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Preface
The present proceedings are the result of an intemational meeting within the frame of the
International Energy Agency/Biomass Agreement (EA/BA)/Task VHI through the activities
on "Biological disposal of waste waters and sludges" (Niels Heding, Denmark) and
"Ecological/biological balances and conservation" (Kurth Perttu, Sweden), respectively and
organized by the Swedish University of Agricultural Sciences, Uppsala. The meeting was
divided into a 2-day study tour, starting from southernmost Sweden and ending in Uppsala,
during which we visited different vegetation filter experiments, and a 1-day conference with
paper and poster presentations. In connection with the IEA meeting, we also organized a joint
Swedish-Polish workshop, mainly devoted to presentations of results from Polish
investigations on large-scale vegetation filter use. The papers published in the proceedings are
grouped under the main subjects in accordance with the contents on pages 4-5.
Until recently wastewaters and sludges have been considered in many countries
mainly as waste products which we must get rid of in the easiest way and at the lowest cost. In
particular, the contents of nitrogen (N) and phosphorus (P) in wastewater and sludge have
caused problems in treatment and deposition. Removal of N is a very expensive process (in
Sweden estimated to 3-7 ECU per kg), and the requirement for further reduction has recently
been sharpened. We are also aware that P is a limited resource in the world and that there are
reasons to recirculate this element. Because both N and P are major threats to our water
ecosystems, it is logical to seek systems for treatment of wastewaters and use of sludges, in
which these plant nutrients can be used for production of biomass fuels, at the same time as
their harmful effects are eliminated. Such systems, also named 'vegetation filters', have already
been shown to be of great use both economically and environmentally.
In order to use the positive values of the different waste products in an ecologically
sound way, the research activities in most countries have to be increased. The research must
not only take into account the basic biological and technical aspects, but also opinons and
expectations. The necessary aspects to be considered are summarized in the Figure below:
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The travel and accommodation costs for the participants from Estonia were sponsored
directly by the Swedish Institute. The Polish participants were also funded by the Swedish
Institute via the Swedish branch of WWF who made it possible for these scientists to take part
both in the Baltic Sea Conference at Oxelösund and in the present workshop.
Uppsala, November 1994
Pär Aronsson

Kurth Perttu
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Biological disposal of wastewaters and sludges
- the history of a young activity
N. Heding
Danish Forest and Landscape Research Institute
Skovbrynet 16, DK 2800 LYNGBY, Denmark

Biological Disposal of Waste Waters and Sludges was initiated in 1992 as a new IEA-activity
under Task VHI; Efficient and Environmentally Sound Biomass Production Systems. The
background for the activity was an increasing interest in the participating countries for energy
crops and an increasing concern about the way that particularly sludge was disposed of. In
Sweden, Denmark and the UK, national research programmes had developed recently and
these countries joined the activity.
The initiate meeting was held in Denmark, November 15-16, 1992. There it was
agreed that the main task of the activity was to keep the participants informed about the work
going on within the national programmes. The focus in all the national programmes is on
poplars and willows in short rotation and the wastes in question are sewage sludges and waste
water.
It was agreed, however, that relevant experiences from other crops like miscanthus
and energy grass and from other wastes such as ashes and dump site leachate could be
discussed as well.
The corner stone of the activity has been the yearly meeting in one of the
participating countries followed, by an excursion to the trial sites of the national research
programme. Many valuable discussions have taken place and much good inspiration has been
found on these excursions. The national research programmes are all treated in these
proceedings.
During the activity, international contact net have been much wider than just the
participating countries. In combination with the annual meeting in the UK, June 2-4 1993 a
one-day seminar with invited speakers was held. The annual meeting in Sweden, June 5-10
1994 was arranged as an open study tour followed by a one-day conference under the joint
title: "Willow Vegetation Filters for Municipal Waste Waters and Sludges - a Biological
Purification System".
The activity has been represented at other IEA activities as well. At the activity 9
workshop in Sweden March 25-26, Keld Hauge Nielsen gave a speech: "Environmental
aspects of using Waste Waters and Sludges in Energy Forest Cultivation". This has later been
printed in Biomass and Bioenergy (Vol. 6, No. 1/2, 1994). The activity leader, Dr. Niels
Heding spoke at the IEA seminar "Bioenergy - Environmental Impact" in Denmark in
September 20-21, 1993: "Cultivation of Energy Crops with low-input factors: Short Rotation
Forestry".
A publication has been published with support from the activity: "The Use of Sludge
in Forestry and Agriculture. A Comparison of the Legislation in Different Countries" by
Merete Morsing.
In summing up it will be fair to say that the activity has come a long way in the first
three-year period. Interesting results have started to emerge from the young research
programmes and a strong international network has been built up. The activity has made itself
visible in the bioenergy world.

Use of resources in municipal wastewater
- a comprehensive view
A. Finnson, A. Peters, A. Lind and O. Palm
Swedish Environmental Protection Agency, S-171 85 SOLNA, Sweden

Abstract
Wastewater from municipalities contains resources such as nutrients, organic matter, heat
energy, water but also undesired pollutants. To reach sustainable development, recycling
between urban and rural areas of resources in municipal wastewaters has to be increased. This
can be done either through recycling of sewage sludge to agricultural land or through, e.g.,
direct use of the nutrients in urine by separation of the urine already at its source.
To be able to recycle sludge or other nutrient-rich products back to agricultural land
certain criteria must be fulfilled. The content of pollutants like heavy metals and organic
compounds has to be at such a low level that they will not cause any damage to agricultural
land even in a very long-term perspective. Today, recycling of sludge from municipal
wastewater treatment plants back to agricultural land is one of the major recirculation paths
between urban and rural areas.
It will become necessary to evaluate new types of wastewater treatment systems to find
out whether they can meet future demands better than present systems. To make comparisons
possible, certain criteria have to be set up:
- What about the hygienic standard of the system ?
- Does the system manage resources in a responsible way (natural resources, energy, etc) ?
- Is it possible to recycle the resources in the system ?
- Will the system contribute to sustainable development for the receiving land and waters ?
- How user-friendly is the system (e.g. factors as economy, accessibility, cultural traditions)?
The use of such criteria for comparing different kinds of wastewater treatment systems
will be discussed in the paper.
Key words: willow vegetation filters, Salix, wastewater treatment, sewage treatment,
recycling, resources, phosphorus, sludge policy.
Introduction
Through implementation of Agenda 21 and the local Agenda 21 there is now a concrete
document with determined goals and principles to be working towards. Two of the main
principles that are settled in Agenda 21 are the precautionary principle and the principle of
responsible management of resources.
Sustainable development of our society can only be achieved by responsible
management of resources and the recycling of non-renewable resources. To reach the goal of
having sustainable agriculture, the losses of nutrients to surrounding waters and groundwater
have to be minimized. Recycling of nutrients removed by harvest is also essential for reaching
sustainable development of agriculture. A recycling system of nutrients has to be
implemented. Another demand has to be that no increase of toxic metals or other toxic
compounds occurs.
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Urban and rural areas are dependent on each other in many different sectors. The
dependency is obvious, e.g. concerning the production and consumption of food.
Nevertheless, nutrients are recycled back to agricultural land only on a small scale. This is
indeed significant for nitrogen. The situation is different for phosphorus, the recycling of
phosphorus can be increased if the recycling of sludge from wastewater treatment plants is
increased.
Resources in municipal wastewater
Almost ever since the urbanization of Sweden started, wastewater has had, in many cases, to
be managed more as a problem than a resource. To reach sustainable development, recycling
of resources between urban and rural areas has to be increased. The resources in wastewater
are not limited to nutrients only. Also organic matter, the water itself, and heat energy in
wastewater can be regarded as resources.
To solve the problems given by the municipalities' wastewater discharge into the
receiving water, wastewater treatment plants were constructed in Sweden (see Figure 1). The
construction of wastewater treatment plants was strongly related to problems which in
succession appeared to be connected with discharge of wastewater. For Sweden, the
development of wastewater treatment plants can be described as follows:
1910 Wastewater treatment was considered not to be necessary not even in the big cities
1930 Water closets began to be more common and it was necessary to introduce
mechanical treatment to decrease the visible wastes of the water closets.
1950 Oxygen depletion in receiving waters became increasingly frequent. As a
consequence, biological treatment of wastewater was introduced.
1970 The eutrophication effects of the discharge of phosphorus from the human body
and detergents became obvious, wastewater treatment plants were complemented
with chemical treatment.
1990 The eutrophication of the seas surrounding Sweden is due to the discharges of
nitrogen from, e.g. agriculture, forestry, traffic and wastewater from households. A
reduction of the nitrogen load on the sea was found to be necessary. Among other
measurements a programme was implemented for expanding the large wastewater
treatment plants for nitrogen removal.
During the last 20 years a development towards better use of resources in wastewater
has been started at conventional wastewater treatment plants. There is still a lot to do but the
momentum is going in the right direction. Some of the strategies are shown below:
- Phosphorus: The sludge quality is strongly increasing due to information and regulations in
the municipalities. Consequently, phosphorus may in many cases, be recycled back to
agricultural land
- Nitrogen: Nitrogen can not be taken care of in the systems of today. Only some 10-20 % of
the incoming amount of nitrogen can be recycled by the sludge
- Organic matter: The organic matter may be used for producing methane gas for central
heating or for producing electricity but can also be used as a source of humus by
recycling of sludge
- Heat energy: The temperature in wastewater varies roughly between ten to twenty degrees
celsius. The temperature combined with the big influent flows into the wastewater
treatment plants represents a lot of heat energy. Today, heat energy in wastewater is
commonly transferred by heat pumps to a district heating system among wastewater
treatment plants with over 100,000 people connected.
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Figure 1. Development of municipal wastewater treatment in urban areas in Sweden.
There are numerous of other systems of wastewater treatment than conventional
systems where resources of wastewater can be taken care of.
Phosphorus, nitrogen, potassium, water: A system for recycling nutrients which exists
mostly as soluble compounds can be achieved by irrigation of agricultural land (for cultivation
of biomass fuel or food for further food-processing as e.g. cereals, sugar-beets) by using
mechanically and biologically treated wastewater. Another system of recycling nutrients may
in some cases be to separate urine and faeces and use only the urine fraction as fertilizer on
agricultural land.
Phosphorus - a non-renewable resource
About 90 per cent of the phosphorus excavated from mines is used for producing fertilizers
and a small amount is also used for producing animal food, i.e more than 90 per cent of the
phosphorus is used for food production. Figure 2 shows the use and flows of phosphorus in
Sweden today. The supply of phosphate ores worth working is estimated to be about 20 000
Tg containing about 13 per cent of phosphorus. The annual use of phosphorus from these
resources is estimated to about 20 Tg P (Smil, 1990). The resource can then be calculated to
have a life-time of 130 years at the current rate of use.
There are, however, many factors which may decrease or increase the life-time of
phosphate ore. If large-scale extraction of phosphorus from the sea were possible, phosphorus
would become a nearly limitless resource. But with today's technology, the phosphorus supply
has to rely on phosphate nJ.nes.
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The fact that phosphorus is irreplaceable as an element for living organisms and that it
is a limited resource even in a relative short perspective makes it necessary to limit the use of
new phosphorus.
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Figure 2. The figure shows phosphorus in agriculture and society in Sweden. The unit is
g phosphorus/ha year. There are large variations between different kinds of agriculture
and between different regions. The total area of agricultural land in Sweden is 3 000 000
ha (Granstedt & Westberg, 1993).
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Irrigation of willow vegetation by using municipal wastewater
Today in Sweden, there is increasing interest in investigating alternatives to conventional
wastev.ater treatment. Several municipalities have started discussions on replacing existing
systems for wastewater treatment with solutions where treatment processes are operated
outside ordinary basins and tanks. In Sweden there are not many alternative treatment systems
in operation today. Unfortunately, many of the existing non-conventional treatment systems
lack programmes of evaluation or assessment of operation and results.
The development that can be foreseen today is that alternative wastewater treatment
solutions will be more common at the same time as there are still many mistakes to be made
on the way to more systems working in a non-conventional way. It is, therefore, necessary to
strengthen the feed-back of experiences of design and operation of non-conventional systems.
It will also be necessary to have a tool that can be used for comparing different kinds of
wastewater treatment already at the design stage.
To make it possible to judge and compare different kinds of wastewater treatment
systems some kind of criteria have to be set up. The aim of these criteria should be to make it
possible to carry out relative appraisals of suitability from, e.g. environmental, hygienic and
resource management aspects. The aim of such criteria should not be to find "the one and
only" wastewater treatment system but to make it possible to make relative comparisons
between different systems. The result of appraisals of different systems will shift depending
on local conditions, such as urbanization, geology, topography, climate, etc.
In a programme to be implemented by the Swedish EPA during the next two years, a
method for relative appraisal of wastewater treatment systems will be elaborated. The criteria
from which the appraisal will be done will set the frames for what a water and wastewater
treatment system has to fulfil. The project of system analysis of water and wastewater
treatment solutions has just started and the Swedish EPA believe that it is necessary, as a start,
to use the following criteria for the appraisal:
- What about the hygienic standard of the system?
- Does the system manage resources in a responsible way (natural resources, energy, area of
land, etc)?
- Is it possible to recycle resources in the wastewater system?
- Will the system contribute to sustainable development for the receiving land and waters?
- How user-friendly is the system (e.g. factors as accessibility, economy, cultural traditions)?
When looking briefly at willow vegetation filters as a part of a system for treating
municipal wastewater the following aspects should be discussed:
- What about the hygienic standard of the system? How much pre-treatment of the wastewater
is necessary before it can be discharged into a willow vegetation filter? Does the scale of
the cultivated area or the abundance of these types of systems affect the hygienic risk
assessment? How long should the period be between the end of irrigation and harvest?
Is there any risk to the surroundings caused by transmissions of microorganisms by
aerosols or by insects, birds, animals etc?
- Does the system manage resources in a responsible way (natural resources, energy, area of
land, etc)? Is it possible to recycle resources in the wastewater system? There is a
relatively high content of cadmium in ashes from Salix, 2 to 10 times the concentration
in ashes from pine or spruce (Naturvårdsverket, 1994b). Willow vegetation uses several
resources in wastewater but will it be possible to recycle the ashes from willow biomass
fuel?
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- Will the system contribute to sustainable development for the receiving land and waters?
How can the wastewater be treated during non-growing season? What about the nutrient
uptake in a willow vegetation filter? Are the nutrients of wastewater used or are they
just stored in the ground or even leaking to the ground-water? An important factor to
evaluate, a key-factor, is to get a view of mass flows of water and nutrients over the
system.
- How user-friendly is the system (e.g. factors as accessibility, economy, cultural traditions)?
When using willow vegetation for wastewater treatment on a large scale, is there any
risk for conflicts with other interests like cultural aspects of using nature for wastewater
treatment?
Recirculation of phosphorus in willow vegetation filters
The aim of the condition of agricultural land or potential agricultural land is that it has to be
possible to use land for food production in a long-term perspective (1000 years). For sludge
from wastewater treatment plants, requirements are set on metal concentrations
(Naturvårdsverket, 1994a).
When the willow fuel is consumed, ashes are produced and another resource or waste
is created. To fulfil the recycling of, e.g. phosphorus and minerals it is not sufficient to use the
wastewater for growing willow, it is also necessary to recycle the ashes back to the willow
vegetation filter.
The principle of using ashes on agricultural land is the same as for forests: What is
removed can be returned. Ashes from' willow vegetation can therefore be returned to land
where production of biomass fuels equals the produced biomass. Ashes should not be returned
to agricultural land which, through previous use or naturally, has higher contents of metals
than the regulations used for spreading of sludge from wastewater treatment
(Naturvårdsverket, 1994a). As a consequence, use of ashes can be banned for certain
agricultural land areas. If the ashes are going to be returned to any other area than from where
they originated, the same regulations apply as for the use of sludge.
Discussion
Wastewater treatment systems have to be designed and operated in a way which makes it
feasible to use as many resources as possible in the wastewater. It is essential that resources
that are non-renewable are recycled. Among the different resources in wastewater, phosphorus
is perhaps the most crucial since it is both non-renewable and irreplaceable. Willow
vegetation filters may be one of the solutions for wastewater treatment which make it possible
to recycle some of the resources in wastewater.
There is a relatively high content of cadmium in Salix ashes, 2 to 10 times the
concentration in ashes from pine or spruce (Naturvårdsverket, 1994b). In a long-term
perspective there may be problems in finding places where the ashes can be spread. When
applying the criteria set up for wastewater treatment on willow vegetation filters, it is
important to consider the possibilities of recycling the ashes back to land for biomass fuel
cultivation. Can recycling of ashes interfere with the aim of using the willow vegetation for
wastewater treatment? If the ashes are recycled back to energy forest plantations which at the
same time are used for wastewater treatment, will there be a risk for leakage of nutrients?
Together with the applied wastewater this may result in a surplus of nutrients in the willow
vegetation system.
In principle, willow vegetation filters seem to be a solution that may prove to be
satisfactory but there are still a lot of questions to be answered. Well-planned experiments and
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evaluation programmes are now essential to verify the expectations on willow vegetation
filters.
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The Swedish energy forestry programme
L Sennerby-Forsse
Swedish University of Agricultural Sciences, Department of Ecology and Environmental Research
P.O. Box 7072, S-750 07 UPPSALA, Sweden

Abstract
In Sweden 15 years of research and development within the National Swedish Energy Forestry
Programme (NSEFP) have resulted in a new agricultural crop with a high potential for sound
ecological and economic outcome. Commercialisation of energy plantations are in progress
and about 10 000 ha of energy plantations have been established on private farm land. To
replace imported oil used for heating purposes (ca 10 TWh) approximately 200 000 ha of
energy forests are needed. This calculation is based on an annual production of 12 tonnes of
dry wood per hectare and year (one tonne of dry chips contains ca 4.5 MWh energy). The
estimated potential of available agricultural land for bioenergy production is 300 000 ha,
which would result in 15-20 TWh of energy. The infrastructure needed for the handling and
utilization woody biomass already exists to a large degree as wood residues from the
conventional forestry equals 60 TWh today, with a potential of being doubled within 10-20
years. Thus, in the near future, bioenergy could constitute one third of Swedens total annual
energy need (ca 420 TWh), which illustrates the potential of bioenergy as an important part of
the energy supply. The research emphasis is on increasing the understanding of
ecophysiological relations of coppice cultivation of Salix spp., in order to enable productivity
to be maximized and sustained and the biomass to be easily harvested and eficiently utilized.
Introduction
Research in the Energy Forestry programme is oriented towards obtaining knowledge
necessary to create a new, environmentally sound crop for energy production. This includes
basic as well as applied research projects and a true multidisciplinary approach have been
used since the start of this programme. The overall, long-term research goal of the programme
can be formulated as follows:
" to obtain the knowledge needed for advising growers on those matters concerning
plant material, its establishment, and its management for a high and sustainable
production of woody biomass that is ecologically acceptable".
In order to create an interdisciplinary environment and develop knowledge applicable
to practical utilization, the programme have been organized in three subsections since the start
in 1978 up to 1993. These sections included "plant biology, stand ecology and production
systems". The research efforts in the plant biology section concentrated on studies of
physiological processes and morphological characteristics of individual plants. Results were
compared with plant behaviour and response to different environmental factors at the stand
level, and finally, results from research experiments and trials were transferred into practical
management practises and evaluated before being adviced to growers. When results were
ready for implementation the extension work included the publication of handbooks and
similar printed matters. Also courses in practical cultivation of energy forestry were given to
interested parties.
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The coppicing system
The production system used in Swedish energy forests is coppice and the main species used,
Salix and Populus, both members of the Salicaceae family have among them some excellent
coppicing species. The ability of trees to resprout have been widely used since ancient times
in agriculture and forestry to produce fuel, fodder, household articles, shade and wind
protection all over the world. Today coppicing is utilized in plantations of woody species,
with the main product being biomass for energy and pulp (Siren et ah, 1987).
Short rotation plantations with selected Salix and Populus clones are established with
woody stem cuttings, which develop adventitious roots when planted. After the establishment
of the root system , repeated harvests of sprouts can be carried o u t . The original cutting, the
shoots and the roots together form a unit which is commonly referred to as a stool. The
establishment and management of coppice plantations includes several operations which are
normally undertaken within agriculture rather than in forestry. For example, site preparation
before planting, weeding and tending during the establishment phase, and sometimes intensive
fertilization are used in coppice systems. Harvesting is always carried out when the stools are
dormant, thereby securing a root pool of nutrients for resprouting the following spring.
A critical aspect of biomass plantations is the sustainability of the system, especially
since the ability to withstand repeated harvesting varies widely between different species. In
this sense the spacing and rotation harvesting cycle are extremely important factors which
have a strong influence both on yield and life expectancy of the stools. Research have shown
that willow plantations with S viminalis and S dasyclados in Sweden reach the optimum
production at a spacing of about 15 000-20 000 stools per ha and rotation cycle of 3-5 years
(Willebrand et al, 1993). Poplars usually need wider spacings and longer rotations as is also
the case with some tree formed willows (Zsuffa et al., 1993). The requirements seems to be
species- and in some cases even clone specific and also depends on climatic region, soil
characteristics and management intensity. Fertilized commercial salixplantations in Sweden
averages 10-12 tonnes of dry matter (DM) stem wood production per ha and year (Ledin &
Alriksson, 1992; Sennerby-Forsse, 1986). Maximum yield in field trials have shown a
potential of the clones to produce up to 30 tonnes DM per ha and year (Christersson, 1986).
The "coppicing phenomenon" refers to the fact that harvesting or decapitation of
certain plant parts causes reinvigoration and in some species even accelerates growth towards
the theoretical maximum. The reasons for the high growth of the regenerating shoots are not
well known, although the proximity of roots to shoots and the retention of a large parental root
system are important factors (Cannell et al, 1987). The understanding of coppice physiology
is incomplete and the high complexity of interacting physiological processes such as dynamics
and interactions of growth regulators, water, nutrients and storage products make it difficult to
isolate single factors as responsible for certain responses (Ericson et al, 1992). Research is
carried out to increase the understanding of which physiological variables are crucial for
coppice regeneration and how they are linked to the morphological characteristics of the
plants (Sennerby-Forsse etal., 1992).
Progress to date
Due to the structure of the research programme a broad and at the same time detailed
knowledge basis have been founded within the programme over the years. Some of the key
results from previous research are for example the identification of S viminalis and S
dasyclados as today's most suitable species for biomass production during Swedish conditions,
the high genetic variability within species and the proven techniques of cloning most
genotypes. There has been a substantial increase of knowledge of the basic biology of these
species and the production potential have been clearly demonstrated. Furthermore, the
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estimation of potential risk elements for production losses and the cultivation techniques
developed have lead to the implementation of practical plantations with private farmers.
Present research programme
The ongoing research programme emphasizes attempts to integrate the results from detailed
studies of separate factors and processes at the whole-plant level with multiple processes and
stressors considered. The challenge here is to understand whole-plant processes and their
interactions in the field.
In order to achieve these goals the experiments are designed to allow the scientists
involved to closely follow the growth and responses to carefully controlled treatments of
individual plants in a field environment. Two species, S viminalis clone 78183 and Alnus
incana, are presently studied during one full rotation period, i.e. three to four years, including
one year after harvest. The treatments consists of varying availability of nutrients, water and
light. The effects of the treatments will be studied in ways addressing issues of whole
tree/whole stand carbon/nitrogen budgets, various aspects of coppice biology, water use
efficiency and plant phenology. Studies concerning cycling of water and carbon dioxide in
soil-plant-atmosphere will be conducted within the same experiment. Results will be used in
growth models developed as tools in order to increase the understanding of the coppicing
system.
Besides ecophysiological studies several other important research projects are carried
out. Studies of frost hardiness and pest and disease resistance as well as problems related to
the practical cultivation and utilization of Salix crops are performed. Thus, aspects such as
weed control, stand design, stand dynamics, production estimation, fertilization levels and
techniques, harvesting effects on plant survival, clone/site interactions, response to sludges
and wastewater as well as uptake of radioactive isotopes are dealt with.
Future development
The further utilization of biomass plantations for environmental clean-up programmes and
waste cycling is now developing on a regional and local basis. As a complement to intensively
cultivated pure energy plantations, mixed forest stand are of interest as multipurpose
production systems for wood chips, short fiber and veneer. Economic calculations concerning
natively produced bioenergy, from conventional forestry as well as from bioenergy plantations
are mostly positive today. Considering different environmental as well domestic advantages,
the utilization of bioenergy addresses positively both the CO2 problem, by changing to CO 2
neutral energy sources, as well as the low profitability of agriculture, the waste mountain and
the energy need.
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Energy forests in Estonia. Situation in 1994
A. Koppel
Institute of Zoology and Botany, Estonian Academy of Sciences,
Vanemuise 21, EE2400 TARTU, Estonia

Introduction
Restoration of the independent Republic of Estonia caused dramatic changes in Estonian society,
particularly in economy. Closed and totally integrated into the Soviet system the economy is
opening and adjusting to the world market. One of the cornerstones of independent economy is
efficient use of energy resources. Interest in domestic renewable energy resources, including
energy forests, has increased during the last two years.
The Estonian Energy Forest Project was started in 1993 in order to promote the research
and application of renewable energy resources in Estonia.
Why Estonia needs energy forests?
In order to answer this question, three problem areas should be taken into account:
- the structure and perspectives of energy production,
- the environmental situation and
- the present state and perspectives of agriculture.
1. Energy production
The following trends and problems can be seen in Estonian energy production (State Department
of Energy, 1992; Ots, 1994):
- Dramatic increase in the price of the energy carriers, especially of imported fuels.
- The proportion of imported fuels is decreasing (from 44.6% in 1991 to 35.2% in 1992). Still
the heat production is based to a great extent on imported fuels. Domestic fuels
(including oil-shale) cover only 1/4 of the heat production.
- Decrease in energy production during recent years, which is caused by reconstruction and
subsequent economic decline. In 1991 the primary energy use was 109.9 TWh, in 1992 82.2 TWh. The production of electricity has declined from 18.8 TWh (1983) to 11.7
TWh (1992). The economic revival, however, will increase the need for energy in the
immediate future.
- Primary energy production is almost totally based on fossil fuels, only 2.6% is produced from
wood and 2.0% from peat. The importance of biofuels is, however, growing.
- Estonian energy production is based to a great extent (60%) on domestic oil-shale. Production
and use of oil-shale causes a number of environmental problems. At the same time, the
biggest consumers of oil-shale - the thermal power plants - are old and their lifetime is
coming to an end.
- In the energy policy of the Estonian government, wider use of renewable biofuels is foreseen.
The loans from EBRD, WB and EC for reconstruction of the energy system are used for
reconstruction of existing, and installing new, heat boilers that operate on domestic fuels,
peat and wood residues. Mostly small boiler units are installed (Kulbas & Böstrov,
1994).
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2. Environment
The use of oil-shale has decreased from 31.3 million t (1984) to 15.2 million t (1993), most of it
is used to run the thermal power plants. However, extensive mining and usage of oil shale results
in a great impact on the environment (State Department of Energy, 1992; Kallaste et al., 1992):
-Burning of oil-shale is responsible for 2/3 of SO2 and 1/3 of NOX emission in the country.
Annual SO2 emission per capita in Estonia is 110 kg (compared with 20 kg in Sweden).
-Fly ashes from the power plants, that penetrate the electric filters, cause alkaline pollution in the
surrounding environment, which has a drastic impact on the ecosystems, especially on
bog vegetation. Ashes also contain heavy metals.
-Oil-shale industry causes deterioration of landscapes, changes in hydrologic regime and water
pollution. At present, mines cover an area of 50 000 ha, 20% of which is used as open
quarries. Drainage water from the mines, rich in sulphur compounds, is resulting in water
pollution in Lake Peipsi. Ashes extracted from the boilers are deposited on 20 000 ha.
These areas are almost impossible to use in the foreseeable future.
Beside the oil-shale industry, the greatest environmental problems are insufficient
purification of municipal and industrial wastewaters and municipal sludge. In most cases, the
water purification systems are old and ineffective.
3. Agriculture
In agriculture, drastic changes have occurred in recent years and the future prospects are still
unclear. The previous collective and state farms have mostly been dissolved during the ongoing
land reform and the family farms are reappearing. The basic features of agriculture are the
following:
-The area of arable land is 1.15 million ha (Mander, 1994). Compared with the population (1.5
million), the area of arable land per capita is twice as big as in Sweden.
-The percentage of rural population is relatively high, 25%. High unemployment can be
predicted in the immediate future in the countryside.
-Open market economy will create severe competition problems for agriculture, especially if
prospects of joining the EC are considered.
-During the Soviet occupation, the land usage was severely altered. Small and scattered fields
and pastures were neglected and new lands were ameliorated and turned into bigger
fields. This produced an extensive increase in forests and especially the marginal thickets
(mostly covered with alder and willows). The estimated area of the latter areas is 200500 thousand hectares.
Combining all the above listed problems, it is clear that prospects of extensive usage of
energy forests in Estonia look promising. Energy forests can contribute to the domestic
renewable energy- resources, decreasing the hazardous sides of the energy production based on
oil-shale. Energy forests can create job opportunities for the rural population, and can be used for
utilization of wastewaters and communal sludge.
Estonian-Swedish Energy Forestry Project
In February 1993 an agreement of multilateral co-operation on research of energy forests was
signed between The Swedish University of Agricultural Sciences, Estonian Institute of Zoology
and Botany, Estonian Institute of Astrophysics and Atmosphere Physics (both beeing members
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of the Estonian Academy of Sciences) and the Estonian Potato Processing Association. Five
experimental willow plantations were planted in the same year. This can be considered the start
of the Estonian Energy Forest Project.
The scientific and applicable objectives of this co-operation project are the following:
-to study the biogeophysical aspects of the growth and productivity of willow plantations in
Swedish and Estonian environmental conditions;
-to select the most productive and least vulnerable willow clones for practical application in the
energy plantations;
-to study the possibility of using willow plantations in wastewater purification;
-to study the economic efficiency of energy forest as an energy resource in Estonian economic
and environmental conditions.
Experimental plantations
Five experimental plantations were established on different soil types in 1993 (Figure 1):, using
the selected clones from the Swedish Energy Forest Program (Ross et al, 1993).

Figure 1. Localization of energyforest experimental plantations in Estonia.
* Töravere (0.2 ha on mineral soil, 2 clones). Basically, the biogeophysical and biometrical
studies are carried out in this plantation.
* Saare (0.6 ha on mineral soil, 7 clones). Growth and productivity studies, also fertilization
experiments on a typical mineral soil are carried out.
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* Kambja (0.3 ha on well-decomposed organic soil, 7 clones). This is a soil type which
represents growth conditions on areas that are most available for large-scale application
of energy forests in Estonia. Experiments similar to these in the previous area are carried
out.
* Valga (0.3 ha on slightly decomposed organic soil, 60 Swedish clones and 6 domestic clones
on 2 ha). The experimental plot is established on the final purification field of the water
purification system of a major potato processing plant. The aim of the experiment is to
study the use of willow plantations as a vegetation filter. The plantation is intended to be
used for producing cuttings for the final purification area. The potato processing plant is
under construction, and in 1994 the prospects of completing the plant are unclear.
* Väike-Maarja (0.2 ha on well-decomposed organic soil, 60 clones). The aim of the experiment
is to study the usage of vegetation filters on a final purification field of the Väike-Maarja
water purification plant. Willows are planted on the 5-meter-wide beds between ditches
with a total length of 900 m. The purification plant is in operation.
Since Estonian fanners have demonstrated increasing interest in starting practical energy
forests, an application spin-off subproject was started in 1994. A plantation (0.3 ha on mineral
soil, formerly arable land) was established, using 6 Swedish clones. The intention is to extend
the plantation to 3 ha. The aim of this project is to build up an extension farm, introducing
practical skills and producing cuttings for further spreading of energy forests into Estonian
practise.
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Present state of the art in Poland concerning vegetation filters
H. Obarska-Pempkowiak
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Abstract
In Poland, more than 10 000 villages are equipped with a water supply system while only 100
have got a sewage collecting and treatment system. Sewage originating from small towns,
rural areas and holiday resorts constitutes about 15% of the total volume of the liquid waste
produced in Poland. Due to its high concentration of nutrients it poses a substantial threat to
the environment.
The idea of utilizing hydrobotanical systems for treatment of wastewater in rural areas
has slowly been gaining popularity. The first examples of such systems were developed some
fifteen years ago (Frombork, Olkusz). However, no proper design principles were applied and
the performance of these systems left much room for improvements. Investigations
concerning the application of willow for treatment of municipal and industrial wastewater
carried out in Wroclaw in the sixties, regretfully never found a wider application.
Since mid-eighties, based on literature data and information (Kickuth, Bucksteeg,
Cooper, Brix, Perttu), more systems were constructed. Most of them were based on the
vegetated submerged beds principle developed by Kickuth (some fifteen root zone systems
have been constructed and are under operation). Two hydrobotanical treatment plants based
on the free water system principle have also been constructed and are in operation.
Hydrobotanical systems are often regarded as a cure for the excessive load of nutrients
discharged to surface water. With improving knowledge, some experimental work carried out,
and sound engineering design principles, this approach is being replaced with a more cautious
one.
Key words: wastewater treatment, wetlands, willow, reed, irrigation.
Introduction
In Poland there is considerable interest in ecological methods for purification. This situation is
caused by insufficient or lack of sewage treatment in villages and small towns (usually only a
first stage is in operation) and lack of methods for pollutant removal from surface sources.
Tough regulations concerning nutrients in sewage discharged to surface waters is another
reason. Today, small rural purification plants struggle to fulfill permitted requirements issued
by the Ministry of Environmental Protection, Natural Resources and Forestry on 5"1
November 1991. According to these regulations, the limits for nutrient concentration in
discharged water are: 30 mg/1 for nitrogen and 5 mg/1 for phosphorus. In the case of sewage
discharged to lakes, the limit for phosphorus is 1 mg/1 and for sewage discharged to sea 1.5
mg/1.
In cases of low population density and non-uniform flow, treatment to these limits is
costly. Purification plants based on trickling filters and active sludge all show the same
disadvantages for both small and big installations. They need professional staff in order to
uphold high efficiency of purification. Problems with utilization of active sludge also occur.
Hydrobotanical methods are thought to be a potential solution to these problems.
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Hydrobotanical treatment systems are presently being tested in order to study their purification
capacity.
Hydrobotanical systems are divided into two groups: natural wetlands and artificial
wetlands. A wetland is an area in which the water table is at or above the ground level long
enough each year to maintain saturated conditions and growth of suitable vegetation. Wetland
vegetation most often consists of spp. of reed (Phragmites), sedges (Carex), cattails (Typha),
bulrush (Juncus), and willow (Salix).
Review of Polish experience with willow
In Poland, Salix is a very popular and useful plant. For centuries, willow has been and
still is regarded as a symbol of the Polish landscape. In fact, it is part of our national heritage
and culture.
Traditional usage of willow in Poland results from its applications:
- in furniture industry,
- in construction of baskets and other plaitworks,
- in reinforcement of banks of rivers and lakes as well as sea shores.
A relatively new use of willow is for energy production. This application is due to its
massive biomass production and ease of cultivation. Factors influencing biomass increase
have been thoroughly investigated in Sweden to an extent enabling mathematical simulation
and optimization of growth (Kowalik 1979, Kowalik 1984, Perttu and Kowalik 1989). Good
agreement between simulated and actual data has been reported. Both field- and simulated
data have indicated that growth depends not only on climatic factors but also on the
availability of nutrients. Details of the findings can be found in a review by Perttu and
Kowalik (1989) who concluded that some 120 kg of nitrogen must be added in the form of
artificial fertilizers to achieve a growth of about twenty metric tons (dry weight) per hectare
and year.
Wastewater can also be used as a source of nitrogen for increasing the willow biomass.
The possibility was investigated in Poland during the 1960's [Bialkiewicz 1966, Bialkiewicz
andNowinski 1968, Bialkiewicz 1969).
Field experiments were performed at Osobowice near Wroclaw (south-west part of
Poland). The experimental area, 0.5 ha of silty soil over sand, was irrigated via surface
furrows placed 1.8 m apart, with 0, 2000, 4000 mm of municipal wastewater after primary
treatment during the growing season (May - September), i.e. 100 or 200 mm each week. Four
species were tested on a soil rich in organic matter: Salix americana, Salix viminalis, Salix
purpurea and Salix amygdalina. The soil was drained with parallel clay pipes at 120 cm
depth, 14 m apart. A maximum yield of 32 t/ha-year was achieved with Salix amygdalina with
a nitrogen load of 1200 kg/ha year. The relation between harvestable biomass and nitrogen
load is presented in Figure 1. Application of higher hydraulic loads of wastewater (resulting in
higher loads of nitrogen) resulted in an increase of biomass growth in all species.
However, when nitrogen was overdosed, the biomass production decreased. This could
have been caused by excessive soil moisture. It is surprising that even without addition of
nutrients the willow crops ranged from 10 to 20 metric tonnes per hectare and year, depending
on species. This was probably due to nitrogen stored in the soil profile, a possibility quite
likely since the experimental fields have been used for sewage disposal for several decades
(Bialkiwicz 1966).
Additional measurements of the quality of the drainage water were carried out
(BODS - 19 mg/1, Nlol - 32 mg/1, P2O5 - 6 mg/1). Compared with the concentrations in the
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added wastewater, they indicated efficiencies of removal of 88% for BODS but only 41-43%
for nitrogen and phosphorus. It is concluded that overdosing nutrients is not good for willow
growth and that a hydraulic load of 2000 mm during the growing season was too high for
efficient removal of nutrients.
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Figure 1. The correlation between nitrogen load and willow biomass growth on a nitrogen-rich soil
at Osobowice.
Experiments with Salix were repeated in lysimeters filled with nitrogen-free soil at
Puczniew near £6dz (center of Poland). Unfortunatelly only Salix americana was tested. Little
willow biomass was harvested. According to the experiments the biomass growth was
strongly correlated with the nitrogen load in the range of 0 to 1200 kg N/ha year as shown in
Figure 2 (Bialkiewicz, 1974; Bialkiewicz et al., 1989).
The experiments described so far were carried out in order to optimize willow growth.
It is unlikely, however, that willow will be grown for energy production in Poland in the near
future. Nevertheless, the idea of supporting willow growth with wastewater can be utilized as
a means of reducing the amounts of nutrient released to nature, which is a problem of major
importance in environmental protection. This implies, however, a change in philosophy.
Removing as much nutrients as possible in course of willow growth is of major importance
whereas biomass production is merely a useful biproduct. Willow wood may be used as a
means of reducing the cost for wastewater purification.
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Laboratory experiments aiming at evaluating the efficiency of pollutant removal from
wastewater were carried out at the Faculty of Hydrotechnics in Gdansk. The results are
presented by Obarska-Pempkowiak (1992).
In the Gdansk Region the application of willow growing on strips of land along a
stream was tested. The so-called buffer zones were designed to protect water against surface
run-off of pollutants. More detailes are given by Obarska-Pempkowiak (1994).
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Figure 2. The correlation between nitrogen load and willow biomass growth (S. americana) on two
different soils in lysimeters.

Review of Polish experiences of reed
Another popular plant frequently utilized in Poland is reed (Phragmites communis). It is a
macrophyte characterized by extensive rhizomes and roots reaching deeper than 1 m. Because
of their hollow stems, macrophytes, especially reed, are well suited for a submerged
environment. Air is transported to roots, shoots and rhizomes and from them to soil creating
aerobic areas, in the otherwise anaerobic, soil. This enables degradation of organic substances
and growth of nitrification bacteria. Around the rhizomes aerated zones are created. Further
from the roots anoxic conditions prevail and still further away from the roots the conditions
are anaerobic. Thus, in the course of wastewater passing through the soil, organic matter
becomes oxidized, ammonium nitrogen is oxidized to nitrate, which in turn undergoes
denitrification to gaseous nitrogen, while phosphates and heavy metals are sorbed to soil
particles. Heavy metals are removed with plant biomass, or precipitate in soil as sulfides.
The two main types of artificial constructed wetland with reed are:
- Free Water System (FWS), where water flows on the surface. This system is similar to
wastewater ponds (Figure 3a).
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Vegetated Submerged Bed (VSB). In which, in contrast to the FWS system, water flows
laterally through the medium and the vegetation root zone. This system is similar to a
flooded filter (Figure 3b). There are several examples of wastewater treatment plants of the
FWS type in operation in Poland today. One of them is situated in Frombork (in northern
Poland) on the shore of the Vistula Lagoon (Obarska-Pempkowiak et al, 1994). This plant
is characterized by a very poor yearly elimination of nitrogen and phosphorus. The removal
rate is about 30% of nitrogen and only 3% of phosphorus. This situation is caused by
overloading (Obarska-Pempkowiak et al., 1994).

