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Abstract
Adler, A. 2007. Accumulation of Elements in Salix and Other Species Used in Vegetation
Filters with Focus on Wood Fuel Quality. Doctoral Thesis. ISSN 1652-6880, ISBN 978-91576-7305-3
Woody or herbaceous perennials used as vegetation filters for treatment of different types
of wastes can be suitable for production of solid biofuels when their aboveground
harvestable biomass yield is sufficiently high and when biomass contains appropriate
concentrations of minerals with regard to fuel combustion processes. The concentrations of
nitrogen (N), potassium (K) and heavy metals (especially Zn and Cd) in fuel should be low
and calcium (Ca) concentrations high to avoid technical problems and environmentally
harmful emissions during combustion. Since soil supplementation with essential elements
improves biomass yield, a conflict might arise between yield and quality aims. There are
various possibilities to influence fuel quality during the growing phase of the life cycle of
perennial biomass crops.
This study assessed the suitability of two deciduous woody perennials (Salix and Populus)
and two summer green herbaceous perennials (Phragmites and Urtica) for
phytoremediation in terms of growth and nutrient allocation patterns. Salix and Populus
proved suitable as vegetation filters when nutrients were available to plants in near-optimal
proportions, but when unbalanced nutrient solutions (wastewater) were applied, stem
biomass fraction was strongly reduced. Phragmites was more tolerant to wastewater
treatment in terms of plant biomass production and nutrient allocation patterns, so if the N:P
ratio of the wastewater is suboptimal, a vegetation filter using Phragmites could be
considered.
In further studies, a method was developed to determine the proportions of nutrient-rich
bark in coppiced Salix, while heavy metal phytoextraction capacity was assessed in two
Salix vegetation filters. The relevance of proportion of bark on wood fuel quality and
element removal from vegetation filters was also investigated. The concentrations of the
elements studied in harvestable Salix shoot biomass were higher, meaning lower wood fuel
quality, in plantations where proportion of bark was high. Removal of elements increased
with biomass yield. As proportion of nutrient-rich bark decreases with increasing yield,
longer cutting cycles should be considered, in order to improve fuel quality and nutrient
removal potential.
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Preface
Papers I-IV
The present doctoral thesis is based on the following papers, referred to in the text
by their Roman numerals:
I

Adler, A., Karacic, A. & Weih, M. Biomass allocation and nutrient use in fastgrowing woody and herbaceous perennials used for phytoremediation.
(Submitted to Basic and Applied Ecology).

II

Adler, A., Verwijst, T. & Aronsson, P. 2005. Estimation and relevance of bark
proportion in a willow stand. Biomass and Bioenergy 29, 102-113.

III Dimitriou, I., Eriksson, J., Adler, A., Aronsson, P. & Verwijst, T. 2006. Fate
of heavy metals after application of sewage sludge and wood-ash mixtures to
short-rotation willow coppice. Environmental Pollution 142(1), 160-169.
IV Adler, A., Dimitriou, I., Aronsson, P., Verwijst, T. & Weih, M. Wood fuel
quality of two Salix viminalis stands fertilised with sludge, ash and sludge-ash
mixtures. (Submitted to Biomass and Bioenergy).
For Paper I, Dr. Almir Karacic and I planned the experiment and collected data,
while I analysed the data and wrote the paper, consulting with Dr. Martin Weih on
theoretical issues. For Paper II, Prof. Theo Verwijst and Dr. Pär Aronsson did the
planning, sampling and preliminary data analysis, while I was responsible for the
final data analysis and writing of the manuscript. For Paper III, all authors were
involved in planning the experiment, while the sampling of willow shoots to
obtain data on bark proportions as well as the statistical analyses related to bark
proportions were my responsibility. Dr. Ioannis Dimitriou was responsible for the
rest of the statistical analyses and for writing the paper. Paper IV was based on the
same experiment as Paper III, where I was partly responsible for planning the
experiment and collecting data. I wrote the paper and had main responsibility for
data analysis.

Introduction
In the life cycle of biomass fuels, three phases can be distinguished: a growing
phase, a supply phase and an energetic phase (van Loo & Koppejan, 2003). The
present study focuses on the growing phase of some perennial energy crops,
mainly willow (Salix spp.). The characteristics that can be influenced during the
growing phase of willow biomass fuel are mainly the yield, the proportion of bark
and the chemical composition.

Perennial energy crops
Suitable perennial crops for production of solid biofuels are characterised by high
lignin and cellulose concentrations. In such energy crops, the whole aboveground
biomass is harvested and used for combustion. Typical perennial energy crops are
either trees that produce aboveground stem biomass (such as willows and poplars
(Populus spp.) or perennial grasses that produce belowground stem biomass
(rhizomes). Stalky aboveground biomass (straw) of perennial grasses and annual
crops such as cereals can also be used as biofuel. The present thesis focuses only
on perennial crops.
In addition to forest residues, short rotation woody crops such as Eucalyptus,
Populus and Salix have been used as wood fuel or as industrial wood for centuries
(Mitchell et al., 1992; Balatinecz et al., 2001). In Sweden, Salix plantations cover
about 14 300 ha at present (SCB, 2005) and produce biomass at rates of up to 4.5 t
DM ha-1 yr-1 during 2- to 15-year-long rotations in commercial plantations (MolaYudego & Aronsson, 2007). A few commercial plantations with Populus have
also been established in southern Sweden and harvested after the first 9 - 14 years,
with a biomass production of approx. 9 t DM ha-1 yr-1 (Karačić et al., 2003).
Rhizomatous grasses and deciduous woody perennials can significantly
contribute to sustainable biomass production due to their high production capacity
(Lewandowski et al., 2003). Yields of more than 30 t DM ha-1 yr-1 have been
measured in experimental plantations of swithgrass (Panicum virgatum),
miscanthus (Miscanthus spp.) and giant reed (Arundo donax) in southern and
central Europe, and up to 12 t DM ha-1 yr-1 for reed canary grass (Phalaris
arundinacea) in Scandinavia. Reed canary grass is the lowest yielding of the most
important biomass grasses, but it is the only perennial rhizomatous grass that can
be produced in regions with short growing seasons and cold winters, such as
northern Europe.

Environmental impact of production of perennial energy crops
Perennial woody and herbaceous crops have several ecological benefits. Contrary
to annual crops, the need for soil tillage in perennial crops is limited to the year of
establishment. Long periods without tillage mean a reduced risk of soil erosion
and nutrient leaching, as well as a likely increase in soil carbon content
(Börjesson, 1999; Ma & Wood, 1999). Since perennial crops have few natural
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pests, they may also be produced with little or no pesticide use (Lewandowski et
al., 2000).
With perennial energy crops, not only the end use but also the production of
biomass could lead to benefits for the environment. Despite some negative effects
caused, for instance, by application of herbicides and fertilisers, the production
and use of biomass is more beneficial compared with fossil fuel use as far as the
environment is concerned (Demirbas, 1998; Marosvölgyi et al., 1999; Rafaschieri
et al., 1999). As many of the activities related to the procurement of biomass fuels
involve use of fossil fuels (e.g. transportation), it is not fully correct to define
biomass fuels as CO2-neutral when considering the complete life cycle from
procurement, transportation, storage and conversion to discharge and handling of
the ash (van Loo & Koppejan, 2003). However, procurement of biomass fuels in
general consumes less energy than that of fossil fuels, and combustion of fossil
fuels causes the highest emissions of CO2, NOx and SOx (Flyver Christiansen &
Fock, 2000).

Phytoremediation with perennial energy crops
Plants used to remove nutrients and pollutants from wastes are called vegetation
filters (Perttu, 1993) and such waste improvement by plants is called
phytoremediation. Vegetation filters employ fast-growing woody (e.g. Salix,
Populus) and/or herbaceous perennials (e.g. Phragmites australis) for treating
contaminated water and/or soil. Vegetation filters can consist of constructed
treatment wetlands or arable and riparian fields where perennial species are
planted. The main difference between constructed wetlands and field vegetation
filters is that the former systems are isolated from the groundwater.
The removal of pollutants by plants is based on their capability to maintain high
growth rates and element accumulation into their tissues, i.e. phytoextraction, in
moderately contaminated environments. Alternatively, rhizome and/or root
systems of plants can prevent the migration of elements and contaminants through
the soil profile, thereby reducing risks of further environmental degradation, i.e.
rhizostabilisation (Salt et al., 1998).
Fast-growing deciduous woody perennials (Salix, Populus) have been
commercially cultivated for energy since the 1980s in Sweden. Due to their high
biomass production and capacity for accumulation of nutrients and even pollutants
from wastewaters and sludge, short rotation willow coppices in particular have
also proven advantageous for use as vegetation filters (Perttu, 1993; Perttu &
Kowalik, 1997; Aronsson, 2000; Aronsson & Perttu, 2001). Organic waste
products used as fertilisers must meet the nutrient demands of Salix, without
exceeding the limits for maximum heavy metal loading rates on agricultural land
in Sweden (Hansson et al., 1999). Fertilisation of energy crops with organic
wastes is associated with reduced costs, since nutrient removal at municipal
treatment plants is not necessary (Rosenqvist et al., 1997). However, the nutrient
concentrations are normally low in organic wastes, which increases the volumes to
be transported to the field and thereby the logistic costs (Hansson et al., 1999).
Some of the products may also contain rather high rates of heavy metals (Brady &
8

Weil, 2002) and other pollutants. On the other hand, cultivation of energy crops
can often be located in the vicinity of the local wastewater treatment plants in
small and medium-sized municipalities.
The vegetation of Phragmites australis is often used as a filter in treatment
wetlands (Kadlec & Knight, 1996) due to its ability to adapt to a wide range of
environments (Ksenofontova, 1988; Amsberry et al., 2000).

