an integrated modelling
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framework for flood management considering land use changes in the Chi River
Basin will be obtained.
Coupling of the hydrologic and hydraulic system simulation creates various new
possibilities to enable a better modelling of the actual physical behaviour and
processes. The discharges from the tributaries are given by SWAT. The inundation
depth and discharge are given by 1D/2D SOBEK. As a result of the model outputs,
mitigation options can be targeted to respond to the hydraulic constraints of the
floodplain. These applications lead to a better understanding of the flood
phenomena and more accurate predictions of scenarios and better planning.
Furthermore, the results of a comparison between calculated flood maps and flood
maps based on satellite images will also be taken into consideration in order to
calibrate and validate the model predictions.
The possible land use change scenarios will also be built with the objective to
assess the impacts of land use changes on the hydrological regime of the Chi River
Basin. Moreover, appropriate approaches for flood mitigation in view of structural
and non-structural measures will also be investigated.

Conclusions
The major purpose of the overall study is to perform an assessment of the present
land use pattern on flood processes under extreme flood events. In order to fulfil all
the objectives, the numerical programs SWAT and 1D/2D SOBEK were applied in
the Lower Nam Pong River Basin.
The SWAT model is applied for quantifying the present land use pattern on total
runoff. It should be noted that the initial stage of SWAT simulation (Figure 5)
should be considered as a starting period, which is essential for parameter
stabilization since it can be seen obviously that the results vary from the observed
values at the beginning of SWAT simulation. Therefore, a longer calibration period
is needed in order to obtain more accurate results. However, overall, the SWAT
model calibration outcomes still provided reasonable results due to the simulated
flow as shown in Figure 5, was close to the observed ones with a good value of
statistical indices.
The 1D/2D SOBEK simulation has been performed in order to produce a flood
map based on river flood simulation. The results for the flood of 1978 are
promising. The results were combined with a land use map to map the critical
areas. Regarding the normal flow simulations, the outcomes imply that the reservoir
can reduce flood propagation, as, no inundated area was generated. On the contrary,
under extreme discharge conditions and when the operation rule of the reservoir is not
taken into account, the largest inundated agricultural and urban areas, concern for
the simulated flood 13.9% of the Lower Nam Pong River Basin with the water
depth up to more than 2.3 m.
The results of this study are significant as they provide the basic modelling concept
as an assessment tool to investigate the impact of land use changes on floods and
flooding and to see the impact on flood risk in the Chi River Basin. Finally,
necessary mitigation measures can be implemented by analysing the model results in
further detail.
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Abstract
The results of an analysis of runoff in 17 catchments, located in Norway, Estonia
and Latvia are presented. Different parameters, like the coefficient of variation,
skewness and kurtosis were calculated in addition to a number of additional
parameters describing the hydrology. The calculations were performed on both
hourly - and average daily discharges. The obtained results suggest considering the
hourly discharges in the interpretation of hydrological processes in agricultural
dominated catchments and its possible effects on nutrient and soil loss. In the light
of expected climate changes, the hydrological characterisation could provide
information about the possible developments in the hydrology and its consequences
for nutrient and soil loss processes.

Introduction
Agriculture contributes a significant portion of the nutrient losses to the
environment, being to a large degree responsible for the eutrophication of inland
surface waters and coastal zones in the Nordic and Baltic countries. Several authors
(e.g. Johnes and Heathwhite, 1997; De Wit, 2000; Kauppi, 1979; Rekolainen,
1989; Keeney and DeLuca, 1993; Zablocki and Pienkovski, 1999; Mander et al.
2000; Vagstad et al. 2004 and Iital et al. 2005) have described the relative
importance of different factors in nutrient load processes, e.g. landuse and spatial
location of nutrient sources in the catchment, fertilization rate, livestock density,
topography and soil type. However, when comparing the results of different water
quality monitoring programmes, under otherwise almost similar climatological
conditions and agricultural practices, large differences between nutrient losses can
be observed and often hydrological processes play an important role in this.
Deelstra et al (2005) observed in a Latvian catchment a decrease in nitrogen
concentration with an increase in measurement scale from plot level (0.12 ha), tile
drained field (12 ha) to the catchment level (960 ha). Through an analysis on runoff
recession periods they concluded that besides a change in fertiliser application rate
also flow processes must have had an important impact on water chemistry. A
decrease in nitrogen concentration with increase in measurement scale was also
observed by Tiemeyer et al. (2006) when studying nutrient losses in artificially
drained catchments with measuring scale varying from the collector outlet (4.2 ha),
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field (180 ha) and catchment (1600 ha) These observations showed that
measurement scale can essentially influence calculated nutrient losses. Comparing
nutrient losses in small agricultural catchments in the Baltic and Nordic countries,
Vagstad et al. (2004) found that the hydrology played an important role in
explaining the differences between catchments. Catchments having a large
contribution of groundwater runoff in the total runoff, in general had lower
nitrogen losses. Generally, artificial drainage of agricultural lands can lead to an
increase in nitrate-nitrogen runoff. However, its magnitude is very much influenced
by e.g. the soil type and drainage system applied, i.e. drain spacing and drain depth
(Skaggs et al. 1980 and Gilliam and Skaggs, 1986). Different analyses on runoff
can be carried out to obtain information on flow processes. Well known are the
methods to differentiate between fast and slow flow processes in the catchment,
like the determination of the Base Flow Index (BFI) (Gustard et al. 1992, Arnold
and Allen, 1999)) or an analysis of runoff recession curves (Tallaksen, 1995).
Baker et al. (2004) developed a flashiness index (FI) which they used to describe
changes in the hydrological behaviour of rivers in response to changes in land use.
In this case the term flashiness reflects the frequency and rapidity of short term
changes in daily runoff values. Deelstra and Iital (2008) applied it to both the
average daily discharge as well as to hourly discharges measured on small
agricultural catchments in Estonia (Räpu, Rägina) and Norway (Skuterud, Mørdre).
This paper describes additional hydrological characteristics of catchments in
Norway, Estonia and Latvia. It is anticipated that the results of this analysis will
increase the awareness and understanding of the intensity in hydrological processes
in small agricultural catchments. An understanding of these processes is necessary
to be able to effectively deal with agricultural pollution of the environment. This
becomes even more important in climate change scenario studies, the general
prediction of which is that more extreme weather conditions will occur, especially
concerning precipitation and winter conditions.

Catchments description
All the Norwegian catchments except Høgfoss are part of the Agricultural
Environmental Monitoring Programme (JOVA). The Høgfoss catchment is part of
the larger Vansjø – Hobøl catchment. The catchments in the JOVA programme
represent different climatological conditions and agricultural practices as well as
different geo-hydrological settings. Also the Estonian and Latvian catchments are
part of national monitoring programmes in their respective countries. The main
characteristics of the catchments are summarised in Table 1 Agriculture with
cereals is the dominating land use form in the many of the catchments in the
national monitoring programmes but constitutes only a minor part in the Høgfoss
catchment. There is considerable variation in the long term mean annual
temperature between the catchments. For the Norwegian catchments, the lowest
long term mean annual temperatures are observed at the inland catchments (< 4 oC)
while the highest temperatures are recorded at catchments located in the south and
west along the coast (> 6 oC). The mean long term annual temperatures in the
Estonian and Latvian catchments are in the same order of magnitude as many of the
Norwegian catchments. For the Norwegian catchments the highest long term mean
annual precipitation is recorded at catchments in the south and west along the coast
(> 1000 mm). The lowest precipitation is recorded at the inland catchments ( < 600
mm). The Estonian and Latvian catchments have precipitation in the same order of
magnitude as many of the Norwegian catchments. The topography of the
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catchments varies from flat to hilly, with the highest differences in elevation in
general in the Norwegian catchment. Compared to the Norwegian catchments, the
catchments in Estonia and Latvia are flat. In general, the arable soils in the
Norwegian catchment Hotran, Skuterud, Mørdre, and Høgfoss are dominated by
silty clay/loam soils. The soils in the other Norwegian catchments are dominated
by sandy loam to sandy soils while the Naurstad catchment is dominated by peat
soils. The main soils in the Räpu catchment are dominated by loamy soils,
considered to be some of the best agricultural soils in Estonia. The soils in the
Rägina catchment are mainly of a gley loam type. In all catchments most of the
agricultural land is artificially drained. The soils in the Mellupite catchment are
loam to sandy/silt clay loam soils. In principle all the arable soils in both the
Norwegian as well as the Estonian and Latvian catchments are provided with
subsurface drainage systems. In general, the Norwegian catchments are intensively
drained, with a drain spacing of 8 m and a drain depth 0.80 – 1 m. The Räpu and
Rägina catchments in Estonia and Mellupite catchment and drainage field in Latvia
have a drain spacing of approximately 20 m and are located at a depth of 1 m
below soil surface.

Discharge measurement and water sampling.
At all catchments except Skas-Heigre and Høgfoss, the discharge is measured using
a fixed discharge measurement structure with a known head-discharge relation. The
discharge measurement structures used are a Crump weir (E.S.Crump, 1952), Vnotch and RBC flume (Bos, 1978). The runoff data at the Vansjø–Hobøl catchment
is collected at Høgfoss location by Glommens og Laagens Brukseierforening
(GLB) while the runoff data at Skas–Heigre is collected by IRIS (International
Research Institute of Stavanger). For the Skas–Heigre and Vansjø-Hobøl catchment
a rating curve has been established for the measuring location.
Water levels are recorded automatically using a pressure transducer in combination
with a Campbell data logger. Based on the head-discharge relation for the
measurement structure, the discharge is recorded every minute while average
hourly - as well as maximum and minimum discharges are stored in the data
logger. Composite water samples are collected on a volume proportional basis
(Deelstra and Øygarden 1998a, Deelstra et al, 1998b) at all catchments except
Vansjø-Hobøl were water samples are collected every fortnight. Water sampling is
steered by the data logger which triggers sampling when a fixed predetermined
volume of water has past the measuring station.

Results
Runoff and nutrient loss

The total yearly runoff (mm) is calculated on the basis of the measured discharge (l
s-1, m3 s-1) at the outlet of the catchments and the total area of the catchment. There
is a large variation in the annual runoff between the catchments, the main reason
for this probably due to variation in the yearly precipitation between catchments
(Figure 1). Catchment runoff in the Norwegian, Estonian and Latvian catchments is
a direct reflection of the mean annual precipitation, with the highest and lowest
measured runoff at those catchments also having the highest and lowest long term
mean annual rainfall. There is a large variation in the yearly measured annual
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runoff, the maximum in some cases amounting to almost twice the average yearly
runoff (Høgfoss, Mørdre, Skuterud and Kolstad). The high variation in the annual
runoff is a result of the variation in annual precipitation.

Fig. 1.

Catchment runoff for the Norwegian, Estonian and Latvian catchments
(hog - Høgfoss; ska - Skas Heigre; hot - Hotran; mor - Mørdre; sku - Skuterud; kol - Kolstad; vol Volbu; nau - Naurstad; vas - Vasshaglona; nyh - Nyhaga; van - Vandsemb; bye - Bye; vin Vinningland; rap – Räpu(Estonia); rag – Rägina(Estonia); mec - Mellupite catchment(Latvia); med Mellupite drainage field(Latvia)).

Nutrient losses in the Norwegian catchments are considerably higher compared to
the Estonian and Latvian catchments (Figure 2, Figure 3). The highest and lowest
nutrient losses occur at the Vasshaglona and Räpu catchment, respectively. Large
variations in yearly loss occur mainly as a result of the variation in annual runoff.
Except for the Høgfoss and Nyhaga (forested) catchments, arable land constitutes
the major part with a share exceeding 45 % and with cereals being the dominating
crop. In addition to soil types, hydrological pathways and climatological
conditions, nitrogen and phosphorus loss from agricultural dominated catchment is
determined by the share of arable land and the dominating agricultural practices
(crop type, fertiliser application and tillage methods).
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Fig. 2.

Catchment nitrogen loss at the Norwegian, Estonian and Latvian catchments
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Table 1. Main catchment characteristics.
Fertiliser
application
N/P

Measurement
period

Cereals

157/25

1988 - 2003

Sand, loam

Ley, cereals

258/42

1995 - 2005

Arable(58), forest(??),
urban(??)

Silty loam, silty clay loam

Cereals, ley

131/21

1992 - 2005

130 - 237

Arable (65), forest (28), bogs
(4), other(3)

Silt, silty clay loam (partly
levelled)

Cereals

127/24

1992 - 2005

785

91 - 146

Arable (61), forest (29),
urban(8), bog(2)

Silt loam, silty clay loam, loamy
Cereals
sand

157/25

1994 - 2005

3.6

585

200 - 318

Arable(68), forest(26), other(6) Loam

Cereals

159/28

1991 - 2005

166

1.6

575

440 - 863

Arable(42), forest(54), other(4) Silt sand, silt loam

Ley

130/23

1993 - 2005

Naurstad

140

4.5

1020

5 - 75

Arable(42), forest(22), bog(24)
Peat soils
other(12)

Ley

134/23

1994 - 2005

Vasshaglona

65

6.9

1230

na

Arable(60), forest(37),
urban(3)

Sand, loam

Vegetables

198/50

1991 - 2005

Nyhaga

18.8

1.6

575

675 - 863

Forest(100)

Moraine

Forest

-/-

1993 - 2005

Vandsemb

6,5

4

665

157 - 166

Arable(100)

Silt, silt clay loam (levelled)

Cereals

127/24

1992 - 2004

4

3.6

585

149 – 173

Arable

Loam

Cereals, potato

159/28

1992 - 2005

Vinningland

2,4

7.1

1189

na

Arable(100)

Silt sand

Ley

415/50

1998 - 2005

Räpu (Est.)

2550

5.5

742

59-65

Arable (77), forest (21) bog (2) Loam

Cereals, ley

60/9

1997 - 2004

Rägina (Est.)

2130

5.8

642

15-25

Arable (53), forest (47)

Clay loam

Ley, cereals,
potato

30/4

2000 - 2004

Mellupite catchment
(Lat.)

964

6.1

633

na

Arable (68), forest (32).

Silt loam

Cereals

55/16

1998 - 2002

Mellupite drainage
field (Lat.)

12

6.1

633

na

Arable(100)

Silt loam

Cereals

55/16

1998 - 2001

Size
(ha)

Long term mean
temperature (ºC)

Long term mean
precipitation (mm)

Høgfoss

29500

5.6

829

10 – 282

Skas Heigre

2830

7.1

1189

4 - 71

Hotran

2000

5.3

892

10 - 282

Mørdre

680

4

665

Skuterud

450

5.3

Kolstad

308

Volbu

Catchment

Bye

Elevation range
Land use (%)
(m a.s.l.)

Soil texture

Arable(19), forest(80), other(1) Silt loam/silt clay loam
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Fig. 3.

Catchment phosphorus loss at the Norwegian, Estonian and Latvian catchments

Seasonality in runoff

Seasonality in runoff refers to the relative contribution of the different seasons
(ref.: spring, summer, autumn and winter) in the total yearly runoff. Seasonality has
been calculated for all the catchments (Table 3). The catchments represent different
climatic zones, which has an effect on the timing of runoff generation exemplified
at the Volbu and Nyhaga catchments, having the highest runoff during the summer
period, the main reason for this being the inland location leading to delayed
snowmelt runoff extending into the summer period. Kolstad has the highest runoff
contribution during the spring period, this typically representing snowmelt
generated runoff, as for the Volbu and Nyhaga catchments. Volbu, Nyhaga,
Kolstad and Bye have the lowest runoff contribution during the winter period
confirming the influence of a more pronounced inland winter. Typical for all
catchments, except Nyhaga and Volbu, is the low runoff contribution during the
summer period, mainly due to higher evaporative demand. In addition to Nyhaga,
also Skas-Heigre, Vinningland and Vasshaglona have the lowest runoff
contribution during the spring period. For both Skas-Heigre and Vinningland,
almost 80% of the yearly runoff occurs during the autumn and winter period. In
general winter runoff is dominating in both the Estonian and Latvian catchments.
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Table 3. Average values for seasonality in catchments
Catchment
Høgfoss
Skas Heigre
Hotran
Mørdre
Skuterud,
Kolstad
Volbu
Naurstad
Vasshaglona
Nyhaga
Vandsemb
Bye
Vinningland
Räpu (Est.)
Rägina (Est.)
Mellupite catchment (Lat.)
Mellupite drainage (Lat.)

Winter
Dec - Feb
0.30
0.34
0.35
0.23
0.28
0.10
0.06
0.27
0.30
0.05
0.23
0.12
0.39
0.35
0.32
0.49
0.45

Spring
Mar - Apr
0.25
0.11
0.29
0.35
0.27
0.41
0.32
0.22
0.16
0.15
0.33
0.32
0.12
0.36
0.31
0.24
0.22

Summer
Autumn
May - Aug Sept - Nov
0.17
0.28
0.18
0.37
0.13
0.23
0.16
0.26
0.13
0.33
0.23
0.25
0.19
0.43
0.21
0.31
0.22
0.32
0.21
0.59
0.16
0.28
0.20
0.35
0.09
0.39
0.15
0.15
0.16
0.21
0.07
0.21
0.07
0.25

Remark: black, italic indicate highest runoff contribution

Runoff generation as a function of time

The seasonality showed that runoff generation mainly occurs during the period
after the growing season from September – April. As runoff processes are the
driving force behind nutrient- and soil loss processes, it is of interest to know how
many days during a year runoff processes are active as this information may be
relevant in the design of monitoring programmes. In many cases it takes
approximately one month to drain 50 % of the yearly runoff while 90 % is drained
within 4 – 5 months. The general trend is that it takes more days to discharge 90%
of the yearly runoff with an increase in the yearly runoff (Table 4). However, the
Naurstad and Vasshaglona catchments, having almost the same yearly runoff, show
a significant difference in the number of days to discharge 90% of the yearly
runoff. The same applies to the Skuterud and Høgfoss catchments. Possible reasons
can be the rainfall pattern or runoff generating processes, especially when
groundwater represents a considerable part of the total yearly runoff. When
comparing the subsurface runoff at Vandsemb and Bye, it takes less time to drain
90 % of the yearly runoff at Vandsemb although having a higher yearly runoff.
Although the runoff is approximately, it takes less time to drain 90% of the yearly
runoff at Mørdre compared the Räpu, Rägina and Mellupite catchment. Main
reasons for this can be the subsurface drainage intensity system which is less in the
Baltic catchments having drain spacing of 20 – 30 meters compared to 6 – 10
meters in Norway. Also the elevation range for the Baltic catchments is also
considerably less compared to the Mørdre catchment. It takes relatively few days to
drain 50 or 90 % of the yearly runoff.

