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Abstract

Nordh, N.-E. 2005 Long term changes in stand structure and biomass production in short
rotation willow coppice. Doctor’s dissertation. ISSN 1652-6880, ISBN 91-576-6919-8.

Short rotation willow coppice (SRWC) is a recently commercialised agricultural crop in
Sweden, producing biomass for energy. The expected lifespan of a SRWC plantation is
more than 20 years, or at least 5 harvests. Consequently, understanding of long term stand
development in relation to management, plant material and site characteristics is of great
importance.

The focus of this thesis is on SRWC biomass production during later cutting cycles. Long
term development and dynamics have been studied during three cutting cycles by means of
annual census of individual stools, scaled up to stand level. Methods for non-destructive
biomass assessment, by means of allometric relations, have been developed and validated
for different clones. A method for predicting willow shoot growth in field trials, under
different nutrient and water conditions, based on characteristics found in pot-grown plants
under corresponding conditions, has also been investigated.

The best non-destructive method for assessing shoot weight of clones with bow-shaped
and branching stems was found to be shoot dry weight related to the sum of the cross
sectional areas of all shoots. In straight, un-branched clones, the measuring height could be
elevated to 105 cm above stem base without loosing precision. A comparison of a
destructive and a non-destructive method, applied on 12 different clones, showed a mean
deviation of 2.5%. Stool mortality during the 1% cutting cycle was non-density dependent.
Biomass production increased in the 2™ cutting cycle but high density dependent stool
mortality at the end of the 2" cutting cycle negatively influenced the production in the 3"
cutting cycle, which was lower than both the 1% and 2™ cutting cycle. A stool size hierarchy
was established early and prevailed through all cutting cycles. Stool mortality occurred
mainly among small stools. In the beginning of the 4" cutting cycle, biomass production
stabilised due to compensatory growth of the remaining stools. Total leaf area and total
nitrogen pool of pot-grown plants were good clone-specific characters for predicting shoot
biomass growth in the field during the first cutting cycle and may be used for shortening the
time needed to characterise new clones.

The results suggest that sustainability in SRWC systems is enhanced by matching clone
and site and adapting fertilisation and harvest timing to actual stand development.

Keywords: Allometry, cutting cycle, fertilisation, harvest, leaf area, mortality, nitrogen
pool, Salix, shoot, size hierarchy, stand dynamics, stool, Sweden.

Author’s address: Nils-Erik Nordh, Department of Crop Production Ecology, SLU, P.O.
Box 7016, S-750 07 UPPSALA, Sweden. E-mail: Nils-Erik.Nordh@Ito.slu.se



To my late father and my mother



Contents

Introduction, 7
Background, 7
The biological basis of willow cultivation (SRWC) in Sweden, 8
The commercial growing system, 10
General aim and specific hypotheses addressed, 11

Material and Methods, 12

Paper I, 12

Paper 11, 12
Paper I11, 13
Paper 1V, 14

Results and discussion, 14
Methodology, 15
Biomass production and dynamics, 16

References, 22

Acknowledgements, 26



Appendix

Paper I-1V

The present thesis is based on the following papers, which will be referred to by
their Roman numbers:

I. Verwijst, T. and Nordh, N-E. 1992. Non-destructive estimation of
biomass of Salix dasyclados. Bioresource Technology 41: 59-63.

Il. Nordh, N-E. and Verwijst, T. 2004. Above-ground biomass assessments
and first cutting cycle production in willow (Sal/ix sp.) coppice — a
comparison between destructive and non-destructive methods. Biomass
and Bioenergy 27: 1-8.

1. Weih, M. and Nordh, N-E. 2005. Determinants of biomass production in
hybrid willows and prediction of field performance from pot studies. Tree
Physiology 25: 1197-1206.

IV. Nordh, N-E. and Verwijst, T. 2005. Biomass production and population
dynamics of 12 willow (Salix) clones grown in three short rotations

during 14 years (manuscript).

Paper I — I11 are reproduced with permission of the journals concerned.



Introduction

Background

The research and development concerning short rotation willow coppice (SRWC)
in Sweden was initiated in the 1960s and has been going on continuously for
almost four decades (Statens Energiverk, 1985). The R&D has covered a variety
of topics e.g. plant anatomy (Sennerby-Forsse, 1986a) and plant physiology
(Weih, 2001), damage due to pathogens (Ramstedt, 1999; Cambours et a/., 2005)
insects (Bjorkman et al., 2000) and abiotic factors (von Fircks, 1992), plant
genetics and breeding (Larsson, 1998; Rénnberg-Wastljung & Gullberg, 1999),
development of the techniques used for the commercial crop (Danfors, 1992),
stand development and dynamics, and above ground biomass production
(Verwijst, 1991; Willebrand & Verwijst, 1993), root dynamics (Rytter & Rytter,
1998), use of water and nutrients (Ericsson, 1994; Lindroth & Ciencala, 1996;
Weih & Nordh, 2002), fertilisation (Alriksson et al., 1997), heavy metal uptake
(Klang-Westin & Perttu, 2002), phytoremediation (Aronsson & Perttu, 2001;
Mirck et al., 2005). Much of this knowledge has also been successively published
in guides and manuals on how to grow and manage SRWC (Sennerby-Forsse,
1986b; Ledin et al., 1994; Danfors et al., 1998).

The driving forces behind the interest for SRWC in Sweden have shifted over
time. Initially, in the 1960s, focus was on providing bulk material for the paper
and pulp industry. Following the oil crisis in the early 1970s, the focus shifted
towards research on SRWC as a domestic, renewable and CO, neutral biomass
source for energy. Later on, rural employment and alternative use of abandoned
agricultural land were additional motives for continuous R&D. In recent years,
much attention has been paid to numerous positive environmental applications of
SRWC such as playing a role in municipal wastewater treatment systems,
restoration and prevention of leakage of drainage water from waste deposits as
well as uptake of heavy metals from contaminated arable soils.

The R&D was accompanied by a commercialisation of SRWC on agricultural
land that started in the late 1980s. The fastest expansion took place during 1990-
96 when the planted area increased almost exponentially and reached about 15,000
ha (Rosengvist et al., 2000). In 1991, energy and environmental taxes on fossil
fuels increased markedly making biofuels more competitive and between 1991 and
1996, subsidies for establishing of SRWC were substantial and covered most of
the cost, if not all, for site preparation, plant material and planting. The financial
support was however unconditional, i.e. there was no service in return asked from
the grower - in terms of weed control and fertilisation, necessary management
measures as shown by R&D - to receive the subsidies. As a consequence, many
plantations were poorly or not at all managed and hence the yield in these
plantations was often very low (Jonsson, 1995). After 1996, the financial support
decreased and there was a period of political uncertainty both at a national



Swedish level and at European Union level whether or not SRWC should be
subsidised as an agricultural crop. As a result, the planted area levelled off at
around 15,000 ha, i.e., poor plantations were removed at the same rate as new
plantations were established. At present, SRWC is often regarded as an
agricultural crop and the subsidies have been conditioned to adequate management
of the crop.