Emergent aquatic
vegetation

Mud
Imprevious
gcotcchnical material
(liner)
Native soil
Figure 3a. Free water surface system (FWS).
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Figure 3b. Vegetation submerged bed system (VSB).
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Another macrophyte system of the FWS type is located near Krakow (in southern
Poland). It is a huge marsh of 74 ha total area fed with wastewater from a neaby zinc and lead
mine. Initial efficiency of removal of metals was in the range of 5-10% but has recently
increased to 20%. According to Wqjcik and Leszczynski (1993), the low efficiency is caused
by uneven spreading of sewage (the same reason as in Frombork).
Another FWS system, localized in Wiezyca, was designed by the Technical University
of Gdansk. It is a pond with emergent hydrophyte vegetation (mainly reed) functioning as a
tertiary treatment stage after mechanical and biological treatment in a container treatment
plant. The pond is separated into inner dikes. The dikes force the wastewater to flow along
ditches and ensure a long retention time (about 49 days). The wastewater surface area in the
pond was about 20 m 2 /PE (Obarska-Pempkowiak et al., 1994).
In Vegetated Submerged Beds (VSB), in constrast to FWS systems, the purification
process takes place underground, where water flows laterally through the medium (soil, sand,
gravel or an artificial substrate) and the root zone vegetation. A variety of the VSB system is a
system developed at the Max Planck Institute. In this (MPI) system inert, coarse material is
utilized as rooting medium. Another variety is a system utilizing finer material and this system
is usually attributed to Kickuth and called the Root Zone Method (RZM). Systems of this kind
adsorb phosphorus on soil particles and a special matrix of rhizomes and roots.
In Poland, some VSB systems are already in operation. Most filters are filled with
gravel or coarse sand. They are quite similar to MPI systems, although the authors call them
RZM. Improper design afld performance of these systems cause surface flow and low
efficiency in wintertime.
Research carried out at the Technical University of Gdansk proved that material of fine
structure is better suited for sorption and denitrification while material characterized by
excellent hydraulic conductivity provided better elimination of organic matter (ObarskaPempkowiak, 1992). This is apparently caused by the higher rate of oxygen penetrating into
the soil.
An interesting hydrobotanical system was constructed in Przywidz (the Gdansk
region). Sewage mechanically treated in an Imhoff tank in the amount of 22 m 3 /d is
distributed into a hydrobotanical plant. The plant consists of two parts. The first part is a
vegetation submerged filter (VSB) with horizontal flow and a unit surface of only 1 m 2 /PE
which ensures odour removal. The second part is a cascade filter where reeds are growing.
The cascade filter is built with internal dams which are separated by ditches. Gravitational
flow of sewage is secured by the plant being situated on a hillslope. The cascade filter consists
of four dams and three ditches. The total length of each ditch is 30 m and the difference in
altitude between two adjoining ditches is 0.25 m. A schematic illustration of the constructed
wetland in Przywidz is presented in Figure 4. The system ensures high efficiency of nutrient
removal. The concentration of pollutants in the effluent is similar to the concentration in
surface water (Table 1). One exception is PO]' tested in September 1993, March, and May
1994. This is caused by a rapid rise of the water level in the ditches of the cascade filter, far
above the level of 60 cm. Hydraulic overloads caused a decreased efficiency of phosphate
sorbtion.
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Table 1. Concentrations of contaminants in the effluent from the hydrobotanical purification plant
in Przywidz
Parameter

Unit

BOD7 g 07 An3
CODCr g 07 /m3
PO\-

g/'n3
g/m3

Cone,
in influent July
134.0
5.6
295.04 14.5
31.01 3.82
27.8 0.58

Concentration in effluent
1993
1994
August
SepOcto- January March
tember
ber
3.0
5.0
3.6
8.2
7.9
26.4
14.5
13.0
31.1
31.9
3.1
3.65
3.1
5.29
5.46
trace
0.58
3.0
0.14
4.0

Figure 4. A schematic illustration of the hydrobotanical purification plant in Przywidz.
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May
8.0
37.1
4.93
1.85

Conclusions
- Vegetation filters ensure effective removal of organic substances and nutrients from
sewage;
- Nutrients from wastewater could support the growth of willow and reed and treatment of
sewage can therefore be combined with energy production;
- Economical and ecological advantages and easy maintenance make vegetation filters an
attractive alternative to traditional treatment plants;
- A condition for proper and efficient removal of pollutants is that a sufficient surface area
per PE is available.
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The use and treatment of wastewater in willow and poplar plantations
J. Kutera and M. Soroko
Institute for Land Reclamation and Grassland Farming,
VI. Powstancow SL 98, 53-333 WROCLAW, Poland

Abstract
The paper presents the results of long-term studies on poplar and willow plantations irrigated
with municipal sewage. The data show that irrigation with sewage effluent is likely to
accelerate and increase the growth of the biomass of fast-growing trees and shrubs, especially
poplars and willows. It has been found that Populus gelrica and Salix amygdalina are the
most suitable varieties to treat with sewage effluent. Optimal yearly rate of application was
found to be 1000 mm, while maximum yearly rate should not exceed 2000 mm.
The rotation of Populus gelrica can be planned for every seven years and this may
yield about 20 m3 of timber high in cellulose which can be destined for chemical processing,
or every twenty years which may yield up to 25 m3 of sawmill timber and timber suitable for
plywood production. Salix amygdalina, whose dry matter may reach 14 tonnes/ha-year, can be
used as fuel or as a material for flood control of small rivers and streams.
Poplar and willow plantations can also provide effective land treatment of sewage as
they considerably reduce the nutrient components contained in sewage effluent (75%
reduction in nitrogen and over 85% reduction in phosphorus) and result in 95% reduction of
BOD5.
Long-term irrigation with sewage effluent does not reduce the high biomass
productivity of the trees. The soil under willows and poplars meets the requirements of a
second and third degree sewage treatment. The rates of sewage application should be limited
to prevent pollution of shallow ground waters. The rates should depend on the trees'
requirements for nitrogen.
Key words: wastewater, irrigation, willow, poplar.
Introduction
Since 1991 the Polish standards of waste water quality after treatment have been raised to
levels so high that the artificial methods for water purification used so far prove to be
unsuccessful in achieving the goal. This is mainly due to the introduction of new criteria for
the presence of nutrient components affecting the classification of water quality. The
requirements have to be met by all purification plants larger than 5 m3/day: BOD5
< 30mg/dm3, total nitrogen < 30 mg/dm3, ammonia nitrogen < 6 mg/dm3 and total
phosphorus < 5mg/ dm3. By the year 2000, the total phosphorus content will have to be
reduced to levels not exceeding 1.5 mg/dm3 and the highest BOD5 values are not to exceed
15 mg/dm3.
Generally, the mechanical biological treatment processes at the existing water
purification plants do not meet the requirements described above. Even modernised biological
treatment processes do not reduce nitrogen contents to satisfactory levels. Also phosphorus
contents are not eliminated effectively by chemical processes. Besides, it should be
emphasized that the elimination of phosphorus requires the use of chemical agents in large
quantities, which in turn are difficult to remove and may be harmful to the environment
(Przewlocki, 1992).
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Undoubtedly, the present condition needs amelioration, further investigation and
search for new technologies and solutions. Elimination of nutrient components from the
effluent is a neccessity and so is their treatment and subsequent utilization in the soil and plant
environment.
The utilization of sewage effluent in agriculture has had a long tradition in our country.
There are fields which have been irrigated with waste water for over 100 years, and despite
overloading, they meet the requirements of a second and third degree biological treatment
processes. The studies carried out for many years, especially by the Wroclaw research team,
allowed us to introduce a number of new techniques, of which one deserves special attention;
irrigation of poplar plantations and other fast-growing trees with sewage effluent (Kutera,
1988). The method worked out for irrigating poplar plantations with waste water has been
based on 20 years of experience and studies carried out on the Wroclaw fields (Dragun, 1978).
Many years ago a research team from the Institute for Forestry conducted complex
studies on the use and treatment of waste water in the soil under trees and in forests
(Bialkiewicz, 1992). Their results encouraged us to continue the studies, focusing our
attention on the entire growing cycles and commercial suitability of the trees.
Irrigation of trees with sewage effluent may have an impact on intensification of wood
production, the biomass of which can be destined for industrial processing or power stations.
Moreover, the trees planted on the areas destroyed by industry will have a positive effect on
land and forest reclamation.
Possible ways of using sewage effluent in willow and poplar plantations
In our climate, a fast-growing poplar tree is especially suitable for effluent irrigation. It needs
a soil of neutral or slightly alkaline pH, rich in minerals, highly permeable with mobile ground
waters (Dragun, 1968). In such habitats, the yield of poplar timber for paper and cellulose
industry is several times higher than that of pine trees or spruce. In southern Europe, the
contribution of poplar to cellulose and paper industry is enormous (Törak & Vermes, 1972).
The earliest example of irrigation with municipal sewage applied to poplars comes from
Reims, France, where it has been successfully used for dozens of years. Its positive results are
reflected in the well-shaped appearance of the trees (Figure 1).
Our experiment on poplars irrigated with sewage effluent was carried out in two
stages. Preliminary tests were performed on the Wroclaw fields irrigated with municipal
sewage (Wierzbicki & Dragun, 1958). The basic studies were carried out in Redzin near
Wroclaw on a part of the field irrigated with waste water since 1881. The soil under the grass
is an alluvial, light loamy sand. Subsoil is formed of loose sands. The entire land is drained
(spacing 14.0 m at a depth of 120 to 140 cm). The area was irrigated with the effluent using a
flood system in combination; only during the growing season or for the whole year at the
following yearly rates of application : 0, 500, 1000 and 2000 mm. A single rate was 250 mm.
The experiment was carried out on the following poplar varieties: Populus gelrica, Populus
hybrida 277, Populus regenerata and Populus merilandrica. The dates of winter irrigation
were fixed and the operations were performed irrespective of weather conditions. No
difficulties or harmful effects on the trees due to irrigation were observed (Figure 2). On the
contrary, irrigation with sewage effluent reduced the incidence of diseases and pests typical of
poplar trees as compared with non-irrigated areas. All cultural operations were parallel to
those on traditional plantations; trimming and thinning when overlapping of crowns occurred.
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Figure 1. Poplar plantation
irrigated
with
municipal sewage
from the city of
Reims, France.

Figure 2. Winter irrigation of poplar plantations with municipal sewage from Wroclaw, Poland.

A full analysis of the data was done after 7, 14 and 20 years of observations of the
trees irrigated with sewage effluent. Figure 3 shows the amount of poplar timber obtained
from trimming and thinning operations performed when the crowns met. The data show that
despite adverse conditions of the habitat, the increment in timber is higher on irrigated than on
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non-irrigated areas. However, the effects, though positive in each case, show differences
depending on the poplar varieties. Populus gelrica proved to be the most productive of all.
Felling after 7 and 14 years showed significant differences in the diameter of boles correlated
with time and rates of irrigation. Irrigation during the growing season affected the increment
better than the irrigation applied throughout the year. Besides, the data show that the optimal
yearly rate of sewage effluent for poplars is 1000 mm. The data obtained for 20 years' rotation
still proves that Populus gelrica is the most suitable variety for the areas irrigated with sewage
effluent. Figure 4 shows its diameter at breast height (1.3 m above the ground).
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Figure 3. The weight of timber after irrigation with Wroclaw municipal sewage.

Table 1 shows the effects of irrigation with sewage effluent on Populus gelrica.
During felling, its diameter at breast height is several times larger when the logs come from
the irrigated area as compared with non-irrigated. On average, the increment in timber after 7
and 14 years was 20 m3/ha year and after 20 years the volume increment reached 25 m3/ha
year. The classification of wood by a trained, experienced forester shows that the irrigated
areas yield better-shaped boles whose wood is of higher quality than that from a non-irrigated
plantation. The wood was classified as high quality material, since it was lacking the
assortment destined for fuel. The timber of 7-year-old trees irrigated with sewage was so high
in cellulose that it was suitable for paper and matches manufacturing. For this reason, a 7-year
rotation can be recommended for sewage-irrigated Populus gelrica plantations whose timber
is destined for the paper and cellulose industry. However, only a 20-years rotation results in
the highest increment of top quality timber which can be destined for plywood and veneer.
Profitability of sewage-irrigated Populus gelrica plantations is comparable with that of
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irrigated meadows whose grass is destined for processing, eg. hay flour (Dragun, 1978;
Kutera, 1988).
Table 1. Influence of irrigation with municipal sewage from Wroclaw on poplar timber production
Index of timber
production
Large timber (m3/ha)
(m3/ha year)
Wood (% ) destined for:
fuel
paper pulp
matches
sawmills
plywood &
veneer
Mechanical and physicochemical properties:
density (g/cm^)
resistance to stress (MPa)
cellulose (% of dry matter)
lignin (% of dry matter)
cellulose (% in cellulose)
Profitability (old prices)
gross value-zl/ha year
mean gross value-zl/ha year
mean net value-zl/ha year

Poplars 7 y
irr.
non-irr.

Poplar 14 y
irr.
non-irr

20
2.9

86
6.1

140
20.0

60
40

10
80
10

Poplar 20 y
irr. non-irr.

287
20.0

147
7.0

497
24.8

20
20
30

60

20
20
20

40

30

50.12
20.57
11600
1600
-2420

51.13
20.31
134200 46600
19100 3300
7310 -840

40

0.29
17.5
55.0

0.29
16.0
53.9

74.7

75.8

285600 88100
20400 4400
9640
370

721500
36000
23610

Our Polish experience shows that the fields irrigated with sewage effluent are well
suited for willow trees, and shrubs in particular. Hazuk & Mazur (1969), who carried out their
experiments on willow plantations in Gliwice for 7 years, reported yields of 22 tonnes of
wicker from 1 ha/year. The soil under willows was irrigated with municipal sewage and the
yield obtained was 100 % higher than that of a non-irrigated area.
In the 1960's, some experiments were carried out on willow plantations irrigated with
sewage effluent whose produce (wicker) was destined for basket-making. It was found that the
quantity of wicker significantly increased, but its strength decreased, therefore its suitability
for basket-making was reduced (Wierzbicki, 1963).
In 1960-1965 other experiments were conducted on the Wroclaw willow plantations
irrigated with waste water. Four willow varieties were the objective of the studies. The data
obtained are shown in Table 2. It was found that sewage effluent irrigation significantly
improved the yield of Salix amygdalina. For this reason, the authors of the studies pointed out
the usability of this species for fascine production suitable for land reclamation and cellulose
production.
Bialkiewicz (1980) carried out a series of experiments in 1968-1975 in which he used
large lysimeters (10 m2 - at 1.5 m depth) for Salix americana irrigation with municipal
sewage. Figure 5 shows a yearly biomass production of the willow depending on the
application rates.
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Figure 4. Cross-section at 1.3 m height of 20-year old poplar from an experimental plantation at
Redzin near Wroclaw (left: non-irrigated; right: irrigated with Wroclaw sewage).
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Table 2. Annual yield of four different willow species (tonnes DM/ha year) irrigated with municipal
sewage from Wroclaw at different rates
Irrigation
rate (mm)

viminalis

amygdalina

purpurea

americana

0

9.6

8.0

5.5

5.2

2000

14.4

8.6

7.1

5.0

4000

14.1

7.3

6.4

5.0

The weight of Salix americana irrigated with municipal sewage was 205 % up to
348 % higher than the non-irrigated plots. The highest annual production of wicker from the
control lysimeters and those irrigated with non-polluted water was noted in the second year,
whereas the highest volume obtained with various rates of sewage application was observed
after 3 years.
High increment in the biomass production of willows due to sewage irrigation suggests
?hat this material is suitable for firewood. The technologies have been worked out in
Scandinavian countries. In Poland the usability of willow biomass obtained from the stands
irrigated with sewage effluent is investigated by Kowalik (1993).
Table 3. Indices of waste water treatment in poplar plantations irrigated with Wroclaw municipal
sewage using a flooding techique at a single rate of 250 mm
Reduction in load (%)
Index
BOD 5

N
P

during the growing season

in winter

min.

max.

mean

min

max

mean

93
60
70

98
93
91

96
78
85

93
58
67

99
86
95

96
72
87

Effects of biological treatment of waste waters and elimination of nutrient components
from the soil in willow and poplar plantations
The effects of waste water treatment in the soil are determined on the basis of the
measurements of drainage water from the irrigated areas (field studies) or a closed soil profile
(lysimetric studies). Neither of these methods gives high accuracy of the data, but both of
them provide us with data that are reliable enough to be used for comparative studies.
The field studies on the Wroclaw irrigated plantations of poplar trees included the
measurements of drainage water and its chemical composition. The data obtained in the
studies allowed us to determine the reduction in load of particular chemical elements in the
soil irrigated.
Table 3 shows the effects of waste water treatment in poplar plantations (basic
indices). The data show that high efficiency of waste water treatment was obtained in poplar
plantations, irrespective of timing of the irrigation (reduction in BOD5 96 % , nitrogen 75%
and phosphorus 86 %). In this experiment, the sewage effluent was applied at single rates of
250 mm. It is possible to increase the effectiveness of biological treatment of waste water and
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eliminate the nutrient components by reducing the single rates of application to the volume
not higher than the capacity of the soil. The data shown in Figure 6 confirm this statement
(Matusiewicz, 1981). Figure 6 shows the data of long-term irrigation with municipal sewage
of Wroclaw (dozens of years), hence it is very likely that this is the reason why the reduction
in phosphorus content is lower than that of nitrogen. Generally, the field and lysimetric studies
prove that the reduction in phosphorus content is higher (up to 99 %) than that of nitrogen (ca.
85 %) (Majdowski, 1988).
Bialkiewicz (1980) carried out lysimeter studies on willow plantations irrigated with
municipal sewage of the city of Lodz and found that the percolating water of a 1.5 m profile of
sandy soil did not exceed the limits of first class water quality standards (5 mg of total
nitrogen/dm3 and 0.1 mg of total phosphorus/dm3) at the following weekly rates of effluent
irrigation: 25, 50 and 100 mm. Similarly, the second class water quality standards (10 and 0.6
mg/dm3, respectively) were not exceeded at weekly rates of 200 mm.
The effects of long-term sewage effluent irrigation on soil and water conditions
The effect of sewage effluent irrigation on soil has not been yet fully understood. So far the
studies have included the fields treated for relatively short periods of time, therefore they
cannot be considered in a prognosis for the soil exposed to such treatment for extended
periods of time as it is in case of tree plantations. Recent studies on soil and water conditions
carried out in our Institute have comprised about 1200 hectares of fields irrigated with
municipal waste waters non-stop for 100 years (Czyzyk, 1992).
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Figure 6. The correlation between weekly single application doses of municipal sewage and
reduction of nitrogen (N) and phosphorus (P) in poplar plantations.
It has been found that the productivity of these soils is good despite long-term
irrigation and loading of the effluent and therefore their role in biological treatment of waste
water can be considered satisfactory. In biological processes of these soils the process of
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mineralisation dominates over that of immobilisation due to low C : N ratio and prevention
from organic substance accumulation. Table 4 shows how permeability of the soil affects
accumulation of nutrient components in the soil (the higher the impermeability the higher the
concentration).
Table 4. Mean content of components in soils irrigated with municipal effluent from Wroclaw for
over 100 years
Components (mg/100 g of soil)

Soil type
Light loamy sand
Loamy sand
Light loam
Medium loam
Heavy loam

N

P

K

Ca

Na

Mg

134
206
213
238
306

63
159
162
234
328

158
281
428
662
747

112
354
383
404
503

19
37
49
68
71

33
76
86
106
126

The salts dissolved in waste water, such as potassium, calcium, magnesium and
sodium, significantly affect fertilisation of the irrigated soil. In our climate, these components
are leached in the irrigated soil along with percolating water, so that harmful processes of soil
salinity are prevented. High rates of waste water irrigation result in high contents of potassium
and sometimes magnesium in the soil. Long-term irrigation with effluent increases the
sorption capacity of the soil in which saturation with calcium and magnesium ions may occur.
Our studies in the fields irrigated with high rates of slurry confirm the effectiveness of
water protection against phosphorus. The data show that phosphorus contents in the ground
waters and percolating water on pasture land, arable land and young poplar plantations do not
exceed the limits of 1 s t class water quality standards (Sieradzki, 1992) (Table 5). The rates of
sewag.2 effluent application should be limited to avoid the introduction of excessively high
nitrogen rates to the soil. Table 5 shows that young poplar plantations (the first four years after
planting), whose requirement for nitrogen is rather low, do not protect the soil environment
from excessive nitrate contents to such an extent as does pasture land.
Conclusions
1.

It is possible to accelerate and increase the biomass production of fast-growing trees and
shrubs, especially poplars and willows by sewage effluent irrigation. Among the varieties
most suitable for this purpose are Populus gelrica and Salix amygdalina.

2.

The optimal yearly rate of application of municipal sewage effluent was found to be 1000
mm, while maximum rates should not exceed 2000 mm a year.

3.

The rotation of the poplar variety mentioned can be planned for every seven years when
the volume of timber extracted can reach ca. 20 m 3 of logs high in cellulose, suitable for
paper pulp and chemical processing, or for 20 years when timber can yield up to 25 m 3 of
plywood. Salix amygdalina (14 tonnes/ha year) can be used as firewood or as a drainage
material for flood control of small rivers and streams.
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4.

Poplar and willow plantations can be considered effective ways of biological treatment
processes of waste water (95 % reduction in BOD5, 75 % in N and over 85 % reduction
in P contents).

5.

Long-term irrigation with sewage effluent does not reduce the biomass productivity,
therefore it fulfils the requirements of 1 s t and 2nc* degree sewage treatment. However, to
reduce and control the pollution of shallow ground waters in irrigated fields, it is
recommended to avoid too high rates of application. It is necessary to balance the rates
with the requirement of the trees for nitrogen.
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Table 5. Concentration of nitrate and phosphorus in shallow ground waters and percolating water of pasture land, arable land and young poplar irrigated
with slurry for several years

Pasture land
Slurry
kgN/ha

85

190

255

360

440

Arable land

Ground water
mgNNO3/dm

3

mg P/dm

0.0-5.0
0.55

0.0-1.37

0.0-7.40
0.70

0.1-0.6
0.40

0.0-15.0

0.0-1.2

1.6

0.27

0.0-15.0

0.0-1.68

1.7

0.5

0.0-16.0
2.1

0.1-1.41
0.50

0.0-28.0

0.0-1.24

2.0

0.57

3

Poplar plantation

Slurry

Ground water

kgN/ha

3

mgN{,jo3/dni

Slurry
3

mg P/dm

kg N/ha

0.39
100

252

377

480

Percolating soil
mgNNO3/dm3

mg P/dm3

0.08-17.0
9.5

0.1-0.3
0.27

1.0-30.0
13.3

0.2-0.87
0.30

3.0-48.0

0.1-1.34

41.0-73.0

24.0

0.44

59.3

0.0-0.81
0.37

5.0-68.0
46.0

0.2-0.91
0.57
81.0-225
129.0
129-370

0.1-0.8
0.4
0.1-1.85

233

0.40

7.2-115.0

0.1-0.9

58.5

0.27

A An
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Application of surface flow wetlands for treatment of municipal
wastewater
- two full scale systems
H. Obarska-Pempkowiak*, M. Mierzejewski**, I. Toczylowska**
* Department of Water and Wastewater Technology,
** Department of Sanitary Engineering, Hydrotechnical Faculty,
Technical University ofGdansk,ul. Narutowicza 11/12, 80-952 Gdansk-Wrzeszcz, Poland

Abstract
The objective of this paper is to present the design of and operational data on the use of two
common reed wetlands utilizing free water surface flow for performing treatment of municipal
wastewater. The first case includes the natural wetland secondary treatment of municipal
wastewaters from the small town of Frombork of 2600 PE located on the south bank of
Vistula Lagoon. The natural wetland operating since 1985 produced an effluent with an
average concentration of BOD5 - 44 mg/1, SS - 65 mg/1, NTOT - 36 mg/1 and P TO T -11 mg/1.
The second full-scale system concerns the constructed wetland used for the tertiary
treatment of effluent from recreation sites located in the Kaszubian Lake District. This
constructed wetland has been designed for wastewater from 650 PE and an average flow of
120 m3/day and has been arranged in a natural setting and planted with Phragmites communis
on natural substrata. The system has been operating since September 1991 and produces an
effluent of the following average concentration: BOD5 -10 mg/1, SS - 10 mg/1, NNH4+ - 1.45
mg/1, NTOT - 4.37 mg/1, PO43- -1.69 mg/1.

Key words: wastewater treatment, surface flow wetlands, Phragmites communis, design and
full-scale tests.
Introduction
Wetland ecosystems have been shown to have a capacity to remove aquatic pollutants through
a variety of physical, chemical and biological processes occurring in the soil-water matrix and
in the plant rhizosphere. There is now convincing evidence that wetland ecosystems may be
used to treat wastewater effluents. Natural wetlands are usually unavailable at treatment sites
and typically are not amenable to controlled experiments. The use of constructed wetlands for
wastewater treatment takes advantage of the same principles as in a natural system, within a
more controlled environment.
There are a number of constructed wetlands in service, however, the treatment
performance of wetlands is variable. Generally wetland systems operating as alternatives to
conventional wastewater treatment systems are segregated into two types: (1) surface flow
wetlands with an exposed free water surface and (2) subsurface-flow wetlands with water
levels below the surface of a permeable substrate.
In this paper, design and operational data on the use of two wetlands for performing
treatment of domestic wastewater are presented. Both systems are designed for free water
surface flow-through systems discharging effluent to surface waters. The wetlands designed
for free water surface flow consist of a basin or channels, soil or another medium to support
emergent vegetation and relatively shallow water flowing through the unit.
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Natural wetland for wastewater treatment at Frombork
General description of the system
Frombork is a historical town located on the south bank of the Vistula Lagoon. The separated
sewage system was built in the town in 1967 - 1970. The wastewater treatment plant in
Frombork was constructed for and serves a population of 2600 PE with an average flow of
domestic raw sewage of 850 m3/day (310.520 m3/year), and the following concentrations of
organic substances and nutrients: BOD 5 of 147 to 246 mg O2/I, COD of 388 to 459 mg O2/l,
SS of 201 to 513 g/m3, pH of 6.8 to 8.0.
The wastewater treatment plant consists of a primary treatment accomplished in the
Imhoff tank which was built in 1970. The retention time in the tank is 1.5 to 2.0 hours and the
removal of organic substances ranges from 20% to 30%. In 1984, the secondary biological
treatment stage was introduced in a natural wetland according to the design of M. Rajkiewicz
(Rajkiewicz, 1989). The wastewater treatment wetland system was arranged by the use of an
area naturally overgrown with dense common reeds, on the coast of the Vistula Lagoon.
Unfortunately, due to lack of money the construction of the wetland was only partly realized,
and only the surrounding enbankment was built, whereas internal dikes dividing the area into
cells were not. This resulted in only part of the wetland area (about 2.21 ha, marked in Figure
1) contributing to wastewater treatment instead of a total area of 8.5 ha.
Flow into the wetland is provided by a 200 mm pipe that discharges wastewater at a
point in the far end of the area. From there the wastewater flows across the field to the ditch
running along the opposite boundary of the field. In the vicinity of the discharge pipe,
wastewater depth is about 40 cm and near to the drainage ditch the depth is about 15 cm.
Assuming an average depth of 25 cm, the volume of wastewater on the wetland is about 5500
m3. Under the conditions described above the calculated retention time is about 6.5 days, the
hydraulic loading rate is 3.85 cm/day, and a unit treatment area is 8.5 m 2 /PE.
Treatment performance
In the first four years of operation the system was found to reduce the concentration of organic
substances by 70%, no measurements of nitrogen and phosphorus were carried out. In 1990
the measurements of BOD5, COD, SS and basic forms of nitrogen as well as phosphorus
concentration were carried out (Obarska-Pempkowiak, 1991). Two modes of sampling were
applied: throughout a year samples were collected once a week, and during four weeks in
summer samples were taken daily in order to establish a stability of the effluent. Samples for
analysis of wastewater were taken at two measuring points, just after the Imhoff tank and at
the outflow from the field of reeds. The average yearly and monthly concentrations of
pollutants and removal efficiencies of the wetland system are presented in Table 1. The results
show that calculated 5-year mean values of removal efficiencies for BOD5 amounted to 69%
and ranged from 33% to 89% in wintertime and summertime, respectively. Similar
efficiencies were achieved for SS with a mean value of 7 1 % and a range from 43% to 9 1 % in
winter and summer, respectively.
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Figure 1. Location of the natural wetland at Frombork.
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Table 1. Treatment performance data of the natural wetland at Frombork
BOD S

mite
1985*
1987*

SUMMER
WINTER

1988*
1989*

SUMMER
WINTER

1990** JANUARY
FEBRUARY
MARCH
APRIL
MAY
JUNE
JULY
AUGUST
SEPTEMBER
OCTOBER
NOVEMBER
DECEMBER
AVERAGE

Sements***
*
**
***

INF.
mg/1

160
180
60
82
134
154
100
88
108
120
116
102
112
120
115
88
95
125
107,4

EFF.
mg/1

SS
REM
%

28
19
30
11
20
45
60
56
72
52

82
89
50
74
67
66
40
36

24
22
24
26
30
38
62
66

79
78
78
78
74
57
35
47
58

44,8

30

-°

33
57

INF.

REM

INF.

mg/1

mg/1

%

mg/1

146
161

12
27
24
58
30
51
15
29
45
55

117
100
136
213
120
130
150
175
160
330
290
180
430
120
130
150
197,1

57
60
110
60
170
60
55
65
65,1

PTOT

NTOT

EFF.

91
83
79
43
70
63
87
77

EFF.

*EM

INF.

EFF.

REM.

mg/1

%

mg'I

mg/1

%

.
-

-

-

-

•

-

10,5

11,5

10,7

11,5

-4
4
13
12
8
9
10
8
5
-4
-8
-7

11,0

3,8

-

-

10,5

11,0

11,0

10,5

-

-

-

70
68
64
82
62
67
60
50
58
57
67

56,6

42,2

61,8

49,0

57,4

45,6

44,0

26,0

37,6

25,5

40,0

28,0

45,5

32,0

41,5

26,0

49,5

35,0

50,0

42,0

55,0

44,0

54,0

44,5

49,4

so

36,6

3

-«

°.°

- Results of the Laboraty of Water Supply and Sewage Enterprise of Elblqg
- Results according H. Obarska [ 3 ]
- According to Polish Standard, Act no. 503 from 5.11.1991
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25
21
21
41
40
30
30
37
29
16
20
18
26

-

11,0

9,5

12,0

10,5

12,0

11,0

11,5

10,5

14,5

13,0

12,5

11,5

9,5

9,0

12,0

12,5

11,46

5

-°

These differences are caused by the obvious dependence of intensity of a biochemical
degradation of organic substances on temperature. In general, the calculated reduction of
BOD 5 and SS is rather low as compared with pollutant removal efficiency reported in the
literature. The yearly average removal of nitrogen was 26% and of phosphorus 3.8%. These
values are very low, probably due to uncontrolled surface flow of wastewater leading to shortcircuiting between inlet and outlet, i. e. reduced retention time.
The balance of N and P, calculated on the base of inlet and outlet nutrient load per year
1990, showed a balance of nitrogen of about 180 g/m2 year and of phosphorus of
6.5 g/m2 year. When calculating purification efficiency it is important to take into account
evapotranspiration of an wetland area and precipitation, but in the considered case the results
given above refer to the amount of wastewater flowing into the wetland area.
Constructed wetland for tertiary wastewater treatment at Wiezyca
Description of the wastewater treatment system
The wastewater treatment system at Wiezyca has been constructed for several recreation
centres located in the Kaszubian Lake District, in the upper part of Radunia river catchment
area. Since Radunia river is the source of drinking water for the city of Gdansk, the
requirements for effluent of wastewater treatment plants are stricter in this region. The project
of wastewater treatment plants, prepared by the design office, included the building of 4
individual secondary wastewater treatment plants for several recreation centres situated close
by. These are the container mechanical-biological treatment plants of type KOS-2 based on
the rotary trickling filters with primary aeration and sewage recirculation. However, the
effluent parameters achieved by this technology did not meet the requirements of the Radunia
river catchment. Thus, an upgrading of wastewater treatment was necessary. The tertiary
wastewater treatment is achieved in a constructed free surface flow wetland system.
Design and construction of the Wiezyca wetland
The constructed wetland was designed to provide additional pollutant removal for secondary
effluent of domestic wastewater, after treatment plants KOS-2, characterised by the following
concentration of pollutants (Kowalik et al., 1990): SS - 25 to 40 mg/1, BOD 5 - 30 mg/1, NNH4+
- 8 to 12 mg/1, N N0 3- - 10 to 23 mg/1, N T O T - 30 mg/1 and PO 4 3 ' - 10.0 mg/1. The system was
calculated for a population equivalent of 650 persons with a peak during the summer with an
average flow of 120 nvVday from the designed secondary plants. The permitted requirements
for the wetland system effluent have to comply with 2nd class water quality standards (Water
Quality Standards, 1991).
Wetlands have shown a capacity to remove BOD, SS, to nitrify and to denitrify in
many working examples worldwide. However, the results of research work carried out around
the world show different purification capacity. Considerable debate still exists on how these
processes occur and to what extent, and universally acceptable design criteria are non-existent.
At present, there are few and somewhat variable design criteria available that can be used for
the design of artificial wetlands, especially of free surface flow-type. The main design criteria
taken into account on the basis of publications (Nichols, 1983; Watson et al., 1988) and
accepted for the system were:
- area requirement (given range 2.5 - 23 m2/PE)
- about 20 m2/PE,
- retention time (range 10 - 20 days)
- min. 20 days,
- lenght / width ratio of flow cell (L/W > 10)
- >60,
- wastewater depth (0.15 - 0.60 m),
- average 0.3 m,
- hydraulic loading rates wary (0.8 to 62 cm/day) -1.5 cm/day.
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Surface flow systems are typically less loaded. Surface flow wetlands are considered
less efficient than subsurface system on an area basis because of smaller quantities of attached
microorganisms available to process the wastes. The area put into a constructed wetland was
low-lying land of a very low grade that was used as a natural extensive swampy meadow.
Taking into account the site conditions, topography, substrate soils, elevation of land etc., an
emergent macrophyte-based system planted with common reed {Phragmites commnnis) with
free surface flow was accepted. One of the main attractions of this system was its relatively
low capital cost together with low running costs. The constructed wetland system has a form
of a pond with a total area of about 1.6 ha divided into two cells to increase operational
control (Figure 2). In cells, the finger dikes have been designed to extend the flow path, to
minimize short-circuiting and to maximize wastewater contact with the entire area. Thus, the
free water surface between dikes consists of sequences of 60 m to 130 m long and 4 m to 7.3
m wide ditches of shallow water depth of 0 to 0.60 m. Low flow speed and presence of plant
stalks and litter regulate the flow in long narrow ditches and ensure plug flow conditions.
Moreover, the inner dikes were thought to enlarge the contact of wastewater with soil
material, it means that the dike bodies will be saturated with wastewater due to capillary
potential and soil suction between wetted profiles of ditches and evaporating surface of dikes
especially during dry summer periods.
The top substrata of the wetland system consists of hydrogenic peaty and muddy soils,
lying on relatively impermeable loamy soils. Configuration of the constructed wetland has
taken advantage of natural topography to use native excavated material to build embankments
and inner dikes. The wetland vegetation (Phragmites commimis) has been established on
natural substrata. Top width and side slope of the dikes were determined by the soil material.
The design of the external pond dams was based on standard engineering practices. Structures
are located in the dams to divide the pond into two cells and enable operational use of the
pond as a whole or to feed and to empty cells by turns when necessary. Run-off is routed
around the pond with drainage ditches and a stream flowing nearby the pond.
All construction work was carried out between March and May 1991. The bottoms of
the wetland ditches were planted with clumps of Phragmites communis, at a density of 4
clumps per m2, between May and June 1991. The tops and side slopes of all dikes were sown
with grass. The plants were kept wet and allowed to become established for several months
before secondary wastewater was introduced. A quantity of fertilizer was added to wetland
within one week of completing the planting process to ensure that the reeds stood a good
chance of survival. Reeds grew well and, at the end of growing season, had achieved a height
of about 1.5 m.
Operation and results
The first secondary treatment plant KOS-2 was put into operation in September 1991 and
since then the constructed wetland system has been fed with wastewater at inlet 1 and the
pond has been operating as a whole. The hydraulic loads has been fluctuating from 2 nvVday
(0.25 mm/day) to 19 mVday (2.7 mm/day) in wintertime and summertime, respectively.
The initial intention was to operate the pond as a whole. However, after the first year
of operation there was a clearly significant gradient of plant biomass in the direction from the
inlet to the outlet and poor reed growth in ditches at the far end of cell 2 near the outlet. This
was probably due to a shortage of nutrients and low water depth (close to zero) towards the
outlet. In this period, it was observed that there was no outflow from the wetland. Thus, from
the summer of 1992, wastewater was discharged into cell 2 and thereafter both cells were
loaded by turns.
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Figure 2. Plan view of the constructed wetland at Wiezyca and cross section of finger dikes.
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The growth of reed was quite satisfactory, but in ditches near the inlets, and at some
distance into the wetland, self-sown cattail (Jypha latifolia) was the dominant vegetation.
Besides, a thick mat of duckweed (Lemna minor) was slowly developing in open-water
regions of the pond. In the upper part of cell 2, numerous tufts of rush (Juncus) and sedge
(Carex) also occurred.
In July 1993 the next secondary treatment plant was started. Since then the total
hydraulic load of the wetland has increased from about 4 m3/day (0.6 mm/day) to 65 m3/day
(8 mm/day) in winter and summer, respectively.
Thus, the hydraulic load of the wetland pond is very fluctuating and still lower than
planned. However, wastewater flowing into the pond is periodically much more concentrated
than planned due to troubles with starting and operation of the secondary treatment plant
KOS-2, especially in winter.
Some initial results of inspection of wastewater treatment in the constructed wetland
are given in Table 2. Samples for analysis of wastewater were taken at two measuring points;
at the inflow to the operating cell and at the outflow structure from the pond.
The results show that removal efficiencies for BOD 5 amounted to 71 - 95% for SS to
74 - 99%, NNH4+ to 41 - 98%, N T O T to 83 - 88% and PO43" to 47 - 87%. From these results it is
apparent that this constructed wetland with a free water surface was achieving a satisfactory
reduction of pollutants after 2.5 years of operation. The outflow from the wetland meets the
requirements placed on effluents corresponding to 2nd class surface water quality, except for
phosphorus, removal of which is generally lower in surface flow wetland because of limited
contact with the soil and root zone. Phosphorus removal was variable, although this system
with native soil substrate should be relatively effective for phosphorus removal. However,
these results are tentative since the whole treatment system and especially the constructed
wetland is still in a starting phase, being in operation only for 2.5 years. Furthermore, the
constructed wetland had a low load because the input from the secondary treatment plant was
about 50% of the hydraulic load, originally planned, with the result that periodically the
wetland was fed with raw wastewater instead of secondary effluent.
Summary
The two wetlands described are presented as two different approaches to wetlands for
wastewater treatment. The natural wetland for secondary wastewater treatment at Frombork
may, because of improper construction, be qualified as a rather heavily loaded surface flow
system with an average hydraulic loading rate of 3.8 cm/day and a corresponding area
requirement of 8.5 m 2 /PE. In this case the removal efficiences for BOD5 amounted to 33 89%, for SS to 50 -91%, NTOT to 26% and P T O T to 3.8%. The 5-year average concentration of
the effluent were as follows: BOD 5 - 44 mg/1, SS - 65 mg/1, N T O T - 35 mg/1, P T 0 T -11,2 mg/1.
The wetland system constructed at Wiezyca with surface flow was designed
conservatively to reduce risk, with a low hydraulic loading rate of about 1.5 cm/day of
secondary effluent. The initial results after 2.5 years of operation show the following removal
efficiencies: for BOD 5 71 - 95%, for SS 74 - 99%, NTOT 83 - 88% and PO43- 47 - 87% and
effluent average concentrations: BOD 5 - 1 0 mg/1, SS - 1 0 mg/1 N T O T - 4.37 mg/1, PO 4 3 ' - 1.69
mg/1.
Both surface flow wetland systems are effective in removing suspended solids and
organic substances whereas high removal efficiency for nitrogen and phosphorus was
achieved in a low loaded constructed wetland at Wiezyca. More complex research is needed
to draw more general conclusions or to develop any kinetic models.
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Table 2. Treatment results of the constructed wetland at Wiezyca

SS

Date

mg/l (%Rem)

Inffluent
26.08.93
29.09.93
29.10.93
08.02.94
Designed
secondary
effluent *

48,0
520,0
14,0

25-40

Effluent
26.08.93
29.09.93
29.10.93
08.02.93

4,0

(91)

22,0
4,0

(95)
(71)

Mean value.