-321-

IDW2008 - Session 5

Table 4. Accumulated runoff over time.
Fraction of yearly total runoff(%)
50
60
70
80
90 100
Catchment
Vasshaglona
Naurstad
Hotran
Vinningland
Skas Heigre
Skuterud
Høgfoss
Nyhaga
Kolstad
Mørdre
Volbu
Rägina
Mellupite
catchment
Mellupite
drainage
Räpu
Vandsemb
Bye

59
30
28
46
59
28
52
35
31
24
34
54

Number of days
91 130 178 240
44
63
90 137
42
62
93 145
63
85 114 159
80 115 161 230
41
61
90 141
71 101 139 194
51
73 103 147
45
63
91 138
33
46
66 103
47
65
90 134
75 101 134 180

365
365
365
365
365
365
365
365
365
365
365
365

Mean
Runoff(m
m)
1188
1149
767
698
692
508
477
332
320
282
275
255

29

43

62

91

140

365

252

25

36

52

77

120

365

241

51
16
15

73
21
22

99
29
31

133
39
45

179
56
72

365
365
365

224
215
161

Coefficient of variation, skewness and kurtosis

The coefficient of variation (CV) is a measure of the variability of flow conditions
relative to mean flow and has been calculated for all the catchments for periods of
one year, both for hourly - as well as average daily discharge. The CV tends to
increase as hydrological variation in catchments becomes more seasonal and
flashier. CV – values higher than 100 indicate a considerable variation or flashiness
in the catchment discharge (Table 5). The lowest values were obtained for the
Høgfoss, Skas-Heigre and Estonian catchments, while the highest values are at the
Vandsemb and Bye catchments (subsurface drained). No major differences in CV values exist when calculated on hourly - or average daily discharges respectively.
The skewness provides information about the shape or asymmetry of the frequency
distribution. Symmetry implies zero skewness while a positive skewness is an
indication that the distribution of discharges is determined by a relatively small
number of large flows, for example due seasonality in runoff or heavy rainstorm or
snowmelt events. There is a considerable variation in skewness between
catchments, with the lowest values observed at the Høgfoss, Skas-Heigre and
Estonian catchments. For many catchments a considerable difference in skewness
exists when calculated on hourly - and daily discharge values respectively. The
kurtosis provides information whether the data are peaked or flat relative to the
normal distribution with a high value indicating that the measurements are outlier
prone while a negative value would indicate that catchment runoff is characterized
by relatively stable flows. There is a considerable variation in kurtosis between
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catchments with the lowest values obtained for the same catchments having low
CV and skewness values. For some of the Norwegian catchments there is a
significant increase in kurtosis when calculated on hourly discharge values.
The skewness and excess kurtosis for a normal distribution are 0 and 3
respectively. In this case those values are much higher indicating that the
distribution of discharge is outlier prone, which becomes even more obvious when
calculated for hourly discharge. The Vasshaglona represents an extreme case with
very high values for both skewness and kurtosis. Possible reasons for this might be
runoff contribution from areas outside the defined catchment boundaries, especially
during periods with high runoff.
Table 5. Coefficient of variation (CV), skewness and kurtosis on measured discharge
values (l s-1) at the catchment outlet.

Catchment
Høgfoss
Skas-Heigre
Hotran
Mørdre
Skuterud
Kolstad
Volbu
Naurstad
Vasshaglona
Nyhaga
Vandsemb
Bye
Vinningland
Räpu (Est.)
Rägina (Est.)
Mell. catch.
(Lat.)
Mell. drain.
(Lat.)

CV
Hourly Daily
disch
disch
125.1 122.5
115.0 110.4
229.1 203.2
245.4 221.9
239.2 208.5
194.6 182.4
177.2 170.6
211.1 190.9
190.0 148.1
168.7 164.8
293.3 273.2
307.2 292.6
156.7 135.9
134.6 133.2
121.8 121.0

Skewness
Hourly Daily
disch
disch
3.0
2.9
2.6
2.5
6.6
5.1
5.4
4.1
6.2
4.7
4.7
3.5
3.7
2.9
5.4
4.3
11.5
6.2
3.2
2.9
4.4
3.9
6.0
5.4
4.0
2.4
2.9
2.8
2.1
2.0

Kurtosis
Hourly Daily
disch
disch
16.3
14.6
11.0
10.4
65.8
40.8
45.9
26.0
58.3
33.1
43.9
19.2
27.5
13.6
46.4
30.1
226.7
62.0
16.8
13.3
26.0
20.9
49.7
39.8
29.3
10.0
15.4
14.3
8.2
7.8

187.6

182.0

3.7

3.4

19.2

16.7

223.4

207.3

4.6

4.1

30.0

24.6

Maximum specific discharge

The average of the yearly maximum specific discharge values during the
observation period, based on average daily discharge values (MHQ_day), varies
from 0.4 - 6.8 l s-1 ha-1 for the Rägina and Vasshaglona catchment respectively.
Based on hourly discharge values (MHQ_hr), the maximum specific discharge
varies from 0.5 - 18.7 l s-1 ha-1, also for the Rägina and Vasshaglona respectively.
In addition to the large variation between catchments, a considerable variation for
the individual catchments exists, visualised by the large coefficient of variation
(CV). In many cases large differences in the maximum specific discharge occur
when calculated based on average daily - (HQ_day) or hourly discharge values
(HQ_hr), in some cases amounting to almost 200 % (Table 6). The highest average
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specific discharge has been recorded at the Vasshaglona catchment (MHQ_hr =
18.7 l s-1 ha-1) with a maximum value HQ_hr = 33.9 l s-1 ha-1, being high compared
to the other catchments. For the Norwegian catchments the difference between
HQ_hr and HQ_day is least pronounced for the Høgfoss and Skas-Heigre
catchments. Among the Norwegian subsurface drained fields, Vinningland has the
highest specific discharge with a MHQ_hr = 4.8 and MHQ_day =2.3 l s-1 ha-1
respectively, which is comparable to many of the Norwegian catchments.
The specific discharge values for the Baltic catchments are significantly less
compared to the Norwegian catchments. Important reasons for this difference can
be the topography and subsurface drainage intensity. For the Norwegian
catchments, the highest recorded discharge occurs either during autumn or in
spring. For the Baltic catchments the highest discharge occurs during springtime.
This is in agreement with the seasonality in runoff which showed that most of the
runoff occurs during the period after the growing season from September – April.
Table 6. Average maximum and absolute maximum specific discharge (l s-1 ha-1)
Catchment
Høgfoss
Skas-Heigre
Hotran
Mørdre
Skuterud
Kolstad
Volbu
Naurstad
Vasshaglona
Nyhaga
Vandsemb
Bye
Vinningland
Räpu (Est.)
Rägina (Est.)
Mell. catch.
(Lat.)
Mell. drain. (Lat.)
1

MHQ_day
HQ_day
3
MHQ_hr
4
HQ_hr
2

MHQ_day

HQ_day

observation MHQ_h
r
CV
day year
(3)

HQ_hr

observation

(1)

CV

1.3
1.6
4.9
1.7
2.9
1.4
1.0
6.0
6.8
1.1
1.2
1.3
2.3
0.6
0.4

39.4
22.4
33.3
56.1
33.8
33.9
48.9
30.5
52.7
34.2
24.2
44.9
14.0
33.0
21.9

1.8
2.2
7.2
4.4
4.5
2.0
1.6
10.2
21.2
1.7
1.8
3.0
3.1
1.0
0.7

359
319
49
79
92
100
117
57
258
131
352
266
264
57
14

1999
2005
1998
2004
1994
1999
1993
1998
1995
2001
2004
2003
2004
1997
2000

1.5
1.7
8.5
2.8
5.7
2.4
1.7
10.5
18.7
1.6
1.6
1.7
4.8
0.7
0.5

38.0
23.1
35.2
55.0
29.4
24.6
40.3
37.6
78.9
30.9
19.8
54.5
17.3
33.5
61.9

2.3
2.4
11.8
7.9
9.5
4.6
3.7
15.8
33.9
2.5
2.4
3.0
6.4
1.0
0.7

270
319
49
78
359
109
99
309
258
123
349
265
289
57
13

1999
2005
1998
2004
1999
1996
1999
1995
1995
1993
2004
2003
2001
1997
2000

1.0

26.8

1.3

59

2002

1.2

25.1

1.7

66

2002

1.3

12.2

1.6

42

1998

1.6

18.8

1.8

126 2001

(2)

(4)

day year

average of yearly maximum specific discharge based on average daily discharge
maximum based on average daily discharge values
average of yearly maximum specific discharge based on hourly discharge values
maximum based on hourly discharge

Yearly flow deficiency

Differences between the maximum hourly - and average discharge occur on a daily
basis, being highest during periods with a high runoff. A characterisation of the
hydrology based on average daily discharge values can therefore be insufficient, as
large in-day differences in discharge can occur. The magnitude of the difference
during a specific day is an indication of catchment response to precipitation and/or
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snow melt. Especially the higher discharge represents a considerable source of
energy in soil and nutrient loss processes which among others is used in the
Modified Universal Soil Loss Equation (MUSLE, Williams, (1975)) and applied in
the SWAT – model (Arnold, 1998). The MUSLE is a modification of the Universal
Soil Loss Equation (USLE) which predicts the average annual gross erosion as a
function of rainfall energy. In the MUSLE the rainfall energy factor is replaced
with a runoff factor represented by the peak discharge, the total runoff and the
catchment area. The magnitude of the difference between the daily maximum - and
average daily discharge provides information about the hydrological character of
the catchment and can act as an explanatory factor in nutrient – and soil loss
dynamics. Therefore, a yearly flow deficiency index (Yfd) is proposed,
representing the sum of the differences between the daily maximum - and average
daily discharge per year, divided by the average yearly discharge. The average Yfd
varies from 46 – 278 for the Rägina/Räpu and Skuterud catchments respectively
(Table 7). Large Yfd-values were also obtained for Hotran, Vasshaglona, Mørdre
and Naurstad. The subsurface drained fields Vandsemb and Vinningland have
comparable Yfd-value. The lowest Yfd-value was obtained for the Høgfoss
catchment with Skas-Heigre, Volbu and Nyhaga being in the same order of
magnitude. The Yfd-values for the Estonian catchments are lowest and are
considerably less compared to the Mellupite catchment in Latvia. Interesting also is
the difference in between the Mellupite drainage and – catchment, the larger Yfdvalue at the drainage field being an indication of scale effects on runoff generating
processes.
Table 7. Yearly flow deficiency for Norwegian and Baltic catchments
Catchment
Høgfoss
Skas-Heigre
Hotran
Mørdre
Skuterud
Kolstad
Volbu
Naurstad
Vasshaglona
Nyhaga
Vandsemb
Bye
Vinningland
Räpu (Est.)
Rägina (Est.)
Mell. catch. (Lat.)
Mell. drain. (Lat.)

Mean
66
98
244
237
278
132
89
225
242
81
223
115
249
46
47
113
164

Maximum
91
134
286
332
341
244
155
265
452
113
288
154
363
63
53
126
186

Minimum
53
58
188
113
222
98
57
188
104
55
177
53
177
36
37
100
145

CV
14
26
13
23
14
27
30
11
36
22
18
25
23
22
16
11
11

The flashiness index

Flashiness, or rate of change, refers to how quickly flow changes from one
condition to another and has been widely used to describe urban hydrology. Baker
et al (2004) has developed a flashiness index (FI), which describes those changes
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by calculating the total pathlength of flow and dividing this by the sum of the
average daily discharges. The total pathlength is equal to the sum, usually over one
year, of the absolute values of the day to day changes/differences in the average
daily discharge values. The index is derived by dividing this pathlength by the sum
of the daily discharge volumes for the year as
n

FI =

∑q
i =1

i

− qi −1

n

∑q
i =1

i

The resulting index is dimensionless and its value is independent of the units
chosen to represent flow. In particular, the value of the index is the same whether
the values of q are treated as daily discharge volumes (m3) or as average daily
flows (m3/s). When based on the average daily discharge, the FI does not take into
account the in-day variation in discharge (see “yearly flow deficiency”). For
smaller catchments, the use of mean daily flows underestimates the actual
pathlength of flow oscillations associated with storm runoff. Baker et al. (2004)
tested the effect of using hourly instead of daily average discharge values and
found, due to an increase in the total pathlength, a considerable increase in the FI
by a factor 1–3.Therefore, a FIhr, based on hourly discharge has also been
calculated. In this case the total path length is the yearly sum of the differences in
hourly discharge values.
The FIday - values vary from 0.17 – 0.64 for the Räpu/Rägina and Vandsemb
catchment respectively (Table 8, Figure 5). The FIday-values for the Estonian
catchments are considerably lower than the Latvian catchment. When based on
hourly discharges, a significant increase in the flashiness index occurs, varying
between catchments. For many of the Norwegian catchments the increase is by a
factor 3 – 4. The highest FIhr-values are at the Skuterud, Hotran and Vasshaglona
catchments, varying from 1.79 – 1.83. The FI for the Høgfoss catchment is small
compared to the other Norwegian catchments most likely due to the scale of the
catchment being large compared to the other catchments. Baker et al (2004) found
a decreasing trend in FI with increasing catchment area with FI and catchment size
varying from 0.05 – 0.95 and 11 – 16000 km2 respectively. Among the subsurface
drained fields, the FIhr-values for the Vinningland and Vandsemb catchment are
high and comparable to many of the catchments. Except for the Nyhaga and Volbu
catchments, the FIhr - values for the Norwegian catchments are considerably higher
than the Baltic catchments. Important reasons for the difference are most likely
subsurface drainage intensity and topography. As for the Yfd, also the FIhr-values
for the Mellupite catchment and drainage field are higher than the Estonian
catchments while in addition a significant difference between the Mellupite
catchment and drainage field is present. The analysis clearly showed that a
flashiness index based on average daily discharge values masks the real dynamics
or flashiness in the runoff.
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Table 8. Flashiness index, based on hourly and average daily discharge

Catchment
Høgfoss
Skas-Heigre
Hotran
Mørdre
Skuterud
Kolstad
Volbu
Naurstad
Vasshaglona
Nyhaga
Vandsemb
Bye
Vinningland
Räpu (Est.)
Rägina (Est.)
Mell. catch. (Lat.)
Mell. drain. (Lat.)

Fig. 5.

Hourly
discharge
Mean
CV
0.39
12
0.83
30
1.82
15
1.56
23
1.83
15
0.95
29
0.68
29
1.57
15
1.79
31
0.62
20
1.47
17
0.79
28
1.80
26
0.30
24
0.30
15
0.67
11
1.10
19

Average daily
Discharge
Mean
CV
0.24
11
0.31
10
0.60
17
0.54
17
0.57
12
0.29
16
0.19
21
0.59
11
0.38
26
0.19
16
0.64
16
0.37
17
0.46
17
0.17
17
0.17
16
0.37
5
0.51
10

Flashiness indices for catchments, based on average daily and hourly discharge
values
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Discussion
Considerable differences in annual runoff exist between the catchments. For almost
all catchments, the largest amount of runoff is generated during the period after the
growing season from September – March due to precipitation and/or snow melt.
Characteristic for almost all the catchments is that the generation of the yearly
runoff is confined to a limited number of days. In many cases it takes
approximately one month to drain 50 % of the yearly runoff while 90 % is drained
within 4 – 5 months. In general it can be concluded that it takes more days to
discharge 90% of the yearly runoff with an increase in the yearly runoff. The
coefficient of variation (CV), skewness and kurtosis indicate that the yearly
catchment discharge shows a high variation and is extremely outlier prone, both for
hourly as well as average daily discharges. For many of the Norwegian catchments,
a significant increase in skewness and kurtosis occurred when obtained on hourly –
instead of average daily discharges. This indicates the presence of extreme hourly
discharge values which disappear when converting to average daily discharges. The
lowest values for the CV, skewness and kurtosis were obtained for the Høgfoss,
Skas-Heigre and Estonian catchments- At this stage it is assumed that possible
reasons for this can be catchment size, topography and/or subsurface drainage
intensity, however this has to be further investigated. The fact that Skas Heigre is
operated as a so-called “polder”, in which access water automatically is pumped
out, also is a contributing factor. Another indication of the large in-day variation in
discharge is the difference in maximum specific discharge, calculated on the basis
of the average daily (HQ_day) and hourly discharge (HQ_hr) respectively. Except
for the Høgfoss and Skas-Heigre, considerable differences were found for the
Norwegian catchments. Compared to the Norwegian catchments, the differences
were relatively small for the Baltic catchments. A flow deficiency index (Yfd) was
developed to calculate the in-day variation on a yearly basis. The index expresses
indirectly the energy available in runoff for nutrient loss processes. In Norway, the
Skuterud catchment had the highest value for the Yfd, but also Hotran,
Vasshaglona, Mørdre and Naurstad had similar values. Except for Mørdre, these
are also the catchments having the highest nitrogen and phosphorus loss. Also the
subsurface drained fields Vandsemb and Vinningland had high values while
Høgfoss and the Estonian catchments had the lowest Yfd – values.
The flashiness index in a way combines the results of the characteristics like CV,
skewness, kurtosis and Yfd. The highest values were found for Skuterud, Hotran,
Vasshaglona and Mørdre while Høgfoss and the Estonian catchments had the
lowest values. For many Norwegian catchments a considerable increase in FI was
obtained when calculated on hourly - instead of average daily discharge. This was
in line with similar findings by Baker et al (2004). This once more reflects the large
in-day variations in discharge in several Norwegian catchments which is not taken
into account when only considering average daily discharge values. Deelstra and
Ital (2008), when comparing the FI and nutrient loss between 2 Estonian and
Norwegian catchments, concluded that the FI partly could explain the difference in
nutrient loss. However, in figures 6 and 7 is shown that a poor relation exists
between the FI and nitrogen and phosphorus loss respectively, when comparing all
the catchments. One of the main reasons for this is that nutrient loss depends on
many factors like farming practices, topography, soil type, hydrological pathways
and climatic conditions and which are not included in the flashiness index as an
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explanatory factor. This is exemplified for phosphorus showing at the higher end of
the flashiness index (FI = 1.8) a large variation in P-loss (Figure 7), with the low
and high P-loss for Vinningland and Vasshaglona respectively. Although the Pfertiliser level at Vinningland is high (Table 1), the phosphorus is originating
through the subsurface drainage system mainly occurring as dissolved P. The
fertiliser level at Vasshaglona is approximately the same but in this case the high P
–loss is mainly a result of both surface runoff induced erosion in addition to instream and bank erosion. Erosion is often a cause for high P loss as inorganic P is
strongly fixed to the soil particles (Sample et al., 1980) and the erodibility,
determined by the soil properties, plays an important role in this process. Also
other factors like soil tillage methods and topography influence on the P-loss

Fig. 6.

Nitrogen loss and flashiness index (FIhr)

Fig. 7.

Phosphorus loss and flashiness index (FIhr)
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Nutrient loss is closely linked to periods with runoff generation. To design proper
water sampling routines is paramount in obtaining a reliable estimate about this
nutrient loss. The large variation in runoff generation during a year, expressed
through the seasonality, must be taken into consideration when designing water
sampling routines. But also the differences in FI, when calculated on daily and
hourly discharge values respectively, in addition to the Yfd indicated large in-day
variation in discharge. It is paramount that a water sampling system consisting of
composite volume proportional water sampling is the best alternative to obtain
reliable information about nutrient loss. Volume proportional water sampling gives
very satisfactory results compared to other sampling methods and is recommended
in load estimation studies (Rekolainen et al., 1991; Haraldsen and Stålnacke, 2005;
Schleppi et al., 2006). Richards (1998), in a report to the EPA/USA, describes this
sampling method as a very precise and accurate method in the estimation of loads.
The results of this analysis clearly demonstrated that large in-day variation in
discharge can exist which have the potential being used in climate scenario studies.
Models often do not predict maximum daily discharge values but instead daily
runoff (mm). An analysis carried out on measured discharge values for the
Skuterud catchment for 1999 showed that a rather good relation existed between
the average and maximum daily discharge (Figure 8). The potential of this is that it
can provide input to erosion models, more in specific to be used in the MUSLE –
equation. Whether such relations could be established on the basis of available data
for the different catchments should be further analysed, especially whether such
relations are influenced by season or more specific frozen soils and reduced soil
infiltration rates.

Fig. 8.

