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Abstract

The present work consists of two main parts. The first part includes studies of distribution
and seasonal variation of macro-nutrients and starch in Salix glants. The second part deals
with the uptake and distribution of radio-nuclides "*’Cs and *°Sr in Salix plants grown in
contaminated soil.

In the first part, the experiments were carried out in growth chambers and under outdoor
conditions, using cutting-propagated Salix viminalis L. and Salix dasyclados Wimm.
plants. Nutrients were supplied using steady-state nutrient techniques with two nutrient
levels. The studies showed that plants cultured under high availability of nutrients had: i)
higher concentrations of all macro-nutrients, ii) a delay of leaf senescence and dormancy,
iii) an earlier growth start, and iv) contained less starch compared with plants grown under
low nutrient availability plants. Between 40-50% of N and about 60% of P was withdrawn
from the leaves prior to abscission and stored mainly in the aboveground perennial organs.
Starch proved to be an abundant nutrient, particularly in roots, which had larger amounts
of starch than aboveground plant parts during most of the seasons. The root starch in
coppiced plants decreased more rapidly than in intact plants, indicating that starch reserves
are important for early phases of growth and that coppicing creates a strong sink for
internal carbohydrate reserves.

In the second part, an experiment was carried out in lysimeters contaminated artificially
with ¥’Cs and *°Sr, and a field trial was established on agricultural soil in an area
contaminated with radio-caesium from the Chernobyl accident. These studies showed that
the *’Cs concentration in leaves decreased from summer to autumn while the *°Sr
concentration in leaves increased during the same time. The fine roots had the highest
37Cs concentration, whereas the *°Sr concentration was highest in leaves. The low transfer
rate of *’Cs from the soil to the plants resulted in low levels of ¥1Cs in the wood ashes. It
was therefore concluded that fast-growing Salix coppicing systems exhibit promising
features for a possible economic utilisation of contaminated agricultural soils.

Keywords: accumulation, ash recycling, Chernobyl accident, contamination, coppice
systems, nutrient cycling.
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Abstract

von Fircks, Y. 2000. Distribution and seasonal variation of macro-nutrients, starch and
radio-nuclides in short rotation Salix plantations

Doctor's dissertation.

ISSN 1401-6230, ISBN 91-576-6055-7.

The present work consists of two main parts. The first part includes studies of distribution
and seasonal variation of macro-nutrients and starch in Salix glants. The second part deals
with the uptake and distribution of radio-nuclides "*’Cs and *°Sr in Salix plants grown in
contaminated soil.

In the first part, the experiments were carried out in growth chambers and under outdoor
conditions, using cutting-propagated Salix viminalis L. and Salix dasyclados Wimm.
plants. Nutrients were supplied using steady-state nutrient techniques with two nutrient
levels. The studies showed that plants cultured under high availability of nutrients had: 1)
higher concentrations of all macro-nutrients, ii) a delay of leaf senescence and dormancy,
iii) an earlier growth start, and iv) contained less starch compared with plants grown under
low nutrient availability plants. Between 40-50% of N and about 60% of P was withdrawn
from the leaves prior to abscission and stored mainly in the aboveground perennial organs.
Starch proved to be an abundant nutrient, particularly in roots, which had larger amounts
of starch than aboveground plant parts during most of the seasons. The root starch in
coppiced plants decreased more rapidly than in intact plants, indicating that starch reserves
are important for early phases of growth and that coppicing creates a strong sink for
internal carbohydrate reserves.

In the second part, an experiment was carried out in lysimeters contaminated artificially
with "*’Cs and *°Sr, and a field trial was established on agricultural soil in an area
contaminated with radio-caesium from the Chernobyl accident. These studies showed that
the '*’Cs concentration in leaves decreased from summer to autumn while the *Sr
concentration in leaves increased during the same time. The fine roots had the highest
¥7Cs concentration, whereas the *’Sr concentration was highest in leaves. The low transfer
rate of "*’Cs from the soil to the plants resulted in low levels of '*’Cs in the wood ashes. It
was therefore concluded that fast-growing Salix coppicing systems exhibit promising
features for a possible economic utilisation of contaminated agricultural soils.
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Introduction