Quality of biomass fuels
Several aspects determine the suitability of perennial crops for production of solid
biofuels. The first criterion in producing such crops is a high yield of energy,
which is the product of the energy content in the biomass and the unit-area yield.
Perennial energy grasses and deciduous trees contain energy-rich compounds in
high proportions (Table 1). There are different quality criteria for solid biofuels.
Low water content in the harvested biomass is a prerequisite for safe storage
without self-ignition (Clausen, 1994; Jirjis, 2005) and a high net heating value
(Lehtikangas, 1999; van Loo & Koppejan, 2003).
Table 1. Heating value and content of energy-rich compounds in energy crops
Compound

Heating value
(MJ kg-1)1

Perennial
Deciduous woody Phragmites4
energy grasses2 perennials3
Bark
Wood LeafCulms and
blades leaf sheaths
15-30%
40-50% 18-25% 10-26%
9-18%
32-42%
28-34% 48-56%
32-47% 74-80%
25-34%

Lignin
25-29
Cellulose
Hemi17
cellulose
Extractives
35
5-12% 2-9%
1
Sjöström, 1993; 2Ververis et al., 2004; 3Hakkila, 1989; 4Dinka et al., 2004

The variation in proportion of bark among species/clones can have pronounced
effects on the characteristics of the wood fuel. The proportion of bark in one-yearold stems of different Salix and Populus species and clones varies between 18 and
43% (Geyer, 1981; Anderson et al., 1984; Krigstin, 1985; Sennerby-Forsse,
1985). It is apparent that the bark of small-diameter stems can form a large
proportion of the composite biomass produced in short rotation crops. In the upper
part of the stem, bark is thinner but makes up a larger proportion of the stem
weight and volume. The bark comprises 30% of the stem tissue in the upper half
of trees 12-14 m in height, compared with 10-15% in the lower half (Kenney et
al., 1990). According to Kenney et al. (1990), proportion of bark can be
manipulated by silvicultural treatments, or by the selection or breeding for clones
that allocate aboveground biomass to few large stems or many small stems.
Bark has significantly higher amounts of inorganic elements than wood
(Sjöström, 1993; Meszaros et al., 2004). Therefore, a comparative analysis of
different biomass fractions is essential for an understanding of the quality of wood
fuel. High ash content of bark (approx. 5%), perennial energy grasses and straw
lowers the heat transfer during combustion (van Loo and Koppejan, 2003;
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Obernberger, Brunner & Bärnthaler, 2006). When combusting biomass, the NOxemissions increase with the nitrogen (N) concentration of the biomass (Becher,
1998). However, the N concentration of the fuel is not the only determining factor
for NOx-emissions. Other factors include e.g. the type of combustion installation,
combustion conditions and post-combustion removal of NOx from the flue gas
(Lewandowski & Kauter, 2003). However, the N concentration is a less important
fuel characteristic compared with the concentrations of alkali metals and chlorine
(Cl). Potassium (K) and Cl are involved in corrosion processes, K and sodium
(Na) in slagging processes and these elements can therefore cause technical
complications during power plant operation (Scott et al., 2000; Müller-Hagedorn
et al., 2003). There is an inverse relationship between elevated K concentrations,
which typically occur in stalky graminaceous biomass, and ash melting
temperature. Calcium (Ca) and magnesium (Mg) usually increase the ash melting
point, while K decreases it (Obernberger, 1997; van Loo and Koppejan, 2003;
Obernberger, Brunner and Bärnthaler, 2006). Ash melting in straw-type biomass
typically occurs at temperatures below optimal operation temperatures of
combustion plants. This leads to slagging and fouling of the combustion chamber
and the heat exchanger surfaces. Slag impedes the heat transfer and favours hightemperature corrosion. It has to be removed manually because technical solutions
to cope with slagging are very expensive (Lewandowski & Kauter, 2003). High
concentrations of zinc (Zn) and cadmium (Cd) in biomass fuels can cause
problems in ash recycling, since these metals accumulate in the ash during
combustion or are emitted to the atmosphere as particulates (van Loo & Koppejan,
2003).
The chemical composition of biomass material also varies with timing of
sampling occasion (Ernst, 1995). In the present thesis, willows were harvested and
concentrations of mineral elements in these were analysed in early autumn (Paper
I) and in late winter (Papers II-IV). To calculate the element content of willow
shoots in this study, a method of weighted averages was used, where the
concentrations of elements in bark and in wood in different parts of shoots were
multiplied by the respective dry weight proportion of the shoot section (Papers IIIV).

Using wastes as fertiliser
Municipal wastewater is the wastewater from a community. The characteristics of
the wastewater vary with location depending on the population served. Domestic
wastewater includes typical wastes from the kitchen, bathroom, laundry and car
washing as well as that discharged from commercial, institutional, and similar
facilities (Kadlec & Knight, 1996). Chemically, wastewater is composed of
organic and inorganic compounds as well as various gases. Organic components
may include carbohydrates, proteins, fats, surfactants, oils, pesticides, phenols, etc.
Inorganic components may include heavy metals, nitrogen, phosphorus, sulphur,
chlorides, alkalis, toxic compounds, etc. In domestic wastewater, the organic and
inorganic portions make up approximately 50% each. Gases commonly dissolved
in wastewater include hydrogen sulphide, methane, ammonia, oxygen, carbon
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dioxide and nitrogen. The first three gases result from the decomposition of
organic matter present in the wastewater (Kadlec & Knight, 1996).
Landfill leachate refers to the liquid that seeps through a landfill site and is
usually characterised by high concentrations of ammonium (NH4) and high ionic
strength caused by high concentrations of chloride (Cl) and sodium (Na). This
liquid may already be present in the material dumped in the landfill, or it may be
the result of rainwater entering the landfill, filtering through the waste material
and picking up additional chemicals before leaking out into the environment. The
leachate contains also water from decomposition processes in landfill. Leachate
passing through landfill is most likely to eventually mix with the groundwater near
the site (Williams, 2005).
Sewage sludge is the main solid waste produced by wastewater treatment
processes. It is essential to utilise this material in a sustainable and beneficial way.
Following EU legislation, the disposal of sewage sludge in landfills in Sweden
was banned from 2005 (Swedish EPA, NFS 2004:4). Using sewage sludge as an
organic fertiliser in short rotation willow coppice has become an acceptable
alternative to spreading of sludge on agricultural land. In Sweden, there are strict
regulations concerning both the total sludge amounts applied and the maximum
permissible heavy metal concentrations in soils after sludge application (EEC,
1986; Swedish EPA, 2004). Sludge application to agricultural land increases soil
organic matter content and provides the crops with nutrients. In comparison with
inorganic fertilisers, sewage sludge is generally low in nutrients, especially as
regards K (Brady & Weil, 2002), the concentration of which is low because most
K present is in soluble form and remains in the effluent during treatment. The
phosphorus (P) content is higher, because advanced sewage treatment is designed
to remove P from the effluent and deposit it in the sludge component. If the
treatment precipitates P by reactions with iron or aluminium compounds, the P in
the sludge is likely to have a low availability to plants.
Wood ash is the inorganic and organic residue remaining after the combustion
of wood or unbleached wood fibre. Calcium is the most abundant element in wood
ash and gives the ash properties that are similar to those of agricultural lime.
Today there is no legislation regarding ash recycling on agricultural land in
Sweden. Wood ash treatment has been shown to increase soil pH, causing a
mineralisation pulse and an increase in nitrate-reductase activity in the fine roots
(Genenger et al., 2003a). An unsustainable base-cation balance in forest soils,
resulting from whole-tree harvesting and acid deposition or both, can be
counteracted by recirculation of wood ash (Lundborg, 1998; Saarsalmi et al.,
2001). Given its alkalising character, the effects of wood ash on the soil
environment and biota are to some extent similar to the effects of liming. Lime has
been widely used to counteract soil acidification, although there is a risk of
increased leaching of nitrate (Lundell, Johannisson & Högberg, 2001). The
changes in pH and microbial biota in soils are related to the dose and form of the
wood ash applied (Perkiomäki & Fritze, 2002; Genenger et al., 2003b).
Compacted wood ash dissolves more slowly than loose ash, and therefore the
latter can induce more changes at the same application rate. Stabilisation of wood
ash before spreading is necessary to avoid the risks of dust, salt effects, pH shock
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and burn damage to vegetation (Steenari & Lindqvist, 1997). Positive effects of
hardened wood ash treatment in aboveground organs of trees, such as increased
concentrations of P, Ca and K in the needles of Picea abies, have been
demonstrated (Arvidsson & Lundkvist, 2002). Effects of wood ash treatment on
soil chemistry (pH, base saturation) and on fine roots have been reported to occur
mainly in the upper 0-5 cm of the soil (Clemensson-Lindell & Persson, 1995;
Arvidsson & Lundkvist, 2003). A long-term effect of wood ash on fine roots of
Picea abies has been reported in deeper mineral soil layers (Püttsepp, 2004).