Log – log relation between average – and maximum daily discharge for Skuterud
catchment, 1999

For Norway, climate change scenarios predict among others milder winters with
more precipitation and hence an increase in runoff. An analysis on data for the
Skuterud catchment showed that the FI increased with an increase in the monthly
runoff (Figure 9). An increase in the FI means larger variations in discharge and
which subsequently might lead to increased nutrient loss unless proper mitigation
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measures are taken. Further analyses on runoff data and nutrient loss from
individual catchments will be carried out to obtain information on possible
relations between the FI and nutrient loss.
Skuterud, 1994 - 2005

0.16
2

R = 0.85

Flashiness index

0.12

0.08

0.04

0

Fig. 9.
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100

200
runoff (mm)

300

400

Flashiness index (FIhr) and monthly runoff for the Skuterud catchment

This analysis has been carried out on data collected in the environmental
monitoring programmes in Norway, Estonia and Latvia. This analysis has shown
that differences in hydrological characteristics between catchments exist. The
reason for the observed differences in the hydrological characteristic is believed to
be partly caused by differences in hydrological pathways. Also considerable
differences in hydrological characters were obtained for individual catchments,
depending on the time resolution of the input data which is an indication of large
in-day variations in discharge. A thorough understanding of the hydrological flow
processes is necessary in the implementation of cost effective river basin
management plans within the EU Water Framework Directive and in the selection
of adequate measures to achieve at least good ecological status of water bodies by
2015. This becomes even more a challenge in the light of the climate change
scenarios.
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Introduction
According to many studies the most important effect of the climate change on
hydrological regimes in Finland is the change in the seasonal distribution of runoff.
Winter runoff is expected to increase considerably due to an increase in snowmelt
and rainfall, while spring floods are estimated to decrease in southern Finland. A
recent study shows that the maximum daily summer (May-September) precipitation
is estimated to increase 10-30% in Finland (1971-2000 to 2070-2099, A1B) and 6
hour maximum precipitation 15-40% (RATU 2008). These changes request several
changes in flood risk management and land use planning in Finland.
The future flood risk management planning in Finland will be mainly based on EU
floods directive. The directive on the assessment and management of flood risks
entered into force on 26 November 2007. The aim of the directive is to "reduce and
manage the risks that floods pose to human health, the environment, cultural
heritage and economic activity" in the area of European Commission.
Land use planning can be the most important measure to prevent the increase of
damage potential in flood prone areas. It can be used to protect the existing flood
retention areas and flood plains and to avoid the damages caused by river, lake and
sea floods. The local land use planning can also be used as a tool to prevent
damages by urban storm water floods. In any case, identification of flood risk areas
is fundamental for the best flood management.

The effect of climate change on the hydrology in
Finland
Finland is located in a transition zone between a continental and maritime climate,
and belongs mostly to the boreal zone. Finland's mean precipitation is about 700
mm/year. The half of this amount about is evaporated and the rest flows to the seas.
Currently, snow melt induced floods are causing the most serious flood damage in
Finland. Average annual flood damage is less than five million euros.
Observed changes in climate.

In Finland, the mean temperature rose by around 0.7°C during the 20th century
(Kuusisto 2004). However, no statistically significant precipitation (Tuomenvirta
2004) nor annual mean outflow (from Finland) changes have been observed
(Korhonen 2007). Also, the magnitudes of spring high flow have only marginally
changed. On the other hand, significant seasonal changes have been observed, such
as milder and shorter winters, causing increase in winter and early spring
discharges. Discharge regime is influenced by climate change, but as well human
impacts and land uplift. Human influenced regulation has both increased and
decreased discharges in some places (Korhonen 2007). Land uplift compensates
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partly or fully the sea level rise, depending on the sea level scenario and location of
the city.
Climate change predictions

In future, precipitation and temperature are predicted to increase in Finland. Based
on average of 19 global climate change models (A1B-scenario) winter season
precipitation is expected to increase 10-40 % and summer precipitation 0-20 % by
2070-2099, relative to period 1971-2000 (RATU 2008). Trend is predicted to be
fairly linear. However, e.g. 6 hours maximum precipitation is expected to increase
more (May to September), when used one regional model RCA3 with ECHAM5
and A1B SRES -scenario. In some regions 6 hour maximum precipitation may
increase 30-40 % (in southern Lapland), with large variation (RATU 2008).
Predicted changes in discharge vary largely. E.g. the large (27 000 km2) regulated
river basin Kokemäenjoki with 11 % lakes in southern Finland is expected to have
0-15 % higher floods. This is based on mean of several A1B-scenarios, where
precipitation and melting waters accumulate in winter and evaporation is very
small (TOLERATE 2008). On the other hand, e.g. in a small non regulated
Uskelanjoki river system (600 km2, 0,6 % lakes) located in southern Finland, peak
discharge of floods is predicted to reduce by 10 to 30 % (TOLERATE 2008).
Results are very uncertain, as simulation period is only 30 years (HQ1/100 change
calculated) and seasonal fluctuation of discharges is large in a such small
catchments.

EU Floods Directive
Directive 2007/60/EC on the assessment and management of flood risks entered
into force on 26 November 2007 (EU 2007). The aim of the directive is to "reduce
and manage the risks that floods pose to human health, the environment, cultural
heritage and economic activity" in the area of European Commission. The actions
to fulfil the requirements of the directive will be the foundation for the national
flood risk management in Finland. The following steps should be followed to
achieve the requirements of the directive:
• The member states should conduct the preliminary flood risk assessment by
2011 to identify the catchment areas and coastal areas at risk of flooding
• The flood hazard maps and flood risk maps should be prepared for the
identified flood risk areas by 2013.
• The flood risk management plans should be prepared by 2015 for the
catchments or other management areas which contain identified flood risk
areas.
The overall working flow from flood risk assessment to flood risk management in
the EU Floods directive is presented in figure 1.
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The overall working flow from flood risk assessment to flood risk management in
the EU Floods directive (Alho et al. 2008).

The Directive shall be carried out in coordination with the Water Framework
Directive. Specially there will be coordination in the preparation of flood risk
management plans and river basin management plans. Also the public participation
procedures will be common. All the assessments, maps and plans prepared shall be
made available to the public. Flood risk assessments, flood maps and flood risk
management plans should be updated every six years. The EU floods directive
considers all types of floods. However floods from sewerage systems can be
excluded.

Flood risk management for river, lake and sea floods
The adaptive capacity of the Finnish environment and society to a changing climate
was assessed in FINADAPT-project (Carter 2007). As part of the project a series of
recommendations in terms of adaptation from different water sectors were
identified (Silander et al. 2006). The main recommendations related to flood
management were:
• Administration should regularly estimate and if necessary update
recommended building elevation levels, design precipitations and flood
return periods. They should also regularly e.g. update flood maps for
sensitive areas and flood mitigation plans.
• Revision of regulation permits is needed in many water courses to improve
the opportunities to adjust the regulation practice to changing hydrological
conditions, such as increased winter floods, decreased spring floods and
increased occurrence of extreme dry conditions and increased possibility for
frazil ice floods.
• Designated water retention areas in a catchment should be considered, not
only by considering flood waters but also taking into account bird habitats
and their performance for sedimentation and nutrient removal.
• In order to find the best means for flood mitigation watercourses should be
considered as entities.
• Climate change for hydropower will include changes in the planning and
operation practices of power plants.
• The increases in design floods can cause needs to increase the outflow
capacity of certain dams
These recommendations can be taken into account when the flood risk management
plans are conducted. According to the EU Floods Directive the preliminary flood
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risk assessments, flood maps and Flood risk management plans should be updated
every six years. During that updating also the effects of climate change on floods
can be re-evaluated. The increased knowledge of the impacts of climate change on
floods may make it necessary to update assessments, maps and management plans.
The regulation of lakes is the most efficient way to mitigate floods in Finland.
According to the FINADAPT-project the most important effect of climate change
on hydrological regimes in Finland is the change in seasonal distribution of runoff.
Winter runoff is expected to increase considerably due to an increase in snowmelt
and rainfall, while spring floods are estimated to decrease in southern Finland. This
has to be taken into account in the lake regulation permits. There has to be enough
storage capacity in the lakes to be used during winter floods.
The preliminary flood risk assessment and flood risk management plans should be
made at catchment scale. Cathcment scale view should be taken into account also
in the land use planning specially when the protection and extension of retention
areas are considered.
Flood hazard and flood risk maps serve as a basis for land use planning and
emergency planning.

Flood risk management for urban sewerage floods
Land use of urban environment makes its hydrology very different compared to
natural environment. Natural flow paths are often disconnected and man-made,
vegetation is diminished and changed, soil is replaced and compressed and its
surface is covered with impermeable material. This modified hydrological cycle
exposes densely populated urban areas to sewer flood impacts
The Ministry of Agriculture and Forestry (2008) contracted out a survey about the
state of the water supply service network in Finland. 12 % of the sewer network
was considered to be in bad or very bad condition and there is an annual demand of
renovation for 900 km of sewer line in 2010-2020. Sewer network consisted of
both storm water and waste water system. The upcoming massive renovation work
offers an opportunity to upgrade the urban drainage network to respond the
challenges of climate change and increasing urbanization.
Urban drainage system can be considered to consist of two components. The minor
system is designed to control runoff generated from more frequent rainfalls. It
consists of the underground sewer pipes as well as overground ditches, gutters and
kerbs. The major system routes the overland flow during more severe and rare
rainfall events, when the minor system is not able to drain the catchment. The level
of protection should be balanced between the costs of building and flood damage.
Useful recommendations for both design storm and especially flood frequency are
presented in European Standard 752-4 (SFS 1998).
Harmaajärvi & Huhdanmäki (1999, in Harmaajärvi 2002) studied the effect of
different urban structures on the carbon dioxide emissions of Helsinki metropolitan
area. They noticed that a densified urban structure reduces emissions in contrast to
urban sprawl. However, this kind of structure would reduce the permeable surface,
increase runoff volumes and shorten the respond time of the catchment if
construction is carried out in traditional way. Wahlgren et al. (2008) state that the
increasing amount of storm water should be directed to sewers, ditches or other
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proper areas in town plans. More sustainable methods, such as permeable
pavements are mentioned, as well as the fact that using sewerage as alternative
would lead to greater pipe dimensions.
The impact of climate change on urban catchments was studied with hydrological
and hydraulic models as a part of RATU-project (RATU 2008). Some results are
already available (Aaltonen 2008). In a relative small headwater catchment the
impact of increased precipitation is transferred directly to runoff. A rather
comprehensive numerical model study about climate change impacts and future
urbanization scenario together is carried out by Semadeni-Davies et al. (2008a): In
addition to climate change the future development of the study area (Helsinborg
city in Sweden) is described as well. The results showed that in an expanding city
the runoff volume would be 3.4-3.6 percentage unit greater without increasing the
storage volume and proportion of pervious area in the catchment. This kind of
actions are possible for example with SUDS (sustainable urban drainage system).
The same team performed also a similar analysis on combined sewer systems
(Semadeni-Davies et al. 2008b). Projects like STORMWATER (Sillanpää 2008)
where sustainable methods are researched in practice, will hopefully contribute to
the implementation of SUDS in Finland.
Identification of urban flood risks may be performed without models by applying
GIS software to a decent digital elevation model. Variables to take into
consideration are for example the amount and location of impermeable surface and
buildings and flow routes. To perform the examination in a cost effective way,
datasets already available should be used. For example Hankin et al. (2007)
propose a method where depressions, areas with moderate slope and high flow
accumulation value are weighted differently and counted up as a flood index. The
drainage network may be added to elevation model with stream burning (Chen et
al. 2003). Simple area-elevation analysis together with drainage network scheme
from municipal database may also be a useful tool in risk assessment.
Rainfall used in this examination should be revised to respond accurately the
present climate and uncertainties related to future climate change – not to forget a
proper uncertainty analysis around the whole rainfall-runoff process. A further
study with numerical hydrological and hydraulic models should be performed in
areas that prove to be more hazardous.
Regardless of the used drainage system, a proper maintenance program should be
created and followed. To prevent the damage of private property for floods,
instructions should be considered to inform citizens about the hazards and to give
guidelines how to minimize the damages and act under the flood.

Land use planning
Land use planning is an important factor in flood risk management. It also has
effects on all aspects of water management – floods, water quality and droughts.
Land use planning should be used for climate change adaptation and also for
climate change prevention. Land use planning is the most important measure to
prevent the increase of damage potential in flood prone areas. The local and
regional land use planning can be used to protect the existing flood retention areas
and flood plains and to avoid the damages caused by river, lake and sea floods. The
local land use planning can also be used as a tool to prevent damages by urban
sewerage floods.
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Historically the flood damages have been relatively low in Finland. Because of that
floods have not always been taken into account in land use planning in a proper
way. Today, due to urbanization, the pressure to built on coasts is higher than ever.
In cities, the areas near the coast are planned to housing. In the countryside, the
number of summertime-cottages is still increasing and more and more of them are
actually large houses with all conveniences. According to the Finnish Building Act,
it is not permitted to build in flood risk areas. In practice this means that if the
planned building area is a possible flood hazard area the builder has to contact the
local environment centre and ask for the lowest recommended level for the
building. This permission procedure has been an important measure to prevent
future flood damages in Finland. However, the local land use planning should be
used more effectively in the future to prevent the increase of flood damage
potential.
Flood hazard maps will be important tools to prevent building to flood risk areas.
There have been flood maps available only for a couple of years in Finland. Now
there are flood hazard maps ready for about 60 locations and more locations are
mapped every year. The challenge is to get this flood map information to be used
by land use planners.
The protection and extension of retention areas and flood plains should be taken in
to account in the regional land use plans. This means that land use planning should
also be made at catchment scale. The extension of retention areas is often difficult
because the flood problems are often in the downstream and the possible retention
areas in upstream part of the catchment area.

Conclusions
The predicted effects of climate change on hydrology request several changes in
flood risk management and land use planning in Finland. The actions to fulfil the
requirements of the directive will be the foundation for the national flood risk
management. The directive has several aspects which consider the effects of
climate change. One important measure in adaptation to climate change is the
necessary change in the regulation practices of the lakes.
Flood maps are providing useful information for land use planners. However, in
land use planning the pressure from the local society is quite often too large for
local land use planners to be controlled. Thus, new buildings will continue
appearing on flood plains, unless national policy in land use planning is not strong
enough. Land use planning is the most important measure to prevent the increase of
damage potential in flood prone areas. It can be used to protect the existing flood
retention areas and flood plains.
As the densification of present infrastructure is ongoing and it is recommendable to
control the climate change, a flood risk examination should be performed to ensure
safe urban environment within acceptable design storm frequencies. Sustainable
drainage solutions are preferable in runoff control, since conveying storm water
downstream the catchment just exacerbates the situation elsewhere. The needs of
this kind of runoff control solutions should be noted in municipal planning when
densifying the infrastructure or renovating the existing drainage system.
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Session 6
Closing session
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Drainage, the driver of sustainable
environments
Willem F. Vlotman, ICID Chairman Working Group on Drainage
Manager Water Systems Improvement, Goulburn-Murray Water, POB 165, Tatura,
Vic 3616, AUSTRALIA. +61-3-5833 5680, willemv@g-mwater.com.au.
Abstract

At the ninth International Drainage Workshop (IDW9) Utrecht drainage was
placed firmly in the realm of Irrigated Water Resources Management. The actions
agreed upon and the implementation since that date are briefly reviewed. Drainage
is an important driver for sustainable outcomes and the three main performance
indicators in the framework of sustainable IWRM which judge achievement of
sustainability are described. The drivers of sustainable environments can be the
Key Performance Indicators (KPIs) from the Triple Bottom Line (TBL)
frameworks that inform us how well we are doing. These KPIs are either oriented
towards internal business performance or towards external impacts of the
organisations products and services. It becomes important to keep the internal and
external KPIs separate so the organisation’s mission, strategies and operational
objectives are clear in the mind of all stakeholders. Drainage environmental KPIs
are related to salinity, waterlogging and water quality while all others relate to the
IWRM. Suggestions on how to avoid the Achilles heel of performance assessment,
which is the large data collections needed, are considered.
Glossary

The paper uses abbreviations extensively and for that reason they are explained
upfront.
BSI
BSC
CSIRO
CSPS

CRC

Balanced Scorecard Institute, www.balancedscorecard.com
Balanced ScoreCard
Commonwealth Scientific and Industrial Research Organisation, Australia.
Country Policy Support Programme. Launched in 2002 by ICID to
contribute to developing effective options for water resources development
and management to achieve an acceptable food security level and
sustainable rural development. www.icid.org .
Cooperative Research Centres, Australia. The CRC program was
established to bring together researchers and research users.
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GIS
GRI
GWP
ICID
ICSU
IDW9/10
IEC

Geographical Information System
Global Reporting Institute
Global Water Partnership, Helsinki, Sweden. www.gwp.org .
International Commission Drainage and Irrigation, www.icid.org .

International Council of Scientific Unions, a coordinating body of
national science organizations.
9th and 10th International Drainage Workshop, facilitated by the WG-DRG
of ICID.
International Executive Council of the ICID, holds annual meetings around
the world.

IGBP

International Geosphere-Biosphere Programme, http://www.igbp.net/
The IGBP is a research programme that studies the phenomenon of
global change. The ICSU launched IGBP in 1986. It looks at the total
Earth system, the changes that are occurring, and the manner in
which changes are influenced by human actions.

IHE

International Hydraulics and Environment institute, since 1957, became
UNESCO-IHE in 2003. http://www.unesco-ihe.org/ .
International Programme for Technology and Research in Irrigation and
Drainage. A multi-donor trust fund hosted at FAO as a special programme
for more efficient use of water in agriculture.
Irrigation Sustainability Assessment Framework, CSIRO, Australia
Information Technology
Integrated Water Resources Management.
Key Performance Indicator
Mega Litre, 10^6 Litres or 1000 m3, a common unit used in Australia
National Water Commission, Canberra, Australia
National Water Initiative. Programme managed by the NWC
Remote Sensing
Supervisory Control And Data Acquisition system
Triple Bottom Line
United Nations Environmental Science Organisation, Paris, France. Hosting
the UN Water Portal.
Working Group on Drainage of the ICID.
4th World Water Forum, Mexico City, Mexico, 16 – 22 March 2006.
WWF5: 16 - 22 March 2009, Istanbul, Turkey.

IPTRID

ISAF
IT
IWRM
KPI
ML
NWC
NWI
RS
SCADA
TBL
UNESCO
WG-DRG
WWF4/5

Moving on from the 9th International Drainage
Workshop
This section briefly reviews the decisions taken at 9th International Drainage
Workshop (IDW9), notes the progress to date and serves as a lead into the next
sections which continue to emphasise the importance of drainage being a part of
the overall water system.
DRAINDISSEM, DRAINMOVES, DRAINCAPNEED and DRAINAGEPAYS,
are acronyms for actions developed at the conclusion of the 9th International
Drainage Workshop, held in Utrecht from September 10 – 13, 2003 in the
Netherlands (Vlotman 2004). All actions had, as the main objective, the further
integration of drainage into Integrated Water Resources Management (IWRM) as
expressed in the Utrecht Declaration (see Box).
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UTRECHT DECLARATION, September 2003
“Drainage is an integral part of integrated water resources management. The role
of drainage has to be communicated better in this broader perspective, both within
and outside the drainage community. The drainage community has to stick out its
neck to make the “invisible” visible. As a first step, 15 action plans have been
formulated and the participants have committed themselves to these plans.
“Drainage ambassadors for IWRM” should be appointed at international and
national levels to get the drainage community more involved in the agenda setting
of water policies. Long-term partnerships with all stakeholders are effective
conduits for joint action to solve critical water management problems.”