From a biological and agronomic point of view the developed system can be
considered as a success since the vyields are increasing and the system is
economically competitive with other crops used by the farmers. From a
commercial and political point of view, the system can be considered as a failure
because large scale implementation is lacking. The 15,000 ha of SRWC
established so far contributes 0.1 to 0.2 TWh of the 406 TWh consumed annually
in Sweden (Energimyndigheten, 2005). Large scale implementation has not been
carried out for a number of reasons. While most technical barriers to large scale
implementation in Sweden have been solved many non-technical barriers are
prevailing and hamper SRWC expansion (Alker et al., 2005). One important
barrier is the lack of experience with the production system during its later stages,
i.e. after repeated harvests, giving rise to a number of questions about the long
term production levels and thereby, the economic sustainability of the system.

The major topic of this thesis is biomass production in SRWC systems during
later cutting cycles. To perform long term census data, accurate biomass
estimations were crucial for the work and consequently, methodological issues are
addressed (Papers | and Il). Dealing with a new crop with a partial unknown
genetic base, issues related to intraspecific variation between willow clones and
clone selection are also addressed (Paper I11). A major emphasis has been put on
the population dynamics of willow stands to capture the processes that determine
productivity in the long term (Paper 1V).

The biological basis of willow cultivation (SRWC) in Sweden

Willows (Salix spp.), a genus of more than 300 species and numerous hybrids
(Meikle, 1984) are pioneer species (FAO, 1979; Verwijst, 2001) adapted to
occupy disturbed habitats and many of the species are characterised by a fast
juvenile growth. Like several other broadleaved tree species (Populus sSp., Alnus
sp., Eucalyptus sp.), willows have an ability to tolerate repeated disturbances and
after being coppiced, new shoots sprout from the stump, forming a stool
(Sennerby-Forsse et al., 1992). Many willows can also be vegetatively propagated
and planted as clones by stem cuttings. These characteristics are of main interest
when cultivating SRWC. By applying short harvest intervals, referred to as cutting
cycles of 3-5 years, shoots are kept in a juvenile stage with high growth rate and
hence, biomass yield is optimised.

Willows have been used and cultivated through history (Stott, 1992), e.g. by the
Romans (Cato, 234-149 B.C.), but willow growing for biomass purposes is a
novel concept and consequently the potential for improving the plant material by
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breeding is large (Stettler et al., 1992). Willow breeding in Sweden mainly aims to
obtain plant material with characteristics that best match existing agricultural
practice, including high growth rate, frost hardiness, resistance to pests and
diseases, and stool morphology and shape (Larsson, 1998).

According to Mead (2005, p. 250) “Actual stand productivity, at any time on a
given site, is determined by how well trees capture resources”. However, a
growing plant may allocate its acquired resources in many different ways to its
several components (e.g. roots, shoots, branches and leaves) and to respiratory
processes. By keeping the stand juvenile by means of short cutting cycles, it is
possible to minimise the respiratory cost, thereby maximising the net primary
production, i.e. the difference between gross production and stand respiration
(Kira & Shidei, 1967). Differential resource allocation (Fig. 1) is reflected in the
wide variety of shapes that stools may have, and even in a single species we may
find differences in shapes between clones (Johansson & Melin, 1994). Differences
in allocation pattern usually have both an environmental and a genetic
background. It also should be noted that management measures - actually being
man-made modifications of site and/or climate - such as fertilisation and irrigation,
may lead to differential resource allocation and as such may complicate biomass
estimations in experimental design; for a given regression model, describing the
relation between stem weight and diameter, stands may display clone- and site
specific parameters. In practice, this means that allometric relations may be clone
and/or environment specific, and that stand-specific equations should be
established.

BREEDING
SELECTION
\ PHENOLOGY,
DIFFERENTIAL
RESOURCE ~

ALLOCATION,
RESPIRATION

\

ENVIRONMENT:

/ SITE CLIMATE

HARVEST, FERTILISATION, IRRIGATION, WEEDING, PLANTING

DIFFERENTIAL
ALLOMETRIC
RELATIONS

Figure 1. The functioning of SRWC systems in relation to management, consisting of
harvest, fertilisation, irrigation, weeding and planting.



SRWC management includes a wide range of measures. A major management
measure consists of the choice of site and clones. Increased knowledge of clone
characteristics, e.g. the use of nutrients and water (Paper Il1l) will improve the
possibilities in the future to better match clones to specific site conditions. Sites
exposed to frost during the growing season are not suitable for SRWC, but by
selecting clones with a site-adapted phenology the risk of production losses due to
frost damage can be reduced.

One common characteristic for a pioneer species is a low competitive ability for
light which makes weed control a very important management measure to improve
growth, especially during the establishment phase. Stool growth conditions can be
further improved by fertilisation and irrigation which also can change the ratio
between roots and shoot (Ericsson, 1995) by increasing the allocation to above
ground stool parts. SRWC stands are densely planted (1.5 to 2.0 stools m?) and if
adequate management actions that improve individual stool performance are
applied it will have consequences for the development at stand level. By
increasing the growth rate of individual stools, competition between stools will be
intensified faster and eventually, stools will start to die. If stool mortality is high,
there is a risk of decreasing stand biomass production in the long term (Verwijst,
1996). The intense competition between stools in a SRWC system can, however,
be reset by harvesting. Consequently, timing of harvest, i.e., changing the length
of the cutting cycle in relation to standing biomass, is also an important
management measure to get high and sustainable biomass production in SRWC.

The commercial growing system

SRWC in Sweden is a commercialised and fully mechanised agricultural cropping
system producing biomass primarily for energy use. The plantations are
established with stem cuttings made from one-year old shoots that are harvested
during shoot dormancy and stored at -2 to -4 °C until planting, preferably done in
late April to early June. The autumn before establishing the crop, a systemic
herbicide, glyphosate, is applied to remove perennial weeds and the soil is
ploughed. Just before planting in spring, the site is harrowed. The current planting
design used is a double-row system with altering inter-row distances of 0.75 m
and 1.5 m and a spacing of 0.6 m between cuttings within the rows, giving a
planting density of about 15,000 cuttings ha™ (Danfors et al., 1998). The planting
machine, which plants three double-rows at a time, cuts the shoots into 15 to 20
cm long cuttings and pushes them into the soil. During the establishment year,
mechanical weed treatment may be needed on repeated occasions. If the stand is
successfully established additional weed control is seldom needed. After the first
growing season, the shoots are usually coppiced during winter to encourage the
sprouting of more shoots the following season.