Background

In Sweden, short rotation forestry systems with fast-growing Salix species are
used for production of biomass for energy (Christersson et al. 1993). The
plantations are established as an alternative crop on surplus agricultural land, i.e.
areas not used for food or fodder production. The potential annual production in
energy forestry exceeds 10 t/ha per year over a lifetime of 20-25 years (Sennerby-
Forsse et al. 1992, Christersson et al. 1993). With the 16,000 ha presently
cropped with Salix, annual energy production can be estimated at 0.8 TWh
(assuming 5 MWh t' d.w.), which corresponds to approximately 1% of the
Swedish biofuel production (Bollmark 2000). Production of woody biomass will
also add to the sequestering of carbon dioxide in order to keep the net
accumulation of atmospheric greenhouse gases down. The net carbon uptake in a
Salix plantation producing 10 tonnes of dry matter per ha and year is
approximately 250 kg, which equals 917 kg CO, per hectare per year (Perttu &
Aronsson 1999). In Sweden, the main Salix species used for short rotation
forestry are Salix viminalis L. and Salix dasyclados Wimm. Selected and
improved plant materials, which are hardy and resistant, are grown in coppice
plantation systems in southern and middle parts of Sweden (Elowson 1999). A
short rotation Salix plantation is established with 20-cm long, dormant stem
cuttings. The cuttings are planted in the spring (May-early June) at a depth of
about 18 cm. During the first year of establishment 2-3 shoots will emerge from
the cutting and the root system develops from preformed root primordials in the
cutting (Fjell 1985, Sennerby-Forsse & Johansson 1989). After 3-5 years the
stems are harvested in wintertime, and during the next spring, new shoots will
grow from auxillary buds at the remaining stool or stump. The ability to produce
new shoots after removal of the shoot system exists in many deciduous and some
coniferous trees, and is particularly expressed in Salix viminalis and Salix
dasyclados (Sennerby-Forsse et al. 1992, Sennerby-Forsse & Zsuffa 1995). The
woody biomass is harvested for production of wood chips and is used in district
heating systems as a replacement for oil and coal.

Commercially grown Salix plantations in Sweden are mainly established south
of 60° N, i.e. in areas where the growing season is, on average, 180 days or
longer (Alriksson 1997). Cumulative global radiation in the area of interest for
Salix production range from 3400 to 3700 MJ m” y' (Josefsson 1995).
Cumulative precipitation in Sweden during the growing season declines from the
southwest to the northeast, ranging from 350 to 550 mm (Eriksson 1992). As with
other crops, production in short-rotation Salix plantations depends largely on the
soil characteristics. In sandy soils, the availability of nutrients and water is
critical for production of willow biomass. Loam, clay loam and heavy clay are
fertile soils with high water retention capacity and are therefore often more
suitable for short-rotation Salix plantations (Danfors et al. 1998). Consequently,
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the choice of site and appropriate fertilisation regime are of great importance in
order to achieve high yields (Christersson 1986, Alriksson 1997).

In the central-eastern part of Sweden there are areas of agricultural land
suitable for energy forestry. However, in May 1986, parts of these areas were
contaminated with radio-caesium (Cs) and radio-strontium (Sr) from the accident
at the nuclear power plant at Chernobyl in the Ukraine. The released '*’Cs and
Sr from the Chernobyl accident were deposited over large areas of Europe. The
total release of ">’Cs amounted to 100 PBq and of **Sr to 10 PBq (Devell et al.
1996). In Sweden, the total fallout of '>’Cs was estimated to be 4.25 PBq or about
5% of the amount released from Chernobyl. The deposition of "*’Cs, mainly in
central and northern parts of Sweden, ranged from 10 to >80 kBq/mz, with a
maximum of more than 200 kBg/m® (Edvardsson 1991, Mattsson & Moberg
1991) (Figure 1). The deposition levels of Chernobyl-derived *°Sr in Sweden
have not been established, but are estimated to about one percent of the '*’Cs-
fallout (Forsberg 2000). These nuclides are chemically related to, and behave
similarly to, some of the bio-essential cations. For example, whereas Cs can be
compared with K, Sr is similar to Ca, and a common trait for all four is that they
easily enter the food chain (Shaw & Bell 1994).

The Swedish radiological protection limit of '*’Cs for the consumption of food
was set at 300 Bq/kg, but with a special limit of 1500 Bq/kg for reindeer, wild
game, freshwater fish, berries and mushrooms (Ahman & Ahman 1994).
Although the deposition levels of "*’Cs in most Swedish agriculture soils permit
food production, there are other areas in Europe with heavily contaminated soils,
which are not suitable for production of food or fodder. The search for alternative
use of radio-contaminated areas has resulted in a growing interest in energy
plantations with fast-growing Salix species.

