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Impact and Control of Weeds in Biomass Willow Clones
Abstract
Willow (Salix spp.) grown on arable land as short-rotation coppice (SRC) produces
renewable energy in the form of woody biomass. This perennial crop has a high ratio of
energy output to input and a good environmental profile. However, weed control is
mostly dependent on herbicide use. Therefore, this thesis examined the possibility to
further improve the environmental profile of willow SRC by omitting the use of
herbicides during establishment. If genetic variation in willow competitiveness to
weeds exists, more weed-competitive cultivars might be bred. However, in a study
performed at three different sites in southern Sweden, only small differences were
found between 12 clones tested for their ability to compete with weeds. Depending on
site, weeds reduced stem biomass yield by between 68 and 94% after the first harvest
cycle and increased plant mortality at all sites. The practice of cutting the first-year
shoots either reduced or did not affect the ability of the willow plants to compete with
weeds. Hence, this measure should be omitted provided this is compatible with other
management actions. A study on the efficiency and economic returns from four
different non-chemical weed control methods during willow establishment of two
different cultivars showed that it is possible to establish an agriculturally and
economically viable willow plantation without the use of herbicides. The most
promising non-chemical weed control method involved repeated passes with a row crop
cultivator equipped with torsion weeders, while the least promising method was a
living clover cover crop.
Yield data were obtained from the weed competition study for the willow SRC
clones when subjected to thorough weeding. Cultivars Sven and Tordis were found to
be among the highest yielding at all three sites, although site x clone interactions were
found. However, these two clones did not yield significantly more than two more
recently bred clones, Klara and Linnea, at any site.
Biomass estimates from destructive and non-destructive methods have been shown
to differ and the magnitude of these differences may depend on clone. A study with six
different clones showed that assumptions regarding harvest height and dry matter
content of clones might explain part of these differences.
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weed competition, weed control
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Dedication
To my family

The pessimist complains about the wind; the optimist expects it to change; the
realist adjusts the sails
William Arthur Ward
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1

Willow as a bioenergy crop

1.1 Background
Emissions of greenhouse gases into the atmosphere, mainly from combusting
of fossil fuels, have already increased the global air temperature (Hansen et al.,
2010) and will continue to do so in the foreseeable future (Peters et al., 2013).
This global warming is predicted to influence precipitation patterns and
increase the frequency of extreme weather events, among other effects
(Wheeler & von Braun, 2013), and will thereby substantially affect businesses
such as the food industry. To mitigate these climate changes, emissions of
greenhouse gases need to be reduced significantly (Peters et al., 2013). Efforts
aimed at lowering energy consumption and replacing fossil energy sources
with renewable forms are ongoing. As one example of this, the Swedish
government has stated that by the end of 2020, more than 50% of the energy
used within the country should come from renewable sources. Furthermore, it
has expressed an ambition that Sweden should have no net emission of
greenhouse gases by 2050 (Swedish Government, 2009). The roadmap to fulfil
the latter goal is not finalised as yet. However, one of the domestic renewable
energy sources that could be part of this transition is woody biomass from
willow (Salix spp.) grown on arable land as short-rotation coppice (SRC).

1.2 Origin and history
The genus Salix (willow) belongs to the Salicaceae family together with
Populus (poplar, aspen and cottonwood). The number of species of the genus
Salix reported in the literature ranges between 330 and 500, since the genus is
complex (Argus, 1997). There are huge variations in the growth form of
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willow, ranging from tall trees to bushes and to dwarf plants (Karp et al.,
2011). It is the bushy form that regrows after cutback (coppice) which is used
for short-rotation production of wood biomass. Willows are primarily native to
the northern hemisphere, but there are a few species native to the southern
hemisphere (Kuzovkina et al., 2008). Most willow species are diploid, but
ploidy levels can reach up to dodecaploid. Willows are usually dioecious,
meaning that male and female flowers occur on separate individuals
(Kuzovkina et al., 2008). However, individuals with flowers that have both
male and female parts can be found (Stig Larsson, pers. comm. 2014).
Willows have been used by man throughout history as materials for traps,
fences, ropes and furniture. Baskets made from willow shoots are considered to
be among the first articles manufactured by humans (Kuzovkina et al., 2008).
These traditional uses of willow have declined over time, but new uses have
emerged. In the 1960s, the Swedish paper and pulp industry predicted a
shortage of raw material (Verwijst et al., 2013). Therefore, research was
initiated to investigate whether willows grown as SRC could become a viable
complement to other sources. However, the need for such short fibres for pulp
was never realised and instead the oil crisis in the 1970s justified the
development of willow SRC production as a domestic and renewable source of
energy.
The first commercial breeding programme of willow SRC was initiated by
the Swedish company Svalöf AB in 1987 (Larsson, 1998) and is still ongoing
as part of plant breeding activities within the agricultural division of
Lantmännen. Since 2011, the company European Willow Breeding AB has
also been breeding willow in Sweden. The breeding work performed over the
years has been successful. New cultivars can yield up to 60% more biomass
than plant material available at the beginning of the breeding phase (Aronsson
et al., 2008). Species hybrids with Salix viminalis L. in their background
dominate the Swedish cultivars. Species commonly introgressed with S.
viminalis are Salix Schwerinii E. Wolf, Salix triandra L., Salix aegyptiaca L.,
Salix eriocephala Michx. and Salix dasyclados Wimm. There are also cultivars
of pure S. dasyclados. Breeding of willow SRC has been established in the UK,
USA and Canada too, with somewhat different germplasm (Kuzovkina et al.,
2008; Smart & Cameron, 2008). Willow SRC is propagated vegetatively and
thus each cultivar is a clone.

1.3 Cultivation
Cultivation of willow SRC became commercial in the late 1980s (Nordh,
2005). The cultivation system is fully mechanised and willow SRC was grown
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on 12,000 hectares in Sweden in 2012 (Swedish Board of Agriculture, 2012).
Willow can be grown successfully on a variety of soil types, including sandy,
clayey, silty and organic soils, if the management is adapted to the local
conditions (Ledin, 1996). Willow SRC is a perennial cropping system with an
expected productive life time of approximately 20 years. Willow shoots are
usually harvested every 3-4 years (one harvest cycle), but cycles can be longer
or shorter depending on willow growth, harvesting conditions and demand for
wood chips. Since new shoots sprout from the cut stools there is no need for
replanting after harvest (Swedish Board of Agriculture, 2012; Gustafsson et al.,
2007).
In the autumn before a willow SRC plantation is established, the field is
sprayed with a broad spectrum herbicide, followed by ploughing a couple of
weeks later. In the following spring the field is harrowed and dormant unrooted
stem cuttings, approximately 18 cm long, are planted in a double row system.
The spacing between the double rows in the current system is 1.5 m and the
spacing between rows within the double rows is 0.75 m. A spacing of 0.600.70 m between plants within the row gives a planting density of
approximately 13,000 plants ha-1. The recommended practice is to apply a preemergence herbicide shortly after planting to control weeds. This should be
followed by additional mechanical or chemical weed control measures later in
the season. If the weed control has been efficient and the willow plants have
successfully established, there is usually no need for weed control in
subsequent seasons (Swedish Board of Agriculture, 2012; Gustafsson et al.,
2007). A common practice is to cut back the willow shoots after the first
growing season in order to increase the number of shoots per plant and to
facilitate fertilisation and additional weeding during the second growing
season. However, the need for this practice has been questioned (Verwijst &
Nordh, 2010) and it is currently not recommended in Sweden (Swedish Board
of Agriculture, 2012).
The willow plantation should be fertilised with nitrogen during the first
harvest cycle and already during the first growing season, but only if the
weeding has been successful (Swedish Board of Agriculture, 2012). For the
subsequent harvest cycles, a recently published Swedish study recommends the
following: 60 kg N ha-1 in the spring after each harvest, 100 kg N ha-1 in the
spring one year after harvest and 60 kg N ha-1 in the spring two years after
harvest (Aronsson et al., 2014).
Harvesting usually takes place during winter, when the demand for wood
fuel is high. There are currently three harvesting systems available for use in
Sweden. The most common one is a harvester that cuts the shoots and
processes them into wood chips in a single pass (direct chip harvesting). The
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wood chips produced are then usually transported wet to a heat plant. The
second system is a harvester that cuts and compresses the shoots into round
bales (Biobaler), while the third system cuts entire shoots (Stemster). The latter
two systems enable storage (drying) of the harvested willow shoots outdoors
for use mainly in furnaces without flue gas condensation.

1.4 Environmental profile
Willow SRC has probably the best environmental profile of any energy crop
grown on arable land in Sweden. One of the reasons is that breeding for
resistance to pests and diseases was one of the main breeding goals when the
development of this crop was initiated (Larsson, 1998; Åhman & Larsson,
1994). Consequently, no insecticides and fungicides are used in Swedish
willow SRC (Åhman, 2001). Another reason is that herbicides are commonly
only used during the establishment and termination phases of a plantation. This
means that herbicides are generally only applied during 2-3 years out of 20.
The energy output:input ratio for willow SRC is also high compared with that
of other bioenergy crops and varies between 11 and 24 depending on system
boundaries and assumptions (Börjesson & Tufvesson, 2011; Rowe et al.,
2009). Willow SRC plantations have also been found to be inhabited by more
plant species (Augustson et al., 2006) and bird species (Sage et al., 2006) than
conventional arable fields. Other studies have shown that the abundance of
earthworms and the diversity of carabids increase when conventional arable
fields are converted to SRC plantations (Baum et al., 2009). This increase is
possibly due to the high litter supply and the fact that SRC plantations are not
tilled during most of their productive years. Other advantages are that willow
SRC plantations result in a higher concentration of carbon in the topsoil and
subsoil and a lower cadmium concentration in the topsoil compared with
annual crops in adjacent fields (Dimitriou et al., 2012).

