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ABSTRACT 
 
In many countries there is an increasing interest in willows to be used in biomass 
production and environmental projects. Vegetative reproduction can be achieved through 
vertically or horizontally planted cuttings. Conventionally, willow plantations are 
established by inserting cuttings vertically into the soil. There is, however, a lack of 
information about the biomass production and its effect on the reduction of nutrient 
leaching of plantations established through horizontally planted cuttings. 

A greenhouse experiment with potted cuttings and a field trial lasting three years were 
carried out to investigate whether horizontally planted Salix schwerinii cuttings have a 
positive effect on stem yield, root distribution and nutrient leaching in comparison with 
vertically planted cuttings with different planting densities. 

The height of the shoots of horizontally planted cuttings was significantly smaller than 
that of vertically planted cuttings in the pot experiment, but only during the first two weeks 
after planting. Thereafter, no significant effect of planting orientation on the stem biomass 
was observed in the two experiments that were conducted. In both experiments the total 
stem biomass increased with the planting density. It was also found that the fine root 
biomass and the specific root length were not affected by the planting orientation or density, 
while the fine root surface area and the absorbing root surface area (ARSA) were affected 
only by the planting density. The planting orientation did not affect the nutrient 
concentrations in the soil leachate, apart from SO4-S and PO4-P in the pot experiment. The 
horizontally planted cuttings were slightly more effective for reducing the SO4-S leaching 
and the vertically planted cuttings were slightly more effective for reducing PO4-P leaching. 
Lower PO4-P leaching was observed only in the context of higher planting density. 

The ARSA in the pot experiment was assessed by using the earth impedance method. 
The applicability of this method was further evaluated in a hydroponic study of willow 
cuttings where root and stem were measured independently. The results showed that 
electrical resistance had a good correlation with the contact area of the roots with the 
solution. However, the resistance depended strongly on the contact area of the stem of 
cuttings with the solution, which caused a bias in the evaluation of root surface area. A 
similar experimental set-up in hydroponics but combining an approach using of electrical 
impedance spectroscopy was employed to study the relationship between the electrical 
parameters and root morphology of willow cuttings. A good fit was obtained between the 
impedance spectra data and the corresponding proposed lumped models. The model 
parameters were correlated with the contact area of roots and/or stem in the hydroponic 
solution. 

In conclusion, the horizontal planting method can be used as an alternative method in 
connection with short-rotation coppice willow used for bioenergy and nutrient leaching. 
Electrical impedance spectroscopy is a promising new non-destructive method in root 
research, but further more laboratory and field studies are undoubtedly needed. 

 
Keywords: Absorbing root surface, electrical frequency, hydroponic, horizontal orientation, 
impedance, non-destructive, nutrient leaching, willow. 
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1 INTRODUCTION 
 
 
1.1 Background 
 
In recent times willow has represented a fast-growing and high-yielding woody crop that 
has been used to resolve an array of environmental problems. However, historically the 
primary purpose of the cultivation of willow is for the production of baskets, fences, and 
even medicine. The documented history of the cultivation of willow goes back to at least 
the second century BC (Keoleian and Volk 2005, Volk et al. 2006). Native Americans 
maybe firstly used willow cuttings to stabilize stream banks (Shipek 1993). They 
recognized and utilized the ability of willow species to coppice vigorously and to develop 
from unrooted cuttings (Keoleian and Volk 2005). European immigrants began cultivating 
willows in the United States in the 1840s (Volk et al. 2006). In northern Europe, willow 
plantations were established firstly in the 1800s with the aim of providing primary material 
for basket-making (Kuzovkina and Quigley 2005). 

The original driving force in Sweden for willow research was a predicted shortage of 
raw material for pulp and paper industry in the late 1960s. The energy crisis in the 1970s 
stimulated a new motivation to continue research on willows to replace a certain proportion 
of fossil fuels with renewable woody biomass (Mirck et al. 2005). Currently, Sweden has 
the largest short rotation coppice (SRC) willow plantations in Europe, around 15 000 ha 
(Christou et al. 2010, Selkimäki et al. 2010). In the United States the cultivation of willow 
for bioenergy was reinvigorated in the mid-1980s (Keoleian and Volk 2005). In the early 
1980s, studies of SRC willow for bioenergy were initiated in Finland. Experiments with 
Salix schwerinii of Russian origin and Salix viminalis of Sweden origin have commonly 
been carried out in agricultural fields and cut-away peatlands (Tahvanainen and Rytkönen 
1999). Many exotic willows were susceptible to frost damage and often the biomass 
production of the indigenous willows, i.e. Salix phylicifolia, was greater than that of the 
exotic ones (Hytönen et al. 1995, Hytönen and Saarsalmi 2009). The greatest interest at 
present in Finland with respect to energy biomass is not in willow species but in reed 
canary grass which produces high biomass yields in the Finnish climate (Christou et al. 
2010). To select the potential bioenergy crops in China, many experiments have been 
conducted to compare the fuel characteristics of various exotic crops, i.e. switchgrass and 
reed canary grass, and the native crops, e.g. Salix cheilophila (Xiong et al. 2008). 

With increasing understanding of willow biology and production systems, a large 
theoretical knowledge has been developed and a variety of applications have been 
demonstrated in SRC willow for bioenergy (Mirck et al. 2005). The rapid expansion of 
scientific understanding of the inherent eco-physiological properties has promoted the new 
environmental applications for willow coppice (Volk et al. 2006). Willow coppice has been 
used to reduce soil erosion and non-point source pollution, to promote stable nutrient 
cycling, to enhance carbon storage in roots and the soil, to improve ecosystem diversity, 
and to act as living wind and snow fences (Perttu and Kowalik 1997, Perttu 1999, 
Kuzovkina and Quigley 2005). For instance, willow cuttings have been planted in the large 
slop areas, e.g. the Loess Plateau, which is the most severe soil erosion region in China, to 
prevent both surface erosion and shallow mass movements (Xu et al. 2009). On the basis of 
Kuzovkina and Volk’s (2009) identification, there are 36 essential characteristics for 
willow, e.g. high growth rate, good rooting ability and high fine root density in the topsoil.
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Understanding these inherent characteristics can help us to achieve benefits in biomass 
production and other environmental performance. 
 
 
1.2 Cultivation of short rotation willow coppice 
 
To achieve the renewable energy targets set by the Kyoto protocol, an increasing demand 
for woody biomass has been given high priority, especially in North America, Europe and 
Australia. According to the UK biomass strategy plans, the area of energy crops would be 
350 000 ha by 2020 (Department of the Environment 2007). The long-term goal in the EU 
is that biomass supply covers 20 % of the region’s primary energy (IEA 2001). High-
yielding SRC willow, as an alternative source to conventional forestry for biomass 
production, plays an important role in bridging the huge gap between the future biomass 
demands and the current supply levels (Mola-Yudego and Pelkonen 2008). 

Generally, SRC willow plantations are established by inserting approximately 20 cm 
long cuttings from one-year-old stems vertically into the soil. During the first year the 
shoots grow to 2-3 m in height and the root system becomes well developed. The stems are 
cut off during the winter after the first growing season to enhance multiple branching. The 
rotation time is typically three years. Because the production may decrease with increasing 
age, new willow plantations or other crops should replace the stands after about twenty-five 
years (Elowson 1999, Keoleian and Volk 2005). 