However, knowledge regarding the effects of radio-nuclides on growth
processes and production in Salix is very limited and new studies in this field
were therefore initiated. Some years after the Chernobyl accident, a pilot study
using contaminated soils in a pot experiment showed that young Salix plants
accumulated caesium preferably in the root system (Sennerby-Forsse et al. 1993).
The results from this pilot study led to a more comprehensive project including a
field study with the main aim to achieve some understanding of the cycling of
radio-nuclides in Salix plants. Since biomass plantations are cultivated mainly for
the production of wood chips for combustion it was also considered important to
assess the content of radio-nuclides in the ashes after combustion of the wood
chips.
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Figure 1. The deposition of *’Cs in Sweden from the Chernobyl accident, May to
October 1986 (SGAB 1986).

The distribution and seasonal variation of mineral nutrients and
starch in plants

Macro-nutrients

Stored mineral nutrients such as K, P, Ca, Mg and S in perennial tissues are of
vital importance for early season leaf development (Melillo 1981). The nutrient



reserves will help plants to overcome periods of low soil temperature and hence
low root activity. The availability of these nutrients in plant tissues is also
important during later stages of growth since each of them in different ways
affect the growth process through carbon fixation, carbon allocation and the
build-up of carbohydrate stores in leaves and perennial organs (Ericsson 1995).
The amount of stored minerals in perennial organs is the result of late season root
uptake and/or retranslocation of easily mobile elements from senescing leaves. In
order to establish highly productive and sustainable Sal/ix plantations, it is
essential to pay attention to the seasonal dynamics in nutrient reserves, and the
factors affecting their build-up and utilisation. Fertilisation and harvesting
practices, stresses in the form of frost, insects/diseases, drought, and soil
compaction are factors affecting the nutrient stores and hence the productivity of
intensively managed Salix plantations (Christersson 1999).

According to the literature, most of the studies so far in the area of nutrient
cycling in plants have been directed at nitrogen, while information about the
other macro-nutrients is less abundant. Titus & Kang (1982), Tromp (1983), Kato
(1986) and Millard (1993, 1996) studied seasonal dynamics of N in trees and
showed that leaves constitute the dominant N sink during summer. It has been
shown that leaves on small trees may contain up to 50% of the total N in plants
(Dickson 1991). Up to 80% of the leaf N can be retranslocated into perennial
tissues before leaf abscission (Chapin & Kedrowski 1983, Bernier 1984, Ericsson
1994). In perennial plant parts, N is stored both as soluble amino compounds and
as proteins. In apple trees, about 90% of the N are stored as protein during winter,
mostly in stem bark and also to some extent in the root (Titus & Kang 1982).
Stored N is remobilised the following spring and used for growth of new shoots
(Bollmark 2000). The seasonal allocation pattern of N varies between species and
cultural conditions (Chapin & Kedrowski 1983, Millard 1996). Regarding P, K,
Ca and Mg, Chapin et al. (1990) concluded that the first three nutrients are
recycled in plants while Ca is not. Chapin & Kedrowski (1983) reported P
storage in evergreen trees to be primarily in foliage, whereas in deciduous trees, P
is stored in stems. According to Kramer & Kozlowski (1979) and Ericsson
(1994), the status of mineral nutrients in plants is an important factor that affects
synthesis and translocation of reserve nutrients.

The following short overview of the mineral elements included in this study is
focused on their main role in plant growth, carbon allocation and reserve
accumulation in leaves and perennial tissues.

Nitrogen

Nitrogen is found in every living cell, in the chlorophyll and in proteins/enzymes.
Abundance of N leads to green succulent growth while N deficiency often causes
loss of colour, reduction in protein production and gradual yellowing and stunted
growth (Kramer & Kozlowski 1979, Mehra & Farago 1994). Root growth is
favoured over shoot growth under N-limiting growth conditions (Ericsson 1995).
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It has also been shown that N-shortage results in a build-up of non-structural
carbohydrates (starch) in the leaves (McDonald et al. 1986, Thorsteinsson et al.
1990, Rytter & Ericsson 1993, Bollmark et al. 1999).

Phosphorus

Phosphorus is an essential element for all living organisms since it is part of the
DNA molecule. P is also found in the membrane and participates in metabolic
processes of the cells (Marschner 1995). In the case of P limitation, starch
accumulation occurs as a consequence of a reduced sugar export from the
chloroplasts to the cytosol (Champigny 1985, Sharkey 1985, Sivak & Walker
1986). Carbon allocation to roots is favoured in plants limited by P (Ericsson &
Ingestad 1988).