Objectives and hypotheses
•

To assess the suitability of two deciduous woody perennials (Salix and
Populus) and two summer green herbaceous perennials (Phragmites and
Urtica) for use as vegetation filters (Paper I). Two major hypotheses
tested were that: (1) species combining high relative growth rate (RGR),
low nutrient productivity (A) and long mean residence time (MRT) of
nutrients would be the most effective in accumulating nutrients; and (2)
vegetation filters of deciduous woody perennials would be more effective
in nutrient removal compared with summer green herbaceous perennials,
due to extensive above ground perennial parts that easily can be
harvested.

•

To develop a method for estimation of bark proportions in stands of Salix
used for biomass production and/or as vegetation filter (Paper II).

•

To assess the effects of different proportions of bark in stands of Salix
fertilised with sludge and wood ash on wood fuel quality and above
ground nutrient accumulation (Papers III, IV). The hypothesis tested
was that wood fuel with a higher proportion of bark would contain more
essential elements and heavy metals than wood fuel with a lower
proportion of bark (Paper IV).

Outline of experimental work and methods
Growth study (Paper I)
Information concerning partitioning of growth among roots and perennial and
seasonal aboveground plant parts is necessary for an understanding of how
application of wastewater may affect growth. An outdoor experiment was
therefore conducted at Ultuna, central Sweden, to study the suitability of species
from two different growth forms for use in vegetation filters (Table 2).
Aboveground stem fragments (cuttings) of deciduous woody perennials (Salix and
Populus) and belowground stem (i.e. rhizome) fragments of summer green
herbaceous perennials (Phragmites australis and Urtica dioica) were planted in 4litre pots. The growth response of the plants was studied at genet level (Fig. 1). A
genet is an independent plant individual originating from one seed – a genotype
(Harper, 1977). An individual genet may be a tiny seedling, a tree or a clone of a
12

rhizomatous plant. Several aboveground shoots that are interconnected with each
other by rhizomes are thus also a genet. Studying plants at genet level allows
comparison of biomass and nutrient allocation into perennial and seasonal tissues
between these growth forms. After establishment, all the plants were fertilised
weekly during the growing season. The aim was to compare the plants treated with
municipal wastewater and landfill leachate with the plants grown in optimal
growth conditions (balanced nutrient solution) and those in the treatment where no
nutrients were added (pure water). The aim was to assess how much of the
potential of the species to grow and accumulate nutrients was realised in the
municipal wastewater and landfill leachate treatments.

Figure 1. Continuum of modular growth from woody perennials to rhizomatous perennials.
a) The main axis is vertical, rooting nodes are missing; b) the main axis is horizontal,
rooting nodes are missing; c) the main axis is horizontal, rooting nodes are present;
d) vertical shoots develop on a horizontal main axis, that can be a sympodium or
monopodium (from Clegg, 1978)

Methodological study (Paper II)
The method developed to estimate proportion of bark in willow stands was based
on the shoots of clone 77-683, collected in an experimental plantation at Ultuna,
13

near Uppsala (Table 2). The general idea of the method was to calculate
proportion of bark in the whole stand on the basis of proportion of bark in sample
pieces from a small number of shoots (destructive measurements)(Fig. 2) and the
shoot size distribution in the whole stand (non-destructive measurements of all
shoots in randomly selected stools)(Fig. 3). In the study, weighted averages of the
proportion of bark in different age fractions of entire shoots were used to calculate
the proportion of bark in fifteen destructively sampled shoots. Thereafter the
relationship between D55 and proportion of bark in the destructively measured
shoots (Fig. 2) was calculated.
Figure 2. Relationship between D55
(shoot diameter at 55 cm height) and
proportion (%) of bark (BPshoot) for 1year-old (crosses), 2-year-old (open
circles, solid line) and 3-year-old shoots
(filled circles, dashed line) of Salix
viminalis (clone 78-021) grown at two
sites in central Sweden (part a and b) and
for 5-year-old shoots (open squares, solid
line) of Salix viminalis (clone 77-683)
grown at Ultuna in central Sweden (part
c).

40
Lundby

BPshoot

30

20

10
40

a) 2-year-old shoots: BPshoot=-2.0+73.0
x D55(-0.35), R2=0.54; 3-year-old
shoots: BPshoot =-2.0+66.60 x D55(0.32), R2=0.60,

BPshoot

Hammarby
30

b) 2-year-old shoots: BPshoot=-2.0+70.14
x D55(-0.35), R2=0.86; 3-year-old
shoots: BPshoot =-2.0+52.48 x D55(0.25), R2=0.81,

20

c) 5-year-old shoots: BPshoot=0.2+32.8 x
D55(-2.22).

10

0

10

20

30

40
Ultuna

BPshoot

30

20

10
0

20

40

D55

14

60

Field study (Papers III and
IV)
A field experiment was designed to
investigate the accumulation of heavy
metals (Paper III) and nutrients
(Paper IV) in willow shoots (Salix
viminalis clone 78-021) in response
to fertilisation with dewatered sewage
sludge and/or loose wood fuel ash
(Table 1). The two study sites were
located in central Sweden. The aim of
the study was to assess whether
application of sewage sludge and
wood fuel ash as fertiliser for energy
willow plantations is a sustainable

practice. A particular question addressed was whether willow plants accumulated
similar amounts of heavy metals into their stems as was supplied to the
experimental plots by application of sludge and/or ash. Thus, the phytoextraction
potential of willow plantations was addressed (Paper III). In addition, the
relevance of proportion of bark and yield for element removal and wood fuel
quality was studied (Paper IV).
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Figure 3. Shoot size distribution of
non-destructively measured shoots in
three willow plantations in Central
Sweden. Diameters of 55 cm height
(D55) of all shoots in 240 stools after
1st, 2nd and 3rd year of cutting cycle a)
at Lundby and b)at Hammarby, and
c) D55 of all shoots in 142 randomly
selected stools after 5th year of cutting
cycle at Ultuna.
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Table 2. Summary of the studies included in this thesis
Study
Growth
response of
perennials (I)

Species

Salix,
Populus,
Urtica,
Phragmites
Methodological Salix
study (II)
Phytoextraction Salix
studies (III, IV)
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Experimenta
l conditions

Site/s

Outdoor pot
experiment

Ultuna

Research
plantation
Field
experiment

Ultuna, one willow
plantation
Linnes Hammarby,
Lundby Gård; Two
commercial willow
plantations

Experimenta
l
design
Randomised
block design

Treatment/s

Replicates

Age of plants

Wastewater, Leachate, 4
Balanced nutrient
solution, Pure water

One growing season

-

-

-

Randomised
block design

Wood ash, sludge
2 doses of sludge-ash
mixtures, control

4

5-year-old shoots on 12year-old roots
1-year-old shoots and
3-year-old shoots on
4-year-old roots