Fertilisation starts the year after establishment and the recommended application
during the first cutting cycle is an average of about 70 kg N ha™ year™, the main
part applied in year 3 and 4 (Ledin et al., 1994). Recommended fertilisation during
the later cutting cycles are an average amount of 60 to 80 kg N ha™ year™ which
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corresponds to the amount of nitrogen that is removed from the system at harvest
(Ledin et al., 1994).

SRWC plantations are harvested every 3 to 5 year and harvest is done during
winter, when the leaves have been shed, the plants are dormant and the ground is
usually frozen. The harvester simultaneously cuts the shoots, feeds them into a
chipper, chips the wood into chips and blows them into a container. The containers
are transported by lorry to a nearby end-user, mostly a municipal district heating
plant, were the wood chips are burnt fresh. In a good plantation the yield may be 7
to 10 t DM ha® year™ corresponding to about 30 to 45 MWh of energy. The
energy ratio, i.e. the amount of energy taken out of the system in relation to energy
input, can be as high as 20 (Borjesson, 1996). A cutting cycle ends with harvest,
and as the expected lifespan or rotation period of a commercial SRWC is about 25
years (Ledin, 1996), 6 to 7 harvests can be taken before ending the plantation.

Apart from biomass production, willow plantations can be established and
utilised for several environmental applications (Perttu, 1998; Aronsson & Perttu,
2001) often referred to as phytoremediation. This includes irrigation with
municipal waste water (Aronsson & Perttu, 2001), uptake and removal of heavy
metals from contaminated soils (Klang-Westin & Perttu, 2002), treating of landfill
leachate (Dimitriou et al., 2006) etc. Many commercial SRWC plantations are also
fertilised with sludge from municipal wastewater treatment plants (Dimitriou &
Aronsson, 2004).

General aim and specific hypotheses addressed

As SRWC is an agriculture crop, expensive to establish and expected to last for
more than 20 years, sustainable biomass production is crucial for the profitability.
The major aim of this thesis is to assess the population dynamics and to
understand the long term performance of SRWC, especially during the later
cutting cycles, in relation to site characteristics and different management
measures.

The growth and development of a set of individual stools of different clones
were followed annually and biomass production was calculated and scaled up to
stand level. To be able to do this, non-destructive biomass estimation methods,
rather than destructive methods, had to be used to avoid interfering with stand
development. By applying both a non-destructive and a destructive method of
measuring biomass on the same set of individual stools, a controlled comparison
of the two methods was done with the hypothesis that there would be no
difference between the methods.

Most clones used for SRWC have straight, un-branched shoots and upright
growth, but some clones may have curved shoots and exhibit irregular branching.
In these cases the non-destructive method has to be modified to give an accurate
estimation of the shoot biomass. One such modified method is also presented in
this thesis.
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Large scale field trials to test long term performance of different clones under
various environmental conditions are expensive, labour intensive and time
consuming. Therefore, simplification and shortening of the testing procedure of
new clones would be of large benefit. Here, a method to predict standing shoot
biomass of 3-year-old willows grown in a field trial, based on the growth of pot
grown plants after one season, is described. The hypotheses were that there are
clone-specific relationships between certain growth traits such as leaf area and
shoot biomass production and that these are similar in pot- and field-grown plants.

When pursuing general and more specific aims the ambition was always to try to
derive knowledge that could be used in practical management performance.

Materials & Methods

This section gives a brief description of the materials and methods and the aims
for the appended papers. For a more detailed description the reader is referred to
the corresponding paper.

Paper |

The study was carried out 1988 on a Salix dasyclados clone — Swedish clone
number 77075 (Ager et al., 1986) - displaying a growth form with very bow-
shaped and branching stems, planted 1986 at a density of 20,000 cuttings ha™ in a
0.4 ha commercial plantation about 30 km south of Orebro, Sweden (59°04°N,
14°54°E). Sampling of 50 randomly selected stems from 50 individual stools was
done in autumn after leaf fall. A stem was defined as a collection of plant parts
connected at 5 cm or higher above soil surface (Paper I, Fig. 1). The stems and
their branching shoots were marked in the field at 5, 25 and 55 cm height above
soil surface and then cut at 5 cm above soil surface. Afterwards all shoots were
measured on length, diameter at 50 cm from the base, and diameter at the three
heights marked in the field. The stems with their branching shoots were divided
into three sections corresponding to the field marks and oven-dry weight was
determined separately for each section. Stem weight was then related to several
different dimensional variables.

The aim of the study was to develop a non-destructive biomass measurement

method for clones that display a growth form and a branching pattern different
from the usual straight un-branched growth of most clones used for SRWC.

Paper Il

The study was performed during the first 4-year cutting cycle in a willow clonal
trial established in 1990 near Vasteras, Sweden (59°37°N, 16°40°E). The trial was
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manually planted with cuttings in a double- row design at a density of 20,000
cuttings ha™ and included 12 clones, one clone of Salix dasyclados and 11 clones
of S. viminalis, in monoclonal plots, 10 m x 10 m in size, and four replications.
The management consisted of chemical and mechanical weed control and
fertilisation with solid fertiliser, corresponding to in total 285 kg N ha™ during 4
years. The trial was harvested in March 1994,

Measurements consisted of stool survival and above ground living woody biomass
of individual stools scaled up to production per unit area. Two different biomass
measurements methods were used on the same set of individual stools:

1. A non-destructive method where stem diameter was measured at 55 cm above
shoot base on all living shoots per stool. Shoot dry weight (W,) was calculated
using the clone- and age-specific allometric relationship between W, and stem
diameter at given height (D), described in Eq. 1:

W =b-D, Eqg. 1

and all W, was summed up to individual stool dry weights. The parameters 5 and ¢
were estimated from a destructive sample of 30 shoots per clone, stratified
according to diameter. The diameters of the sampled shoots were measured at 55,
85 and 105 cm above shoot base and the shoots were cut at 5 cm above shoot base
and weighed after drying. Regression analysis was done using an iterative least
square method, SYSTAT/NONLIN (Wilkinson, 1990) and the parameters » and ¢
were determined for each clone and measurement height.