Potassium

Potassium is essential in all cell metabolic processes. K has a major role in plant
nutrition as an enzyme activator for a number of processes including respiration,
protein synthesis and photosynthesis (Marschner 1995). K-limitation has been
found to cause a decrease in the rate of photosynthesis (Linder & Rook 1984) and
a concomitant decrease in the concentration of soluble carbohydrates, and
particularly starch, in the leaves (Ericsson & Kahr 1993). Carbon allocation to
roots, and hence root growth, is restricted in plants limited by K (Ericsson &
Kahr 1993, Ericsson 1995).

Calcium

Calcium occurs in considerable quantities in cell walls as calcium pectate and
apparently influences cell wall elasticity. It is also involved in N metabolism
(Kramer & Kozlowski 1979). Ca is relatively immobile, and a deficiency of this
element has been shown to result in serious injury to meristematic regions
(Kramer & Kozlowski 1979). It has long been known that the nature and extent of
the expression of environmental stresses, particularly ion stresses, in plants
depends on Ca. Shortage of Ca interferes mainly with the activity of apical shoot
meristems, and in this way favours root growth over shoot growth (Ericsson
1995).

Magnesium

Magnesium is essential for chlorophyll formation and activation of a large
number of enzymes, particularly those required for carbon fixation (Clarkson &
Hanson 1980). Shortage of Mg will have a negative impact on the formation of
carbohydrate stores (Ericsson & Kahr 1995). As in the case of K-shortage, plants
limited by Mg allocate less carbon resources to roots compared with optimal Mg
conditions (Ericsson & Kihr 1995).

Sulphur

Sulphur is a constituent of the amino acids cysteine and methionine, and hence of
proteins (Marschner 1995). It is also very important for the action of some
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enzymes and coenzymes. Accordingly, protein synthesis is inhibited under
conditions of S-deficiency. S-limited plants show increased carbohydrate stores
and favour root growth over the shoot (Ericsson 1995).

Starch/carbohydrates

After shoot harvest in Salix coppice systems the new shoot generation initially
relies on internal nutrient reserves in roots and stumps (Dickmann & Pregitzer
1992, Sennerby-Forsse et al. 1992). These reserves are mainly composed of
carbohydrates (starches and different types of sugars), lipids and proteins (N)
(Sauter et al. 1988, Wetzel et al. 1989). Starch is the most common storage form
of carbohydrates in trees (Tromp 1983, Dickson 1991, Kozlowski 1992) and is
often used as an indicator of tree carbohydrate status (Ford & Deans 1977,
Adams et al. 1986). Starch/sugars are direct products of photosynthesis and the
primary energy storage compounds. They are also the basic organic substances
from which most other organic compounds found in plants are synthesised.
Carbohydrate reserves in roots and stumps are believed to play an important role
in the resprouting of coppice (Dickmann & Pregitzer 1992, Kozlowski 1992).

Carbohydrates and especially starch have been examined in many tree species
(Kramer & Kozlowski 1979, Nelson & Dickson 1981, Essiamah & Eschrich
1985, Bonical et al. 1987, Kozlowski 1992). Concentrations and locations of
these nutrient reserves in trees vary during the growing season. In branches and
stems of deciduous trees, starch concentration often has two maxima, one in
autumn and one in spring (Essiamah & Eschrich 1985). Starch is accumulated in
the trees in late summer and autumn, as the growth-demand decreases. Associated
with cooler temperatures in winter, the stored starch is hydrolysed to soluble
sugar (e.g. sucrose, raffinose, stachyose), which is believed to increase cold-
hardiness (Levitt 1980). Starch is re-synthesized in early spring before bud-break
and depleted again during the spring growth flush (Essiamah & Eschrich 1985).
According to literature, the pattern of starch accumulation and storage in roots
differs between species and site conditions (Dickson 1991). Although much is
known about starch in trees, few studies relate to coppice regeneration and the
role of starch in resprouting (Sennerby-Forsse & von Fircks 1987, Bollmark et al.
1999). A better understanding of the role of nutrient reserves in coppice plants
would help elucidate the mechanisms underlying coppice yields and provide a
more reliable set of criteria for selecting and improving coppice plants.