Results and Discussion
Growth and nutrient partitioning of plants treated with
wastewater or landfill leachate
For healthy growth, plants need essential nutrients in optimal proportions
(Ingestad, 1971; Ingestad & Ågren, 1995). Municipal wastewater and landfill
leachate contain nutrients in proportions far from optimal for plant growth.
Treatments with these wastes affect plant growth and nutrient allocation pattern in
a way that cannot be predicted by conventional plant growth models.
Accumulation of nutrients in plant parts that are subject to biomass harvest is an
important N and P removal mechanism in vegetation filters. In Paper I, the
experimental treatments strongly affected plant growth and nutrient accumulation.
Across the species, municipal wastewater and landfill leachate treatments (i.e.
phytoremediation treatments) resulted in greatly reduced (by 75%) total plant
biomass compared with the balanced nutrient solution treatment and up to
threefold increase in total plant biomass compared with plants in the pure water
treatment (Fig. 2 and Table 4 in Paper I). During the short period of the
experiment (one growing season), Phragmites, Populus and Salix had accumulated
larger plant nutrient pools compared with Urtica at September harvest. The largest
proportion of N and P was found in seasonal tissues in all species in balanced
nutrient solution and phytoremediation treatments (Fig. 4). Phragmites
accumulated a larger amount of biomass and nutrients (N and P) into its
belowground stems in phytoremediation treatments compared with the biomass
and nutrient accumulation into stems of deciduous woody perennials (Fig. 4).
Salix and Populus responded to the phytoremediation treatments by allocating less
biomass into stems and more biomass into roots. If the aboveground biomass is
harvested at this time in the autumn, i.e. before the leaf senescence, a considerable
amount of N and P could be removed from the vegetation filter (Toet et al., 2005).
Since biomass that is harvested as green has high nutrient and water
concentrations, it can be used to produce biogas and to provide agricultural land
with nutrients via biodigestate application (Hansson & Fredriksson, 2004). In
addition, increasing nutrient levels in lakes, marshes and brackish bays are
contributing to environmental problems such as eutrophication and overgrowth by
emergent macrophytes, especially Phragmites. By harvesting of these `natural´
reed beds and producing biogas from the biomass, nutrients that have leached to
lakes, could be returned to agricultural land via biodigestate application.
During autumn senescence, considerable amounts of nutrients are retranslocated
into perennial tissues and roots. In addition to this autumn nutrient retranslocation,
woody perennials may also take up considerable amounts of nutrients from soil
during warm periods in late autumn or early winter (Weih & Karlsson, 1997;
Weih, 2000). The concentrations to which plants can reduce their N and P in
leaves prior to abscission (resorption proficiency) are species-specific
(Killingbeck, 1996; Fig. 5) and also depend on site conditions (Richardson et al.,
2005; Fig. 5). Using the resorption proficiency data (Fig. 5), the retranslocation of
N and P was calculated in Paper I. The potential removal of N and P after the
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retranslocation of the nutrients was higher in Phragmites than in other species in
phytoremediation treatments (Fig. 7 in Paper I).
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Figure 4. N and P partitioning in summer green herbaceous perennials (Phragmites and
Urtica) and deciduous woody perennials (Salix and Populus) between seasonal and
perennial plant parts and roots at September harvest. Treatments: balanced nutrient
solution, municipal wastewater, landfill leachate and pure water. Data from Paper I.
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Figure 5. N and P resorption proficiency in summer green herbaceous perennials
(Phragmites and Urtica) and deciduous woody perennials (Salix and Populus) in different
treatments in an outdoor pot experiment. Data from Paper I.

The partitioning of N and P into belowground stems of summer green
herbaceous perennials was higher than that into aboveground stems of deciduous
woody perennials (Fig. 7 in Paper I). In the optimal nutrient treatment, removal of
N (by harvest of aboveground plant parts) was high both in Salix and Phragmites,
while removal of P was significantly higher by Salix than Phragmites. In
phytoremediation treatments, biomass allocation into Salix and Populus roots was
increased at the expense of biomass allocation into stems. In Urtica, rhizome
biomass fraction increased at the expense of seasonal biomass fraction. Such
growth responses are characteristic when deciduous trees or clonal herbaceous
perennials are experiencing their environment as nutrient-poor (Ericsson, 1981;
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Ericsson, 1995; de Kroon & van Groenendael, 1997). As confirmation, nutrient
deficiency symptoms became visible in Salix, Populus and Urtica plants in late
August in some treatments of the pot experiment (Paper I). The plants in the
phytoremediation treatments exhibited purple coloration due to accumulation of
anthocyanins, which is a typical phosphorus/nitrogen deficiency symptom (Raven
et al., 1999). No changes in colouration or biomass allocation pattern were
observed in Phragmites in this experiment.

Herbaceous perennials vs. deciduous woody perennials in
vegetation filters
The vegetation itself functions as a temporary store of nutrients. Phragmites
accumulated more biomass, N and P into its perennial tissues compared with the
deciduous tree species Salix and Populus in phytoremediation treatments (Fig. 7 in
Paper I). This implies that in the beginning of growth, Phragmites was more
efficient at accumulating nutrients from wastewater than the trees, due to rapid
rhizome development. However, summer green herbaceous perennials complete
their life cycle faster than deciduous woody perennials. Rhizome senescence in
Phragmites starts approx. 6 years after establishment (Asaeda, 2005). Nutrients
from older rhizomes are thereafter translocated into younger rhizomes and
biomass of perennial tissues of a genet does not increase, meaning that the
perennial nutrient pool does not increase either after this period. Trees need a
longer time to establish, with the perennial biomass of deciduous trees, for
example Populus, increasing over several decades (Karacic et al., 2003), meaning
that their life cycle is considerably longer. This implies that a single Salix or
Populus tree is capable of accumulating more biomass and nutrients during its life
cycle than a single Phragmites genet. Besides the realisation of P adsorption
capacity (Kadlec & Knight, 1996), the shorter life cycle of genets of herbaceous
perennials compared with woody perennials may also contribute to the ageing of
wetland vegetation filters.
If vegetation filters are not harvested, many of the nutrients in seasonal plant
parts end up in the litter compartment. In autumn and winter, a large proportion of
the nutrients is then gradually released again through leaching and organic matter
mineralisation. The microbes decomposing the litter may take up (immobilise)
large amounts of nutrients from the wastewater and release these several months to
years later (Verhoeven & Meuleman, 1999). In most wetland vegetation filters, a
proportion of the organic matter is broken down at such a slow rate that it
accumulates as soil organic matter. The N and P contained in this organic matter
accumulate along with it and this represents a significant nutrient removal process
in many wastewater wetlands (Verhoeven & Van der Toorn, 1990).
Other N removal processes in vegetation filters are NO3 production
(nitrification), N2O production (denitrification) and N2 production
(denitrification), while removal of P occurs via adsorption of phosphates to soil
particles (Verhoeven & Meuleman, 1999). The adsorption capacity is dependent
on the presence of iron, aluminium or calcium in clay minerals or bound to the soil
organic matter (Verhoeven & Meuleman, 1999). Adsorption is subject to
20

saturation. Each soil has only a certain adsorption capacity and as soon as all
adsorption sites are occupied, no further adsorption occurs (Kadlec, 1985).
High concentrations of heavy metals were found in senescent leaves in the two
willow vegetation filters studied (Fig. 4 in Paper III). The abscised leaves formed
a considerable sink for temporarily bound heavy metals. The concentrations of
heavy metals in these abscised leaves were at least as high as, or higher than, those
in the bark of winter-harvested shoots.
If the vegetation is harvested, the amounts of nutrients released in autumn and
winter are substantially lower. Harvesting grasses, especially Phragmites, before
retranslocation of nutrients to belowground plant parts has occurred can
substantially contribute to the nutrient removal capacity of a vegetation filter
(Kadlec & Knight, 1996; Toet et al., 2005) and does not affect the long-term
vitality of that vegetation (Meuleman et al., 2002). In contrast, several studies
have indicated that harvesting of natural reed stands in early summer may
negatively affect their long-term vitality (Mook & Van der Toorn, 1982; Weisner,
1987; Graneli et al., 1992; Tanner, 2001; Asaeda et al., 2006).
Perennial energy grasses and Phragmites can stand upright at low water
contents. Therefore their biomass can dry `on the stem´ and a winter harvest for
improved biomass quality is possible (Hartmann, 2001). Winter harvested
perennial energy grasses and Phragmites can be compressed into bales, pellets or
briquettes and burnt in combustion units for straw and other solid fuels (Graneli,
1984; Björndahl, 1985; Allirand & Gosse, 1995; http://www.pilliroog.ee).
Winter harvest is a common practice in short rotation coppices today. As
approximately half of the N retranslocated from leaves remains in willow stems
and the other half is retranslocated to roots (Bollmark, 1999), a considerable
amount of N is removed even by winter harvest of willows. Accumulation of
nutrients and heavy metals in bark and wood is also a matter of allocation. Clones
with many thin stems, giving a high proportion of bark, are a suitable choice for
effective element removal. Clones with few thicker stems and small proportion of
branches, meaning a low proportion of bark, are suitable if the plantation is being
established mostly for wood fuel production.