For a high-yielding SRC willow plantation, the requirements for the site selection are 
particularly important, i.e. sufficient water availability, and soil pH between 5.5 and 7.5 
(Wickham 2010). Generally, most fertile agricultural lands at low elevation with a slope not 
exceeding 15% are suitable for willow growing (Wickham 2010). In Sweden, the current 
area of SRC willow is about 15 000 ha which means about 0.5 % of the total arable land in 
the country (Selkimäki et al. 2010). The United States has the potential to exploit over 40 
million ha of idle or surplus agricultural land for the development of short rotation woody 
crops (Graham 1994). However, the use of agricultural land for woody biomass production 
has triggered the controversial between food security and biofuel business. In consequence, 
the vast available marginal lands have received an increasing attention for crops biofuel 
crops production (Milbrandt and Overend 2009, Tang et al. 2009). But the abandoned lands 
may have poor physical properties, poor nutrients, and low pH, which cannot guarantee 
high production (Wickham 2010). 

Conventionally, SRC willow plantations are established by inserting cuttings vertically 
into the soil but the ability of vegetative reproduction has also been demonstrated by 
placing cuttings horizontally (Kuzovkina and Quigley 2005). At present, the most 
commonly used machines are step planters which cut the willow rods (150-250 cm) into 
18-20 cm cuttings and insert the cuttings vertically into the soil with a density of 10 000-20 
000 cuttings ha-1. However, when the commercial willow planter was used for planting in 
the field, cuttings often fell over within the furrow and were buried in the soil horizontally. 
In consequence, preliminary experiments have been designed to investigate the influence of 
planting orientation on the sprouting of cuttings and some companies have been working on 
the development of new planters (Dieterich and Martin 2008, Lowthe-Thomas et al. 2010). 
Recently, a lay-flat planter has been under development which lays whole rods horizontally 
in furrows at 2-8 cm depth (Lowthe-Thomas et al. 2010). The lay-flat planting method has 
reduced planting costs by up to 48% due to its fast planting rate (0.75 ha h-1), and yields 
have been equivalent to traditional vertically planted willow coppice (Lowthe-Thomas et al. 
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2010). However, McCracken et al. (2010) have supported the vertical planting of cuttings 
since horizontal planting with long rods requires more propagating material. In support of 
environmental construction, horizontal bundles of willow were recommended in early times 
for use in the site restoration of stream banks and also across sludge fields to dewater the 
sludge (Gray and Sotir 1996, Vervaeke et al. 2001,  Kuzovkina and Quigley 2005, Lovett 
and Price 2007). 

Generally, the stem biomass yield is strongly and positively correlated with planting 
density. Maximum biomass gas been achieved at 20 000 cuttings ha-1 in Sweden, where the 
biomass yield did not increase significantly beyond this density (Bergkvist and Ledin 1998, 
Bullard et al. 2002a and b). Above this planting density the competition within stools, as 
well as between stools, in a stand caused self-thinning (Wilkinson et al. 2007). A density of 
more than 25 000 cuttings ha-1 can result in an increase in stool mortality as a result of 
competition between the stools, with no significant gains observed (Bergkvist and Ledin 
1998). 

High yields in SRC willow require intensive management, particularly an adequate 
supply of nutrients (Adegbidi et al. 2003). To increase our knowledge of nutrient losses as a 
result of their management, previous studies have been conducted to quantify the nitrate 
leaching from SRC willow plantations under field conditions and in the context of 
lysimeters studies. In Denmark, high leaching was only observed during the establishment 
year in the context of treatments both included and excluded the use of a fertilizer 
(Mortensen et al. 1998). However, the application of fertilizer did not increase biomass 
productivity on a coarse sand site, but there was an increase in the nitrogen leaching 
compared to treatment with no fertilizer. The leaching decreased considerably during the 
second year, and practically stopped during the third year, and no significant difference was 
observed, whether there was fertilization at a rate of 75 kg N ha-1 or none at all (Mortensen 
et al. 1998). High leaching was also observed during the first and second year after planting 
in Sweden, but later it was close to zero, despite an average fertilization rate of 100 kg N 
ha-1 (Aronsson et al. 2000). Accordingly, it was recommended that fertilization should not 
be used until the second year (Mortensen et al. 1998, Goodlass et al. 2007). Harvesting and 
the subsequent regrowth of SRC willow in both Sweden and the UK were not observed to 
cause any increase in the nitrogen leaching (Aronsson et al. 2000, Goodlass et al. 2007). In 
addition to the period of establishment high nitrate leaching was also observed when the 
plantation was finally removed (Goodlass et al. 2007). A lysimeters study conducted in 
Sweden observed that the irrigation rate had only a slight effect on the nitrate leaching 
(Aronsson and Bergström 2001). Thus, intensive management of SRC willow should not be 
thought of as increasing nutrient leaching and thus posing a major threat to the quality of 
the groundwater (Aronsson et al. 2000). 

Since the production of SRC willow removes greater quantities of nutrients from the 
soil, municipal waste waters and sewage sludge can be used as a nutrient sources in order to 
increase biomass yields and also to reduce fertilization and irrigation costs (Adegbidi et al. 
2003, Perttu 1999). Previous experience in Sweden has indicated that willow vegetation 
filter approach to the purification of municipal waste waters and sewage sludge may be a 
practical and economically feasible way to managing and utilizing the residual products 
(Perttu and Kowalik 1997) However, waste waters contains very high nitrogen 
concentrations (500-100 mg N l-1) (Dimitriou and Aronsson 2004). A threshold for 
maximum wastewater application needs to be defined that will prevent nutrient leaching 
into the groundwater (Aronsson and Bergström 2001, Adegbidi and Briggs 2003, Börjesson 
and Berndes 2006). 
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SRC willow plantations also have a potential as vegetation filters for mitigating non-
point source pollution from agricultural land to watercourses. In high-yielding crop regions 
of China, large amounts of fertilizer enter the ground water, rivers, and lakes because of 
low utilization efficiency (only 30-40%) (Zhang et al. 1996). In Finland, 50% of nitrogen 
and 60% of phosphorus in watercourses come from agricultural areas that cover 7% of the 
total land area (Granlund et al. 2005). The large-scale movement of non-point source 
pollution is complex and difficult to control. The natural defense system, consisting of 
vegetated buffer zones, is the practical strategy for the control of non-point pollution from 
agriculture. Vegetated buffer zones reduce overland flow and decrease the amount of 
sediment and nutrients entering streams, thus improving soil properties and stabilizing 
stream banks (Volk et al. 2006). Buffer zones are very suitable in low-income countries like 
China as low-cost tools for nutrient leaching reduction (Kuusemets et al. 2000). Compared 
with grass and tree buffer strips, willow crop is an ideal vegetation type for use in riparian 
buffers (Kuusemets et al. 2001; Volk et al. 2006). Several characteristics of willow crops 
make them ideal for use in riparian buffers. The vigorous growth of willow after coppice 
can effectively remove nutrients from the sites. Rapid and extensive fine root development 
acts as a nutrient sink and as soil stabilizers soon after willows are planted. Many willow 
buffers have been established along streams, e.g. in the USA and Sweden (Perttu and 
Kowalik 1997, Volk et al. 2006). Increasing the amount and distribution of roots in buffers 
by planting different sizes of cuttings is one approach to enhancing the growth of in the 
population of microorganisms and increasing the environmental benefits of the riparian 
system (Volk et al. 2006). The horizontally planted living willows materials have been also 
explored for their potential use in buffer zones (Kuzovkina and Quigley 2005, Li et al. 
2006). In one riparian area of China, the horizontally planted living willows produced more 
root biomass than those planted vertically (Li et al. 2006). The similar biomass yields of 
SRC willow differing between the horizontal and vertical planting orientation have also 
been demonstrated in previous experiments (Lowthe-Thomas et al. 2010, McCracken et al. 
2010), but there is a lack of information about the root system of SRC willow between two 
planting orientations and about the effect of this on nutrient leaching. 
 