10,0

(85)

Permitted
s 30
requirements**

BOD S

P

NNHJ

NNO;

N'NO;

NTOT

mg/l (%Rem)

mg/l (%Rcm)

mg/l (% Rem)

mg/l (<&Rem)

mg/l {% Rem)

35,20
325,70
315,70

18,20
1,40
8,12
5,00

2,4
0,07
0,184
0,49

13,0
0,85
1,28
5,6

32,9
21,2
50,38
22,16

15,2
10,3
17,5
8,5

30

8-12

10-23

30

10

9,20 (74)
19,10 (94)
1,38 (99)

0,31
0,19
4,80
0,50

(98)
(86)
(41)
(90)

9,89 (89)

1,45

(78)

mg/l (%Rem)

=s 8

s 3,0

0,05
0,003
0,014
0,03
0,097

(98)
(96)
(92)
(94)

1,9
0,65
0,55
1,7

(-46)
(23)
(57)
(69)

3,79
2,5
7,41
3,8

(84)
(88)
(85)
(83)

2,0
0,28
trace
4,5

(87)
(97)
(99)
(47)

(95)

1,2

(26)

4,37

(85)

1,69

(82)

s 0,03

s 7,0

* - According to the Producer of KOS-2 - instruction card
** - According to the 2-nd class surface water quality. Act no. 503 from 5.11.1991
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s 10,0

s 0,6
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Application of willow and reed vegetation filters for protection
of a stream passing through a zoo
H. Obarska-Pempkowiak
Technical University of Gdansk, Faculty of Hydrotechnics, ul. Narutowicza 11/12
PL 80-952 Gdansk-Wrzeszcz, Poland

Abstract
The Rynaszewski Stream (water flow 25 1/s) is the main tributary of the Jelitkowski Stream
which in turn drains to the Bay of Gdansk (Baltic Sea) in an area of popular beaches and
hotels. In its middle part, the Rynaszewski Stream passes through the Zoological Gardens in
Oliwa, where it is used to receive loads of organic matter and nutrients originating from deerruns (surface sources) and ponds inhabited with waterfowl, hipopotamus, seals and penguins.
Major contaminants identified in water are organic nitrogen and bacteria.
In order to protect the Rynaszewski Stream, several hydrobotanical constructions were
created in 1992. They included areas of land along the stream planted with willow - Salix
viminalis (buffer zones), localized in order to purify surface flow waters. Root zone beds
(Phragmites communis), soil filters and artificial wetlands were constructed to purify water
from point sources. The effects of the measures taken to protect the Rynaszewski Stream from
contaminations were assessed based on results of measurements carried out in samples
collected once a month during May to December, 1993. The analyses of organic matter (COD
and BOD 5 ), nutrients (various species of phosphorus and nitrogen) and coli index were
performed.
A substantial improvement of water quality was found in 1993 as compared with 1991.
This manifested itself in the decrease of total nitrogen (from 8.8 mg/1 in 1991 to 1.75 mg/1 in
1993), phosphate (respectively 0.2 mg/1 and 0.1 mg/1) and coli index (respectively 0.04 and
0.16).
The results indicate that hydrobotanical purification systems are capable of protecting
streams from contamination coming from both surface and point sources.
Key words: water purification, point and surface sources of pollutants, vegetation filters,
buffer zones, Salix, Phragmites communis.
Introduction
Some twenty years ago a rapid deterioration of the quality of near-shore seawater occurred in
the Bay of Gdansk. This was attributed first of all to insufficiently purified wastewater and
polluted rivers. The situation was caused by inadequate purification resulting from the lack of,
or poor, maintenance of purification plants. Since then, in the Gdansk region, the Municipal
Sanitation Inspection has been closing most beaches not only for swimming but also for sunbathing and even for walking. This is especially true for beaches in Gdansk-Jelitkowo, a district
of hotels and popular recreation areas.
In Figure 1 a map, presenting the study area with the main point sources of pollution
marked, is shown. There are three wastewater treatment plants and about twenty streams in
the region. One of the major streams actually draining water to the Bay of Gdansk in Jelitkowo
is the Jelitkowski Stream. Its main tributary is the Rynaszewski Stream which, in the middle
part, passes through the zoo in Oliwa. Hydrobotanical systems aimed at limiting the load of
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organic matter discharged to the stream from the zoo were constructed in 1992. The
performance of the system is described in this paper.
BALTIC SEA
WLADYSLAWOWO

PUCK

"^

sewage collectors

R

refinery

CZ1

sewage tret, plant

Vistula

Figure 1. The study area.
Situation before installation of hydrobotanical systems
Measurements of concentrations and loads of pollution carried out in the period from 1989 to
1991 identified a substantial increase of pollution in the zoo sector of the stream, mostly
organic nitrogen and coli index.
Additional investigations led to the establishment of major point and surface sources of
pollution. In Table 1 these sources are listed together with estimated loads of organic nitrogen
discharged to the stream from each of them.
The following areas are considered of particular interest: Large Pond, Small Pond, Oval
Pond, Seals Pond, Hippopotamus Pond and exercise areas for animals located along the
stream. Major surface sources of pollutants were identified as exercise areas for deers, goats
and cows, while point sources are ponds inhabited with waterfowl and/or seals and
hippopotamus.
The measurements of water quality were carried out in 1991 before construction of the
hydrobotanical system and in the period 1992-94. Sampling stations were situated in places
indicated in Figure 2 in such a way that loads of pollutants originating from various point and
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surface sources can be assessed. For example, sampling points 5 and 11 allowed calculation of
loads coming from cages of beasts of prey.
nr 9 - forester's cottage
nr 12 -paridng-place
bufferzoneA
Vegetation
Oiler

Inflowing from run-out
of hippo tomuscs
Cows ,,Zebu"

bufferzoneE

nr 1, 2, 2A etc • sampling stations

to Jelitkowski Stream

Figure 2. Configuration of the hydrobotanical system and localization of sampling stations along the
Rynaszewski Stream.
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Table 1. Characteristic sources of pollution to the Rynaszewski Stream in the zoo area
Location
km

1.2
Inflow to Large
Pond

1.9
Inflow to Seals
Pond

0.7
0.6
0.4

Source
of pollution
Exercise area for
deers
Small Pond, waterfowl and exercise
area for goats
Oval Pond
Pond+Seals Pond

Load of total
nitrogen (kg/d)

Type
of source

2.5

surface

6.0

point

42.0

5.0

point
point

13.5
47.0

point
surface

60.5

point

Hippopotamus Pond
Exercise area for
cows (Zebu)
Rynaszewski Stream
outflowing from the
zoo

In all samples, parameters characterizing concentration of organic matter
j
suspended solids, nutrients (PO*', various forms of nitrogen) and coli index were
measured. Samples were collected once a month. The collected samples were averaged over a
five-hour period. Water flow was also measured in order to assess loads of pollution
originating from various sources.
In Table 2, average concentrations of measured pollutants are listed along with values
allowable in surface waters according to regulations in Poland. It can be easily noticed that the
concentrations of organic nitrogen and the coli index are critical factors for quality of water in
the Rynaszewski Stream.
Based on these findings, the following approach was adopted for protecting stream
water from pollution originating in the zoo:
a)

pollutants, foremost organic nitrogen, should be retained as close to their source as
possible; this would prevent dilution which makes their removal much more difficult,
b) retention times of wastewater should be extended; this came from the observation that
high concentrations of organic nitrogen were accompanied by low BOD5 values apparently biochemically stable nitrogen containing organic substances caused this
situation,
c) treatment of wastewater coming from various sources should be carried out in such a way
that the landscape was not disfigured.
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Table 2. Average concentrations of organic substances, nutrients and coli index in water outflowing
from the zoo area in 1991 compared to regulations

Parameter

Unit
K/m3

N-NH;

g/m3
g/m3

N-NO;

g/m 3
g/m 3
g/m 3
gOj/m3

N-NO;

POt
CODMn
BOD5

gO2/m3

Outflow
from the
zoo
10.1
1.6
8.0
0.4
tr
0.6
10.0
3.5
0.06

Classes of water cleanliness*

n

I
<5
<1

<10
<3

<5
<0.02
<0.2
<10
<4
1>

<0.03
<0.6
<20
<8
0.1>

coli index
/ - clean, II - rather clean, III - polluted

m

<15
<6
<15
<0.06
<1
<30
<12
0.01>

The implementation of the principles was carried out in the following way:
1. In order to reduce loads of pollution from point sources, artificial wetlands (natural
vegetation: alder-trees, willow, reed), sand filters and vegetation filters were constructed
in areas marked in Figure 2. In order to further reduce organic nitrogen, the natural ponds
localized along the stream within the zoo were converted into ecological ponds with
increased contents of aquatic plants and fishes (Obarska et al., 1992).
2. In order to reduce loads originating from surface sources, a series of buffer zones
inhabited with willow was constructed at areas indicated in Figure 2. There are five buffer
zones: A, B, C, D and E with the total area of 6650 m 2 . Buffer zones are defined ay strips
of land situated parallel to the stream, planted with willow (Sa/a sp) (Perttu, 1994). They
separate surface sources of pollutants from the stream. The strips are cut with furrows and
antislopes (Mander et al., 1991). Both furrows and antislopes are designed to increase the
retention volume and retention time of wastewater. A schematic illustration of a buffer
zone is shown in Figure 3.

Figure 3. A buffer zone.
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Along the Small Pond two buffer zones were situated. One of them was intended to
separate the pond from the exercise area for the deer, the other was constructed in a small
valley inhabited by various species of birds. The reduction of pollution can be assessed from
Figure 4. A substantial reduction can be noticed. It is interesting that organic nitrogen is by far
the most abundant fraction of nitrogen. In 1991, organic nitrogen constituted 92% of the total
nitrogen. In 1993/94, the percentage of organic nitrogen decreased to 80%. Still it is evident
that in the Small Pond specific organic compounds are produced. Due to the installation of
buffer zones, the retention time increased and part of the organic compounds is oxidized.
Water samples collected at sampling station no. 6, located downstream from the deer
enclosure, showed substantial concentrations of nutrients and organic matter in 1991 (Figure
5). The concentrations were, on average, three times higher than those measured upstream
from the enclosure. After construction of buffer zone A and a vegetation filter, concentrations
of contaminants decreased by a factor of 3. Again concentrations of organic nitrogen were
comparable with concentrations of BOD5, indicating that specific organic compounds
characterized by high content of nitrogen and resistance to biochemical oxidation are present in
water.
In Figure 6, a diagram is presented that reflects concentrations of various forms of
pollutants in water inflowing to and outflowing from the Oval Pond situated close to cages of
beasts of prey. The diagram shows inflowing concentrations on the right, whereas on the left
the concentrations refer to outflowing water before and after construction of a buffer zone
separating cages and the pond. As can be seen, concentrations in the outflowing water in
1993/94 are, on average, half the concentration in 1991. This is attributed to the improved
waste management upstream of the Oval Pond, to the installation of the buffer zone planted
with willow, and also due to the increased amount of duck-weed growing in the pond in 1993
and 1994. The fact that concentrations of pollutants in the inflowing water are smaller can be
taken as proof that hydrobotanical systems situated upstream of the Oval Pond work well. No
increase in concentrations in the Oval Pond was found, indicating that the buffer zone located
along the pond works well too.
Table 3 lists average yearly concentrations in inflowing and outflowing water from the
zoo in 1991 (the first column) and in 1993/94 (the second column). Assuming comparable
flows of water in 1991 and in 1993/94, equal to 701/s, the load of organic nitrogen retained by
the protection measures is 46.6 kg/d (17 t/y).
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Table 3. Average yearly concentrations of organic substances and nutrients in water inflowing and
outflowing from the zoo area

Concentration fern"3
Parameter

N-NH;

N-NO3N-NO;
POf
CODMn
BODS
coli index

1991

1993/94

inflow
outflow
3.1
1Q1
0.0
16
3.1
8.0
0.0
0.4

inflow+5
outflow±5
2.110.7
2.4+0.6
0.20±0.08
0.09+0.04
126+0.51
177+0.72
0.58±0.21
0.53+0.14
0.013±0.01
0.011±0.01
. 0.21+0.04
0.13±0.03
7.4±18
48±12
2.5±12

tr
tr
0.42
0.60
2.9
1Q0
2.5
3.5
•
X

ÖÖ6

2.8±13
X

08

*' not determined
Conclusions
1. The Rynaszewski Stream, a tributary of the Jelitkowski Stream which flows into the Bay
of Gdansk, gains a load of organic nitrogen equal to -5600 PE in its stretch passing
through the zoo in Oliwa.
2. Construction of a series of hydrobotanical systems led to a substantial reduction of the
load, together with the improved hygenic status of the stream.
3. The hydrobotanical structures consisted of five buffer zones and four filters of various
types.
4. The performances and characteristic features of three buffer zones inhabited with willow
are described in the paper.
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Figure 6.

Concentration of contaminants upstream (sampling station no. 5), and downstream
(sampling station no. 11) from the Oval Pond in 1991 and 1993/94.
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Abstract
The aim of this report is to present hydrobotanical systems applied for purification of water in
two streams discharging into the Gulf of Gdansk in the recreation region of local beaches and
baths. The main objective to apply these purification structures was to improve sea water
quality, mainly from the bacteriological point of view.
The first case concerns the stream flowing through the zoological gardens. The biggest
source of pollutants of this stream is a surface run-off from animal yards.
The second stream passes through a densely built-up area with small private allotments, where
it is strongly polluted.
The results of all analyses and research indicate the improvement of water quality in
both streams.
Key words: water purification, surface run-off, vegetative sandfilter, subsurface horizontal
waterflowfilter, Phragmites communis, Salix, Alnus.
Introduction
The Gulf of Gdansk is supplied by rivers that are extremely different in respect of flow as well
as load of pollutants (Figure 1). The Vistula river is a major source of pollutants inflowing
into the Baltic Sea. Its catchment area is 194 276 km2, the total length 1047 km, and average
flow about 1 010 mVs. According to water quality standards, over 70% of the lower course of
Vistula river is of unacceptable quality.
Total flow of all other rivers inflowing to the Gulf of Gdansk is about 18 m3/s, that is
only 1.8% of the Vistula river flow. But most of them are streams and torrents falling into the
sea in recreation regions of great value for water-related recreational activities and tourism.
Low quality of sea water, mainly from the bacteriological point of view, is the reason why
most of beaches along the coast are not allowed for recreation. Therefore, the improvement of
coastal seawater quality is of great importance from both environmental as well as economical
points of view. Thus the local authorities are undertaking some means to improve the
situation.
In this study, the existing solutions for two streams are presented, i.e. the Rynaszewski
stream and the Swelina stream, which supply the Gulf of Gdansk (Figure 1). In both cases the
hydrobotanical methods were accepted for removal of pollutants. Generally, these methods are
based on an ecological engineering using pollutant sorption processes, chemical redox
processes and biological activity of properly selected vegetation filters. Such water
purification systems are very suitable for this purpose because of their natural appearance,
ease of establishment into the environment, and also since they cause no environmental
nuisance such as smell or noise. Furthermore, hydrobotanical treatment plants are not
sensitive to fluctuating inflows of polluted water and they work practically without service
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and without any mechanisms using electric power, which makes them extremely cheap in
exploitation.

BALTIC SEA
WtADYSLAWOWO

PUCK

4km

Figure 1. The Gulf of Gdansk
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Design and operation of filters in Rynaszewski stream
General description.
Rynaszewski stream, with an average flow about 70 dm 3 /s, is the most important tributary of
Jelitkowski stream, which inflows to the Gulf of Gdansk at the seaside resort of Jelitkowo - a
region of city beaches and baths. A development of the catchment area of Rynaszewski stream
is specific because in a middle part of the course the stream flows through the zoological
gardens of Gdansk-Oliwa, where is heavily polluted.
Analysis of results of chemical and microbiological measurements have proved that
the indicators that have an effect on decreasing the cleanliness class are organic nitrogen
concentration and bacteriological contaminations. A total nitrogen load of the Jelitkowski
stream corresponded to 5 600 PE. A target of the realised conception of water quality
improvement is to achieve the highest class of water cleanliness according to Polish standards
in the stream at the outflow from the zoological gardens. According to Polish surface water
standards, first class water may be used as drinking water and for industry requiring water
quality (Polish Ministry of Environmental Protection, 1991). The base of this approach was to
stop the pollutants (mainly nitrogen compounds) at the production source. Great attention has
also been paid to minimizing water pollution due to surface run-off. The main surface sources
of contaminations are animal yards and a point sources of contaminations are mainly ponds
inhabited by birds and hydrophilous animals (e.g. seals). The designed structures were chosen
depending on local area configuration and a type of pollutant source. The principles of
hydrobotanical purification are shown in Figure 2.
The contamination load from a surface run-off was reduced by establishing the
vegetative buffer zones and areas of reverse slopes planted with wetland plants (such as
willow (Salix), alder (Alnus), reed (Phragmites). The main principle of such buffer zone
activity is based not only on uptake of nutrients by plants and accumulating them in plant
tissue, but also on other factors. The most important was a considerable reduction or even
elimination of soil erosion and increasing of water retention capacity of stream bank areas. A
vegetation cover with its dispersed root system prevents the washing out of soil particles, and
microorganisms living in the root zone intensify the purification processes.
To eliminate the contamination load caused by surface run-off, the vegetative sand
filter was built directly along the stream-bed (ECOL, 1991). It consists of an earth pit filled
with filtration material and planted with stem cuttings of common reed (Phragmites
communis). The filter bed itself consists of fine grained gravel and coarse sand material of
hydraulic conductivity in the range of 1*10"5 m/s to 1*10 m/s. A uniform flow through the
filter is achieved through the inlet system in the form of a percolating full depth trench filled
with crushed stone and coarse gravel. The outlet system is similar to the inlet, runs the whole
width of the filter, and is filled with crushed stone.
Purification of stream water in this vegetative sand filter is based on nutrients removal
due to filtration and sorption properties of the soil, microorganism activity and uptake of
nutrients by plants. The vegetative sand filter also ensures a considerable decrease of total
suspended solids and bacteriological contaminations.
The reduction of contaminations inflowing from the point sources is provided by
establishing cascade-flooded flats of surface horizontal water flow. The total flooded area is
divided into small cells by small dikes made of double wattle fences filled with filtration
sandy material. This flooded flat area is a first step towards water purification of "Seals Pond"
effluent and of a small stream passing through small ponds settled by birds and supplying
"Seals Pond". The effluent from "Seals Pond" flows over the whole area of the flat cells. Due
to such construction the active processes of sorption, assimilation and denitrification are
possible. This causes reduction of harmfull contaminants because of regular flow and a much
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lower flow velocity than in the stream. The total area of flooded flats is 4 800 m2. The height
and width of all dikes is 0.4 m. Spacings between dikes are of 4.0 m to 5.0 m depending on
the surface configuration.

buffer tone A
Vegetation
Säter

Inflowing from
the Hippo Yard
Cows ,,2ebu"

buffer zoneE

nr 1, 2, 2A e t c - sampling stations

to Jelilkowski Stream

Figure 2. Configuration of the hydrobotanical systems and location of sampling stations along the
Rynaszewski stream.
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The next stage in the purification system consists of two sand filters of subsurface
horizontal water flow (lower and upper filter - Figure 2). Their main task is further
elimination of bacteriological contaminations, which are not removed on the cascade flooded
flats and additionally these filters are expected to be very effective for removal of total
suspended solids.
Performance results.
Some tests concerning water pollution in Rynaszewski stream were carried out in September
1991 in order to test the treatment efficiency of all constructed hydrobotanical structures. The
research included physical, chemical and bacteriological analyses of all water samples.
Sample collection points were established as follows: in places where the contaminants are
produced and at the outlet structures of the hydrobotanic treatment structures like vegetative
filters, sand filters, flooded flats and vegetative buffer zones. The samples of water for
analysis were taken at 19 measuring points (Figure 2). The laboratory tests included: pH, total
suspended solids TSS, CODMn. BOD5, the main nitrogen compounds (i.e. ammonia nitrogen
(NNH4*), nitrate nitrogen (NNO3"), nitrite nitrogen (NNO2'), organic nitrogen (Norg.)),
phosphates and chlorides. Bacteriological tests included Coliforms and fecal Coliforms. All
tests were conducted according to Polish Standards. The samples were taken three times at
intervals of 5 minutes.
The results of the physical, chemical and bacteriological analyses of water from the
Rynaszewski stream are presented in Table 1, where treatment performance data for the ZOO
vegetation filter system is presented. Samples were taken 18 July, 24 August, 8 and 28
October, 1993. The analyses show that the actual results of the contamination indicators foremost nitrogen compounds - are much lower in 1993 than in September 1991, i.e. is before
the installation of the hytobotanical objects reducing the contaminations of the Rynaszewski
stream. The results are. illustrated by the diagram in Figure 3, showing the great variability of
tested factors at points where the samples were taken, but in general the analysis of the results
proves the effective activity of sand filters whereby unacceptable water quality can be
improved to first or second class of cleanlines.
•

Inflow to the ZOO

D Outflow from the ZOO without purification systems (1991)
B Outflow from the ZOO with purification systems (1993)

Ntot

N-NH4

Norg

N-N03

P04

COD

BOD 5

Figure 3. Average annual concentration of organic substances and nutrients in water in- and
outflowing from the Zoo area before and after installation of the hydrobotanical systems.
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Table 1. Treatment performance data for the zoo vegetation filter system

titre

Fecal
coliform

cm3

cm3

0,004

0,004

63
8
34
8

0,0014

0,004

5,70
5,34
4,62
5,01

44
4
58
18

0,16

2

3,20
2,16
1.72
1,76

2,81
2,20
3,77
3,13

44
124
8
18

0,014

1.7

0.230
0,012
2,500
0,170

5,00
9,20
4,04
2,84

3,50
15,86
17,64
5,20

46
128
36
38

<0,004

0,36

NO2"

NTOT

PpO4"3

BOD5

COD Mn

TSS

mg/l

mg/l

mg/l

mg/l

mg/l

mg/l

mg/l

1,26
1,77
3,21

0,02
0,77
0,66

tr.
0,012
0,020

1,52
2,64
4,02

tr.
5,75
0,85

4,28
3,68
4,64

3,75
5,68
6.35

30
28
4

1993 0,25
1993 0,13
1993 0,09
1993 tr.

3,70
1,11
1,37
2,84

0,70
0,04
0,50
0,97

0,030
tr.
0,020
0,048

4,68
1,28
1,98
3,86

0,28
0,06
4,00
0,51

8,00
4,04
3,20
4,52

14,91
8,48
5,56
5,62

18. 07.
24. 08.
08. 10.
28. 10.

1993 0,15
1993 0,08
1993 0,06
1993 tr.

2,65
0,60
1,45
1,58

0,95
0,70
0,44
1,18 .

0,012
0,010
0,010
0,012

3,76
1,39
1,96
2,77

0,23
0,06
2,00
0,23

3,20
3,00
2,60
3,57

Inflow into the vegetation 18. 07.
filter (58)
24. 08.
08. 10.
28. 10.

1993 0,10
1993 0,07
1993 0,14
1993 tr.

2,70
0,31
1.56
1,10

0,100
0,007
0,300
0,340

0,006
tr.
0,011
0.011

2,91
0,39
2.01
1,45

0,23
0,06
2,75
0,40

1993 0,04
1993 0,34
1993 0,11
1993 tr.

2,50
1,66
2,27
1,21

0,45
1,00
0,70
0,69

0,006
0,010
0,069
0,011

3,00
3,01
3,09
1,91

N

NH4 +

Norg

NNO3"

mg/l

mg/l

Outflow
from the 18. 07.
"Seals Pond" / inflow 24. 08.
into the flood plane (8) 08. 10.
28. 10.

1993
1993 0,12
1993 0,09
1993 0,13

Outflow from the flood
plane / inflow into the
sand filters (3)

18. 07.
24. 08.
08. 10.
28. 10.

Outflow from the sand
filters (2)

Sample point

Outflow from the
vegetation filter (5C)

N

Date

18.
24.
08.
28.

07.
08.
10.
10.

Conform

1-st class water

£1,0

-

£5,0

£0,02

s5,0

sO,2

£10,0

s4,0

£20,0

-

61,0

2-nd class water

s3,0

-

s7,0

SO, 03

S10.0

sO,6

£20,0

s8,0

s30,0

-

&0.1
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Vegetation sand filter constructed in Swelina stream
General description of design and construction
Swelina stream, with a flow of about 30 dmVs, enters the Gulf of Gdansk close to the beaches
and baths at Sopot (Figure 1). The intention of the project was to improve the bacteriological
parameters of water of Swelina stream. As an additional effect, reduction of nutrients was
expected and, of course, seawater quality improvement in the Gulf of Gdansk near the mouth
of the Swelina stream. The mean annual flow of the stream fluctuates from 12 dm3/s to 33
dm3/s during the dry period, but after rainfall the level of contamination increases rapidly.
This mainly concerns bacteriological contamination, the amount of solids, and nutrients
washed away from allotments localised in the upper part of the catchment area. In order to
capture and clean the moat contaminated first flush of the surface run-off and to ensure an
improvement of Swelina stream water, two water treatment structures were designed: (1) a
retention reservoir and (2) a vegetation sand filter with horizontal subsurface water flow
(Figure 4).
The volume of the designed storage reservoir is about 500 m3 (ECOL, 1991). The
overflow installation secures a stabilised flow of 30 dm3/s from the retention reservoir to the
filter.
The filter was built as a reed bed filled with gravel with a hydraulic conductivity of
about 5*10"5 m/s. In the top of inlet block made of crushed stone, the 72 meters long
perforated distribution pipeline was installed. At the bottom of outlet block, made of the same
material, a perforated drainage pipeline was installed. The drainage pipe collects filtered water
and carries it away through the control well to the natural bed of Swelina stream. Because of
the great permeability of the basement soil, the whole filter was placed on an impermeable
plastic membrane. The surface of the bed was planted with common reed (Phragmites
communis).
Performance results
To evaluate the effectiveness of the purification system, the sample collection points were
established before and after each object. Water samples were taken at the following points
(Figure 4):
IS - km 6 of Swelina stream, below the culvert under Aleja Niepodleglosci street,
2S - outflow from the retention reservoir, at the same time the inflow into the vegetation sand
filter,
3S - outflow from the vegetation sand filter.
In order to test the treatment efficiency of both objects, analyses of stream water were
carried out, including physical, chemical and bacteriological analyses of all samples of water
corresponding to the same parameters as for Rynaszewski stream. The results of the laboratory
analysis of the contaminations in the Swelina stream are presented in the Table 2. The samples
were taken 16 July and 8 September, 1993. In both cases, samples were collected after rains,
the first one three hours after a heavy rainfall of short duration and the second six hours after a
k ng duration rain. These time periods were long enough to stabilize the water flow in the
stream because the average retention time in the reservoir is about 4.5 hours and in the filter
about 2 hours at the average calculated flow. However, during heavy rainfalls the retention
time will be shorter.
The results presented of the contamination indicators confirm the effective activity of
both structures. The water quality fulfils the requirements for the first class of water
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cleanliness for almost all analysed contamination indexes in both series of sampling. Results
of the bacteriological analysis demonstrated the effective activity of the retention reservoir as
well as the vegetation sand filter.

stream
Sopot
direction

Aleja NiepodlegloSci street

Gdynia
direction

Sluice gate
wilh overflow

IJ Vegetation sand filter

Figure 4. The hydrobotanical system and location of sampling stations along the Swelina stream.

Table 2. Treatment performance data for the Swelina stream vegetation filter system
Coliform Fecal
titre coliform

NO2-

NTOT

PpO4-3

BOD 5

COD Mn

TSS

mg/l

mg/I

mg/I

mg/I

mg/I

mg/I

mg/I

cm3

cm3

3,60

0,95

0,016

4,60

Tr.

1,76

4,58

16,0

0,014

>2,0

0,09

0,99

2,20

0,009

3.28

0,2

2,56

6,69

22,0

0,040

0,4

Outflow from the
16. 07. 93
retention reservoir /
inflow to the
08. 09. 93
vegetation filter (2S)

0,06

3,40

1,4

0,013

4,90

0,15

1,60

3,68

34,0

0,48

>2,0

0,30

0,89

2,6

0,025

3,79

0,33

2,64

5,43

78,0

0,01

3,0

Outflow from the
16. 07. 93
vegetation filter (3S)
08. 09. 93

0,04

3,50

0,8

0,005

4,3

Tr.

1,20

2,76

6,0

0,14

>2,0

0,13

0,57

2,6

0,005

3,3

0,32

1,12

3,22

76,0

0,40

8,0

1-st class water

s1,0

-

s5,0

£0,02

s5,0

s0,2

£10,0

s4.0

£20,0

-

21,0

2-nd class water

£3,0

-

£7,0

sO.03

£10,0

sO,6

£20,0

sB.O

£30.0

-

5:0,1

NNH4+

N O rg

NNO3"

mg/I

mg/I

16. 07. 93

0,06

08. 09. 93

Sample point

Inflow into the
retention reservoir
(1S)

N

Date
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Conclusions
The presented results of all analyses indicate the improvement of water quality in both
streams. Increasing efficiency of pollutant removal can be achieved by constant compliance
with operating and maintenance of all structures according to operation manual of
recommended installations.
A radical improvement of water quality in both streams can be achieved after the
arrangement of water and sewage management in catchment areas of these streams and in the
basins of their tributaries. More systematic research on quantity and quality of water flowing
through all objects is necessary in order to evaluate hydrobotanical method efficiency.
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Vegetation filter experiments in Estonia
E.Kirt
Estonian Potato Processing Association, Gonsiori 29, EE 0100 TALLINN, Estonia

Abstract
The use of willow plantations as vegetation filters for wastewater treatment in Estonia started
with the purification of potato processing plant wastewater in the basin of River VäikeEmajogi, near Valga.
In 1990 the vegetation filter was designed on a nearby peat bog and construction work
was started.
In spring 1993, 2.2 ha willows were planted and in spring 1994 another 5.2 ha were
planted, altogether occupying 7.4 ha. The aim of the plantation is to purify the effluent of the
wastewater treatment plants at the same time as producing energy willows and raw material
for handicraft.
The potato processing plant is not yet completed and thus the wastewater is not yet
being treated. In the plantation, 60 Swedish clones and 6 local Estonian clones are being
harvested as an experiment.
Wastewater treatment with vegetation filters is carried out in the treatment plant of
Väike-Maarja, the most important pollution source of the Pandivere Water Protection Area.
In April 1994 - during a nonvegetational period - the average diurnal results with the
willow plantation treatment were:
BOD 7 - 84.2 %; SS - 6.9 %; TN - 48.6 %; TP - 85.4 %;
(wastewater temperature - + 8°C; pH - 7.3; O2 concentration 2 mg/1)
In the ditches, vegetation has developed satisfactorily, whereas the willows on the
banks are not yet consuming wastewater. The measured figures show the results before the
wastewater consumption by the willow plantation.
Measured results of another working wastewater treatment willow plantation in the
basin of River Vaike Emajogi at the Otepää Landscape Protection Area were:
BOD7 - 81.6 %; SS - 58.8 %; TN - 21.1 %; TP - 45.9 %;
wastewater temperature - + 3°C; pH - 7.3; O2 concentration 4.1 mg/1.
There is vegetation in the ditches and the willow plantation is consuming wastewater
as well. The results so far prove the efficiency of willow plantations in wastewater treatment
but also show the need of further research work.
Keywords: potato processing, wastewater purification, vegetation filters Salix.
Introduction
In Estonia, three willow vegetation filter systems have been established. The purpose has been
to:
- purify industrial spillwater
- produce willow for energy production and for wickerwork.
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Two experiments are based on the planted willow stands and one in a self-established
willow stand.
General description
Valga
A willow vegetation filter was planned for purification of spillwater from a potato processing
plant near Valga in the catchment area of the Väike-Emajögi river. The experimental field
consists of 7.4 ha willow of which 2.2 ha were planted in 1993 and the rest, 5.2 ha, were
planted in 1994. Sixty Swedish willow clones and six Estonian were used. The plantation is
located on the bottom of an exploited peat bog with an organic layer less than 1 m thick.
The processing plant is not yet fully completed and hence the vegetation filter is not in
use.
Väike-Maarja
A plantation is situated near the small town of Väike-Maarja in central Estonia. The area is a
part of the Pandivere State Water Protection Area. The plantation is established on a well
decomposed organic soil in the outlet ditch area of a biological water purification system in
which both domestic wastewater and spillwater from a milk and meat processing plant is
treated.
The basic data of the purification effect of the vegetation filter for April and May 1994
is depicted in Table 1. It should be mentioned that at that time the willow plantation was
merely established and therefore had not yet reached its full purification capacity. The data
can be treated as a baseline for coming years when the willows will form a dense rootsystem,
which will be able to extract nutrients from the spillwater.
Otepää
A reference vegetation filter was chosen in order to get comparative data for the planted
vegetation filters. This reference filter is located in the Otepaa Landscape Protection Area
close to the town of Otepää in southern Estonia. Natural vegetation, consisting of willows,
alders and birches as well as herbs and sedges, covers the area between the outlet ditches of
the Otepää municipal water purification system.
The basic data of the purification effect of the filter for April and May 1994 is depicted
in Table 2.
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L = 900 ni

VÄIKE-MAARJA
The Pandivere State Water
Protection Area

Table 1

Settlement
Meat Manufacture
Cheese Factory

April
Q,m3/d
BOD ? kg/d
mg/1

770

May

April
770

872

316
410

637
730

0

0

May
872

28,5
37
91

April
770

May
944

126
145
80

4,5
5,2
84

21,7
23
82

2

0

2,9

9,4

98,6 96,6

mg/1
pe

5084

10258

459

2035

SS

kg/d
mg/1

185
240

136
156

13
17
93

25
29
81

12,2
14
7

16
17
37

93,4 88

TN

kg/d
mg/1

17
22

68
78
6,7
7,6

5,4
6,2
48,6
0,8
0,9
33

67,9 82,5

5,5
7,2

26,9
30,8
60,7
4,9
5,65
26,9

12

kg/d

10,5
13,7
37,5
1,2
1,5
78,2

12,7
55,4
2,3
2,5
52,2

85,4 65,1

TP

mg/1

11

349

14

22,7
26

11

mg/1

14

21,7
25

0,07
0,08

8,8
9,4

air

16
8
7,6

17
15
6,6

16
8
7,3

17
15
7,3

16
15
7,6

17
15
7,6

0,160

0,318

0,093

0,107

0,038

0,044

0,032

0,037

NH

t C

72

water
PH
BOD, kg/ra
Volume
load
BOD, kg/ra
Surface
load
BOD, kg/ra
Surface
load to
bottom
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/ i

a

B

W = 1050 m 3 ^
F w - 1950 m

Otepää town
Cheese Factory

I -» II

III

2

II
)

i

•F.= 2320 m 2

Q = 1600
Fw= 7200 m

L
April
3

Q,m /d

1548

May

2
Fb= 7900 ra
April

1729

] 800

C

%

April

May

3300

3750

50
28
87

11,2
3,4
82

45
12
11

1

7,5

4,1

4,2

6119

979

812

180

725

37
24
-

387
224
-

32
20
14

38
21
90

13
4
59

64
17
-69

kg/d
mg/l

12,4
8
-

47
27
-

10,9
7
12

21,4
12
54

8,6
2,6
21

20,3
5,4
5

kg/d

2,8

17

3,9

9,6

2

5,7

2,4
-39
10,6
6,6

5,3
43

0.6
46
7,1
2,1

1,5
40

80,5
52
-

380
220
-

60,8
38
24

02
E

mg/l
pe

5

0,3

1286

SS

kg/d
mg/l

TN

TP

mg/1

1.8

9.7

kg/d

10,3
6,6

21,3
12,3

mg/l
t C

May

1600

BODy kg/d
mg/l

NH 4

n
"
»*

air

water
pH
BOD, kg/m13
Volume
load

5
9
7,2

13,3
7,4

11,3
3

12

5

12

4

12

12
6,85

7.5
7,2

14
7,9

3
7,3

12
7.9

-

-

0,013

0,237

0,058

0,048

-

-

0,0112

0,053

0,031

0,026

-

-

0,011

0,052

0,026

0,022

BOD, kg/m2
Surface
load
BOD, kg/m2
Surface
load to
bottom

82

X

86,1 88,2

64,5 83,5

30,6 56,8

24,6 66

Removal of nitrogen and phosphorus from municipal wastewater by willow
- a laboratory approach
H. Obarska-Pempkowiak
Technical University of Gdansk, Faculty of Hydrotechnics, ul. Narutowicza 11/12
PL 80-952 Gdansk-Wneszcz, Poland

Abstract
Various applications of willow (Salix) are briefly reviewed. It is evident from literature data
that nutrients (especially nitrogen) are frequently a limiting factor for biomass production,
particularly on nitrogen-deficient soils. This has led to the idea of using willow as a means of
nitrogen removal from municipal wastewater. In laboratory experiments it was established
that a decrease in the concentrations of nitrogen, phosphorus and chemical oxygen demand by
a factor of two to three in effluents from pots with willow takes place. The decrease was
attributed to the accumulation of nutrients in plant tissues. Thus utilization of nutrients in
municipal wastewater by willow can be added as yet another possible application of willow
plantations.
Key words: wastewater treatment, nitrogen, phosphorus, willow, Salix viminalis, Salix
arenaria.
Introduction
Willow is a very popular plant in Poland and most of Europe. For centuries it has been used
for furniture, in construction of baskets and other plaitworks, as well as in reinforcement of
banks of rivers and shores.
Today, a new application for willow has become important. It originates in the
properties of the plants, foremost from their huge biomass production capacity and rather easy
cultivation. These properties make it possible to apply willow as raw material for local energy
production as well as a means of wastewater treatment, especially of domestic or municipal
type. The factors influencing the increase of biomass have been thoroughly investigated in
Sweden to an extent enabling mathematical simulation and optimization of growth (Kowalik
1984, Perttu & Kowalik 1989). Good agreement between simulated and actual data has been
reported. The authors have shown that the growth increase depends not only on climatic
factors but on the availability of nutrients as well. Details of the findings can be found in a
review given by Perttu and Kowalik (1989) who concluded that some 120 kg of nitrogen must
be added in the form of artificial fertilizers to achieve a production of about twenty metric
tons (dry weight) per hectare and year.
Wastewater can also be used as a source of nitrogen enabling increased willow growth.
The possibility was investigated in Poland during the 1960's (Bialkiewicz & Nowinski 1968;
Bialkiewicz 1969).
The aim of this paper is to present summarized results from investigations carried out
at the Faculty of Hydrotechnics in Gdansk during 1988 to 1990. The results allow limits to be
set on amounts and forms of nitrogen and phosphorus for both high purification rate and good
willow growth.
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Experimental study of willow as a means of wastewater purification
Laboratory experiments aiming at evaluating the efficiency of pollutant removal from
wastewater were carried out at the Faculty of Hydrotechnics in Gdansk (Obarska-Pempkowiak
& Kowalik, 1989b; Perttu, 1989). Several large pots (0.8 m diameter) were filled with
nitrogen-free sand (diameter range 0.25-0.5mm, porosity M S =0.3). One pot was left as a
control. The volume of sand in the pots was about 55 liters. Six plants were grown in each
pot. Two species of Salix were tested: Salix viminalis and Salix arenaria. The pots were
irrigated with municipal wastewater after primary (case a) or secondary (case b) treatment.
The chemical composition of wastewater applied in the experiment is presented in Table 1.
The hydraulic load of combined wastewater and tap water during the first weeks was 35
mm/week and it was later changed to 100 mm/2 weeks (late spring - summer) and thereafter
50 mm/2 weeks (in autumn).
Table 1. Chemical composition of wastewater used in experiments carried out in 1988-1989
Primary effluent (after mech. Secondary effluent (after mech.treatm.). Rrange of values
biol. treatm.). Range of values
7.5 4- 7.9
7.6+ 7.8
9.8 4- 28.0
12.3 + 21.0

Indicator
pH

gm-3]
gm'3

N

N,i:

23.8 4- 70.0

[gm-3]

N

N0-,

0.0 4-

3

M

"TOTAL

N

ro?

COD
BOD1

[gm' ]
[S^]
[gO2 m-3'
[gO2 m-3]

29.04-37.8

3.0

7.0 + 25.0

33.6 4- 98.4

42.3 4- 83.0

6.5 4- 15.0

7.3 4-14.2

175.5 4-313.6

52.6 + 88.0

143.2 4-286.2

49.8 4- 76.5

The retention time of the wastewater was initially 4-6 days but later it was increased to
14 days. In autumn, the hydraulic loads of wastewater and pollutants were decreased by half.
The loads of pollutants in the municipal wastewater after primary (A) and secondary (B)
stages of treatment were in the following range:
A) 11.0+41.0 kg NT0T /ha 2 weeks
8.0+25.4 kg Nmi. /ha 2 weeks
=> Hydraulic load of sewage 30 mm/
3.4+14.0

kg Norglh& 2 weeks

1.6+6.0

kg Ppo^ /ha 2 weeks

24.4+81.0
22.2+74.2
B) 13.2+37.6
4.8+24.8

week in the period spring-summer

kg O2/ha 2 weeks
(expressed as COD) and
kg 0 2 /ha 2 weeks
(expressed as BOD7)
kgN r o r /ha2weeks
kg Nuu . /ha 2 weeks
Hydraulic load of sewage 50 mm/
NH i

0.0+12.0

week in the period spring-summer

kg N ors /ha 2 weeks

2.4+7.0 kg PpQ y. /ha 2 weeks
6.5+53.6 kg O2/ha 2 weeks
6.0+46.6 kg Oj/ha 2 weeks

(expressed as COD) and
(expressed as BOD7)
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In Table 2 the combination of sewage and species tested is presented. Background
(T lfi ) denotes a pot filled with sand, with no plants, treated with the same amounts of sewage
as the others.
Table 2. Combinations of type of sewage and species o/Salix used in the experiments
Symbol

Type of municipal
wastewater applied
After mechanical
treatment
After mechanical-biological treatment
After mechanical-biological treatment
After mechanical-biological treatment
After mechanical-biological treatment

wiB

Species of willow
Salix viminalis
late autumn, 1988
Salix viminalis
late autumn, 1988
Salix viminalis
early spring, 1989
Salix arenaria
early spring, 1989
Background
late autumn, 1988

In other experiments, the influence of six different loads of pollutants on the efficiency
of pollutant removal was tested. Experiments were carried out in summer after adaptation of
the willows. Only Salix viminalis was tested. The loads of pollutants are given in Table 3. The
retention time of the wastewater was 14 days.
Table 3. Average loads of pollutants in the experiments
Indicator
NTOT

P-POt
COD

Load of pollutants \g m~2 day'1
0.12
0.020
0.26

0.13
0.030
0.31

0.15
0.033
0.31

0.21
0.070
0.36

0.23
0.086
0.48

0.25
0.088
0.52

Results and discussion
The relationship between cumulative loads of total nitrogen in influent and effluent in pots
with Salix viminalis is presented in Figure 1. The nitrogen reduction is higher when
secondarily treated sewage is applied to the pots than when only primarily treated sewage is
applied (WlM). The curves (Tlfl and r, B ) related to the background values show little
difference between influent and effluent. This is attributed to the lack of Salix, and indicates
the importance of willow in the removal of nutrients.
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Figure 1. Changes of inflowing and outflowing loads of nitrogen (Ntot) from pots containing S.
viminalis (Wj, Wy and control (Tj).

The relationship between loads of phosphates, total nitrogen and organic matter and
the efficiency of removal of the pollutants is presented in Table 4. The removal of nitrogen in
experiments with Salix is quite impressive.
Table 4. Load of pollutant (L, g/m2 year) and percentage of organic substances and nutrient
removal (t\, g/m2 year)* from municipal wastewater in experiments with Salix viminalis
(Wj, W 2 ), Salix arenaria (W3) and control

Pot
Indicator
"TOT.

1*
N

*H:

P

POI-

COD
B0D1

w
L
31.7 67.5
9.3 70.2
19.8 68.4

L
44.3
8.9
20.6

70.0

10.5

7.4

125.1 61.1
60.3 68.3

w 3s

w2B

82.1
91.1
89.5

L
36.0
6.2
16.6

83.1

104.6 81.1
56.7 84.2

r\

71.5
80.4
76.3

L
41.7
8.3
17.9

35.4
57.7
39.5

2.7

52.8

10.1

22.5

28.8
14.0

49.9
55.0

113.4 39.0
55.7 46.1

90.1
87.2
95.0

L
9.4
2.0
5.4

9.3

81.4

90.4
46.7

80.3
84.4

Tl

r\

*' Percentage removal is equal to the relationship between the difference between inflowing and
outflowing load and the inflowing load.
Results for Salix arenaria are presented in Figure 2, in which curves of all three
contaminants (BOD 7 , NT0T and P-POj~) are presented. As for Salix viminalis, the highest
efficiency of removal was achieved for nitrogen.
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Figure 2. Changes of inflowing and outflowing loads of nitrogen (Ntot), phosphate
biochemical oxygen demand (BODj) in pots containing S. arenaria.

') and

In Figure 3, the efficiencies of removal of organic matter, total nitrogen and
phosphates related to loads of pollutants are presented. The loads were listed in Table 3.
Elimination of pollutants up to 90% or more could be achieved for the following
surface loads: COD: 0.30 g/m2 day, NT0T-. 0.12 g/m2 day and P - P O 4 3 " : 0.029 glm2 day.
Table 5. Stemwood production for Salix viminalis and Salix arenaria

Pot

gDM/m 2 year
183
248

w2B

262
100

Reduction of nutrients in wastewater is related to the biomass production. In Table 5,
stemwood production of two species of willow is presented. Besides the stems, the biomass of
leaves and roots was also measured. Based on nitrogen and phosphorus concentrations in
biomass and the percentage of biomass in different tissues, the total amount of the elements in
biomass was calculated (Table 6).
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Figure 3. The relationship between surface load and purification efficiency in experiments with S.
viminalis (x - PO43% o - N c , • - COD).
Table 6. The average content of nitrogen and phosphorus in biomass (%)
Part of plant
Nitrogen
SalLx viminalis
leaves
stems
roots

3.46
0.40
0.93

Salix arenaria
leaves
stems
roots

3.32
0.47
0.85

Concentration (%)
Phosphorus

0.41
0.11
0.12

0.45
0.07
0.12

For mass-balancing nitrogen and phosphorus in the pots, the total amounts of these
elements in effluent, influent and soil were calculated for each pot. The numerical values are
given in Table 7. The budget shows differences between nitrogen in influent and effluent in
the range of +0.4 to +15.1 g m"2 year ' ' , which accounts for 4.2 to 34% of the nitrogen in
influent. The difference is most likely caused by denitrification and errors in chemical
analyses. In the case of phosphorus, the differences are in the range of-1.0 to + 1.4 g m" 2 year
"' (10.7 - 18.9% ). A changed phosphorus concentration in the soil profile most likely causes
the difference. Removal of nitrogen and phosphorus from the system by biomass varied in the
range of 18.6 to 36.1% (nitrogen) and 12.1 to 18.5% (phosphorus) in relation to loads in
influent.