Estimation of proportion of bark in Salix
Proportion of bark is high in thinner shoots and low in thicker shoots (Kenney et
al., 1990; Paper II). Similarly, younger parts of shoots (thinner) have a higher
proportion of bark while older parts of shoots (thicker) have a lower proportion
(Paper II). The advantage of the method developed (Paper II) and used in this
thesis to assess the proportions of bark (Paper II and III) is that the dry weight
proportion of each age/size fraction is considered. A simple relationship between
proportion of bark and shoot D55 (Fig. 2) provides a reliable tool for estimations of
proportion of bark in entire shoots and plantations, based only on non-destructive
shoot diameter measurements. In addition, estimating the concentrations of
different elements separately for bark and wood in different age fractions (Paper
II) gives more reliable values of these elements in the harvestable biomass.
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Various authors have used different methods to estimate proportion of bark,
which makes comparisons difficult and requires careful interpretation of results.
For example, Sennerby (1979) obtained bark percentages of 1-year-old willow
shoots from 20 different clones as the ratio between fresh weight of bark and
wood by using 10-cm long sample pieces taken from the lower 30% of the stem
height. Tharakan et al. (2003) obtained bark percentages of 3-year-old willow and
poplar shoots of several different clones using 10-cm long sections from the
centroid (balancing point) of each harvested stem. Bark percentages in that study
were calculated using the ‘green’ weight of bark and wood. Pulford et al. (2002)
argue that it is important to consider the ratio of bark to wood when the overall
pattern of metal uptake in harvested willow biomass is estimated. For this purpose
they calculated the weighted averages of bark and wood metal concentrations in 2year-old willow shoots. Sander & Ericsson (1998) documented increased
concentrations of P, K, Ca, Mg, S, Mn, Zn, Cu, Ni and Cd with willow shoot
height and suggested that this was a consequence of increased proportion of bark.
Results in this thesis support these findings (Fig. 3, Tables 1 and 2 in Paper II). In
addition, an age effect of bark and wood on concentrations of some elements was
observed. The concentrations of some elements (N, P, K, Mg, Cu and Zn) were
significantly higher in twigs than in the older fractions of shoots (Paper II).
Laureysens et al. (2004, 2005) estimated proportion of bark in 2-year-old poplar
shoots as average proportion of bark of dry sample pieces from three different
heights per shoot (40%, 60% and 80% of stem height). Doing so may result in an
overestimation, since the proportion of bark in those three different heights gets a
similar weighting. The proportion of bark at the shoot base should have more
weighting in such calculations, since the majority of biomass is allocated to the
oldest age fraction of a shoot, where the proportion of bark is low (Paper II).
When amounts of nutrients and heavy metals in harvestable biomass are of
interest, weighting the concentrations in terms of the dry weight proportion of the
respective age fraction of the shoot is extremely important. These calculations
should be performed separately for bark and wood, since concentrations of
macronutrients and some heavy metals (Cd, Zn and Co in Paper II; Cd, Zn, Cu, Ni
in Papers III and IV) are significantly higher in bark than in wood (see also
Pulford et al., 2001; Pulford et al., 2002; Tharakan et al., 2003; Laureysens et al.,
2004; Laureysens et al., 2005).

Is the proportion of bark important for element removal?
The proportion of bark in the whole stand (BPstand) decreased with increasing stand
age (Fig. 6). After the third growing season, the harvestable shoot biomass was
significantly higher at Hammarby compared with Lundby (Fig. 5 in Paper III;
Table 6 in Paper IV). The plantations at Hammarby and Lundby had different
stand structure. High proportions of small-sized shoots (D55) in harvestable
biomass contributed to high proportions of bark at Lundby plantation (Fig. 3).
BPstand decreased with increasing harvestable shoot biomass (yield) per hectare
(Fig. 3 in Paper IV).
The major differences in mineral element concentrations were between bark and
wood and between sites (Table 3). Higher concentrations of heavy metals, P and K
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in willow bark and wood (the effect of site in Table 3; Paper III and IV), but lower
total biomass yield at Lundby compared with Hammarby resulted in a similar
amount of element (P, K, Cu and Ni) removal by harvest (Table 4). In contrast, the
removal of Cd and Zn was higher at Lundby in spite of the lower yield. This is
explained by higher proportion of bark and high Cd and Zn concentrations in the
bark at Lundby compared to Hammarby.
The removal of N was significantly higher at Hammarby, where the biomass
yield was higher (Table 4). The small differences in N concentration between bark
and wood did not affect the content of N accumulated in the composite biomass.
These results are in agreement with those of Adegbidi et al. (2001) who also
found that the variability in average removal of nutrients was determined more by
biomass production than by variation in concentration of nutrients. Labrecque &
Teodorescu (2003) found that the biomass productivity and N, P and K contents in
harvestable biomass of S. viminalis grown on a clayey soil were more than twice
the yield and N, P, K removal obtained on a sandy soil (62 vs. 29 t DM ha-1,
respectively) on abandoned farmland sites in southern Quebec in Canada.
Soil (e.g. the effect of site in Table 3) plays an important role in determining
element concentrations in biomass. The higher concentrations of Zn, Cd and Ni in
the clayey soil at Lundby resulted in higher concentrations of these metals in the
bark and wood of willows compared with those at Hammarby (Paper III).
Table 3. Effects of various factors on concentrations of elements in willow shoots. *
significant at 0.05 > p > 0.01, ** significant at 0.01 > p > 0.001, *** significant at p <
0.001; + effect positive, -effect negative
Paper

Factor
N

IIa
IIa
IVb
III,IV b
III,IV b

III

Age
Tissue
(bark/wood)
Tissue
(bark/wood)
Site
Treatment

Site
Depth
Treatment
Ash

P

Effect on
Ca Mg Zn
Cd
Concentrations in shoots

K

Ni

Cu

** *
*
n.s. *** *
*** *** *** *** *** ***

n.s.
***

n.s.
n.s.

*
n.s.

*** *** *** *** *** ***

***

***

***

*
*** ***
n.s. n.s. *

***
***
*
n.s.
+*
n.s.
*
*
Concentrations of plant-available
fractions in soil
*
***
***
***
-;+
**
+**
-***
**
***
***
*
+
Concentrations in senescent leaves

Ic
Treatment
*** ***
IIIb,c
Site
***
***
**
**
III
Year of cutting cycle (1-3)
n.s.
a
5-year-old shoots, b3-year-old shoots, cthe age of the shoots is one growing season
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Figure 6. Proportion of bark (%) in willow stands of different ages grown at Lundby,
Hammarby (clone 78-021) and Ultuna (clone 77-683). Standard errors of estimation are
shown for the mean values of 5 treatments. Proportion of bark did not differ significantly
between treatments (Papers II and IV).

The doses of sludge and/or ash applied to willow vegetation filters were
sustainable only in terms of phytoextraction of Cd, i.e. willows accumulated more
Cd in their harvestable shoot biomass than was supplied by sludge and/or ash
(Table 7 in Paper III). The potential removal (output) of heavy metals in lastmentioned table was underestimated due to 3 % lower value of proportions of bark
used in calculations. This lower value represented proportion of bark in 15
destructively measured shoots, while the proportion of bark from nondestructively measured shoots in 240 stools was 28% after the 3rd year in cutting
cycle (Fig. 6). However, the potential removal of heavy metals at Lundby was
within the standard deviation of the mean removals, presented in Table 4, where
the 28% proportion of bark is used in calculations. Accumulation of Cd in
particular in aboveground biomass of willow has been reported previously (Perttu
& Göransson, 1998; Klang-Westin and Eriksson, 2003) and is supported by the
results in Paper III.
The amounts of Zn, Ni and Cu accumulated in the willow shoots were smaller
compared with the amounts of these metals applied to soil by sludge and/or ash
(Paper III).
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Relevance of the proportion of bark for wood fuel quality
The proportion of bark significantly affected the wood fuel quality only in terms
of Zn concentration per tonne harvestable shoot biomass (Table 5). The site factor
affected significantly the wood fuel quality in terms of P and K, as well as Zn, Ni,
Cd and Cu concentrations (Table 5). Treatment had a significant effect on wood
fuel quality in terms of the concentrations of the four heavy metals and K (Table
5).
Table 4. Mean (±SD) element concentrations (part a) and amounts (part b) in harvestable
shoot biomass of Salix at Lundby and Hammarby in central Sweden (t-test n=20 shoots per
site, p denotes p-value)(Data from Paper IV)

Site

L
H
p
L
H
p

Effect on
N
P
K
Zn
Cd
a) Concentrations in wood fuel (kg t-1/g t-1)
4.3±0.4 0.85±0.05 2.7±0.3 58±4
1.3±0.1
4.3±0.1 0.56±0.02 2.1±0.3 33±3
0.5±0.04
n.s.
<0.001
<0.001 <0.001
<0.001
b) Removal by harvest of willow shoots (kg ha-1/g ha-1)
64±13
13±3
41±9
878±206 19±4
81±15
11±2
39±10
620±136
9±2
<0.01
n.s.
n.s.
<0.001
<0.001

Ni

Cu

1.3±0.3 3.0±0.2
1.0±0.1 2.7±0.2
<0.001 <0.001
19±5
18±3
n.s.