 
1.3 Willow root system 
 
Roots play a critical role for willow as an environmental beneficial bioenergy crop. 
However, relatively little information exists about root characteristics of SRC willow (Volk 
et al. 2001). An extensive fibrous root system, high root density, high root tensile strength, 
deep rooting and long growing period are commonly used to depict the root system of 
willows (Keoleian and Volk 2005, Kuzovkina and Volk 2009). The active root primordial 
on the stems can make vegetative reproduction easy (Kuzovkina and Quigley 2005). The 
root system is widely spread and forms a dense network in the upper layer of the soil in the 
first year. The root system remains intact during the winter and activate in the early spring 
(Elowson 1999). A lysimeters study conducted in Sweden indicated that willow root must 
be able to sustain activity and nitrogen uptake even at low soil temperatures as low as zero 
Centigrade (Aronsson 2001). 

Another study conducted in Sweden has shown that roots typically attain an average 
depth of 25-30 cm during the first growing season, extending deeper during the second 
growing season (Rytter and Hansson 1996). Studies have shown that the majority of roots 
are located in the top 10-20 cm of the soil (Volk et al. 2001, Heinsoo et al. 2009). A large 
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proportion of the willow root system consists of fine roots (< 2 mm in diameter) (Martin 
and Stephens 2006), and after four years of growth may amount to more than 90 % of the 
total (Volk et al. 2001). Roots can reach a depth of 1.3 m and occasionally as deep as 3 m 
(Crow and Houston 2004). 

The shallow distribution of willow root systems may be caused by nitrogen fertilizer 
application and leaf litter decomposition. The nitrogen concentration (dry mass basis) in 
willow leaves is around 2.5-3.5 % (Perttu 1998). Leaf litter decomposition and fertilizer 
increase the nutrient concentration of the soil layer near the surface (Rytter and Hansson 
1996). Meanwhile, fertilization has been shown in Estonian to significantly reduce the 
biomass and annual production of fine roots in the uppermost 10 cm soil layer of SRC 
willow plantations (Heinsoo et al. 2009). In consequence, fertilizer is not applied to the 
SRC willow during its establishment year so as to ensure a well-established and deep root 
system and also to reduce nutrient leaching (Lehmann and Schroth 2003). Fine roots tend to 
concentrate in the soil where it is well aerated but where it may still have a high capacity 
for moisture and nutrient retention. Rytter and Hansson (1996) have suggested that the 
water supplied through surface drip irrigation systems contributes to the high density of 
willow roots near the soil surface. 

The rapid development of an extensive fine root system is an important attribute for 
SRC willow as a vegetation filter used for reducing nutrient leaching. Widespread root 
systems were observed during the establishment year of SRC willow plantations in 
Denmark (Mortensen et al. 1998). When the soil water passes through the well-developed 
root zone, nutrients appear to be taken up by the effective root system. In the experiment 
conducted in Sweden it was found that SRC willow plantation fertilized at a rate of 200 kg 
N ha-1 caused no leaching of nitrogen into the ground water (Elowson 1999). In addition, 
around 75-95 % of the nitrogen and phosphorus in the waste water can be taken up by the 
root system of willow plantations (Börjesson 1999). Increasing the amount and distribution 
of roots by planting different sizes of cuttings is one feasible approach to improving the 
treatment efficiency of willow vegetation filter (Volk et al. 2006). Hence, it would seem to 
be interesting to investigate the effect of planting orientation, both vertical and horizontal, 
on the characteristics of the root system and also on the potential reduction of nutrient 
leaching in willow plantations. 
 
 
1.4 Electrical impedance method on root research 
 
The need for knowledge about root biomass, growth and decay dynamics may be met only 
insufficiently as a result of using destructive root sampling methods (Rytter and Rytter 
1998). The available root research methods are usually destructive, and cumbersome or 
may not be suitable for effective study of fine root functionality, e.g. by means of root 
excavation, sequential coring, the root in-growth bag, minirhizotron (Samson and Sinclair 
1994, Majdi 1996), or a scanner set in the soil (Costa et al. 2000). The radar method may 
detect coarse roots (>19 mm in diameter), but currently the resolution does not permit 
detection of fine roots (<2 mm in diameter) (Butnor et al. 2003, Hirano et al. 2009). 

Because soil and roots contain electrolytes and water, they conduct electric current. 
When the roots in the soil are subjected to an external electric field, current passes through 
the system, depending on the electrical properties of the different components in the circuit. 
This property has been used to characterize a root system both at a single frequency and 
also at multi-frequencies (Chloupek 1972, Dalton 1995, Aubrecht et al. 2006). 
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In previous studies the capacitance and/or resistance of a root system has been measured 
at a single alternating current frequency, and the attributes were assumed to be 
measurements of absorbing root surface area (ARSA) (Chloupek 1977, Dalton 1995, 
Preston et al. 2004, Aubrecht et al. 2006). The capacitance measurements were typically 
carried out at a frequency of 1 kHz and the resistance measurements at 128 Hz. Capacitance 
has aroused particular interest since the first field studies that were conducted in 1972 
(Chloupek 1972, Rajkai 2005). The measurements were made using a capacitance bridge 
with one electrode set at the base of a plant stem and another in the soil. Practical 
applications of the capacitance method have been tested with varying success for root 
investigations involving annual agricultural crops, e.g. red clover and alfalfa (Kendall et al. 
1982), tomato (Dalton 1995), maize (van Beem et al. 1998), and sunflower (Rajkai et al. 
2005), and even with different genotypes of maize (McBride et al. 2008). 

The earth impedance method was introduced to facilitate estimation of the spatial 
distribution of ARSA in the field (Aubrecht et al. 2006, Čermák et al. 2006). In contrast to 
the electrode configuration of the capacitance method, the earth impedance method applied 
four electrodes, two for the driving current and two for measuring the potential. By moving 
one potential electrode away from the stem, the mean distance of all of the absorbing roots 
from the tree could be determined by means of the potential characteristics. The estimated 
ARSA was found to be related to the basal area over a large range of stem diameters 
(Čermák et al. 2006). Butler et al. (2010) applied the earth impedance method to measure 
the ARSA of Sitka spruce. They compared the root values with the transpiration leaf area 
index of the trees in order to understand the relationship between the exchange surface 
areas between the above- and below-ground parts (Butler et al. 2010). More recently, 
however, the applicability of the earth impedance method in the context of root 
measurements has come under debate (Urban et al. 2011). 

In the case of electrical impedance spectroscopy (EIS), the characteristic behavior of the 
system in response to a range of frequencies of the electrical current can be represented by 
the components of the electrical circuits, i.e. resistors and capacitors. In the past, this 
method has been used to investigate the properties of plant, animal and human tissues 
(Tiitta et al. 1999, Altmann et al. 2004, Bayford 2006). In plants, it has been used to reveal 
the responses of detached, above-ground organs to cold acclimation, freeze-thaw, and heat 
injury and also to exposure to elevated ozone and carbon dioxide (Zhang et al. 1992, Zhang 
and Willison 1993, Ryyppö et al. 1998, Repo et al. 2004). 

A small number of studies exist concerned with the development of EIS for studying 
root systems (Ozier-Lafontaine and Bajazet 2005, Repo et al. 2005). Using specific electric 
analogs to model the impedance spectra of the soil-root-electrodes continuum, the method 
has been shown to be useful for a non-invasive estimation of root traits, such as the root 
fresh/dry mass or root length, both for tomato plants in a soil substrate (Ozier-Lafontaine 
and Bajazet 2005) and also for willow cuttings in hydroponic solution (Repo et al. 2005). 
Although different electric analogs have been formulated to describe the soil-root-
electrodes continuum, the reasonable equivalent circuit will depend on the understanding of 
the details of electrical current pathways (Dalton 1995). 
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1.5 Aims of the study 
 
The main objective was to investigate the effects of planting orientation and density on the 
growth of willow cuttings and soil water chemistry in a greenhouse experiment and in a 
field experiment. The earth impedance method was applied to assess the ARSA by means 
of a pot experiment. To answer questions concerning the pathway of the current through 
root system in the impedance method and also to elucidate the relationship between the 
electrical parameters and morphological attributes, two hydroponic studies were carried out. 
Their specific objectives were: 
 

1. To investigate the effect of horizontal and vertical planting orientation and 
planting density on stem growth, root characteristics and reducing nutrient 
leaching under greenhouse conditions (paper I) and under the three-year field 
conditions (paper II). 
 