1.5 Willow in the Swedish energy system
The annual energy contribution from Swedish willow SRC plantations to the
energy system is between 200 and 300 GWh (Aronsson et al., 2008). This
corresponds to less than 0.1% of Sweden’s total annual energy consumption,
which was 379 TWh in 2011 (Swedish Energy Agency, 2013). The
contributions of other renewable energy sources in 2011 were: biomass
(including willow) 115 TWh, hydro power 67 TWh and wind power 6 TWh
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(Swedish Energy Agency, 2013). Photovoltaic cells (solar cells) contribute
approximately 40 GWh year-1 (Swedish Energy Agency, 2014)
The mean annual estimated yield from commercial Swedish willow SRC
plantations is below 5 t ha-1 dry matter (DM) (Mola-Yudego & Aronsson,
2008). However, plantations of bred cultivars in which strict weed control and
a good fertilisation regime have been applied can annually yield above 10 t ha-1
DM (Larsson & Lindegaard, 2003). The harvested biomass then corresponds to
approximately 44 MWh ha-1.
Sweden has potentially 300,000-500,000 ha arable land available for SRC
(Rytter, 2012), and also has the cultivation techniques and the infrastructure,
such as well-developed district heating systems, to allow for increased biomass
production from willow SRC. However, the current trend in Sweden is for a
decreasing area of willow SRC, due to very few new plantations being
established and to existing plantations being terminated prematurely. Economic
uncertainties in combination with a perennial crop and the dependence on
specialist equipment might be some of the reasons why farmers generally have
little interest in investing in new willow plantations (Paulrud & Laitila, 2007).
The reason why some growers have decided to terminate their willow
plantations before their expected economic life span is probably to some extent
over optimistic market expectations in the 1990s. However, the most important
factors, according to a Swedish survey, are agronomic, especially low willow
production due to competition from weeds (Helby et al., 2006).
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2

Weed competition

2.1 Weed characteristics
There are numerous definitions of what a weed is, examples being ‘a plant
where we do not want it’, ‘higher plants which are a nuisance’, and ‘any plant
that is objectionable or interferes with the activities or welfare of man’
(Zimdahl, 2007). While there is no universal definition on which all agree, all
the definitions aim to describe weeds as plants that are not wanted.
Consequently, farmers apply different measures to reduce the viability of these
weeds. Since choice of control measure is partly dependent on weed species,
identification of the weeds usually occurring in the field is important. To
facilitate the decision about which control measure to apply, weeds can be
classified according to their life cycle (annuals, biennials or perennials), their
economic importance or if they are monocotyledons or dicotyledons (Lundkvist
& Verwijst, 2011; Radosevich et al., 1997). Sutherland (2004) concluded that
life span was the most significant life history trait that distinguished weeds
from non-weeds and that weeds in general were more likely to be annuals or
biennials and less likely to be perennials than non-weeds. However, Lundkvist
& Verwijst (2011) pointed out that weeds occurring in a certain crop generally
have the same life span as the crop. Hence, a number of the weeds in willow
SRC can be expected to be perennials. There are only approximately 250
species in the world that are sufficiently troublesome to be called weeds (Cobb
& Reade, 2010). However, depending on crop, these are responsible for crop
losses of 7.5-10.5%, despite weed control measures having been applied
(Oerke, 2006).
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2.2 Competition
Plants growing close to each other interact and this plant interference can be
positive, negative or neutral for a particular plant (Radosevich et al., 1997).
Interactions that have a negative effect can be divided into competition, where
all individuals are depressed, amensalism, where some individuals are
depressed while some are not affected at all, and parasitism, where some
individuals are depressed while others benefit (Radosevich et al., 1997).
However, the terminology used by weed scientists is not always consistent. For
example, Håkansson (2003) defines competition as ‘any interaction between
plants in a stand that causes a weaker growth of all or some of the individuals
in this stand in relation to their growth as solitary individuals under comparable
external conditions’. Therefore, this is a broader definition of competition
which includes all negative interactions presented above. Since it is difficult to
distinguish between the different mechanisms underlying plant interactions
under field conditions, the Håkansson definition of competition is used in this
thesis. In the context of crop-weed interactions, the aim of weed control
strategies is to reduce the competition effect from the weeds and thereby
ensure that as much of the resources as possible are made available for the
crop. However, weeds that are not sufficiently suppressed or killed by the
control measures will still compete with the crop for light, nutrients and water.
Plants can also produce chemicals that inhibit the growth of other plant species,
a phenomenon known as allelopathy (Tesio & Ferrero, 2010). Apart from the
interactions described above, plants can also interact via a shared enemy such
as a herbivore (Connell, 1990).

2.3 Competitive ability
A cultivar’s weed competitive ability is determined by: 1) its weed suppressing
ability, i.e. the ability of a cultivar to reduce weed growth and 2) its weed
tolerance, i.e. the ability of a cultivar to produce high yields despite
competition from weeds (Murphy et al., 2008). An ideal cultivar, in the context
of weed competition, would suppress weeds significantly and would also
tolerate weeds. However, while studies in wheat have shown that these two
traits are broadly correlated (Lemerle et al., 1996), they are not always present
in the same cultivar (Lemerle et al., 2001). Weed suppressing ability is
probably the most desirable trait of the two, since this trait decreases the
viability of weeds and thereby negatively affects the production of weed seeds
(Murphy et al., 2008; Lemerle et al., 2001).
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Traits such as plant height, shoot angle, leaf morphology, early vigour and
allelopathic activity have been shown to be genetic traits that affect crop
competitive ability (Bertholdsson, 2005; Lemerle et al., 2001). Murphy et al.
(2008) found that genetic differences between wheat cultivars affected their
weed suppressing ability substantially, with the mean weed weight in the five
best cultivars being 121 kg ha-1, while it was 815 kg ha-1 for the bottom five
cultivars. Differences between cultivars have also been found in barley
(Bertholdsson, 2005; Christensen, 1995) and rice (Olofsdotter et al., 1999).
Although most of the studies reporting differences in weed competitive ability
between cultivars have been performed with cereals, genetic differences have
also been found in soybean (Vollmann et al., 2010) and maize (Roggenkamp et
al., 2000). However, the two latter studies concluded that the differences were
too small to be of any importance for weed control purposes. Other factors that
might influence the ability of a crop to compete with weeds are crop plant
density, the spatial arrangement and the relative emergence time of the weed
and the crop (Weiner et al., 2001; Aldrich, 1987). Studies have shown that
increased crop plant density increases the ability of the crop to suppress weeds
(Weiner et al., 2001; Lemerle et al., 1996). However, if the crop plant density
is high, intraspecific competition can affect crop yield negatively (Weiner et
al., 2001).

2.4 Ability of willow to compete with weeds
In nature, the species of willow used for breeding SRC cultivars are found
invading river banks and other land with bare, moist soil (Isebrands &
Richardson, 2014). At such sites, there are few other plant species present
initially. From this, it can be deduced that the competitive ability of willow is
comparatively low. This combined with the low plant density (1.3 plants m-2)
compared with other arable crops are probably the main factors explaining the
severe weed problems experienced in willow SRC. The low plant density
limits the possibility for the willow plants to suppress weeds during the first
season (Fig. 1), at which time they are very sensitive to weed competition
(Clay & Dixon, 1995; Labrecque et al., 1994). The plant density of emerging
weeds within a willow plantation can be more than 100 plants m-2 (Albertsson,
unpublished). Some of these weeds typically germinate only a few days after
seedbed preparation, while it usually takes more than a week after planting
until the first buds of the willow plants burst. Consequently, if weeds are not
controlled properly, they will outnumber the willow plants and probably
suppress the willow plants more than the willow suppresses the weeds (Fig. 1).
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Weed tolerance is therefore probably a more important competitive trait in
willow than weed suppressing ability during the establishment phase.
However, in subsequent seasons, when full canopy closure is obtained and the
willow plants have developed a proper root system, the opposite might be true.
Willow SRC clones have been shown to differ in time of bud burst
(Rönnberg-Wästljung, 2001), number of shoots per stem (Tharakan et al.,
2005), leaf morphology (Robinson et al., 2004), canopy structure (Karp et al.,
2011), growth habit (Weih & Nordh, 2002) and drought resistance (Wikberg &
Ögren, 2007). All these traits might affect their weed competitive ability.
However, only a few studies have quantified the effect of weeds during willow
establishment (Clay & Dixon, 1995; Labrecque et al., 1994) and during
subsequent seasons (Sage, 1999; Clay & Dixon, 1997) and to our knowledge
no previous study has investigated whether willow clones differ in their ability
to compete with weeds.
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Figure 1. IImages of a willlow plantation 10 weeks after planting (site P).
P A) Plots witth weeds
removed m
mechanically andd by repeated haand hoeing and B
B) plots with no
o weed control. Photo:
P
I.
Åhman.
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3

Weed control

3.1 Weed control measures
Manual weed control has probably been performed as long as humans have
been cultivating plants (Cobb & Reade, 2010). At present, farmers rely heavily
on herbicides to control weeds (Cobb & Reade, 2010), but other curative
control methods such as mechanical weeding and cultural methods such as
cover crops are also used (Bàrberi, 2002). According to EU Directive
2009/128/EC (The European Parliament and the Council of the European
Union, 2009) all professional growers in the European Union must follow the
general principles of integrated pest management (IPM). These include use of
non-chemical and preventative (e.g. crop rotation and competitive cultivars)
measures while pesticides should only be used when other methods are
insufficient. Since IPM combines different methods to control weeds, it has the
potential to reduce the environmental impact and also reduce the selection
pressure for resistance to herbicides (Harker & O'Donovan, 2013). The
importance of finding alternative methods or combination of methods has also
increased due to the fact that the number of herbicides permitted for use in the
European Union is decreasing. Besides, no herbicide with a major new mode
of action has been introduced on the market since 1990 (Duke, 2012).