45±11
51±11
n.s.

Table 5. Effects of various factors on a) wood fuel quality of 3-year-old willow shoots in
terms of element concentrations in composite shoot biomass, and b) removal of elements by
willow shoots. * significant at 0.05 > p > 0.01, ** significant at 0.01 > p > 0.001, ***
significant at p < 0.001 (Paper IV)

Factor

Site
Yield
Treatment
BPstand
Adj. R2
Site
Yield
Treatment
BPstand
Adj. R2

Effect on
N
P
K
Zn
Cd
Ni
a) Concentrations in wood fuel (kg t-1/g t-1)
n.s.
***
**
***
***
*
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
**
***
*
***
n.s.
n.s.
n.s.
***
n.s.
n.s.
0.18
0.96
0.74
0.99
0.98
0.67
b) Removal by harvest of willow shoots (kg ha-1/g ha-1)
n.s.
***
***
***
***
*
***
***
***
***
***
***
n.s.
n.s.
***
***
n.s.
***
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
0.94
0.94
0.86
0.98
0.96
0.68

Cu
*
n.s.
**
n.s.
0.52
*
***
***
n.s.
0.93

The age of the plantations studied influenced the element concentrations in the
harvestable crop due to the different yields and the varying proportion of wood
and bark. The 5-year-old plantation at Ultuna contained 3.3 kg N t-1 of dry mass
(Paper II), while the 3-year-old plantations at Lundby and Hammarby contained
3.7-4.7 and 4.0-4.3 kg N t-1 of dry mass, respectively (Paper IV).
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The problems with emission of nitrogen oxides can easily be avoided in larger
heat and power plants by installation of flue gas filters. In Hässelby Heat and
Power Plant (AB Fortum Värme, Sweden), bark pellets are used as fuel for boilers
as long as NOx emissions to the ambient air do not exceed 75 mg MJ-1yr-1 (Per
Ytterberg, pers. comm.). After this limit is reached, only wood pellets are used as
fuel.
Although the concentrations of Zn were higher in the plantation with the high
proportion of bark, it was not possible to test the hypothesis that wood fuel with a
higher proportion of bark contains more essential elements and heavy metals
compared with wood fuel with a lower proportion of bark. Site conditions, stand
structure and treatment played a more important role in determining the
concentrations of elements in composite harvestable biomass than proportion of
bark (Table 5). To test this hypothesis, assessment of more sites with similar yields
and more variable proportions of bark is needed.

Conclusions and implications for practice
Before the establishment of a new vegetation filter is considered, the N:P ratio of
wastewater and site soil should be examined. If the N:P ratio is optimal for plants,
vegetation filters planted with deciduous woody perennials should be used, due to
considerable accumulation of harvestable aboveground perennial tissues. If the
N:P ratio of the wastewater is suboptimal, a vegetation filter with Phragmites
could be considered. However, harvest of belowground stems of Phragmites is not
a common practise. Consequently, the large fractions of nutrients accumulated in
the belowground stems represent a temporary removal of the nutrients.
The developed method for measuring the proportions of bark in willow
plantations appeared to be easily applicable in practice. The destructive
measurements of some shoots to establish the relationship between their diameter
at 55 cm shoot height (D55) and the proportion of bark, and the non-destructive
measurements of D55 in large number of shoots gave a representative estimate of
the proportion of bark in willow stands.
The proportion of bark in a willow stand depends on the shoot size frequency
distribution of the stand and can be influenced by the management regime. For
example, extension of cutting cycle should decrease the proportion of bark and
consequently the concentrations of nutrients and some heavy metals in the wood
fuel. With longer cutting cycles, removal of elements would increase due to higher
harvestable biomass yields.
Plant breeding and genetic improvements of energy crops form one possibility
to optimise yield and fuel quality in the future, e.g. to grow Salix species with high
yields and low concentrations of alkalis and heavy metals and other elements (S
and Cl) that have negative effects on wood fuel quality.

26

References
Adegbidi, H.G.,Volk, T.A., White, E.H., Abrahamson, L.P., Briggs, R.D. & Bickelhaupt,
D.H. 2001. Biomass and nutrient removal by willow clones in experimental bioenergy
plantations in New York State. Biomass and Bioenergy, 20, 399-411.
Allirand, J.-M. & Gosse, G. 1995. An aboveground biomass production model for a
common reed (Phragmites communis Trin.) stand. Biomass and Bioenergy, 9(6), 441448.
Amsberry, L., Baker, M.A., Ewanchuk, P.J. & Bertness, M.D. 2000. Clonal integration and
the expansion of Phragmites australis. Ecological Applications, 10(4), 1110-1118.
Anderson, H.W., Balatinecz, C.P., Chen, C.P. & Roy, D.N. 1984. Internal biomass
characteristics for efficient energy conversion. In: Morgan, D.J., Gambles, R.L. & Zsuffa,
L. (eds.) Proceedings of the Joint Workshop of IEA/FE Programme Groups B, C and D.
International Energy Agency, Toronto, Canada. pp. 31-56.
Aronsson, P. & Perttu, K. 2001. Willow vegetation filters for wastewater treatment and soil
remediation combined with biomass production. The Forestry Chronicle 77(2), 293-299.
Aronsson, P. 2000. Nitrogen retension in vegetation filters in short-rotation willow coppice.
Swedish University of Agricultural Sciences, Department of Short Rotation Forestry.
Silvestria 161. Doctoral thesis
Arvidsson, H. & Lundkvist, H. 2002. Needle chemistry in young Norway spruce stands
after application of crushed wood ash. Plant and Soil 238(1), 159-174.
Arvidsson, H. & Lundkvist, H. 2003. Effects of crushed wood ash on soil chemistry in
young Norway spruce stands. Forest Ecology and Management 176 (1-3), 121-132.
Asaeda, T., Rajapakse, L., Manatunge, J. & Sahara, N. 2006. The effect of summer
harvesting of Phragmites australis on growth characteristics and rhizome resource
storage. Hydrobiologia 553, 327-335.
Balatinecz, J.J., Kretschmann, F. & Leclercq, A. 2001. Achievements in the utilization of
poplar wood – guideposts for the future. Forestry Chronicle 77(2), 265-9.
Becher. S. 1998. Biogene Festbrennstoffe als Substitut für fossile Brennstoffe-Energie- und
Emissionsbilanzen. IER Forschungsbreicht 50, Stuttgart.
Björndahl, G. 1985. Influence of Winter Harvest on Stand Structure and Biomass
Production of the Common Reed, Phragmites australis (Cav.) Trin. Ex Steud. In lake
Tåkern, Southern Sweden. Biomass 7, 303-319.
Brady, N.C. & Weil, R.R., 2002. The Nature and Properties of Soils. 13th edition. Prentice
Hall. Upper Saddle River, New Jersey. 960 pp.
Börjesson, P. 1999. Environmental effects of energy crop cultivation in Sweden – I:
Identification and quantification. Biomass and Bioenergy (16), 137-154.
Clausen, J.C. 1994. Nutzungsgerechte Brennstoffaufbereitung, Thermische Nutzung von
Biomasse – Technik, Probleme und Lösungsansätze. Schriftenreihe Nachwachsende
Rohstoffe 2. Fachagentur Nachwachsende Rohstoffe e. V, Stuttgart, pp. 111-117.
Clemensson-Lindell, A. & Persson, H. 1995. Fine-root vitality in a Norway spruce stand
subjected to various nutrient supplies. Plant and Soil 168-169, 167-172.
De Kroon, H. & van Groenendael, J. 1997. The ecology and evolution of clonal plants.
Backhuys Publishers, Leiden, The Netherlands. 453 p.