2. To study in hydroponics the impact of the roots and stems of willow cuttings on 
the electrical current pathways and electrical resistance at a single low frequency 
(paper III). 
 

3. To explore the relation between electrical parameters, capacitance and resistance, 
and the contact area of roots and/or stem on a multi-frequency impedance 
spectrum (paper IV). 

 
 

2 MATERIALS AND METHODS 
 
 
2.1 Effects of planting orientation and density of willow cuttings on growth and 
nutrient leaching (papers I, II) 
 
2.1.1 Experiment design 
 
Willow cuttings (Salix schwerinii) were used in the pot experiment under greenhouse 
conditions (I) and in the field experiment (II) to investigate the difference between the 
planting orientations, horizontal and vertical, on the stem yield, root distribution and 
nutrient leaching with the different planting densities. 

The pot experiment (I) was conducted in the winter of 2007-2008 and lasted for sixteen 
weeks. Dormant cuttings (25 cm in length) were soaked and planted into the plastic pots 
(base diameter 35 cm, height 35 cm) in the greenhouse of the School of Forest Sciences at 
the University of Eastern Finland. The soil was taken from the Siikasalmi willow plantation 
area in eastern Finland. The soil pH was 5.3, and the organic matter content was 5.6 %. The 
cuttings were planted with horizontal and vertical planting orientations at three planting 
density levels (one, two and three cuttings per pot). The tops of the vertical cuttings were 2-
4 cm above the soil surface, while the horizontal cuttings were placed just below the soil 
surface. Six planting treatments and one unplanted control treatment were randomly 
arranged in one block. There were four replications. Deionized water was added twice per 
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week liter by liter, above the saturation level until the same amount of water leached out of 
each pot. A commercial fertilizer corresponding to 45 kg N ha-1 was added after growing 
for eleven and thirteen weeks. The conditions in the greenhouse were the following: the 
temperature 22/15 °C (day/night), the photoperiod 20 h, and the photon flux density 320 
μmol s-1m-2. 

The three-year field experiment (II) was carried out on the former lawn at the Botanic 
Garden of the University of Eastern Finland (62°36′N, 29°43′E, 81 m asl). In June 2008, the 
experiment area was ploughed and harrowed. The Salix schwerinii cuttings (25 cm in 
length) were planted in the plots (2×2 m) by hand with horizontal and vertical planting 
orientations at two planting densities (3 and 9 cuttings per plot corresponding to 7 500 and 
22 500 cuttings ha-1, respectively) which were randomly arranged in each block. There was 
also one unplanted plot in each of the four blocks. The tops of the vertical cuttings were 5 
cm above the soil surface, while the horizontal cuttings were placed just below the soil 
surface at a depth of 5 cm. After planting, the experiment area was fenced to prevent animal 
browsing. However, during the winter of 2008-2009 the shoots were completely grazed by 
vole. For weed control, each plot was covered with black polythene mulch in May 2009 
which still permitted rainfall infiltration. Manual weeding of the paths between plots was 
carried out each year at the beginning of the growth period. The plantations were not 
fertilized. They were irrigated during the summer of 2008 by sprinkler equipment to 
maintain good conditions for the establishment of the plants. In the summer of 2010, the 
plots were irrigated each Sunday between 4 July and 29 August with the amount 40 mm of 
water to promote leaching. The soil solution of each plot was collected at two soil profile 
depths by using zero tension and tension lysimeters within three blocks. One zero tension 
and one tension lysimeter were installed in each plot in the middle of May 2009. The zero 
tension lysimeters installed at a depth of 25 cm were made from a polythene plastic funnel, 
filled with quartz sand, with a collecting area of 299 cm2, and fitted to a sample collection 
bottle of two liters capacity. The tension lysimeters were installed at a depth of 60 cm 
below the surface of the soil and connected with a pressure sensitive stopper to a 2 l 
collecting bottle. The groundwater level was around 160 cm below the soil surface from 19 
April to 9 May 2010, but thereafter no groundwater could be detected in the 200 cm deep 
well. The weather conditions were recorded at the nearest station (network of the Finnish 
Meteorological Institute) located at a distance from 2 km apart the Botanic Garden. The 
effective temperature sum (degree days above a threshold of +5 °C) during the growing 
period was 1 276 °C d in 2009 and 1 513 °C d in 2010, while the rainfall from April to 
October was 343 mm in 2009 and 324 mm in 2010. 
 
2.1.2 Measurements and data analysis 
 
Shoot height and stem yield 
 
In the pot experiment (I), the height of shoots was monitored throughout the experiment. 
After sixteen weeks of growth, the stems were cut at the root collar and the leaves were 
separated from the stems. Both were dried to constant mass at 40 °C and the nutrients were 
analyzed using standardized methods. In the field experiment (II), the number of living 
shoots and shoot-height were measured each month throughout 2009 and 2010. The annual 
stem production was assessed in the harvest when no leaves were present in the year of 
2009 and 2010. The samples were dried at 105 °C to constant weight. 
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Root system 
 
The earth impedance method was used to estimate the ARSA before harvesting the 
aboveground biomass in the pot experiment (I). The measurement stage followed the 
scheme laid down by Aubrecht et al. (2006) and Čermák et al. (2006). First, the root 
resistivity was assumed to be the same as that of the stem. The resistivity was assessed 
using four Ag-electrodes (0.5 mm in diameter) placed at equal distances (1.0 cm) from each 
other along the stem, and the resistance was recorded by means of a ratio meter (128 Hz) 
(Fluke 1625, USA). Then to measure the resistance of the root-soil system, an electric 
current was passed through the system via the Ag-electrode set in the stem and through a 
set of four auxiliary stainless steel electrodes in parallel in the soil (1.5 cm depth) in the 
fringe area of the pot. The electrical potential in the field between the current electrodes 
was measured by means of a stainless steel electrode inserted in the soil and an Ag-
electrode inserted in the root collar. The electrodes were connected to a ratio meter (Fluke 
1625, USA) to record the resistance. The ARSA was calculated according to the equations 
devised by Aubrecht et al. (2006). 

A soil auger (3.5 cm in diameter) was used to collect fine root samples from the upper 
layer (0-12 cm from soil surface) and the subsoil layer (12-25 cm from soil surface). The 
live roots were separated from the soil and scanned using an Epson Expression 1640XL 
scanner and analyzed using the WinRHIZO program (WinRhizo, Régent Instruments Inc, 
Québec, Canada) to measure the root surface area and root length. The scanned root surface 
area (RSA) and root length were transformed into the total live fine RSA, and the root 
length of each pot. The live roots were dried to a constant mass at 40 °C and weighed. The 
specific root length (SRL) of the live fine roots was calculated as the ratio of the length and 
the dry weight of the roots by soil layer. The remaining roots were separated from the soil 
to assess the total root biomass after soaking in water for 12-16 h. The coarse roots (>2 mm 
in diameter) were separated from the whole root system. The coarse roots and the 
remaining fine roots were dried to a constant mass at 40 °C and then weighed. The nutrients 
of the coarse and fine roots were analyzed using standardized methods. 