2. A destructive method by which all living shoots per stool were harvested and
the individual stool fresh weight was weighed in the field. The dry matter content
(dmc) for each clone was determined from a sample of 10 stem pieces per clone.

The aims of the study were firstly to validate the accuracy of the non-destructive
method in comparison to the destructive method. Secondly, the influence of shoot
shape on the allometric relationship between stem diameter at three different
measuring-heights and shoot dry weight was investigated. Finally, survival and
biomass production of 12 willow clones were assessed.

Paper 111

This study was carried out during the 1% 3-year cutting cycle in three field trials
established 2001 in Sweden. Two of the trials, differing in soil characteristics,
were located at Ultuna (clay) and Pustnds (sandy loam) near Uppsala (59°49°N,
17°40°E) and the third trial at a drier site (sand) near Stenstugu, Gotland
(57°36°N, 18°27°E). Six to nine commercial clones, previously characterized for
growth characteristics (Weih & Nordh, 2002), were included in the trials and
planted in a commercial double-row system at a density of about 18,000 cuttings
ha™. The trials at Ultuna and Pustnas were divided into four plots and to each plot
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one of the following treatments were applied: no irrigation and no fertilisation
(WoFo); no irrigation and fertilisation (W,F.); irrigation and no fertilisation
(W.F); and irrigation and fertilisation (W.F,). The trial at Stenstugu included
only one plot with no irrigation and no fertilisation. Measurements included
annual assessments of plant survival, shoot production and weed cover.
Assessment of total leaf area and biomass as well as total nitrogen contents of
leaves and shoots was done in the trial at Pustnés in 2003.

The aims of this study were to predict shoot biomass of field-grown stools after
three years growth based on the growth of pot-grown plants after one growing
season (Weih & Nordh, 2002) by investigating if the same clone-specific
relationships between growth traits (leaf area and biomass production) found in
the pot studies also could be found in the field trials.

Paper IV

This study was performed in the same willow clonal trial located near Vasteras,
Sweden (59°37°N, 16°40°E) described in Paper Il, and covers the period from
1990 to 2003 corresponding to 3.5 cutting cycles. During this period the trial was
fertilised on nine occasions (in total 852 kg N ha™) and harvested three times by a
commercial harvester. The cutting cycle length was four years. Measurements of
stool and shoot survival and above ground living woody biomass of individual
stools were done annually for each clone and standing biomass production per unit
area was calculated. Biomass was measured with two different but accordant
methods (Paper 11). Standing biomass of dead wood was measured destructively
before harvest in the end of the 2" and 3" cutting cycle.

The aims of the study were to assess biomass production and stand dynamics
during several cutting cycles by means of annual measurements of individual plant
performance, scaled up to stand level. Stand development was evaluated in
relation to climate and fertilisation and management measures for a sustainable
production were discussed.

Results and discussion

This thesis shows that biomass production in SRWC systems is reflected by stand
development, which partly can be controlled to enhance biomass production in the
longer term. While production in SRWC systems can be described as the product
of stool density and biomass increment per stool, there is an interaction between
those components that needs to be accounted for, realising that there is a limit to
the capacity of individual stools to grow and compensate for the death of
neighbouring stools.
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Changes in resource capturing and in allocation patterns in developing stands go
along with changes in allometric relations in plant parts, thereby urging for time-
and site-specific biomass estimation procedures (Telenius & Verwijst, 1995).
Furthermore, there are differences in growth and allocation patterns between
clones, and clone-site interactions are also important components of final biomass
production (Weih & Nordh, 2002).

The biological basis of the practical management of a SRWC system deals with
optimising the net capturing and conversion of solar radiation into harvestable
biomass through the process of photosynthesis. While the energy efficiency in
natural ecosystems ranges from 0.1 to 0.5 % (Odum, 1971), the efficiency in
managed systems with coppiced broadleaved trees like willow reaches the
efficiency of many agricultural crops (Cannell, 1989). This is largely due to high
allocation to above ground parts and the relatively low respiration cost of juvenile
tissue.

In the following section of the thesis, methodological aspects of biomass
estimation will be presented and discussed (Paper | and I1) and finally, long term
stand development and its implications for practical management will be presented
(Paper Il and 1V).

Methodology

Non-destructive biomass assessment methods in SRWC plantations commonly
relate dry weight of the shoot to stem diameter at 50 cm above harvest level
(Nilsson, 1981; Verwijst, 1991). This method applies well to willow clones that
display an erect physiognomy but does not fit the growth form of the S.
dasyclados clone 77075 (Paper 1) where the above ground allocation pattern is
reflected in bow-shaped stems with many branches that often show apical
dominance. The best performing method for clone 77075 was when the shoot dry
weight was related to the sum of the cross sectional areas of all shoots (both the
main stem and the branches) intercepted at 55 cm distance from the stem base
(Paper I, Fig. 1, L55). A linear regression model, W = a(AREA), where W is the
shoot dry weight and « is the regression coefficient, could be used to fit the data
(adj +* = 0.989).

Another shoot shape characteristic that may differ between S. dasyclados and S.
viminalis clones is stem tapering, i.e. how fast the stem diameter is decreasing
with increasing shoot height. Large stem taper will make the stem diameter
measurements more sensitive to deviations from a given measurement level. This
was observed at Brunnby (Paper I1), where clone 81090 - the only S. dasyclados
in the trial and with slightly bow-shaped shoots - showed a more pronounced
tapering than the S. viminalis clones between 85 and 105 cm above shoot base
(Nordh, 2001). When comparing the correlations of non-linear regressions
between stem diameter measured at three different heights above shoot base (55,
85 and 105 cm) and shoot dry weight, clone 81090 had the highest correlation at
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55 cm (adj #* = 0.992) while all the other clones had best correlations at 85 or 105
cm (Paper 11, tab. 2). In general, however, the non-linear regressions showed god
fit for all three measuring heights (adj 7 > 0.961) showing that in a 4-year-old
stand it is possible to elevate the point of measure to at least 105 cm above shoot
base without loosing precision and thereby also improve working ergonomics.