DRAINDISSEM aimed at achieving dissemination of the importance of integration
of drainage in IWRM and other frameworks through the WG-DRG, IDW10 and
publications. Performance assessment of drainage is not well established in
irrigation performance assessment and hence the WG-DRG prepared and published
a report on Drainage Performance Assessment (Vincent et al. 2007) with support of
CSIRO Land and Water Division and the CRC Irrigation Futures (both from
Australia). This completed an activity of the Working Group on Drainage that
started as far back as 1996 after the 46th IEC ICID in Cairo, Egypt. Our recently
produced special issue on Drainage at the occasion of 25 years of the WG-DRG is
another milestone in spreading the word about the role of drainage in integrated
water resources management.
DRAINMOVES was aimed at promoting drainage at the Fourth World Water
Forum in Mexico, WWF4, and IDW10/GWP, while connection with ICID’s CSPS
programme would be sought. Drainage at WWF4 was presented at one of the Local
Actions for Global Challenge meetings (Vlotman 2006, Christen et al. 2006a). The
potential connection between IDW10 and the Global Water Partnerships
programme, Drainage Basins, did not eventuate. Various members of the WGDRG attended GWP meetings and perhaps this tenuous connection may be
enhanced in the future. The WG-DRG did not participate actively with the ICID
CSPS project but was, and is, involved through various working group members in
drainage related activities for both WWF4 and WWF5. Finally, it was
recommended that members of the drainage fraternity seek closer contacts with the
International Geosphere-Biosphere Programme (IGBP) sponsored by the
International Council for Science (ICSU) and possibly the UN Water Portal
activities. It was found that these two organisations (IGBP and the UN Water
Portal) have parallel activities in IWRM that derive their data from different focus
areas than those traditionally covered by ICID. At the time of writing it is not
known whether WG-DRG members and observers have those extended contacts to
promote drainage worldwide as an essential element of all water management.
DRAINCAPNEED was aimed at capacity building and activity via the Working
Group entitled ‘Capacity Building’. The Working Group terminated its activities
after the workshops at the IEC meeting in Sacramento in 2007. The findings of
these workshops were published with the help of IPTRID (IPTRID-ICID
2005/06/07). The last three chairmen of the WG-DRG emphasised that capacity
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building at various levels is essential for modern sustainable drainage (Schultz et
al. 2007), and hence the theme continues to receive attention.
DRAINAGEPAYS. A spin-off of the performance assessment activities of the
Working Group will be a publication by the FAO scheduled for completion in
2008/09. Our continued interest is expressed at each WG-DRG meeting and an
update on this work is shown in the Special Issue on Drainage (Martinez-Beltran et
al. 2007). The eventual FAO publication will establish relevant socio-economic
performance assessment criteria, including cost-recovery aspects. The article by
Ritzema et al. (2007) in the Special Issue describes the value of drainage research
in this respect. Further sources of information are in the World Bank Special Issue
no 26 (World Bank 2005), describing cost recovery and water pricing for irrigation
and drainage projects.
In addition to these actions another acronym saw daylight at the IDW9 meeting.
DRAINFRAME was introduced by the World Bank and an update on its evolution
can be found in the Special Issue on Drainage (Slootweg et al. 2007).
The Special Issue on Drainage, the official journal of the ICID commemorated 25
years of existence of the ICID Working Group on Drainage and is dedicated to the
70+ representatives of 42 countries and the many observers who have attended the
WG-DRG meetings since 1983. Achievements throughout the world in the field of
drainage, the state of the art in drainage science, its current integration with IWRM,
the change in paradigms governing drainage, and the increasing requirements of
sustainable drainage designs are all highlighted in twenty articles.

Drivers of drainage developments
Drainage as a driver of sustainable environments primarily refers to key role of
drainage to achieve sustainability of a water management development in the
framework of integrated water resource management
In many instances agriculture or concentrated human habitation would not be
possible unless an adequate drainage system is in place which helps drive the
economic, social and environmental developments while maintaining them at
acceptable levels.
Smedema (2008) reviewed the historic drivers for drainage development. The level
of drainage development was related to the level of agricultural development (see
also Smedema et al. 2004). He found that driving forces for drainage development
were distinguishable at a generic agricultural societal level, at national policy level
and at on-farm/project level. Comparing Western Europe, the USA, Egypt and
Pakistan he concluded that drainage development was primarily driven by its
technical merits and farm economics. Drainage for salinity control in the mostly
semi-arid regions had its own driving forces. He anticipated that future drivers of
drainage development could be distinguished in drivers that apply to:
1. Drainage of rainfed land;
2. Drainage for salinity control; and
3. Drainage developments driven by environmental aspects.
Schultz et al. (2007) recognised the following drivers for modern drainage
development:
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1. Need for sustainable development in water management and flood
protection;
2. Need for sensitivity of impact of climate change and property values; and
3. Requirement to double food production over the next 25 years, which will
have to be achieved mostly from existing cultivated areas.
The aforementioned drivers point to a set of technical and environmental drivers
favourable for drainage development, where ‘environment’ is seen in both a
physical and socio-political sense. Clearly, drainage is part of a larger system and
environment than engineers may have traditionally perceived. A major driver of
change in the water sector is climate change, while two recurrent themes in water
development and management are those of sustainability and integration.

Sustainable Integrated Water Resources Management
Sustainable IWRM encompasses the aspects of true integrated water management
in a sustainable manner by using Triple Bottom Line (TBL) Key Performance
Indicators (KPIs) to measure achievements.
Sustainable development is development that needs to meet the needs of current
generations without compromising the ability of future generations to meet their
needs and aspirations.
Integration is defined as considering the whole of the hydrologic water cycle on
catchment scale quantitatively and qualitatively. In practice this will mean the
integrated consideration of three disciplines:

1. Meteorology;
2. Surface water hydrology, and management; and
3. Groundwater science and management.
Separate consideration of surface water and groundwater will lead to double
counting of water resources. Separate reporting on rainfall and runoff will also lead
to lack of appreciation of the whole of catchment scale water balance. Separate and
out of context reporting is one of the reasons that catchments may have over
allocated water with unsustainable levels of water rights.
Unintentionally basing assessments on wet periods is another major reason for over
allocations of water resources in a catchment. Groundwater is often seen as an
additional source of water, even though it ultimately came from infiltrated rainfall.
In some systems the interaction between rainfall and groundwater response is
immediate, while in other systems it may take decades to show in a rise or fall of
the water table.
Another example of a non-integrated approach is that found in Government
publications on water resources where rainfall, evaporation, irrigation supplies,
runoff, drainage and groundwater are treated as completely separate entities and not
considering the interdependence of these in the water cycle. Because they are
reported in the same publication, it may be seen as integrated water resources
management, while in reality it is not. True IWRM considers a catchment scale
water balance (Figure 1). This was recently done for 51 priority catchments in
Australia for the baseline year of 2004/05.
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New investment programmes started in 2004 in Australia and hence that year is
used as a benchmark for measuring future achievements (NWC 2007). Drainage
quantities are indicated at six locations, indicating returns from the unsaturated
zone and the groundwater aquifer through either natural flow or pumped
extractions to the economy. Obviously terminology may be slightly different in
other countries, but in principle all components of the integrated water (resource)
management are in this water balance or water cycle diagram. Derivations of each
of the quantities are described in detail with an estimate of accuracy. The water
balance error is determined as function of the total unaccounted- for flows divided
by the total inflows (groundwater and surface water). It is not uncommon to have
negative errors, indicating that more water was measured as being used than
actually could be logically accounted for from rainfall, reservoir releases and inter
basin transfers.

drainage

drainage
drainage

drainage
drainage

drainage

Fig. 1.

Complete Catchment Scale Water Balance (after NWC 2007)

Traditionally it is said a farmer does not look beyond the boundaries of his fields.
This applies to Water Authorities too: their charters do not require one to look
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beyond providing the best possible irrigation delivery, or the most efficient urban
water supply. A Water Board and Catchment Authority may take the approach of
the best protection against flooding, the best protection of nature areas, wetlands
etc. without much consideration of integrating with the other water balance
components. This may be due to lack of adequate data on the other water balance
components, but more often than not the extra costs incurred to acquire and
complete full integration cannot be justified. The solution to this is to link data
bases thorough common web-based exchanges of agreed parameters and indicators
using the advances in IT. This will require a change in the mindset of stakeholders
at operational, strategic, board room or higher government levels.

Triple Bottom Line
To assess whether we practice sustainable integrated water management and water
resources management the following need to be considered (Vlotman 2007):
• IWRM is applied when you can confirm the following:
1. that all Key Performance Indicators (KPIs) are considered at catchment
scale even if the catchment is beyond the boundaries of the organisation’s
responsibility. This could as simple as sharing information between
organisations in the catchment which is then integrated with the KPIs of
the respective organisations;
2. that measurements have been taken year round; not just for the period of
particular interest. Proper scenario planning and risk assessment require
complete data series; and
3. that the Coefficient of Variation (CV) of any data series represented by a
single number, i.e. the average, is less than 30%. If higher, the average
should not be used as a representative value that can be used in for
instance trend analysis.
• Achieving sustainable development requires a balanced application of Triple
Bottom Line (TBL) aspects. Individual KPIs for each of the three aspects need
to be determined, but there should be a balance of the three TBL categories
(Figure 2):
1. Environmental aspects;
2. Economic aspects; and
3. Social & Cultural aspects.
This balance should not only be in the total number of KPIs used in each category,
but there also should be clear interdependency of the KPIs amongst the three
categories. This means that when a change occurs in one of the KPIs of the
environmental category it is clearly responsible for a change in an economic and/or
social KPI and vice versa. If this is not the case then the particular KPI does not
contribute to sustainability.
Sustainability and the required appropriate indicators need to be considered during
planning, design, execution and management stages. The three main aspects that
should be considered in the environmental category are indicators that quantify and
qualify (1) water quantity, (2) water quality, and (3) environmental health. The
main economic considerations are (1) economically viability and increase in
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regional wealth, (2) financial soundness, i.e. the systems pays for itself and can be
maintained and (3) equal profit sharing in the water supply and food business
chains. Economic KPI’s reflect the effect of developments and either cause or are
the result also of changes in the enviro-socio-political scene and more than likely
are culturally biased. Social and cultural aspects that need to be considered in
various degrees of complexity are (1) stakeholder involvement, (2) safety issues,
and (3) cultural acceptance of the solutions proposed for the development. Each of
the aspects of the three TBL categories may be weighted differently in each
dimension, but never should one be left out of the overall consideration. Only then
is there a high likelihood of achieving sustainability.

1 Environmental

Sustainable
Development

This demonstrates typical TBL reporting in an
annual report of an organisation

1 Environmental

2 Economic

2 Economic

3 Social &
Cultural

3 Social &
Cultural

Unbalanced, not integrated,
therefore NOT Sustainable Development

Fig. 2.

Triple Bottom Line Categories, Sustainability and Annual Reporting.

Many organisations already report on TBL indicators but as is shown in Figure 2,
the key performance indicators (KPIs) may be all in one report, they are not
necessary integrated and therefore do not contribute to a sustainable solution. With
current attention world wide being on modernisation of water management
systems, we are in a unique position to do things right this time!

Modernisation
As previously noted we need to apply TBL categories to all stages of development:
planning, design, execution and management. This applies to modernisation. Many
of our current water management systems, including our drainage systems are in
need of modernisation. Modernisation is more than physical improvement of
existing infrastructure of water management systems. Advanced IT options, for
example the application of SCADA and remote sensing (RS) to integrate the full
water supply chain have made innovations that were not practical before more
realistic. For instance, Information Technology (IT) can integrate the full water
supply chain from rainfall in the catchment to collection of water in the reservoir to
distribution of the water by the farmer in the field and display the results via GIS
and the web. GIS type of presentation of results can be done easily for technical
indicators and also for the social category indicators. Social indicaors displayed in
this fashion allows a degree of openness and information access that helps
everybody to make more informed decisions. If we do it right and share profits up
and down the water supply and agri-business chain then this will benefit the
farmer’s income and will ultimately result in a more prosperous region.
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In many cases modernisation of drainage means the application of controlled
drainage, using the same system for drainage, surface or subsurface irrigation and
water quality control (Smedema et al. 2004, Vlotman et al. 2007). If we apply
IWRM in modernisation developments and consider TBL dimensions in balance
we have taken considerable steps that will assure that modernisation will mean
more than simply improving infrastructure. This will be essential as many of the
existing developments were not necessarily based on sound TBL principles.
Modernisation itself has also some key aspects that we need to follow:
1. to modernise the system on time;
2. within budget; and yet
3. take our time to do things right.
The third guideline may cause some conflict because to take your time to do things
right would imply a longer period of implementation. Recent evidence of changing
weather patterns, caused by climate change or otherwise, would suggest that our
traditional planning time frames to implement modernisation typically 30 – 50
years in Europe and North America, may have to be reduced to 5 – 10 years in
order to effectively respond to drought or wet cycles that last 20 – 40 years, as is
the case in Australia (Kiem and Franks 2003). This is relevant elsewhere in the
world as well. The other side of the coin is the recent experience in developing
countries, where modernisation of irrigation schemes is reduced to 3-5 years to
meet agreed expenditure schedules. This results in cutting out essential steps in
stakeholder involvement such as involving farmers in the planning and design of
modernisation aspects, and neglect of environmental aspects that are key inputs to
sustainable outcomes. This essentially dooms such projects to be a sustainable
development.

Selection of KPIs
Selecting appropriate Key Performance Indicators (KPIs) is not an easy task and
quickly becomes complicated. One of the very first considerations regarding the
selection of KPIs is whether the KPI is intended to report on the internal
performance of the organisation or the external effects of the organisation’s
products and services on the environment. Both are needed and hence annual
reporting should reflect both. They are never to be mixed as this will lead to
confusion and loss of understanding of mission, strategy and operational measures
of an organisation. The mission statement should be clear on internal objectives
that will achieve also desirable external objectives such that the organisation is
perceived as socially responsible, caring, open and environmentally aware. This is
sometimes referred to as corporate citizenship.
In this paper I have concentrated on the external performance indicators. To
understand the internal TBL approach to performance assessment I refer to the
Balanced Scorecard (BSC) first introduced in the early nineties to counterbalance
the inadequacies of the predominant financial assessment of company performance
assessments (Kaplan and Norton 1992/1998). The BSC includes financial measures
that indicate the results of actions already taken, and complements those with three
sets of operational measures having to do with customer satisfaction, internal
processes, and the organisation’s ability to learn and improve; three activities that
drive future financial performance.
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The Balanced Scorecard is a strategic planning and management system that is
widely applicable to organizations regardless of size or type of business (BSI
2007). The system, extensively used in business and industry, government, and
non-profit organizations worldwide, provides a method of aligning business
activities to the vision and strategy of the organisation, improving internal and
external communications, and monitoring organisation performance against
strategic goals. Hence it is much more than a simple listing of KPI’s. Moreover the
KPI’s are different for each organisation, yet typically 40+ indicators may apply
considering all different departments in the business. From these indicators the
KPIs should be selected of each of the four areas of assessment; finance, customer
satisfaction, internal management processes and learning/training of staff.
Meaningful and easy to use (Key) Performance Indicators should be selected that
comply with the SMART principle:
• Specific: clear, unambiguous and easy to understand by those who are
required to achieve them;
• Measurable and/or Manageable: there is no point setting a target for which
success cannot be gauged by referring to a specific measure or measures, and
of course the measure needs to be manageable and practical from staff point
of view;
• Achievable: expressing specific aims that staffs feel can realistically be
achieved, with some effort: ‘out of reach, but not out of sight’. The words
‘assessable’ and ‘acceptable’ are often used interchangeably here;
• Relevant to those who will be required to meet them; they must have enough
control over their work to be able to meet their targets, or their motivation
will suffer. Words like Realistic and Reasonable are used as well;
• Timed: there should be a timeline for achieving a target; open-ended targets
may not encourage focused effort on improving performance.
In response to the Rio de Janeiro and Johannesburg sustainable development
conferences the Global Reporting Initiative developed a performance assessment
and reporting tool that has been well received by both business and government
(GRI 2006). The GRI vision is that reporting on economic, environmental, and
social performance becomes as routine and comparable as financial reporting. An
international network of thousands of organisations assembled from business, civil
society, labour, and professional institutions have created the content of the
reporting framework (G3) in a consensus-seeking process. The guidelines provide
direction on establishing the report contents interactively along with the
organisations stakeholders and lists core and additional performance indicators.
These are a mixture of internal business related indicators and external impact
indicators. The majority of the indicators are external and core indicators as shown
in Table 2.
Some of the aspects, such as the first of four indicators of economic performance,
show an underlying data description of potentially ten or more indicators (see
remarks in Table 2). Perusal of the other indicators showed that the environmental
indicators are rather extensive and complete, while the social/cultural bottom line
makes up 50% of the total indicators. GRI proposes a stepwise introduction of
these and recommends tracking of which GRI indicators are used or not in the
annual report. The social/cultural indicators include a number that are used in the
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Balanced Scorecard as well and are clearly internal performance indicators. A more
clear separation of internal and external performance indicators seems desirable.
Performance Indicators for the rural water industry have been pioneered by the
ANCID Benchmarking project (ANCID 2007) and contains 69 irrigation industry
performance indicators. The performance indicators broadly address six business
activity areas, being:
1. environmental aspects (28 indicators);
2. operational aspects (9 indicators);
3. financial aspects (9 indicators);
4. water access arrangements (8 indicators);
5. customers (9 indicators);
6. social aspects (6 indicators).
KPIs for drainage would typically fall under the environmental bottom line and
report on the performance in the control of salinity, waterlogging and water quality.
Also the quantity of drainage water needs to be reported (Smedema et al. 2004,
Vincent et al. 2007). Vincent et al. (2007) give a thorough overview of potential
drainage system performance indicators that includes a review of those used in the
ANCID Benchmarking activity (ANCID 2007). They also refer to the ICID Task
Force 4 on Benchmarking which summarised the results of benchmarking (Malano
2003). ANCID’s, Malano’s and Vincent’s work may need to be reformulated in the
light of the TBL approach advocated herein.
Table 2 GRI Performance indicators (from GRI 2006)
Description

ECONOMICS
Economic performance
Market presence

Number of indicators
Core
Additional
49
30
7
2
4
0
2
1

Total
79
9
4
3

Indirect economic impact

1

1

2

ENVIRONMENT

17

13

30

SOCIAL/CULTURAL

25

15

40
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Remarks

Three
main
categories
are
identified. The first core indicator
(i.e.1/4) of the first category is
described as: Direct economic value
generated and distributed, including
revenues, operating costs, employee
compensation, donations and other
community investments, retained
earnings, and payments to capital
providers
and
governments.
Formulation of KPIs to be done!
Recognising the following major
aspects or categories that each have
a number of indicators:
• Materials;
• Energy;
• Water;
• Biodiversity;
• Emissions, Effluents, and Waste;
• Products and Services;
• Compliance;
• Transport; and
• Overall
Examples of aspects considered:

IDW2008 – Session 6

Description

Number of indicators
Core
Additional Total

Labour Practices and
Decent Work

9

5

14

Human Rights

6

3

9

Society

6

2

8

Product Responsibility

4

5

9

Remarks
• Employment, Labour and
Management relations,
Occupational Health and Safety,
Training and Education, Diversity
and Opportunity;
• Non-discrimination, freedom of
association, abolition of child
labour, complaints assessment, etc.;
• Community, corruption, public
policy, anti-competitive behaviour;
• Customer health and safety,
product and service labelling,
customer privacy, compliance.