In the field experiment (II), the root mesh net method was used to estimate the fine root 
production (Lukac and Godbold, 2010). In June 2009, four individual nylon mesh nets (10 
cm in width and 30 cm in length, with a 2 mm mesh size) were inserted vertically into the 
soil with the aid of a steel plate and a hammer, each plot containing a single row. Two root 
mesh nets were removed in both October 2009 and October 2010, respectively. To remove 
the nets, soil blocks containing the mesh nets were lifted using a narrow garden spade. Any 
fine roots (≤ 2 mm in diameter) that had grown through the mesh by at least 2 cm from each 
side of the nets were used to estimate the annual root production. Two samples from the 
same soil profile depth were pooled into a single sample. The fine roots were washed out of 
soil manually and dried at 105 °C to a constant weight. The standing root biomass was 
measured in 2010 by using an auger core (3.5 cm in diameter) at three soil-profile depths: 
0-10, 10-20, and 20-30 cm. The coring locations were around the central willow plant in 
each plot. Four soil cores were sampled from four directions at distances of 25 cm from the 
central willow plant. The samples from the same soil profile depth were pooled into a 
single sample. The fine roots were washed out from the soil manually and dried to a 
constant weight. 
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Nutrient leaching 
 
In the greenhouse experiment (I), the water leachate from the soil for the chemical analyses 
was collected on the second watering occasion of the week in the ninth, eleventh, and 
thirteenth weeks following sprouting by placing a clean basin under each pot. The amount 
of leachate was recorded and stored at –18 °C for subsequent nutrient analysis. The water 
was filtered through 0.45 µm glass fiber filters (Whatman plc, Kent, UK). The total-N and 
NH4-N were detected by using a FOSS Tecator FIAstar 5000. NO3-N, PO4-P, and SO4-S 
were detected using the ionic chromatographic equipment (Dionex). Dissolved organic N 
(DON) was calculated as the difference between the total N and the combined NO3-N and 
NH4-N in the leachate. The amount of nitrogen leached was calculated according to the 
concentration of the total-N multiplied by the amount of leachate collected. 

In field experiment (II), the soil leachates were collected in a polyethylene bottle on the 
Monday of each week between 15 June and 12 October 2009 and also from 19 April to 11 
October 2010. After sampling, the soil solution samples were placed in a cold room (4 °C) 
and transferred to the laboratory the following day. The pH (PHM 92 Radiometer) and 
conductivity (CDM 92 Conductivity meter) values were measured from unfiltered samples. 
The samples were filtered (Schleiche & Schuell GF 52 glass wool filter) and stored in a 
freezer (-18 °C) for subsequent analyses. The dissolved organic carbon (DOC mg l-1) was 
measured using TOC-5000A (Total organic Carbon Analyzer, Shimadzu) in 2009 and 
Multi N/C 2100 (Analytik Jena, Germany) in 2010. The Total nitrogen, NH4-N and the sum 
of nitrite and nitrate were measured with the aid of a spectrophotometry (FIA-star 5000 
analyzer FOSS TECATOR). If the concentrations proved to less than the detection limit, a 
value calculated from half of the detection limits was substituted. 

 
Data analysis 
 
Repeated measures ANOVA was used to test the effects of planting orientation and density 
on the height of the shoots and the nutrient concentrations of the leachate for the 
greenhouse experiment (I). It also used to test for stand stem production, the average height 
of the tallest shoot, the number of living stems, and root production between 2009 and 2010 
in field experiment (II). The effect of planting orientation and density and their interaction 
on the biomass, ARSA, coarse root length, and the nutrient concentrations were analyzed 
using two-way ANOVA. The RSA, SRL and root biomass in the field experiment were 
compared according to the planting orientation, planting density and soil depths using two-
way ANOVA, taking into consideration the depths as a repeated measure. In field 
experiment (II), significant differences in the soil water chemical concentrations between 
treatments were tested using a mixed linear model. In the model, the treatment was set to a 
fixed factor and the plot was a covariate, block and interaction between block and treatment 
were random factors, and the sampling week was a repeated factor. Concentrations with a 
logarithm transformation were used in the model.  Statistical significance was assessed at a 
level of 0.05. Statistical analyses were conducted using the SPSS (SPSS, ver.15.0, USA) 
and PASW software (PASW, ver.18.0, USA). 
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2.2 Electrical impedance method for studying willow roots (papers III, IV) 
 
2.2.1 Experiment design 
 
In the experiments conducted in support of papers III and IV, the cuttings of Salix 
schwerinii were raised in the aerated tap water containers under the following greenhouse 
conditions: air temperature 20 °C, photon flux density 320 μmol s-1m-2, photoperiod 18/6 h 
(day /night), and relative humidity 80 %. The cuttings were embedded in the water solution 
half way by using floating pads. The water was refreshed at intervals of three to four days. 
Two days before the electrical measurements were taken, the tap water was replaced by a 
nutrient solution (10 mg N in 1 liter of water with macro- and micronutrients, Riddoch et al., 
1991). The conductivity of the hydroponic solution was 54.2 μScm-1. The specimens were 
moved within the same containers from the growth chamber to the laboratory so that the 
electrical impedance measurements could be started the following day. In both studies the 
measurements were made under the similar experimental set-ups, i.e. root alone (‘Root’), 
stem and root (‘Stem and root’) and stem alone (‘Stem’) in contact with the solution. In the 
experiment conducted in support of paper III, the resistance measurements were made at an 
alternating current frequency of 128 Hz, while in the experiment for paper IV the complex 
impedance measurements were made at multi-frequencies (ranging from 60 Hz to 60 kHz). 
 
2.2.2 Measurement and data analysis 
 
In experiment III, one light-colored and non-wounded root of each cutting was isolated 
from the surrounding roots and connected to an electric circuit. The other roots were 
wrapped in a clean plastic sheet and isolated from the measurement circuitry. A constant 
electric field (effective voltage of 0.1 V, sine-AC, 128 Hz) (TG215, TTi, Cambs., UK) was 
applied in order to study the electric resistance of single roots at different immersion depths 
in the nutrient solution. The depth was adjusted by a micrometer starting from the root apex 
until the whole intact root was immersed. Voltage and current electrodes (Ag-needles, 0.5 
mm in diameter) were inserted in the stem of the cutting and at the bottom of the solution 
container (110 mm in diameter) (III, Figure 1A). The voltage and current were assessed at 
each immersion depth (Fluke 8022A Multimeter, John Fluke Inc., Washington, USA). Both 
the electrical current passing through the root-stem-solution continuum and also the total 
resistance were calculated. The resistance of the root with a piece of stem included was 
measured when the stem contacted the solution (III, Figure 1B). Subsequently, then the root 
was dissected from the cutting, and the resistance of the stem was measured as immersed 
under immersion at the same depth as in the case of the root (III, Figure 1C). 

In experiment IV, the electrical impedance spectra were measured using an impedance 
gain-phase analyzer (SI1260, Solartron, Farnborough, Hampshire, UK) at 31 frequencies 
between 60 Hz and 60 kHz. One Ag-electrode (0.5mm in diameter) was inserted into the 
middle position of the stem above the solution. This position was maintained throughout 
the measurements. For the sake of an even electric field distribution in the solution, another 
Ag-electrode was placed at the bottom of the narrow (110 mm in diameter) solution 
container (IV, Figure 1). The electrodes were connected to the analyzer using coaxial cables. 
The input voltage level of the sinusoidal signal was 0.1 V (rms). The effect of the system 
function (which included the solution, the polarization on the surface of the solution 
electrode, and noise from the surrounding) was eliminated by measuring the IS of the 
solution without the plant, and then subtracting it from the IS with the plant. The IS was 
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measured in three experimental set-ups. (A) All roots, together with a piece of stem, were 
immersed in the solution (‘Stem and root’) (IV, Figure 1A). (B) One light-colored and non-
wounded root from each cutting was immersed in the solution (‘Root’). The other roots 
were sealed away from the circuitry by means of a plastic film (IV, Figure 1B). (C) The 
roots were dissected and only a part of the stem was immersed in the solution (‘Stem’) (IV, 
Figure 1C). The immersion depth of the stem was the same in each measurement set-up. 