A large part of the woody biomass in a willow shoot is found in the shoot base
and hence, if harvest level is increased a few centimetres the biomass harvested is
reduced by several percent (Hytonen et al., 1987; Telenius & Verwijst, 1995). For
clones that have shoots with pronounced tapering and/or are bow-shaped close to
soil surface, the fraction of biomass located close to the ground is even larger.
Clone 77075 (Paper 1) had about 41% of the biomass located below 55 cm above
the soil surface and consequently, small variations in harvest levels will have a
large impact on harvest outcome. Additional harvest losses may occur as bow-
shaped shoots are often dropped in the field as they are difficult to grip and feed
into the chipper. Since 1987, when the studied plantation was established, clone
77075 and other clones with similar morphologies have been taken out of the
commercial selection used for SRWC. In current commercial practice, stool
morphology, i.e. erect growth, is an important selection criteria when breeding
willow (Larsson, 1998) but as willows are often used as a multipurpose crop
(Abrahamson er al., 1998; Verwijst, 2001), clones may be selected and grown
because of other useful characteristics.

Processes that influence long term stand development in SRWC systems can be
understood in greater detail if they can be studied by annual measurements on
individual stools. To do this without interfering with plant growth and stand
development, biomass measurement methods with limited destructive sampling are
needed. Such methods have been used and described previously (Nilsson,1982;
Hytonen et al., 1987; Verwijst & Telenius 1999; Paper I). The comparison
between the non-destructive method and the destructive method showed a good
coincidence between the methods for all clones where the mean deviation was
2.5% and the largest difference found was a 7.1% underestimation of stool weight
when using the non-destructive method (Paper Il, Tab. 3). This suggests that the
precision of the non-destructive biomass measurement method is high and can be
used in mature commercial SRWC stands to facilitate decisions on harvest timing.
Commercial SRWC stands may exhibit large spatial within-field variation in
growth and, therefore, the procedures of sampling stools to measure and assess
stool survival are not as straightforward as in controlled experimental plots. This
was studied by Telenius & Verwijst (1995) and they found that sampling of stools
and assessment of stool survival was preferably done along row sections rather
than on individual stools.

The differences in shoot allometry both between clones and years found in the

studies (Paper | and Il) indicate that there are also clone differences in resource
allocation which influence the volume and shape of shoots (Fig. 1).
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Biomass production and dynamics

The production per unit area during the establishment phase of a plant population
is to a large extent depending on plant density. When plant density is low, the
production is directly proportional to the density and described by a linear
relationship often referred to as ‘yield-density effect’ (Harper, 1977). However,
the denser the initial spacing, and as time passes and plants grow bigger, the plants
will start to compete and the yield at given site conditions will eventually become
independent of plant density. This was described by Kira ez al. (1953) as the ‘law
of constant final yield” and has also been observed when comparing mature
SRWC plantations planted at different densities (Willebrand & Verwijst, 1993).

SRWC systems planted with about 15,000 to 20,000 cuttings ha™ are usually
depicted as dense plantations, but, during the initial year in the first cutting cycle,
before the bare cuttings have developed roots and shoots, the stand is characterised
by a sparse and far from closed canopy. In this stage much of the incoming
radiation reaches the ground floor and consequently, weed control is crucial.

During the first cutting cycle at Brunnby the mean annual increment per unit
area increased every year (Paper IV, Fig.1), shoot mortality was low (Paper 1V
Fig. 3) and, except for the establishment year, the stool mortality was also very
low (Paper I, Tab 6) indicating that there was no or only low competition between
stools. The standing woody biomass at the end of the 1% cutting cycle was
correlated to survival (p < 0.001) and production gained 3 t DM ha™ for each 10 %
increase in survival. The mortality during the establishment year was almost
exclusively observed as cuttings that never started to grow, and this shows the
importance of good establishment to reach high yield in the 1% cutting cycle. There
are several plausible explanations why some cuttings did not sprout, i.e. variations
in micro-site conditions, poor cutting quality due to inadequate storage or
differences in cutting size, but none of these were investigated at Brunnby. Rossi
(1991; 1999) showed that for both poplar and willow the survival and growth were
improved by increased cutting length and Burgess et al. (1990) found better
growth and survival of willows due to both longer and thicker cuttings. All
cuttings planted at Brunnby were 20 cm long but the thickness varied from the
commercially recommended minimum diameter of 8 mm to about 20 mm.

In the 2" cutting cycle the mean annual increment per unit area peaked in the 2™
year and declined thereafter. The final mean yield, including standing dead wood,
was about 34 % higher than in the 1% cutting cycle which is in accordance with the
findings of Hofmann-Schielle e al. (1999) and Labrecque & Teodorescu (2003).
The annual relative stool mortality increased in the two last years of the 2™ cutting
cycle and stool mortality occurred mainly among smaller plants while large plants
had higher survival rate. This can be shown by sorting stools in size classes
according to initial weight in the end of the 2™ year of the 1% cutting cycle and
follow the survival in each size class during 3 cutting cycles (Fig. 2).
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Figure 2. Stool survival during 3 cutting cycles (12 years) in relation to initial stool dry
weight (g) in year 2. A sample of in total 470 stools from 12 clones was sorted according to
weight in classes of 100 g. The letters A to L correspond in decreasing order to the
following initial stool size classes: A = 1199 to 1100 g; ...; L = 99 to < 0 g. The number of
stools in each size class ranged from 2 (A) to 91 (I). At the end of the 3" cutting cycle 309
stools had survived and number of surviving stools in each size class ranged from 2 (A) to 6
(I). The arrows indicate harvest (Nordh, unpublished data).

The size development of the surviving stools in the 12 size classes during 3
cutting cycles shows that the ranking in size is more or less the same over time
(Fig. 3). Hence, a stool size hierarchy is already present in the second year and this
hierarchy prevails over time also when the above ground biomass is removed by
harvest (Fig. 3). Weiner & Thomas (1986), showed for a range of different plant
species that plant size hierarchies develops early. This was also observed by
Verwijst (1996) who hypothesised that the root reserves were in proportion to
above ground stool size. Although no biomass measurement was made until the
2" year of the 1% cutting cycle it is likely that the stool size hierarchy was
established already during the planting year. The combined observations of low
cutting vigour and the rapidly developed stool size hierarchy, emphasises the
importance of the establishment phase for the long term stand development, and
that the use of homogenous, high quality cuttings along with proper site
preparations are means to achieve good establishment and hence a solid
foundation for future stand development.
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Figure 3. Stool weight development during 3 cutting cycles (12 years) in relation to initial
stool dry weight (g) in year 2. The arrows indicate harvest. For further explanations, see
Fig. 2 (Nordh, unpublished data).