3.2 Herbicides
Synthetic herbicides first appeared in the 1930s (Cobb & Reade, 2010).
Control by herbicides is usually considered to be more efficient than that
achieved by other weed control methods, since herbicides can be applied
during a wider range of soil conditions and can easily control weeds within a
crop row if they are selective. Moreover, the effects of herbicide treatment can
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persist for weeks in the soil, whereas e.g. a mechanical weed control measure
can in fact favour further weed emergence, or damaged weeds can recover
(Bàrberi, 2002). Besides being efficient, herbicides are usually also
comparatively cheap to use. The following herbicides are permitted for use in
Swedish willow plantations: Bacara (flurtamone and diflufenican), Matrigon
72 SG (clopyralid), Focus Ultra (cycloxydim), Kerb flo 400 (propyzamide) and
Fenix (aclonifen) (Swedish Chemicals Agency, 2014). In the autumn prior to
establishment and at the termination of a willow plantation the field is usually
sprayed with Roundup (glyphosate).

3.3 Mechanical weeding
Weeds that grow between crop rows can in most cases be controlled
sufficiently with mechanical weed control methods, such as row crop
cultivators or rototillers, if the timing and the number of treatments are right
(Upadhyaya & Blackshaw, 2007). Weeds within crop rows are more difficult
to control mechanically. However, there are several intra-row mechanical
methods. One is to harrow the whole field, i.e. both crop and weeds are treated.
Another is to use torsion weeders, which use flexible tines that are tilted
towards each other and uproot weeds near the crop (Fig. 2). A third method is
finger weeders (Fig. 2), which have rubber fingers that grip from the side
around the plant and thereby uproot weeds within the row (Van der Weide et
al., 2008; Upadhyaya & Blackshaw, 2007). Both torsion weeders and finger
weeders can easily be mounted on an inter-row cultivator and have been shown
to weed effectively in several row crops (Ascard & Fogelberg, 2008;
Upadhyaya & Blackshaw, 2007). However, the result of the mechanical intrarow methods is highly dependent on the timing and on the crop plants being
larger and/or better anchored than the weeds (Van der Weide et al., 2008).
The present Swedish recommendation is to use a combination of herbicides
and mechanical weeding during the establishment of a willow plantation
(Swedish Board of Agriculture, 2012). However, only a few previous studies
have investigated the efficiency of mechanical weed control methods in willow
SRC. One of these studies was performed in the beginning of the 1990s and
concluded that mechanical intra-row weeding had to be developed for willow
SRC, since weeds in the row competed strongly with the willow plants
(Danfors, 1991). To our knowledge no such development has taken place.
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Figure 2. A) Torsion weeder and B) finger weeder. Photo: J. Ascard.

3.4 Cover crops
The term cover crop usually refers to plants that are grown for other reasons
than as a cash crop (Upadhyaya & Blackshaw, 2007). They can be grown
together with the main crop during the season, sometimes referred to as a
living cover crop (Upadhyaya & Blackshaw, 2007) or living mulch (Hartwig &
Ammon, 2002), or in rotations during times when no main crop is growing
(Upadhyaya & Blackshaw, 2007). If grown in between two main crops, the
cover crop is commonly killed before the next main crop is sown or planted
(Hartwig & Ammon, 2002).
One reason to grow cover crops is that they suppress weeds. The weed
suppressing effect is achieved by rapid occupation of areas that would
otherwise be occupied by weeds. Consequently, cover crops compete with the
emerging and growing weeds for resources. Besides competition for resources
both living cover crops and cover crop residues have been shown to inhibit
weed seed germination and weed establishment (Upadhyaya & Blackshaw,
2007; Teasdale & Daughtry, 1993). However, the cover crop residues have a
lower suppressive effect than a living cover crop. Other positive effects of
cover crops are reduction of water runoff and soil erosion, improved soil
structure and water-holding capacity, and addition of organic matter (Hartwig
& Ammon, 2002). Furthermore, if the cover crop is a legume, nitrogen can be
fixed from the atmosphere, which may reduce the need for nitrogen fertiliser.
Several studies have shown that main crops also suffer from competition
with living cover crops (Hiltbrunner et al., 2007; Malik et al., 2001) and that
cover crop residues can suppress main crop growth (Westgate et al., 2005).
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Studies conducted with willow SRC and different species of cover crops also
show this. In a study with living cover crops conducted in the USA, white
clover (Trifolium repens L.) and buckwheat (Fagopyrum esculentum Moench),
sown in conjunction with willow planting, proved to significantly decrease the
production of willow compared with treatments involving hand-weeding or
spraying with herbicides (Lawrence Smart, pers. comm. 2014). Furthermore,
rye (Secale cereale L.), planted in the year prior to willow planting and killed
in the following spring has been shown not to result in acceptable weed control
due to poorer willow growth than with other weed control strategies (Volk,
2002). Adiele & Volk (2011) found that white clover sown approximately one
month before willow cuttings were planted was able to suppress weeds, but
also hampered the willow plants severely. Hence, even though there are many
positive effects of using cover crops, they add complexity to the agroecosystem
that may be difficult to predict and manage.
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4

Assessment of aboveground willow
biomass

Willow SRC is normally harvested after 3-4 growing seasons and reliable
assessments of the annual production of standing biomass without interfering
with further stand development are important for scientific studies. Likewise,
farmers and farm advisors might want to estimate willow production in order
to decide on timing of harvest or continued management inputs. The
assessment methods used in these situations are commonly referred to as nondestructive, whereas assessment methods that harvest the entire area or a
subarea are referred to as destructive methods. The non-destructive methods
are usually based on measurements of the diameter of either all shoots in a
certain area or a sample of shoots (Sevel et al., 2012). These measurements are
converted to shoot biomass by using allometric relationships between the
measured parameters and shoot weight (Arevalo et al., 2007; Nordh &
Verwijst, 2004; Verwijst & Telenius, 1999). Although these are referred to as
non-destructive methods, some shoots need to be harvested to determine the
shoot allometry.
Studies have shown that the allometric relations for willow are affected by
site, species, age and clone (Arevalo et al., 2007; Verwijst & Telenius, 1999;
Telenius & Verwijst, 1995) and if these parameters are not considered they
might lead to considerable biomass estimation errors for certain stands and
consequently bias the results.
Biomass estimations obtained from non-destructive methods have been
found to deviate from those obtained from destructive methods (Sevel et al.,
2012; Nordh & Verwijst, 2004). Choice of sampling procedure, definition of
living shoots and differences between harvest cutting heights have been
suggested as causes for these differences. Hence, there are many uncertainties
regarding the biomass estimation methods for willow SRC and therefore
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further studies that investigate the causes for these differences are needed
(Sevel et al., 2012). The magnitude of differences in estimates resulting from
different methods may also vary between clones (Arevalo et al., 2007; Telenius
& Verwijst, 1995). This indicates that some assumptions implicitly made by
using a certain method cannot be generalised to clones. However, thus far no
comprehensive study has been performed to investigate the clone-specific
characteristics underlying these differences.
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5