Sorption to soil particles was lower and in the range of 21.5 to 30.9% in case of
nitrogen, but much more in the case of phosphorus, which was in the range of 39.2 to 74.1%.
Table 7. Balance of nitrogen and phosphorus in the experimental systems [g m~2 year'1]

w2B

Pot
Influent
Stems
Leaves
Roots
Sand
Effluent
Difference

31.7
0.7
4.0
1.2
6.8
10.3
+8.7

Influent

7.4
0.2
0.5
0.2
2.9
2.2
+1.4

Stems
Leaves
Roots
Sand
Effluent
Difference

Nitrogen
44.3
1.0
9.0
1.7
9.6
7.9
+15.1
Phosphorus
10.5
0.3
0.9
0.5
7.3
1.8
-U.3

36.0
1.1
8.8
2.0
8.7
3.6
+11.8

9.4
0.4
2.3
0.7
2.9
2.7
+0.4

9.3
0.3
1.0
0.4
6.9
1.7
-1.0

2.7
0.1
0.3
0.1
1.5
1.3
-0.6

The biomass mainly consists of stemwood, which contains the smallest amounts of
nitrogen and phosphorus.
Conclusions
1. Salix can be used for treatment of municipal wastewater (especially after mechanicalbiological treatment).
2. Removal of nitrogen and phosphorus from wastewater is possible.
3. The efficiency of removal of nitrogen, phosphate and organic matter (COD) is dependent
on a proper selection of loads of pollutants.
4. Nitrogen and phosphorus from wastewater support growth of Salix, and thus treatment of
sewage might be combined with energy production.
5. Stemwood constitutes the major part of the biomass, but comprises least nitrogen and
phosphorus. Stemwood can be burnt without fear of air pollution.
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Sewage sludge as a fertiliser for short rotation energy coppice
D. Riddell-Black
Waste Disposal Division, Water Research centre,
Medmenham, Henley Road, Marlow, Bucks, SL72HD, UK

Abstract
The use of organic wastes as nutrient sources is a well established principle in
agriculture. In the UK an average of 40% of sewage sludge is recycled to agricultural land and
this is forecast to increase. An average application of 100 m3/ha is worth approximately £75
on the basis of the nutrients delivered. The use of waste materials as fertilizers in an energy
crop is particularly attractive due to the high energy cost of producing inorganic fertilizers.
A number of trials have been establish^ 4$ fhc UK to investigate the use of sewage
sludge in short rotation coppice (SRC). These trials, are comparing t n e Yie^ of three willow
and three poplar species, fertilized using inorganic [fertilizer or sewage sludge, with untreated
control plots.
This paper reviews in broad Terms the current level of knowledge of the nutritional
requirements of SRC and considers whether these can be met by correct management of
sewage sludge addition.
Water Research centre (WRc) wishes to acknowledge the financial support for this
work from Anglian Water Services Ltd, Severn-Trent Water Services Ltd and the Department
of Trade and Industry through ETSU.
Key words: Salix, Populus, sewage sludge, energy forestry, SRC.
Introduction
The investigation of the suitability of sewage sludge as a fertiliser for short rotation coppice
(SRC) is a continuation of an ongoing search for new sewage sludge recycling routes. Sludge
outlets must be environmentally acceptable, sustainable and economically viable. Transport is
the greatest single cost in sludge treatment and disposal operations, and systems which reduce
this element are highly desirable. Outlets such as land restoration, forestry and sludge product
manufacture offer alternative routes in specific localities or at particular times of the year.
However, agriculture remains the principal outlet for sludge in the UK, and in many areas is
likely to grow substantially in importance as a result of the Urban Waste Water Directive
(CEC, 1991a).
The agricultural industry is undergoing rapid and radical changes and sludge recycling
operations need to be responsive to these. In particular, the reduction of productive land area
through the Arable Area Payment Scheme (Set-aside scheme) and diversification into nonfood crop production are impacting on sludge management operations. The fertiliser value of
sewage sludge to this expanding range of non-food crops needs to be assessed to maintain
access to agriculture for sludge recycling.
Short rotation coppice SRC is probably the closest of the biofuel crops to
commercialisation and consequently is receiving much attention from the farming community.
SRC has several potential advantages as a sludge outlet. Sludge may be applied to the crop
throughout the growing season which matches its continous production. SRC may be planted
on set-aside land and receive fertiliser application to meet the crops nutrient requirement. In
certain localities the provision of access to non-rotational set-aside may be in itself sufficiently
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attractive to warrant the development of SRC plantations by water companies. The probable
optimum time for application in terms of growth response coincides with the most difficult
period in the fanning calendar for sludge recycling to agriculture, that is May and June.
Plantations may be established close to works specifically to act as backup outlets when others
are unavailable. The rapid growth rates and high evapotranspirational water losses of the trees
indicate a potentially high nutrient demand. Coppice plantations will usually be in the ground
for 20 to 30 years, thus their availability over a long time period is more reliable than other
crops, which will aid the planning of sludging operations. While it is unlikely that SRC will
form a large proportion of sludge recycling operations, the potential exists for it to become
important in specific localities and offer a recycling route at key points in the year when other
outlets are restricted.
The research programme at WRc consists of two distinct projects. The first was
established in 1990 through support from Anglian Water Services and Severn Trent Water
Services. Three trials have been established, located near Nottingham (Stoke Bardolph), Kings
Lynn (Castle Rising) and Harrogate (Markington). The first two trials were planted for the
purpose of the research and the latter superimposed on an existing plantation. Sludge was first
applied at Markington in 1991, the same year in which the new sites were planted. Sludge has
been applied annually at Castle Rising and Stoke Bardolph since 1992 and will continue for
four years until 1996. Application rates range from 50m3 ha'1 biennially to 800m 3 ha'1
annually in four application events. Markington is harvested annually and the trial will be
completed in 1995. The trials at Stoke Bardolph and Castle Rising are being harvested on a
two year rotation and will be completed in 1996.
The second major project of the WRc programme commenced in 1991 with funding
from the UK Department of Trade and Industry managed through ETSU. This project also
consists of three trials which are located at WRc Medmenham in Buckinghamshire. These
trials are comparing the yield performance of willow and poplar coppice planted at a number
of different stocking densities and managed on different rotation lengths with the addition of
inorganic fertiliser or sewage sludge. This work will be completed in 1997. In total there are
six hectares of trials in the UK dedicated to the investigation of sewage sludge as a fertiliser
for SRC.
The objectives of the research can be summarised as follows:
To investigate the benefit of sewage sludge to the productivity of SRC.
To compare inorganic fertiliser and sewage sludge as nutrient sources for SRC.
To assess the potential for farm-based SRC to be an environmentally sound and
operationally practical outlet for sewage sludge.
To produce guidelines for the management of sludge application to SRC taking account of
environmental, physiological and operational criteria.
This paper reviews in broad terms the current level of knowledge of the nutritional
requirements of SRC and considers whether these can be met by the correct management of
sewage sludge addition.
The nutrient requirements of short rotation coppice
Early work on short rotation coppice was based in its production being located on marginal
land which had little opportunity for alternative uses. The poor productivity achieved and the
recent availability of better quality agricultural land through set-aside has changed the focus to
planting on good quality land. Considerable efforts are being placed on reducing the
production costs for SRC in order to keep the fuel cost competitive. However the viability of
the crop is still heavily dependant on an annual average productivity level greater than 10 odt
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ha' 1 . Breeding programmes in Sweden and the UK are endeavouring to develop higher
yielding, disease resistant varieties. For these and existing varieties good crop husbandry
including nutrition, will ensure maximal yields.
There are two broad approaches to nutritional management of SRC. The more
common approach is to apply fertiliser only when diminished nutrient supply impacts on
growth. Such a course minimises fertiliser use and should maximise both efficiency of
nutrient use by the crop and the economic return on the fertiliser investment (Heilman, 1992).
However, it does not assure maximum yield and thus may not give maximum profit with high
value crops, particularly where the fertiliser is applied free of charge, as in the case of sewage
sludge.
For poplar, nitrogen deficiency is generally indicated when foliar concentrations in
mid-season, recently matured, middle to upper canopy leaves are in the range of < 20-27 g
N/kg on a dry weight basis, depending on species and cultivar. The corresponding values for
willow are <25-34 g N/kg (Heilman, 1992). The contrasting approach to nutritional
management seeks to maintain site fertility in order to ensure the optimum nutritional status of
the crop. This is achieved through regular applications of nutrients. The more conservative
approach to nutrition management may be more appropriate to minimise the risk of leaching
losses. However, this approach risks reducing yields, since fertiliser is not applied until
deficiency is detected, which is difficult to determine with the uncertainty of available
technology and level of knowledge of the crop (Heilman, 1992). The amount of fertiliser N
recovered in trees after addition is usually 30 to 50% of the applied, reflecting immobilisation
in litter and soil organic matter (Wells, 1977; Wild, 1988; Johnson, 1989). Consequently an
application of nitrogen must generally be twice as much as the removal in harvest (Shoulders
and Wittwer, 1979). Recovery of potassium by crops is similarly limited with uptake by
annual crops seldom exceeding 50%. Efficiency of use of phosphorous is even lower being
between 20 and 30% (Wild, 1988). Specific data on the efficiency of nutrient uptake by SRC
is generally unavailable. However, reasonably satisfactory fertiliser prescriptions may be
based on measured crop removals and experience gained from other crops, of uptake
efficiency of nutrients applied in fertilisers (Ericsson etal, 1992).
Trees have a very distinct nutritional regime which directs their nutrient requirements
from external sources. Nutrient demands from the soil are high only while the tree crown is
expanding. In normal broadleaf or conifer woodland the time taken for the canopy to fully
develop is largely a function of tree species and can take several decades (Miller, 1981). In a
mature forest the trees have accumulated a large nutrient capital from the soil, which they
conserve by efficient cycling internally and less certainly, through litter fall and
decomposition. The recovery of nutrients from senescing leaves can contribute 60 to 80% of
the nutrients required for new leaves the following season (Attiwill, 1979, 1980; Miller, 1981,
1989a). In single stem poplar plantations more than 50% of the above ground requirement of
nitrogen and 30% of phosphorus can come from resources retranslocated during the previous
autumn (Bernier, 1984). Recovered nutrients are stored predominantly in fine stems and
branches but also in perennial roots. This storage pool of nutrients makes the plants
independent of soil nutrients early in the season when root activity is low due to low soil
temperatures. While soil temperatures are above freezing tree roots will continue to take up
nutrients over the dormant season, albeit at a very low level (Miller, 1989b). In this way there
is extra insurance against rapid growth early in the season being limited by nutrient supply. It
is possible that an application of fertiliser in February or March may contribute to this build
up of reserves and hence, promote rapid growth early in the year.
Trees are able to take up and store nutrients is excess of requirements and so store
against future deficiencies in supply (Miller, 1989b). Hence, a single application of fertiliser
can maintain high growth rates for several seasons (Miller, 1989b). This may permit the
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frequency of fertiliser application to be limited to once in a rotation provided that all the
applied nutrients are taken up and their is no risk of losses through leaching.
In comparison with annual arable crops and grassland, trees have a low nutrient
demand. However, the management regime of SRC is more akin to that of arable crops than of
woodland and the rapid growth rates and frequency of harvesting would suggest that nutrient
use by the crop is high. With each harvest, nutrients taken up from the soil will be exported
from the site in harvested wood. Frequent repetition of this export could result in site nutrient
depletion. The period over which a site becomes depleted will depend on the soil type and
inherent fertility, its previous cropping history, the nutrient take up by different clones and
harvest frequency.
Trees managed on short rotations of three to five years are maintained in a state of
nutrient accumulation rather than cycling as the stores created in stems are regularly removed
(Miller, 1989b). However, stem nutrient concentrations in woody species are low compared
with that of their leaves, typically for nitrogen 0.3% and 3.5% of dry matter for stems and
leaves respectively. Hence, the annual removal of nitrogen in stems will be only 3 to 4 kg per
dry tonne of harvested stem (Ericsson et al., 1992). Ingestad and Agren (1984) have calculated
that in a Salix stand with an annual stemwood production of 20 odt ha'1, an annual nitrogen
uptake of 630 kg ha'1 would be required. Most of this would be recycled from the
decomposition of old leaves - 260 kg ha"1 and fine roots - 250 kg ha*1, with 120 kg ha'1 taken
up from the soil or from added fertiliser.
Nitrogen is required primarily for building leaves. Once the full canopy has developed
the nitrogen use is much lower due to the lower nutrient requirement of stem biomass
accumulation (Johnson, 1989; Ericsson et al, 1992). Hansen et al. (1988) suggest that
nitrogen is the nutrient most likely to limit growth in short rotation poplars. Work in young
poplars in several regions of France found that the application of N and P fertiliser was always
effective at increasing yield, but that K, Ca, Mg and Cu inputs had no significant nor
discernible impact on crop yield (Barneoud, 1977). Despite this, a shortage of K, Mg, Fe or
Mn is potentially more significant than deficiencies of N or P. Low N and P availability
stimulates an increase in the allocation of assimilates to below ground parts. This enables the
plant to explore a larger soil volume, thereby overcoming the deficiency. Shortage of K, Mg,
Fe and Mn primarily affects the processes associated with carbon fixation and assimilation,
decreasing the plant tissue content of carbohydrates (Ericsson et al., 1992). Plants low in
carbohydrates show poor root growth, which further limits their ability to take up these
elements. Fertilisation of intensively managed plantations must consider the balance of
nutrient provision in order to maintain long term productivity.
To closely match nutrient addition with nutrient use would seem to require frequent
applications in a falling gradient of high to low over the period of the rotation. Practically this
may be manifest as annual application rates of 150, 100 and 50 m3 ha'1 of liquid digested
sewage sludge commencing the year after planting, which would supply approximately 180
kg, 120 kg and 60 kg of available N and 45 kg, 30 kg and 15 kg of available P. Commercial
energy forestry fertiliser recommendations for nitrogen are 90-120 kg ha'1 in the year
following cutback, and 120 -150 kg ha"1 in subsequent years. In mature plantations, where
there will be a degree of recycling from decomposing litter, recommendations drop to 60 - 80
kg ha'1 per year. The additions of phosphorus and potassium suggested are in the range 20 - 50
kg ha'1 yr'1, and 80-100 kg ha'1 yr"1 respectively (Ledin & Perttu, 1989).
The optimum time of application within the year may also vary with the age of a
plantation. In young plantations where the shoot systems and hence leaf area, are poorly
developed, the peak growth is obtained rather late in the season. Later in the rotation, canopy
closure and an associated peak in growth will take place much closer to the seasonal
maximum in solar radiation. The rapid development of leaf area early in the season when solar
radiation is plentiful, and the associated photosynthetic activity is the key factor for achieving
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high yields (Cannell, 1989). A delay in the timing of leaf fall is much less important for the
magnitude of production in northern latitudes where, at that time the level of incoming
radiation is low (Cannell, 1989).
Where the soil nutrient budget is high, site depletion by the crop may not warrant a
fertiliser addition for the first one or two rotations. In these circumstances sludge application
may not commence for several years after a plantation has been planted. In Sweden, a fertiliser
application is made as a component of standard crop management at the beginning of each
rotation, including the year of planting. This is based on the assumption that it is better not to
wait until depletion has occurred before supplying the crop with nutrients (Ingestad and
Agren, 1984). The maintenance of the overall nutrient status of a plantation by the addition of
nutrients may prolong the life of that plantation through maintaining productivity and thus
delaying the need to replant. The financial return on the crop may be improved if replanting
can be delayed. There are currently few coppice plantations in the UK older than six years.
Hence, an assessment of the benefits of fertiliser addition to older plantations is presently not
possible.
The nutritional and water requirements of SRC are relatively poorly understood,
consequently, it is currently difficult to be prescriptive about the fertiliser requirements of the
crop. It is hoped that the trials underway will contribute to the better understanding of the
crop's nutrition.
Sewage sludge as a fertiliser for SRC
Sewage sludge has several advantages over inorganic fertiliser use in coppice which makes it
attractive to fanners. In liquid form, it may be applied to the growing crop using a fixed or
mobile raingun, when access for conventional granular fertiliser spreaders is severely
restricted. Consequently, it may be applied annually or if required, more frequently, while it is
probable that inorganic fertiliser may practically only be applied after harvest when the crop
has been cut to ground level. Sufficient inorganic fertiliser must then be applied to sustain
growth for several years, the number of which depends on the rotation length. Under these
conditions the efficiency of fertiliser use is low and losses through leaching and denitrification
can be substantial (Heilman, 1992). Sludge will be supplied and applied free of charge, hence
crop yield increases may be obtained with no increase in cost to the farmer, thereby improving
the payback from the crop.
Sewage sludge supplies two of the three macro-nutrients - nitrogen and phosphorus
(Table 1). However, sludge provides insignificant quantities of potassium and deficiency
potentially may be induced through the promotion of rapid growth by the addition of the other
two nutrients. An imbalance, should it occur, may be rectified either through addition of
potassium salts to sludge prior to application, or through returning the wood ash to the
plantation. There has been some investigation of the practicalities of this latter approach in
conifer woodland. The principal problems are associated with the high pH of the ash and
distribution methods (Eriksson, 1994).
Table 1. Typical N and P content of sewage sludges (as spread) (kg m'3 for liquids; kg f' for cakes)
(from Hall, 1986 and WRc, 1985)
Sludge type
Liquid raw
Liquid digested
Raw cake
Digested cake

Dry matter

Total

Total

(%)
5
4
25
25

N
1.8
2.0
7.5
7.5

P
0.6
0.7
2.8
3.9
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Available in first cropping year

N
0.6
1.2
1.5
1.1

P
0.3
0.3
1.4
2.0

The application of sewage sludge to agricultural land is regulated by two principal
legislative statues, The Sludge (Use in Agriculture) Regulations (S I, 1989) which implements
CEC Directive 86/278 (CEC, 1986 ) and the Code of Good Agricultural Practice for the
Protection of Water which implements EC Directive (91/676) (CEC, 1991b; MAFF, 1991).
The Sludge Regulations dictate the maximum permissible levels to which heavy metals may
accumulate in sludge treated soils. They also require that raw sludge be incorporated into the
soil or injected to prevent odour nuisance. Treated sludge may be surface applied without the
need for incorporation. SRC does not come within the Sludge (Use in Agriculture)
Regulations being neither food nor fodder. However, it is appropriate to operate within the
Regulations in order to maintain best practice standards. This restricts applications to digested
sludge because of the difficulty of injecting or cultivating in raw sludge. The only exception
may be where the isolated location of a plantation means that the chance of odour nuisance
would be minimal. Operating within the Regulations also guards against the build up of heavy
metals in soil.
The maximum application level of sludge which will be applied operationally is
determined by the Code of Good Agricultural Practise for the Protection of Water (MAFF,
1991), which recommends an annual maximum application of 250 kg of nitrogen per hectare.
This is roughly equivalent to 125 m 3 ha"1 of liquid digested sludge at 4 % dry matter. This is a
voluntary code for use by farmers and others applying nitrogen sources, whether organic or
inorganic, to agricultural land, except in Nitrate Sensitive Areas where the code is statutory,
and in Proposed Nitrate Vulnerable Zones where this maximum is likely to be mandatory at
170m 3 ha"\
Sludge may be applied at different times within the growing season, within a rotation
and over the life of a plantation. The timing of an application will be determined by both crop
physiology and by practical considerations. To optimise the opportunities for crop benefit it is
suggested that sludge should be applied only when the crop is growing and will make use of
the applied nutrients. Early in the growing season bud break and early leaf expansion is
fuelled by nutrients translocated from storage in roots and stems (Miller, 1989a). Nitrogen is
the principal control on leaf development and hence on photosynthetic manufacture of dry
matter. The maximum yield response to applied nutrients will be when nutrient take up from
the soil commences in early summer, that is, between May and mid-July depending on
geographical location. In this case crop physiological requirements coincide with the sludge
recycling operational requirement for new outlets in early summer.
Nitrate leaching losses from soils are greatest in the autumn when soils are warm and
precipitation is increasing. Late season nutrient application may result in a flush of new
growth delaying the onset of dormancy and increasing the risk of frost damage. Hence, for
both environmental and physiological reasons it is more appropriate for sludging to
commence early in the year than to continue late in the growing season.
Pre-planting applications may be made of raw or treated cake or liquid sludge, the
latter of which may be injected or surface applied. None of the trials currently underway is
testing the value to the crop of a pre-planting application of sludge. It is debatable whether the
crop will make full use of fertiliser applied in the first year due to the lack of a developed root
system. High nutrient status can inhibit trees from developing extensive root systems, there
being no necessity to seek nutrients distant from the main stem. In these circumstances trees
may suffer from drought and instability through wind rock.
It is more desirable operationally to make a single large application to keep transport
costs to a minimum, than to apply small units of sludge several times in the growing season.
The application equipment available will also influence the frequency of application. A
tractor-drawn tanker with splash plate driven over the crop is likely to be practical only for
recently harvested plots or those under two years of age.
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The growing crop can only practically be surface applied with digested liquid. While
cake may be applied after harvest when the crop is accessible, it cannot be incorporated
without substantial root damage and it is therefore doubtful whether it would make a
significant contribution to crop yield.
Sludge will be most efficiently applied when the spray trajectory can be maximised,
thereby reducing the distance travelled per unit area spread. The density of leaves and stems in
SRC will considerably hinder the penetration of sludge into a block of trees from a spreading
point in an access corridor. Ideally access corridors should be at 12 or 24 m intervals to
coincide with agricultural equipment sizes used for other management operations. At this
spacing sludge spreading techniques would need to penetrate 5 or 10 metres respectively into
crop blocks.
Fixed irrigation equipment may be appropriate where a plantation is dedicated to
sludge application. This reduces management time but is capital intensive. Pipework may
interfere with harvesting operations, but if harvest events are infrequent this may not be a
significant problem. Controlled flooding may also be appropriate in certain circumstances, for
instance on sacrificial land. It is inappropriate to be prescriptive at this stage concerning
application methods because most are untried and because a system which is practical and
cost effective at one location may be entirely unsuited to another
Sludge recycling to SRC must be cost effective when compared with alternative sludge
outlets or must offer other attractions, such as accessibility at difficult times of the year.
Where it offers no significant benefit over existing outlets it is unlikely to be adopted as an
outlet. There is a need to assess the application of sewage sludge to the crop at an operational
scale to establish whether it can be operated as a cost effective outlet.
Environmental considerations
SRC does not strictly fall within the control of the Sludge (Use in Agriculture) Regulations
(S I, 1989). However, it is desirable that the Regulations are complied with to reassure farmers
that best practice is being operated. In particular, because of the ease with which land
previously under SRC can be converteed back to normal agricultural use, the regulations
concerning the maximum permissible levels for heavy metal accumulation should be applied
on agricultural land. Plantations receiving sewage sludge but which are not managed within
the Sludge (Use in Agriculture) Regulations should be designated as waste disposal sites and
hence require to be licensed by the local Waste Regu3atory Authority.
Heavy metal take up in the tree stems potentially could be a source of metal diffusion
into the atmosphere when the wood is combusted. Metal uptake and partitioning by different
clones is being monitored during the trials to investigate the extent to which this may limit the
application of sludge to coppice. It is not anticipated that metal uptake by the trees will limit
sludge use in SRC for two reasons. Firstly, the quantities of metals applied in most sludges are
low. Secondly, woody species are generally low accumulator of heavy metals. Where metals
are absorbed they are normally accumulated in highest concentrations in roots, less so in the
leaves and at the lowest level in stems (Baker, 1989). Consequently, metal export from the
plantation is.' i'cely to be minimal. Flue gas scrubbing and combustion chamber design can be
used to control the release of particulates to the atmosphere during combustion. However, it
may be necessary to select clones with low metal accumulation characteristics to minimise the
potential risk.
Conclusions
A better understanding of the nutrient relations of SRC is required to optimise the benefits of
nutrient management to crop yield. The use of liquid sewage sludge may pennit the nutrient
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requirements of the crop to be met more accurately in terms of the timing of application than
can a solid nutrient source such a granular inorganic fertiliser. Waste materials such as sewage
sludge can supply a range of nutrients to the crop both cost effectively and if managed
appropriately, in an environmentally sound manner.
There is a synergy between the management of SRC and sewage sludge recycling
operations. The ability to recycle materials of this kind on SRC may prove to be a substantial
stimulus to the development of SRC as a renewable energy source in the UK.
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Sludge fertilization in willow plantations
K. H.Nielsen
Danish Forest and Landscape Research Institute
KvakMfillevej 31, DK-7100 VEJLE, Denmark

Abstract
Willow growth and environmental impact after sludge fertilization have been investigated on a
sand soil, a peat soil and a clay soil. Double-dose (600 kg tot-N), normal-dose (300 kg tot-N)
and control (no fertilizer) applications were carried out.
The dry matter production on sludge-fertilized plots was higher than or comparable to
that of NPK-fertilized and control plots.
Nitrogen leaching was sligtly increased in the sludge-treated plots for a short period
after sludge application. No other nutrients appeared to leach. Metal leaching was at a very low
level and was not influenced by sludge application. Cd concentration in the harvestable biomass
amounted to approx. 1 ppm regardless of treatment. Cd removal with biomass corresponded to
Cd application with sludge. All other metals were applied in much larger quantities than they
were removed.
Preliminary combustion trials confirmed that Cu and Pb are retained in the ashes while
Hg is lost with the smoke gas. The results forNi and Cd were uncertain.
Key words: sludge application, Salix, biomass production, heavy metals.
Background
Sewage sludge, waste waters and other plant nutrient-containing surplus products have become
very interesting sources of inexpensive plant nutrients for the potential growing of energy crops.
Compared with high forests, energy crops like Salix are more advantageous waste
receivers in many ways: They have a higher plant nutrient uptake, there are no forest visitors to
show consideration to, and there are less often water catchment and nature considerations to
take.
Compared with normal crops, energy crops have the advantage of being non-food; i.e.
the possible contents of heavy metals, pathogens and PAH's do not enter the food chain.
Perennial energy crops like Salix and Miscanthus have the further advantage of taking up
nutrients for a longer time in the autumn, thus limiting nutrient leaching.
Experimental design
The impact of sludge application to plantations of willow (Salix viminalis clone no. 78-112) and
to the environment has been tested on three soil types; a sand soil, a peat soil and a clay soil. The
soil profile was described and samples were taken for plant nutrient and heavy metal analysis.
Samples were taken before and two years after sludge application.
Three levels of sludge application were compared: Control, 300 kg/ha and 600 kg/ha of
total-N. The experimental design is shown in Figure 1. The nutrient and metal contents of the
applied sludge are given in Table 1. The nitrogen and phosphorus supplies to the plants are very
good, while potassium supply is poor. The metal application resulting from the sludge is above
average for Danish sludge but within permissible amounts. The sludge was applied in one
application in the beginning of the two-year trial period.
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Block I

Block II

Block III

Block IV

0 = control,
N = 300 kg/ha total-N in sewage sludge
D = 600 kg/ha total-N in sewage sludge
Figure 1. Experimental design of the sludge application trials.
Table 1. Amounts of sludge, nutrients and metals applied in the sludge application trials.
Recommended supply after Ledin et al. {1994)
300 kg N
plots
Sludge, fresh weight
Sludge, dry weight
NH,-N
Tot-N
Tot-P
Tot-K
Ca
Mg
Cd
Pb
Cu
Hg
Ni

(kg/ha)
(kg/ha)
(kg/ha)
(kg/ha)
(kg/ha)
(kg/ha)
(kg/ha)
(kg/ha)
(g/ha)
(g/ha)
(g/ha)
(g/ha)
(g/ha)

20 000
6 833
34.4
305.3
186.8
5.8
751.7
25.3
5.2
446.5
535.3
9.1
164.0

600 kg N
plots
40000
13 667
68.8
610.5
373.6
11.7
1 503.5
50.6
10.4
893.0
1 070.7
18.2
328.0
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Recommended
nutrient supply for
Salix kg/ha yr

l.st year
45
30
120

2.nd year
125

During the two-year trial period, soil water samples from 1 m depth were taken
frequently and analysed for plant nutrients and heavy metals. After two years, root and shoot
samples and combustion residue samples from a combustion trial were analysed for heavy
metals.
In a fertilizer trial, control and commercial fertilizer were compared with a sludge
application of 300 kg/ha total-N.
Results and discussion
The dry matter production differed clearly between test sites, see Figure 2. On the peat soil it
was poor, 2-3 tonnes dry matter per ha and year, while on the sand soil it was below average; 5-6
t DM per ha and year. Both these test sites showed distinct symptoms of drought stress during a
severe and prolonged drought in 1992. There was no connection between level of sludge
application and dry matter production. On the clay soil, however, the water supply was good and
dry matter production increased with increasing levels of sludge application; from 5.8 t DM per
ha and year in the control to 7.4 and 8.9 t DM per ha and year with 300 and 600 kg/ha total-N
respectively. In the growth trial, where water supply was fair, the control and commercial
fertilizer plots yielded approx. 7.51 DM per ha and year while the sludge plots yielded 8.3 t DM
per ha and year.
The dry matter productions reached in the better plots are satisfactory for two-year old
shoots and imply that sewage sludge enhances willow growth to an extent comparable with or a
little better than commercial fertilizer.
The low dry matter production in some of the trials combined with an unusually large
precipitation during both the winter periods has given good conditions for nitrate leaching. The
percolation on the trial sites has been calculated to 300-350 mm/year depending on soil type,
while in a normal year an approximate percolation of 200 mm/year can be expected. Further,
Table 1 shows that somewhat more nitrogen than the plants needed was supplied with the
sludge, at least in the 600 kg/ha plots. A net mineralisation rate of 0.33 was expected for
nitrogen.
Only for a short period, however, could nitrate concentrations above 10 mg/l N be
found, see Figure 3. On the sandy soil (Ådum), nitrate leaching from the sludge-treated plots was
at the same low level as from the control plots. On the peat soil (N0rre Lydum), where dry
matter production was very low, nitrate leaching during the first half of the first winter increased
significantly with increased sludge application. On the clay soil there was a smaller, nonsignificant increase in nitrate leaching with increasing sludge levels.
Based on average concentrations of total-N, the total nitrogen loss from the sludge
fertilized plots can be calculated. On the peat soil the nitrogen loss during the two-year period
was 50 kg/ha in the control plots, 60 kg/ha at 300 kg/ha N and 70 kg/ha at 600 kg/ha N. The
equivalent series for the clay soil was 30, 35 and 40 kg/ha at 0,300 and 600 kg/ha N in sludge,
while on the sand soil, nitrogen loss amounted to 50 kg/ha in all treatments.
It can be concluded that even under conditions that were very favourable to leaching,
sludge application did not increase nitrogen loss substantially. The applied nitrogen must have
added to the original soil nitrogen content, although no significant increases can be detected, see
Table 2.
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Figure 2. The average annual dry matter production in the trials in 1992 and 1993.
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Figure 3. The concentrations of total-N and of nitrate-N + nitrite-N in soil water at 100 cm in the
sludge application trials.
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Table 2. Soil data for the two upper soil horizons in the sludge application trials. Where no treatment is mentioned, data are from before sludge application.
Significantly different data are marked with different letters. 5 % confidence intervals are suppliedfor some of the plow layer data (+/-)
Soil
Horizon

pll

pll

Exlnclion method

H,O

C.CI,

Ro An
Ro Ap
Ro Ap
Ro Ap
RoE
RoE
RoE
RoE

Before
0
300 kg N
600 kg N
Before
0
J00 kg N
600 kg N

6
6.1
6.3
6.3
5
5.4
5.8
5.6

5.2
5.4
5.6
5.7
4.5
4.5
4.9
4.8

Be Tore
300 kg N
600 kg N
Before

4.5
4.5
4.8
4.7
4.3

0

•J.l

300 kg N
600 kg N

3.6
4.1

3.9
3.8
4
3.9
3.5
3.7
3.5
3.6

Before

5.6
6.3
6.4
6.5
5.6
6.3
S.9
6

5.2
5.5
5.6
5.7
4.4
5.3
5
4.9

NLHel
NL Hel
NLllel
NL He!
NLC
NLC
NLC
NLC
Ad Ap
Ad Ap
Ad Ap
Ad Ap
Ad B
Ad B
Ad B
Ad B

Treatment

0

0
300 kg N
600 kg N
Before

0
100 I s N
600 kg N

+/-

0.2
0.2
0.2

0.2
0.2
0.2

0.2
0.2
0.2

Tola!
nitrogen

+/-

NO,N

Nll,N

+;-

+/-

Tot-P

P

+/-

K

S

Sulphate-

Ca

Na

Mg
mg/kg

% in dry nutter

mg/kg

mg/kg

% in dry matter

mg/kg

mg/kg

DM

mg/kg

mg/kg

mg/kg

Combustion
to NO,

KCI

KCI

HCI+HNO,

NaHCO,

Amm.
acet.

Combustion
to SO,

NaCI

NH,Cl

Ammonium
acetate

0.28
0.27
0.29
0.27
0.04
0.04
0.04
0.02

1.18
2.1
2.43
2.77
0.74
0.21
0.49
0.18

1.87
2.17
2.07
1.77
0.17
0.29
1.8
1.7

0.045
0.047a
0.057b
0.0503b
0.005
0.006
0.009
0.004

46
37
38
37
3
4
6
2

90
98
96
89
54
62
52
44

0.04
0.047
0.047
0.04
0
0.008
0.009
0.004

•4.1

2.6
2.4
2.7
2.3
3.6
2.5
2.1

22O0
2150
2283
2150
410
800
760
560

46
53
57
50
45
52
44
46

64
65
68
63
26
40
28
22

49.6
11.2
9.03
8.93
1.3
0.24
0.13
0.22

1.06
5.4
5.2
4.9
1.46
0.77
1
0.78

104
103
III
103
11
II
9
9

0.35
0.563
0.59
0.61
0.01
0.01
0.07
0.03

6.4
12
13
17
7
1.3
91
17

2500
2795
3780
3710
90
180
190
140

72
210
205
198
73
25
37
57

44
94
92
114
4
8
5
8

2.43
0.6
1.16
1.13
0.65
0.57
0.27
0.29

0.37
1.97
1.85
1.7
0.07
0.35
0JI
0.17

37
30
32
34
12
16
9
14

0.04
0.01
0.013
0.015
0.016
0.01
0.008
0.01

2.2
2.5
2.6
2.7
2.2
2.3
1.4
2.1

570
710
738
815
400
620
430
490

28
28
36
46
25
30
27
25

22
27
30
34
17
26
16
16

1.03
1.68
1.85
1.95
0.03
0.04
0.05
0.03
0.07
0.08
0.07
0.08
0.05
0.06
0.04
0.06

0.016
0.016
0.016

0.249
0.249
0.249

0.0)1
0.009
0.009

0.2
0.2
0.2

0.27
0.27
0.27

0.18
0.15
0.15

0.400
0.230
0.348
0.258
0.006
0.003
0.003
0.007
0.023
0.027
0.033
0.033
0.004
0.012
0.007
0.009

0.005
0.005
0.005

0.129
0.129
0.129

0.004
0.004
0.004
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20
50
80
73
11
3
3
13
73
48
52
52
16
9
8
7

1.2
1.2
12

24
24
24

6
6
6

+/-

Tot-C

+/-

% in dry matter

13
13
13

20
20
20

4
4
4

3.3
4.6a
5.1b
4.6a
0.6
0.58
0.68
0.3
24.5
30
32.4
35.1
0.6
0.33
0.84
0.32
1.3
1.3
1.23
1.33
1.08
1.4
0.95
1.4

0.27
0.27
0.27

5.23
5.23
5.23

0.26
0.22
0.22

Phosphorus leaching from the trials was insignificant. Since phosphorus application
grossly exceeded Salix demand, it appears that the phosphorus retention capacities of all soils
were very good. Soil phosphorus content increased in the sludge-treated plots, see Table 2.
Rather significant amounts of metals were applied along with the sewage sludge, see
Table 1. Compared with the original plow layer content, an extra 5-10% of each metal was
applied. This did not result in a significantly increased content of any of the metals in the sludgetreated plots compared with the control plots, see Table 3.
Metal leaching to 1 m depth was not influenced by sludge application level. The
concentrations of cadmium and lead remained below the detection limit for the most of the time.
The concentrations of nickel (Figure 4), mercury (Figure 5) and copper (Figure 6) increased with
time, but the increase was equally large on the control and the sludge-treated plots. Sludge
application did not increase metal leaching during the trial period.
As opposed to high forests, energy forestry management tends to maintain the pH
above 5.5. This should minimize metal leaching, also in the long run. The lime-stabilised sludge
applied in these trials raised the plow layer pH by 0.1, see Table 2.
Generally, plant concentrations were low, below 1 mg/kg, see Table 4. Copper
concentrations were somewhat higher, approx. 5 mg/kg. Plant concentrations of metals were not
increased with increasing levels of metal application. On the contrary, cadmium uptake
decreased with increasing levels of metal application. This is probably due to the pH rise, that
makes the metals less soluble in the soil solution.

Table 3. Metals extracted by 5M boiling HNOj in the two top soil horizons in the sludge application
trials. Significance (5 %) is marked by letters. A 5% confidence interval is calculated (+/-)
Soil
horizon
RoAp
RoAp
RoAp
RoAp

RoE
RoE
RoE
RoE
NIHel
NIHel
NIHel
NIHel

NLC
NLC
NLC
NLC
AdAp
AdAp
AdAp
ÅdAp

Ad B
Ad B
ÅdB
Ad B

Treatment
Before

0
300 kgN
600 kgN
Before
0
300 kgN
600 kgN
Before
0
300 kgN
600 kgN
Before
0
300 kgN
600 kgN
Before
0
300 kgN
600 kgN
Before
0
300 kgN
600 kgN

Hg
mg/kg
30
280
150
180
14
56
78
56
35
1533
1503
2015
10

250
880
820
25
417
286
305
17.8

67
80
38

+/-

149
149
149

Q06

906
906

183
158
158

Cd
mg/kg
0.16
0.17
0.19
0.15
<0.01
0.03
0.03
0.01
0.23
0.24
0.3
0.26
<0.01
<0.1
<0.1
<0.1
0.04
0.04
0.05
0.05
0.05
0.04
0.03
0.02

Pb

+/-

me/kg
0.02
0.02
0.02
0.02

7.73
11.5
12.3
12.2
3.61

3.74
3.74
3.74

6.4
5.1
3.1
10
0.08
0.08
0.08

0.01
0.01
0.01

lfi.3
21.3
17.5
0.66
0.66
0.52
0.74
1.94
2.63
2.48
2.75
0.73

2.8
1.9
1.6
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8.26
8.26
8.26

0.22
0.19
0.19

Ni
mg/kg
3.39
4.9
5.27
4.13
3.49
4
2.4
1.7
1.99
5.45
5.33

5.3
0.69
0.41
0.42
0.35
0.57
1.67

1.5
1.65
0.72
0.49

+/-

0.71
0.71
0.71

2.03
2.03
2.03

0.27
0.23
0.23

Cu
mg/kg
7.13
7.7
10
6.77
2.07
2.1
1.7
0.77
10
7.78
9.8
0.12
0.36
0.38
0.42
4.42
4.77
4.98
5.13
0.63

0.4

0.9
1.1

0.39

0.62

+/•

2.95
2.95
2.95

1.54
1.54
1.54

0.35

0.3
0.3

Al
mg/kg

+/-

440
1567b
160
160
1700b
1333a
160
190
1100
900
500
330
1400
297
1500
297
1500
297
18
50
60
80
190
500
48.3
525
41.9
525
41.9
276
800
600
800

Nickel

Mercury

N?rra Lydum

N^rro Lydum

45

45-

40

40'

35

35

30

—

~

30-

y.
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/
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13/5 92

| - a - Control

3/12 92

- < - 300 kg N —

y^>^

28/5 91

28/4 93

13/5 92

- e - Conlrol

600 kg N |

3/12 92

28/4 93

- • - 300 kg H - " - 600 kg H I

Mercury

Nickel

Roust

Roust
45'

r

40'

/

35

/
/

/•

S2o/ /

15

/

to528/5 91
I - B - Conlrol

13/5 92

3/12 92

- * - 300 kg N —

o-l

28/4 93

28/5 91

13/5 92

1 - e - Conlrol

600 kg N I

Figure 4. The nickel (Ni) concentration in soil
water at 100 cm in the sludge application trials
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Figure 5. The mercury (Hg) concentration in
soil water at 100 cm in the sludge
application trials.
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Figure 6. The copper (Cu) concentration in soil water at
100 cm in the sludge
application trials.
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Table 4. Metal content in roots and shoots in the sludge application trials. The nickel values are based
on a smaller number of data (indicated). Significance (5 %) is marked by letters

Pb
Åd 600 kg
Ad 300 kg

AdO
Average
Ro 600 kg
Ro 300 kg
RoO
Average
NL600kg
NL300kg
NL0
Average
Total avg.