The accentuated stool mortality in the later half of the 2" cutting cycle seems to
be density dependent (Paper 1V, Fig 4) and it can be assumed that this mortality
could have been avoided or at least postponed if harvest had been carried out after
three years instead of four. This expectation is partly confirmed by the
performance of another SRWC trial, planted 1994 on a clay soil in Ultuna near
Uppsala, 80 km east of Brunnby. This clone trial has a different set of clones than
in Brunnby but the same design and stool density, and a similar fertilisation
regime as in Brunnby. The trial was coppiced the year after establishment and
thereafter harvested on a 3-year cutting cycle. In Fig. 4, a comparison of mean
accumulated biomass and mean stool survival in the two trials has been made
(Nordh, unpublished data). After the first 10 years the accumulated biomass is
about the same in the two trials but the stool survival pattern differs. The trial
harvested every fourth year has a very rapid and large decrease in stool survival in
the end of the 2™ cutting cycle while the trial harvested every third year exhibits
slower stool mortality evenly distributed over time. After 10 years, the difference
in survival is close to 15 percentage units and the higher stool density in the trial
harvested every third year gives better prerequisites for a continued sustainable
biomass production. This comparison strengthens the assumption that by adapting
the cutting cycle length stool survival may be improved.
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Figure 4. Comparison of biomass accumulation and survival in stands with 4-year cutting
cycle (white bars and ¢) and 3-year cutting cycle (grey bars and e ). The stand of the 4-
year cutting cycle consisted of 12 clones established in 1990 at Brunnby, near Vasteras.
The stand of a 3-year cutting cycle consisted of 16 clones established in 1994 at Ultuna,
near Uppsala. Accumulated biomass includes both living and dead aboveground wood.
Arrows indicate harvest (Nordh, unpublished data).

The low biomass production in the 3 cutting cycle at Brunnby was also partly
caused by the high stool mortality. In comparison to the 2" cutting cycle the mean
stool weight of living woody biomass decreased 11 % in the 3™ cutting cycle
while the mean standing living woody biomass per unit area decreased as much as
28 % (Paper 1V). However, after two years in the 4™ cutting cycle, the mean stool
weight had increased 34 % and the mean standing biomass increased 15 % in
relation to the corresponding year in the 3" cutting cycle. This indicates that the
remaining stools were not able to fully compensate for their dead neighbours
during the 3" cutting cycle but in the 4™ cutting cycle the biomass production
seems to stabilise as individual stools are growing bigger by occupying available
space caused by the decrease in stool density. In addition, the growth of remaining
stools could also be further enhanced by fertilising if water is not a limiting factor
(Paper 1V, Fig. 6).

The general trends of mean stool mortality and mean biomass production per
unit area as described above were valid for all clones although significant effects
of clone, year and their interaction on biomass production were found (Paper 1V).

Clone-specific characteristics were also found when trying to predict field
performance - measured as shoot biomass production - of a number of clones
based on their performance in a pot trial (Paper Ill). The results show that total
leaf area and total N pool of plants grown in pots can be used for predicting shoot
biomass growth in the field. The studies were performed in a non-coppiced stand,
during the first 3-year cutting cycle only, which restricts the predictive power of
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the method. As shoot biomass yield tends to increase in the 2™ cutting cycle
(Paper 1V), the applicability of the method for long term performance of willow
clones, needs to be further tested by relating characters from pot studies to clone
field performance during later cutting cycles. This view is supported by the shifts
in ranking between clones and years found in Paper IV. Another limitation of the
method is that the relationships were found to be clone-specific, meaning that
predictions on field performance of a certain clone can only be made by studying
potted plants of the same clone. Also in this study (Paper Ill) the biomass
production was influenced by fertilisation but not by irrigation.

The accumulated above ground woody biomass production of the different
clones during the 3.5 cutting cycles at Brunnby ranged from 95 to 133 t DM ha™
(Paper 1V). Assuming that the energy content of willow is about 4.5 MWh per t
DM (Danfors et al., 1998), the biomass yield is equivalent to about 430 to 600
MWh ha. The clones included in the trial come from an early selection and are
no longer part of the current selection of commercial clones, but still, several of
the clones have produced biomass at levels that exceeds the yield levels used for
profitability calculations by Agrobransle AB (2005), i.e., 22 t DM ha™ in the 1%
harvest and 28 t DM ha* in the 2™ and following harvests (Paper 1V, Tab.3). The
ongoing Swedish willow breeding program has regularly introduced new
improved and high-yielding willow hybrid clones on the market (Larsson, 1998)
that are likely to increase the yield in SRWC plantations if proper clone-site
matching can be achieved. Weih (2001) tested the performance of a natural clone
and an improved hybrid clone under different fertilisation and irrigation regimes in
a pot study and found that the hybrid was more sensitive to nutrient and water
stress than the natural clone. The natural clone turned out to be a “generalist”,
performing better than the hybrid when low rates of fertiliser and water were
supplied while the hybrid clone performed as a “specialist” and grew better than
the natural clone at high rates of water and fertiliser. This shows that the relative
performance of clones may be dependent on choice of site. As the study on long
term dynamics of 12 clones was performed only at a single site (Paper 1V), one
may raise the question of site-specificity of the results. As there are virtually
unlimited combinations of clones, sites and cultural practices (Host et al., 1996),
model development instead of experimental field testing, has been proposed to
screen possible alternatives. Given the commercial development SRWC in
Sweden, an interesting option would be to amalgamate clone and site specific
information into a database. Analyses of such data greatly would enhance the
possibility of suitable clone-site matching in commercial practice. This also would
allow for precision farming (Godwin et al., 2003). One important issue to address
is whether clones selected for SRWC plantations, that are expected to prevail at
least for 20 to 25 years, should be clones that perform well under a wide range of
site conditions or if clones that are highly specialised should be used.

Irrespective of the clone-site matching issue, the results of this thesis suggest
that — given the temporal variations in radiation and precipitation among years — a
flexible management should be developed, which adapts harvest timing and
fertilisation to actual stand development.

21



References

Abrahamson, L.P., Robison, D.J., Volk, T.A., White, E.H., Neuhauser, E.F., Benjamin,
W.H., Peterson, J.M. 1998. Sustainability and environmental issues associated with
willow bioenergy in New York (U.S.A.). Biomass and Bioenergy 15, 1: 17-22.

Ager, A., Rénnberg-Wastljung, A.C., Thorsén, J., Sirén, G. 1986. Genetic improvement of
willows for energy forestry in Sweden.. Swedish University of Agricultural Sciences,
Department of Ecology and Environmental Research, Section of Energy Forestry. Report
43, 47 pp.

Agrobransle AB. 2005. http://www.agrobransle.se/sidor/start.htm (accessed 25 October
2005).

Alker, G., Bruton, C., Richards, K. 2005. Full-scale implementation of SRC-systems:
Assessment of technical and non-technical barriers. IEA Bioenergy, Task 30, High
Priority Area 3, http://www.shortrotationcrops.com/taskreports.htm (accessed 28 October
2005).