After the completion of the electrical impedance measurements in experiments III and 
IV, the roots were dissected and scanned (Epson Expression 1640XL, Epson America, Inc., 
USA) so that the contact surface area of the roots with the solution could be assessed 
(WinRhizo, Régent Instruments Inc, Québec, Canada). The base diameter and the 
immersion depth of the cuttings were recorded. 

 
Data analysis  
 
The relationship between the electrical resistance and the root morphology (the root surface 
area and the number of lateral roots) was determined by using Person correlation analysis 
and a general linear and nonlinear regression analysis. The resistance of the cuttings with 
and without the roots was tested by using one-way ANOVA in experiment III. For fitting 
the measured impedance data in the experiment IV, the equivalent circuit models were 
developed (IV, Figure 2). The parameters of the equivalent circuits were estimated using a 
free complex non-linear least squares (CNLS) curve-fitting program (LEVM Version 8.09, 
J.R. Macdonald, http://www.jrossmacdonald.com). Statistical significance was assessed at 
the level of 0.05. Statistical analyses were performed by using SPSS software (SPSS, 
ver.15.0, USA). 
 
 
3 RESULTS 
 
 
3.1 Effects of planting orientation and density of willow cuttings on growth and 
nutrient leaching (papers I, II) 
 
Shoot height growth and stem yield 
 
As a result of the extended period of time taken for the shoots of the cuttings planted 
horizontally to emerge through the surface of the soil, the general height of all of the shoots 
and the tallest shoot of the horizontally planted cuttings was significantly smaller than that 
of the vertically planted cuttings in the first two weeks after planting. This difference 
decreased with time (I, Figure 1). Both in the potted and in the field experiment, the stem 
biomass yields were not significantly affected by planting orientation. The total biomass 
yields increased with planting density, while the weight and diameter of individual plants 
decreased with planting density (II, Table 2). 
 
Root system 
 
In both experiment the fine root biomass and the SRL in the potted experiment were not 
affected by the planting orientation or planting density. The total live RSA and ARSA in 
each pot were not affected by the planting orientation, but they were significantly affected 
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by the planting density. The RSA and ARSA increased with planting density. The fine root 
production at 0-10 cm soil layer was clearly higher during the two consecutive growing 
seasons in 2009 to 2010 than in the single growing seasons of 2009 (II, Figure 3). In the pot 
experiment, a small quantity of coarse roots was observed and the cuttings planted 
horizontally produced more coarse roots than did those planted vertically (I, Figure 1). 

 
Nutrient leaching 
 
In the pot experiment, the concentrations of total-N, NO3-N, and SO4-S in the soil leachate 
from the pots of the planted treatments were over three times lower than in the unplanted 
control pots (I, Figure 5). The concentration of PO4-P was significantly lower in the planted 
than in the unplanted treatments. The concentration of PO4-P was affected by planting 
orientation and planting density. The concentration of PO4-P in the leachate was higher 
with the cuttings planted horizontally than with those planted vertically (I, Figure 5). The 
concentration of PO4-P in the soil leachate from the pots with the highest planting density 
was lower than in the case of the two other planting densities. The concentration of SO4-S 
in the leachate was also affected by the planting orientation. The concentration of SO4-S in 
the soil leachate was lower with the willow cuttings planted horizontally than with those 
planted vertically (I, Figure 5). 

In the field experiment, the number of soil leachate samples collected with zero tension 
lysimeters from below a depth of 25 cm was rare in 2009 (n=42). As a result of irrigation 
the number of soil leachate samples increased in 2010 (n=120). In 2010, the annual mean 
NH4-N concentration of soil leachates collected with zero lysimeters at a depth of 25 cm 
showed no difference between the unplanted and the planted treatments. The average 
monthly concentration of NH4-N in April was significantly higher than in irrigation period. 
The annual mean (NO2+NO3)-N concentration of soil leachates collected from below 25 cm 
was higher in the unplanted treatments than in the planted treatments (II, Figure 4), but no 
differences were found between the various planted treatments. For the planted treatments, 
the average monthly concentration of (NO2+NO3)-N in April was twice as high as higher as 
in July and August. The average monthly concentration of DOC from zero lysimeters was 
slightly higher in the irrigating period than in April, but no differences were found between 
the months and treatments. 

Below the rooting zone (below 60 cm depth), the concentration of NH4-N in the soil 
water collected by a tension lysimeter was high in the first water sampling in June 2009 (II, 
Figure 5). The average annual concentrations of NH4-N did not differ between 2009 and 
2010, nor did they differ between the treatments. The average monthly concentrations of 
NH4-N were gradually decreased in 2009 and remained at a low level in 2010. 

The concentrations of (NO2+NO3)-N in soil water collected by tension lysimeters from 
a depth of 60 cm were high in the first samples collected after the installation in 2009. The 
mean annual concentrations of (NO2+NO3)-N did not differ between 2009 and 2010, and 
nor were any differences between treatments observed on annual level. In 2009, the average 
monthly concentrations in June, July and August were significantly higher than in 
September and October for all plots. In all plots, the average monthly concentration of 
(NO2+NO3)-N was significantly smaller from April, May and June to July in 2010. 
Significantly lower concentrations were detected in August, September, and October in 
comparison to the previous months in 2010 (II, Figure 5). 

The concentration of DOC in the soil water collected by tension lysimeter from 60 cm 
depth was high in the first sampling after installation in 2009. The mean annual 
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concentrations of DOC did not differ between 2009 and 2010, and no differences between 
treatments were observed on the annual level. In 2009, the mean monthly concentrations 
were significantly smaller in all plots from June to July and August, and the concentrations 
were significantly smaller from July and August to September and October. In the irrigation 
period of 2010, the mean monthly concentration of DOC in July was significantly higher 
than in the other months (II, Figure 5). The average annual conductivity and concentration 
of total-N in the soil water were higher in unplanted than in planted plots in 2010 only. 
However, there were no differences between the planted plots. 
 
 
3.2 Electrical impedance method for studying willow roots (papers III, IV) 
 
When the root was gradually immersed in the solution, the electrical resistance (at 128 Hz) 
decreased with increasing immersion depth (III, Figure 2). When the individual root had 
been more than half-immersed in the nutrient solution, there was a significant correlation 
between the electrical resistance and root morphology, i.e. the surface area and the number 
of lateral roots. The electrical resistance had a significant negative correlation with its 
corresponding root surface area and with the number of lateral roots. When whole 
individual roots of different plants were immersed in the solution, the resistance and root 
morphological characteristics correlated significantly. The resistance decreased nonlinearly, 
along with an increase in the root size (III, Figure 3). 

The resistance halved when the root and a piece of the stem were immersed in the 
solution as compared with immersion of the root alone (III, Figure 4). However, no 
difference was observed when the stem was in contact with the solution either with or 
without the root (III, Figure 4). A significant linear relation was found between a cross-
sectional area of the stem and the resistance of the stem when immersed with or without the 
root also immersed in the solution (III, Figure 5). 

Similarly, in the EIS the magnitude of the real and imaginary parts of the root in contact 
with the solution was more than ten times greater (IV, Figure 3B) than that of stem and 
roots with the solution (IV, Figure 3A), or stem in contact with the solution only (IV, 
Figure 3C). The fit of the proposed lumped models with the IS data in the three 
experimental set-ups was good (IV, Table 1). 