0.49
0.54
0.27
0.45
0.86
0.67
0.77
0.77
0.17
0.39
0.26
0.27
0.50

Cd
0.93
0.83
0.78
0.85
1.38
1.27
1.49
1.38
0.73
0.60
0.78
0.70
0.98

Roots
mg/kg
Cu
3.61
4.64
3.83
4.05
7.30
4.77
6.42
6.16
4.31
4.46
4.51
4.43
4.88

Shoots
m JkK
HR
0.00
0.01
0.02
0.01
0.01
0.02
0.03
0.02
0.07
0.04
0.04
0.05
0.03

Ni
0.65
1.18
0.41
0.75

Pb
2
2
2
6

1.27 2
5.42 2
2.23 4
1.36
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0.37
0.64
0.61
0.53
0.18
0.31
0.38
0.29
0.19
0.86
0.19
0.41
0.41

Cd
0.67 a
0.67 a
0.90 b
0.74
0.83 ab
0.77 a
1.07 b
0.89
0.88 a
0.87 a
1.08 b
0.94
0.86

Cu
3.25
4.03
4.16
3.78
2.91
3.14
3.67
3.24
2.78
2.98
4.20
3.32
3.45

HR

0.12
0.23
0.04
0.14
0.01
0.00
0.01
0.01
0.01
0.01
0.13
0.05
0.07

Ni
0.24 1
0.50 1
0.88 1
0.54 3
0.57 1
0.65 1
0.48 1
0.57 3
0.31 1
0.69 1
0.30 2
0.43 4
0.51

The metal concentrations showed some differences between roots and shoots. Root
concentrations of copper were larger than shoot concentrations. The same was found for
cadmium concentrations on the clay soil (Roust), while on the peat soil (N0rre Lydum) shoot
concentrations were higher.
Shoot uptake and removal with harvest of lead (Pb), copper (Cu), mercury (Hg) and
nickel (Ni) waj modest; under 10% of the applied amounts were removed, see Table 5.
Cadmium (Cd) was removed in an amount equal to or larger than the app'/ed amount. The
falling shoot concentrations were balanced by the increased dry matter production so that total
removal from the area was not particularly affected by treatment.
A large-scale removal of metals from contaminated land is not possible with the willow
clones used in this trial. The removal of cadmium that can be achieved from normal agricultural
land is interesting, however, since the concentrations of cadmium in arable land have been rising
steadily during recent decades and cadmium uptake in humans is already close to limit values
recommended by FAO/WHO (1978).
The method of conversion of the sludge-fertilized willow to energy is an important
aspect of the environmental impact. Compared with forest wood fuels, the content of nitrogen
and cadmium is higher in willow biomass. According to literature, most of the nitrogen can be
converted to N 2 under the right combustion conditions (Nilsson & Timm, 1983). Most metals
are easily maintained in the ashes; cadmium is maintained in the fly ash under the right
conditions while mercury is very difficult to maintain. It is an important result of the
investigations that the willow biomass contained very little mercury.
Table 5. Metal removal with liarvest in the sludge application trials two years after sludge application.
At the bottom, metal application with sludge is shown

Åd 600 kg N
Åd 300 kg N
ÅdO
Average
Ro 600 kg N
Ro 300 kg N
RoO
Average
NL600kgN
NL 300 kg N
NL0
Average
300 kg N
600 kg N

Dry matter
production
(tonnes/year)
5.3
6.0
5.6
5.6
8.9
7.4
5.8
7.4
2.8
2.3
2.2
2.4

Removed with biomass (g/ha)
Pb
Cd

3.8
7.1
7.7
8.1
6.8
10.1
6.0
8.3
3.1
14.7
4.6
11.4
4.5
12.5
4.3
13.1
4.9
1.1
4.1
4.0
4.7
0.8
4.6
2.0
Applied with sludge
5.2
447
10.4
893

Cu

Hg

34.1
48.3
46.5
42.4
51.7
46.3
42.8
47.7
15.5
13.9
18.4
16.2

1.2
2.8
0.4
1.5
0.2
0.0
0.2
0.1
0.1
0.1
0.6
0.3

535
1070

9
18

A small local combustion trial showed that even moist (58% of total weight), fine (1
cm) willow chips burned with a fair heat yield. The CO-emission was above permissive levels.
In commercial energy forestry, larger willow chips made from thicker and hence less moist
shoots will be used. In Swedish investigations such chips have burned very satisfactorily
(Segerud, 1988).
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It has not been possible to make a full account of the metal pathway during the
combustion trial, see Table 6. Lead and copper seem to be retained in the ashes. Results for
cadmium and nickel are uncertain, but apparently less than half of the combusted amount was
retained in the ashes. As expected, almost no mercury was retained in the ashes.
Table 6. Metal content in combustion residues from willow chip firing

Fly ash (mg/kg)
Bottom ash (mg/kg)
Ash, weighted avg. (mg/kg)
Smoke gas condensate, filtered (mg/m3)
Smoke gas sludge (mg/kg)
Smoke gas condensate, wgt. avg. (mg/m3)
According metal cone, in wood
From ashes (mg/kg)
From smoke gas condensate (mg/kg)
Total (mg/kg)
Actual metal concentration in wood
(mg/kg)

Pb

Cd

Cu

76
6.6
17
3
1100
333

53
2.1
9.74
47
270
128

0.17
0.5
0.67
0.25

0.1
0.19
0.29
0.89

Ni

Amounts

190
200
199
14
750
239

Hg
0.S6
0.085
0.126
1.5
1.1
1.83

18
22
21.4
6
43
18.9

15%
85%
27 500 kg/yr
3 750 m7yr
0.3 kg/m3
3 750 mVyr

1.99
0.36
2.34
2.81

0.001
0.003
0.004
0.068

0.21
0.03
0.24
1.5
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Effects of digested sewage sludge on short rotation coppice in the UK
R. W. Hodson, F. M. Slater and P. F. Randerson
Uysdinam Field Centre, University of Wales,
Cardiff, Newbridge-on-Wye, Powys, LD1 6NB, Wales, UK

Abstract
Digested sewage sludge was applied to an established short rotation coppice plantation in
March 1992 at a loading rate of 65 m3 ha*1 25 Salix and 6 Populus cultivars were planted at a
density of 40 000 trees ha"1.
Annual production was assessed following the 1990-1993 growing seasons. A
significant increase was seen in production of all but six of the 31 cultivars in the year
following sewage sludge application. A return to the original production levels was seen one
year later. The results suggest that digested sewage sludge could be applied at a rate of 65 m3
ha'1 to short rotation coppice on an annual basis.
Key words: coppice, biofuel production, sewage sludge, willow, poplar.
Site locations and methods
Nursery plots for 25 Salix and 6 Populus cultivars were established in 1988 on an area of clay
soil at Dunstall Court, near Redditch, Worcestershire, in the west Midlands of England. Three
plots (7.0m x 3.5m) of 100 trees of each cultivar were planted at a spacing of 0.7m * 0.35m
(density 40 000 trees ha'1. The plots were arranged in a randomised 3-block pattern to enable
tiie production of the respective cultivars to be compared.
Coppicing
As a result of poor weed control in 1988, no cut-back was made after the first year's growth. In
1989, shoots were cut but not recorded. The whole site was coppiced during December of
1990, 1991, 1992 and 1993 using biash cutters. The total fresh weight produced by each 100tree plot was measured using a top-pan balance.
Sludging
Anaerobically digested sewage sludge (from Bromsgrove sewage treatment works, Table 1)
was applied to half of the site at a rate of 65 m3 ha'1 and to the other half at a rate of 28
m3 ha"1, from a tractor-hauled slurry tanker fitted with a fishtail nozzle. A non-sludged control
area was not included.
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Table 1. Digested sewage sludge analysis supplied by Severn-Trent Water pic (Dry Solids: 5.1
pH:7-8)

Parameter

As % of
dry solid

100 mJ ha"'
sludge
equivalent

Volatile matter
Total nitrogen
Total Phosphorus
Total Potassium

60.0 %
6.0%
2.6%
0.1%

238 kg ha"1
194 kg ha"1
4 kg ha"1

Zinc
Copper
Nickel
Cadmium
Lead
Chromium

756mgkg 1
643 mg kg'1
49 mg kg"1
3 mg kg"1
163mgkg"'
146 mg kg"1

3.78 kg ha"1
3.22 kg ha"1
0.25 kg ha"1
0.02 kg ha"1
0.82 kg ha"1
0.73 kg ha"1

Results
The mean annual production of the 31 cultivars (wet tonnes ha'1) is shown in Figure 1.
Allowance was made in the weights of plots on the edges of the planted block. Analysis of
variance (with square root transformation of data to meet assumptions of normality of
residuals) indicated no significant block effect, allowing the three measurements of each
cultivar to be treated as replicates. No significant differences were found for the 1992 data
between the two halves of the site sludged at different levels, hence the whole site was
analysed as a unit. Comparisons of annual harvests for the individual cultivars were tested by
analyses of variance with the Least Significant Difference (LSD) statistic (see Table 2).
Checks for homogeneity of variances and normality of residuals showed transformation of the
data not to be necessary.
All but six of the Salix cultivars (Hard Osier, McElroy, Hymalayas, Candida,
Reifenweide and Sericans 6/18) showed a significant increase in biomass produced in 1992,
the growing season following sewage sludge application. These six cultivars showed a
relatively low mean annual biomass production at this site (less than 25 wet tonnes ha"1). Of
the 25 Salix cultivars that showed a significant increase in production, 19 showed a significant
decrease in the following year whereas in the remaining 6, production dropped to levels not
significantly greater than in 1990 and 1991.
All six Populus cultivars showed both a significant increase in biomass production in
1992 and a decrease the next year.
Total rainfall during the growing season was highest in 1992 (453 mm) and lowest in
1990 (172 mm), with 1991 and 1993 having intermediate amounts (316 mm and 334 mm).
Mean maximum temperature was greatest in 1990; the following three years were similar
although in 1992, temperatures rose earlier in the year and stayed higher longer into the
autumn.
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Figure 1. Annual production at Dunstall Court 1990-1993 (wet tonnes/ha).
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Table 2. Biomass production at Dunstall Court nursery plots (wet tonnes/ha). The first 25 cultivars
a*e Salix, the last 6 are Populus
p-value

LSD

15.59

0.080

12.15

22.71

9.69

0.035

7.94

18.49

21.20

21.53

0.693

7.87

17.82

23.80

46.51

27.43

0.000

5.91

Bebbiana

14.83

12.20

18.80

14.87

0.039

3.08

Viminalis Gig.

20.14

21.43

46.85

33.73

0.000

7.60

Stipularis

19.32

17.71

34.66

19.11

0.061

12.91

Calodendron

13.06

11.31

22.78

16.41

0.025

6.77

Dasyclados

20.27

25.51

40.45

29.35

0.033

12.10

Bowles Hybrid

22.17

31.66

47.80

38.47

0.009

11.89

Delatnere

17.82

18.93

33.58

18.29

0.005

7.56

Korso

15.24

18.55

28.16

19.44

0.017

7.33

Brown Mirriam

16.60

20.72

42.08

25.86

0.015

13.50

Campbell 3106

15.78

19.73

35.69

30.42

0.003

8.67

Hymalayas

13.47

5.61

10.37

3.97

0.031

6.07

Germany

11.29

19.96

35.81

27.07

0.004

10.12

Viminalis 683

24.90

23.65

44.75

31.37

0.004

9.44

Candida

16.87

13.12

13.54

8.61

0.004

3.29

Reifenweide

21.36

20.48

33.58

22.81

0.308

15.94

Ochery Moor

20.68

17.61

26.29

20.60

0.236

8.94

Rosewarne White

17.55

13.39

37.07

25.94

0.001

7.90

Sericans Coles

13.74

11.72

21.08

11.98

0.059

7.03

445 DeBiardii

17.55

16.22

23.97

16.68

0.126

7.03

Sericans 6/18

18.36

22.90

23.48

13.88

0.129

9.34

Spaethii

15.10

12.69

24.92

17.03

0.002

4.62

Rap

19.18

17.70

30.35

17.88

0.001

4.39

Fritzi Pauley

11.43

11.44

16.44

7.39

0.033

5.23

Beaupre

19.72

19.22

28.94

17.40

0.002

4.53

Boelare

16.73

13.41

18.92

10.44

0.001

2.84

Dorskamp

19.05

15.05

25.19

10.98

0.036

8.69

Trichobel

15.24

11.28

19.44

9.54

0.092

7.87

CULTIVAR NAME

1990

1991

1992

1993

Niginians P.

11.15

13.31

27.01

Hard Osier

18.36

19.31

McElroy

18.09

Mullatin
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Discussion
The observed increase in annual production of 25 Salix and 6 Populus cultivars is assumed to
be due to sludge application, despite the possible influence of weather. This effect is
apparently confined to the year of application, suggesting that further annual additions of
sludge at this rate would maintain enhanced growth. The six Salix cultivars which performed
poorly at this site showed no increase with sludge. Levels of metals in the sludge supplied
were very low relative to the E.C. guidelines for agricultural use. Sludge application rate was
constrained by Severn-Trent Water pic, who insisted on a maximum loading rate of 250 kg
nitrogen ha"1 (100 m 3 ha'1 digested sewage sludge).
In contrast to this lowland site (altitude 76 m) field and glasshouse trials at the
University's Field Centre in the Cambrian mountains of mid-Wales (Carnau site, altitude 260
m) have shown similar responses to sludge, here applied (together with lime) at three different
rates with a zero control. The climate is wetter and cooler with a shorter growing season and
soils are more acidic and nutrient-poor. Of four Salix cultivars tested, only S. x dasyclados
grew well under these conditions. The enhancement of growth resulting from sludge is
apparent from 3-tree samples taken during the growing season (Figure 2) and at first year cutback (Figure 3). These results, which will be fully reported elsewhere, suggest that sludging is
equally beneficial in upland marginal farmland areas of the U.K. and point to Salix as a viable
non-food crop forbiofuel as well as providing a route for sludge disposal.
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Figure 2. Three tree coppice at Carnau, summer 1993. Mean dry weight (g).
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Figure 3. Carnau sewage sludge trial. First year cut-back, January 1994.
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Metal tolerance and accumulation in willows
N. M. Dickinson, T. Punshon, R. B. Hodkinson and N. W. Lepp
School of Biological and Earth Sciences, Liverpool John Moores University,
Byrom Street, Liverpool L3 3AF, UK

Abstract
Willows are shown to vary considerably in their tolerance to metals occurring at toxic
concentrations in solution cultures and soils. Responses to copper in solution culture
experiments over 28 days showed some evidence of hybrid vigour; root growth of S x sericans
in elevated copper solutions exceeded that of the parent species 5. caprea and S. viminalis.
Cuttings of different species and clones were also planted in soils variously contaminated with
metals either from mine wastes, aerial deposition from metal processing or from sewage
sludge. Establishment and growth of these plants and uptake and partitioning of the metals
were monitored and compared. The results of these experiments will be discussed in the
context of the potential use of willows in soil reclamation and restoration programmes.
Key words: trees, heavy metals, sewage sludge, metal tolerance.
Introduction
Soils with elevated and potentially toxic concentrations of heavy metals occur widely in
conjunction with mining, industry and agriculture (Ernst, 1989; Alloway, 1990). Low-cost and
effective reclamation and revegetation of metal-contaminated mining spoils and land adjacent
to metal smelters and refineries has been possible due to the evolution of metal tolerance in
plants (Johnson et al., 1977; Bradshaw & McNeilly, 1982; Baker, 1987; Shaw, 1990; Ernst et
al., 1992). This genetic trait occurs in low frequency in normal populations of some
herbaceous species, allowing rapid selection of genotypes and populations which are able to
survive in otherwise toxic soils. In recent years, the survival of trees on metal-contamination
soils, and their adaptive responses to metal stress has also become better understood
(Borgegård & Rydin, 1989; Eltrop et al., 1991; Dickinson et al., 1992; Kahle, 1993; Turner &
Dickinson, 1993ab). This work is of topical interest in Europe, both in relation to changing
agricultural practices and extensive reafforestation and tree planting programmes.
Sewage sludge is applied to some 40% of agricultural land in Britain and restrictions
on continued marine dumping favour increased land disposal. However, whilst potentially
providing an economical source of fertilizers, sewage sludge usually contains elevated
concentrations of certain heavy metals including zinc, cadmium, copper and lead (Alloway,
1990; MAFF, 1993; Morsing, 1994). These metals tend to have long residence times in soils
and repeated application of sewage sludge to land invariably leads to accumulation of metal
levels in soil that are considered to be potentially toxic. Another matter of current
environmental concern in Europe is the alternative use of surplus agricultural land. One
particularly favoured option is to plant more trees, either to increase the forested component
of the landscape of else as alternative non-food crops.
The potential use of fast-growing clones of species of Salix in short-rotation forestry as
a biomass crop is well established (Newsholme, 1992; Sommerville, 1992), but little is known
of the response to elevated metals in soils (Dickinson et al., 1991). Most significantly, the
large number of species and hybrids of Salix suggest wide genetic variability within the genus
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(Good et al, 1978; Vahala et al., 1991; Meikle, 1992). Some species are known to colonize
edaphically extreme soil, particularly some sallows (S. caprea and 5. cinerea) and hybrids
with osiers (5. viminalis), and there is certainly evidence they will colonize metalcontaminated river sediments (Mang & Reher, 1992; De Vos, 1994). It seems there is an
opportunity for selecting genotypes to survive on a wider range of metal-contaminated soils,
to allow revegetation, and potentially also to accumulate metals in tissues which could then be
harvested to remediate or polish contaminated soils.
Initial work, comparing growth in hydroponics solutions containing elevated
concentrations of metals, has shown that considerable variability exists between different
species, hybrids and clones (Landberg & Greger, 1994; Punshon et al., 1994; Riddel 1-Black,
1994). This paper describes further work based on growing willows in solution culture and
soils, and investigates uptake patterns in the context of the potential use of willows in
revegetation and bioremediation of metal contaminated soils.
Methods
A study has been in progress in Liverpool since 1987, using seedling screening, pollen
sensitivity testing and tissue culture techniques to evaluate metal tolerance traits in trees, and
similar procedures are currently being used to investigate Salix, using the National Willows
Collection at Ness Botanic Gardens. The main emphasis to date has been based on screening
rooted cuttings in hydroponics systems and methods are described fully elsewhere (Punshon et
al., 1994). In experiments reported in the present paper, 5. caprea shoot cuttings from Ness of
uniform size and length (10 cm) were rooted in water and grown in 41 of 25% strength
Hoagland's nutrient solution in aerated 51 buckets, with or without elevated metals. Replicated
buckets each with 10 stems were filled with solutions containing previously identified toxic
threshold concentrations of a single metal (0.5 mg Cu I'1,0.5 mg Cd I' 1 ,4.0 mg Ni I'1, 10 mg
Zn I'1, or else with nutrient solutions containing only normal background levels of metals.
The plants were exposed to the metals for 21 days (solutions replaced every 7 days), followed
by 7 days in nutrient solutions without metals, prior to metal analysis of tissues.
In a glasshouse pot experiment, growth and metal uptake was investigated in three
species, S. cinerea, S. caprea and S. fragilis collected both from metal contaminated sites (5.
caprea and S. cinerea from Trelogan mine spoil, and S. fragilis from a Pb-waste site in
Warrington) and from Ness Gardens. Three soils were collected, from an industriallycontaminated site at Prescot with elevated Cu, from a mining spoil at Trelogan with elevated
Pb and Zn, and from a sewage-sludge Cd and Pb contaminated agricultural soil at Woolton in
Liverpool (Table 1). As well as using unamended soils directly (treatment A), two remedial
treatments were given to each: Prescot soil was limed to raise the pH from 3.4 to 4.4
(treatment B) and 5.4 (treatment C), effectively limiting metal availability, and the other two
soils were mixed in proportions of 1:2 (B) and 2:1 (C) with John Innes potting compost. The
three treatment types of each soil were placed into 7.5 cm plastic pots, and maintained wellwatered under glasshouse conditions for 12 weeks. All measurements and analyses were
carried out using methods described previously (Turner & Dickinson, 1993b; Punshon et al.,
1994). Root material was thoroughly washed before being analyzed for metals.
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Table 1. Origins and characteristics of soils used in pot experiments, and critical limits likely to
have a detrimmal effect on plant growth. Values are total [HNOyextractable] metal
concentrations, with water-extractable concentrations in italics

Cu
1067
(57)

Metal concentration
(Hg g"'d.wt.)
Cd
Zn
Pb
5.4
378
506
(0.8)
(2.8)
(2.8)

88
(0.7)

78
(0.2)

17 644
(73)

10 305
(5.2)

75
(1.8)

25
(1.2)

279
(3.9)

575
(5.2)

60-125

3-8

70-400

100-400

135

3

300

300

Site
Industrially
contaminated,
Prescot
Mining spoil,
Trelogan
Sewage-sludge
contaminated
agricultural,
Woolton
Critical
concentrations'
Upper limits:
sludge amended
soils

Soil
Sandy clay loam
pH3.4
27% O.M.
Silty clay
pH7.3
3.5% O.M.
Sandy clay
pH5.3
5.3% O.M.

Ailoway (1990); MAFF(1993)
Results
Uptake of metals from
nutrient
solutions was
metal concentration Qiq g-1)
considerable (Figure 1),
although
a
significant
1,600/
difference in root growth
1,400'
between treatments and
controls was only evident
1,200°
• Roots
for Cu and Ni. Most copper
1,000'
Ei Foliage
accumulated in the roots,
BOO °
El Stem
but stem concentrations of
800''
all metals were also highly
••HHIN
elevated. The proportion of
400''
metal removed from tlus
200''
solutions, of the total
amount supplied over 21
Cu Cd Zn NI
days, was 46% of Cu, 12%
of Cd, 21% of Zn and 9% of
Figure 1. Metal concentration in plant tissues
Ni.
after 21 days growth in solution culture.
There was considerable
root
growth
variability in soil in the pot experiment and a clear detrimental effect of metal-contaminated
soil, most markedly in the industrially Cu-contaminated soil (Figure 2). There was some

.H
un
-'Hi

B

•• ••
JU •
1
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evidence that S. caprea
collected from mining spoil
gTew better in metalcontami-nated soil than the
same species from Ness
Gardens. Rooting patterns of
S. cinerea were particularly
variable, and the species
only grew well on limetreated Prescot soil. Metal
uptake was exceptionally
high in roots, with up to
50 000 ug Zn g"1 (5%), and
stem concen-trations as high
as 8 000 ug Zn g'1 (0.8%) in
plants grown in mining spoil
(Figure 3). Stem tissue
concentrations of all metals
in excess of 100 ug g"1 were
recorded in plants grown in
all
three
soils,
and
concentrations above 500
ug g'1 were commonplace.
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Figure 2. Root growth of three Salix species from
contaminated sites (1) and Ness Gardens (2),
grown in the three soils; 100% (A) and
remedial treatments (B and C).

Discussion
Uptake patterns of metals in willows are important from two different perspectives. Where
Salix is Jo be used for revegetation of metal-contaminated sites, a tolerant clone may only be
beneficial if metals are located primarily in the roots, which in fact is the most common
pattern of metal uptake in plants (Hughes et al, 1980; Lepp, 1981; Bradshaw & McNeilly,
1982; Baker, 1987; Ernst et al., 1992).
Translocation
of
large amounts of metals to
aerial tissues, particularly to
|ig g-1 dry irt. (log scale)
leaves,
may
be
an
Pb
undesirable source of food
chain
accumulation
of
metals (Hunter et at.,
1987ab). Clearly, selection
• Roots
of tolerant clones with low
metal translocation rates
would be most desirable in
this situation. The requirements of a Salix clone
used to remediate or polish
soils, by removing metals
during harvest, are quite
different, however; high
rates of translocation of
Figure 3. Maximum tissue concentration recorded of the
metals to stems would be of
three Salix species grown in contaminated
paramount importance. A
soils for 12 weeks in the pot experiment.
124

higher rate of uptake and translocation may be particularly relevant to clones grown on
sewage-sludge contaminated soils; it may be envisaged that harvested plants could remove at
least the same or a larger amount of metal than is being applied to the soil in sludge. Plants
could then be incinerated (for biomass), and metals in ash then disposed of or recovered.
Bioremediation of metal-contaminated soils using ordinary crops is not feasible, due to
very limited uptake, but it has been demonstrated significant metal removal from sewagetreated soils can be achieved using metal tolerant herbaceous plants (Baker et al., 1991, 1994;
McGrath et al., 1993; Helal, 1994); Thlaspi caerulescens (Brassicaceae) accumulates tissue
concentrations >20 000 ug Zn g*1, 8 000 ug Pb g"! and 1 000 ug Cd g'1 (dry weight), reducing
soil Zn from 444 to 300 mg kg in 13 harvests.
Table 2. The amount of cadmium (kg ha'1) calculated to be removed from soil by plants according to
tissue metal concentrations and annual productivity (from Helal, 1992)
plant yield (t ha'1)

Cd concentration in plant
tissues (mg kg'1)
5

10

50

10

0.05

0.1

0.5

50

0.25

0.5

2.5

250

1.25

2.5

12.5

[Note: 1 mg kg"1 in soil = 4 kg ha'1]

Helal (1992) calculated the amounts of Cadmium removed from soil by plants with
different productivity and uptake patterns (Table 2). Thus, a plant yielding 10 t ha"', with
tissue concentrations of 250 ug Cd g'1 , would remove 2.5 kg Cd ha' 1 from the soil. This
would effectively lower the soil concentration of Cd by 10 ug g"1 in 16 years, which is quite a
significant amount for this metal (cf. Table 1). Yields and metal tissue concentrations in Salix
could both reasonably be expected to exceed these levels and willows merit further
consideration in this context. Metal tolerant Salix clones could contribute significantly to tree
planting programmes on reclaimed land and may also provide a low-cost environmentalfriendly technique of detoxifying soils.
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The use of fast growing trees as "Metal-collectors'
A. Göransson and S. Philippot
Swedish University of Agricultural Sciences, Department of Ecology and Environmental Research,
P.O. Box 7072, S-750 07 UPPSALA, Sweden

Abstract
The results from current laboratory research at the Swedish University of Agricultural
Sciences indicate that it is possible to use fast growing trees as "vegetation filters' for toxic
metals. We shall discuss some experiments conducted for evaluating growth responses in
small birch (hetula pendula) plants to high concentrations of cadmium. The results will be
evaluated in relation to toxicity of aluminium, copper, iron and manganese. The results from
experiments with cadmium may be summarised as:
*Trees are able to grow at high growth rates with high internal contents of cadmium (Cd)
when Cd is added as a constant, low concentrated flow.
*Up to 100 per cent of the added Cd was found in the tree seedlings at the end of the
experiments.
*There were small changes in morphological, structural or functional aspects of the tree
seedlings after addition of cadmium.
*An extrapolation from the laboratory results shows that birch trees theoretically may remove
up to about 1.5 kg Cd ha"1 yr'1 without disturbances in growth. It is of great concern to test if
the calculations of the results are valid in large-scale field trials.
Key words: Betula pendula, fast-growing tree, vegetation filter, heavy metal, cadmium,
growth.
The problem of metals in sewage sludge and waste water
Sewage sludge and waste water from municipalities contain nutrient resources which may be
utilised by plants. However, the sludge and water may contain considerable amounts of more
or less harmful pollutants such as heavy metals. To be able to recycle waste products into the
environment certain criteria must be fulfilled. In Sweden, a program for the treatment of
recycled sewage sludge was presented by the Swedish Environmental Protection Agency
(SEPA) in 1993.
Among other pollutants, metals such as mercury, lead, copper and cadmium are
regarded to be the most lethal. Arable land in Sweden contains approximately 0.6 kg Cd ha'1.
About 25 per cent is considered to be the result of accumulation because of anthropological
activities and there is an annual accumulation of about 1 to 1.5 g Cd ha'1. Cadmium is
assumed to be more harmful for animals than for plants which make plants ideal for collecting
this metal. The tolerance against metals may vary between species or varieties of species.
Trees are more efficient for taking up large quantities of cadmium than e.g. weeds or crops.
Fast-growing trees like alder (Alnus), birch (Betula), poplar (Populus) or willow (Salix) have
the ability to take up potentially toxic metals such as aluminium, cadmium, copper, iron,
manganese, molybdenum, nickel and zinc. Commercially grown Salix have been shown to
accumulate about 20 to 30 grams Cd per year and hectare. The tree species mentioned above
may consequently be used as ^vegetation filters' for cleaning and removal of metals in soils.
Today, there is increasing knowledge of which Salix varieties are tolerant to heavy metals.
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Plants have adaptive mechanisms for protection and tolerance against potentially toxic
metals. In principal there are two ways for a plant to protect itself from toxic metals. They
either prevent the metal from entering the roots or store it as harmless compounds within, e.g.
the leaves, which are shed. The ideal tree for purification of contaminated sewage sludge or
waste water would be a coppiced fast-growing tree where the stems are frequently harvested
and used for, e.g. energy purposes. The metal should be translocated to the shoot or preferably
the stem. All of the tree species mentioned above resprout frequently but most of the metals
are normally found in the roots of 0'ie trees.
Experimentation
The experiments accounted for here were performed in climate chambers under controlled
climatic and nutritional conditions. The aim of the experiments was to elucidate at what
internal Cd concentrations persisting maximum growth rates could be found. Birch seedlings
(Betula pendula) were grown in growth units with a complete nutrient solution. The solution
was applied as a relative supply rate and plants growing under such conditions have been
defined as growing at "steady state growth' with constant growth rates and internal nutrient
concentrations (Ingestad 1982, Ingestad & Lund 1986).
The relative supply rate was calculated to enable the plants to grow at maximum
relative growth rate at the selected external conditions (light, humidity and temperature). The
pH of the nutrient solution was 4.0. The addition of cadmium was performed as different but
fixed proportions to the nutrients. When calculated with nitrogen as base, the proportions
were; N 100:Cd 0.001,100:0.01,100:0.1 and 100:1.
No, or only small changes of the relative growth rate occurred (Table 1). The internal
concentration of cadmium depended on the additions and up to about 200 mg-g"1 dry weight
was found in the plants.
Table 1. Changes in relative growth rate (RQ day'1) of small birch plants (Betula pendula) after
addition of cadmium. The concentration of cadmium is given as mg Cdg'1 plant DW

Cd cone.
Control
Nitrogen:cadmium
proportion

100:0.001
100:0.01
100:0.1
100:1

100
105
103
97
95

0
1
2
22
186

Most of the cadmium was found in the root fraction. When the total cadmium concentration in
plants was about 100 to 200 mg g'1 dry weight, approximately 95 per cent was recovered in
the roots.
No significant changes of the morphological and structural parameters measured, i.e.
leaf area ratio (LAR) and specific leaf area (SLA) or functional aspects, net assimilation rate
(NAR), were found (Table 2).
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Table 2. Changes in leaf area ratio (LAR), specific leaf area (SLA) and net assimilation rate (NAR)
at different treatments of cadmium. The changes are calculated as per cent of the control

Control
Nitrogenxadmium
proportion

100:0.001
100:0.01
100:0.1
100:1

LAR

SLA

NAR

100
107
93
101
92

100
109
92
105
94

100
91
104
86
97

Future applications
The results indicate that trees may maintain high growth rates when the internal concentration
of cadmium is high. A continuous flow of low-concentrated cadmium was connected with a
large cadmium uptake together with high growth rate, and the highest cadmium concentration
found at maximum relative growth rate was about 200 mg g"1 dry weight. Most of the
cadmium was found in the roots of the trees. This may be a problem for the removal of metals
if cadmium- or metal-rich sludge and water has been added to agricultural land which may be
used for future culture of crops. It may be suitable to cultivate fast-growing trees close to
sludge or water deposits where they may be used exclusively as vmetal filters'. Trees from
such plantations may then be considered for energy production provided that adequate filter
equipment is used to clean smoke-gases.
Stability of * vegetation filters'
It is a well known fact that plants may store and immobilise toxic elements. Some of the
mechanisms behind this behaviour are genetically determined. The results from the current
investigation indicate that birch trees have adaptive mechanisms for metal uptake. It is not
known if these mechanisms are general for other tree species and if they may function over an
entire growing-season. It is therefore of great importance to test the results in large-scale field
trials before large applications of toxic metals are performed.
The toxicity of different metals is dependent upon several external and internal factors
such as the water status and acidity of the soil, concentration of the element in the tissue, the
type of organ and plant species (Epstein, 1972). Cadmium and copper are much more toxic
than aluminium or manganese, and aluminium is more toxic for spruce than for birch
(Eldhuset et al, 1987; Göransson & Eldhuset, 1987,1991).
For a commercial use of fast-growing trees the stability of a * vegetation filter' is one of
the most important factors. Few reports exist on the maximum amount of metals a s short
rotation forest' may contain without a lowering of the biomass production. Salix grown for
commercial energy purposes in Nshort rotation forests' have been shown to accumulate about
150 g Cd ha'1 and rotation period. With additions of sewage sludge or waste water the
amounts of metals in trees may increase by magnitudes of order: an extrapolation from the
above-mentioned laboratory results shows that birch trees (Betula pendula) theoretically may
remove up to about 1.5 kg Cd ha'1 (Table 3) without disturbances to growth. It is of great
concern to test if these calculations are valid in large-scale field trials.
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Table 3. A theoretical estimation of the metal amounts (kg ha yr ) that birch trees may take up

Al

Cd

Cu

Fe

Mn

25

1.5

1.5

5

50

Conclusions and perspectives
Most of the metals from sewage sludge or waste water which has been added to fast-growing
trees are found in the tree roots. This may be a problem for the removal of metals if cadmiumor metal-rich sludge and water has been added to agricultural land which may be used for
future culture of crops. It may be suggested to cultivate trees close to sludge deposits where
they may be used exclusively as "metal filters'.
Other species of fast-growing trees such as alder (Alnus sp.), poplar (Populus sp.) and
willow (Salix sp.) have the ability to take up potentially toxic metals such as aluminium,
cadmium, copper, iron, manganese, molybdenum, nickel and zinc. These tree species may
consequently be used as "vegetation filters' for cleaning and removal of metals in soils.
An extrapolation from the laboratory results shows that birch trees (Betula pendula)
theoretically may remove up to about 1.5 kg cadmium ha"1 yr'1 without disturbances in
growth. It is of great concern to test if these calculations are valid in large-scale field trials.
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Can heavy metal tolerant clones ofSalix be used as vegetation filters on
heavy metal contaminated land?
T. Landberg and M. Greger
Deptartment of Botany, Stockholm university, S-106 91 STOCKHOLM, Sweden

Abstract
Waste products as sludge, ashes, waste water and drainage water from mine and city damps,
have high nutrient values but usually also a high heavy metal content. Salix have a high
capacity to accumulate heavy metals compared to other species. In order to best utilize the
waste products as fertilizers, it is necessary to use Salix clones with high heavy-metal
tolerance. In order to find Salix clones which have different types of tolerance to heavy
metals, Salix clones, cultivated in Uppsala, Sweden, and clones from a heavily polluted area
in southern Poland, were collected and screened for heavy-metal accumulation and heavymetal tolerance.
94 Swedish clones (from a short-rotation forest research field at the Swedish
University of Agricultural Sciences) of two Salix species (5. dasyclados and S. viminalis) and
nine Polish clones (from the Gorzow village, Poland, at the bank of the river Przemsza) of
four species (5. daphnoides, S. triandra, S. purpurea and S. viminalis) were collected. Woody
cuttings of the 103 different clones were rooted and cultivated in 100 uM Ca(NC>3)2 and 0-10
uM CdCl2 or 0-100 uM ZnCl2 for 20 days. The accumulation of heavy metals in roots and
shoots was analysed with atomic absorption spectrophotometry (flame) and the tolerance was
measured as affected length and weight of roots and shoots.
The results show that some clones were tolerant to both cadmium and zinc, while
other clones were tolerant only to one of the analysed metals. The net transport of heavy
metals to the shoots varied between 1 and 72% of the total metal uptake and the accumulation
in the shoots in some of the clones was 7-10 times higher than the mean value for all analysed
clones. These clones, which transported large amounts of heavy metals, could be used as
vegetation filter and in short rotation forestry if it is possible to separate the heavy metals in
the combustion process. Tolerant clones, with high accumulation in the roots, and clones with
low net uptake (excluding or exudating metals) were also found. These clones could be used
on contaminated soils when low metal content is preferred in the harvested shoots.
Keywords: heavy metals, cadmium, zink, Salix, tolerance.
Introduction
Heavy metals are an increasing environmental problem. Combustion of coal, oil and wastes,
and utilisation of phosphatic fertilizers are some important sources of metal pollution. Heavy
metals are taken up by plants and may, in high concentrations, affect them (Greger &
Lindberg, 1986; Greger et al, 1990; Greger & Bertell, 1992; Greger & Johansson, 1992;
Landberg & Greger, 1994). Toxicity leads to growth reduction, especially reduction of root
growth (Greger & Lindberg, 1986; Greger et al, 1990; Greger & Bertell, 1992). Since roots
are the first to come in contact with the metal ions, and the transport of heavy metals to the
shoots is low (Greger & Lindberg, 1986; Greger et al, 1990), roots are generally more
affected than shoots by heavy metals. Thus, heavy metal effects on roots have been involved

133

in a wide range of studies (review by Kahle, 1993). The uptake and the toxicity of heavy
metals to plants varies depending on many factors, e.g. the plant species and kind of metal
(Balsberg Påhlsson, 1989). Some of the species in the genera Salix are known to have a high
heavy metal uptake, especially of Cd and Zn (Brieger et al., 1992).
Salix has been proposed as suitable vegetation filter for drainage water from mine
deposits and city dumps as well as to clean soils contaminated with heavy metals (Cooper &
Findlater, 1990). With a view to reducing the cost of providing nutrient to Salix in production
of energy forest, different kinds of waste products are being discussed as alternatives to
commercial fertilisers (Sopper, 1980). Waste products such as sludge, ash and waste waters
have high nutrient contents and may be very cost effective in fertilisation, but usually also
contain high levels of heavy metals. To achieve the best possible utilisation of waste products
in fertilisation of Salix, it may be necessary to use clones with defined and optimised
properties in relation to heavy metals, i.e. high tolerance to heavy metals and high or low
accumulation of them.
Plants have developed many different tolerance mechanisms, of which exclusion,
compartmentalisation and binding to specific substances are the main mechanisms (Punz,
1993). The manner of tolerance may be classified into two main groups:
- Low net uptake of heavy metals, where low uptake or exclusion of the metals are involved.
- High accumulation of heavy metals either in the roots or in the shoots, where heavy metals
are in one way or another detoxified in the plant tissue.
The aim of this study was to define clones of willow that are tolerant to heavy metals
and either low in uptake of heavy metals or accumulate large amounts of metals in the roots or
shoots. In order to find clones with these properties, different Salix clones from Uppsala,
Sweden, and different Salix species from a heavily polluted area in southern Poland, were
collected and screened for tolerance and accumulation of the heavy metals cadmium, copper
and zinc.
Material and methods
Plant material
Ninety-four clones of Salix viminalis and Salix dasyclados, coded 78xxx, 81xxx or 88-xx-yy,
were collected from research fields of short-rotation forest at the Swedish University of
Agricultural Sciences, Uppsala. Nine clones of Salix daphnioides, Salix purpurea, Salix
triandra and Salix viminalis, coded Pol x, were collected from a heavily polluted area in
southern Poland, on the bank of the River Przemsza near Gorzow village.
Growth condition
Woody cuttings of the 103 clones, 50 mm in length, were rooted and cultivated in the Cd, Cu
and Zn solutions mentioned below for 20 days. The cuttings were mounted six by six in
styrofoam disks and each disk was placed in a pot with 900 ml 100 uM Ca(N03)2-solution.
The cuttings were treated from the first day with cadmium, copper or zinc of the following
concentrations:
0, l,3,7andl0uMCdCI 2 ;
0,0.3,l,3and7uMCuCl 2 ;
0, 10,50,70 and 100 uM ZnCl2.
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The water loss was compensated when necessary. The pH decreased from 6.5 to 6.0
during cultivation. Cuttings were grown in a controlled climate chamber equipped with metal
halogen lamps (Osram, Powerstar HQI-R) providing a photon flux density of 200 umol m'2 s '
for 16 h at 27 °C. During the 8 h dark period the temperature was 2I°C. The relative humidity
was 70-80 %. Plants were harvested when they were 20-days-old and divided into roots,
woody cuttings and shoots. Plants were dried at 105°C for 48 h.
Growth parameters
The harvested plants from the same pots were pooled. Wet- and dry weights of the shoots, the
woody cuttings and the roots were measured. The total length of shoots and roots and the
length of the longest root and shoot were also measured, as well as the number of shoots and
roots.
Determination of cadmium
The dried material was wet digested in HNO3:HC1C>4 (7:3, v/v). The content of cadmium was
measured by atomic absorption spectrometry on a flame atomizer (AA-1275, Varian,
Springvale, Australia).
Results
Roots appeared after about 8-10 days. Although the treatments did not affect the rooting, they
did affect root elongation. There was no correlation between the size of the cuttings and the
results of the measurements of
400 -]
1 the tolerance and accumulation
(P<0.001). The 20-day-old
plants showed no sign of
nutrient deficiency. Nutrient
deficiency could be noted after
300 H
about 30 days.
E
E
Tolerance
200 H
The tolerance parameters were
calculated as; the number of
roots and shoots, the lengths of
the longest root and shoot, the
total lengths of roots and
shoots, and the fresh and dry
weights of roots and shoots.
The tolerance to zinc is
illustrated in Figure 1 and
based on effects on root length.
The other tolerance parameters
mentioned above

o
o
Dä

loo H

20

40

60

Zinc (uM)
Figure 1. The lengths of the longest root of two Salix clones
(81090 and 78021) treated with 0-100 iMZnfor 20
days, n = 3; ±SE are indicated.
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and the other metals showed the same
pattern (not shown).
Many clones, but not all, have
maximum growth at lower concentrations
(clone 78021 in Figure 1). At higher
concentrations the growth is strongly
inhibited; the precise concentration at which
this occurs differs between the clones. In our
experiments, the range of strong growth
inhibition among the clones was 3-10 |iM
Cd, 1-7 uM CU and 50-100 uM Zn.
The tolerance to cadmium, shown as
affected root dry weight compared with the
control for all clones treated with 7 (iM Cd
(the concentration at which most of the
clones are strongly affected), is shown in
Figure 2. The pattern is the same for all
tolerance parameters (not shown). Some of
the clones have no roots at all at 7 uM Cd
(Figure 2), but all clones had shoots at all
treatments.
Clones in which roots were tolerant
did not necessarily show tolerance in shoots,
and vice versa. Figure 3 shows four clones
with different root and shoot tolerance to Cd
measured as affected root dry weight in
comparison with the control. Clone 78198
represents a clone that is tolerant in both
roots and shoots, while clone 88-2-14
represents one that is sensitive in roots and
shoots. Clones 88-31-6 and 88-19-13 are,
respectively, tolerant and sensitive in both
roots and shoots.

Tolerance
(relative root dry weight) •'

Figure 2. Tolerance to 7 nM Cd in all
investigated Salix clones, measured
as affected root dry weight in
comparison with the control. The
line shows where clones are
unaffected, n = 3; ±SE are
indicated.
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1,2-

88-2-14

88-19-13

1-31-6

78198

Clone-number
Figure 3. Tolerance to 7 /JM Cd in four Salix clones, measured as affected root (empty bars) and
shoot (filled bars) dry weight in comparison with the control. The line shows where clones
are unaffected, n = 3; ±SE are indicated.
Clones
showed
different
tolerance
to
different heavy metals.
Some of the clones were
tolerant to all examined
metals, e. g. clone 78683,
while others were tolerant
to only one or two of the
metals, e.g. 78118 (Figure
4).

100-

Cd

Zn Cu

78118

Cd Zn Cu

78683
Clone number
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Figure 4. Tolerance to 7
\M Cd (empty bars), 70 /JM
Zn (shaded bars) and 3 iM
Cu (filled bars) in clone
78118 in percent of the
tolerance in clone 78683,
measured as affected root
dry weight in comparison
with the control. The
concentrations were chosen
so that the highest variation
in tolerance among the
clones was reached, n = 3;
±SE are indicated.

Cd(ug/g)

Heavy metal content
The growth of all clones was
unaffected by Cd at 1 yM treatment
and the Cd concentration and the
distribution in the plants could thus
be compared in that treatment
(Figure 5). The concen-tration in
the shoots differed by a factor of
about 80 between clones with the
highest and lowest concentrations
(Figure 5).
The concentration in the
treated plants and the concentration in the woody cuttings before
cultivation, i.e. the Cd content
when the clones were collected,
were
significantly
correlated
(P=0.34), indicating that the results
from the screening have relevance
to the condition in practical use
(Figure 6).
Figure 7 presents the
differences in cadmium concentration of the roots in different
clones. Some of the Polish clones
had the highest accumulation
capacity in the roots (clones Pol 7,
Pol 4 and Pol 2). The lowest Cd
concentration was found in clone
88-4-1. Clone 88-38-1 represents a
clone close to the median value.
Thus, among the clones studied,
both those those accumulating high
those accumulating low amounts of
Cd could be found.