Objectives of the study

Willow SRC is known to be sensitive to weed competition during the
establishment phase and the present Swedish recommendation when
establishing a willow plantation is to use herbicides in combination with
mechanical weed control measures. The primary objective in this thesis was to
determine the possibility to further improve the environmental profile of
willow SRC by omitting the use of herbicides during establishment. If genetic
variation in the competitive ability of willow SRC in relation to weeds could be
found, this would be an incentive for breeding even more weed competitive
cultivars. Therefore one study in this thesis investigated whether 10
commercial cultivars and two breeding clones differed in their ability to
compete with weeds and whether this ability was affected by cutting back the
first-year shoots. Another study compared the efficiency and economic returns
on cover crops and mechanical weed control methods with those of the present
weed control practice. To account for clonal differences in response to these
control measures, two different willow clones were compared in that study.
New willow cultivars are continually being released, but yield data obtained
under Swedish conditions are sparse. A second objective in this thesis was
therefore to assess the productivity of recently released cultivars in Sweden. In
a field study, shoot biomass yield of 10 commercial clones (four recently
released and six older) was estimated for the first harvest cycle, during which a
strict weeding regime had been applied.
While destructive annual biomass estimations of a growing willow crop
may be useful, they can be expensive due to the large size of the components in
comparison with conventional agricultural crops and they can influence growth
of subsequent seasons. This can be addressed by the use of non-destructive
methods. However, estimates obtained with non-destructive and destructive
methods have been shown to differ and the magnitude of these differences is
reported to depend on clone. Another objective in this thesis was to investigate
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why these differences arise. This was done by testing whether the assumptions
underlying destructive and non-destructive protocols are valid for six different
willow clones.
Specific objectives of the studies reported in Papers I-IV were to:
- Evaluate the weed competitive ability of 12 different willow clones (Paper I
and II)
- Evaluate the effects of cutting back the first-year shoots on growth of willow
clones during the first harvest cycle when cultivated under severe weed
pressure (Paper II).
- Evaluate the effects of different weed control measures on biomass
production by two different biomass willow clones during the first harvest
cycle (Paper III)
- Analyse the expected economic returns on willow biomass production under
different weed control measures extrapolated to the entire life span of the
plantation (Paper III).
- Estimate the shoot biomass yield of 10 commercial willow clones subjected
to strict weed control during the first harvest cycle (Paper II)
- Investigate why estimates of above-ground willow biomass from destructive
and non-destructive protocols differ (Paper IV)
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6

Material and Methods

6.1 Sites
All field trials were conducted near Campus Alnarp of the Swedish University
of Agricultural Sciences in southern Sweden. Three different sites (designated
J, P and S) were used in this project. The sites differed in soil properties (Table
1), weed flora and weed pressure (Papers I and II). However, since the sites
were less than 1.5 km apart, the climate conditions were approximately similar.
All plantations were surrounded by a 90 cm high fence to prevent damage by
wild animals. Prior to the studies, the experimental fields were managed
conventionally with a six-year crop rotation.

Table 1. Details of field trial sites
Characteristics
Latitude
Longitude
Soil pH
Organic matter (%)
Clay (%)
Silt (%)
Sand (%)
Preceding crop

Site
J

P

S

55°38′49″N
13°4′21″E
6.9
2.8
14.0
20.0
63.2
Sugar beet

55°38′60″N
13°4′44″E
7.6
19.6
22.0
43.5
14.8
Rye

55°39′34″N
13°5′35″E
6.7
2.8
15.0
31.0
51.2
Barley

6.2 Experimental setups
The field trials described in Papers I and II were arranged in a strip-plot design
with three treatments (‘Weeded’, ‘Unweeded’ and ‘Unweeded-no cutback’),
and 10 cultivars in four blocks at all three sites, while at site S two additional
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breeding clones were added. Within each block, clones and treatments were
randomised to rows and columns, respectively. In Paper I the ‘Unweeded-no
cutback’ treatment was not included in the analyses. Data for Paper IV were
obtained from the ‘Weeded’ treatment at site S.
Paper III is based on a trial that was laid out in a complete randomised
block design with five weed control treatments and two commercial willow
clones (Gudrun and Tordis), with for replicates. The trial was located at site J,
next to one of the trials described above.
For all trials, the plot size was 7 m x 9 m and each plot comprised 80 plants.
The plants in each plot were arranged in four double rows (1.5 m between
double rows and 0.75 m between rows within double rows), with 10 plants in
each row, resulting in a plant density of approximately 13,000 plants ha-1.
Assessments were made in central net plots to avoid border interactions. The
size of the central net plots was varied, mainly due to observed interactions. At
least one plant outside the net plots was considered as border.

6.3 Plant material
All cultivars and breeding clones used in the trials were from Lantmännen
Lantbruk’s breeding programme (Table 2). The cuttings, approximately 18 cm
long, were supplied by professional nurseries and were planted in mid-April
2010 (Papers I, II and IV) and 2011 (Paper III). All cuttings had been stored for
a maximum of 3 months at approximately -4 ºC by the time of planting.

6.4 Willow and weed assessments
The willow biomass was estimated either destructively or non-destructively by
determining an allometric relationship between shoot diameter and shoot dry
weight (Papers I-IV). The aboveground weed biomass was estimated during
the establishment year using a hand-held multispectral radiometer (Papers I
and III), and during subsequent seasons by cutting and weighing weeds after
drying (Paper III). The weed flora was assessed by placing a frame at three or
four locations within each plot (Papers I-III). In Papers II and III, the total
ground cover and the ground cover of each weed species were recorded inside
the frame, while only the five most common weed species were recorded in
Paper I. The average weed height was also assessed within each frame in Paper
II.
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Table 2. Willow (Salix) clones studied in this thesis and their genetic background
Clone

Genetic background

Gudrun

S. dasyclados1

Karin

S. dasyclados1, S. schwerinii, S. viminalis

Klara

S. dasyclados1, S. schwerinii, S. viminalis

Linnea

S. schwerinii, S. viminalis, S. eriocephala, S. triandra

Lisa

S. schwerinii, S. viminalis

Stina

S. aegyptiaca, S. schwerinii, S. viminalis, S. lanceolata

Sven

S. schwerinii, S. viminalis

SW Inger

S. triandra, S. viminalis

Tora

S. schwerinii, S. viminalis

Tordis

S. schwerinii, S. viminalis

982
582
1
Sometimes referred to as S. burjatica; 2Breeding clones. Only planted at site S. Genetic background not
available. Table taken from Paper I.
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7

Results and discussion

7.1 Effects of weeds on willow clones during the first harvest
cycle
Comparing weeded and unweeded plots, growth of all willow clones included
in this study was severely hampered by weeds during the first harvest cycle
(Papers I and II; Fig. 3). The growth reduction after the establishment year was
over 90%, irrespective of clone and site, regardless of whether the growth
reduction was calculated as mean plant shoot dry weight of living plants (Paper
I) or mean total shoot dry weight per unit area (Paper II). These findings
confirm claims in earlier studies that willow is very sensitive to weed
competition during the establishment phase (Sage, 1999; Clay & Dixon, 1995;
Labrecque et al., 1994). Only one site (site P) showed clonal differences in
growth reduction after the establishment year (Papers I and II). Cultivars Tora
and Klara had the lowest growth reductions at this site, but there was still
90.6% and 90.8% lower willow plant shoot biomass, respectively, in unweeded
plots of these clones than in weeded plots (Paper I). The result from this study
showing only small differences in weed competitive ability between willow
clones during establishment phase was reinforced by results from an indoor
study with willow material representing a wider genetic range grown in
competition with either a grass or an herb (Fig. 4; unpublished data).
Weeds not only affected the growth of the willow plants, but also the plant
mortality rates during the first growing season. The mean plant mortality in the
weeded treatment was less than 1%, whereas the mean mortality in the
unweeded treatment varied between 2.7 and 37.4% depending on site (Paper I).
Lack of water due to a dry period during the summer, in combination with
differences in water-holding capacity of the soils, might explain most of the
differences between sites. Furthermore, site differences in weed pressure and
damage by browsing small mammals might also have influenced the results.
As with the growth reduction effect, clonal differences in willow plant
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mortality were only found at site P after the first growing season (Paper I). In
contrast to these results, no other study investigating the effect of weeds on
willow establishment has found any increased plant mortality after the first
growing season due to weeds (Volk, 2002; Clay & Dixon, 1995).
The willow biomass was negatively correlated with the amount of weeds
during the first season at all three sites (Paper I). Similarly, Sage (1999) found
a negative correlation between willow growth and weed biomass, in that case
with one-year-old shoots on two-year-old willow stools.

Figure 3. (Left) Willow plots thoroughly weeded and (right) unweeded plots. Photo taken five
months after planting at the site S (which had least mean growth reduction). Photo: J. Albertsson.

Over time, the overall willow growth reduction decreased from 93.5% in
the establishment year to 68.3% after two years of regrowth at site S, whereas
no significant decrease was observed at the other sites (Paper II). The much
lower cumulative plant mortality in the unweeded treatment after the first
harvest cycle (9.8 %) at site S compared with the other sites (site J 56.2%; site
P 57.3%) might explain why a decrease in growth reduction was only found at
this site. Clonal differences in growth reduction were found at two of the sites
after the first harvest cycle (Paper II). The clones Stina and SW Inger were
among the lowest in growth reduction at all sites. Furthermore, these clones
actually had higher production of willow shoot biomass in the unweeded
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treatment than in the weeded treatment at site S when only the incremental
growth during the third season was considered. However, the low growth
reduction of these two clones can be partly explained by the fact that neither
was among the best in terms of willow shoot biomass production when grown
without weeds.

Figure 4. Willow clones with a wide genetic background cultivated together with an herb in an
indoor weed competition study (unpublished data). Photo: J. Albertsson.