The EIS parameters were related to the area of contact between the specimens and the 
solution. In the set-up with stem and roots in the solution, the interfacial capacitances Css, 
Csc and Cr, referring to the longitudinal and cross-sectional interface of the stem and to the 
interface of the roots with the solution, increased linearly with the increase in the surface 
area, respectively (IV, Figure 4A, Table 2). The logarithmic superposition resistance Rsup 
had positive linear relations with the reciprocal of the longitudinal stem surface area and 
with the stem cross-sectional area in the solution, respectively (IV, Figure 4B, Table 2). 
The relation between the superposition resistance Rsup and the root surface area in contact 
with the solution was low (Ⅳ, Figure 4B, Table 2). For the root in contact with the solution 
only, the parameters referring to the root-solution interface, i.e. interfacial capacitance Cr 
and resistance Rr, were dependent on the root surface area. Capacitance Cr increased 
linearly (IV, Figure 4A, Table 2), whereas the logarithmic resistance Rr increased positively 
with an increase in the reciprocal of the root surface area (IV, Figure. 4B, Table 2). There 
was no difference between the set-ups with ‘Stem’ and ‘Stem and roots’ in contact with the 
solution with respect to the relation between the interfacial capacitances Css and Csc and the 



23 
 

superposition resistance Rsup with the longitudinal and cross-sectional area of the stems, 
respectively (IV, Figure 4, Table 2). 

Several common parameters exist in the models for the different set-ups. Hence, it is 
reasonable to compare those parameters in the different independent measurements with 
different set-ups. Based on the mean values, most of the parameters for the ‘Stem and root’ 
and for the ‘Stem’ were close to each other (IV, Table 3). The parameters also bore a 
similar relation to the contact area of the stem (IV, Figure 4A, Table 3). When the root 
(‘Root’) was in the solution then the parameter estimates for the stem (Rsa, Csa) differed 
from the corresponding values in the other two set-ups (paper IV, Table 3). The auxiliary 
parameter estimates referring to the properties of the root (Rra) were lower for the ‘Root’ 
than for the ‘Stem and root’. The interfacial resistance of the ‘Root’ (Rr) was much higher 
than the superposition resistance (Rsup) for the set-up ‘Stem and roots’ (IV, Figure. 2A). 
However, the slope for the interfacial root capacitance (Cr) with the root surface area was 
clearly different for the ‘Root’ than for the ‘Stem and root’ (IV, Figure 4A, Table 2). 
According to the pooled data of the logarithmic superposition resistance (Rsup) in the set-up 
‘Stem and root’ and the interfacial resistance of the single root (Rr) in the set-up ‘Root’ 
were correlated strongly with the reciprocal of the contact area of the roots in the solution 
(IV, Figure 4B, Table 2). 

 
 

4 DISCUSSION 
 
 
4.1 Effects of planting orientation and density of willow cuttings on growth and 
nutrient leaching (papers I, II) 
 
The heights of all of the shoots and the tallest shoots of the horizontally planted cuttings 
were significantly smaller than those of the vertically planted cuttings but only during the 
first two weeks after planting. Thereafter, no significant effect of the planting orientation on 
the stem biomass of the cuttings of the same length could be observed in either of the 
experiments in this study. The same stem biomass was also obtained between the vertically 
and horizontally planted cuttings of different lengths in earlier studies. A similar biomass 
yield produced either by planting 25 cm long cuttings vertically and 90 cm long cuttings 
horizontally with the same planting density (1 000 cuttings ha-1), or between by planting 20 
cm long cuttings vertically and 200 cm long cuttings horizontally with a different planting 
density (Lowthe-Thomas et al. 2010, McCracken et al. 2010). However, the plot 
experiment reported by McCracken et al. (2010) proved that the 10 cm long willow cuttings 
planted horizontally, with 25 000 cuttings ha-1 produced significantly less stem biomass 
than did 2 m long willow rods with 5 000 cuttings ha-1. In addition to the length of the 
cuttings, the planting depth of the cuttings in the soil also had an influence on the rate of 
growth. 

Apart from considering the stem productionas it appeared using two planting 
orientations, the quantity of the planting material as it appeared using between two planting 
orientations should also be considered. The same quantity of planting material it was used 
in two distinct planting orientations produced the same stem production in both 
experiments. However, the planting material used for planting the long cuttings horizontally 
proved to be three times more than that used in the planting of short cuttings vertically in 
the experiments conducted by Lowthe-Thomas et al. (2010) and McCracken et al. (2010). 
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Significant differences were observed in both present experiments in terms of the stem 
biomass yields between the different planting densities. This result is consistent with 
previous studies dealing with the effect of planting density on willow stem biomass yields 
(Bullard et al. 2002a, Wilkinson et al. 2007). However, there was no difference in the total 
stem production for either two or three cuttings per pot in the greenhouse experiment, and 
only twice as much stem biomass was produced in the context of planting densities of 22 
500 cuttings ha-1 and 7 500 cuttings ha-1 in the present field experiment. The explanation 
proved by previous studies was that the existing stem biomass production eventually 
becomes independent of planting density to up to a range of particular planting densities, i.e. 
20 000 cuttings ha-1 (Bergkvist and Ledin 1998, Wilkinson et al. 2007). In contrast to stand 
production, in both present experiments the average diameter and weight of individual 
plants were significantly larger at low rather than at high density. The results found by 
Bullard et al. (2002a and b) also showed that there was a negative nonlinear relation 
between the weight of the individual plant and planting density. 

In both experiments, the fine root biomass, the SRL, and the fine root production were 
not significantly affected by planting orientation or planting density. However, a UK 
experiment reported that a greater amount of roots was produced with horizontally planted 
cuttings at a depth of 5 cm than at 15 cm and also with vertical planting cuttings at a depth 
of 5 cm (Dieterich and Martin 2008). The effect of planting density on root system was 
observed in the RSA and ARSA measured using the earth impedance method. Nor was any 
significant difference in root biomass observed between 10 000 and 111 000 cuttings ha-1 of 
SRC willow plantations in the UK. Only the coarse root biomass which makes up only a 
small portion of the root system was larger in the horizontal treatments and decreased with 
the increased density in each pot in the present pot experiment. However, previous 
assumption was that the planting density should prove to change the growth and 
development of root system just like the effect on aboveground growth and development 
(Volk et al. 2001). Although many studies have been made in connection with biomass 
production in SRC willows, few studies have been done of their root biomass distribution 
and production. 

Compared to unplanted pots, the significant effect of willows on reducing nutrient 
leaching was observed in the pot experiment for the total-N, NO3-N, PO4-P and SO4-S. 
However, in the field experiment, leaching reduced by willow plantation was observed only 
for DOC in 2009 and (NO2+NO3)-N in 2010 from a soil depth below 25 cm, and for total-N 
in 2010 from a soil depth below 60 cm. the absence of any difference in concentration 
between planted and unplanted treatments in the field experiment may be due to the small 
size of the experimental plots, as a result of which the tension lysimeters collected soil 
water from a larger area rather than just the lysimeter plot (Lehmann and Schroth 2003). 
Based on the observation of similar root biomass, it appeared that there was no difference 
in leaching between the planted treatments in two experiments in this study. In the course 
of irrigation period in 2010, the mean monthly concentration of NH4-N remained low and 
the (NO2+NO3)-N decreased relative to this situation pertaining before the irrigation period. 
These results agreed with the findings of a Swedish lysimeter study in which the irrigation 
rate had only a slight effect on the nitrate leaching (Aronsson and Bergström 2001). 
However, in the present experiment, the mean monthly concentration of DOC in July was 
significantly higher than in the other months. Meanwhile, the harvest operation in the 
winter of 2009 produced no increase in the leaching. This finding concurs with the previous 
Swedish and UK studies (Aronsson et al. 2000, Goodlass et al. 2007). The explanation may 
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be that the willow root system was able to sustain activity and nitrogen uptake throughout 
the winter, despite a soil temperature close to zero (Aronsson 2001). 