27

Demirbas A. 1998. Yields of oil products from Thermochemical Biomass Conversion
Processes. Energy Conversion and Management 39(7), 685-690.
Dinka, M., Agoston-Szabo, E. & Toth, I. 2004. Changes in Nutrient and Fibre Content of
Decomposing Phragmites australis litter. International Review of Hydrobiology 89(5-6),
519-535.
EEC, 1986. Council Directive 86/278/EEC.
Ericsson, T. 1981. Growth and nutrition of three Salix clones in low conductivity solutions.
Physiologia Plantarum 52, 239-244.
Ericsson, T. 1995. Growth and shoot:root ratio of seedlings in relation to nutrient
availability. Plant and Soil, 168-169, 205-214.
Ernst WHO. 1995. Sampling of plant material for chemical analysis. The Science of the
Total Environment 176, 15-24.
Flyver Christiansen, H. (The Danish Energy Agency), & Fock, M.W. (Center for Biomass
Technology at dk-Teknik Energy and Environment) 2000. LCA of Procurement and
Conversion of Biomass and Fossil Fuels – used for Energy Production in Denmark 1997.
Poster presented at the First World Conference and Exhibition on Biomass for Energy
and Industry, June 5-9, 2000, Sevilla.
Genenger, M., Zimmermann, S., Hallenbarter, D., Landolt, W., Frossard, E. & Brunner, I.
2003a. Fine root growth and element concentrations of Norway spruce as affected by
wood ash and liquid fertilisation. Plant and Soil 255, 253-264.
Genenger, M., Zimmermann, S., Frossard, E. & Brunner, I. 2003b. The effects of fertiliser
or wood ash on nitrate-reductase activity in Norway spruce fine roots. Forest Ecology
and Management 175, 413-423.
Geyer, W.A. 1981. Growth, yield and woody biomass characteristics of seven short-rotation
hardwoods. Wood Science 13(4), 209-15.
Graneli, W. 1984. Reed Phragmites australis (Cav.) Trin. Ex Steudel as an energy source in
Sweden. Biomass, 4, 183-208.
Graneli, W., Weisner, S.E.B. & Sytsma, M.D. 1992. Rhizome dynamics and resource
storage in Phragmites australis. Wetlands Ecology and Management 1(4), 239-247.
Hakkila, P. 1989. Utilization of Residual Forest Biomass. Springer Series in Wood Science.
568 p.
Hansson, P.A., Svensson, S.E, Hallefält, F. & Diedrichs, H. 1999. Nutrient and cost
optimization of fertilizing strategies for Salix including use of organic waste products.
Biomass and Bioenergy (17), 377-387.
Hansson, P.A. & Fredriksson, H. 2004. Use of summer harvested common reed
(Phragmites australis) as nutrient source for organic crop production in Sweden.
Agriculture, Ecosystems and Environment, 102, 365-375.
Harper, J.L. 1977. Population Biology of Plants. London, Academic Press. 892 p.
Hartmann, H. 2001. Brennstoffzusammensetzung und –eignung. In: Kaltschmitt, M. and
Hartmann, H. (eds.). Energie aus Biomasse. Berlin Heidelberg New York. Springer, p
248-271.
http://www.pilliroog.ee. Reed Strategy in Finland and Estonia. (Webpage visited in 28th of
November 2006).
Ingestad, T. 1971. A definition of optimum nutrient requirements in birch seedlings. II.
Physiologia Plantarum 24, 118-125.

28

Ingestad & Ågren 1995. Plant nutrition and growth: Basic principles. Plant and Soil, 168169, 15-20.
Jirjis, R. 2005. Effects of particle size and pile height on storage and fuel quality of
comminuted Salix viminalis. Biomass and Bioenergy, 28(2), 193-201.
Kadlec, R.H. 1985. Aging phenomena in wastewater wetlands. In: Godfrey, P.J., Kaynor,
E.R., Pelczarski, S. & Penforado, J. (eds.) Ecological considerations in Wetlands
Treatment of Municipal Wastewaters. Van Nostrand Reinhold, New York, pp. 338-347.
Kadlec, R.H. & Knight, R.L.1996. Treatment wetlands. Lewis Publishers, cop. Boca Raton.
893 pp.
Karačić, A., Verwijst, T. & Weih, M. 2003. Above-ground biomass production of short
rotation Populus plantations on agricultural land in Sweden. Scandinavian Journal of
Forest Research 18, 427-437.
Kenney, W.A., Sennerby-Forsse, L. & Layton, P. 1990. A Review of Biomass Quality
Research Relevant to the Use of Poplar and Willow for Energy Conversion. Biomass 21,
163-88.
Killingbeck, K.T. 1996. Nutrients in senesced leaves: keys to the search for potential
resorption and resorption proficiency. Ecology 77, 1716-1727.
Klang-Westin, E. & Eriksson, J. 2003. Potential of Salix as phytoextractor for Cd on
moderately contaminated soils. Plant and Soil 249, 127-137.
Krigstin, S.G. 1985. Analysis of the thermal decomposition and heat content of hybrid Salix
clones. University of Toronto, Faculty of Forestry. MSc thesis.
Ksenofontova, T. 1988. Morphology, Production and Mineral Contents in Phragmites
australis in Different Waterbodies of the Estonian SSR. Folia Geobotanica &
Phytotaxonomica 23, 17-43.
Labrecque, M. & Teodorescu, T.I. 2003. High biomass yield achieved by Salix clones in
SRIC following two 3-year coppice rotations on abandoned farmland in southern
Quebec, Canada. Biomass and Bioenergy 25, 135-146.
Laureysens, I., Blust, R., De Temmerman, L., Lemmens, C. & Ceulemans, R. 2004. Clonal
variation in heavy metal accumulation and biomass production in a poplar coppice
culture: I. Seasonal variation in leaf, wood and bark concentrations. Environmental
Pollution 131, 485-94.
Laureysens, I., De Temmerman, L., Hastir, T., Van Gysel, M. & Ceulemans, R. 2005.
Clonal variation in heavy metal accumulation and biomass production in a poplar
coppice culture. II. Vertical distribution and phytoextraction potential. Environmental
Pollution 133, 541-551.
Lehtikangas, P. 1999. Lagringshandbok för trädbränslen. (Handbook of storaging wood
fuel). (In Swedish). 2nd edition. Swedish University of Agricultural Sciences. Uppsala,
Sweden. 116 pp.
Lewandowski, I., Clifton-Brown, J.C., Scurlock, J.M.O. & Huisman, W. 2000. Miscanthus:
European experience with a novel energy crop. Biomass and Bioenergy, 19, 209-227.
Lewandowski, I. & Kauter, D. 2003. The influence of nitrogen fertilizer on the yield and
combustion quality of whole grain crops for solid fuel use. Industrial Crops and
Products, 17, 103-117.
Lewandowski, I., Scurlock, J.M.O., Lindvall, E. & Christou, M. 2003. The development
and current status of perennial rhizomatous grasses as energy crops in the US and
Europe. Biomass and Bioenergy 25, 335-361.

29

Lundborg, A. 1998. A sustainable forest fuel system in Sweden. Biomass and Bioenergy 15
(4/5), 399-406.
Lundell, Y., Johannisson, C. & Högberg, P. 2001. Ion leakage after liming or acidifying
fertilization of Swedish forests – a study of lysimeters with and without active tree roots.
Forest Ecology and Management, 147, 151-170.
Ma, Z. & Wood, C.W. 1999. Soil management impacts on soil carbon sequestration by
switchgrass. Biomass and Bioenergy, 18, 469-477.
Marosvölgyi, B., Halupa L. & Wesztergom, I. 1999. Poplars as biological energy sources in
Hungary. Biomass and Bioenergy 16, 245-147.
Meszaros, E., Jakab, E., Varhegyi, G., Szepesvary, P. & Marosvölgyi, B. 2004.
Comparative study of the thermal behaviour of wood and bark of young shoots obtained
from an energy plantation. Journal of Analytical and Applied Pyrolysis 72, 317-328.
Meuleman, A.F.M., Beekman, J.H.P. & Verhoeven, J.T.A. 2002. Nutrient retention and
nutrient-use efficiency in Phragmites australis stands after wastewater application.
Wetlands, 22(4), 712-721.
Mitchell, C.P., Ford-Robertson, J.P., Hinckley, T.M. & Sennerby-Forsse, L. 1992.
Ecophysiology of short-rotation forest crops. Elsevier. New York. 308 pp.
Mola-Yudego, B. & Aronsson, P. Yield models for commercial willow biomass plantations
in Sweden. Manuscript submitted to Biomass and Bioenergy.
Müller-Hagedorn, M., Bockhorn, H., Krebs, L. & Müller, U. 2003. A comparative kinetic
study on the pyrolysis of three different wood species. Journal of Analytical and Applied
Pyrolysis 68-69, 231-249.
Obernberger, I. 1997. Nutzung fester Biomasse in Verbrennungsanlagen unter besonderer
Berücksichtigung des Verhaltens aschebildender Elemente. Schriftenreihe „Thermische
Biomassenutzung“, Band I. Dbv-Verlag der Technischen Universität. Graz, Österreich.
Obernberger, I., Brunner, T. & Bärnthaler, G. 2006. Chemical properties of solid biofuelssignificance and impact. Biomass and Bioenergy, 30, 973-982.
Perkiomäki, J. & Fritze, H. 2002. Short and long-term effects of wood ash on the boreal
forest humus microbial community. Soil Biology and Biochemistry 34, 1343-1353.
Perttu, K.L. 1993. Biomass Production and Nutirent Removal from Municipal Wastes
Using Willow Vegetation Filters. Journal of Sustainable Forestry 1(3), 57-70.
Perttu, K.L. & Kowalik, P.J. 1997. Salix vegetation filters for purification of Waters and
soils. Biomass and Bioenergy, 12(1), 9-19.
Perttu, K. & Göransson, A. 1998. Kadmium i jordbrukssamhället. Ger odling av Salix en
möjlighet att minska kadmiumbelastningen? (In swedish). Swedish University of
Agricultural Sciences, Department of Short Rotation Forestry. Report 65. 1-81. ISSN
1402-6910.
Pulford, I.D., Watson, C. & McGregor, S.D. 2001. Uptake of chromium by trees: prospects
for phytoremediation. Environmental Geochemistry and Health 23, 307-311.
Pulford, I.D., Riddell-Black, D. & Stewart, C. 2002. Heavy metal uptake by willow clones
from sewage sludge-treated soil: The potential for phytoremediation. International
Journal of Phytoremediation (1), 59-72.
Püttsepp, Ü. 2004. Effects of Sustainable Management Practices on Fine-root Systems in
Willow (Salix viminalis, and S. dasyclados), Grey Alder (Alnus incana) and Norway
Spruce (Picea abies) Stands. Swedish University of Agricultural Sciences, Department of
Ecology and Environmental Sciences. Doctoral Thesis.