FigureS. Concentration of Cd in the
shoots of all investigated
Salix clones, treated with 1
liM Cd for 20 days. The
line shows where clones
are unaffected, n = 3; ±SE
are indicated.
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Shoot after treatment
Cd (ug/g)
Figure 6. Comparison of the accumulation capacity of clones before
(y-axis) and after (x-axis) treatment with 1 pM Cdfor 20
days, measured as Cd concentration in shoots.

Clone number
Figure 7. Concentration of Cd in roots of nine Salix clones
treated with 1 /JM Cdfor 20 days, n = 3; ±SE are
indicated.

139

Figure 8 shows clones
with different accumulation in
roots and shoots. Clone 88-3-9
represents a clone close to the
median values, clone 88-4-1
represents a clone with a very
low concentration of cadmium
in roots and shoots, whereas
clone 88-5-3 has a very high
cadmium concentration in the
roots but very low concentration
in the shoots, and thus
represents a root- accumulating
clone. The cadmium concentration was always higher in the
roots than in the shoots.
However, clone 78198 represents a shoot-accumulating
clone with a very high concentration in the shoots and about
the same concentration in the
shoots as in the roots (Fig. 8).

5-5-3

$-3-9
78198
Clone number

88-4-1

Figure 8. Concentration of Cd in shoots (filled bars) and in roots (empty bars) of four Salix clones
treated with 1 [iM Cdfor 20 days, n = 3; ±SE are indicated.
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In Figure 9 the growth
(expressed as plant dry weight) is
compared
with
the
plant
concentration to evaluate if the
growth rate could affect the
uptake and accumulation of
cadmium in the clones. The
growth differed with a factor of
about 4 between the 20-day-old
plants, and the concentration of
Cd tends to decrease with
increasing growth, but this result
is not statistically significant (/> <
0.05).
Figure 9. Comparison of plant dry
weight (x-axis) and concentration of
Cd in whole plants (y-axis) of all
investigated Salix clones, treated
with 1 iM Cdfor 20 days.

Plant dry weight (g)

The net transport to the shoot of cadmium in some clones is shown in Figure 10. The
transport shows a great variation between the clones, and was between 1-70 %, whereas the
median value was 10.5 % (Figure 10). None of the Polish clones had a high transport of Cd to
the shoot (not shown).

8-37-14

88-60-4

78198

88-19-3

88-5-3

Clone -number
Figure 10. Net transport ofCd to the shoot calculated as total Cd content in the shoot compared with
the total Cd content in whole plant. Plants are treated with 1 pM Cdfor 20 days, n = 3;
±SE are indicated.

141

Discussion
The results show that the Salix clones examined have a very wide variation of heavy metal
accumulation and tolerance to heavy metals. Clones with very high or low accumulation of
heavy metals in roots, shoots or whole plants were found (Figures 5-8). Both low and high
accumulations in tolerant cultivars of different species have earlier been reported (Harmens et
al., 1993). In this study, tolerant clones, but also sensitive clones, had high or low
accumulation, and thus net uptake and accumulation in Salix does not seem to be correlated to
the tolerance (compare Figures 2 and 7).
Some of the clones were tolerant to all of the examined heavy metals, indicating
general tolerance to heavy metals in these clones, while others were tolerant to only one heavy
metal, indicating specific tolerance to that metal (Figure 4). Similar results are reported by
Symeonidis et al. (1985a) in Agrosti: capillaris where different cultivars show general or
specific tolerance or sensitivity.
We also found that the Salix clones were affected by heavy metals only in
concentrations which by far exceed the levels found in the environment. Since both sensitive
and tolerant clones have similar properties to accumulate or exclude heavy metals the
tolerance to heavy metals seems to be of minor interest in situations when Salix is to be used
in places where heavy metals are present at high levels.
From this investigation it can be concluded that the great variation between clones
makes it possible to find clones with properties suitable for a wide variety of applications.
When Salix is cultivated with the aim to clean soils from heavy metals or when heavy
metals constantly are added to the soil, e. g. with leakage water or other fertilisers, the heavy
metals are usually removed from the soils by shoot harvest. Therefore, clones with high
accumulation of heavy metals in the shoot should be used (e. g. clone 78198; Figures 5, 8).
However, since most of the roots can easily be removed from the soil after the last harvest
(every 25-30 years), also root-accumulating clones can be used with the purpose of cleaning
soils of heavy metals. Clones with very high root accumulation of heavy metals and those
with high total accumulation of heavy metals, e. g. the Polish clones, clone 88-39-1 and 8819-13 (Figures 7, 8), can be used. These clones may also be used as vegetation filters to
minimize the heavy metal leakage to the environment.
Willows show both specific and general tolerance to (Figure 4) and uptake of (not
shown) the 3 heavy metals studied. On the one hand, clones with high accumulation of one
specific heavy metal may be used in special cases, e. g. to clean soils contaminated with
cadmium using one of the clones with the highest accumulation of Cd shown in Figure 5. This
diminishes the risk of causing deficiency in the soil of important micronutrients such as Cu
and Zn. On the other hand, clones with high accumulation of many different heavy metals
may be used in more general applications, e. g. as vegetation filters, or when waste products
with high heavy metal contents are used as fertilisers.
Clones with very low uptake or very low accumulation of heavy metals in the shoots,
e. g. clone 88-4-1 (Figure 8) or some of the clones with low accumulation in the shoot in
Figure 5, can be used in cases where the heavy metals cannot be separated from the harvested
biomass. Thus, biomass with low heavy metal content can be produced on land where the soil
is highly contaminated by heavy metals and production of food is impossible, e. g. in heavily
polluted areas of southern Poland.
Many plant species show no or low genetically-based variation in heavy metal
tolerance (e. g. Lolium perenne, Poa pratensis, Trifolium repens) while others show greater
variability (e. g. Agrostis capillaris, Agrostis stonifera, Festuca rubra), also on population
level (Symeonidis et al., 1985b). Our results show that Salix viminalis and Salix daphnioides
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have a larger variation within the species than between the examined Salix species (data not
shown).
The different capabilities among the Salix clones to accumulate different heavy metals
shows that Salix can be very effective in a wide range of applications. We found that the
effectivity in accumulation or exclusion of heavy metals is more important than the tolerance
to heavy metals when willows are cultivated in soils with high heavy metal levels present. An
important parameter when a clone is chosen for applications where heavy metals are involved
is, however, the total uptake of metals per hectare calculated from the accumulation capability
and the biomass production. Thus, not only the accumulation capacity but also the biomass
production must be taken into consideration.
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Heavy metal uptake by fast growing willow species
D. Riddell-Black
Wasie Disposal Division, Water Research centre,
Medmenham, Henley Road, Marlow, Bucks, SL72HD, UK

Abstract
Bioremediation is a general term used to describe the use of biological systems for renovating
contaminated soil. The technique can be divided into two categories: the use of
microbiological processes, and the use of vegetation, to immobilise, transform or remove
contaminants from the soil.
It has been suggested that the rapid biomass accumulation of Salix species grown
intensively as in short-rotation forestry systems, may be used to remove heavy metal
contamination from soil. Many potentially toxic heavy metals are also essential plant
nutrients, hence the mechanisms exist for the absorption by plants of these and similar ions
and their translocation through the plant structure.
A limited number of deciduous species have been found to translocate metals to the
leaves immediately before scenescence, however, the principal site of metal accumulation in
higher plants is the roots. A small number of species endemic to metalliferous soils are
capable of accumulating unusually high concentrations of potentially toxic metals in their
above ground biomass. These have been termed hyperaccumulators.
This paper reports on the level and location of heavy metal accumulation by four
varieties of Salix growing in soils with elevated levels of heavy metals. A trial was established
in 1991 on land with a long history of sewage sludge application. Further applications have
been made each year and the first harvest taken in January 1994. Significant differences have
been found between the take-up of individual metals, between willow varieties and across
differing sludge applications.
Brief consideration is given to the use of Salix species for the bioremediation of heavy
metal contaminated land. It is concluded that the potential for land rehabilitation by trees is
greatest where contaminant levels are relatively low and thus do not merit an engineering
approach; where the area to be renovated is large and hence uneconomic for cleaning or
capping; and where there is no time pressure.
WRc wishes to acknowledge the support of Anglian Water Services Ltd and Severn
Trent Water Services Ltd for this work.
Key words: bioremediation, Salix, hyperaccumulators, Ni, Cu, Zn, Cd.
Introduction
Bioremediation is a general term used to describe the use of biological processes to renovate
soil through immobilisation, transformation of removal of contaminants. The approach
encompasses two broad techniques. The use of microbiological processes to lock up or
transform contaminants either in-situ or in-vessel. Alternatively, vegetation may be employed
to remove or immobilise soil contaminants.
Many potentially toxic metals are also essential plant nutrients, hence the mechanisms
exist for their absorbtion and translocation through the plant structure. Some plant species
native to metalliferous soils are capable of taking up and accumulating in their above ground
parts potentially toxic levels of metal elements such as Cd, Zn, Cu, Ni, Cr and Pb. These have
145

been termed hyperaccumulators (Baker & Brooks, 1989). Tissue concentrations greater than
2% by dry weight of Ni and 3% of Zn have been found respectively in species of Alyssum and
Thlaspi (Baker & Brooks, 1989).
The value of metal uptake in plant tissues as a means of renovating soil is deteimined
by plant productivity, the level of metal concentration in plant tissues and the site of
accumulation within the plant. To remove metals in plant tissue they must be located in the
harvestable portion. In metal-tolerant plants, metal concentrations generally decrease from
roots to the leaves (Fitter & Hay, 1981). Hyperaccumulators differ in that shoot concentrations
normally exceed concentrations in the root (Baker & Brooks, 1989).
It has been suggested that the high biomass productivity of short rotation coppice may
be utilised to remove heavy metals from industrially contaminated soils. Due to their greater
dry matter production, highly productive plants may contain lower metal concentrations but
still achieve the same level of metal removal from soil as one attaining higher metal
concentrations but lower productivity. This study reports on the metal accumulative capacity
of four willow varieties grown on a moderately metalliferous site.
Method
A trial was established in 1991 to investigate the potential for sewage sludge use as a fertiliser
on short rotation coppice plantations. The site chosen is dedicated to sewage sludge recycling
and has received applications for over 50 years. Consequently, soil heavy metal levels are now
elevated above those permitted in normal agricultural situations. Four willow varieties
frequently used in the production of wöodchips for energy, Salix viminalis 'Bowles Hybrid',
Salix viminalis 'SQ683', Salix viminalis x triandra 'Q83' and Salix dasyclados, were planted at
one metre centres to give a tree stocking rate of 10 000 per hectare.
Sewage sludge was first applied to cutback stools one year after planting. The ongoing
application regime ranges from one to four applications annually at rates of 50, 100 and 200
m ha"1. Heavy metal inputs and exports from the site have been monitored through soil and
sludge analysis, and through foliage and stem sampling of control plots and those receiving
the highest sludge application rates (Tables 1 and 2).
Table 1. Quantity of metals applied to trial plots in sewage sludge in 1993 (g ha')
Treatment rate
(m3 ha 1 )

Ni

Cu

Zn

Cd

200

409

1798

3450

18

400

770

3247

6530

34

600

1142

4562

9230

49

800

1384

5583

11660

59
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Table 2. Concentrations of metal elements in soil and plant tissues at trial site (mg kg'1 dry matter)

soil

Ni

Cu

Zn

Cd

Pb

358

93

140

419

6

200

July
September

0.309 10.44
2.79 12.67
1.34

13.14
13.63
5.86

346
643
156.08

7.29
11.26
5.3

<1
5.7

July
September

0.205 6.96
2.18 11.78
0.93

10.44
12.46
6.31

259
702
95.36

5.75
12.69
3.34

<1
5.34

Triandra leaves
Q83
stems

July
September

0.258 11.46
1.48 12.12
1.11

15.8
14.26
8.15

412
667
136.2

11.55
14.92
7.67

<1
3.52

leaves

July
September

0.254
1.63

12.63
13.92
7.36

386
591
121.7

10.75
13.49
6.01

<1
4.19

Bowles
Hybrid

leaves

Cr

stems
SQ683

leaves
stems

Dasyclados

stems

7.24
9.24
1.38

Results
Each willow variety differed in its take up of metals. In broad terms 'Q831 and Salix
dasyclados accumulated the greatest stem concentrations for all four metals and SQ683 the
least. 'Bowles Hybrid1 was intermediate (Figure 1). All four varieties varied significantly in
their takeup of Cd (p=0.001). Only Cd was accumulated in stems and leaves at levels equal to
or in excess of soil concentrations regardless of the sample date. Foliage concentrations were
higher than stem concentrations for all varieties and all metals. Concentrations of Zn in leaves
were found to be less than soil levels in July but significantly higher than soil concentrations
by the end of the season (p=0.001). Ni, Cu, Cr and Pb concentrations in leaves and stems were
substantially less than soil concentrations in all four willow varieties.
Discussion
This study indicates that there are substantial varietal differences in the take up of metal ions
by willow. Cd is present in the leaves of all four varieties throughout the growing season at
concentrations greater than that considered phytotoxic (Table 3). Zn concentrations in leaves
are in excess of accepted phytotoxic levels only at the end of the season. The stem metal
concentrations of all varieties are less than published phytotoxic thresholds when sampled in
the dormant season.
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Figure I. Metal concentrations in 2 year old willow stems.
Table 3. Critical concentrations of metals in leaf tissue and soil (mg kg'1 dry matter)(Baker &
Brooks, 1989; Kabata-Pendias & Pendlas, 1984; Davis & Carlton-Smith, 1980; Hewitt &
Smith, 1974)

Cr

Ni

Cu

Zn

Cd

Pb

60

40

20

50

0.1

10

leaf
tissue

0.1-0.5

0.1-5.0

8

27-150

<0.5

3

leaf
tissue

5-30

10-100

20

100-400

8

35

Sufficient or normal soil

Excessive or toxic
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Leaf concentrations of all the metals except Cu are in general significantly higher at
the end of the season than in mid-summer indicating that there may be an export of metals to
the leaves shortly before senescence. A limited number of deciduous plant species have been
found to translocate absorbed metals to their leaves immediately before senescence in order
that they may be shed with the leaves, thus limiting metal build up in roots or stems (Baker,
1981). Root and stem sampling would be required mid-season in addition to foliage sampling,
in order to examine whether such an export was taking place in the species under investigation
and, if occurring, whether it would make a significant difference to the stem or root
concentrations by the end of the growing season.
The level of soil cleaning which may be achieved by the measured stem concentrations
has been investigated. Table 4 lists the annual export of metals in harvested biomass assuming
a crop productivity of 10 odt ha"'. Table 5 indicates the percentage of the metals added in a
200 m3 ha"1 application of sewage sludge which would be removed by a crop yield of 10 odt
ha'1. Cd is the only metal where plant take up exceeds addition in the sludge. Doubling the
stocking rate of the site potentially will double the biomass production assuming that nutrient
and water availability are not limiting. This could double the export of metals from the site if
the same stem metal concentrations were obtained.
Table 4. Quantity of metal removed annuallyin harvested stems assuming a yield of 10 odt ha'1

Bowles Hybrid
SQ683
Triandra Q83
Dasyclados

Ni
(g ha1)
13.4
9.3
11.1
13.8

Zn

Cu
(R ha')
58.6
63.1
81.5
73.6

Cd
(gha 1 )
53
34.3
76.7
60.1

(kg ha1)
1.56
0.954
1.36
1.21

Table 5. Percentage of metal added in a single sewage sludge application of 200 m3 ha'1 removed
annually in 10 odt coppice wood (%)

Metal applied
in 200 m3
sludge (g ha'1)
Bowles Hybrid
SQ683
Triandra Q83
Dasyclados

Ni

Cu

Zn

409

1798

3450

3.27
2.27
2.71
3.37

3.26
3.51
4.53
4.09

45.2
27.6
39.4
35.1

Cd
18

294
190
426
334

It is possible to calculate how rapidly the soil may be renovated by this system if no
further metals were added to the site in sludge. Assuming a soil density of 1.3t m'3, one
hectare of soil at this site contains the following quantities of metals in the top 25 cm of soil:
Cr 1163 kg, Ni 302 kg, Cu 455 kg, Zn 1362 kg, Cd 19.5 kg, Pb 650 kg. Target concentrations
can be identified from the Sludge (Use in Agriculture) Regulations (UK Statutory Instruments,
1989) for soils of pH 5.5<6 as: Ni 60, Cu 100, Zn 250, Cd 3, and Pb 300 mg kg 1 dry soil.
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Taking the highest stem concentration obtained for each metal, the shortest period to achieve
such a target concentration would be 126 years for Cd (Table 6). This assumes that the rate of
uptake is constant, which is unlikely as metal availability will be altered by changing pH,
organic matter levels and metal concentrations. This timeframe clearly makes these varieties
of willow an untenable method of soil clean up in terms of metal removal in total. However,
metal removal by willow would be of some value if it depletes the fractions of bioavailable or
environmentally active metal in the soil. Whether this is the case would need further
investigation
Table 6. Time taken to reduce soil metal concentrations to maximum levels permissible under the
Sludge (Use in Agriculture) Regulations 1989, assuming an annual crop yield of
10 odt ha'\*)
Ni

Cu

Zn

Cd

Target cone, (mg kg"1)
for soil pH 5.5<6

60

100

250

3

Amount of metal
to be removed (kg ha'1)

107

130

559

9.75

. 7600

1600

352

Number of years to achieve
target concentration

126

* takes no account of need to replant every 20-30 years
Conclusions
The current evidence in support of specific willow varieties being of use in the renovation of
metal contaminated land is poor, although there are indications of metal tolerance. However,
varietal differences in the uptake of metals are sufficiently marked for it to be worth
considering the inclusion of metal tolerance in plant screening and breeding programmes in
order to isolate varieties with greater potential for this type of use.
Currently, the use of short rotation coppice to rehabilitate contaminated sites can only
be regarded as site stabilisation such that the dispersal of contaminants by wind or runoff is
prevented. This is likely to be applied only where land values do not merit an engineering
approach, contaminant levels are low or the site cannot be economically capped or cleared.
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Cadmium in Salix - a study of the capacity of Salix to remove cadmium
from arable soils
G. Östman (summarized by P. Aronsson)
do P. Aronsson, Swedish University of Agricultural Sciences, Box 7072, 750 07 UPPSALA, Sweden

Abstract
The net addition of cadmium to Swedish arable soils is 3.64 t/year. This corresponds to an
annual increment of the soil cadmium content of 0.21%. Crops can accumulate cadmium,
which may pose a health hazard.
Wood ashes from combustion of willow wood have been found to have a much higher
Cd content than ashes from forest residues, indicating a high Cd uptake by the willow.
The Cd content of willow stems in 12 different stands on 5 locations in central Sweden
was studied. The analysis showed a very high Cd content. The calculated annual uptake varied
but amounted to about 3-4% of the pool of plant-available soil Cd. During a rotation cycle of
20-25 years the soil Cd content would be reduced far below the natural level.
Key words: Salix, Cd uptake, heavy metals.
Introduction
The cadmium content of arable soils has become a potential health hazard. There is only little
marginal left before toxic levels of Cd can be expected in various crops for human
consumption (Åbyhammar et al., 1993). The high soil Cd content found in several locations is
mainly a result of addition of contaminated fertilizers, sewage sludge and by air deposition,
but is sometimes natural. The net addition of cadmium to Swedish arable soils is 3.64 t/year,
corresponding to an annual increment of the soil cadmium content of 0.21%.
Analysis of ashes from combustion of different biofuels has revealed the high heavy
metal content of willow wood. This has led to the ideas of using willow for purification of
metal-contaminated ecosystems.
The objectives of this study were to quantify the ability of willow to accumulate Cd
under field conditions.
Method
Sampling
Twelve willow stands in 5 practical cultivations in central Sweden were selected for the study.
On each site, stands with specific clones were choosen for sampling. In each stand a sampling
area of 4 x 4 m was laid out. Within this area, samples were taken from old (harvestable)
shoots. Fifteen shoots were cut and from every metre of each shoot a 10 cm sample was taken.
Soil samples were also taken. In the topsoil, 8 samples down to 20 cm were taken and in the
subsoil (40-60 cm) 4 samples.
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Analysis
The shoot samples were dried and milled, after which they were combusted in an oven at 450°
C for 8 hours, at which temperature Cd losses are negligable. Fifteen grams of the ashes were
then dissolved in 6 ml 65 % HN0 3 , 2 ml 40 % HF and 2 ml 37 % HC1 under pressure in a
microwave oven. An addition of 20 ml boronacid was then made, whereafter the sampleswere
again heated in the microwave oven. The samples were twice analysed in a flame atomic
absorptionspectrometer.
The soil samples were dried at room temperature and ground. pH was measured using
both distilled water and 0.01 M CaC^. For determination of total Cd content, 1 g soil was
dissolved in 10 ml HNO3 (cone.) heated in a microwave oven. Then 3 ml 30 % H2O2 were
added, after which the sample was diluted with distilled water to 50 ml. The sample solutions
were analysed in a atomic absorption spectrometer (flameless).
The amount of plant-available Cd was determined using a conventional method, as
follows: 10 g soil was shaken for 30 min. in a 50 ml solution of 0.02 M EDTA and 0.5 M
NH4AC (pH 4.65). After one hour the samples were filtered and analysed in a atomic
absorption spectrometer (flameless).
The content of soil organic matter was determined by measuring loss on ignition at
550° C.
Results and discussion
The analysis indicates a substantial, however varying, Cd content of willow stems and soil
(Table 1). In willow stems, the Cd content was, on average, 2.1 mg/kg DM. In relation to soil
Cd content the Cd uptake by willow was low in the stands with high content of soil organic
matter (Asker soil). It is well-known that these types of soils have a high ion exchange
capacity, which lowers the availability for plant uptake of, for example, Cd. The concentration
of plant-available Cd was, however, fairly high in the Asker soil, which indicates other
important factors influencing the plant Cd uptake.
There was no clear relationship between plant-available soil Cd and plant Cd uptake.
An average Cd content of willow stems of 2.1 mg/kg DM and an annual growth of 101
DM/ha would result in an annual Cd removal of 21 g/ha. This corresponds to 3-4 % of the
pool of plant available soil Cd and exceeds by far the annual Cd supply by fertilisers and air
deposition, that is reported to be approx. 1.2-1.3 g/ha year (Nötter, 1993).
Conclusions
Willow has high ability to take up Cd from arable soils. Compared with straw and energy
grass, the Cd content of willow stems is 35 times higher on a dry matter basis. During an
ordinary rotation cycle (20-25 years), a willow stand can probably remove a major proportion
of the soil Cd. No clear correlation between Cd uptake and soil pH was found. High content of
soil organic matter seems, however, to reduce plant uptake of Cd.
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Table 1. Analyse data ofpH, content of soil organic matter and Cd content in soil and plants. Topsoil corresponds to 0-20 cm and subsoil to 40-60 cm
Site

Clone
nr

Topsoil

Subsoil

Topsoil

Subsoil

Org. - matter
%ofDM
Topsoil

Soil- pH (H2O)

Soil-pH (CaCh)

Soil-Cd total
mg/kg DM

Soil-Cd avail.
mg/kgDM

Topsoil

Subsoil

Topsoil

Plant-Cd
mg/kgDM

Asker

183
007

5.5
5.7

3.8
4.1

5.1
5.3

3.8
3.9

62.8
53.1

0.68
0.55

0.06
0.09

0.37
0.35

1.0
0.9

Hedemora

183
021
112

6.2
7.0
5.7

6.9
8.2
6.4

5.7
6.6
5.1

6.0
7.5
5.5

5.0
7.5
5.9

0.13
0.27
0.11

0.17
0.14
0.05

0.06
0.11
0.05

1.5
2.0
3.6

Brunnby

183
021

6.5
6.2

6.8
6.6

5.9
5.8

6.1
6.4

10.8
9.4

0.24
0.17

0.11
0.07

0.10
0.08

3.3
2.2

Malmön

183
021

5.0
4.9

4.6
4.4

4.3
4.4

4.1
4.1

8.6
7.3

0.21
0.16

0.17
0.18

0.06
0.05

2.3
2.2

Yxtorp

183

6.3
6.1
6.3

5.9
6.3
5.8

5.8
5.8
5.6

5.2
5.3
5.0

5.1
12.3
9.7

0.16
0.17
0.15

0.07
0.03
0.01

0.07
0.11
0.1

1.6
3.2
1.6

101
021
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Abstract
Application of wastewater sludge to willow trees (Salix discolor Mtihl. and Salix viminalisL.)
grown under short-rotation intensive culture (SRIC) offers a viable opportunity to increase biomass
productivity, and to dispose of waste which is rich in nutrients but may also contain high
concentrations of heavy metals. SRIC can be used for biomass production as well as vegetation
filters for wastewater sludge purification purposes while minimizing negative impacts on the
environment. Harvesting of stems helps decrease the pollutant load on the treated site and limits
contamination of the food chain by pollutants.
The aims of the present study were to assess the effects of applying various amounts of
dried and pelleted sludge on the growth and productivity of S. discolor and S. viminalis and to
follow the transfer of heavy metals in plants and soil solutions. Pot and field trials were established
in 1992 and 1993, respectively. Unrooted cuttings were planted on poor sandy soil in 216 large
plastic pots and grown outdoors for a 20-week period. For field trials, cuttings were planted in a
clayey soil using a split plot design. Twelve lysimeter systems (four per block) were installed at a
depth of 0.5-1.0 m. A single sludge application with five different doses was used for pot trials
(equivalent of 200, 160, 120, 80 and 40 kg of available nitrogen per hectare) and three doses were
employed for field experiments (150,100 and 50 kg). Both experiments included untreated control
plots.
Trees which received the largest amount of sludge showed the best growth and productivity
in pot trials. In the field experiment, there appeared to be no significant response to wastewater
sludge fertilisation at the end of the first season, probably because the initial fertility of the soil was
high. Significantly higher stem-branch biomass was obtained for S. viminalis in pot trials compared
with S. discolor, which performed better than the former in the field. In pot trials, the transfer
coefficient did not vary between the species but was significantly different for Cd and Zn. The
willows were able to absorb more Cd and Zn, but less Ni, Hg, Cu and Pb. About 50-80% of the
total quantity of bioaccumulated metals was found in roots and stem-branch biomass. Li field trials
no differences were found among the various treatment plots when analysed for heavy metal
concentration in the soil solution. Our results indicated that use of wastewater sludge as a fertiliser
was beneficial to the growth performance of Salix species. However, differences in the estimated
growth and productivity in fertilised willow trees may result when tests are carried out under field
conditions compared with pot trials.
Key words: wastewater sludge, heavy metals, Salix, bioaccumulation.
Introduction
Most studies on short-rotation intensive culture (SRIC) have shown the importance of fertilization
in order to maintain productivity yields over many years (Sennerby-Forse, 1986; Tuozet, 1988). Li
this context, the use of wastewater sludge as fertilizer is an alternative to consider (Mitchell et al.,
1992; Carlson, 1991). The main advantage of this approach is that higher soil fertility can be
obtained cheaply compared with the use of inorganic fertilizers. It has been demonstrated that the
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biomass productivity of sludge-treated plots can be two to three times greater than that of control
plots (Labrecque et al, 1993; Riddell-Black et al, 1992). However, the presence of various
contaminants in water treatment sludges may cause environmental risks and pollute the sites thus
treated.
Trees and shrubs produced with SRIC techniques may be used for energy biomass
production purposes and as vegetation filters (Teodorescu et al, 1993; Perttu, 1992). If higher
concentrations of heavy metals are undesirable and potentially hazardous in agricultural plant
tissue, they represent fewer risks when they are used in tree culture, since woody biomass is not
used as food for human consumption. Along these lines, trees used in short-rotation forestry could
become genuine plant filters to recycle waste water and water treatment sludges through the
uptake, accumulation and stocking of heavy metals and other pollutants in their biomass. However,
special attention must be paid to the mobile fraction which includes the free metal ions, soluble
complexes present in soil solution and part of the slightly bound metal (Gupta, 1984). One
important part of this fraction is available to the plant roots but another part may pollute the soil
solution and ground water (Taylor et al., 1991). The aims of the present study were: i) to compare
the efficiency of various doses of sludge on growth and biomass allocation parameters for two
willow species grown in pots and field conditions; ii) to analyze the concentration of heavy metals
in plant tissues and soil solution.
Methods
Experiments were carried out in the nursery of the Montreal Botanical Garden (45°41' N ; 74°40'
W) and on a highly disrupted site situated on the limits of the Island of Montreal (45°40' N ; 73°30'
W). Two willow species, Salix discolor, an indigenous species which has been studied in SRIC in
Quebec for the last four years (Labrecque et al., 1993), and Salix viminalis, a European species
commonly grown under intensive culture (Nordh, 1992; Christersson, 1986), were used.
Pot trials started at the end of April 1992. Cuttings, 20 cm in length and from 0.7 to 1.5 cm
in diameter were planted in rigid polyethylene pots (44.5 cm in diameter and 33 cm in depth) and
placed on an outdoor platform. A poor soil with recent alluvial deposits was used. In order to
maintain normal soil humidity, the plants were watered when necessary during the growing season.
A split plot experimental design was set up which randomized three blocks, two species, six
treatments and six plants per treatment, for a total of 216 plants. Sludge doses varying from 0 to the
equivalent of 200 kg of nitrogen per hectare (Table 1) were incorporated inthetopl5cmofsoilof
each pot in a single application three weeks after planting.
Table 1. Treatments applied to pot andfieldtrials

Treatment
1
2
3

4
5
6

Pot trials
Doses (Nkg/ha)*
200
160
120
80
40
0

Field trials
Doses (Nkg/ha)*
150
100
50
0

* Available N, i.e. inorganic N + 30% organic N
Field trials started in the spring of 1993. The soil was rotocultivated before planting in
order to create the best possible conditions for the plants. Cuttings of both species were planted in
rows 1.5 m apart on a poorly drained clayey soil with a g^ood exchange capacity and high fertility.
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A split-split-plot experimental design was set up which randomized three blocks, four wastewater
sludge fertilization treatments varying from 0 to 150 kg of nitrogen per hectare, two species and
two planting densities, i.e. 30 000 (Dl) and 20 000 (D2), obtained by leaving a distance of 0.22 m
between plants of the same row for the first and of 0.33 m for the second. Total sludge doses were
incorporated to the top 15 cm of soil one month after plantation of the cuttings (Table 1).
To make manipulation easier and reduce bad odours, dried (10% of water) pelleted sludges
were used. In order to conform with the environmental standards in force in Quebec (Ministére de
lTSnvironnement et al., 1991), total soil (pots and field) and sludge contents were measured for As,
B, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Se and Zn using atomic absorption and plasma emission
spectrophotometry.
Growth and development were monitored for all potted plants. In the field trials, six
randomly chosen plants per treatment were monitored. The diameter at the base of the main stem
and the height of the main stem from soil surface to apex were measured four times. After a 20week growth period, the potted plants were harvested, washed, cut into roots, stem-branches and
leaves (gathered in plastic nets placed under the trees before they shed their leaves) and dry weights
were determined. These plants were also used to determine heavy metal bioaccumulation (Cd, Cu,
Hg, Ni, Pb, Zn). To estimate the productivity of willows in the field, six plants per species,
plantation density and treatment were coppiced at the end of the season, oven-dried at 70°C and
weighed.
From pot trials, we estimated the bioaccumulation of the various metals with respect to
sludge dosages. The accumulation coefficient (AC%) was calculated as follows:
AC% = 100*(Mf-Mn)/Ms
where Ms corresponds to the quantity of metals introduced into the soil by the sludge treatments (in
mg) and Mf and Mn, the metal contents (mg) determined for fertilized and control plants
respectively.
In field trials, we focused on the metals leached in the soil and to ground water. We placed
12 lysimeter systems at depths varying between 0.5 and 1.0 m in each of the three blocks according
to the different sludge application scenarios. The leachate were collected on ten occasions at
intervals of 15 to 20 days, for a total of 102 samples. These were filtered, acidified and kept in the
refrigerator at 4 °C. At the end of the growing season, a mixed sample was made for each station
with equal quantities (15 ml) of leachate. These samples were analyzed for Cd, Cr, Cu, Ni and Zn
contents.
Analyses of variance followed by multiple comparisons of means according to Tukey's
method were done on all the obtained data.
Results and discussion
Growth and productivity
In pot trials, the growth in height of S. viminalis was greater than that of S. discolor at all times
during the growing season and for all fertilization treatments. The best annual growth was found
for plants fertilized with a dose of sludge equivalent to 200 kg of nitrogen per hectare. At the end of
the season, the height of the samples in treatment 1 was 2.4 times greater than that of control plants
of Salix discolor (treatment 6). In comparison, the height of S. viminalis plants treated with the
equivalent of 200 kg of nitrogen per hectare, was 1.7 greater than that of control plants (Table 2).
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Table 2. Performance comparisons of plants in pot trials with respect to various sludge treatments after
one growing season

HEIGHTJcm) Sd<Sv
SalLx discolor
Salix viminalis
DIAMETER (cm) Sd<Sv
Salix discolor
Salix viminalis
BIOMASS (g) Sd<Sv
Salix discolor
Salix viminalis

TREATMENTS
T4
T3

T6

T5

T2

Tl

46.8 e
94.9 e

77.3 d
113.9 d

84.3 c
129.3 c

97.0 b
142.5 b

103.1 b
146.8 b

113.0 a
161.0 a

0.53 e
0.68 e

0.74 d
0.82 d

0.83 c
0.93 c

0.92 be
0.98 be

0.92 ab
1.03 ab

1.02 a
1.17 a

8.5 e
17.4 e

17.5 d
33.1 d

26.3 c
48.2 c

38.3 b
61.3 b

48.6 b
73.2 b

63.5 a
89.6 a

Note : Means of lines with different letters are significantly different at the threshold of 5 %.
Fertilization led to a significant increase in the stem biomass of both species
proportionately to the sludge dosage. There is a linear relationship between fertilization and stem
production. This relationship is expressed differently for each species. The following predictions
equation parameters were calculated:
For S. discolor
Yt = 6.59 + 0.27X (R2 = 0.87)
For S. viminalis
Yt= 18.54 + 0.35X(R2 = 0.88)
where Yt is the stem biomass (g) and X the fertilization dose (kgN/ha).
For willows cultivated in pots, analyses of regression equations showed that the optimal
dose of fertilizer yielding maximal biomass production must be greater than 200 kg of nitrogen per
hectare, since the relationship is strictly linear and increasing for the analyzed interval.
In field trials, the height of both species was influenced neither by plantation density nor by
fertilization. In the months of June, July and August, S. viminalis plants were higher than S.
discolor plants. At the end of the season, the plants of both species were of equal height (Table 3).
The growth in diameter was different at the beginning of the season when 5. viminalis surpassed S.
discolor. In August, trees of both species had the same diameter, but the diameter of S. discolor
was significantly greater (p<0.05) at the end of the season.
Table 3. Performance comparisons of plants infield trials with respect to various sludge treatments after
one growing season

T4
DENSITY
HEIGHT (cm) Sd = Sv
Salix discolor
Salix viminalis
DIAMETER (cm) Sd>Sv
Salix discolor
Salix viminalis
BIOMASS (g) Sd>Sv
Salix discolor
Salix viminalis

TREATMENTS
T3
T2
D2
Dl
Dl
D2

Dl

D2

124.8
142.5

130.9
144.5

123.7
124.7

120.0
140.6

139.6
120.0

1.06
1.10

1.21
1.13

1.11
0.99

1.20
1.12

49.1
34.5

69.0
39.0

57.7
41.7

65.7
60.1

Tl
Dl

D2

138.3
131.1

130.0
112.4

140.0
139.4

1.13
0.93

1.19
1.03

1.17
0.95

1.15
1.13

59.4
43.3

93.0
60.2

71.7
70.1

82.7
70.3

NOTE: There is no density or fertilization dosage effect on either the height, the diameter or the biomass at the
threshold of 5%. Only the species effect is significant (see table).
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For both species, increasing sludge dosages resulted in differences in biomass productivity
compared with control plants. These differences were not judged to be significant. With a
plantation density of 20 000 plants per hectare, the biomass produced by both species (in grams of
dry weight per plant) was greater than with a plantation density of 30 000 plants per hectare.
However, these differences are not noticeable when biomass productivity is expressed per hectare.
For all sludge dosages, S. discolor produced significantly more biomass than S. viminalis,
because it seemed better adapted to heavy soil and poor drainage conditions. Rainy periods in
August and September advantaged 5. discolor which has a very active growth pattern during that
period, contrary to 5. viminalis whose growth is more active at the beginning of the growing season
when rainfall is generally lower. These results agree with those obtained previously by our team
(Labrecque era/., 1993).
Heavy metals
Although fertilization with wastewater sludge helps to enrich the soil, increase its fertility and,
consequently, to improve the productivity of cultivated trees, sludge applications may be a source
of contamination for the environment due to the high concentrations of heavy metals and other
pollutants sometimes found in city sludges. Although heavy metal concentrations were not very
high in the sludge we used (Table 4), we were nonetheless interested in following metal transfer in
the soil and plants.
Table 4. Heavy metal concentrations in sludge used asfertilizer
Heavy metals in wastewater sludge (mg / kg)

Sludge
Limit recommended*

Cd

Cr

Cu

Ni

Zn

6.6
10

53
500

201.1
600

19.1
100

404
1750

* According to the Guide des bonnes pratiques (Ministére de rEnvironnement et al., 1991)
Heavy metals in plants cultivated in pots
Metal accumulation coefficients were calculated in order to compare relative quantities
accumulated in plants according to the dosage in each treatment. The results of Table 5 show that
the accumulation coefficients are similar for both species and for all sludge dosages (Table 5).
However, the transfer of metals from soil to plants varied according to the element considered.
Zinc and cadmium accumulation were highest, followed by nickel, mercury, copper and lead.
According to several researchers (Schauer, 1980; Petruzelli et al., 1985; Petruzelli, 1989 ) greater
accumulation of certain metals (particularly Zn, Cd and Ni) is linked to their greater solubility. Our
results confirm this hypothesis (Table 5).
Heavy metals in soil
The aims of the field trials started in the spring of 1993 were to study the effects of wastewater
sludge applications on plant growth, to follow the transfer of heavy metals in soil solutions and to
evaluate the availability of these elements to the plants as well as ground water contamination
risks.
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Table 5. Comparison of accumulation coefficients with respect to species and sludge treatment
TREATMENTS
T5

T4

T3

T2

Tl

CADMIUM
Salix discolor
SalLx viminalis

17.02 a
26.45 a

13.71 a
26.33 a

15.59 a
24.46 a

17.53 a
22.52 a

17.12 a
22.38 a

COPPER
Salix discolor
Salix viminalis

1.35 a
1.81a

1.27 a
1.67 a

1.56 a
1.46 a

1.48 a
1.77 a

1.57 a
1.62 a

MERCURY
Salix discolor
Salix viminalis

6.03 a
4.82 a

5.27 a
2.93 a

5.24 a
2.90 a

4.45 a
3.43 a

4.88 a
3.17 a

NICKEL
Salix discolor
Salix viminalis

13.5 a
2.89 a

8.79 a
5.78 a

12.0 a
6.64 a

14.5 a
5.10 a

7.79 a
6.05 a

LEAD
Salix discolor
Salix viminalis

0.76 a
0.39 a

0.66 a
' 0.86 a

0.57 a
0.77 a

1.11a
1.05 a

0.80 a
1.07 a

ZINC
Salix discolor
Salix viminalis

16.9 a
21.3 a

13.4 ab
19.9 ab

15.1 ab
17.5 ab

12.4 ab
17.8 ab

13.0 b
15.7 b

NOTE: Means of lines with different letters are significantly different at the threshold of 5 %.
In Quebec, the use of city wastewater sludges for forestry purposes is regulated by
provincial environmental standards which take into account the quantity of metals in the sludges
and the quantity already present in the soil (Ministére de lTinvironnement et al, 1991). However,
there is no norm concerning the soluble fraction of soil although it is the most dangerous for
ground water contamination. Metal contents (Cd, Cr, Cu, Ni, Zn) in the top 15 cm of soil of the
sludge treated plots are much lower than the upper limits established by official regulations (Table
6). It is interesting to note that sludge applications up to the equivalent of 150 kg of nitrogen per
hectare did not significantly increase the concentration of any of the metals considered in the soil
solutions collected in lysimeters in field trials (Table 6).
Metal concentrations in the soil solutions were generally lower than the recommended
limits for the quality of drinking water (Department of Health and Welfare, Canada, 1978). Only
cadmium had a concentration eight times greater than the acceptable standard. Studies showed that
positive correlations exist between the increase in pH and metal adsorption by the soil (Anderson
and Christensen, 1988). The pH of the soil of the experimental site was alkaline and could have
slowed metal transfer in the soil solution. Moreover, the soil of the experimental site was clayey, its
field capacity was greater and thus limited circulation of water and soluble elements to ground
water.
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Table 6. Comparison of metal concentrations in soil and soil solutions after the application of various
dosages ofwastewater sludge
Heavy metals in soil after fertilisation (mg / kg)***

Cd

Cr

Cu

Ni

Zn

T4 (control)

0.43
0.42
0.41
0.40

0.95
0.86
0.78
0.70

5.54
5.23
4.91
4.60

1.19
1.16
1.13
1.10

3.90
3.26
2.63
2.00

Limit recommended*

2.00

120.00

100.00

18.00

185.00

Tl
T2
T3

Heavy metals in soil solutions (mg /I)****

Tl
T2
T3
T4 (control)
Limit recommended**

0.043 a
0.036 a
0.033 a
0.033 a

0.05 a
0.04 a
0.04 a
0.04 a

0.080 a
0.053 a
0.056 a
0.070 a

0.066 a
0.046 a
0.043 a
0.043 a

0.196 a
0.080 a
0.070 a
0.083 a

0.005

0.05

1.0

-

5.0

NOTES:
Averages of lines with different letters are significantly different at the threshold of 5 %.
* According to the Guide des bonnes pratiques (MENVIQ et aL, 1991);
** Recommendations for the quality of drinking water in Canada (Department of Health and Welfare, Canada, 1978);
*** Based on a soil depth of 15 cm;
•••• Average often samples taken regularly over a period of three months (August to November).