Uptake and distribution of radio-nuclides from soil to plant

The main long-term pathway of radio-nuclides to humans after fallout is through
intake of contaminated food products, either plant- or animal products. For this
reason, many studies of the uptake of radio-nuclides in food- or fodder plants
have been carried out (Coughtrey & Thorne 1983, Lembrechts 1993). The most
extensively studied radio-nuclides with respect to biological incorporation and
the contamination of food chains are "*’Cs and *°Sr.
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Caesium, '¥Cs

This alkaline metal, a man-made isotope with a physical half-life of 30.2 years,
emits both gamma- and beta radiation during decay and shows rapid
incorporation into biological systems. Cs has been reported to be chemically
related to K and enters plants and the food chain in a similar manner to K. P1Cs is
distributed rather homogeneously throughout the body, resulting in a uniform
whole-body irradiation with a resulting risk of cancer in various organs. It has
been spread in relatively large quantities through nuclear weapon tests and
accidental releases from nuclear power plants.

Strontium, 05y

*Sr is an alkaline earth metal and has a physical half-life of 28.1 years. Sr has
been considered to be chemically related to Ca and also enters easily into the
food chain. It has been spread in relatively large quantities through nuclear
weapon tests and accidental releases from nuclear power plants. *Sr is a pure
beta-emitter and is specifically transferred to the bone tissue, thereby increasing
the risk of skeletal cancer (Forsberg 2000).

It is well known that Cs and Sr can easily be transferred into plants and that the
soil - plant - relationship is rather complex. There is considerable evidence to
suggest that variation exist between plants species in the uptake ability of radio-
nuclides from the soil. Other factors affecting uptake and distribution of radio-
nuclides in plants are soil type (soil texture, soil moisture content, soils mineral
content and soil nutrient status), chemical forms of radio-nuclides in soil, climate,
mycorrhizas and agricultural practices (Carini 2001).

K-fertilisation has been reported to affect and decrease the transfer of Cs from
contaminated soils to the plants (De Preter et al. 1991, Rosén 1991, Smolders et
al. 1996). It has been shown that K can replace Cs in exchangeable sites in the
soil matrix due to their chemical similarity (Lembrechts 1993). Other studies
have demonstrated that the behaviour of Cs deviated from K to a certain degree,
since the former element was taken up more slowly than the latter (Marschner
1986). It has also been reported that Ca-fertilisation reduces the transfer of Sr
from contaminated soils to the plants (Nisbet 1993).

Studies concerning the uptake of radio-nuclides from soil to plants started in
the 1950s following the tests of nuclear weapons. After the Chernobyl accident,
the number of studies increased dramatically all over the world. Different climate
zones as well as different eco-systems and plant types (woody trees, shrubs and
herbaceous plants) have been the subject of investigations (Coughtrey & Thorne
1983, Lembrechts 1993, Carini 2001). Results concerning uptake of Cs and Sr
vary between different species according to, among other factors, different soil
characteristics (Carini 2001). Carini (2001) showed that the Cs uptake was higher
in trees while the uptake of Sr was higher in shrubs. Both trees and shrubs had a
higher uptake rate of Cs and Sr than annual crops (Carini 2001, Coughtrey et al.
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2001). Many species are known to accumulate comparatively high concentrations
of Cs under natural and semi-natural conditions, often much higher than those
associated with agricultural ecosystems (Howard et al. 1996, Rosén 1996).
Studies in Sweden after the Chernobyl accident have dealt with the flow of *'Cs
and *’Sr between soil and plants both in boreal forest ecosystems (Johanson et
al.1991, Melin et al. 1994, Nylén 1996, McGee et al. 2000) and in an agricultural
environment with annual crops (Rosén 1996, Forsberg 2000). In general, results
have shown that uptake of "*’Cs in forest plants is higher than in agricultural
plants. The concentrations of *’Cs in a number of plant species in boreal forest
ecosystems was ranked highest in heather (Calluna vulgaris) followed by bilberry
(Vaccinium myrtillus) >Scots pine (Pinus syvestris) >birch (Betula pendula)
>fireweed (Epilobium angustifolium), which is supposed to be a general trend in
the boreal forests (Nylén 1996). Among coniferous species, the tissue
concentration of Cs decreased in the following order: twigs >needles >bark
>wood, while the corresponding concentrations in birch (Betula spp) were similar
in twigs, leaves and bark and lower in wood (McGee et al. 2000).