Alriksson, B., Ledin, S., Seeger, P. 1997. Effect of nitrogen fertilization on growth in a
Salix viminalis stand using a response surface experimental design. Scandinavian Journal
of Forest Research 12: 321-327.

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.

Bjorkman, C., Hoglund, S., Eklund, K., Larsson, S. 2000. Effects of leaf beetle damage on
stem wood production in coppicing willow. Agricultural and Forestry Entomology 2,
131-139.

Burgess, D., Hendrickson, O.Q., Roy, L. 1990. The importance of initial cutting size for
improving the growth performance of Salix alba L. Scandinavian Journal of Forest
Research 5: 215-224.

Borjesson, P.1.1. 1996. Energy analysis of biomass production and transportation. Biomass
and Bioenergy 11, 4: 305-318.

Cambours, M.A., Nejad, P., Granhall, U., Ramstedt, M. 2005. Frost-related dieback of
willows. Comparison of epiphytically and endophytically isolated bacteria from different
Salix clones, with emphasis on ice nucleation activity, pathogenic properties and seasonal
variation. Biomass and Bioenergy 28, 15-27.

Cannell, M.G.R. 1989. Physiological basis of wood production: A review. Scandinavian
Journal of Forest Research 4: 459-490.

Cato, M.P. 1936. On agriculture. (In English translation by W.D. Hooper.) The Loeb
Classical Library. Heineman.

Danfors, B., Ledin, S. Rosenqvist, H. 1998. Short-rotation willow coppice. Growers’
manual. Swedish Institute of Agricultural Engineering. ISBN 91-7072-123-8.

Danfors, B. Salixodling. Maskiner, arbetsmetoder och ekonomi. 1992. Jordbrukstekniska

institutet, Meddelande 436. [Salix plantation. Machinery, methods and economy. In
Swedish with English summary].

22


http://www.agrobransle.se/sidor/start.htm
http://www.shortrotationcrops.com/taskreports.htm

Dimitriou, 1., Aronsson, P. 2004. Nitrogen leaching from short-rotation willow coppice
after intensive irrigation with wastewater. Biomass and Bioenergy 26: 433-441.

Dimitriou, 1., Aronsson, P., Weih, M. 2006. Stress tolerance of five willow clones after
irrigation with different amounts of landfill leachate. Bioresource Technology 97: 150-
157.

Energimyndigheten. 2004 http://www.stem.se (accessed 28 October 2005).

Ericsson, T. 1994. Nutrient cycling in energy forest plantations. Biomass and Bioenergy 6,
1-2: 115-121.

Ericsson, T. 1995. Growth and shoot: root ratio of seedlings in relation to nutrient
availability. Plant and soil 168-169: 205-214.

FAO. 1979. Poplars and willows in wood production and land use. FAO Forestry series No.
10, Rome, 328 pp.

von Fircks, H.A. 1992. Frost hardiness of dormant Salix shoots. Scandinavian Journal of
Forest Research 7: 137-323.

Godwin, R.J., Wood, G.A., Taylor, J.C., Knight, S.M., Welsh, J.P. 2003. Precision farming
of cereal crops: a review of a six year experiment to develop management guidelines.
Biosystems Engineering 84, 4: 375-391.

Harper, J.L. 1977. The population biology of plants. Academic Press, London.

Hofmann-Schielle, C., Jug, A., Makeschin, F., Rehfuess, K.E. 1999. Short-rotation
plantations of balsam poplars, aspen and willows on former agricultural land in the
Federal Republic of Germany. I. Site-growth relationships. Forest Ecology and
Management 121: 41-45.

Host, G. E., Isebrands, J.G., Perttu, K. L. 1996. Modeling short rotation forestry growth: An
international workshop. Biomass and Bioenergy 11, 2/3:73-74.

Hyténen, J., Lumme, I., Tormal4, T. 1987. Comparison of methods for estimating willow
biomass. Biomass 14: 39-49.

Johansson, H., Melin, G. 1994. Kloninformation Salix varen 1994. SLU Info, Uppsala,
Sweden (In Swedish).

Jonsson, H. 1995. Salix. Léngsiktig produktionsférméaga under storskalig etablering.
Ramprogram Energiskog, Stiftelsen Lantbruksforskning, NUTEK, Vattenfall, Slutrapport
SLF projektnummer 937132 (In Swedish).

Kira, T., Ogawa, H., Shinozaki, K. 1953. Intraspecific competition among higher plants. 1.
Competition-density-yield inter-relationships in regularly dispersed populations J. Inst.
Polytech. Osaka Cy. Univ. D. 4: 1-16.

Kira, T., Shidei, T. 1967. Primary production and turnover of organic matter in different
forest ecosystems of western Pacific. Japanese Journal of Ecology 17: 80-87.

Klang-Westin, E., Perttu, K. 2002. Effects of nutrient supply and soil cadmium
concentration on cadmium removal by willow. Biomass and Bioenergy 23: 415-426.

23


http://www.stem.se/

Labrecque, M., Teodorescu, T.l. 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.

Larsson, S. 1998. Genetic improvement of willow for short-rotation coppice. Biomass and
Bioenergy 15, 1: 23-26.

Ledin, S., Alriksson, B., Rosenqvist, H., Johansson, H. 1994. Godsling av salixodlingar. R
1994:25, Nérings- och teknikutvecklingsverket (In Swedish).

Ledin, S. 1996. Willow wood properties, production and economy. Biomass and Bioenergy
11, 2/3: 75-83.

Lindroth, A., Ciencala, E. 1996. Water use efficiency of short-rotation Salix viminalis at
leaf, tree and stand scales. Tree Physiology 16: 257-262.

Mead, M.J. 2005. Opportunities for improving plantation productivity. How much? How
quickly? How realistic? Biomass and Bioenergy 28: 249-266.

Meikle, R. D. 1984. Willows and Poplars of Great Britain and Ireland. London. Botanical
Society British Isles.

Mirck, J., Isebrands, J.G., Verwijst, T., Ledin, S. 2005. Development of short-rotation
willow coppice systems for environmental purposes in Sweden. Biomass and Bioenergy
28: 219-228.

Nilsson, L.O. 1981. Metoder for bestdmning av torrsubstans och tillvéxt vid
energiskogsodling. Projekt Energiskogsodling, Sveriges Lantbruksuniversitet, Uppsala,
Sweden. Teknisk rapport No. 19. [Methods of determining dry matter content and growth
in energy forest plantations. In Swedish with English summary].