The occurrence of weeds affected the number of willow plants damaged by
voles. In the autumn before the end of the first harvest cycle, there was no plant
damage in the weeded treatment at any site. However, in the unweeded
treatment, between 6 and 21% (depending on site) of the plants that were alive
that season were damaged by voles (unpublished data). The fact that damage
was only found in the unweeded treatment might be explained by vole habitat
requirements. Studies have shown that vole populations are favoured by
continuous ground cover that consists of litter and/or green plant material
(Hansson, 1977). Hence, the unweeded treatment represents an excellent
habitat for voles.
From the establishment year until the end of the first harvest cycle, there
was a general shift from annual to perennial weed species in the ‘Unweeded’
treatment at all three sites. During the establishment year fat-hen
(Chenopodium album L.) was common at all sites, whereas scentless mayweed
(Tripleurospermum inodorum (L.) Sch. Bip), black bindweed (Fallopia
convolvulus (L.) A Löve) and cleavers (Galium aparine L.) were common in at
least two of the three sites (Paper I). During the second growing season,
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perennials such as creeping thistle (Cirsium arvense (L.) Scop) and grasses
began to invade the plantations (Paper II). However, T. inodorum dominated at
two of the sites, while another annual, chamomile (Matricaria chamomilla L.),
dominated at the third. Despite these differences in weed flora between sites
during the first two growing seasons, more than 60% of the ground was
covered by C. arvense at all three sites in the third season (Paper II). There
were no significant differences between clones in terms of total weed cover or
average weed height at any site during the first harvest cycle.
Similarly, Gustafsson (1988) found that many annuals germinated during
the first year of willow cultivation, whereas perennials became more common
in older stands. Moreover, although that study was carried out in a field that
had been used for grazing prior to willow planting, and not arable farming as in
the present work, C. arvense became the dominant species four years after
willow establishment.

7.2 Effects of cutting back the first-year shoots
Cutback of first-year shoots has been an agronomic practice in Sweden, despite
the fact that there is apparently no scientific evidence that this increases willow
biomass production. In fact, the few studies that have been performed show
that production is either negatively affected or unaffected by this practice
(Larsen, 2014; Verwijst & Nordh, 2010; Volk, 2002). Likewise, Paper II show
that none of the clones tested at any of the sites had significantly higher willow
shoot biomass in the treatment where cutback had been performed compared
with the treatment where it had been omitted (Paper II). Indeed for certain
clone and site combinations the production after the first harvest cycle was
more than 6 t ha-1 DM higher in the treatment where no cutback had been
performed, even though there was severe weed pressure. The magnitude of the
differences between the two treatments was found to differ between clones at
sites P and S as determined by ANOVA. However, the post hoc test could only
distinguish between the clones at site S, where Klara was more negatively
affected by cutback than Gudrun. When the two treatments were compared per
site, sites S and P had significantly lower production in the ‘Unweeded’ than in
the ‘Unweeded-no cutback’ treatment, while the production at site J did not
differ between treatments (Paper II). The non-significant effect at site J might
be attributed to the generally low production for both treatments at this site
compared with the other sites. The significant effect at sites S and P was
maintained even when the biomass that was produced and cut back during the
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first season was added. At site P, the cutback not only affected plant growth
negatively but also increased plant mortality (Paper II). Thus, besides being
unnecessary, at certain locations cutback might have a negative effect on
willow shoot production during the following seasons when performed under
severe weed pressure. Since our study was performed under unweeded
conditions, it complements the three other studies cited above, all of which
were performed when weed control measures had been applied.

7.3 Effects of different weed control measures on growth and
economic viability of two willow cultivars
The recommended practice when establishing a willow plantation is to use a
combination of herbicides and mechanical weeding (Swedish Board of
Agriculture, 2012; Abrahamson et al., 2002). However, to further improve the
good environmental profile of willow SRC and to follow the general principles
of IPM, it is desirable to omit the use of herbicides during establishment. Paper
III therefore compared the weeding efficiency of the recommended practice,
treatment ‘HRC’ (see below), with four non-chemical treatment strategies
(Table 3).
Table 3. Measures applied during the first and second growing season for treatments ‘HRC’
(herbicides and row crop cultivator), ‘RC’ (row crop cultivator), ‘RCT’ (row crop cultivator with
torsion weeder), ‘CC’ (cover crop) and ‘CCC’ (cut cover crop)
Treatment Measures
HRC

One application of herbicide two days after planting + one run with a row crop
cultivator in the first season and two runs in the second season.

RC

Three runs with a row crop cultivator in the first season and three in the second
season.

RCT

Three runs with a row crop cultivator with torsion weeder in the first season and
three in the second season.

CC

Cover crop (a combination of Persian clover and white clover) sown two days
before willow planting.

CCC

Same as for 'CC' but the cover crop (and the weeds) were cut three times in the first
season and once in the second season.

To account for possible cultivar differences in response to the weeding
strategies, two willow cultivars, Gudrun and Tordis, which differ in growth
rhythm and leaf morphology were included in the study.
No interaction between clone and treatment was found for willow shoot
biomass yield or plant mortality (Paper III). After the first harvest cycle (two-
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year shoots on three-year stools) the ‘RCT’ treatment gave significantly higher
willow shoot biomass production than the ‘RC’ treatment, which in turn gave
significantly higher production than the two cover crop treatments (Paper III).
However, the recommended practice (treatment ‘HRC’) gave the highest
production of all (Paper III; Fig. 5). Willow plant mortality was related to
clone, since Tordis had higher plant mortality than Gudrun after the first
harvest cycle. This result contradicts findings in the other field trials performed
(Papers I and II). The probable cause was that the cuttings of Tordis used in
this trial (Paper III) were of poor quality. No differences in plant mortality
were found between the ‘HRC’ treatment and the two mechanical treatments
(‘RC’ and ‘RCT’) but the two cover crop treatments (‘CC’ and ‘CCC’) had
significantly higher plant mortality than the others (Paper III). In all three
seasons, there were no significant differences between ‘HRC’ and ‘RCT’ in
terms of weed aboveground biomass.
Biomass production in the six subsequent harvest cycles was estimated in
order to calculate the expected annual economic returns during the whole life
time of the plantation for all cultivar and weed control strategy combinations.
In these calculations, a wood chip price of 190 SEK per MWh was assumed.
The results showed that all combinations gave a positive annual economic
return, with Tordis and treatment ‘HRC’ giving the highest profit (831 SEK ha1
) and Gudrun and treatment ‘CCC’ the lowest (247 SEK ha-1). The
profitability of the treatments decreased in the order HRC > RCT > RC > CC >
CCC for both clones. The calculations also showed that the economic return on
a willow plantation is very sensitive to decrease in wood chip prices, while a
substantial increase in weeding costs has only a minor effect (Paper III).
The results from Paper III indicate that a row crop cultivator combined with
torsion weeders (treatment ‘RCT’) might be a good option if herbicides are to
be omitted during the establishment phase of a willow SRC plantation.
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Figure 5. Annual mean willow shoot biomass yield after the first harvest cycle (establishment
year excluded) for five weed control strategies (HRC, RC, RCT, CC and CCC; see Table 3 for
explanation) and two willow clones (Gudrun, Tordis). Error bars show SE.

7.4 Willow shoot biomass production following strict weed
control
After the first growing season, the clone Linnea ranked highest in terms of
willow shoot biomass production at all three experimental sites and it had
significantly higher production than several of the other clones in the ‘Weeded’
treatment (Paper I). However, this high production rate compared with the
other clones was not maintained in subsequent seasons (Paper II; Fig. 6).
According to former agronomic practice, the willow shoots were cut back
after the first growing season. Hence, the shoots were two years old at the end
of the third season when destructive harvesting was performed. Interactions
between site and clone were identified but irrespective of these interactions,
Sven and Tordis ranked among the highest in biomass production, whereas
Karin ranked among the lowest at all sites after the first harvest (Paper II; Fig.
6). Similarly, Tordis performed well at all five locations in a Danish study
where eight different clones were compared after the first three-year harvest
cycle (Larsen et al., 2014). In another Danish study Sven, had the highest
average annual biomass production when 25 different commercial plantations
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were evaluated (Nord-Larsen et al., 2014). However, even though Sven and
Tordis ranked highly in our study, they did not produce significantly more
biomass than the more recently released clones Klara and Linnea at any of the
sites (Paper II).
There was a tendency for lower production at site P, with Tordis as the only
exception (Fig. 6). The high soil pH at this site (Table 1) might be related to
that site P is suboptimal for willow SRC, as evidenced by necrotic and
yellowing leaves.
The annual production at site J for weeded plots of Gudrun was 11.5 t ha-1
DM and for Tordis 13.8 t ha-1 DM. However, in the trial with five different
weed control measures (Paper III) the annual production of these two cultivars
was just 8.1 and 9.2 t ha-1 DM, respectively, in the treatment ‘HRC’, in which
the weeds were controlled according to conventional practice. The ‘HRC’ trial
was planted, grown and harvested one year after the other trial, but conditions
for willow growth were, if anything, more favourable during the establishment
year for ‘HRC’ and hence do not explain its lower yield level. However, even
though the two trials were located close to each other, their soil characteristics
differed slightly and thus might have influenced willow biomass production.
Furthermore, the weed control intensity differed in the two trials, which might
also explain part of the differences between yield levels.
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Figure 6. Annual mean willow shoot biomass yield of 10 commercial clones at sites J, P and S
after the first harvest cycle (establishment year excluded). Error bars show SE.