 
 

4.2 Electrical impedance method for studying willow roots (papers III, IV) 
 

The ARSA was assessed by using the earth impedance method in paper I. However, the 
results from papers III and IV indicated that the earth impedance method may be not 
suitable for measuring ARSA properly. In paper III, the electrical resistance was found to 
correlate with the root morphology when the single root or even the whole root system 
without the stem was gradually immersed in the solution. This agrees with the assumption 
of the earth impedance method that the electrical resistance is related to the root area 
(Aubrecht et al. 2006, Čermák et al. 2006). However, the resistance halved when, in 
addition to the root, a part of the stem was immersed in the solution. Moreover, the 
electrical resistance remained approximately the same when the stem, both with and 
without the root, was in contact with the solution. Similarly, in the IS measurements the 
magnitude of the real and imaginary parts of the root in contact with the solution was more 
than ten times higher than that of the stem and roots with the solution or the stem in contact 
with the solution only. This suggests that in this particular case involving willow cuttings 
the roots would played a minor role in the total electrical impedance of stem and root in the 
solution. A similar result has been obtained for Scots pine in laboratory and field studies, 
where most of the electric charge carriers were found to leave the root system in very 
proximal parts of the root system (Urban et al. 2011). In addition to the outer surface of the 
stem, the cut surface of the cuttings used in our experiments probably formed a good 
contact with the solution through the phloem and xylem of the stem. This seemed to 
provide a high passage of current (as compared to the roots) between the stem and the 
solution, resulting in low electrical impedance, the latter being linearly related to the cross-
sectional area of the stem (III and IV). A similar linear relation has been observed in maize 
plants in a nutrient solution (Walker 1965) and also in coniferous and broadleaf woody 
species under field conditions (Čermák et al. 2006). Both the present study and that made 
by Urban et al. (2011) experiment suggest that the contact of the stem can cause a strong 
bias in the evaluation of the ARSA when using the electrical resistance method. 

The equivalent circuit model is commonly used to understand the details of the 
electrical current pathways and electrical properties of different components in a circuit. 
The models previous proposed took into account the electrode-soil interface, root medium, 
roots, stem and stem-electrode interface, each of which was represented by a parallel circuit 
of resistance and capacitance, and also by all of the parallel circuits in series (Dalton 1995, 
Ozier-Lafontaine and Bajazet 2005). By measuring the components in the circuitry 
independently, a parallel resistance circuit between the root-solution interface and the stem-
solution interface has been proposed in the case of the electrical resistance method (III). 
This parallel resistance circuit has explained clearly the different roles played by roots and 
stem in the electrical current pathways. Although Urban et al. (2011) also discovered the 
strong effect of the stem on the current pathways; they did not explore the intrinsic 
relationship between the roots and stems. 

To clearly express the different roles played by the roots and stem in the electrical 
models, in paper IV the parallel stem-root circuitry in terms of the resistance and 
capacitance was proposed in the lumped models for EIS measurement. In the ‘Root’ set-up, 
one parallel circuit represents the root-solution interface. In the ‘Stem’set-up, one parallel 
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circuit represents the axial direction of the stem-solution, whereas another parallel circuit 
represents the radial direction of the stem-solution. These two parallel circuits are in 
parallel. In the ‘Stem and root’ set-up, three parallel circuits consider the axial and radial 
directions in the stem-solution and in the root-solution interface. Moreover, the proposed 
models resulted in a good fit with the data obtained (parameter ERSD values <10 %). 
Hence, it can be concluded that the proposed lumped models provide a reasonable 
interpretation of electrical current pathways. 

Certain lumped model parameters (Css, Csc, Cr and Rsup) that were common to the 
different set-ups correlated highly with the contact area of the roots and stem in the solution. 
The interfacial root capacitance (Cr) correlated linearly with the contact area of the root in 
the solution in both the ‘Root’ and the ‘Stem and root’ set-up, respectively. Because of the 
larger root surface area in the ‘Stem and root’ than ‘Root’ set-up, the root-solution 
interfacial capacitance (Cr) was considered likely to be higher for the former than for the 
latter, while the relation with the root surface area should be the same, respectively. It was 
found, however, that root-solution interfacial capacitance (Cr) was not higher for the former 
than the latter, and that the slope for these two relations was different. In consequence, 
there seemed to be some interaction of the root and stem in the set-up ‘Stem and root’. The 
difference in the slopes for the various interfacial capacitances, i.e. Css, Csc, and Cr, with 
respective areas refers to different electrochemical properties on the surfaces of the stem 
and root. 

The experiment was carried out in a hydroponic solution where two important factors 
causing variability in the field measurements were fixed, i.e. the soil moisture content and 
the soil type. In the field measurements, the conductivity of soil will vary depending on the 
water content and highly mobile ions, such as K+, and Cl– (Dvorak 1981). Soil properties, 
i.e. soil moisture, salinity and soil texture, have been observed to affect the capacitance and 
impedance measurements (Dalton 1995). Hence, it has been recommended to run the 
measurements of the soil moisture content at a high enough level, i.e. the field capacity 
(Dalton 1995, van Beem et al. 1998). 

The position of the stem electrode should also be considered in the context of the 
impedance measurements. The position of stem electrode affects the proportion of the stem 
in the circuit. The stem electrode should be set close to the primary lateral roots and it 
should remain in the same position throughout the measurements (Dalton 1995, Preston et 
al. 2004, Rajkai 2005). In the context of beans, for instance, raising the electrode 10 cm 
upwards from the root collar leads to a linear increase in resistance from below 1 kΩ to 
above 150 kΩ, and to a nonlinear decrease in capacitance from 70 nF to less than 5 nF 
(Dalton 1995). With regard to the position of the soil electrode, preliminary studies have 
shown that the distance and depth of the soil electrode would have no effect on the 
capacitance and resistance (van Beem et al. 1998, Preston et al. 2004, Ozier-Lafontaine and 
Bajazet 2005). 

The cut surface area of the stem formed an open end through the phloem and xylem to 
the solution in this study. This surface was expected to provide a high passage of current 
between the stem and the solution. In consequence, it was included in the corresponding 
circuit models. For seed-originated plants no such open ends exist. In future studies with 
different species and growing substrates, this part of the circuit needs to be verified and the 
model revised accordingly. 
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5 CONCLUSIONS 
 
 

The main aim of this study has been to investigate whether horizontally planted cuttings 
have a positive effect on stem yield and root distribution and also on reducing nutrient 
leaching in comparison with vertically planted cuttings with different planting densities. 
The results of a greenhouse experiment and a field experiment that took three years showed 
that horizontally planted willow cuttings can result in the same stem yield, root biomass and 
nutrient leaching as those of conventional, vertically planted willow cuttings of similar size. 
Meanwhile, it was also found that planting density significantly affected the stem yield but 
had no effect on the fine root biomass. Hence, horizontal planting can be used as an 
alternative planting method to achieve biomass production and other environmental 
performance, for example in buffer zones of riparian areas, stream-banks and wetlands. It 
would be interesting in the further studies to explore the influence of willow clones, the 
length and diameter of cuttings, the planting depth of horizontally planted willow cuttings 
for their ability to stabilize slopes, to control erosion, and to reclaim contaminated sites. 

The earth impedance method was applied in the pot experiment to measure the 
absorptive surface area of a root system. The hydroponic studies showed, however, that a 
stem in contact with a growth substrate has strong impact on the estimated absorptive root 
surface area. The impedance measurement at a single-frequency provides a simplified view 
for an equivalent model of the system only. EIS, as a new approach, has been used to study 
the electrical parameters and root morphology of willow cuttings. The proposed lumped 
models were considered the most essential components in the circuitry. A good fit was 
obtained between the impedance spectra measured and the corresponding lumped models 
proposed. The model parameters were correlated with the contact area of the roots and/or 
stem with the solution. Hence, the EIS method provides a useful non-destructive method for 
studying root systems and their functions. Further studies of the EIS are needed with soil as 
the growing substrate under different growing conditions. 
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