Nilsson, L.O. 1982. Determination of current energy forest growth and biomass production.
Swedish Energy Forestry Project, Swedish University of Agricultural Sciences, Uppsala,
Sweden. Technical report No. 27.

Nordh, N.-E. 2001. Woody biomass assessment in different willow clones. Comprehensive
summary of thesis. The Swedish University of Agricultural Sciences, Department of
Short Rotation Forestry, Uppsala, Sweden. 11pp.

Odum, E. P. 1971. Fundamentals of ecology. W.B. Saunders Company. Philadelphia.

Perttu, K. 1998. Environmental justification for short-rotation forestry in Sweden. Biomass
and Bioenergy 15, 1: 1-6.

Ramstedt, M. 1999. Rust disease on willows — virulence variation and resistance breeding
strategies. Forest Ecology and Management 121: 101-111.

Roénnberg-Wastljung, A.C., Gullberg, U. 1999. Genetics of breeding characters with
possible effects on biomass production in Salix viminalis (L.). Theoretical and Applied
Genetics 98:531-540.

Rosenqvist, H., Roos, A., Ling, E., Hektor, B. 2000. Willow growers in Sweden. Biomass
and Bioenergy 18: 137-145.

Rossi, P. 1991. Length of cuttings in juvenile development of a hybrid poplar clone. New
Forests 5: 211-218.

24



Rossi, P. 1999. Length of cuttings in establishment and production of short-rotation
plantations of Salix *Aquatica’. New Forests 18: 161-177.

Rytter, R.-M, Rytter, L. 1998. Growth, decay, and turnover rates of fine roots of basket
willows. Canadian Journal of Forest Research 28, 6: 893-902.

Sennerby-Forsse, L. 1986a.Seasonal variation in the ultrastructure of the cambium in young
stems of willow (Salix viminalis) in relation to phenology. Physiologia Plantarum 67:
529-537.

Sennerby-Forsse, L. 1986. Handbook for energy forestry. Section for Energy Forestry,
Department of Ecology and Environmental Research, Swedish University of Agricultural
Sciences, Uppsala, Sweden. ISBN 91-576-2677-4.

Sennerby-Forsse, L., Ferm, A., Kauppi, A. 1992. Coppicing ability and sustainability. In.
Ecophysiology of short rotation crops, pp. 146-184. (Eds. C.P. Mitchell, J.B. Ford-
Robertson, T. Hinckley & L. Sennerby-Forsse). London and New York: Elsevier.

Statens Energiverk. 1985. Energiskog. Statens energiverk 1985:9, ISBN 91-38-08738-3

Stettler, R. F., Bradshaw, H.D. Jr., Zsuffa, L. 1992. The role of genetic improvement in
short rotation forestry. In. Ecophysiology of short rotation crops. pp.285-308 (eds. C.P.
Mitchell, J.B. Ford-Robertson, T. Hinckley & L. Sennerby-Forsse). London and New
York: Elsevier.

Stott, K.G. 1992. Willows in the service of man. Proceedings of the Royal Society of
Edinburgh 98B: 169-182.

Telenius, B., Verwijst, T. 1995. The influence of allometric variation, vertical biomass
distribution and sampling procedure on biomass estimates in commercial short-rotation
forests. Bioresource Technology 51: 247-253.

Verwijst, T. 1991. Shoot mortality and dynamics of live and dead biomass in a stand of
Salix viminalis. Biomass and Bioenergy 1, 1: 35-39.

Verwijst, T. 1996a. Stool mortality and development of a competitive hierarchy in a Salix
viminalis coppice system. Biomass and Bioenergy 10, 5/6: 245-250

Verwijst, T., Telenius, B. 1999. Biomass estimation procedures in short rotation forestry.
Forest Ecology and Management 121: 137-146

Verwijst, T. 2001. Willows: An underestimated resource for environment and society. The
Forestry Chronicle 77, 2: 281-285.

Weih, M. 2001. Evidence for increased sensitivity to nutrient and water stress in a fast-
growing hybrid willow compared with a natural willow clone. Tree Physiology 21: 1141-
1148.

Weih, M., Nordh, N.-E. 2002. Characterising willows for biomass and phytoremediation:
growth, nitrogen and water use of 14 willow clones under different irrigation and
fertilisation regimes. Biomass and Bioenergy 23: 397-413.

Weiner, J., Thomas, S.C. 1986. Size variability and competition in plant monocultures.
OIKOS 47: 211-222.

Wilkinson L. 1990. SYSTAT: The system for statistics. Evanston, IL:SYSTAT, Inc.

25



Willebrand, E., Verwijst, T. 1993. Population dynamics of willow coppice systems and
their implications for management of short-rotation forests. The Forestry Chronicle 69, 6:
699-704.

Yoda, K., Kira, T., Ogawa, H., Hozumi, K. 1963. Self-thinning in overcrowded pure stands
under cultivated and natural conditions. Journal of Biology. Osaka City University. 14:
107-129

Acknowledgments

I thank my main supervisor, Prof. Theo Verwijst, who never stopped encouraging
me to finish this work. Theo, | have really appreciated your support and never
ending patience during this ‘long term’ commitment. Whatever matter | wanted to
discuss, you always have been there for me.

I also gratefully thank my assistant supervisors, Hakan Rydin and Stig Ledin for
supporting me whenever needed and Stig, for employing me in the *SRF-business’
in the first place years ago.

I thank all the staff at the Department of Short Rotation Forestry for being good
friends and excellent colleagues.

Lars Christersson enrolled me as PhD student and | owe him many thanks for
doing so.

Eva-Marie Fryk, Christina Segerqvist, Richard Childs, Ulla Andersson and
Ingjerd Eriksson assisted skilfully in the field and the laboratory — it was you all
who did the job! I especially thank the late Ingvar Lindsjd, who also assisted in the
field and the laboratory, for being such a great companion during field-work at
Brunnby and during late evenings in the barrack — I miss you a lot Ingvar.

Thanks also to Anders Ericsson and Alf Eriksson at the Véstmanlands Rural
Economy and Agricultural Society farm Brunnby, for managing the trial and
assisting in field-work.

Par Aronsson and Martin Weih are also much acknowledged for their assistance
and valuable comments on the thesis, thereby contributing to a readable final
version.

Most of all I owe thanks to my mother and late father, for their endless love,
care and support, and for always encouraging me to study. Thanks also to my
sister and her family — you give me joy.

Finally, Inger, your love and presence in my life mean everything to me and you
have contributed more to this thesis than you ever can imagine.

26