7.5 Assumptions made in protocols for biomass estimation of
short-rotation willow
Several studies have shown that destructive and non-destructive yield
estimations differ in willow SRC (Sevel et al., 2012; Arevalo et al., 2007;
Nordh & Verwijst, 2004) and that the magnitude of these differences might
vary by clone (Arevalo et al., 2007; Telenius & Verwijst, 1995). Therefore
assumptions that might influence the results of biomass estimation methods
were tested in Paper IV. The results showed that various assumptions regarding
dry matter content (DMC) were violated for certain clones, but valid for others
(Table 4). Consequently, any assumptions made should preferably be tested for
each clone or at least be clearly stated, in order to enable comparisons between
data using different biomass estimation methods.
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Table 4. Test results (Rejected = R; Not rejected = NR) of dry matter content (DMC) assumptions
for six different willow clones.
Assumption

Clone
Gudrun

Karin

Linnea

Sven

Tora

Tordis

DMC of the entire shoot does not
vary systematically with shoot size.

R

NR

R

R

R

R

DMC values of different diameter
size fractions within shoots do not
vary systematically.

R

NR

R

R

NR

R

DMC of the balance pointa does not
differ systematically from whole
shoot DMC.

R

NR

NR

R

NR

R

DMC does not change over time.

R

R

R

R

NR

R

a

The point of the shoot where the fresh weight of the apical and basal parts of the shoot are equal.

In addition to the assumptions regarding DMC, stub height was measured
after the shoots had been harvested either by hand or machine. It was found
that the stub height of the machine-harvested shoots was on average 7.6 cm
greater than that of the manually harvested shoots and that this difference was
not related to clone (Paper IV). The higher stubs left by the harvesting machine
represented on average 4.5% of the standing biomass. Hence, stub height
differences related to harvesting method should be taken into account when
performing yield estimations.
The findings in Paper IV highlight important factors for obtaining accurate
biomass estimates. Not all of these were considered in Papers I-III and hence
may have influenced the results of these papers. However, in most cases yield
estimates used for comparisons were obtained with the same method.
Moreover, assumptions regarding DMC were stated in Papers II and III, giving
the reader the possibility to take these into account, e.g. when comparing data.
Shoot cut height might have influenced the results from site J and P in Paper II
since shoots at the first harvest were cut manually in the ‘Unweeded’
treatment, while shoots in the ‘Weeded’ treatment was cut using a harvester.
However, since Paper IV showed that manually cut shoots tend to be cut at a
lower height, the result in Paper II would, if anything, underestimate the effect
of weeds at these sites.
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8

Conclusions

This thesis showed that there are only small differences between willow clones
in terms of their ability to compete with weeds when measured as willow
growth reduction and plant mortality after the first harvest. All willow clones
were in fact severely hampered by weeds and, depending on site, the mean
growth reduction ranged between 68.3% and 94.3% and the mean cumulative
plant mortality in the unweeded treatment between 9.8% and 57.3%. The plant
mortality in the weeded treatment was approximately 1% regardless of site.
Consequently, choice of clone, at least from among the currently available
commercial stock, will probably have limited effect on weed control in willow
SRC. Furthermore, the results indicate that breeding for competitive ability is
probably not a feasible way to improve the environmental profile of willow
SRC, since there were only slight differences in weed competitiveness between
clones. The results confirmed previous findings that weed control measures
should be applied during the first growing season to ensure proper
establishment of a willow plantation.
The biomass production of willow plants under severe weed pressure was
either negatively affected or not affected by cutting back the first-year shoots.
The magnitude of the differences between the two treatments was only affected
by clone to a small extent. In addition, at one of the three sites this practice
increased plant mortality. Hence, the results indicate that cutting back the firstyear shoots does not increase the ability of willow plants to compete with
weeds and may in fact decrease it. Other studies have found similar results in
weeded willow plantations. Consequently, the combined results from this
thesis and other studies suggest that the first-year shoots should be left uncut as
long as they are not preventing other management actions.
The study with five different weed control strategies indicated that it is
possible to establish an agriculturally and economically viable willow SRC
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plantation without the use of herbicides. The non-chemical strategy that gave
the highest biomass yield after the first harvest cycle and highest annual
economic return was use of a row crop cultivator combined with a torsion
weeder. However, more trials are needed to optimise this strategy for willow
SRC production, e.g. identifying the optimal distance between the tines of the
torsion weeder and optimising the timing and number of treatments. The
results presented here also need to be validated at other sites and when the
first-year shoots are not cut back. Neither of the cover crop strategies tested
performed well and both gave lower willow biomass yield, higher plant
mortality and lower annual economic returns than the other strategies. These
results suggest that the practice of using a cover crop as a weed control method
when establishing willow plantations needs to be further developed, e.g. by
finding more suitable cover crop species and optimising the sowing time.
There were no interactions between weed control strategy and cultivar for
willow shoot biomass yield or willow mortality. Hence, the results indicate that
neither of the cultivars tested (Gudrun, Tordis) is more suitable for combining
with a certain weed control strategy. They also indicate that an increase in
weed control costs has only a minor effect on the annual economic return if
extrapolated over the entire expected life span of the plantation. Thus, weed
control measures during the establishment phase should not be omitted due to
fear of economic losses.
Interactions were found between clones and sites regarding willow shoot
biomass production when grown under nearly weed-free conditions after the
first harvest cycle. Irrespectively of these interactions, Sven and Tordis were
among the highest and Karin among the lowest ranked cultivars at all three
sites. From this study it can be concluded that the more recent cultivars (Lisa,
Klara, Linnea and Stina) do not yield more than the highest-yielding older
cultivars, at least not in southern Sweden during the first harvest cycle.
However, it is important that a range of cultivars is used when establishing new
willow plantations to reduce the risk of resistance to pests and diseases being
overcome and to exploit potential differences between cultivars in response to
abiotic stresses.
Basic assumptions made with regard to physical structure and dry matter
content that are implicitly made when using a certain biomass estimation
method were proven to be partly valid for some of the cultivars tested but not
for others. It was shown that stub height should be considered when comparing
different estimation methods. The results obtained explain some of the
differences between destructive and non-destructive biomass estimation
methods reported in other studies and may be used to further improve
aboveground biomass estimates in willow SRC.

46

References
Abrahamson, L., Volk, T., Kopp, R., White, E. & Ballard, J. (2002). Willow
biomass producers handbook. State University of New York College of
Enviromental Science and Forestry.
Adiele, J. & Volk, T.A. (2011). Developing spring cover crop systems for willow
biomass crop establishment. Aspects of Applied Biology, 112, pp. 113119.
Aldrich, R.J. (1987). Predicting crop yield reductions from weeds. Weed
Technology, 1(3), pp. 199-206.
Arevalo, C.B.M., Volk, T.A., Bevilacqua, E. & Abrahamson, L. (2007).
Development and validation of aboveground biomass estimations for four
Salix clones in central New York. Biomass and Bioenergy, 31(1), pp. 112.
Argus, G.W. (1997). Infrageneric classification of Salix (Salicaceae) in the new
world. Systematic Botany Monographs, 52, pp. 1-121.
Aronsson, P., Rosenqvist, H. & Dimitriou, I. (2014). Impact of nitrogen
fertilization to short-rotation willow coppice plantations grown in Sweden
on yield and economy. BioEnergy Research, pp. 1-9.
Aronsson, P., Weih, M. & Åhman, I. (2008). Salix cultivation yields added value in addition to energy. In: Johansson, B. (ed.) Bioenergy - for what and
how much. Swedish Research Council Formas, pp. 269-284.
Ascard, J. & Fogelberg, F. (2008). Mechanical in-row weed control in transplanted
and direct-sown bulb onions. Biological agriculture & horticulture, 25(3),
pp. 235-251.
Augustson, Å., Lind, A. & Weih, M. (2006). Floristisk mångfald i Salix-odlingar.
Svensk Botanisk Tidskrift, 100(1), pp. 52-58.
Bàrberi, P. (2002). Weed management in organic agriculture: are we addressing the
right issues? Weed Research, 42(3), pp. 177-193.
Baum, C., Leinweber, P., Weih, M., Lamersdorf, N. & Dimitriou, I. (2009). Effects
of short rotation coppice with willows and poplar on soil ecology. vTI
Agriculture and Forestry Research, 59(3), pp. 183-197.
Bertholdsson, N.O. (2005). Early vigour and allelopathy–two useful traits for
enhanced barley and wheat competitiveness against weeds. Weed
Research, 45(2), pp. 94-102.