More recently the CSIRO concluded a project reviewing appropriate procedures
and performance indicators for the Australian irrigation industry: the Irrigation
Sustainability Assessment Framework (ISAF, Christen et al. 2006b). ISAF has not
been used in practice yet but it included a review of the GRI guidelines and
incorporated the ANCID Benchmarking results and the more recent performance
and water accounting oriented activities by the National Water Initiative in
Australia (NWC 2007). It did not result in a specific set of indicators, but rather
concentrated on the process of the framework and expects organisations to use the
framework to develop their own indicators with their stakeholders. From the
forgoing it may be clear that performance assessment, whether internal or external,
is very data hungry and that is potentially the Achilles heel of performance
assessment.

Conclusions and recommendations
The conclusion from the foregoing treatise on drainage as a driver of sustainable
IWRM is that selection of interdependent Key Performance Indicators (KPIs) in
each of the Triple Bottom Line (TBL) is an essential step towards sustainability of
developments. It is our challenge now to limit the number of KPIs in each category
such that they are manageable and can be understood easily by a wide audience, i.e.
all our stakeholders. These KPIs are the pinnacle of many supporting Performance
Indicators necessary to support the conclusions drawn from the KPIs. I expect that
they will be the KPI’s typically used in Annual Reports. The use and marriage of
these KPIs with the Global Reporting Initiative guidelines is recommended. If
possible this should not lead to enhanced and more complicated applications of
TBL reporting or TBL development (e.g. the ISAF framework), rather
simplification of the final reporting should be paramount. This does not rule out a
major and complicated supporting structure through a multitude of performance
indicators. Rather I recommend this should be the basis of the simple KPIs. It is
also essential to separate KPIs of internal sustainable business performance from
those that describe the sustainability of the external physical, economic and
social/cultural environment. The first is for shareholders and customers, the second
for all external stakeholders too.
I recommend that for the purpose of annual reports we work towards 3 external
economic KPIs, 9 external KPIs for the environmental category of TBL, and 6
KPIs for the external social /cultural categories. I also recommend to follow the
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GRI format for disclosure statements and assurance certificates, something not
described in detail herein but worthy of consideration. The KPIs need to have clear
interdependency because only then can they be the means of assessing
sustainability.
Finally, the three drivers for sustainable development are clearly an aging water
supply system and infrastructure that supports economic development in general,
the perceived changes in regional climates, whether caused by anthropogenic
influence or whether part of a natural cycle, and the increased attention for
sustainable physical environments. Artificial and natural drainage systems are an
essential part of the water management system, in fact many systems would not be
sustainable without it as in the case where managing salinity and waterlogging
requires artificial or natural drainage to be in place and functioning effectively for
the few times they are really needed in the 20 – 40 year weather cycles.
Over the years it has become clear from worldwide experiences that economics and
technical expertise are not the only key drivers of drainage development and that
care for the natural physical and social/cultural environment will enhance the
likelihood of sustainable water management.
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Crop N uptake and nitrate concentrations
in drainage and ground water as affected
by different fertilization
Sigitas Lazauskas, Vytas Mašauskas, Šarūnas Antanaitis, Audronė Mašauskienė
Lithuanian Institute of Agriculture, LT-58344, Akademija, Kėdainiai distr.

Introduction
Increased levels of nitrate concentrations in drainage and ground water can be
caused by nitrogen surplus. The linkage between crop production and water
pollution is not always evident, but crucial. Even if the legislation is strictly
followed, and farmers claim already to be managing nutrients within allowable
limits, the desired environmental benefits may not always be attained (Macgregor
and Warren, 2006). A similar situation can arise in regions, where arable crops are
commonly applied with low NPK rates and the area under organic crop production
is steadily increasing. This study was aimed to clarify if good management of N
balance will effectively reduce water pollution by nitrate.

Materials and methods
Experiments were conducted during 2001-2007 in the experimental site with 11
drainage systems (constructed in 1991) in central Lithuania. Nine systems were
under arable crop rotation with winter wheat, spring rape, spring barley and red
clover. Three of them were managed following the rules of organic farming
(without industrial N fertilizers). Two systems (conventional) received the rates of
NPK calculated for target yield and in four systems (integrated) received by 3540% lower rates than calculated. The system under permanent pasture established
in 1952, received no fertilizer during the study period and was grazed 4-5 times per
season by 10 dairy cows. Another system in 2001 was converted from arable land
to grassland and was cut twice per season. Drainage discharge was measured
continuously and water was analysed according to discharge twice per month.

Results and discussion
Climatic conditions represented a heterogeneous set, with prevalence of relatively
warm and dry growing seasons. Actual yields and crop N uptake varied among
years with the lowest values in the organic system. N output with yield was by 2244 kg ha-1 higher in organic and up to 9 kg ha-1 in conventional system than input
from fertilizer. Consequently, surplus of N was not created. Discharges of drainage
water (Fig. 1) and concentrations of NO3 (Fig. 2) varied highly among years but
there was no clear correlation to N balance. The concentrations of NO3 in drainage
and ground water were much lower under permanent pasture and grassland, than
under arable crops. The concentrations of NO3 in drainage water from arable soil
were often above 50 mg l-1. Differences between fertilization systems were
insignificant. The same regularities were found for ground water.
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Relatively high concentrations of NO3 in drainage water can be partly explained by
the limited percentage of crop cover during the winter. These findings agree with
other studies suggesting that N balance can be a useful indicator when cultivation
techniques include environmentally risky management, however, when good
agricultural practice is maintained, N leaching is not well predicted by the balance.
Our study indicates that decreasing NPK fertilizer input will not automatically
result in decreasing NO3 concentrations in drainage and ground water. Increasing
the ratio of permanent grassland to arable land can be a useful measure to reduce
nitrate pollution of waters in vulnerable areas.
The study was supported by the Lithuanian State Science and Studies Foundation.
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Saturated hydraulic conductivity and
bioporosity of two arable clay soils in
relation to subdrain location
Alakukku, L.1,2, Nuutinen, V.1
1
MTT Agrifood Research Finland, E-House, FI-31600 Jokioinen
2
University of Helsinki, Department of Agrotechnology, P.O. Box 28, FI-00014
University of Helsinki, E-mail: laura.alakukku@helsinki.fi

Introduction
Finland’s most important agricultural region for annual crops is the southern and
southwestern part of the country, located between latitudes 60º and 61º N. Soils
typically contain more than 30 g 100 g-1clay (diameter < 2 μm). The clay minerals
are mostly of illitic type. Clay subsoil characterizes more than 60% of the arable
land in the region.
Subsurface drainage, consisting of perforated pipes or tiles installed at depths
ranging from 70 to 100 cm, is the most common method of water table
management for clayey soils in Finland. In the southern and southwestern parts of
the country, 75% of the arable area is subsurface drained. Subsurface drained soils
dry up to a greater depth than soils with natural water table, and this is presumed to
cause irreversible changes in the soil structure.
Even though drawing down the groundwater table by subsurface drainage is
expected to be beneficial for the structure development of clay soils, the effect of
drainage on the properties of soil has not been widely examined. We addressed the
question by studying the relationship between distance from the subsurface drain
line and the variation of saturated hydraulic conductivity and bioporosity in two
clay soils under humid climatic conditions.

Materials and methods
The experimental fields were located on a very fine Typic Cryaquept (Field-1) and
on an Umbric/Histic Cryaquept (Field-2) soils. The soils had 530–720, 660–750
and 760–830 g kg-1 clay (particle size < 0.002 mm) in the layers of 0–20, 20–40
and 40–60 cm, respectively. The Field-1 was subsurface drained in 1950s and the
Field-2 in 1930s. Because the too high groundwater table hampered the workability
of soils and the crop growth, the fields were redrained in 1987 and 1986,
respectively. The mean slope of the experimental fields was 1–2%.
In 2002, soils were sampled at 15 locations on both fields. At each location,
samples were taken at two points: above the drain, and midway between the drains.
The saturated hydraulic conductivity was determined on the fields at the layer of
30–60 cm (reversible auger-hole method, Ksatf) and in laboratory (constant head
method, Ksat) down to the depth of 50 cm. The soil dry bulk density was
determined from the same layers than Ksat. The number of cylindrical pores
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diameter larger than 2 mm (earthworm burrows and large root channels) and less
than 2 mm (mainly root channels) were counted at the depths of 20, 35 and 50 cm.

Results and conclusions
The differences in mean Ksat and dry bulk density measured in laboratory were
usually small in relation to drain location. On the Field-1, the mean Ksatf was
greater above the drain (2.8 cm h-1) than between the drains (0.3 cm h-1) at layer of
30–60 cm. On the Field-2, the differences in Ksatf were, however, small (0.06 above
and 0.03 cm h-1 midway between drains). On both soils, the mean number of root
channels at 0.5 m depth was greater above the drain than between drains. The
number of earthworm burrows was small for both fields. Also the number of
earthworms was small less than 50 earthworms m-2 (unpublished data).
Even though the drain location did not affect consistently soil Ksat and bioporosity,
it seems advisable to take notice of the subdrain positions when designing field
experiments and when studying the variation of soil properties.
Table 1. Mean saturated hydraulic conductivity of soil in laboratory (Ksat), dry bulk density
(BD), and mean number of cylindrical pores diameter ≥ 2 mm (NEB) and diameter
< 2 mm (NRC) above the drain (A) and midway between the drains (M).
Depth
(cm)
Field-1
0–20
20–35
35–50
Field-2
0–20
20–35
35–50

Ksat (cm h-1)
A
M

BD (Mg m-3)
A
M

Depth
(cm)

NEB (m-2)
A
M

NRC (dm-2)
A
M

36
0.6
0.1

32
3.2
0.2

1.04
1.28
-

1.02
1.32
-

20
35
50

75
4
0

90
30
8

270
475
330

220
485
245

31
6.5
3.5

50
4.9
1.0

0.95
1.21
1.25

0.92
1.19
1.27

20
35
50

85
30
30

40
30
90

120
600
620

155
570
490
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Growth of rapeseed (Brassica napus L.) in
paddy fields as affected by various
degrees of drainage intensity (Case
study; IRAN)
M. Parsinejad 3, M.R. Yazdani 4

Major parts of agricultural lands in Northern Iran are under production of rice. The
basic constraint for introduction of second crops in these lands, despite the
favorable climate, is the limitation of natural drainage in paddy fields. If this
limitation was overcome Rapeseed, because of its economical value, would be an
excellent choice for the second crop. The presence of a shallow water table aggravates
the damage potential of waterlogging (Prathapar et al., 1998) indicated that complementing
rice production with maize and canola can minimize the water table rise and improve farm
profitability. Growing winter crops immediately after rice harvest may reduce the

amount of water drainage into water tables on rice-based farms. Successful
adoption of this option seems to depend on many factors, including good drainage.
Among the constraints for adding crops after rice is waterlogging for the winter
crop to survive (Humphreys and Bhuiyan, 2001). Zhang et al. (2004) found that
subsurface waterlogging induced by early transient perched water table can be a
major constraint to crop growth in the high rainfall regions, and that reducing
waterlogging could be a key to achieving higher crop production.
In this study, degree, extent and duration of imposed waterlogging were examined
on growth and yield of Rapeseed (Hyola 408). In a way, results of this study are
expected to demonstrate the degree of drainage required for optimum production of
Rapeseed. Perforated plastic pots, filled with soils from paddy fields, were planted
with Hyola Rapeseed. By immersing the pots in larger water-filled containers, four
levels of submergence (-10. -5, 0 and +5cm) were imposed for four different time
lengths (2, 5, 7 and 10-day), and at three growth stages (seedling growth, flowering
and grain filling). The experiment was conducted in complete block design
treatments with three replicates, along with 6 control treatments, summing to a total
of 150 pots. Plants were thinned to five plants per pot after they were established.
To insure proper drainage during the non-submergence periods, the pots were
perforated and a thin layer of sand was placed at the bottom. A piezometer was
placed at the center of each pot for regular observation of the level of water
submergence. Various plant characteristics, such as plant height, number of
branches, length and number of pods, 1000-weight were recorded. The results were
then statistically analyzed using SAS and IRRISTAT programs. Yield results were
significantly different at 1% level with the treatment of 2 and 10 day submergence
3

4

Corresponding Author, Asst Professor, Dept of Irrigation and Reclamation Eng.,
University of Tehran (parsinejad@ut.ac.ir)
Researcher, National Rice Research Institute, Rasht, Iran
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having the highest and lowest yield, respectively. A difference of 19.2% was
observed between the 2 treatments. With the same respect, the highest and lowest
yields were from treatments at which water table was controlled at -10 and 0 cm.
Highest percentage of oilseeds were obtained from the treatment for which the
plants were inundated during the third stage of growing period. In addition, the
results indicate that Rapeseed was most sensitive to submergence during the
seedling growth stage. No significant differences were observed on the number of
branches and length of pods. The results of this study stress the need of drainage
for improved production of Rapeseed.

Keywords:
rapeseed (Brassica napus L.), waterlogging, drainage, growth, grain yield
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About measures development of
scientific-innovative activity in land
reclamation of Far East.
V.S. Nosovskiy, Doctor of Economics (Federal State Unitary Enterprise “The Far
East Scientific Research Institute of Hydraulic Engineering and Land
Reclamation”, Russia)

The countries with most population in the world are concentrated in North-East
Asia, and this region is characteristic fast economic growth. Republic Korea,
Korean People’s Democratic Republic, Japan are limited in lands for agriculture.
China has no lands developed enough, but cultivate the existing potential:
manufacture of cereals has achieved 500 million ton at average productivity 4,3
t/ha; 70% of grain and 90% of vegetables are brought up on the reclaimed lands.
Thanks the land reclamation this country having 9% of an arable land and 6% of
global water resources provide with the food stuff 22% population of the Earth.
Russia is characterized by food difficulties in spite of great land resources.
Dynamics of a qualite agricultural land, humus balance and nutrients don’t
improve. Destructive processes are progressed because of reduction of the forests.
Integrated approach and agrolandscape approach are underestimated to land
reclamation of territory, according to V.V. Dokuchayev, A.N. Kostyakov’s
doctrine, etc., to not allow loss of biogenic elements and their transition in the big
(geological) circulation. The drain property of small rivers has decreased, the
pollution of water sources has existed, soils hass lost the fertility because of
imperfection of technology.
The water delivery functions for an irrigation, its dump and drainage of territory, as
well as a number of other are carried out in a fact of financing. Therefore, the
realization these functions in Russia are characterized by the following parameters
use of lands: irrigated-90% (Far East- 88%), sprinkling - 53% (Far East- 4%),
drained-88% (Far East-75%).The per cent of agricultural lands has a requirements
on reconstruction is: irrigated lands-43% (Far East-56%), drained-23% (Far East27%).
Feature of land reclamation on the Far East is following: the reclamation fund
includes all nature-agricultural areas of Russia (from monsoon climate to
permafrost of polar-tundra zones). The high technological level of reclamation
systems with subsurface drainage contain on Sakhalin-90%, Kamchatka-70%, the
modern infrastructure of rice irrigation (by 66 thou ha) is created in Primorski Krai.
91% of the area arable land is concentrated in southern territories of the Far East.
For agrarian reforms years an arable lands are leaving on the territory of basic
agricultural lands. This is observed: the Amur area-684 thou ha, or 38%, the Jewish
Autonomous Region-81 thousand ha (52%), Primorski Krai- 119 thousand ha
(15%), Khabarovski krai- 37 thousand ha (28%). In northern territories the area of
arable land was reduced in 92 thousand ha (31%). Since 1991 in the Far East region
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there was leave more 2,2 million ha of farmland, including one million ha of an
arable lands.
It is necessary to note reduction of crops of soy as the negative phenomenon. In the
Far East region for last years (1990-2004) the soy crops were reduced to 172,3
thousand ha. The greatest reduction on 177,4 thousand ha (or in 1,7 times) has
taken place in the Amur area. Total gathering across Far East in 2004 in
comparison with 1990, have fallen to 284,9 thousand ha (or on 46%).
Cultivation of soy on plane wet soils is restraint factor, as no arable lands or
irrigated lands. It is possible to solve this problem successfully: to apply land
reclamation technology. Productivity of the soy on ridges in comparison with a
plane arable on no irrigated lands is average higher on 60%, and in the Amur
region on 78%.The increase of productivity of a soy (in1,5-2 times) on the rice
irrigated lands is especially appreciable. Due to overlapping operations by
preparation of soil are achieved reduction expenses to 27% and fuel to 40%.
The developed technologies allow to improve the reclaimed condition of the
drained and irrigated farmlands, more than 20% of which have inadmissible terms
of remove superficial water and of a high ground water level, as well as to make
irrigation between ridges the area up to 50% on rice irrigation systems. Wide scale
development the ridges technologies is executed on the area more than 25 thousand
ha.
For preservation soil fertility prevention of the saturation and improvement of a
reclaimed condition are very important, and application of ridge technology has
effect as small scale land reclamation of an active layer of the soil. Reclaimed
farmland occupy 771,8 thousand ha, including drained 649,5 thousand ha, irrigated
122,3 thousand ha, from them rice-66 thousand ha.
Despite of small growth of capital investments 27% of drying systems and 57% of
irrigating systems of the Far East require reconstruction. Their general balance
cost makes 23,5 billion roubles. In Primorski Krai 25% of drying, 75% of
irrigating and 100% of rice engineering systems with balance cost 10 billion
roubles are concentrated.
Undoubtedly, land reclamation concerns to innovative activity by transforming
productivity, rural infrastructure and social conditions life of the population on new
technological base.
Accordingly with Federal Target Program “Preservation and restoration of fertility
of the lands of agricultural assignment and agrilandscapes as national property of
Russia” in 2006 in Far East Federal District is used 88,5% of planned funds (capital
investments-27,4%, research and development-58%, other needs-126%).
The federal budget (120,8 million rubles) is executed completely, budget of
subjects of federation (470,6 million rubles) on 94%, including in the Amur area85%, the Kamchatka region-73%. On inappropriate sources (920,9 million rubles)
execution has made 84%. The budgetary tasks isn’t made in full value in Primorski
Krai 51% and in Khabarovski Krai-55%.
Scientific researches in 2006 were carried out according to the task by results of
open competition of the Ministry of Agriculture of Russia on performance of
research and development on increase of fertility soils and land reclamation.
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The special attention by development of the state program was allocated to the
decision rural reclamation problems, in particular to increase of soil fertility.
As a whole the amount of executed works in 2006 has made on sum of 1173,1
thousand rubles, including state funds for research and development -2752,2
thousand rubles, regional funds - 4700,2 thousand rubles and federal funds for
scientific and technical services - 2100,7 thousand rubles.

Conclusions and offers.
To strengthen coordination of scientific maintenance and a professional training,
financial support of land reclamation, taking into account specificity of
development in regions.
To develop to orders of the President of the Russian Federation on development of
agrarian and industrial complex, in particular land reclamations and to increase
reliability of hydraulic engineering constructions:
-the target program of development on rice irrigation “Restoration rice production
the South and Far East Russia”;
-the innovative project on soya production “Save resourses technologies of ridges
land reclamation in monsoonal climate”;
-the mechanism of management of large scale reclamation systems as base of
integrity and preservation of their technological regime acting.
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New methods for Phosphorus retention in
agricultural drainage systems in Norway –
preliminary results.
Atle Hauge
Bioforsk, Norwegian Institute for Agricultural and Environmental Research,
Frederik A. Dahls vei 20, N-1432 Ås, Norway.