30

Raven, P.H., Evert, R.F. & Eichhorn, S.E. 1999. Biology of Plants. W.H. Freeman and
Company/Worth Publishers. New York, U.S.A. 944 p.
Rafaschieri, A., Rapaccini, M. & Manfrida, G. 1999. Life Cycle Assessment of electricity
production from poplar energy crops compared with conventional fossil fuels. Energy
Conversion & Management 40, 1477-1493.
Richardson, S.J., Peltzer, D.A., Allen, R.B. & McGlone, M.S. 2005. Resorption proficiency
along a chronosequence: responses among communities and within species. Ecology
86(1), pp. 20-25.
Rosenqvist, H., Aronsson, P., Hasselgren, K. & Perttu, K. 1997. Economics of using
municipal wastewater irrigation of willow coppice crops. Biomass and Bioenergy (1), 18.
Saarsalmi, A., Mälkönen, E. & Piirainen, S. 2001. Effects of wood ash fertilization on
forest soil chemical properties. Silva Fennica 35 (3), 355-368.
Sander, M.-L. & Ericsson, T. 1998. Vertical distributions of plant nutrients and heavy
metals in Salix viminalis stems and their implications for sampling. Biomass and
Bioenergy, 14(1), 57-66.
Salt, D.E., Smith, R.D. & Raskin, I. 1998. Phytoremediation. Annu. Rev. Plant Physiol.
Plant Molecular Biology 49, 643-668.
Sander, B. 1997. Properties of Danish Biofuels and the Requirements for Power Production.
Biomass and Bioenergy 12(3), 177-183.
SCB (Statistics Sweden). http://www.ssd.scb.se/databaser/makro/start.asp (accessed 21March-2005).
Scott, D.S., Paterson, L., Piskorz, J. & Radlein, D. 2000. Pretreatment of poplar wood for
fast pyrolysis: rate of cation removal. Journal of Analytical and Applied Pyrolysis 57,
169-176.
Sennerby, L. 1979. Vedegenskaper hos Salix caprea and Salix pentandra. (Wood properties
of Salix caprea and Salix pentandra.) (In Swedish with English summary.) Swedish
Agricultural University, Department of Forest Products. Report 107.
Sennerby-Forsse, L. 1985. Clonal variation in wood specific gravity, moisture content and
stem bark percentage in one-year-old shoots of 20 fast growing Salix clones. Canadian
Journal of Forest Research 15, 531-34.
Sjöström, E. 1993. Wood chemistry: Fundamentals and Applications. Academic Press. San
Diego. 293 pp.
Steenari, B.-M. & Lindqvist, O. 1997. Stabilisation of biofuel ashes for recycling to forest
soil. Biomass and Bioenergy 13 (1/2), 39-50.
Swedish Environmental Protection Agency (Naturvårdsverket). NFS 2004:4.
Tanner, C.C. 2001. Plants as ecosystem engineers in sub-surface flow treatment wetlands.
Water Science and Technology 44(11-12), 9-17.
Tharakan, P.J., Volk, T.A., Abrahamson L.P. & White, E.H. 2003. Energy feedstock
characteristics of willow and hybrid poplar clones at harvest age. Biomass and Bioenergy
25, 571-580.
Toet, S., Bouwman, M., Cevaal, A. & Verhoeven, J.T.A. 2005. Nutrient Removal Through
Autumn Harvest of Phragmites australis and Typha latifolia Shoots in relation to
Nutrient Loading in a Wetland System Used for Polishing Sewage Treatment Plant
Effluent. Journal of Environmental Science and Health, 40, 1133-1156.

31

Van Loo, S. & Koppejan J. 2003. Handbook of Biomass Combustion and Co-Firing.
Twente University Press. The Netherlands. 348 pp.
Verhoeven, J.T.A. & Van der Toorn, J. 1990. Marsh eutrophication and wastewater
treatment. In: Patten, B.C. (Ed.) Wetlands and Shallow Water Bodies. SPB Academic
Publishing, The Hague. pp. 571-585.
Verhoeven, J.T.A. & Meuleman, A.F.M. 1999. Wetlands for wastewater treatment:
Opportunities and limitations. Ecological Engineering 12, 5-12.
Ververis, C., Georghiou. K., Christodoulakis, N., Santas, P. & Santas, R. 2004. Fiber
dimensions, lignin and cellulose content of various plant materials and their suitability
for paper production. Industrial Crops and Products, 19, 245-254.
Verwijst, T. & Telenius, B. 1999. Biomass estimation procedures in short rotation forestry.
Forest Ecology and Management, 121(1-2), 137-146.
Watson, C., Pulford, I.D. & Riddell-Black, D. 2003. Screening of Willow Species for
Resistance to Heavy Metals: Comparison of Performance in a Hydroponics System and
Field Trials. International Journal of Phytoremediation, 5(4), 351-365.
Weih, M. & Karlsson, P.S. 1997. Growth and nitrogen utilization in seedlings of mountain
birch (Betula pubescens ssp. tortusa) as related to plant nitrogen status and temperature:
A two-year study. Ecoscience 4(3), 365-373.
Weih, M. 2000. Growth of mountain birch seedlings in early-successional patches: A yearround perspective. Plant Biology 2(4), 428-436.
Williams, P.T. 2005. Waste treatment and disposal. J. Wiley & Sons, Great Britain. 380 pp.

32

Acknowledgements
I would like to express my sincere gratitude to:
my main supervisor, Martin Weih, who always had time for my problems and
manuscripts. I have learned from you so many things about how to present a study
as a scientific paper. Thank you for the professional guidance! Your critical, but
well-willing mind helped me to proceed with my PhD project from the very
beginning of our cooperation.
Pär Aronsson, my assistant supervisor, whose readiness to discuss the problems
arisen in the field of vegetation filters from Salix perspective, his encouragement,
help and constructive criticism have been a great support in my work from the day
I started.
Kurth Perttu, also one of my assistant supervisors, for his enthusiastic support and
constructive criticism to manuscripts.
Theo Verwijst, for introducing me to issues of stand structure and bark
proportions in willows.
Ioannis Dimitriou, for fruitful collaboration in the field, laboratory and during
preparation of manuscripts.
Christina Segerqvist, Eva-Marie Fryk and the late Ingvar Lindsjö for skilled
assistance in the practical work in willow fields and in the laboratory. I really
enjoyed doing fieldwork and laboratory work together with all of you!
Richard Childs, for his delicious unforgettable English Christmas dinners.
Thinking back to the period of the Department of Short Rotation Forestry, the
dinners you cooked were the most brightful events I could remember. Thank you
for your help in practical work.
Nils-Erik Nordh who has made the social life on the department enjoyable.
Andres Koppel, the father of the energy forestry concept in Estonia, for giving me
a chance to start this project as PhD student at Estonian Agricultural University
and at Swedish University of Agricultural Sciences simultaneously.
Hasna Mahbuba Kaniz and Ylva Toljander for great company and pleasant time in
our office.
Per Nyman, for help in communicating with my computer.
Marianne Mattsson and Smiljka Popovic, for kind help with all kind of practical
issues.
All the persons at the former Department of Short Rotation Forestry and at our
new Crop Production Ecology Department, for your friendship.
Mary McAfee, who in addition to the linguistic correction also gave valuable
comments to the manuscripts.

33

Finally, Almir, your love and endless support made me feel proud and helped me
through all the difficulties. You shared the good and odd moments of my PhD
training. Your love and our children, Sunne, Edber and Dzemila, made me strong
by bringing the joy into my life, and helped me to finalise this thesis. You made
also such a nice layout for my thesis and manuscripts.
This work was financially supported by the Royal Swedish Academy of
Agriculture and Forestry (KSLA), and by the Swedish National Energy
Administration, which is gratefully acknowledged.

34