47

Börjesson, P. & Tufvesson, L.M. (2011). Agricultural crop-based biofuels –
resource efficiency and environmental performance including direct land
use changes. Journal of Cleaner Production, 19(2–3), pp. 108-120.
Christensen, S. (1995). Weed suppression ability of spring barley varieties. Weed
Research, 35(4), pp. 241-247.
Clay, D. & Dixon, F. (1995). Vegetation management in the establishment of
poplar and willow short-rotation coppice. Brighton Crop Protection
Conference. pp. 979-984.
Clay, D. & Dixon, F. (1997). Effect of ground-cover vegetation on the growth of
poplar and willow short-rotation coppice. Aspects of Applied Biology, 49,
pp. 53-60.
Cobb, A.H. & Reade, J.P.H. (2010). Herbicides and Plant Physiology. Hoboken:
Wiley-Blackwell.
Connell, J.H. (1990). Apparent versus "real" competition in plants. In: Grace, J.B.
& Tilman, D. (eds) Perspectives on plant competition. California:
Academic Press, pp. 9-26.
Danfors, B. (1991). Mekanisk och kemisk ogräsbekämpning i nyanlagda
salixodlingar. JTI rapport, 129.
Dimitriou, I., Mola-Yudego, B., Aronsson, P. & Eriksson, J. (2012). Changes in
organic carbon and trace elements in the soil of willow short-rotation
coppice plantations. BioEnergy Research, 5(3), pp. 563-572.
Duke, S.O. (2012). Why have no new herbicide modes of action appeared in recent
years? Pest Management Science, 68(4), pp. 505-512.
Gustafsson, J., Larsson, S. & Nordh, N. (2007). Manual för salixodlare. Available
from: http://www.bioenergiportalen.se/attachments/42/406.pdf.
Gustafsson, L. (1988). Vegetation dynamics during the establishment phase of an
energy forest on a riverside in south-western Sweden. Studia Forestalia
Suecia, 178, pp. 1-16.
Hansen, J., Ruedy, R., Sato, M. & Lo, K. (2010). Global surface temperature
change. Reviews of Geophysics, 48(4), pp. 1-29.
Hansson, L. (1977). Spatial dynamics of field voles Microtus agrestis in
heterogeneous landscapes. Oikos, 29(3), pp. 539-544.
Harker, K.N. & O'Donovan, J.T. (2013). Recent weed control, weed management,
and integrated weed management. Weed Technology, 27(1), pp. 1-11.
Hartwig, N.L. & Ammon, H.U. (2002). Cover crops and living mulches. Weed
Science, 50(6), pp. 688-699.
Helby, P., Rosenqvist, H. & Roos, A. (2006). Retreat from Salix—Swedish
experience with energy crops in the 1990s. Biomass and Bioenergy, 30(5),
pp. 422-427.
Hiltbrunner, J., Liedgens, M., Bloch, L., Stamp, P. & Streit, B. (2007). Legume
cover crops as living mulches for winter wheat: components of biomass
and the control of weeds. European Journal of Agronomy, 26(1), pp. 2129.
Håkansson, S. (2003). Weeds and weed management on arable land: an ecological
approach. Cambridge: CABI Publishing.
Isebrands, J.G. & Richardson, J. (2014). Poplars and Willows: Trees for Society
and the Environment: CABI.

48

Karp, A., Hanley, S.J., Trybush, S.O., Macalpine, W., Pei, M. & Shield, I. (2011).
Genetic improvement of willow for bioenergy and biofuels. Journal of
Integrative Plant Biology, 53(2), pp. 151-165.
Kuzovkina, Y.A., Weih, M., Romero, M.A., Charles, J., Hust, S., McIvor, I., Karp,
A., Trybush, S., Labrecque, M. & Teodorescu, T.I. (2008). Salix: botany
and global horticulture. Horticultural reviews, 34, pp. 447-489.
Labrecque, M., Teodorescu, T.I., Babeux, P., Cogliastro, A. & Daigle, S. (1994).
Impact of herbaceous competition and drainage conditions on the early
productivity of willows under short-rotation intensive culture. Canadian
Journal of Forest Research, 24(3), pp. 493-501.
Larsen, S.U. (2014). Afpudsning af etårs skud i pil. Available from:
http://www.landbrugsinfo.dk/Planteavl/Afgroeder/Energiafgroeder/pilenergiskov/Sider/afpudsning-af-etaarsskud-i-pil_pl_14_1799.aspx.
Larsen, S.U., Jørgensen, U. & Lærke, P.E. (2014). Willow yield is highly
dependent on clone and site. BioEnergy Research, DOI: 10.1007/s12155014-9463-3.
Larsson, S. (1998). Genetic improvement of willow for short-rotation coppice.
Biomass and Bioenergy, 15(1), pp. 23-26.
Larsson, S. & Lindegaard, K. (2003). Full scale implementation of short rotation
willow
coppice,
SRC,
in
Sweden.
Available
from:
http://www.shortrotationcrops.org/PDFs/IEA_Larsson&Lindegaard.pdf.
Ledin, S. (1996). Willow wood properties, production and economy. Biomass and
Bioenergy, 11(2-3), pp. 75-83.
Lemerle, D., Gill, G.S., Murphy, C., Walker, S., Cousens, R., Mokhtari, S., Peltzer,
S., Coleman, R. & Luckett, D. (2001). Genetic improvement and
agronomy for enhanced wheat competitiveness with weeds. Australian
Journal of Agricultural Research, 52(5), pp. 527-548.
Lemerle, D., Verbeek, B., Cousens, R.D. & Coombes, N.E. (1996). The potential
for selecting wheat varieties strongly competitive against weeds. Weed
Research, 36(6), pp. 505-513.
Lundkvist, A. & Verwijst, T. (2011). Weed biology and weed management in
organic farming. In: Nokkoul, R. (ed.) Research in Organic Farming.
InTech, pp. 157-186.
Malik, R.K., Green, T.H., Brown, G.F., Beyl, C.A., Sistani, K.R. & Mays, D.A.
(2001). Biomass production of short-rotation bioenergy hardwood
plantations affected by cover crops. Biomass and Bioenergy, 21(1), pp.
21-33.
Mola-Yudego, B. & Aronsson, P. (2008). Yield models for commercial willow
biomass plantations in Sweden. Biomass and Bioenergy, 32(9), pp. 829837.
Murphy, K., Dawson, J. & Jones, S. (2008). Relationship among phenotypic
growth traits, yield and weed suppression in spring wheat landraces and
modern cultivars. Field Crops Research, 105(1-2), pp. 107-115.
Nord-Larsen, T., Sevel, L. & Raulund-Rasmussen, K. (2014). Commercially
grown short rotation coppice willow in Denmark: biomass production and
factors affecting production. BioEnergy Research, DOI: 10.1007/s12155014-9517-6.

49

Nordh, N.-E. (2005). Long term changes in stand structure and biomass
production in short rotation willow coppice. Diss. Uppsala: Swedish
University of Agricultural Sciences.
Nordh, N. & Verwijst, T. (2004). Above-ground biomass assessments and first
cutting cycle production in willow (Salix sp.) coppice--a comparison
between destructive and non-destructive methods. Biomass and
Bioenergy, 27(1), pp. 1-8.
Oerke, E. (2006). Crop losses to pests. The Journal of Agricultural Science, 144(1),
pp. 31-43.
Olofsdotter, Navarez, Rebulanan & Streibig (1999). Weed-suppressing rice
cultivars – does allelopathy play a role? Weed Research, 39(6), pp. 441454.
Paulrud, S. & Laitila, T. (2007). Lantbrukarnas attityder till odling av
energigrödor: Swedish Environmental Research Institute. Available from:
http://www.energimyndigheten.se.
Peters, G.P., Andrew, R.M., Boden, T., Canadell, J.G., Ciais, P., Le Quere, C.,
Marland, G., Raupach, M.R. & Wilson, C. (2013). The challenge to keep
global warming below 2°C. Nature Climate Change, 3(1), pp. 4-6.
Radosevich, S., Holt, J. & Ghersa, C. (1997). Weed ecology: implications for
management. New York: John Wiley & Sons.
Robinson, K., Karp, A. & Taylor, G. (2004). Defining leaf traits linked to yield in
short-rotation coppice Salix. Biomass and Bioenergy, 26(5), pp. 417-431.
Roggenkamp, G.J., Mason, S.C. & Martin, A.R. (2000). Velvetleaf (Abutilon
theophrasti) and green foxtail (Setaria viridis) response to corn (Zea
mays) hybrid. Weed Technology, 14(2), pp. 304-311.
Rowe, R.L., Street, N.R. & Taylor, G. (2009). Identifying potential environmental
impacts of large-scale deployment of dedicated bioenergy crops in the
UK. Renewable and sustainable energy reviews, 13(1), pp. 271-290.
Rytter, R.-M. (2012). The potential of willow and poplar plantations as carbon
sinks in Sweden. Biomass and Bioenergy, 36, pp. 86-95.
Rönnberg-Wästljung, A.C. (2001). Genetic structure of growth and phenological
traits in Salix viminalis. Canadian Journal of Forest Research, 31(2), pp.
276-282.
Sage, R. (1999). Weed competition in willow coppice crops: the cause and extent
of yield losses. Weed Research, 39(5), pp. 399-411.
Sage, R., Cunningham, M. & Boatman, N. (2006). Birds in willow short-rotation
coppice compared to other arable crops in central England and a review of
bird census data from energy crops in the UK. Ibis, 148, pp. 184-197.
Sevel, L., Nord-Larsen, T. & Raulund-Rasmussen, K. (2012). Biomass production
of four willow clones grown as short rotation coppice on two soil types in
Denmark. Biomass and Bioenergy, 46, pp. 664–672.
Smart, L.B. & Cameron, K.D. (2008). Genetic improvement of willow (Salix spp.)
as a dedicated bioenergy crop. In: Vermerris, W. (ed.) Genetic
improvement of bioenergy crops. New York: Springer, pp. 377-396.
Sutherland, S. (2004). What makes a weed a weed: life history traits of native and
exotic plants in the USA. Oecologia, 141(1), pp. 24-39.