Introduction
Many efforts have been made to reduce P-load from agricultural areas to creeks and
lakes in south-east Norway. Even so it has been difficult to prevent low water
quality and algae growth. Polluted water from agriculture mix with clean water
from nature and makes cleaning expensive and ineffective. The objective of this
study was to try new methods for modifying of the agricultural drainage system by
applying different methods for phosphorus retention. This places cleaning measures
near the source, and leads to more efficient collection of Phosphorus. 4 different
designs are being tested:
1. Drainage pipe filter with “Lightweight expanded clay aggregates” (Leca)

Drainage water in the main collector pipe is lead through a subsurface filter filled
with Filtralite P (0,5-4mm) before the outlet. The filter is dimensioned for 2 hours
stay during high water flow, and is placed in older subsurface drains.
2. Extra filter at the end of constructed wetlands placed in the drainage ditch (Leca)

Small constructed wetlands (CW) function well under Norwegian conditions. Much
of the P is bonded to particles. In summertime with low water flow, the percentage
of dissolved P is higher, and also sediments in CW can leak P at a time where
conditions for algae growth in rivers and lakes are good. A filter made of Filtralite
P (0,5-4 mm) is added to the end of the CW. The filter is dimensioned just for lowflow situations. The water stays in the filter for 20 hours, with a flood overflow.
3. Inlet pond in depressions on the field

To prevent severe surface erosion on inclining agricultural lands it is normal to
place inlets in terrain depressions, to lead water down to main drainage pipes, often
former closed creeks. Particles and nutrients eroded from the surface will be lead
directly out into the creeks through the pipes. One also often finds severe erosion
around these inlets, as water finds its way through macropores in the soil and into
leakages in the manhole pipe. By making a permanent pond with impermeable
bottom around the inlet, leading all the water over the pipe edge, this sedimentation
basin will collect P bonded to particles. On Norwegian clay soils eroded particles
will mainly be in the form of aggregates, exposed to fast sedimentation in the pond.
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4. Drainage outlet vegetation zone

Water from drainage collector is lead over a vegetation covered area before
entering the creek.
Research Sites:

Sampling in Leca-filters (1 and 2) has recently started. The first “Inlet ponds” (3)
are established, but no sampling will be done until next autumn. Sampling in the
“Drainage outlet vegetation zone” was finished 2006.
Research methods:

The filters (1, 2 and 4) are water sampled and tested for total P retention and
retention of suspended solids, and with continuous logging of water flow for filter 2
and 4. Water flow in filter 1 is modelled from water level in inlet and outlet during
sampling.
The sediments in the 10 inlet ponds (3) will be estimated, and analysed for total P
to find total retention of suspended solids and phosphorus 1 year after construction.
Preliminary results

Subsurface drainage pipe filter (1) shows a 57 % reduction of total P, (average
from 785 μg/l at the inlet to 332 μg/l at the outlet) with a variation from 46-74 %
(1010-530 at the inlet to 480-258 μg/l at the outlet). Highest cleaning effect was
found with the highest amount of suspended solid in the inlet water (260 mg/l) and
lowest cleaning was found with the lowest amount of SS (78 mg/l) in the inlet.
Filter added at the end of a CW (2) showed a 50 % reduction of total P, (average
from 76 μg/l in inlet to 38 μg/l in outlet with a variation from 69-87 μg/l in the inlet
to 34-44 μg/l in outlet). The amount of suspended solid in inlet varied from 5 to 23
mg/l.
There will be no results from the “Inlet pond” until the autumn of 2008.
Drainage outlet lead through a surface vegetation zone showed large variations in
the cleaning effect. It was difficult to prevent water from forming eroded creeks
through the filter. The vegetation filter showed 55% reduction of total P over a
period of 2 years.

-368-

IDW2008 – Poster presentations

Poster 2.2

Hydrological properties of cultivated peat
soils
Kesäniemi O.1, Myllys M.2
1
Researcher, Helsinki University of Technology, Laboratory of Water Resources
Engineering, PL 5300, 02015 TKK, Finland, outi.kesaniemi@tkk.fi
2
Research Scientist, MTT Agrifood Research Finland, Plant Production Research,
Soil and Plant Nutrition, 31600 Jokioinen, Finland, merja.myllys@mtt.fi

Introduction
Originally, one third (10 million hectares) of Finland’s total area consisted of
peatland, i.e. soils with organic matter content more than 40 % of dry weight.
Nowadays 24 % of this area is in its natural condition, 56 % of the peatlands is
drained for forestry and around 11 % is conserved. In recent centuries 7 % (700
000 ha) was drained for agricultural use, but due to decomposition, a great deal of
this area is now classified as mineral soils, or organic soils with lower organic
matter content than 40 %. Cultivated soils have also been forestated. There still
exist 85 000 hectares of agricultural fields on peatlands. This is 3.8 % of the total
agricultural area in Finland. (Virtanen et al. 2003, Myllys & Sinkkonen 2004)
Not very much is known about the hydrological properties of peatland, even though
appropriate drainage is essential for their use. Furthermore these properties change
with time, because drainage brings peat in contact with oxygen, which accelerates
its decomposition. This in turn decreases the porosity and increases the bulk
density of peat, making water transport through the soil more difficult. Due to
decomposition also water retention capacity is increased. Hence decomposition
deteriorates the properties of cultivated peat. Decomposition also produces
greenhouse gas emissions. Better understanding of peatland hydrology is needed to
be able to keep cultivating peat soils while reducing the negative environmental
impacts of their cultivation.
In this paper preliminary results on the effect of decomposition on the hydrological
properties of Sphagnum and Carex peats are presented.

Material and methods
Undisturbed samples of both peat types on different decomposition stages were
taken from cultivated peatlands to find out how the hydrological properties change
in relation to decomposition. The measured properties are saturated and unsaturated
hydraulic conductivity, and water retention capacity. In addition the density, water
content at sampling and at saturation, porosity, and loss of ignition of the samples
were determined.
Saturated hydraulic conductivity was measured in the laboratory using constant
head permeameter method with samples of 10 cm in height and 7.2 cm in diameter.
Conductivity values were calculated using Darcy’s law (Hillel 1982). Water
retention curves up to 0.1 bar tension (1 m H2O) were measured in the laboratory

-369-

IDW2008 – Poster presentations

using hanging water column method (Andersson 1971), and on greater suctions
(0.1…1 bar) using pressure plate extractor. Water retention was measured on
samples 4.9 cm in height and 7.2 cm in diameter, and the volumetric water content
at each suction was determined either by weighing the samples or recording the
volume of outflow. Unsaturated hydraulic conductivity (Burke et al. 1986) was
measured using peat columns 75 cm in height and 15 cm in diameter.
Pressure sensors
Datalogger

15.2 cm
5.0 cm
10.0 cm

10.0 cm

75.0 cm

Hanging water column
Porous cups

Fig.

Cross-section of the apparatus for measuring unsaturated hydraulic conductivity.

Tensiometers consisting of porous cup 13 mm in diameter, a pressure sensor and a
PVC tube between them, were installed horizontally every 10 centimetres in the
column. The uppermost tensiometer was installed 5 cm below the surface of the
sample and the lowest was installed 65 cm below the surface. Water levels in the
tensiometer tubes were kept constant. After saturation the column was drained
gravimetrically up to a suction of 3 meters, and the change in water content in
different layers due to increasing suction was measured with tensiometers. Data
was stored to a datalogger. Unsaturated hydraulic conductivity as a function of
water content was calculated using the measured data on the change in water
content with time.

References
Andersson, S. 1971. Markfysikaliska undersökningar i odlad jord XXII.
Grundförbättring 24.
Burke, W., Gabriels, D. ja Bouma, J. (ed.) 1986. Soil structure assessment. A.A.
Balkema, Rotterdam. 92 p.
Hillel, Daniel. 1982. Introduction to Soil Physics. Academic Press, London. 364 p.
Myllys, M. & Sinkkonen M. 2004. Viljeltyjen turve- ja multamaiden pinta-ala ja
alueellinen jakauma Suomessa (Summary: The area and distribution of
cultivated organic soils in Finland). Suo 55(3-4): 53-60.
Virtanen, K., Hänninen, P., Kallinen, R.-L., Vartiainen, S., Herranen, T. & Jokisaari,
R. 2003. Suomen turvevarat 2000. Summary: The peat reserves of Finland
in 2000. Geologian tutkimuskeskus, Tutkimusraportti 156. Geological Survey
of Finland, Report on Investigation 156.

-370-

IDW2008 – Poster presentations

Poster 2.3

Drainage Systems and Phyto-remediation
Measures
Brane Maticic
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Ljubljana, Slovenia. E-mail: brane.maticic@guest.arnes.si

Abstract
Drainage of »perched« water in conditions of heavy clay soils is the predominant
water management method for making overly wet agricultural land into cultivated
fields in Slovenia. The negative and positive impacts of land drainage on water
catchment areas have been issues leading to public opinion having negative effects
on drainage activity lately.. The present trend is still one of decline but new
approaches in land drainage with phyto-remediation measures which would pay
more attention to the impact of tile drainage on stream- and ground-water quality
protection and could therefore change general opinion and provide better prospects
for drainage.
Key words: perched water, stream-water, ground-water, eco-remediation (ERM),
phyto-remediation (PRM), ground water hydraulics, phyto-remediation lagoons,
constructed wetlands (CW)

Introduction
Phytoremediation (ecoremediation – ERM) techniques have strong buffer,
purification and biodiversity capacities, and they are capable to assist by
neutralisation, decomposition and compensation of wasted waters, lands and air.
With phytoremediation of drainage waters we are fostering natural ability of waters
for self-cleaning and rehabilitation of water body. Water take off from surface
waters could be mitigated through phytoremediation/ecoremediation systems. In
this context, phytoremediation denotes the use of plants for remediation, i.e.
improvement and elimination of damages from different types of pollution media.
Typical inorganic and organic pollutants, which can be removed or restricted by
phytoremediation, are various nutrients,hydrocarbons, chlorinated compounds,
pesticides, oil derivatives, gas condensates, etc. Typical inorganic pollutants are
salts, heavy metals, metalloids and radioactive material. The media where
phytoremediation methods can be applied are soils, sediments, underground and
surface water. Selection of a particular phytoremediation method does not depend
only on the type of pollutant and contaminated media but also on the objectives to
be attained.
Application of phytoremediation systems has repeatedly proven to be useful,
however, their development is still going on.
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General about eco-, phyto-remediation measures
The eco-, phytoremediation possibilities are in (1) introduction of vegetative buffer
zones and filter strips in streams and drainage ditches; (2) installation of grassed
buffer strips, reed beds and constructed wetlands to prevent direct polluted outflow
into the watercourse; (3) restoration of existing wetlands, etc. Additional measures
are possible in (4) assurance of environmental flow in the rivers and (5) return of
heterogeneous and dynamic water course with gravel deposits, barrages, pools,
rapids, meanders, etc.
In Slovenia we can find numerous opportunities to use ERM methods. These are
especially small and scattered point sources of pollution as well as non-point
sources of pollution like agricultural drainage runoff. For phytoremediation of
drainage water constructed wetland (CW) function as “the earth’s kidneys,”
wetlands not only regulate the flow of surface water, but also improve the
biological and chemical composition of water by retaining sediments and removing
nutrients.

The role of plants:
• In the ecosystem they influence on physical, physical – chemical and
biological abiotic and biotic factors.
• Different kind of plants have specific characteristics, therefore they are used
for different purposes.
• The selection of plants and their specific characteristics is in the perspective
application of the phytoremediation the most important. Plants and especially
their root system have a direct influence on the physical conditions in the
ecosystem. They have a strong influence on physical – chemical factors of
water environment. Beside direct influences as the uptake of certain chemical
compounds and elements the plants have also indirect influence on different
chemical processes of the environment: -Nutrient uptake and accumulation, Toxic substances – pollutants uptake and accumulation, - Nitrification –
denitrification.
There is still need for discovering future possibilities for the use of plants in
phytoremediation processes.

Phyto-remediation lagoons as constructed wetlands
(CW) on drain-ditch collectors
Drainage systems may potentially act as a major conduit of agricultural pollutants
(sediments, faecal material, pesticides and nutrients, such as nitrate and
phosphorous), to receive waters and potentially become a major source of dissolved
and particular pollutants in streams. Therefore, construction of phyto-remediation
lagoons as constructed wetlands on drain ditch collectors is an important issue in
drainage pollution control to prevent the pollution of ground water by drainage of
»perched« water. All drainage perched water is supposed to be discharged into
drain ditch collector and be further purified in constructed wetlands before water is
discharged into surface streams.
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Conclusions
Due to its characteristics (undemanding technology, low financial inputs and
environmental friendliness), the proposed phytoremediation technology can be
applied in drainage systems where »perched« water causes overly wet agricultural
land.
The proposed procedure offers a simple, low-cost technology that is easy to
construct and maintain, and which ensures efficient protection of the aquatic
environment. The cost of phyto-remediation lagoons to purify »perched« drainage
water is still questionable. Study on the size of lagoon (Constructed Wetland), kind
of the most efficient plants used, the frequency of permeable material and plants
exchange in the lagoon, etc., etc. are still questions to be answered. Different
phytoremediation methods are supposed to be studied and tested.
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Geotextile assisted dewatering (GAD) is an effective means to dewater sludge.
GAD is a combination of geotechnical, chemical, industrial, environmental and
wastewater engineering. Materials that can be dewatered by GAD vary from
agricultural or fine-grained inorganic industrial waste to contaminated sediment.
For each material, optimal dewatering needs to be investigated and designed. For
this, preliminary tests are run in order to determine flocculent addition needs,
suitability of geotextile material and expected dewatering efficiency. In the case of
agricultural sludge, the retention of nutrients in the geotextile tube is also studied.
In GAD, sediment or sludge is pumped to a geotextile tube. The solids adsorb to
geotextile material and form a filter layer which retains particles even as small as
10 μm. Water removal is done by gravitation and does not require external energy.
In most cases, water is clean enough for discharge into the environment. The
construction of dewatering site is usually simple and if the masses are removed
after dewatering, the site can be easily restored. In addition to dewatering,
geotextile tubes can be used for containment of dredged materials. Furthermore,
geotextile tubes have been used for shore erosion controls and underwater
constructions like offshore jetties. Cold temperatures may limit the filling process,
but for consolidation and drying, freezing and thawing is beneficial. Consequently,
if time is not limited in the drying phase of the project, it is recommended to let the
dried mass consolidate over winter.
In agricultural branch, GAD has been typically utilized in the treatment of sludge
basins. In a test in U.S., the solids content of sludge increased from 4% in the basin
to 25% in three months. 93% of solids, 78% of nitrogen (95% of organic N) and
65% of phosphorus were retained in the tube. In addition to this, geotubes can be
used as an agricultural inline solids separator. The benefits of this include some
50% reduction in basin size, 50-70% reduction in labour and energy for application
of sludge, storage of nutrients until appropriate application time, higher quality
flush water and reduced odour and insect problems.
Golder Associates Oy has designed and supervised GAD dewatering in Finland
since 2005. GAD has been used to dewater contaminated marine sediments and
different waste water sludges. The first experiences have proved that GAD is a cost
effective dewatering method and that geotextile tubes can efficiently retain harmful
substances.
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Controlled drainage is one of the essential solutions to manage the quantity and
quality of excess water and decrease the environmental hazards. Qualitative
experiments salinity of the drainage water in Ran region drainage project system is
very high ranging from 47.6 to110.7 dSm-1. The aim of this research was
evaluation of DRAINMOD-S for simulating water table management in Ran
project located in the north of Iran for a controlled drainage.
The project is located at Behshar city, between 36°45' and 36°48' latitude and 53°40'
to 53°41' longitude. Average annual precipitation and mean annual temperature are
577 mm and 16°C, respectively and its climate is semi-Mediterranean. The selected
experimental site for was between S3PD14 and S3PD15 laterals. Depth, spacing,
diameter and average length of laterals are 1.5 m, 75 m, 125 mm and 440 m,
respectively. The drainage outflow and depth to water table were measured during
4 months period from November 22 to March19. Soil salinity was measured on
samples depths of 0-25, 25-50, 50-75, and 75-100 and 100-150 cm before August,
2006 and after April, 2007 rainfall period. Because of the shotage of water for
irrigation, crops were grown under dry farming in the project. Therefore, optimal
use of rainfall caused to increase yield production. The growing season was from
March 20 to September 20. Sensitivity analysis indicated that applying of
controlled drainage in April, May and September has the most influence on yield.
The objective of this study was to investigate the effect of different weir depths on
yield, contamination and reduction of drainage water volume. Weir depths were
taken from 15 cm to 150 cm (15 cm interval).
DRAINMOD-S was run to simulate the applied water table management systems
for the same study periods. The reliability of the model was evaluated by
comparing measured and predicted values of the daily ground water table depth,
cumulative outflow and soil salinity. Good agreement was found between
measured and predicted values. Absolute value of deviations from Drainmod
predictions ranged from 4.1 to 8.4 cm, 0.48 to 0.78 mmday-1 and 5.7 to 6.3 dSm-1
for ground water table depth, drain outflow and soil salinity, respectively (soil
salinity was very high so prediction of the model was acceptable). The results of
different scenarios of controlled drainage indicated that of 35% optimal relative
crop yield was obtained when water table was kept at a depth of 75 cm (Fig. 1).
The main reason for crop yield reduction, in addition to soil salinity, was water
stress under dry farming conditions. Average relative barley yield in this region
was reported to be about 32 percent of potential yield (1.61 ton/hectare). As shown
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in figure 2 with increasing weir depth, the rate of discharge volume is increased.
The reason for the different variation of discharge volume in the three months was
shown the occurrence of rainfall (consequently water table depth). Measured
amount of monthly rainfall in April, May and June were 97.5, 29.9 and 1.5 mm,
respectively.
The model indicated the potential for long-term simulation and scheduling of water
table management under semi arid conditions of Iran (Behshahr). With regard to
different scenarios of controlled drainage, the optimal water table depth for
obtaining maxiumum yield was equal to 75 cm. The results Also indicated that
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Figure 2. Variation of discharge volume
relative to different weir depth

Figure 1. Variation of relative crop
yield relative to different weir depth

discharge volume depended on weir depth and rainfall.
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Introduction
The purpose of this project was to investigate if the farmer by controlling the
drainage intensity can mitigate the emissions of greenhouse gases. This
investigation was performed with lysimeters collected from two cultivated and
drained fields located in southern and central Sweden.

Sites
Örke is a typical cultivated highly decomposed (von Post 9-10) fen peat with pH
around 5.7, organic matter content of 85% and bulk density of 0.25 g/cm3. Even
though carbon contents differ greatly between the sites the amount of carbon per
volume (density), which is important in studies involving microbial activity, is
quite similar between the sites (0.1g C/cm-3).
Majnegården is a more uncommon peat soil type with very high pH (7.4-7.7)
caused by small carbonate rich shells. The upper layer (0-20 cm) has a high bulk
density (0.60 g/cm3) and low organic matter content (30%). The upper layer is
quite humified (von Post 7-8) but the lower layer (30-50 cm) has a low
decomposition degree (von Post 1-2).
Method

A drilling method with minimal soil disturbance (Persson and Bergström, 1991)
was used to collect 12 undisturbed soil monoliths per site. The lysimeters was
saturated from below with water and sown with ryegrass (Lolium perenne).
Meteorological monitoring was carried out.
The following treatments were used during the growing season:
A
Static water table at 40 cm depth
B
Static water table at 80 cm depth
CO2 emissions were measured once a week during the growing season using the
dark chamber method. Crop growth and nutrient uptake of plants was recorded.
Soil moisture content and soil temperature was also monitored during the
experiment.