Conclusions
In pot trials, the application of higher doses of dry granulated sludge resulted in impressive
increases in production, plant growth and biomass being several times those of control plants. On
the other hand, in field trials, sludge applications did not induce a similar response and the increase
in stem-branch biomass was not as important. The initial soil fertility and the fact that roots can
extend over great areas certainly decreased production differences between fertilized and control
plots. Our results showed that the first season after planting in a moderately fertile to good soil,
enough nutrients were available to the willows and fertilizer applications were not necessary.
Growth and production performances were comparable for both species, with a slight advantage
for S. viminalis cultivated in pots. In the field, S. discolor displayed a higher capacity to grow in
heavy poorly drained soils.
Heavy metal bioaccumulation was the same for both species, but quantities transfered from
soil to plants varied according to the element considered. Zinc and cadmium accumulation were
greater than that of other metals, probably because they are more soluble in the soil solution. In
both experiments, the normal physiological activities of the plants did not seem to be affected by
metal absorption. Heavy metals introduced in fertilized plots did not necessarily result in a
significant increase of the metal concentration in the soil solution of these plots compared with
control plots. Metal contents in the soil solution were generally below recommended limits for
chemicals which may cause a health risk, with the exception of cadmium which was higher than
the acceptable limit.
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Hallside steelworks project
D. R. J. Craven
The Strathclyde Greenbelt company
61 Holland Street, Glasgow G2 4NJ, UK

Abstract
The basic project is to plant a 32 ha contaminated steelworks site situated in a very visible
position on the eastern edge of Glasgow with a mixture of native hardwoods and short rotation
energy coppice - mostly willow species. The site has laid abandoned for more than 14 years
because neither the finance nor the techniques for rehabilitation were available. The
Strathclyde Greenbelt Company has put together the basis of a financial package and brought
together a range of techniques to achieve rehabilitation. Because of the contamination on the
site and the structure of the remaining materials thereon successful orthodox silviculture is
very doubtful. The site will therefore first be covered with a landscaped layer of colliery spoil
to a minimum depth of 1 metre. This material is not phytotoxic - over 120 different species of
plant grow in this material already and pot trials carried out by the Forest Authority indicate
the willow and other short rotation species will also grow successfully in it.
In order to increase organic matter in the growing medium and to supply slow release
plant nutrients the surface layer of the colliery spoil will be mixed with 300 tonnes per ha of
digested sewage sludge cake and will be limed as required. At the same time in order to
encourage and accelerate the formation of an organic top soil layer with suitable structure the
area will be inoculated with earthworms and soil invertebrates. Mycorrhiza will also be
encouraged by inoculation in order to increase the availability of moisture and plant nutrients
and to "tie up" any toxic heavy metals present. A reed bed surrounded by willow will be
developed to filter any leachate.
Current analysis indicates that there is little potentially damaging run-off from the site
but the introduction of both colliery spoil and heavy dressings of sewage sludge may alter this.
Therefore the reed bed and the surrounding willow will act as an insurance against
unacceptable run-off. If analysis shows that this is taking place the run-off will be pumped
back on site to be filtered again.
Key words: contamination, heavy metals, sewage sludge, rehabilitation.
Hallside steelworks project
The main theme of this conference is the use of willow as a biological filter for municipal
waste waters and sludges. This means that the subject of my brief paper today could be
considered somewhat tangential to the main theme of the conference.
It is true that willows will be the main species of tree grown on the site about which I
am to speak and that they will act as a filter for surface and immediately sub-surface drainage.
It is also believed that some of the heavy metals on the site - either those already there or
which are being introduced via the colliery spoil which is to be spread or the sewage sludge
which is to be incorporated from time to time - will be taken up by the willow and other tree
species, but this is only one of the reasons why the project has been designed and will be
implemented as I will outline. The main short-term aim is the visual improvement of a very
unbeautiful area and the release of land for development. I would stress that the proposals I
outline have not yet been carried out. Work should have started but slippage beyond the
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control of my company has, unfortunately, prevented work commencing but it should do so in
the short-term future.
The Hallside Steelworks site is a 32 ha area lying to the south west of the Glasgow
conurbation in an area suffering severely from degradation following the demise of most of
the heavy industries which created so much wealth in the 19th and early 20th Century.
Approximately half the area was used as the actual steelworks and half as the site of a large
spoil heap both of which have now disappeared. In rehabilitating the site there are.therefore,
two main problems to be faced. On the site of the actual works there is no depth of growing
medium - only foundations of long gone buildings. On the site of the old spoil heap there is a
growing medium of a sort but it appears to be so phytotoxic or low in nutrients that little
natural regeneration has taken place over the last 15 years.
Nearby are several colliery spoil heaps - pit bings as they are called in Scotland - from
coal mines long since closed down. The material in these bings - on the surface at least - is
obviously non phytotoxic as there are in excess of 120 spp of plants growing on them and
over the 60 years since the bings were created top soil has developed and soil invertebrates
and fungi have established themselves.
The pit bings cover a substantial area of ground and in order to release this land for
housing development and also provide money for site remediaton it was suggested by my
company that the pit bings should be removed and spread on the steelworks site - there being
sufficient material to provide a minimum of 1 metre of material over the whole site.
Obviously we could not wait for another 60 years for natural vegetation to colonise the site so
we took the opportunity of the availability of almost limitless free supplies of digested sewage
sludge cake to arrange for the incorporation of 300 tonnes per ha of sludge into the surface
layer of the colliery spoil to act as a fertilizer and a "soil" conditioner. This may appear to be a
large amount of sludge but dressings of this magnitude have been regularly surpassed in the
USA.
The use of high levels of organic fertilizer was obviously one way to speed up the
regeneration process and increase the growth of the trees but we had to be sure that trees
would grow successfully in the first place therefore pot trials were carried out by the Forestry
Authority Research Division on our behalf. This established that the tree species and clones
selected would grow. Height, root collar diameter, dry weight, stem numbers, total stem
length and fresh weight were all measured and there was a significant difference in all the
factors except stem numbers between sludge and non-sludge treatment. Following the series
of trials and also based on existing information a number of willow clones for the site were
suggested by the Forestry Authority.
In order to increase the rate of soil formation it was decided to inoculate the site with
earthworms. It is hoped - if it is mechanically possible - to separate the surface material from
the bings before spreading and then spread this separated surface material as the surface layer
on the site. Into this surface layer and the incorporated sewage sludge we intend to introduce
earthworms using a technique developed by the Open University in Britain. Again we carried
out trials using a colliery spoil and sewage sludge mixture and these trials confirmed that a
number of deep burrowing species of earthworm would successfully survive and breed in this
medium.
One fear that is constantly present is that of leachate from the site. Currently the site
has changed little for the last fourteen years and surprisingly, given the analysis shown earlier,
the drainage from the site is remarkably uncontaminated.
Analysis of the water from the main drain taken some weeks ago shows that there are
few problems at present but of course the introduction of foreign materials could well change
this significantly. The problems are likely to be at their greatest immediately after site
preparation. It is expected that the disturbance of the bings will lead to a drop in pH - and the
significance of that to the mobility of heavy metals does not need to be stressed by me. We
170

intend to monitor pH change and dress the site with lime as and when necessary. Of course
when vegetation cover is complete the potential rainfall available for run-off from the annual
average precipitation of 1000 mm will be decreased by approximately 45% so any potential
problems should be reduced but in order to ensure as far as possible that drainage from the site
will not contaminate any water course a filtration system using the willow to be grown on the
site, a limestone filter created by sinking gabions filled with limestone in a crescent around a
reed bed will be designed and created as soon as possible after the site has been prepared to
finished levels.
As an aside it may be advisable to say a few words at this stage on the permissible
levels of heavy metals which are allowed to build up in the soil under current UK Legislation.
These levels are laid down under the Sludge (Use in Agriculture) Regulations 1989 which
enforce provision of Directive 86/278/EEC.
These limits are currently under review and a report of the Independent Scientific
Committee dated November 1993 recommended that the soil limit for zinc should be reduced
to 200 mg/kg over the whole pH range up to pH 7.O. The committee also recommended that
the relationship between pH and phytotoxicity of nickel and copper should be fully addressed.
However the legislation does not co/er land restoration.
A Code of Practice for the use of sewage sludge has been drawn up covering
application of sewage sludge to forestry and agricultural land but to date no final Code of
Practice has been drawn up covering the use of sewage sludge in land restoration. A draft
however is in existence and this states that there is little cause for concern provided that the
phytotoxic and zootoxic limits are not exceeded.
As the approach we are developing at Hallside is innovative we needed to know as far
as possible before we began whether or not it is likely to be successful. The trials with various
tree species and clones and the earthworm trial earlier indicated that trees should grow and
earthworms should increase and multiply in the growing medium. We also need to know what
ability the trees may have for bioremediation. We therefore commissioned two reviews to
examine the current state of knowledge. WRc carried out a Review of the Potential for the
Use of Trees in the Rehabilitation of Contaminated Land and the Forestry Authority Research
Division compiled The Pathway of Heavy Metals through Trees:- A Literature Review.
Both papers illustrated the lack of in-depth knowledge of the subjects and that specific
techniques are largely unproven. Both papers listed a number of recommendations for future
research work and it is hoped that the Hallside Steelworks can serve as a site for a number of
research projects to fill gaps in our current knowledge. Already a Ph.D. project is underway
studying the Spatial Variability of potentially hazardous materials at Hallside Steelworks and
a number of other projects are under consideration.
One common denominator of all projects to decontaminate and/or rehabilitate derelict
land is the enormous costs of such projects. The costs of the Hallside Project are not
insignificant but the total capital cost overall is still small on a unit basis compared to other
methodologies I have examined. When this total cost is considered in the round the cost of
site preparation can be offset against the value of bricks and mortar development which is
taking place because of the land release from the pit bing sites. The cost of the sewage sludge
can be largely offset against the existing and future necessary cost of disposal under the terms
of the EC Urban Works Water Treatment Directive and the ongoing costs of the long term
management of the site can be substantially offset by the use of the short rotation coppice for
energy production.
I trust that this brief explanation of our proposed project has been of interest to you. I
had hoped that by now this project would have been underway on the ground, but as I
explained earlier circumstances outwith our control have made this impossible. However we
have done a considerable amount of R & D in the past three years at no little cost. We have
reviewed the current state of knowledge of the relationship between heavy metals and trees
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and we think we know the important questions which must be addressed .We are confidant
that we have designed a relatively cheap method of greening and stabilising derelict and
contaminated land and we feel that where levels of contamination are not too high we can
reduce that level in the medium term.
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Salix can remove cadmium from arable land - technical and infrastructural
implications
S.-O. Ericson
Vattenfall Utveckling, Box 532,162 15 VÄLLINGBY, Sweden

Introduction
Arable land in Sweden contains some 600 grams of cadmium per hectare in the top soil. The
natural background concentration is 75 %, and the remaining 25 % is the resulting
accumulation of cadmium from all human activities, primarily the use of fertilizers based on
phosphate minerals containing cadmium, and atmospheric fall-out of industrial pollutants. The
balance of cadmium is positive with an annual accumulation of 1.3 grams of Cd per hectare.
Leaching and net removal with crops are insignificant.
The concentration of cadmium in grain has increased. The situation is not yet acute
but it is clear that the present trend has to be broken. Unless the accumulation of cadmium is
terminated the agricultural system will not fulfill the requirements of sustainable
development. The Swedish Environmental Protection Agency has formulated the following
targets:
- Concentration of cadmium in wheat may not exceed 0.1 microgram per gram.
- In the short run the accumulation of metals in arable land should be as low as possible.
- In the long run, a balance between supply and removal of cadmium from arable land must be
met.
Cadnium removal by willows
A Salix plantation removes, according to measurement of samples from several plantations,
typically 20-30 grams of cadmium annually. Recently an environmental fee of SEK 30 per
gram has been introduced on the addition of cadmium to arable land with fertilizers. Thus, we
can quantify the environmental benefit of cadmium removal with Salix at SEK 600-900 per
hectare and year. With a harvest of 12 tonnes of dry matter annually, this environmental
benefit would equal SEK 10-15 per MWh of biofuel.
The concept of Environmental Debt means that our generation principally transfers a
debt to future generations in the form of pollution, damaged ecosystems and depleted
resources. Lacking any objective means of quantifying this debt in monetary terms, it is often
given as the present value of the total cost of remedial or mitigating measures based on the
best techniques available today. For cadmium in Swedish arable land this debt has been
estimated to GSEK 10, which is the present value of the costs for applying limestone to the
soils in order to counteract the absorption of cadmium in wheat.
Contaminated biofuels and ashes
When Salix is used as a fuel the ashes will contain approximately 150 grams of cadmium per
tonne. This is 10-20 times higher than what is usually found in ashes from other biofuels, and
approximately 50 times higher than normal concentrations of cadmium in coal ash. Recycling
of such ashes to arable land cannot be justified. Recycling to forests can also be questioned.
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When Salix is used, the environmental advantage of removing this amount of cadmium from
the soil can be estimated to SEK 4 500 per tonne of ashes from Salix.
Bumed together with other biofuels, even a small fraction of Salix in the fuel can
have a significant impact on the cadmium concentration in the combined ash. This can reduce
acceptance among forest owners regarding recycling of ashes to forest land. These prospects
can be seen as complications among Salix proponents in the phase of introducing Salix as a
competitive biofuel among other biofuels.
Similar restrictions on recycling of ashes can be applied to fuels extracted from areas
suffering from fall-out of radioactive cesium. Such fuels can probably create ashes so rich in
cesium that recycling to clean forests would be regarded as pollution with cesium.
Cadmium is volatile in combustion conditions and in any type of fuel there is a
tendency that cadmium is concentrated on the finer particulates of the fly ashes and that the
bottom slag is depleted in cadmium. In our studies of samples of ashes from boilers using
different types of biofuels we. have seen a similar tendency. In some boilers there has been a
very strong concentration to the fly ashes on repaeted sampling occasions. In other boilers
there have been fairly equal concentrations of cadmium in the different streams of ash. Present
knowledge does not provide any explanation of these differences. It is not possible to predict
the behaviour of cadmium in a specific boiler without measurements.
Probably it is possible to design the flue gas cleaning installations from standard
components and achieve a fairly good partitioning with ashes and mineral nutrients separated
from most of the cadmium recovered concentrated to a small fraction of the ash.
Theoretical calculations indicate that it is possible to remove cadmium almost
quantitatively from the ashes with a properly designed thermal treatment. We have verified
this with some initial laboratory tests. This opens the possibility to clean the ashes from
cadmium and recover the cadmium concentrated for controlled disposal or possibly technical
use. This technique would be very similar to techniques used to remove cadmium from
phosphate minerals or for treatment of waste materials from manufacturing of nickelcadmium accumulators.
These theoretical calculations also indicate that cadmium probably behaves in an
even more volatile manner when biomass is gasified. The consequence of this would be that
cadmium might escape through normal gas cleaning equipment and potentially create a
problem with emissions in the flue gases. This may, however, alternatively be an advantage as
it would create a possibility to recover the cadmium in a separate cleaning step separated from
the ash.
Conclusions
We see that the capability of Salix to extract cadmium from the soil can be developed into a
practical way of cleansing polluted soil, or soil with naturally high concentration of cadmium,
and recovering the cadmium in a small fraction of the ashes for controlled disposal or
recovery for technical use.
The target set by the Environmental Protection Agency will initially reduce the
increase in cadmium concentration and later lead to a steady state. With Salix plantations it
seems possible to achieve a considerable decrease in the amount of cadmium in the soil. This
can help in situations with naturally elevated cadmium concentrations and it may also provide
a way back to pre-industrial concentrations of cadmium in soil.
Even if the plantation is fertilized with sewage sludge, the net effect will be a rapid net
removal of cadmium.
Further research has been or will be initiated related to the following problems:
-Long term follow-up of cadmium concentration in soil in Salix plantations
-Study of Cd uptake from different depths and in different chemical or physical forms.
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Using the SALIMAT technique to establish a willow vegetation cover on
wet substrates
B.DeVos
Laboratory of Forestry, Faculty of Agricultural Sciences, University of Ghent,
Geraardsbergse Stw, B-9090, GONTRODE, Belgium

Abstract
Dredging of inland waterways in the Flanders region (Belgium) 'produces' about 1 500 000
million m3 yr'1 of slightly polluted sludge. This material, which consists mainly of soil
particles, is hydraulically transported to lagoons where the suspension is dewatered by
superficial draining.
Due to its wet conditions the sludge deposit is an impassable swampy terrain. As a
consequence, normal planting methods cannot be used. Through applied research the
SALIMAT technique was developed as a practical, low-cost and mechanized planting method
for willow species.
SALIMAT consists of a roll of willow rods rolled around a central disposable tube.
Biodegradable string is used to tie the rods in place. The SALIMATS are unrolled
(horizontally) by dragging them across the lagoon with a crane and drag line. Under its own
weight SALIMAT sinks slightly in the sludge and plants itself. It is protected from desiccation
by a water and sludge layer.
In each SALIMAT, clones from Salix triandra L. and Salix fragilis L. are mixed to
avoid the risks of mono-clonal plantings. Analysis of growth, vitality, nutrient and heavy
metal take-up are carried out in order to assess ecotoxicological effects.
Considering its good growth response (biomass boom), SALIMAT seems at present to
be the best available technique to introduce vegetative planting material on recent marshlands
and organic or inorganic sludge disposal sites.
The technique offers many advantages: i) off-site mechanical manufacturing, ii) easy
to store and transport and iii) applicable during several months when field conditions are
optimal.
Key words: dredged material, sludge, willow, planting method, heavy metals, ecotechnique.
Introduction
Due to poor waste water management during the last decades, most fine grained sediments of
the Belgian inland waterways are polluted with contaminants. Periodic dredging is vital to
fulfil future navigation needs. In the Flemish region, the annual placement of dredged material
onland is estimated at 4 000 000 m\ Part of this volume (1 500 000 m3) consists of nonbrackish silt, hydraulically transported as a suspension to landfill lagoons and dewatered by
superficial draining. The dredged silt is enriched with an excess of nutrients, heavy metals,
organic compounds (i.e. petrochemical by-products and organohalogens), pesticides,
microbes, etc.
The silt, however, consists mainly of mineral particles and organic material and is
therefore a useful substrate with a soil matrix. Due to the degree of pollution, agriculture is
not considered to be a suitable destination for dredged sediments. Forestry or biomass
production can be a valuable alternative and allows the possibility of benefiting from the
richness of dredged silt.
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A dredging project, involving 30 000 m3 of slightly polluted silt, offered the
opportunity to develop a full-scale research project. The aims of the research project are
twofold: (i) to develop afforestation techniques and (ii) to assess the ecotoxicological impact
and consequences in a forest ecosystem.
Dredged silt characteristics
Dredged silt consists mainly of fine grained mineral particles with the silt fraction (2-50 um)
being the most important particle range. Silt fraction ranges from 35 to 60 wt%, clay fraction
(< 2 pm) between 20 and 35 wt% and sand fraction (> 63 um) less than 35 wt%. The total
mineral fraction is often more than 80% of total oven dry weight. Analysis of the dredged
material after superficial dewatering shows moisture content values between 30 and 110 wt%.
Bulk density is generally situated between 0.6 and 0.9 Mg m*3. Table 1 summarizes some
characteristics of the silt used for afforestation experiments.
Table 1. Dredged silt characteristics (min - max range)

Organic material content
Carbonate (CaCO)
pH-H2O
pH-CaCl2
Electrical conductivity
Cation exchange capacity

3-11%
6.3-7.9%
6.3 - 7.6
6.2-7.2
951- 2980 uS cm"1
0.25-0.34 meqg 1

The plant available macro nutrient content of the silt, estimated by NH4Ac EDTA (pH
4.65) extraction, is evaluated as very high for the elements P (212 ± 58 ppm), Ca (2.95 ±
0.05%) and Mg (577 ± 99 ppm). Potassium (192 ± 44 ppm) is available in normal quantities.
Kjeldahl-nitrogen in the silt ranges from 2210 to 3770 ppm.
The pollutant concentration ranges in the dredged silt are given in Table 2.
Table 2. Heavy metals and organic pollutants in dredged silt at the experimental site
(min - max range)

POLLUTANT
Cd
Hg
Pb
Zn
Cr
Ni
Cu
Fe

Oil & grease
PCB

PAH (total)
EOX

RANGE (ppm)
2.5 -17.7
1-3

26-270
61-1112
8-165
4-33
16-151
4000-16400
645 - 8620
0.2
4-7

13-23
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Salimat technique
New techniques have been tested in order to initiate a pioneer willow vegetation cover on an
impassable swampy lagoon, immediately after hydraulical landfill. No successful results were
obtained by sowing willow seed, mainly due to limited conservation and germination capacity.
Applied research showed that introduction of loose plant material (cuttings, seeds) is generally
not successful. The plant material floats away due to rainfall or superficial draining before
taking root. As a consequence, techniques, where the biological reproduction material
introduced is not anchored in the silt, have little chance of success.
Vertical planted cuttings in the quagmire using a small boat showed acceptable results
but introduction is expensive and highly labour intensive. The most efficient and low-cost
introduction method was found to be horizontally inlayed willow-rods. An improved
mechanised version of this method is called the SALIMAT technique.
SALIMAT consists of a roil of willow rods rolled around a central disposable tube.
Biodegradable string is used to tie the rods in place. The SALMATS are unrolled horizontally
by dragging the tube across the lagoon with a crane and drag line. Under its own weight
SALIMAT sinks slightly in the silt and plants itself. It is protected from desiccation by a water
and silt layer.
In the first SALIMAT experiment on a large scale, clones from Salix triandra L. and
Salix fragilis L. were mixed to avoid the risks of mono-species or mono-clonal plantings.
Analyses of growth, vitality, nutrient and heavy metal take-up were carried out in order to
assess growth-response and ecotoxicological effects.
Summarizing some positive effects of the SALIMAT technique:
-

Both manufacturing (off-site) and introduction can be mechanised
Storing SALIMAT and transport is easy
High efficiency and low cost introduction technique
Plant material (willow rods) is commercially available in large quantities
A high density vegetation cover is established in a short period of time (5 months)
The technique is applicable in very wet conditions on unsupportable (not consolidated)
substrates
It leads to a high biomass build-up.

The benefits are:
-

Consolidation of the silt
Increased dewatering as a result of transpiration
Rooting and biomechanical stabilisation of the substratum
Easy method to create a vegetation cover and pioneer forest on slightly contaminated sites.

Initiating a pioneering forest is essential for several reasons:
- initiating pedogenetic mechanisms
- primary rooting and increasing bio-accessability of the soil
- formation of a better soil structure (aggregation)
- creation of a forest micro-climate
- initiating biogeochemical cycles with the formation of litter and the activation of a soil
biotic community
- build-up of the organic cation exchange complex (humus) in addition to the CEC of the
mineral soil.

177

The pioneer forest will in time produce better conditions for more demanding tree
species, herbs and soil organisms.
Application of SALIMAT has, however, several constraints:
Moisture content
Substrate should be wet or saturated with water to allow optimal rooting of the SALIMAT
rods.
Density
It is vital that SALIMAT sinks slightly in the substrate. The technique is not suited to gravel,
sandy textures or consolidated silt (crusts).
Texture
Experiments showed that SALIMAT introduction is not successful on mineral sabstrates with
a sand fraction above 60 wt%.
Introduction period
SALIMAT introduction is restricted tö the period from November until the end of April.
Dredging activities should be planned to finish landfill during this introduction period in order
to optimize field conditions for SALIMAT application.
Salimat characteristics
Density
Using the SALIMAT technique, willow rods are laid horizontally on the surface to generate a
high density of shoots per hectare. The density is related to the distance between the willow
rods (Figure 1). As could be expected, a distance of 10 cm between the rods leads to the
highest shoot density (650 000 stems ha'1 ). Although SALIMAT consists of 50% Salix
triandra 'Noir de Vilaines' (NDV) and 50% Salix fragilis 'Belgisch rood' (BR), shoot density
in the latter is higher. Note that damage by wildlife and die-off caused by competition is
minimized at 20 cm spacing.
Height growth
Figure 2 illustrates SALIMAT's growth in height and growing rate during a 5 months
observation period. Note the difference between the two species and the accelerated growth
after 50 days caused by favourable weather conditions. Maximum growing rate during the
g. iwing season exceeds 3 cm day'1 for BR.
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Figure 1. Effects of distance between willow rods on shoot density (analysis based on 12
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Figure 2. Height growth and growing rate in 1993.
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Biomass
Based on sampling of 12 plots (3.14 m2 each), the average.aboveground wood biomass after 1
year of growth is calculated and shown in Figure 3.
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Figure 3. Aboveground wood biomass (no leaves) related to distance of willow rods (g d.w.t/m2).

Based on average figures, one can calculate an overall density of 400 000 stems ha'1.
After 1 year of growth the aboveground biomass per ha is estimated as 40 tons of fresh
weight, consisting of 14 tons of dry biomass and 26 tons of water. The total foliage equals
3 300 kg ha'1 of dry matter. Inorganic ash content of willow foliage is ca. 10% of dry weight.
Uptake of elements
Concentration of macro nutrients in the leaves of SALIMAT willows is shown in Table 3.
Note the different concentrations of nitrogen in the leaves between the species.
Table 3. Macro nutrient concentration in leaves of SALIMAT willows
CLONE
BR
BR
NDV
NDV

Na
(ppm)
2.14
243
0.26
1.77
0.17
2.79
2.39-3.14 0.21 - 0.32 1.45-2.68 1.27-2.26 0.13-0.21 167-404
228
3.55
0.30
1.94
1.19
0.16
3.12-4.03 0.24 - 0.39 1.58-2.58 0.94-1.61 0.13-0.18 164-312
N
(%)

Mean
Range
Mean
Range

P
(%)

K
(%)
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Ca
(%)

Mg
(%)

Uptake of heavy metals is illustrated in Table 4. Compared with the reference (identical clones in the nursery), higher levels of Zn, Cd, B,
Mn and Al in the leaves can be observed. Note also the difference in cadmium concentration between the two species. These results confirm other
findings that heavy metal uptake is species- and even clone-specific, as shown in Figure 4.
Table 4. Concentration of heavy metals in leaves of SALIMAT willows compared with their reference in the nursery
LOC

CLONE SAMPLES

SILT
SILT
SILT
SILT

BR
BR
NDV
NDV

(#)
18
18
18
18

REF
REF
REF
REF

NDV
NDV
an
BR

S
5
5
5

Mean
Range
Mean
Range
Mean
Range
Mean
Range

Cr
(ppm)
2.68
1.23-4.90
2.96
1.71 -6.13
7.50
3.0-10.8
8.20
3.5-11.3

Zn
(ppm)
1432
1095-3033
1691
1317-3814

Cci
(ppm)

662

4.5

579 - 737

3.7 - 6.4

As
(ppm)
7.3
5.3 - 22.4
16.0
7.0-41.5
n/a
n/a

262

3.5

n/a

216-332

2.6 - 3.9

n/a

6.5

4.4 - 20.3
16.0
6.0 - 40.7

1071
908 • 2060

Fo
(ppm)
128
117-228
93
76 - 158

Al
(ppm)
48.3
32.1 - 80.9
40.6
32.9 - 59.0

367

142

25.0

Cu
(ppm)
12.1
11.8-15.9
10.9
10.3 - 14.7
9.2
8.6-10.8
10.4

427
248 • 651

164
121-212

17.5-31.1

213-608

126-175

19.9-31.4

9.6-11.4

B
(ppm)
99.6
66.0-188.7
47.9
47.4 -120.5

Mn
(ppm)
959
715-1919

29.1
26.5-31.6
52.5
45.8 - 60.3

22.9

Figure 4 shows some analytical results of total Zn content in wood, bark and leaves of three Salix clones (2 species) compared with their
references in the nursery. Concentration levels differ with species, variety and plant-organ. The responses of other clones of the same species
(Salix triandra L.), however, are completely different: 'Black German' (BG) accumulates Zn in contradiction to NDV. Heavy metal content in
wood is always low compared with bark or leaf content. Hence, removal of heavy metals by wood export does not seem to be relevant.
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Conclusions and perspectives
- Slightly polluted dredged silt can be considered as a resource. Biomass production and
forestry can benefit from the richness of the silt.
- SALIMAT was found to be the best available technique to initiate pioneering vegetation
cover on wet, structureless quagmire, impossible to walk on and to plant with normal
methods.
- SALIMAT is expected to be useful for willow introduction on recent marshlands and
organic or inorganic sludge disposal sites.
- A very dense stand of willows is produced with a high biomass build-up.
- Uptake of heavy metals is species, clone and site specific. Different levels of heavy metal
content are observed in leaves, bark and wood.
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5. Theoretical considerations
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Development of a rapid testing facility for vegetation based wastewater
treatment systems
N. Sweet and V. Woods
Waste Disposal Division, Water Research centre,
Medmenham, Henley Road, Marlow, Bucks SL72HD, UK

Abstract
Water Research centre (WRc) is currently undertaking research into the use of short rotation
coppice (SRC) for the treatment and disposal of organic wastes. As an adjunct to this research,
a test is being developed to assess the potential of SRC to treat a variety of liquid effluent
streams. Salix species have already been found to differ significantly in their take-up of
nutrients and heavy metals from soil. This test should enable a large number of varieties to be
rapidly screened to identify those which have the greatest potential for use in liquid waste
treatment systems.
The test is based on nutrient film technology which is well established in the
commercial glasshouse industry for plant production in the absence of soil. This approach
permits the isolation of the action of the trees on effluent streams from that of the soil.
The system may potentially be used to investigate the level of BOD and SS reduction,
and nutrient and heavy metal removal by plants, from substances such as industrial effluents,
farm dirty water or landfill leachates. In particular the technique may be used as a design tool
to identify appropriate species to be included in a treatment system tailored to a particular
liquid waste. One of the techniques greatest attractions is the short time-frame over which the
test may be conducted.
The WRc test facility is designed in a modular fashion to enable easy expansion of the
facility. Current system specifications are:
- two independent pumped circulation systems each with 6 channels
- closed channed operating to minimise algal growth
- rockwool and vermiculite growing media
- automatic nutrient, pH and conductivity control
The paper describes the early development stages of the technique and explores its
possible uses.
Key words: nutrient-film technology, liquid effluent, waste treatment.
Introduction
The use of vegetation based waste water treatment systems is becoming increasingly common
in a wide range of situations. For example, overland irrigation of liquid effluents and liquid
organic waste streams such as landfill leachate, dairy washings (Schwer & Clausen, 1989),
farm wastes (Edwards et al., 1983) and with municipal waste water (Overman & Schanze,
1985) have been recognised as a management option in the UK, Scandinavia, the USA and
Canada (Menser et al, 1979, 1983; Roberson & Maris, 1979; Rowe, 1979; Hawley, 1983;
Ankers & Ruegg, 1994). In Finland leachate irrigation of willow plantations on a landfill area
is being used to treat the leachate as well as to increase the rate of liquid removal from
landfills through evapotranspiration (Ettala, 1987). General conclusions from these and other
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studies are that vegetative treatment systems are often cost effective in comparison with other
leachate management systems.
Vegetation-based systems can offer a number of important properties:
•
•
•
•

Provision of a root structure to facilitate leachate treatment by biological chemical and
physical processes.
Provision of a sink for the uptake of nitrogen.
Provision for loss of water by evapotranspiration.
Reduction soil erosion.

WRc is currently undertaking research into the use of short rotation intensive coppice
(SRIC) as an organic waste recycling system, particularly in the context of sewage sludge
recycling. As an adjunct to this research, a nutrient film technique unit (NFT) has been
developed to assess the potential of SRIC for the treatment of a variety of effluent streams.
Nutrient film technology is well established in the commercial glasshouse industry for crop
production in the absence of soil media. Plant material is raised in channels where the plant
roots are bathed by thin films of circulating solutions which contain the essential nutrients for
plant growth. The technique can be used to examine the response of test plant or tree species
to a range of liquid organic wastes, and to assess the ability of the plants to ameliorate the
waste stream. An obvious attraction of the system is the short time frame over which the test
may be conducted; a range of plant species and/or circulating solution strengths could be
evaluated in one to two months.
Nutrient removal by willows and poplars
Both willow and poplar varieties have been shown to generally respond well to fertilisation by
a range of organic waste sources. However, Salix and Populus sp have also been found to
differ significantly in their take up of nutrients and heavy metals from the soil. The natural
variation within Salix species means that it is inevitable that certain clones will be more
efficient than others at removing nutrients from soil solution. For example, Figure 1 illustrates
the nutrient content in stem material from 8 varieties of one year old willow. It is important
that this data is considered together with yield data for the appropriate varieties. Figure 2
shows the stem nutrient uptake for the same 8 varieties of willow expressed as kg/ha removed
from the site. This illustrates that although Bowles Hybrid may have a lower concentration of
nutrients in the stem tissue than cricket bat willow for example, the increased yield from
Bowles means that a larger quantity of nutrients is taken up by the crop per unit area of land.
System operation
Example: Determination of the nutrient uptake ability of two varieties o/Salix
The WRc NFT unit is currently being utilised to assess the natural variation in nutrient uptake
present in the range of poplar and willow clones to identify those clones best suited to use
with nutrient rich effluents. Stems of two varieties of willow were cut into 15 cm cuttings and
grown in rockwool blocks in deionised water. After three weeks, 24 well rooted cuttings were
selected for uniformity, and then placed in the NFT unit which at this stage was running with
deionised water only. Each variety was placed in an independent circulating system with four
cuttings of a single variety in each channel. Identical nutrient solutions were then introduced
into the two circulation systems (see Table 1), and samples were removed from each of the
tanks for analysis for initial nutrient content of the solution. An ammonium nitrogen source
was used in this example.
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Figure I. Stem nitrogen contentfor 8 varieties of willow.
Table 1. Macro nutrient composition of standard complete nutrient solutions based on ammonium
sulphate at 8 mg equivalent/litre. Details of sock solutions used for the preparation of 1001

Salt

weight

MgSO47H2O

36.8

200 ml

Na2HPO412H2O

47.8

400 ml

K 2 SO 4

34.8

400 ml

CaCl2

44.4

200 ml

(NH4)2SO4

52.8

200 ml

Stock solution used

From Hewitt (1966)

Plants were then grown on in the system for two weeks. At the end of this period plant
material was harvested (6 replicate channels per test variety), air dried at 80° C, ground by
hammer mill to pass lmm and then analysed for nitrogen content following the method of
Petts and Belcher (1980).
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Current system specifications
The WRc test unit is designed in a modular fashion to enable easy expansion of the facility so
that a number of separate issues may be addressed. For example, the system may potentially
be used to investigate the level of BOD and SS reduction, as well as nutrient and heavy metal
removal by plants from industrial effluents, farm dirty water, landfill leachates or other
organic liquid wastes. In particular the technique may be used as a design tool to identify the
most appropriate species to be included in a treatment system tailored to a specific waste
stream. One of the greatest attractions of the system is the short time-frame over which the
test may be conducted. Currently the system is operating with the following specification:
•
•
•
•

Two independent pumped circulation systems with 6 channels per system.
Closed channel operating system to minimise algal growth.
Rock wool and vermiculite growing media.
Automatic nutrient, pH and conductivity control system.

Additional tanks and pumps can easily be added to the system to give an even greater
degree of flexibility.
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Figure 3. Salix viminalis
Bowles Hybrid' and Salix
viminalis x triandra 'Q83'
established
in
separate
circulation channels of the
system.

Figure 4. System inlet pipes.
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Figure 5. Root development
Salix viminalis x triandra 'Q83'.

Key for graphs
Q83
BOWH
DAS
CIN
COL
STIP
PEN
CRB

- Salix viminalis x triandra 'Q83'
- Salix viminalis 'Bowles Hybrid'
- Salix dasydados
- Salix cinerea x viminalis x aurita = x hirtea 'Reifenweide'
- Salix x serkans 'Coles'
- Salix viminalis var. stipularis
- Salix pentandra
- Salix alba var. caerulea 'Cricket Bat'
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New willow clones for short rotation coppice from Svalöf Weibull AB
S. Larsson
Svalöf Weibull AB, S-268 81 Svalöv, Sweden

Willow - an alternative crop
In Sweden willow is a new agricultural crop with exciting prospects. Approximately 500 000
hectare of arable land will be taken out of grain production in the near future and willow is
currently the most promising alternative.
The Swedish market for biofuels is rapidly increasing. Production of wood fuel is
more attractive today because of rising prices and recent environmental taxes on coal, gas and
oil. The area of short rotation coppice in Sweden is still small, at about 12 000 hectares, but is
expanding swiftly. There is also a growing interest in Sweden and other European countries to
use willow as a biological filter for waste water and to use sludge in willow plantations as
fertilizer.
Willow breeding at Svalöf Weibull AB
Svalöf Weibull AB began a willow breeding program in 1987, to increase biomass yield and
improve resistance to insects, fungal diseases and frost. Yield trials are located at five sites in
central and southern Sweden, as well as in England, Northern Ireland and Denmark.
15 000 new clones each year
Approximately 15 000 new clones are generated annually from new crosses, and established
as single plants. The best 1 500 of these are selected for resistance to rust, insects and frost,
and for general vitality, and after multiplication placed in observation trials. After a further
2-3 years the most promising amongst the remaining clones are planted in larger yield trials.
The breeding strategy is to develop a rolling programme, in which new superior clones are
released each year, thereby minimizing the disease problems associated with over-reliance on
a limited clone range.
25% higher biomass yield?
The average yield of short rotation coppice in Sweden today is estimated at about 12 tonnes
dry matter per hectare annually. The breeding programme target is to raise yields by an
average of 25% within 10 years.
Willows from Russia
To increase the genetic diversity new willow clones have been collected in Russia. During
1989 willow material was gathered in the Kirov region, followed in 1990 by collections in
Siberia, from Novosibirsk to the river Amur close to the Chinese border. Altogether about 700
new clones have been amassed. Both intra- and interspecific crosses are being made between
the best clones from the existing breeding programme and the new Russian material.
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New clones for the market
Two clones named Orm and Rapp, are already on the market. This year two new clones, Jorr
and Jorunn, will be marketed. These clones represent the first generation bred clones from
Svalöf Weibull AB, with higher yield and an improved resistence against rust and insects. All
clones produced by Svalöf Weibull AB will be protected by International Plant Breeder's
Rights.
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Radiation regime measurements within the willow plantation
M. Sulev
Institute of Astrophysics and Atmospheric Physics
Estonian Academy of Sciences, EE2 444 TÖRAVERE, Estonia

Abstract
Use of solar radiation by a willow plantation depends on the architecture of the plants and
geometrical structure of the plantation. Thus, measurements of the radiation regime are
important when choosing an optimal geometrical structure of the plantation for clones with
different architectonic structure of the plants. On the other hand, natural measurements of the
radiation regime of a willow plantation are rather complicated because of the spatial
inhomogeneity of the object. A sufficient spatial averaging is needed to get statistically
reliable results. A special device for radiation measurements within the willow plantation was
designed. The device enables measurements of global and phytoactive radiation fluxes and net
radiation on different levels using a horizontal spatial averaging of about 5 meters.
Key words: solar radiation, net radiation, willow plantation.
Introduction
Among the environmental factors affecting plant growth, solar radiation has a central role as
being the only source of energy for the processes of photosynthesis and at the same time an
essential component of the plant cover energy balance. It has been shown that the growth rate
of several agricultural crops increases linearly with increasing amount of intercepted
photosynthetically active radiation (PAR) (Monteith, 1977), and a number of investigations
have shown a similar relationship between intercepted PAR and (aboveground) dry matter
production in forest stand (e.g. Linder, 1985; Grace et al., 1987). But solar radiation is only
one of the many factors affecting dry matter production, a large variation in the efficiency of
PAR conversion is possible. In other words, the supply of light sets a limit to potential
production, but if light is not a limiting factor then other variables may be more determinant
for the actual production. In order to estimate productivity, determine limiting factors, choose
optimal geometrical structure of the plantation etc, a quantitative description of the withinstand radiation regime is needed. The first parameter that has to be measured is the vertical
distribution of radiation penetrating into the canopy, i.e. the mean values of the fluxes of solar
radiation and (or) PAR on different levels. This parameter is needed even in the simplest
growth model (Eckersten et al., 1983). But because of the dependence of leaf photosynthesis
rate upon irradiance being nonlinear, the temporal and spatial variation of radiation on leaves
is necessary for more complicated models (Häri et al, 1985).
Plant production modelling
In the literature we found results from field measurements of the radiation for agricultural
crops and a few attempts to measure the radiation in forests. The most important breakthrough
in the mathematical modelling of plant production during recent decades has taken place in
the construction of dynamic models for annual crops. Modelling the productivity of the forest
community has been less successful due to the much more complicated structure and function
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of the forest organisation (Hari et al., 1985; Oker-BIom et al, 1991). As a rule, stands of
agricultural crops comprise one species only and all the plants are practically of the same age
and height. This means that the canopy can be considered as a horizontally homogeneous
medium. In contrast, the forest usually comprises more than one species, the trees are placed
irregularly and their age and height varies widely. The willow plantation includes features of
the agricultural crops (only one species, regular structure of the stand) and the natural forest
(relatively large size of the individual plant and distance between them, variable height and
other geometrical parameters of the plants). This means that the radiation field inside the
willow plantation is horizontally heterogeneous and variable. Temporal variations are induced
by the sun's passage and by cloud movements, also by movement of branches and leaf flutter.
Spatial variations are caused by location of the plants and by plant architecture.
Technical implementation of radiation measurements
The complete arrangement for within-stand rndiuUun measurements must include sensors to
measure downward and upward fluxes of the solar radiation and PAR and the net radiation as
an important component of the canopy energy (heat,) 'balance. All measurements must be done
on several levels to calculate vertical profiles. In addition, measurements of the incident solar
radiation (downward flux outside of the canopy) are needed and, preferably, also the solar
radiation reflected from the canopy (upward flux above the canopy).
There are two possibilities to get reliable results when measuring parameters of
stochastic fields like radiation field inside the canopy. The first is to use an arrangement with
fixed sensors placed regularly, in the simplest case uniformly on a straight line. The other is to
operate with a single sensor moving at a constant speed. The advantage of the former is that it
enables separation of the spatial and temporal components of the variation, while the latter
only permits measurements of the joint spatial and temporal variation. For both methods, a
suitable measuring scale (length of the arrangement of the sensors or of the way of the moving
sensor) and sampling rate (distance between sensors or interval between taking readings from
the moving sensor) is needed.
Using the theory of mathematical statistics, it is possible to calculate the abovementioned parameters needed to get results with the required confidence level. But knowledge
of statistical characteristics of the object is needed. It was not possible to find desired
information for cultivated willow plantations and thus can only consider earlier experience
and results from investigations of similar objects (e. g. maize crop, forest, etc.) in addition to
the known geometrical structure of the willow plantation (location of the plants). Accordingly,
it may be assumed that the length of the transect must be about 10 m as a minimum and the
sampling rate about 10 to get statistically significant mean values. To get statistical parameters
of higher stages (distribution and correlation functions, spectral density etc.), the sampling rate
must be many times larger (depends on the spatial resolution required). This means that we
must have 10-100 sensors on the horizontal line with a minimum of 10 m in length on each
level when using fixed sensors. In case of moving sensor(s), the path of passage must be not
less than 10 m and 10-100 readings must be taken on it. Both of these possibilities are
technically quite complicated to achieve, as well as being expensive.
As the first attempt to start detailed radiation measurements within a willow
plantation, a special device was designed. The device consists of a 6 m long rail along which a
carriage with the sensors moves with a speed of 0.03 m/sec. On the carriage, two
pyranometers by Reemann, two LI-COR LI-190SA quantum sensors, and a miniature net
radiometer by Reemann, are mounted. The rail may be fixed and levelled at different height by
means of two stationarily mounted vertical masts. This enables measurements to be made of
solar radiation and PAR fluxes from the upper and lower hemisphere and the net radiation on
different levels. On one of the masts, a downwards-looking pyranometer and a net radiometer
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are mounted for measurements of solar radiation reflected from the plantation and the net
radiation above the canopy. An extra pyranometer outside the plantation is used to obtain
incident solar radiation. A Delta-T datalogger with a notebook computer is applied for data
acquisition and processing. The field experiments were started during the summer of 1994.
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Phytometrical measurements of the structure of the willow forest
V. Ross
Institute of Astrophysics and Atmospheric Physics
Estonian Academy of Sciences, EE2 444 TÖRAVERE, Estonia

Abstract
The radiation regime and the photosynthetic productivity of plant canopies depend essentially
on the spatial structure. To describe the spatial structure, a complex of following
phytometrical characteristics must be known:
1)
2)
3)
4)
5)
6)

Vertical leaf area distribution
LAI and its dynamics during the growing season
Leaf area orientation
Vertical distribution of biomass for individual plants as well as for the whole
plantation
Distribution of biomass between plant organs (leaves, shoots, roots, etc.)
Three-dimensional parameters describing the spatial inhomogeneity of leaf area and
biomass

As a rule, the direct phytometrical measurements are labour-consuming and often
destructive for plants. Therefore, great effort has been put into finding indirect methods for
determining the above-mentioned parameters using simple measurements and allometrical
functions. Some preliminary results obtained at Töravere will be presented.
Key words: spatial structure, leaf area distribution, leaf area index, phytomass distribution.
Introduction
The radiation regime and photosynthetical productivity of a plant canopy depends essentially
on the spatial structure (architecture) of a given stand. "Architecture" can be defined as a set
of features delineating the shape, size, geometry and external structure of a plant (Ross, 1981).
In turn, the plant can be regarded as a combination of elements of organs (leaves, stems,
flowers, roots etc.) which are spatially arranged in a certain way.
To describe the spatial structure of plant stand a complex of phytometrical
characteristics must be known. Some of the more essential parameters will be discussed in the
following.
Leaf area vertical distribution and LAI
The vertical leaf area distribution for a single plant can be described by the function SL(z)
which characterizes the leaf area in unit volume of plant at given height. Summing-up the
foliage area density over all the plant volume gives us the total leaf area of the plant,

199

= J SL(z)dz
Z2L

where ZIL and Z2L are, respectively, the uppermost and the lowermost levels of leaves.
For a plant stand, the leaf area distribution is given by function UL (Z) and the leaf area
index (LAI)

Lo = J u L ( z ) dz
Z2L

Since plants have various heights_and total leaf areas, the SL(z) - curves of different
plants are presented in normalized form S]Jz) with normalizing condition in order to enable
comparison
1

J S L (z.)dz=l
0
where relative plant height z" varies from 0 to 1 (Ross & Ross, 1969). From our experiments it
may be concluded that at a given moment of time the normalized leaf area vertical distribution
function SL(Z) has a comparatively constant form that is independent of the plant height hp
and total leaf area SL. There is a linear regression between S L and hp. The plant height hp is,
in a first approximation, subject to the normal distribution.
The vertical foliage area distribution in a stand can be calculated when the following
initial data are known:
1)
2)
3)

Mean relative plant foliage area density as a function of the relative height
Distribution function of plant heights
Regression between the total leaf area and the plant height for individual plants

Some experimental results obtained at Töravere for first-year willow shoots (clone
78021) are presented below. In Figure 1, the relative vertical leaf area distribution is shown.
The distribution curve has a maximum at a relative height of z~= 0.8. About half of the total
plant leaf area is situated in the upper third and 70% of leaf area is higher than z = 0.5
(Figure 2). The low value of LAI (LQ = 0.2; Figure 3) is caused by the low density of stand
(32 000 shoots per ha) and mean height of plants (hp = 130 cm).
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Leaf area orientation
The radiation regime in plant stands depends not only on the total leaf area, but also on the
spatial orientation of the leaves.
The orientation of leaves is characterized by the distribution function of leaf normals
gL(z- 6 L . <1>L) ( R ° S S & Nilson, 1967). Here 9 L is the leaf normal inclination from the vertical
direction and <t>L - its azimuth. In general leaves can be oriented in all directions. Usually there
is no preferred azimuth orientation. Depending on the inclination, some specific cases can be
identified:
1)
2)
3)

Horizontal orientation (leaf normals are oriented vertically)
Vertical orientation (leaf normals are oriented horizontally)
Uniform orientation (leaf normals are oriented equally in all directions)

Phytomass vertical distribution and distribution between plant organs
"The vertical phytomass distribution will be described in principle in the same way as leaf area
distribution. For every plant organ a phytomass density function u mi (z) may be determined
(here i denotes leaves, stems, roots etc).
The relative dry matter vertical distribution for single plants is presented in Figure 4
(leaves) and Figure 5 (stems) with normalizing conditions.