50

Swedish Board of Agriculture (2012). Handbok för salixodlare Available from:
http://www2.jordbruksverket.se/webdav/files/SJV/trycksaker/Pdf_ovrigt/o
vr250v2.pdf.
Swedish Chemicals Agency (2014). Pesticides register. Available from:
http://www.kemi.se/.
Swedish Energy Agency (2013). Energiläget 2013. Available from:
http://www.energimyndigheten.se.
Swedish Energy Agency (2014). Svensk sammanfattning av IEA-PVPS National
Survey Report of PV power applications in Sweden 2013. Available from:
http://www.energimyndigheten.se.
Swedish Government (2009). Sveriges Nationella Handlingsplan för främjande av
förnybar energi enligt Direktiv 2009/28/EG och Kommissionens beslut av
den 30.6.2009. Available from: http://www.regeringen.se.
Teasdale, J.R. & Daughtry, C.S.T. (1993). Weed suppression by live and
desiccated hairy vetch (Vicia villosa). Weed Science, 41(2), pp. 207-212.
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(2), pp.
247-253.
Tesio, F. & Ferrero, A. (2010). Allelopathy, a chance for sustainable weed
management. International Journal of Sustainable Development & World
Ecology, 17(5), pp. 377-389.
Tharakan, P.J., Volk, T.A., Nowak, C.A. & Abrahamson, L.P. (2005).
Morphological traits of 30 willow clones and their relationship to biomass
production. Canadian Journal of Forest Research, 35(2), pp. 421-431.
The European Parliament and the Council of the European Union (2009). Directive
of the European parliament and of the council establishing a framework
for Community action to achieve the sustainable use of pesticides.
2009/128/EC.
Upadhyaya, M.K. & Blackshaw, R.E. (2007). Non-Chemical Weed Management:
Principles, Concepts, and Technology. Wallingford: CABI Publishing.
Van der Weide, R., Bleeker, P., Achten, V., Lotz, L., Fogelberg, F. & Melander, B.
(2008). Innovation in mechanical weed control in crop rows. Weed
Research, 48(3), pp. 215-224.
Verwijst, T., Lundkvist, A., Edelfeldt, S. & Albertsson, J. (2013). Development of
sustainable willow short rotation forestry in northern Europe. In: Matovic,
M.D. (ed.) Biomass Now - Sustainable Growth and Use. InTech, pp. 479502.
Verwijst, T. & Nordh, N. (2010). Effekter av skottnedklippning efter
etableringsåret på produktionen under första och andra omdrevet i
salixodlingar: Värmeforsk. Available from: http://www.varmeforsk.se.
Verwijst, T. & Telenius, B. (1999). Biomass estimation procedures in short
rotation forestry. Forest Ecology and Management, 121(1-2), pp. 137146.
Volk, T. (2002). Alternative methods of site preparations and coppice management
during the establishment of short-rotation woody crops. Diss. Syracuse,

51

NY: State University of New York. College of Environmental Science
and Forestry.
Vollmann, J., Wagentristl, H. & Hartl, W. (2010). The effects of simulated weed
pressure on early maturity soybeans. European Journal of Agronomy,
32(4), pp. 243-248.
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(6), pp. 397-413.
Weiner, J., Griepentrog, H.-W. & Kristensen, L. (2001). Suppression of weeds by
spring wheat Triticum aestivum increases with crop density and spatial
uniformity. Journal of Applied Ecology, 38(4), pp. 784-790.
Westgate, L.R., Singer, J.W. & Kohler, K.A. (2005). Method and timing of rye
control affects soybean development and resource utilization. Agronomy
Journal, 97(3), pp. 806-816.
Wheeler, T. & von Braun, J. (2013). Climate change impacts on global food
security. Science, 341(6145), pp. 508-513.
Wikberg, J. & Ögren, E. (2007). Variation in drought resistance, drought
acclimation and water conservation in four willow cultivars used for
biomass production. Tree physiology, 27(9), pp. 1339-1346.
Zimdahl, R.L. (2007). Fundamentals of Weed Science. Burlington: Academic
Press.
Åhman, I. (2001). Hantering av skadegörare i energiskog av Salix. Sveriges
Utsädesförenings Tidskrift, 111(2), pp. 98-103.
Åhman, I. & Larsson, S. (1994). Genetic improvement of willow (Salix) as a
source of bioenergy. Norwegian Journal of Agricultural Sciences, 18, pp.
47-56.

52

Acknowledgements
Mitt första tack går till mina handledare Inger Åhman, Theo Verwijst, NilsOve Bertholdsson and David Hansson. Inger, du har alltid ställt upp när jag har
haft frågor eller haft saker som jag velat diskutera. Du har också alltid tagit dig
tid att ge mig feedback även när jag vet att du har haft ont om tid. Detta har jag
verkligen uppskattat! Tack också för dina filmtips, din positiva attityd, bär &
grönsaker och för att du drog med oss på en väldig rolig TV-inspelning. Theo,
du har också alltid haft tid för mina frågor och jag hoppas verkligen att din
nyfikenhet på att hitta svar på frågor kan ha smittat av sig på mig. Du har också
fått mig att inse att saker som ser ut att ha gått fel faktiskt kan leda till något
bra. Nils-Ove, hade jag bara haft några procent av ditt lugn hade jag varit nöjd.
Jag har verkligen uppskattat våra diskussioner och din fascination av tekniska
prylar, vilka i vissa fall även har använts i mina försök. David, du har hjälpt
mig att förstå ogräsens värld lite bättre och varit ett stöd när det gällt att hitta
den optimala tidpunkten för att oskadliggöra ogräs mekaniskt.
Vehbo Hot, det har varit ett sant nöje att arbeta med dig. Dina roliga
kommentarer har lett till många skratt under projektets gång.
Jan-Eric Englund, du har alltid tagit dig tid att hjälpa mig med allt från
försöksdesign till konstigheter i SAS. Din hjälp ha uppskattats väldigt mycket.
Håkan Rosenqvist, det blev till slut en ekonomidel i ett av manuskripten.
Utan din hjälp hade detta manuskript saknat en dimension. Din entusiasm för
salix smittar lätt av sig.
Sven-Erik Svensson, du har alltid tagit dig tid för att försöka lösa tekniska
problem i projektet. Jag tackar dig speciellt för hjälpen under det första året då
du räddade många nätters sömn.
Bertil Christensson, tack för att du hjälpte mig att få fältförsöken att fungera
rent praktiskt. Du har också fått mig att inse att fältförsök inte alltid går som
man vill även om man har planerat allt in i minsta detalj.

53

Alexandra Nikolic, tack för att jag alltid har fått hjälp från Trädgårdslabbet,
även då min framförhållning ibland har varit obefintlig.
Fatih Mohammad, tack för all hjälp i fält speciellt då snön varit så djupt att
vi knappt syntes.
Sigvard Lunderqvist-Nilsson, Joakim Tigerschiöld och Marcus Bränd, tack
för hjälp med att mäta, kapa och väga salixskott i fält. Ni har varit grymma!
Irene Persson och Kjell Vilhelmsson, tack för att ni gjorde det möjligt att
noggrant skörda fältförsöksrutorna maskinellt.
Helen Lindgren, Annelie Ahlman, Ingegerd Nilsson, Helle Turesson, Ida
Lager, Rui Guan och Bill Newson, tack för all hjälp!
Referensgruppen, Gunnar Henriksson, Sten Segerslätt, Stig Larsson och
Gabriele Engqvist, tack för att jag kunnat ringa er angående allt som har med
salixodling att göra. Er medverkan ha gjort projektet betydligt intressantare att
jobba med.
Lönnstorps försökstation, Erik Rasmusson, Ulf Mårtensson och Eskil
Kemphe, utan er hjälp hade det inte varit möjligt att ha försöken runt Alnarp.
Jag tackar er också för att ni alltid ställt upp även då ni hade mycket att göra.
Patrick Sjöberg, tack för alla middagar, kaffepauser, konstiga jobbuppdrag,
FIFA-bataljer och roliga diskussioner. Alnarpstiden hade inte alls varit lika
rolig utan dig.
Joakim Ekelöf, tack för att du dragit med mig på en massa roliga strapatser
ända sedan starten i Alnarp för TOLV år sedan. Det är ju inte varje dag som
man halkar in på ett bananskal och tar SM-silver i kubb.
Leo Crespo, we began our projects around the same time and we have also
shared an office during the last four years. Thanks for all nice discussions
about statistics, writing and life in general.
Lars Mogren, tack för trevliga spelkvällar, jobbsnack, och finurliga
ukelelelir.
Malin Dörre, tack för kräftskivor, midsommarfiranden och att du alltid är så
rolig. Nu har man ju än större anledning att åka till Juleboda.
Jag vill också tacka hela min familj. Maria, för att du står ut med att leva
med mig trots att jag ibland har gått upp klockan tre på nätterna för att
analysera de senaste väderprognoserna. Du är bäst och jag älskar dig väldigt
mycket! Mamma och Pappa, för att ni alltid stöttat mig i de val jag gjort och
för att ni alltid hjälpt mig. David och Daniel, bättre bröder än er kan man inte
ha.
I thank the Swedish Energy Agency (Energimyndigheten) and the Swedish
Research Council for Environment, Agricultural Sciences and Spatial Planning
(Formas) for funding this research. I also thank Lantmännen Lantbruk (former
Lantmännen SW Seed) for providing the two breeding clones.

54