Results
During the growing season 2004 the CO2 emissions were greater from Örke
(Treatment A = 3.35 kg/m2) then from Majnegården (Treatment A = 2.51 kg/m2)
and higher at 40 cm drainage depth compared to 80 cm depth (Örke treatment B =
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2.97 kg/m2, Majnegården treatment B = 2.28 kg/m2) (Figure 1). The CO2 emissions
showed a strong dependence of soil temperature with a q10 between 2.1 and 3.0.
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Multipurpose wetlands for agricultural
water protection - guidelines of wetland
planning and construction
Markku Puustinen1, Jari Koskiaho1
1
Finnish Environment Institute (SYKE), (markku.puustinen@ymparisto.fi)

Introduction
Constructed wetlands (CWs) may have many advantages for rural landscape and
ecological diversity of agricultural environment. Usually, the main objective of
CWs are to decrease nitrogen (N) and phosphorus (P) loading, and hence
eutrophication of surface waters. When constructing wetland for treating diffuse
loading, combining also other interests in the planning in an early stage is essential
for good solutions.
The number of CWs as water protection measures is anticipated to grow in the near
future in Finland. For this need, the latest scientific and experiential knowledge was
compiled as renewed planning guidelines (Puustinen et al. 2007). The guidelines
deal solely with agricultural multipurpose-CWs, which combine the water
protection targets with several other objectives like increased biodiversity, flood
management, recreational use and hunting.

Good design and dimensioning solutions
It is recommended to lead the water to a CW through a ditch that is widened and
formed slightly curving with a flood zone, in which case the velocity of water
slows down and the area serves as the first sedimentation part for coarse solid
particles of the incoming water. Natural succession of vegetation in this part
increases sedimentation.
Flood zones with fluctuating water levels increase the retention capacity of a CW
especially in changing weather and discharge conditions by efficiently cutting the
flood peaks. The deepest part should be placed at the beginning of a CW and it
should be planned to stay as an open water area without vegetation. Function of
this part is to be a sedimentation pond for solid substances. This area should also be
optimal for denitrification. The depth of the deep part may be about 1.5 m (e.g. 1.8
m during high water). The large volume of this part slows down the flow and
prevents straight currents through a CW.
After the deep part the water continues to a shallow area preferably through a dense
vegetation, which is often formed of natural wetland vegetation. The recommended
water depth in shallow area is 0.2–0.6 m. In dry seasons this part may dry out. As
CW develops, dense vegetation will occupy the area. Water on a shallow area is in
effective contact with soil. If the soil is rich in Al and Fe, dissolved P will
efficiently bind in soil particles.
One of the most important single factor with regard to CW effectiveness is the
relative size of a CW, i.e. its area in relation to the area of its catchment. This
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should be at least 1%. CW effectiveness also depends on hydraulic efficiency.
Short-circuiting of flow leaves large CW areas idle in terms of water purifying
processes and shortens the water residence time (WRT) of main flow. Spits of land,
islets, a deep pond-part in the beginning and a levelling terrace in the middle of a
CW are good design elements, all decelerating flow and distributing it evenly to
whole width of the CW.

Landscape design and biodiversity
Good design may increase the acceptance of CWs among landowners and political
field. This is an important issue for promoting private and public investments for
CWs. Distinct original landscape elements like cliffs, big trees or boulders should
be left in their places to enliven the CW site. All shorelines should be formed
naturally curving and with low gradients to increase the wet area of a CW with
fluctuating water levels. The spits of land and islets not only improve hydraulic
efficiency, but also the landscape. Indeed, landscape design with ecological
considerations is essential in gaining full benefits of CWs.
Natural vegetation, especially cattail (Typha latifolia) typically spreads out quickly
in a CW. In addition, different species may be seeded or transplanted. Diverse
vegetation and varying CW elements provide favourable habitat for many species
of birds.

Potential significance of CWs in water protection
The choice between the alternative measures should be made according to cost
efficiency and total reduction in water pollution. As for CWs, the questions
regarding their potential significance include: (i) How large portion of a catchment
should be covered by CWs?, (ii) How many CWs are needed for this?, (iii) How
the CWs should be located with regard to the production areas?, (iv) Do the
suitable places and their owners’ desrire to co-operate coincide? and (v) How much
does the required number of CWs cost?

Conclusions
By applying landscape design and ecological considerations in the early stage of
CW planning, the technical demands of load reduction performance can be
connected with many other benefits. The renewed CW planning guidelines take
into account a wide variety of these aspects and will thus be an invaluable tool for
the Finnish CW planners.
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Towards Selection of Wastewater Treatment
Techniques for Rural Areas of Egypt
Ashraf El Sayed1, M Fawzy and Hassan Amer2
Drainage Research Institute, National Water Research Center,
(NWRC), Ministry of Water Resources and Irrigation
Advisor, Ministry of Water Resources and Irrigation

Introduction
At present, the declining rate of water supply and quality deterioration is a warning
issue although it is not considered to be critical yet. However it can be stipulated
that if appropriate measures are not taken, Egypt will be subject to significant
difficulties concerning water resources and water related diseases. In order to face
this challenge, specific strategies related to water management have been
formulated responding to the critical issues. Amongst these issues, raw sewage is
the most critical, especially in the rural areas of the Nile Delta. Most waterways
receive raw sewage either directly from housing units and sewage/sludge emptying
trucks, or indirectly through agricultural drains loaded with semi-treated/untreated
wastewater. In the light of the above mentioned concerns, water management
strategies are focused on protecting water resources from pollution and preventing
deterioration in water quality.
In some cases, the receiving water body has certain purification capacity that can relax
the level of treatment required for the villages, located in the drain catchment.
Moreover, it's difficult and rather expensive connecting small residential area to
centralized Wastewater Treatment Plant normally located near by the mother village or
town. In such case, decentralized sanitation facilities, advanced primary treatment, can
be provided and get use of the purification capacity of the receiving water body and
water quality limit of law 48/82 can be met. This strategy can be applied within certain
limitation and boundary conditions. Decentralized sanitation facilities could be an
economic simple technical solution to many cases in the Nile Delta.

Objective
The presented study aims in developing criteria that act as road map in selecting the
clusters to be provided with decentralized sanitation facilities.

Methodology
The guided figures abstracted from the modeling exercise using QUAL2K are
limited by two studied cases in the Nile Delta Regions. The water quality variables
included in the model and assessment processes are Biochemical Oxygen Demand,
Dissolved Oxygen and Coliform Bacteria. Model calibration achieved by
comparing and complying the simulation output with the recent measured data of
2007 within certain calibration criteria. List of the simulated scenarios for the
improvement interventions are:
• Centralized sanitation facilities for villages above 1000 capita
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• Decentralized sanitation facilities for villages below 1000 capita
• Level of treatment required would make the drainage quality at the end of
each drain; when applicable; meet the Egyptian law (48/1982).
• Providing only centralized system for the selected cluster

Results and discussion
The water quality modeling for selected cases shows that the agriculture runoff
from third order drain catchment enhances the purification capacity of the drain by
dilution mechanism lead to significant improvement would meet the ambient water
standard of law 48/1982. Some cases show that heavy load from upstream activities
diminishes the water quality improvement of the sanitation projects. The only
solution to meet the ambient water standard is improving the water quality of the
headwater by treating the towns and villages upstream the cluster. Other drain
cases show that decentralized sanitation facilities could be an economic simple
technical solution to many cases in the Nile Delta. Criteria for acceptability of
decentralized system would include:
• Having free zone of point source along the drain (Domestic wastewater)
• Predominantly of diffuse source (agriculture drainage water)
• Minimal or non upstream pollution load (Headwater quality)
• Smaller villages and Ezbas
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Introduction
In the southern and the south-western parts of Finland 75% of the arable land has
subsurface drainage. The typical drain depth is 1.0-1.2 m, gravel is used as
envelope and the drain spacing varies mostly between 12 and 26 meters depending
on the soil type.
In some areas gravel is not readily available and it is nowadays also rather
expensive. Recently some contractors have been using pipes with thin envelopes
(<1 mm textile envelope) with very narrow drain spacing. The state subsidizes
subsurface drainage with some conditions. Currently the conditions do not include
these thin textile enveloped systems. Therefore there is a need for research on these
filter materials. The objective of the research is to compare different drainage
methods. The results from the calibration period are presented.

Field site and measurements
In method I gravel is used as an envelope and the drain spacing is 8 m. In method II
very thin textile (<1 mm) is used as an envelope and drain spacing is 6 m. The aim
is to find out how the different drainage methods affect crop production and
nutrient load in both drainage waters and surface runoff.
The research is carried out on a field at Jokioinen in south-western Finland. The
soil is heavy clay soil and the mean slope is 1%. The existing tile drainage pipes
were laid in 1954 using 16 m spacing and average depth of 1 m. The size of the
field is 6 ha and it consists of 3 plots each with a separate drainage system. Two
different types of new additional drainage systems were built into two of the plots
in summer of 2008 and the third was left as a control plot.
The subsurface and surface waters from each plot are measured. The flow-weighted
water samples are collected through an electromagnet valve to plastic containers for
further sampling and chemical analyses. Total phosphorus (TP), dissolved
orthophosphate (PO4-P), total nitrogen (TN), ammonium nitrate (NH4-N), nitrate
nitrogen (NO3-N) and solid substances (SS) are determined from the samples.
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Results from the calibration period
Example of measured drainage water, surface runoff (Fig.1) and the nutrient losses
(Table 1) are from the calibrating period before the new pipes had been laid out.
Application of manure was carried out in autumn 2007. The measurements will
continue and will show how the different drainage systems will work.
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Table 1. Measured average losses during 09/2007 - 02/2008 (6 months) in drainage water
and in surface runoff

TP [kg ha-1]

DP [kg ha-1]

Drainage Surface Drainage

TN [kg ha-1]

SS [kg ha-1]

Surface

Drainage

Surface

Drainage

Surface

Plot A

1.2

0.2

0.1

0.02

14.6

1.1

826

133

Plot B

1.5

0.3

0.2

0.02

15.1

2.3

1024

171

Plot C

1.7

0.1

0.3

0.01

15.5

0.8

923

46

Average

1.4

0.2

0.2

0.0

15.1

1.4

924

117
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Salinity and water table control in dry
drainage
S. Akram1, H.A. Kashkouli1 and M. Akram2
1
Former graduate student, and professor, respectively. Irrigation and drainage
department, Chamran University, Ahwaz, Iran.
2
Drainage expert, Kamab Consulting Engineers, Tehran, Iran.

Introduction
Irrigation without drainage is not sustainable. In certain circumstances, the
conventional drainage solution may be questionable due to economic and/or
environmental limitations. ‘‘Dry drainage’’, which is leaving parts of the land
retired forever adjacent to the cropped land, has been postulated as an alternative
(Konukcu et al. 2006). Water scarcity along with abundance of saline soils in arid
and semiarid regions, makes it possible to retire parts of the land to control water
table and accumulate salts in the retired parts of the land. While Gowing and
Wyseure (1992) believe that the method is a sustainable and cost-effective solution,
Konukcu et al. (2006) doubt about it. They indicate that the water table can be
maintained at about 1.5 m if cropping is concentrated on 50% of the area. This
general statement, however, is questionable because of the wide range of
combination of soil, climate, water quality, surface conditions etc. The purpose of
this research is to show where the dry drainage is effective and to verify its
sustainability.

Methods
SAHYSMOD mathematical model which is a combination of SALTMOD,
(Oosterbaan, 2002) and the nodal groundwater model SGMP (Bootstrap and de
Rider, 1990) was used. The model simulates water table fluctuation and salt
transfer due to any recharge. The study considers few hydraulic conductivities,
barrier and water table depths, irrigation water salinity and depth, and evaporation
rates from retired strips as well as different widths for both crop and retired strips.

Results and Conclusion
1. In most cases salinity of crop strips is independent from the hydraulic
conductivity of the soil (Fig. 1). So, dry drainage could be utilized even in
rather heavy soils. The same is true for water table depth (Fig. 2).
2. Barrier depth does not have any effect on lowering water table in retired
strips (Fig.3). Considering a uniform salinity profile in the soil of retired
strips, barrier depth increase, however, has a great influence on lowering
soil salinization rate.
3. Dry drainage is very sensitive to the volume of applied water. The higher
the irrigation water, the greater the area of the retired land required.
4. The effectiveness of dry drainage is higher where the neighbouring strips
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are narrower i.e. 25 m parallel strips are more effective compared to 50 m
ones.
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In addition to the above direct results, one may also conclude the following:

1. Traditional drainage systems can complement dry drainage. This,
however, is a trade off between soil contamination and water pollution.
2. Dry drainage major constraint is losing retired land forever due to salt
build up.
3. Important risks of dry drainage are rain and wind which can move salts
back to the crop strips. Crystallization of salts may reduce evaporation
rate.
4. Dry drainage is only cost effective where water is scarce and the land is
vast.
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drained areas as a basis for landscape
scale modelling of water and matter
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1. Introduction
The simulation of water and solute fluxes requires information on precipitation and
evapotranspiration as well as information on the relevant pathways of such fluxes.
Pathways such as surface runoff, interflow, and groundwater flow are usually
simulated with hydrological or integrated models. However considerable problems
arise with simulations in tile drained areas.
Data about tile drained areas can usually be implemented into the models, but in
many countries these data are not available. While in most Eastern European
countries data about tile drained areas were collected from local administrations, in
Western Europe this information is not available for regional scales. Tile drainage
data, obtained for instance from the farmers, could here only be compiled and
digitised for small areas. A data collection by mapping these areas would be much
too costly and time-consuming. This lack of information impedes a sound
modelling of water and solute fluxes in larger catchments, which is essential as a
basis for the implementation of environmental programs such as the Water
Framework Directive (WFD).

2. Method
In order to solve this problem, a method was developed by Behrendt et al. (2000)
and modified by Hirt et al. (2005a, b) to quantify the portion of tile drained areas
for larger catchments in Eastern Germany. The method was applied for the Mulde
(2,700 km²) and the Saale (23,000 km²) catchment. Drained areas in representative
regions were determined, digitised and linked with information of the soil map of
the former GDR (MMK100, scale: 1:100,000) by using the GIS ARC/Info. The
MMK is divided in three levels of soil information; the level with the highest
differentiation (SRT) was chosen. For the soil types of the MMK that show a lack
of data the share of drained areas of the higher level can be taken. This procedure
ensures that all soil types are represented sufficiently (minimum area: 1 km²). With
this approach, a data set was created with information about the portion of drained
areas for all existent soil types. A transfer procedure was designed using soil and
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site characteristics of the soil map, which allows to extrapolate the results for areas,
where no information is available.
The result is a differentiated data set of the portions of potentially drained
agricultural areas for a research area.

3. Transfer to catchments in western Germany
Goal is the transfer of the procedure (to calculate the share of drained areas for
catchments or regions) to western Germany. Three soils maps will be the base for
the transfer of the procedure to catchments in western Germany:
1. Soil map (1:200.000) of Germany (BÜK200) (BGR 2008a)
2. Soil map (1:1.000.000) of Germany (BÜK1000) (BGR 2008b)
3. European Soil map (1: 1.000.000) (European Soil Bureau 2008)
The pros and cons of these maps concerning their suitability for region-specific
method transfer and different extrapolation qualities will be discussed.
For Mecklenburg-Western Pomerania data of the drained areas are available for the
whole federal state (Landesamt für Umwelt, Naturschutz und Geologie).
The portion of drained areas for soil types of the three soil maps (mentioned above)
can be calculated by using this data set. Other data sets of drained areas in EastGermany (provided by the Leibniz-Institute of Freshwater Ecology and Inland
Fisheries) can be included optionally. One or more pilot areas in the north-west part
of Germany will be selected to transfer the calculated share of drained areas by
using the three soil maps. If the information about the share of drained is not
available for all soil types, further data of drained areas for these soil types have to
be obtained.

4. Validation
If the calculated share of drained areas for each soil type is transferred to a
specified pilot area, a validation of the calculated areas is necessary. Therefore,
data about the location of drained areas have to be obtained and digitised from the
relevant authorities. However, the availability of these data is on the one hand
restricted and on the other hand the available data are usually preliminary plans
which must not reflect all meliorations taken place.
On this basis a validation of the results should be possible. Furthermore, an
assessment of the applicability of the three soil maps in comparison to the
MMK100 is possible.
The application of this method nationwide to Germany or even to Europe could
remedy one of the main deficiencies in modelling of water and solute fluxes.

5. Conclusion
This method enables the calculation of the share of drained areas for catchments by
using data of drained areas in representative areas. The method was applied in the
Eastern part of Germany by using the MMK and is now transferred to a pilot area
in the Western part of Germany with three different types of soil maps.
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The application of this method to the whole Germany or Europe could remedy one
of the main deficiencies in modelling of water and matter fluxes.
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in artificially drained lowland catchments:
Spatial and temporal aspects
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Introduction
Artificial drainage is a common agricultural practice to improve moisture and
aeration conditions of lowland catchments. It shortens the residence time of water
in the soil and may therefore contribute to the still elevated level of diffuse nutrient
pollution of many surface water bodies. While lowland landscapes show slow
response times under pristine conditions, artificial drainage alters the hydrological
dynamics and the responses of the catchment. Most tile drainage studies so far
merely focused on the plot scale, although the catchment is the relevant scale for
management decisions, i.e. in the context of the European Water Framework
Directive. To evaluate the on- and off-site environmental impacts of artificial
drainage, monitoring is necessary, and these monitoring programmes need to be
designed carefully to capture the underlying processes correctly.

Material & Methods
In 2003, a hierarchical measurement programme was initiated in a small lowland
catchment near Rostock in North-Eastern Germany (Tiemeyer et al., 2006).
Sampling stations were installed for discharge measurement and water sampling at
the collector drain outlet of a tile drained field site (4.2 ha) and at an adjacent ditch
draining 179 ha used for crop production. Two further sampling stations are
situated at a second ditch draining a catchment (85 ha) of mixed land use (grassland
and arable land) and at the brook Zarnow. The rural catchment of the Zarnow
(15.5 km²) is extensively drained by surface and subsurface drainage. Water levels
were recorded in 15 min intervals, while automatic samplers took daily composite
samples (3 h sampling interval). During low flow periods, the sampling density was
reduced. All water samples were frozen at -20°C until the analysis for Cl-, NO3-,
SO42-, Na+, K+, Ca2+ and Mg2+ using ion chromatography.