J ffii(z)dz
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In solving the problems of photosynthetic productivity of plants, the phytomass
distribution between plant organs is often required. Here a method of a "statistical mean plant"
may be used, which is a plant where all parameters (plant height, stem diameter, number of
leaves etc.) are numerically equal to the mean values of these parameters in the stand (Ross,
1969). This method allows the successful determination of fresh weight as well as the dry
weight of each plant organ.
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Three-dimensional parameters
The three-dimensional parameters uL(x,y,z) and umj(x,y,z) allow us to describe the spatial
inhomogeneity of the leaf area distribution and the phytomass of plants in a stand. For willow
forest, these functions along the rows are of non-periodical character, whereas across the rows
they are of periodical or semiperiodical character.
As a rule, the direct phytometrical measurements are labour-consuming and often
destructive for plants. Therefore, great effort has been placed on finding indirect methods for
determining the above-mentioned parameters using simple measurements and allometrical
functions.
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Kågeröd wastewater recycling experiment
K. Hasselgren
Svalöv Community, S-268 80 SVALÖV, Sweden

Introduction
Cultivation of selected species of willows, i.e. Salix spp., for energy purposes is rapidly
increasing in Sweden. The total production costs of chips from energy willow forestry by
known technology amounts to 125 SEK/MWh. Ongoing R&D projects indicate that within
5 to 10 years time the costs would decrease to 100 SEK/MWh or lower due to technology
improvements.
Fertilization is of great importance and corresponds to 15-20% of the chip production .
cost, i.e. about 20 SEK/MWh. As an alternative to manufactured and imported fertilizers,
recycling of various waste products, rich in nutrients, such as municipal wastewater, sewage
sludge, ashes as well as leachate from sanitary landfills is discussed.
Earlier small-scale lysimeter tests have clearly shown that wastewater irrigation in
willow stands can stimulate biomass production substantially and replace other fertilization
procedures (Hasselgren, 1984).
The wastewater treatment plant at Kågeröd
The Kågeröd Wastewater Treatment Plant (KWTP) receives sewage from the village of
Kågeröd, about 1500 inhabitants, and from a large milk-powder factory corresponding to an
organic load of 6-7000 persons. The wastewater is treated to a tertiary level according to
Swedish standards, i.e. chemical precipitation of the secondary effluent for phosphorus
removal.
Being an agricultural community, Svalöv has set up strategic goals in terms of
increased recycling of waste products. During 1992, a project was established at the KWTP
with wastewater irrigation of three Salix clones. Thus, secondary effluent is applied at six
different rates (2, 4, 6, 8, 10, 12 mm/d) during April to November. Chemical analyses of
applied wastewater, soil, groundwater and Salix material in terms of nutrients and heavy
metals are carried out within the project. Wastewater is applied using solid-set sprinklers to
plots, each being 900 m2 in size. One plot is not treated and thus kept as control.
The first evaluation phase of the project will be completed during 1997.
References
Hasselgren, K. 1984. Municipal wastewater reuse and treatment in energy cultivation. In:
Proc. of the Water Reuse Symp. HI Future of Water Reuse, Vol. 1, Aug. 26-31, 1984,
San Diego, California. AWWA Research Foundation, Denver, Colorado, USA, pp.
414-427.

207

NEXT PAfiE(S) left BLANK.]

Wastewater treatment at Österäng, Götene using willow vegetation
filters
Summary of an investigation made by Rolf Larsson, Jordbruksverket (pers. comm., 1994)
K. Perttu

Swedish University of Agricultural Sciences, Department of Ecology and Environmental Research
P.O. Box 7072, S-750 07 UPPSAIA, Sweden

Project description
Österäng is a village of approximately 100 inhabitants belonging to the Götene
municipality. The village wastewater is pumped to a mechanical purification plant which
does not meet the requirements and standards of today. Jordbruksverket (a governmental
body) has, together with the municipality, designed the following system using willow
vegetation filters:
1. The wastewater, passing a simple treatment plant with only sludge separation, is led
(since 1994) to a storage pond and then distributed to willow plantations
2. The pond has been designed to store the village wastewater produced during 7 months
3. Willow energy forests have been planted in the vicinity of the pond
4. During the growing seasons, the willow plantations will be irrigated with wastewater
from the pond.
Technical data and wastewater quality
The municipality produces 400 litres of wastewater per person and day. The pond is
designed for 120 persons, thus giving an annual amount of 17 500 m3. The necessary
volume of the pond is about 12 000 m3, including additional precipitation (about 1 700
m3). However, the actual volume of the pond was measured to be 15 000 m3. The willow
plantation (about 6 hectares) is planted with double rows aligned downslope in order to
distribute the waste water using natural flooding. The whole area is fenced to keep out
humans and animals.
The quality of the wastewater is normal for a municipality without industries and,
therefore, with heavy metal contents below accepted standards. The nitrogen (N) and
phosphorus (P) supply is normal, i.e. 11 g and 3.2 g per person and day, respectively.
Wastewater budget
The budget for wastewater consumption on an annual basis by a 6-hectare willow energy
forest is summarized in Table 1. From the population of 120 persons, the supply of
nitrogen and phosphorus is 480 and 140 kg, respectively. After reduction by denitrification
and fixation in the solid sludge particles, the net supply of N is 410 and of P 105 kg. With a
supply of 70 kg N and 17 kg P per hectare and year, the amount covers an area of
approximately 6 hectares, which is the area available.
The total amount of water supplied to the 6-hectare area is about 34 000 m3, which
equals 3.7 mm per day during a growing season of 155 days. The average
evapotranspiration from an established willow cultivation is 3.5 mm per day during the
growing season.
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Control programme
The control programme involves measurements of groundwater tables and pressure levels.
Both the groundwater and the surface water at nearby streams and ditches are analyzed
several times per year. The soil has been investigated prior to the start of the project.
Samples will be taken regularly to discover changes in soil conditions.
Table 1. The annual budget ofwastewater consumption from 120 persons at Österäng, Götene,
estimatedfor a 6-hectare area planted with willows

Nitrogen (N):
.
.
Gross supply (11 g pe day )
Reduction by denitrification (15 %)
Net supply from the purification plant

0.011 * 120*365 = 482 kg yr'
72 kg yr
410 kg yr

Phosphorus (P):
l
l
Gross supply (3.2 g pe' day")
Reduction by sludge separation (25 %)
Net supply from the purification plant

0.0032*120*365 = 140 kg yr'j
35 kg yr
105 kg yr

Water:
Gross supply (4001 pe' day")
0.4* 120*365 = 17 500 m3 yr'
Additional supply by rain during 155 days of
growing season (280 mm)
0.280*60 000 = 16 800 m3 yr",
Total supply to the 6-hectare area
( 17 500+16 800 = 34 300 m yr
Average consumption by evapotranspiration (3.5 mm d )
during 155 days of growing season
0.0035*155*60 000 = 31 600 m
Conclusions
With the vegetation filter design at Österäng, briefly presented above, the conclusion to be
drawn is that a systematic risk for leakage of nutrients is very low, since water
consumption as well as uptake of both nitrogen and phosphorus match the plants'
requirement in the actual region. The risk is even more reduced when the nutrient-rich
water is distributed on many occasions during the growing season.
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A complete system for wastewater treatment using vegetation filters
Short summary on techniques and economy

P. Aronsson and K. Perttu
Swedish University of Agricultural Sciences, Department of Ecology and Environmental Research
P.O. Box 7072, S-750 07 UPPSALA, Sweden

Techniques
At Munga, 20 km north of Västerås city in central Sweden, a group of one-family houses is
being constructed. The aim is to connect the sewage outlet from these houses to an ecological
wastewater purification system. In order to obtain a local treatment of the wastewater and to
minimize the risk for water and other pollution, the purification system is proposed to consist
of a willow vegetation filter. A research programme dealing with determination of practical
solutions concerning design, scaling, technical equipment, loads (i.e. irrigation intensity),
sludge storage, application, etc, is being planned.
The raw wastewater will be separated from solid particles (sludge separation) and then
stored in ponds for approximately 6 months. Irrigation of a stand of Salix viminalis will take
place during the growing season in accordance with the plant requirements of macro nutrients.
The water will compensate for the precipitation deficit that normally occurs in this region
during the first half of the growing season. Preliminary calculations have shown that the
nutrient requirements of willow will be provided by wastewater irrigation. The dewatered
sludge will be stored in order to improve its sanitary quality and then distributed to the willow
stand after each harvest.
During a test period a thorough control programme will be run, including ground and
surface water quality, biomass analyses, possible influences on soil fertility, and sanitary
aspects. A schematic sketch shows the preliminary design of the Munga vegetation filter
system (Figure 1).
Economy
The costs for traditionally grown willow energy forestry can be divided into four main parts,
namely i) establishment (23 %), ii) fertilization and management (21 %), iii) harvesting (28
%), and iv) transport and brokerage (28 %). The difference between revenues and costs are
965 SEK per hectare and year, calculated with a real interest rate of 6 % for a total rotation
period of 24 years, and including restoration of the area in year 24 to its original status.
The farmers' profit, when using sludge instead of traditional fertilizers, increases to
1600 SEK per hectare and year, provided there is an application of 6 tonnes DM/ha every
second year. The higher income mainly depends on the non-costs for fertilizers and a less
intensive distribution on the field. On the other hand, the cost for harvest is higher with
sludge-fertilized fields, because of estimated harvest intervals of two years instead of four
years for a traditionally grown willow.
If the municipalities choose to distribute their wastewaters and sludges in willow
vegetation filter systems, the profit is estimated to 425 SEK per tonne DM sludge, which
normally contains 30-35 kg nitrogen (N). With an annual nitrogen demand per hectare of 80100 kg (depending on the growth potential of the region) supplied using sludge, the profit for
the municipality will be 1100-1300 SEK per hectare and year. This corresponds to the revenue
of non-investments for landfills. The transport to landfills is in the present calculation is
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balanced with the transport to the farmland. However, other estimations (e.g. Hahn, 1992)
have given higher costs for sludge transports to landfills compared with farmland, especially if
these are combined with distribution on the fields.
The calculations are made for sludge instead of wastewater, because of the lack of data
in the latter case. Generally, the composition of municipal wastewater shows an almost perfect
nutrient balance for green plants, and direct use of it is the preferred method. The average
profit for using sludges instead of commercial fertilizers is, therefore, 1 100-1 300 SEK/ha
year for the municipalities and about 600 SEKTha year for the farmers, or totally 1 700-1 900
SEK/ha year. The estimations above show clearly that sludges, as long as the quality is
acceptable from the heavy metal point of view, are an interesting alternative both for
municipalities and farmers. The detailed economic calculations are presented in Perttu (1993)
and Perttu (1994a;b).

23 one-family houses
connected through
sewage pipes to a system
for sludge separation

Willow plantations, one on a slope with
a system of "furrows", the other on a
flat area with point sources, both for
flooding out the wastewater

Storing ponds
for wastewatcr
(4-6 monlhs)

Figure 1. Schematic sketch of the planned vegetation filter system at Munga.
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Landfill leachate treatment in energy forest plantations
K. Hasselgren
Svalöv Community, S-268 80 SVALÖV, Sweden

Introduction
During the 1980's, an evaluation was performed concerning recycling of leachate from a
sanitary landfill at Rönneholm, situated outside the town of Eslöv in southern Sweden. The
most promising alternative turned out to be a combined treatment and reuse of the leachate in
willow energy plantations. Information from this project is summarized below and has also
been published earlier (Hasselgren, 1992).
In this report, final results from the project "Leachate treatment combined with
resource recovery" are presented. This project was carried out as a case study at the
Rönneholm Landfill Site, Eslöv municipality, during the period 1986-1990. The project
covers evaluations of a full-scale natural system for treatment and reuse of methanogenic
leachate from sanitary landfills.
The leachate treatment system
The Rönneholm Landfill Site with a total area of 22 ha has been in operation since the 1940's.
A soil-plant system (SP-system) consisting of a 2.8 ha grass area and a 1.2 ha Salix cultivation
(osier and water willows) was established on a completed part of the site,. Since 1986, the 4ha SP-system has been spray-irrigated with leachate via 225 solid-set sprinklers.
Leachate was normally applied from April to November. Depending on differences in
precipitation distribution throughout the year, the irrigation period varied between 98 and 208
days per year. Annual irrigation amounts varied between 180 and 3 300 mm. With the
precipitation during the growing season included, this averaged a total daily hydraulic load of
between 4 mm and 19 mm throughout the seasons, respectively. The results clearly indicate
that good flexibility was obtained in the natural system with plant species that are tolerant to
high soil moisture.
Results
The design of the facility with surplus water from the SP-system collected in ditches, permits
moisture contents in the soil at field capacity without any risks of pollutants reaching the
surroundings. Thus, conditions for maximum evapotranspiration are provided.
Evapotranspiration rates increased from 60% to 75% of the annual precipitation, based on
water balance calculations for the periods 1981-85 and 1986-90, respectively, as a result of
leachate recycling in the SP-system. Infiltration rates decreased from 310 mm to 160 mm as
average values during the 5-year periods, respectively. The leachate discharges from the
landfill decreased from 81% to 30% of the precipitation. From April 1988 and further, no
leachate was discharged (Figure 1). It is concluded that good potential for reduction of
leachate volumes would also exist if the area of the SP-system covered only a small
percentage of the whole landfill area.
A clear tendency was that the nitrogen content of the leachate was reduced as the
development of the SP-system proceeded. During 1981-90, a reduction of total N and
ammonia N by 73% (from 194 to 52 mg N/1) and 76% (from 135 to 32 mg N/1), respectively,
was recorded. The nitrogen amounts in the leachate decreased from over 1 600 kg N/ha and
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year to slightly over 100 kg N/ha and year, corresponding to a reduction over the 10-year
period of 93%.
Apart from plant uptake of nitrogen, denitrification of nitrate originating from oxidized
ammonia in percolated surplus water from the SP-system is a possible nitrogen removal
process. Denitrification could occur in deeper soil layers as well as in the waste beneath the
SP-system. Denitrification has probably played an important role considering the amounts of
nitrogen applied. Other nitrogen removal mechanisms such as ammonia volatilization and
immobilization in the soil and the waste were probably of minor importance.

RÖNNEHOLM LEACHATE MODEL
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Figure 1. Precipitation and annual discharge at Rönneholm landfill site.

Biomass growth
The grass fields were cut each year and yielded between 10 and 14 tonnes of dry matter/ha and
year depending on the leachate application rate. The grass production was high compared with
conventionally cultivated grasses. Anaerobic digestion tests with fresh grass were carried out
within a broader project concerning digestion of different organic waste products. The grass
competed well with high gas production rates and small residual amounts. The energy content
of the digester gas was estimated to 35-50 MWh/ha grass area and year.
The growth of the Salix stands was relatively low, probably due to poor soil quality
within some parts of the SP-system. The osier willows showed the best growth, while the
water willow plants were poorly established. However, after the first sensitive year the growth
increased during the following years. Important secondary effects of the several meters high
Salix stands are the improvment in landscape scenery and the wind barrier aspect preventing
waste to escape from the landfill area.
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Analyses of the nutrient content of the plants indicated that they received a sufficient
nutrition by leachate fertilization. However, the phosphorus concentration of the leachate was
low in relation to the plant requirement. Within the project period, the P-content in the soil
was sufficient for plant growth but declined rapidly throughout the evaluation period. Thus, in
a long-term perspective, addition of P is necessary to compensate plant uptake. Low contents
of heavy metals in the leachate resulted in low concentrations of these metals in plant tissues.
Discussion
The results of the project clearly demonstrate the possibilities of creating a rather simple and
uncomplicated strategy for reduction of leachate volumes and nitrogen discharges when
combined with reuse of nitrogen in soil-plant systems. It should be pointed out that the
primary objective of the evaluated technology here was minimization of the negative effects
of leachate on the environment while production of biomass as such was of secondary
importance. On the other hand, there is a strong connection between plant growth in an SPsystem and its water reducing and purifying capabilities, and thus the plant harvest is of great
importance in order to obtain an efficient and also sustainable leachate management system.
At old landfill sites in Sweden, the leachate nitrogen content normally is the most
problematic parameter from a polluting point of view, while leachate BOD as well as
phosphorus by and large are not important. Thus, methanogenic leachate should be managed
and treated in on-site systems and not just routinely directed to the nearest sewage treatment
plain. During the course of this project, a more modulated and distinct view on landfill
leachate emerged. In recent years we have also seen many on-site treatment systems similar to
the Rönneholm Leachate Model being planned and also becoming operational.
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Purification of groundwater using biological filters
S. Elowson and L. Christersson
Swedish University of Agricultural Sciences, Department of Ecology and Environmental Research
P.O. Box 7072, S-750 07 UPPSALA, Sweden

Abstract
A willow plantation was established on a sandy soil in the south of Sweden. Between the plant
rows shallow furrows were made into which ground water was pumped for irrigation of the
plants. The irrigation water was polluted by nitrate from intensively fertilised agricultural
land. Irrigation water was pumped out in excess and when it percolated through the root zone
to the ground water nitrate was taken up by the plants. The plant roots functioned as a
biological filter and cleaned the polluted water.
Introduction
With a rapidly increasing human population of the world, the effect of residual products from
society on the environment, on air, on soil, and on ground water, has become an increasingly
serious problem. The next major pollution problem, besides air pollution, is expected to be
pollution of the ground water (Falkenmark, 1986), caused by waste water from deposits and
from agricultural land, fertilised in excess by solid fertiliser and by manure. In fact, on large
areas of the world, we already have these problems.
In Sweden, the concentration of nitrate-nitrogen (NO3-N) in water must be below 10
ppm to be accepted as drinking water. In many places, the concentration is as high as 20 ppm
or even more, for instance in the Laholm area in the south of Sweden (Gustafson, 1983,1987;
Andersson, 1986). Going outside Sweden, high concentrations of nitrogen in ground water
have been found in Holland (60 ppm), in the Baltic states (100 ppm), and in Russia (100
ppm). The high concentration is often due to the effect of mineral fertilisation in excess on
high-producing agricultural land, but can also be caused by large amounts of manure from
"meat factories", which are spread around these artificial animal concentrations. Other sources
for pollution of ground water are the leakage of waste water from large deposits such as city
dumps and land fills.
The hypotheses for this study is that, by pumping up ground water polluted by nitrate
and distributing it in an well-established willow plantation, the nitrate would be taken up by
the willows when the water percolates through the root zone.
Objectives
The objectives in this experiment are:
• to establish willow plantations for purifying nitrate-polluted ground water.
• to quantify the production potential of woody biomass in plantations irrigated and fertilized
by nitrogen-polluted ground water.
• to develop economically acceptable methods for distribution of water in a willow
plantation.
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Materials and methods
The experimental area, Månstorp, is situated 5 km southwest of the town Laholm in the
southwest of Sweden, 56°29' N, 13°00' E. The soil is sandy and mixed with clay and organic
material. At a depth of about 1 m there is a compact layer of clay. The land slops from north
to south and on the experimental field the soil surface is uneven with the highest point 2 m
above the lowest one. The experimental area is carefully mapped according to the height
variations, Figure 1.
300 m south of the site there is a pond of about one hectare 'hat receives water from
ditches, which drain about 700 ha of intensively managed agricultural land. The crops on this
land are potato, rape, wheat, rye etc. The drainage water has a concentration of about 15-20
ppm NO 3 -N. The water flows from the pond via a small stream into Laholm Bay which is part
of the Kattegat. Water from the pond is pumped up for irrigation of the willow plantation.
Preparation of the soil started during the late summer, 1992. The crop that was
growing on the field that year was rape. Drainage tubes were installed around the
experimental area at a depth of 80 cm. In this way all drainage water from surrounding fields
was prevented from leaking into the experimental field.
At 9 locations in the field, ground water tubes were installed, plus one reference tube
outside the field. At each place there were 3 tubes, one down to 4 m, one to 2 m, and a third,
which was perforated on the sides, down to 3 m. The two former tubes were open only at the
ends.

MÅNSTORP

Total area: 3.7 ha
Planted area: 2.8 ha
• Ground water tubes

0

100m

Figui-e 1. The experimental field. Three clones ofSalix viminalis, 78021, 78195, 82007 and two ofS.
dasyclados, 79097 and D.R.funqfficial code) were planted. The topography of the field is
indicated by curves. Installed ground water tubes are marked.
The field was ploughed and harrowed during the autumn of 1992 and fenced in. In
May 1993 the area was harrowed again and planting took place. Three clones of Salix
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viminalis were used, 78021, 78195 and 82007, and two of S. dasyclados, 79097 and DR
(unofficial code), Figure 1. Two 20 cm long cuttings were planted per m 2 with a distance of
50 cm between the cuttings in the rows, and a spacing of 75 and 125 cm between the rows,
alternating every second row. The plantation was not fertilised but irrigated during the whole
summer by sprinkler equipment with water from the above-mentioned pond. In the winter of
1993/94 the plants were cut with 10 cm high stumps in order to stimulate growth in the next
year of many new and more vigorous shoots.
In spring 1994, furrows were made by a plough between each second plant row. Into
these furrows water was let out during the summer until the end of October and the plantation
was irrigated by flooding. No fertilisation took place during the season except nitrogen
supplied by the irrigation water. Before bud break in the spring the whole area was treated by
Matrigon, 1.5 1/ha.
The average transpiration is calculated to be 3 mm per day (Grip & Perttu, 1982,
Lindroth & Halldin, 1988), or 30 m3 per ha and day. The irrigation was planned to be 6 mm
per day, which equals 60 m3 per ha and day. The amount of nitrogen given to the crop with the
irrigation water will therefore be 1.2 kg if the concentration of nitrogen in the water is 20
ppm. During one season of 150 days of irrigation, 180 kg of nitrogen per ha will be distributed
to the plantation. This amount can be taken up by the plants (Elowson, unpublished data).
When irrigation took place water was pumped from the pond to the field and let out
into the furrows. The outlets were at the highest points and the water ran slowly downhill
towards trie lowest points, while some of it was absorbed by the soil and and the plants. The
amount of waterreleased was regulated so that as little water as possible remained standing in
the lowest areas. The dynamic of the water movements were found to be complicated.
However, at least 90 % of the plantation was satisfactorily irrigated.
Samples were regularly taken once a week from the water in the pond and analysed for
contents of nitrate. From the ground water tubes, samples were taken every fourth week and
analysed. The ground water level was measured once a week.
In early June and in late July samples from green, well-developed leaves about 20 cm
from the top of the shoots were taken and analysed for their contents of nitrogen and mineral
nutrients. The samples were randomly chosen from all of the clones from areas with different
growth rates.
Stem wood production will be measured when harvesting the field. On that occasion,
samples will also be taken from the stems for analyses of nutrient elements. It will be possible
to calculate the amount of nitrogen that has been taken up during the rotation period.
Results and discussion
Planting took place in May 1993 and survival was more than 98 % for all five clones. After
one year of growth, the shoots were cut back during the winter. 1994 was the first production
year and the plantation was irrigated by means of the furrow system. For technical reasons, the
whole field could not be irrigated at the same time but was divided into smaller irrigation
areas. Each irrigation area was continuously irrigated for 2-4 days on each occasion.
Because of the topography of the field the irrigation was uneven. Some areas got too
much water while other areas did not get enough for good growth. However, even if water
covered the soil for a week or more, the plants did not seem to suffer from excess of water or
shortage of oxygen to the roots. So far, no investigations have been made of root growth on
the extreme areas with very high and low supplies of water but in other plantations willow
roots have survived long periods covered by water (Elowson & Rytter, unpublished data).
This uneven distribution of water will be corrected in the future by changing the outlets of
water into the furrows.
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In a well-established tree plantation the root system is very dense and penetrates
completely the upper 20 cm of the soil layer (Elowson & Rytter, 1984; Elowson & Rytter,
1993; Elowson, unpublished data). In perennial crops, the roots are active and take up
nutrients from early spring to late autumn. Majdi has shown that spruce roots have a high
growth rate in the south of Sweden at the end of November (Majdi & Persson, 1994) The
period of active nitrogen uptake is much longer in a willow stand than in annual crops. It has
been shown that the roots of forest trees have an ability to take up nutrients down to
concentrations in the soil water as low as 1 ppm or lower (Ingestad & Ågren, 1988). The
willow root system will therefore serve as an effective biological filter and purify percolating
water polluted by nitrate, and at the same time produce woody biomass for energy and paper
(Christersson, 1994; Christersson et al., 1993)
For good growth, plants need not only to be supplied by nitrogen but also with all
other essential elements in balanced proportions and in certain amounts (Ingestad & Lund,
1986; Ingestad, 1987). If fertilised only with nitrogen, lack of phosphorus and potassium will
often reduce growth. Shortage of magnesium has been found to reduce root growth (Ericsson
& Kähr, 1994) and induce damage in forests in central Europe (Schulze et ah, 1988; Roberts
et al, 1989). It is therefore of importance to follow the status of all elements in the crop by
analysing leaf samples taken during the growing period. If necessary, fertilisation with other
elements but nitrogen must be performed. However, in this field agricultural crops have been
grown for many years. Therefore, fertiliser might be stored in the soil to some extent and has
been available for the willows during this first summer of production. No deficiency
symptoms have been observed (except water stress in some areas).
Under normal conditions in the summer, a willow plantation transpires 3 mm water per
day (Grip & Perttu, 1982; Lindroth & Halldin, 1988). When irrigated with 6 mm per day of
water (from the pond), which has a concentration of 20 ppm nitrogen, the plantation is
supplied with 180 kg N per ha and year. This type of willow stand has a capacity to take up
200 kg N per year (Elowson, unpublished data). As the roots take up nitrogen down to
concentrations of less than 1 ppm, the percolating water will be cleaned of nitrogen. About 3
mm purified water will be added by percolation to the ground water per day.
To conclude, by irrigating a well-established willow stand with nitrogen-polluted
drainage water from agricultural land, the plantation can be fertilised by nitrogen and purified
percolating water can be added to the ground water. The roots act as a biological filter and
could also be used to clean waste water from different types of deposits. The technique to
irrigate the stand by flooding in shallow furrows is promising but has to be developed further.
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Agrobränsle and Örebro Energi:
Two companies of importance for biofuel utilization
Summary of available company information
K.Perttu
Swedish University of Agricultural Sciences, Department of Ecology and Environmental Research
P.O. Box 7072, S-750 07 Uppsala, Sweden

Background
Örebro, situated at the west side of Lake Hjälmaren in central Sweden, is an old city with
about 120 000 inhabitants. It is the centre for commerce and small industries in this region of
Sweden, which is also known for its fertile farming land. The main plantations of willow for
energy purposes are situated in this region.
The company Agrobränsle, with its head office in Örebro, is owned by several of the
farmers' cooperatives (e.g. Svea lantmän and Örebro lantmän). It is a small company and is
also expanding internationally with marketing of willow cuttings of selected clones, rentingout machinery, and giving different types of courses for growers.
Örebro Energi is a shareholding company, owned by the city to about 90 % and with
board members from all major political parties. It distributes electricity to more than 50 000
customers, totalling almost 700 GWh per year, and heat to about 3 000 customers of different
sizes in a system of 200 km of underground culverts. The annual amount of district heating is
about 1000 GWh of thermal energy.
Agrobränsle
The policy of the company Agrobränsle (Box 1743, S-701 17 Örebro, Sweden) is to develop a
total willow concept. In Sweden, this includes marketing of quality willow cuttings, advising
farmers about cultivation and management of willows, buying woodchips on contract from the
farmers, developing systems for harvesting, transport and storage of biofuel, etc. It has a
market share of 80 % of the cuttings sold in Sweden. It is also represented abroad.
Agrobränsle, with its commercial and more practical approach, works in close cooperation
with the Agricultural University in Uppsala, where the willow investigation programme is
mainly of basic research character.
The recommended Swedish willow clones are divided into two categories, namely
specially selected and improved after breeding, respectively. The species, number, etc. are
listed in Table 1, which summarizes research information from SUAS together with
comments given by Svalöf Weibull AB, Agrobränsle AB, Lantmännen, and willow growers in
different parts of the country.
Örebro energi
The electricity from the Örebro Energy Company is supplied to 55 high-tension installations
as well as to over 50 000 low-voltage customers. District heating is supplied to 3 000
customers in the city area, which means that about 40 000 apartments are warmed up with
energy from the company. The energy conversion chain during 1993 shows that the peat,
wood and wastes are the main energy suppliers (Figure 1).
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Table 1. Summary of the description of the Swedish Salix clones (Information: Håkan Johansson,
SLUInfo, Box 7072, S-75007 Uppsala, Sweden)
Sensitivity21 to attacks by:
Frost
Insects Fungi

Clone name Clone No.

Species

Sex"

Stool form

Selected clones:
78021
78101
78112
78183
78195
79097
81090
82007
81102
NL420

S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis .
S. dasyclados
S. dasyclados
S. viminalis
S. viminalis

F
M
F

Straight
Straight
Cone
Straight
Straight
Straight
Curved
Curved
Straight

2
2
2
2
1
.
0

2
1
.
-

-

-

2
3
1
1
3
2
2
2
4

Bred clones:
Eva
Lisa
Hanna
Christina
Marie
Anki
Gustaf
Orm
Rapp
Jorr
Joninn
Björn
Tora

S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
*)
*)

F

Straight
Slightly curved
Straight
Straight
Slightly curved
Straight
Straight
Straight
Straight
Straight
Straight
Straight
Straight

2
2
1
2
2
2
2
1
1
2
2
<1
<1

2
2
2
1
1
2
2
1
1
1
<1
0
0

2
3
3
3
2
2
1
3
2
3
3
2
2

810217
811110
821624
821629
832501
832502
832803
870082
870083
880013
880205
910006
910007

F

F
F
F
F
M

F
F
F
F

F
M

M
M
M
F

M
M

2
1

I

"

F=fema!e, M=male
Insects scale 0-3:
0=no attack, 3=very severe attack (the figures are relative rather than exact)
Fungi
scale 0-5:
0=no attack, 5= very severe attack (the figures are relative rather than exact)
Frost
scale 0-4:
0= resistent, 4=sensitive (the figures are relative rather than exact)
*) S. schwerini * S. viminalis (79069*Orm), new from 1995
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The furnace of the multifuel boiler is supplied with water from the feeder. The water
recirculates passing the hearth and the cyclones, where steam generation takes place. The
steam passes the dome and goes further to the upper heaters. The sand circulation system of
the furnace is composed of watercooled tubes at the hearth together with the cyclones. The
combustion takes place at a temperature of 850 degrees C. The sand is by centrifugal power
separated from the smoke in the cyclones. The furnace and the cyclones are cooled by natural
water circulation. The whole system is suspended in a construction of girders.
Primary air for fluidization and combustion is supplied via an air container below the
hearth and evenly distributed to the fire. The solid fuel (wood, peat) is transported to the
hearth through four tubes using angers. Secondary air supply and smoke recirculation is also
done in order to control the temperature and optimize the combustion. The sand is recirculated
back to the hearth. The ashes are transported to two ash fractioners from where reusable
material is recirculated before deposition.
The smoke from the cyclones is blown to the upper heaters. The temperature of the
steam is controlled in three steps. To use the energy of the smoke more efficiently, an
"economizer" is placed after the upper heaters, where the supply water is preheated before
going to the dome.
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The smoke is further cooled using it for preheating the air needed for combustion. The temperature of the smoke leaving the furnace is
135 degrees C. It passes a dust separator and a fan. Measurements of emissions are performed continuously.
Peat
393 GWh
Wood
390 GWh
Oil

Hydro power

3GVVh

Losses
199 GWh

Losses
39 GWh

f

t

Power

Örebro Energy Company

708 GWh

Heat a nd Power Plant

Heat

Power sale
>

669 GWh

345 GWh
Waste heat
Sewer water
147 GWh

District heating sale

1065 GWh

Coal
From other district
heating plants
6 GWh

61 GWh
Power utility
567 Gwh

956 GWh

Losses
109 GWh

Electr.
power
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Energy supply

Production

Distribution

Consumption

Figure 1. Energy conversion chain in 1993 at Örebro heat and power plant (Örebro Energy Company, Box 1422, S-70114 Örebro, Sweden)
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Stabilisation of silt ponding lagoons with willows using the
SALIMAT technique
K-CStott1, B. de Vos 2 and F. de Vos 3

Background
In Belgium, silt dredged from inland waterways is traditionally pumped as a sediment/solution
into lagoons to dry out. The silt is often polluted with heavy metals. Due to the degree of
pollution, forestry rather than agriculture is the preferred end-use.
Though the surface of the lagoon soon begins to dry, beneath lies a structureless
quagmire, impossible to walk on and plant by normal methods. Bruno de Vos showed that
willows could grow on this medium and stabilise it. The SALIMAT was developed in
collaboration with the Dredging Company, J. de Nul of Aalst 4 and basket willow grower,
Fernand de Vos of Eksaarde near Ghent, as a practical commercial method of laying live
willow rods horizontally on the surface of the silt so that they would sprout and grow.
The SALIMAT consists of 2 metre long live willow rods, held side by side by
biodegradable twine, rolled up round a disposable central tube. An axle inserted within the
disposable tube is attached to a dragline and crane, and the roll unwound over the surface of
the lagoon in March. Shoots sprout all along the horizontal rods, giving by June a dense stand
of 400 000 shoots per hectare. Weeds have no room to develop.
By the end of the season the rods reach over 3 metres, with a yield of 10 tonnes of dry
biomass per hectare. The soil has been consolidated by a dense network of roots, making it
safe to walk on and to harvest the crop.
The dense stand of willow rods produced has a range of commercial uses ?nd
environmental benefits: as basket or biomass willows, or as a pioneer ecosystem into which
forest trees may be later introduced to create high forest.
1.
2.
3.
4.

K.G. Stott, Research Station, Long Ashton, Bristol BS18 9AF, UK (Address for
correspondence)
B. de Vos, Forestry Department, University of Ghent, Geraardsbergse Stw. 279, B 9090
Gontrode, Belgium
F. de Vos, Eksaardedorp 19, B9160, Eksaarde/Lokeren, Belgium
J. de Nul, Hofsade, B9308, Aalst, Belgium

Text of SALIMAT video
Inland water ways have to be dredged, but in Belgium most of the silt dredged up is polluted
with heavy metals and oil based compounds. Traditionally the silt has been deposited in
lagoons to dry out. Laws now demand that the deposit is not allowed to blow away as dust,
nor that it becomes covered in noxious weeds. Due to the degree of pollution, food
production, that is Agriculture is not considered a suitable land use. Forestry can be a valuable
alternative and as part of this process, the video shows how these quagmires can be stabilized
in one season with willows using the "SALIMAT" technique.
The waterways have to be dredged to keep them deep and navigable for barge traffic.
The silt is dredged-up and deposited in barges and transported to the dump site to off-load.
To off-load, the sludge is jet washed to form a suspension. The suspension is pumped
out through pipes to a lagoon.
As the lagoon is filled, the silt is deposited and the water drains away from the top, to
leave an oozy - structureless quagmire. It is not possible to walk on it. It cannot be planted by
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normal methods. Bruno de Vos's research showed that willows could grow on this medium
and stabilize it. The SALJMAT technique was developed in collaboration with basket willow
grower, Femand de Vos, from Eksaarde near Ghent and the dredging company, J. de Nul of
Hofsade, Aalst, as a practical method of laying willow rods horizontally on the surface of the
silt so that they would grow.
The S ALMAT consists of a roll of live willow rods, rather like a sun-blind. The ends
are encased in polythene to keep the live rods in good condition during transport.
Biodegradable string is used to tie the rods in place.
The construction of the lagoons and filling them with silt is completed during winter.
As spring approaches the lagoon dries out, but the surface remains wet. Gases bubble up
through the mud in this drying process.
By March, or as soon as the excess surface water has drained away, the SALIMATS
are laid across the lagoon. The SALIMATS are unrolled by dragging across the wet sloppy
ooze of the lagoon with a crane and dragline. They come to rest part submerged in the ooze
because they sink slightly under their own weight and so plant themselves. They are protected
from desiccation by the water and silt layer.
The empty roll is dismantled by removing the disposable tube from the axle. The axle
is then inserted into the central tube of a new roll of SALIMAT and bolted into position.
These help in the dragging and unrolled process.
The next SALIMAT is unrolled until eventually the lagoon is covered.
Parts of the surface of the lagoon may still he under water so that sections of the
SALIMAT lie just below water, whilst others are above. Shoots can arise beneath this shallow
water. Some of the rods begin to sprout'by April.
Though some parts of the area may still have standing water, most of the surface area
is dry by April and the mud cracking. Tufts of willow are now noticeable all over the area.
Some willows are 30 cm. 12 inches tall, sprouting out all along the horizontal rods.
By June the lagoon is clothed in a mass of waving willow shoots, with 400 000 shoots
per hectare. There is no room for weeds to develop. The soil is drying out and cracking deeply
at the surface.
By August the lagoon has become a dense willow bed. The ground is now firm and
quite safe to walk on. The willows are more than 2 m tall: a dense crop, completely covering
the ground.
A small area of the crop was cut to allow a better view of this dense growth; the size
and number if stems and to see the leaf litter; and how the shoots have sprouted from the
horizontally laid rods.
The soil was dug away to expose the masses of fibrous roots holding the amorphous
soil together. A pit showed the roots penetrating deep into the silt.
So in one season, this technique allows the lagoon to be stabilized, whilst preventing
the development of weeds and produces a dense crop of coppice rods with a range of
commercial uses and environmental benefits, or one that can be allowed to grow on up into
forest, alone or with the later addition of other forest trees, to create a rich stable ecosystem.
Editing and commentary by K.G. Stott, Long Ashton Research Station, Bristol, U.K.
Video shot by B. de Vos, Laboratory of Forestry, University of Ghent, Geraardsbergse
steenweg 267, B 9090 Gontrode, Belgium.
Video available from De Vos Salix, BUBA,
Eksaarde Dorp 19,
B-9160, Eksaarde/Lokeren
Belgium
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