Results & Discussion
From our experience, two aspects are especially important to representatively
measure water and nutrient fluxes in artificially drained lowland landscapes: a
hierarchical monitoring approach and a sufficient temporal resolution. To show and
to evaluate the scale transition of the tile drainage signal – both the discharge and
solute concentrations – from the collector drain outlet to small rivers, a hierarchical
monitoring programme embracing spatial scales from the tile-drained plot to small
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NO3-N losses (2003-2007)

catchments is necessary: Frequently, the chemographs behave synchronously at
different scales, but the concentration level is lower at higher scales (Tiemeyer et
al., 2006). The high temporal variability of both the hydrological dynamics
characterised by fast response times and of the solute concentrations – which
frequently rise by more than 10 mg l-1 nitrate from one day to the next, for
example, – in artificially drained landscapes require narrow temporal sampling
intervals, especially during discharge events. Therefore, weekly to monthly
sampling would introduce very large errors into the estimation of the total nutrient
losses as could be demonstrated using our high resolution data (Fig. 1). Although
sampling every third or second day might allows an adequate calculation of the
total losses, a correct interpretation of the underlying hydrological and hydrochemical processes will still be very difficult. Moreover, as also shown by our data,
a pronounced diurnal variability may occur as well, and thus composite samples
using automatic samplers instead of grab samples seem to be advisory. If possible,
sampling should furthermore not be restricted to one or two season as the interannual variation (coefficients of variation between 41 and 69 %) of the NO3-N
losses is very high.
160

120
100
80
60
a

Fig. 1.

a: daily data
b: sampling every second day
c: sampling every third day
d: sampling every fourth day
e: weekly sampling
f: bi-weekly sampling
g: monthly sampling

Ditch arable land

140

b

c

d

e

f

g

Calculated nitrate-nitrogen losses [kg ha-1] for the ditch draining arable land using
different ‘virtual’ sampling intervals (data from 2003 -2007).
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Introduction
Tools are needed to assess loading from agricultural sources to water bodies as well
as the effect of alternative management options in varying environmental
conditions. For this, mathematical models like SWAT offer an attractive option. In
addition, SWAT offers a possibility to include various agricultural management
practices, including constructed wetlands (CWs) in the modelling set-up. Here,
prospects of such simulations in an agricultural catchment in southwestern Finland
are contemplated and the first results are presented.

Methods
The experimental catchment

The Yläneenjoki catchment (233 km2) is located in south-western Finland south of
the Lake Pyhäjärvi (Fig. 1). The soils in the river valley are mainly clay and silt,
whereas moraines and organic soils dominate elsewhere in the catchment.
Agriculture comprises a third of the land-use in the catchment, which is responsible
for over 60 % of the external nutrient loading into the Lake Pyhäjärvi. Therefore,
various management actions aiming at reduction in the loading have been taken in
the Yläneenjoki area during the last 10 years.
SWAT model and simulation of agricultural management practices

SWAT is a process-based model that functions under ArcView-environment. It
simulates water and nutrient cycles at catchment scale on a daily time step. SWAT is a
process-based model, including also empirical relationships. As background
information, SWAT needs (i) land elevation data, (ii) land use data, (iii) soil data and
(iv) weather data. SWAT incorporates a huge set of user-defined parameters which
regulate numerous water and soil processes occurring, as well as management actions
done, in the catchment. Here, up to 3 scenarios were, independently from each other,
set up for simulations of 3 management practices (Table 1).
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The catchment of the Lake Pyhäjärvi with the measurement point Vanhakartano at
the river Yläneenjoki.

Table 1. Agricultural management scenarios used in the SWAT set-up.

0-scenario
Scenario 1
(S1)
Scenario 2
(S2)
Scenario 3
(S3)

Constructed wetlands
No CWs
10 CWs (total area
2.6 ha)
29 CWs (total area
7.5 ha)
10 CWs with areas of
5% of catchment
(total area 350 ha)

Management action
Autumn tillage
Moldboard plowing
in early autumn
Plowing postponed
till December 10th
Harrowing in early
autumn

Fertilization
Mean amounts used
in the region
Max. amounts used
in the region
Layer fresh manure
in grass areas
Swine fresh manure
in grass areas

Results and discussion
Nutrient loading was not much reduced by CWs in S1 and S2, while S3 yielded ca.
18% reductions for both N and P. This suggests that CWs have to be welldimensioned if substantial reductions are desired. Moreover, it seems that it is most
cost-efficient to place CWs in locations where input loading is high and the above
catchment is not very large. In terms of autumn tillage, S1 reduced P loading by
8%, while S2 led to 22% reduction. Both S1 and S2 for autumn tillage had minor
effect (2–4% reductions) in N loading. Maximum fertilization (S1) increased N and
P loading 12% and 17%, respectively. Manure application increased particularly P
loading (25% in S2 and 27% in S3) while the increase in N loading was only 5%
for both. The results suggest that the most substantial reductions in nutrient loading
can be achieved by reducing fertilization and tillage intensity. In addition to these
on-field actions, wisely sited and well-dimensioned CWs make a good supplement.
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Introduction
The mechanisms determining the hydrology and loss of nutrients from artificially
drained soils are complex and depend on many factors. The development of
computer simulation models has provided methods to describe the mechanisms of
nutrient retention and release in drained areas. The DRAINMOD–N II model
includes modules for simulating carbon and nitrogen dynamics in shallow water
table soils with artificial drainage (Youssef et al., 2005). The aim of this study was
to evaluate the DRAINMOD–N II model for south-east Sweden.

Material and Methods
The research area used in the computer simulations was established at Gärds
Köpinge (Southeast Sweden, 55°56´N, 14°10´E, in the county of Skåne) in 2000.
The experimental site is divided into four plots, including two plots with
conventional drainage and two plots with controlled drainage (Wesström, 2006),
three of which were used in this evaluation (plot 2, 3 and 4). In this study
simulations were ran during four periods: January 2002-June 2002 (Year 1), July
2002-June 2003 (Year 2), July 2003-June 2004 (Year 3) and July 2004-December
2004 (Year 4). DRAINMOD–N II was calibrated with data from one plot with
conventional drainage (plot 3), and validated with data sets from the other two plots
with controlled drainage (plot 2 and 4). The model was evaluated by comparing
predicted results with measurements of outflow and NO3-N losses from subsurface
drains.

Results and Discussion
The statistical indices calculated from the predicted and observed monthly drain
outflows and NO3–N losses from subsurface drains are shown in Table 1.
Statistical comparison showed good agreement between predicted and measured
drain outflows. The overall values of MAE varied from 0.16 to 0.36 cm. During the
4-year period, the EF values were equal or higher than 0.84, which are within
satisfactory range (>0.50). For most parts, DRAINMOD-N II simulated NO3–N
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losses in subsurface drains rather well. The overall agreement between observed
and simulated values varied from 0.16 to 0.30 kg N ha-1 for MAE. The overall
values of EF varied from 0.49 to 0.89. In contrast to the drain outflow simulations,
the overall EF in the validation plots 2 and 4 are barely within the satisfactory
range.
Table 1. Statistical comparison between observed (OBS) and simulated (SIM) drain
outflows (cm) and NO3-N losses (kg N ha-1) from conventional drainage (plot 3)
and controlled drainage (plot 2 and 4) during the 4-year period.

Plot

OBS

SIM MAE†

EF‡

OBS

SIM MAE†

EF‡

— kg N ha-1 —

— cm —
2

29.4

33.3

0.36

0.84

10.6

9.4

0.30

0.55

3

53.6

51.6

0.34

0.95

12.2

10.7

0.16

0.89

4

17.1

13.2

0.16

0.90

8.1

8.2

0.21

0.49

†MAE = mean absolute error
‡EF = Nash-Sutcliffe modelling efficiency

Both simulated and observed results showed that controlled drainage can reduce
NO3-N losses. Our results showed the potential of DRAINMOD–N II for predicting
NO3-N losses from drained lands under cold conditions in south-east Sweden.
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1. Introduction
Nowadays, water is a limited resource and a valuable good. That is why it tends to
be more controlled in order to improve its use. Furthermore, the quantity of water
assigned to agriculture in Spain is quite more important than the destined to the rest
of activities. Because of that reason, knowing how water is managed in irrigation
systems is really interesting, even more in that ones in which water availability is
usually enough and water price is relatively low for the farmer. In such cases, some
faults in managing the water will probably occur due to the lack of attention on the
wasting of the input.
Water will be better used if the farmer tries to adapt the irrigation to crop water
requirements, applying water only when needed and not producing productivity
reductions in order to avoid the problems related to an excess of water (leaching of
nutrients, water losses…).
The objective of this work is to highlight the advantages that monitoring methods
and GIS have in agricultural water management.

2. Methodology
For this study, several fields have been selected, all of them are part of the GenilCabra irrigation system. This irrigation district is placed in Cordoba, a province of
Andalusia, a typically Mediterranean irrigated region located in southern Spain.
The period of the study includes two irrigation seasons: one wet (2003/04) and
another really dry (2004/05).
The three main elements needed for the study are the volume applied in irrigation,
the rainfall and the crop water requirements. The first one has been recorded daily
in each field during the irrigation season thanks to a remote control system which
records flow rate in the outlets. The rainfall has been measured daily as well in an
agro-climatic station.
A water balance in the soil has been performed following the FAO56 procedure, in
order to estimate the volume of water lost in deep percolation. The indicator RWS
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(Relative Water Supply) has been calculated as well to give an idea of the adequacy
of water supplied to the crops.

3. Results and conclusions
Thanks to the monitoring methods, the water losses in deep percolation as well as
the amount really used by crops have been calculated. In addition, the fields with
deficit or excess of water have been identified by means of the RWS indicator. The
results have been introduced in a GIS in order to study the spatial variability of the
data (Figure 1).

Fig. 1.

Excess and deficit of water in each field

New technologies such as remote control systems combined with a GIS have been
probed to be very useful. These methods provide the managers with important
information to help in the agricultural water management.
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long-term nitrogen losses of artificially
drained lowland catchments
Bärbel Tiemeyer1, Bernd Lennartz1, Roger Moussa2
1
Institute for Land Use, Faculty for Agricultural and Environmental Sciences,
Rostock University, Justus-von-Liebig-Weg 6, 18051 Rostock, Germany.
2
Institut National de la Recherche Agronomique, UMR LISAH (Laboratoire
d'étude des Interactions Sol - Agrosystème - Hydrosystème), 2 Place Viala, 34060
Montpellier Cedex 1, France.

Introduction
Tile drainage shortens the residence time of water in the soil and might therefore
not only aggravate the pollution of surface waters, but also cause a change of the
hydrological dynamics of the catchment. Furthermore, preferential flow may result
in an unexpected fast response of the tile drains. However, tile drainage has rarely
been explicitly included into distributed hydrological models. Therefore, the model
MHYDAS-DRAIN was developed to account for anthropogenic impacts and a fast
flow component in small catchments dominated by agriculture.

Material & Methods
The model MHYDAS-DRAIN

The spatially distributed model MHYDAS-DRAIN is based on hydrological units
derived from tile drainage and land use maps and connected to the drainage
network. The basic assumption underlying model development is that the tile drain
discharge is composed of preferential and matrix flow and that an additional
baseflow component is present in the ditches. The slow drainage component is
calculated with the Hooghoudt-equation, while the fast flow component is
modelled with a transfer function approach. Flow routing is realised with an
analytical solution of the diffusive wave equation. A full description of the model
may be found in Tiemeyer et al. (2007). Using a regression approach and long-term
meteorological data disaggregated to hourly values, estimates of discharge rates
and NO3-N losses for a range of meteorological conditions could be derived.
The study site

The model was applied to a collector drain outlet (4.2 ha catchment) and a ditch
(179 ha) in a small pleistocene lowland catchment under agricultural use in NorthEastern Germany, where a hierarchical monitoring programme for hydrology and
hydrochemistry has been installed in 2003.
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Results & Discussion
Measured and modelled discharge rates at the collector drain outlet and in a ditch
as well as groundwater levels agreed reasonably well. As expected, tile drainage
was dominating the hydrological response of the catchment. As only winter halfyears with a precipitation sum around or even below the long-term average could
be monitored so far and as nitrate-nitrogen concentrations were not diluted by high
discharge rates, modelled NO3-N losses during the winter of up to 37.6 kg ha-1
(collector drain) and 31.2 kg ha-1 (ditch) exceeded the losses measured until
2005/06 (collector drain: 20.1 kg ha-1; ditch: 21.8 kg ha-1) (Fig. 1). According to a
regression analysis, the fast low component reduced nitrate-nitrogen losses, but this
is not necessarily the case for other substances such as phosphorus.

[kg ha-1 6 mo-1]

Measured (2003-2006) and modelled minimum, maximum and average nitratenitrogen losses [kg ha-1 6 mo-1] during the winter half-years.
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Measured NO3-N losses

Maximum NO3-N losses (modelled)

Average NO3-N losses (modelled)

Minimum NO3-N losses (modelled)

Conclusions
Overall, tile drained fields will have to be addressed with priority if a reduction of
the diffuse nutrient pollution in lowland catchments is intended. Therefore,
management approaches for tile-drained areas need to be developed.

References
Tiemeyer B., Moussa R., Lennartz B. and Voltz M. 2007. MHYDAS-DRAIN: A
spatially distributed model for small, artificially drained lowland catchments.
Ecological Modelling 209: 2-20.

-399-

IDW2008 – Poster presentations

Poster 4.1

Ditches for Life or Biological Importance
of Drainage Ditches in Europe
Irina Herzon1, Juha Helenius2 Silvia Budaviciute3, Tiina Hovi4
1
Researcher, University of Helsinki, Department of Applied Biology,
Latokartanonkaari 5-7, 00014, Finland, herzon@mappi.helisnki.fi
2
Professor, University of Helsinki, Department of Applied Biology,
Latokartanonkaari 5-7, 00014, Finland, juha.helenius@helisnki.fi
3
Researcher, University of Helsinki, Department of Applied Biology,
Latokartanonkaari 5-7, 00014, Finland, budavici@mappi.helsinki.fi
4
Research Assistant, University of Helsinki, Department of Applied Biology,
Latokartanonkaari 5-7, 00014, Finland, tiina.hovi@helsinki.fi

Introduction
Environmental impacts of drainage are currently assessed in its role in water and
chemical transfer over the watersheds, and decline in farmland biodiversity. The
latter results from the destruction of wetlands and wet meadows, loss of ditches to
subsurface piping, and their management. There is a widespread need for
reconciliation of management of ditches for their drainage functions with the
support of biodiversity and associated ecosystem services. We reviewed the
literature on the biological state of agricultural drainage ditches in the temperate
and boreal zones of the Northern Hemisphere. A specific objective was to search
for evidence on the role of the biological communities in the overall functioning of
ditches in farmland. We further evaluated impacts pertaining to replacement of
open drains by subsurface drainage, removal of main ditches, rehabilitation of
drainage in countries of central and eastern Europe, and outlined challenges for
management and further research.

Results
A total of over 300 publications and unpublished reports were reviewed as relevant
to the review objectives with about 150 dealing with ditch biota. Most ditches
support species also common elsewhere, and therefore can be regarded as habitats
of lower quality than larger and more stable water environments, such streams and
lakes. However, whenever comprehensive surveys were conducted, the biodiversity
value of ditches was shown to be considerable in providing wet vegetated noncropped habitats to both aquatic and terrestrial species, supplying food resources
lacking in otherwise dry and intensively managed cropland, and performing
connectivity functions within a wider landscape. Regionally ditches were shown to
harbour a suite of rare species or species not found in other farmland habitats.
Some functions of drainage ditches within agricultural landscapes – such as
regulating water flow and nutrient retention, or supporting pollinator communities are likely to depend on the composition and structure of biological communities of
ditches, though the issue remains poorly explored. The biggest threat to the quality
of ditch networks as ecosystems is presented by a severe runoff from the fields,
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management, which disregards habitat value of ditches, and removal of ditches,
especially in the intensively farmed landscapes. The potential of ditches as a habitat
is arguably not achieved because land managers are not aware of the issue and
manage ditches purely for drainage purposes. Here we call for:
•

establishing biological value of ditches in all parts of Europe (especially in
Central and East Europe);

•

acknowledgement of the (potential) biodiversity value of drainage ditches
on the agendas of relevant political and engineering bodies;

•

developing a methodology on ranking ditches by their relative importance
in providing various functions (drainage vs. pollution mitigation vs. habitat)
in order to adapt management to support several functions, and to allow
recovery of former streams and wetlands;

•

systematic monitoring of practices carried out under the Natural Watershed
Management framework for their impact on biodiversity.

Conclusions
Considerable disturbance originated from agriculture, and management of the
ditches solely for efficient drainage greatly undermines the biological potential of
ditches. Certain functions of drainage ditches within agricultural landscapes are
likely to depend on the composition and structure of biological communities of
ditches, though the issue remains poorly explored. Enhancement of the biological
value of drainage ditches is possible but presents a considerable practical challenge.
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The efect cauzed by the rain precipitation
registrated in the 2004 – 2007 period
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In Romania were developed over 3 million he of land for irrigation, over 3 million
ha of dewater land, 2,5 million endigment land with over 3000 km dikes, 2 million
ha protected land against flloding, as well numerous / o calities, communication
ways and other social – ecomical objectives protected by dikes or canalization.
In the last 20 years, Roumania was affected by alternating years of dryness and
excess of humidity.
The excess of humidity was felt by its effects of calamity on agriculture land, and
also on the people living places or populated centers.
The huge amount of precipitation that came down in the 2004 – 2007 period, as
well as amount of water registered by the water courses provoked enormous
damage to the country ecomony.
Breaking the equilibrium by mastive de forestatinon brought along with
economical matters and losing a member of humans and animals.
There are months in the rainy years or normal years with respect with the soin,
when are recorded 150 – 250 mm and years with dry months, or even normal or
reduced amount of soin.
Big amount of precipitation could be recorded in short interval of time, for example
in 1-5 consecutive days when could to measured from 50 to 150 mm.
Then, in those places the drainage of surface water or the inffiltration in the more
profound strat are reduced, precipitation water in excess could accumulate and
determine in that soil the process of pseudoglezation, or to contribuite to soising the
vertical level.
The recorded data permited, beginning with 2008 to be lounched, o serie of
proposals and even projects for reabilitation of the drainage works againt floods
and adapting forme advantageous projects eliminating the humidity excess.
In Roumania were resolved over 3 million ha of land for irrigation, over 3 million
ha of dewatered land, 2,5 million ha protected againt floods, 2,5 million ha
indigement land with over 3000 km of dikes, 2 million ha of protected land against
floods, alto noumerous places, communication.
Ways and other objectives with economic and social character, protected by dikes
or ways of evacuation – canalization.
The main categorier of proposed projacts that could be developed in regime of
emergency are:
• reabilitation of existing dikes or execution of new dikes on the existing places
or even on new locations;
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• condikneet of affected areas by the high level river water, on eventually
accumulations; reabilition of dederiositated drainage work follouing the
torrential precipitation canalization;
• execution of canalization or canalize and drainage system on both
agricultural land and urban areas.
In completion of the above I underline the fact that in 2005 the total amount of
precipitation was 1118 l/mp comparing with de average/ year being 530 l/mp.
Similar situations were recorded in other stations, which lead to adopt emergency
measures for water evacuation (canalize, drainage, pomping stations etc).
The damage registered could be evaluated using the presented data for 3 regions
located or south of country: Teleorman, Olt and Arges.
Teleorman: one decesed, 68 living places affected, 4728 houses affected (291
distrayed and 1502 damaged ), 6133 house anexes, 31 socio-economic objectives,
66 bridges of small dimentions, 108 timber bridges, 6,35 km of national roads, 107
km of provincial roads, 304,5 km of country roads, 10306 dead animals, on 102
electrical lines interupted.
Olt: 6 decesed, 42 places under water, 800 persons evacuated, 3250 flooded house
(1300 grave affected and 60 completelly distrayed ), 4800 ferms, 24 bridges, 45
timber bridges 24 km regional roads, 50 km country roads, 3800 water sources, 16
economic objectives, 8 dams.
Arges: 11 places, 595 flooded farms, 122 water sources, 152 houses, 1871 ha
agricultural land, flooded, 19 km of regional and country roads, 13 bridger and
timber bridges.

To so, then, whese the water drainage on the land surface or infiltration in the soil,
in the more profound strat are reduced, the precipitation water in excess
acummulated or contributes to soiling the practic water.
The acumulated data permmited beginning 2008 to lounch a serie of propasals and
even projects for reabilitation of protection areas against the floods and adaptation
of beneficial solutions for eliminating the humidity.
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