Objectives

The focus of this thesis is on a number of different elements and their
accumulation and distribution in fast-growing Salix clones. The common
characteristics of these elements are that they are - or could be - used as nutrients
by the plants. A conspicuous characteristic of Salix spp. is their ability to utilise
the sources available for growth. Although this capacity is well-known and has
contributed to the high production rate of these species, information concerning
the internal nutrient dynamics involved in coppice-plantations of Salix is still
fragmented. Since Salix plantations are potential crops for radio-nuclide-
contaminated agricultural land there is a need for more knowledge concerning the
cycling of radio-nuclides in Sa/ix plantations.

The main aims of this thesis were to study:

i) the seasonal variation and distribution of N, P, K, Ca, Mg and S in relation to
nutrient availability in a whole-plant perspective,

ii) the tissue localisation and seasonal fluctuation of starch in roots and stems of
coppiced plants, and

iii) the uptake and distribution of *’Cs and *Sr in Salix plants and the level of
¥7Cs in the ashes after combustion of stem wood.
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Material and methods

Plant material, growth conditions and treatments

Pot experiment under greenhouse/outdoor conditions (Paper 1):

Woody cuttings of Salix dasyclados Wimm., clone 77056, were cultivated in a
greenhouse at Ultuna, Uppsala. Washed sand was used as substrate. The plants
received a daily amount of a complete nutrient solution (Ericsson 1981), which
corresponded to a relative addition rate of 0.08 (Low-Nutr) and 0.12 g g" day”
(High-Nutr) (Ingestad & Lund 1986). After establishment, plants were transferred
from the greenhouse to outdoor conditions in order to expose them to a natural
climate from autumn to next spring. Harvests were carried out nine times during
the whole experiment. At each harvest, five plants from each treatment were
randomly selected and separated in roots, cuttings, stems and leaves. Leaf area,
dry weight and macro-nutrient concentrations in roots, cuttings, stems and leaves
were determined.

Pot experiment in climate chamber (Paper 11):

Woody cuttings of Salix viminalis L., clone 78183, were used in this experiment.
The cuttings were planted in quartz sand in a climate chamber. Artificial seasons
were created by prolonging the night from 6 to 16 hours per day and decreasing
the day/night temperatures from 25/15 to 4/4. Starch concentration in stems and
roots was studied during five growth phases (active growth, pre-dormancy,
dormancy, post-dormancy and active growth) of the artificial seasonal cycle.
Treatments included two levels of nitrogen supply (High-Nutr and Low-Nutr) and
coppicing. A complete nutrient solution (Ericsson 1981) was added daily during
phases 1 and 2. The nutrient amounts added followed an accumulated S-shaped
curve with small additions at the beginning and end of the fertilisation period,
and with a maximum after 3 weeks (Jonsson et al. 1997). The average relative
addition rate of N was 0.059 (Low-Nutr) and 0.079 g g"' day” (High-Nutr). The
shoots on half of the plant material were removed during plant dormancy, leaving
about 2 cm of the cut stem. Five harvests were carried out during the experiment.
At each harvest, 10 plants from each treatment were randomly selected and
separated into roots, cuttings, stems and leaves. Root- and stem samples for
anatomical examination with light microscopy and image analysis were taken and
the remaining plant parts were dried for chemical analysis of starch.

Lysimeter experiment under field conditions (Paper 111):

Woody cuttings of Salix viminalis L., clone 78183, were grown in micro-plots
under field conditions at the research station of the Department of Radioecology,
near Uppsala. The plough layer, 0-23 cm, of the soil consisted of loam or clay
loam and the subsoil was loamy sand. The topsoil layers were homogeneously
contaminated with "*’Cs and *°Sr (Fredriksson et al. 1969). The experiment was

15



carried out during three years. The plots were fertilised with 60 kg N/ha and three
levels of K, consisting of 0 kg, 80 kg and 240 kg K per ha, respectively, during
the two first years. Before onset and at termination of the experiment, soil
samples were taken in order to determine the soil characteristics. Samples for
17Cs and *°Sr activity measurements in different plant parts were taken during the
different seasons and different years. At the end of the experiment, all shoots and
roots were harvested for activity measurements. Above-ground growth was
measured during the autumn as shoot height and shoot diameter at 55 cm height.
At the same time, the number of living shoots per plant was counted.

Field experiment (Paper IV):

Woody cuttings of Salix viminalis L., clone 78112, were planted on Chernobyl-
contaminated sandy soil near the town of Gévle in east central Sweden. The
experiment was carried out for four years. Experimental plots were fertilised
annually with 60 kg N/ha, 0 or 48 kg K/ha, respectively, during the second and
third years and other essential mineral nutrients were given in the proportions to
N found optimal for Salix (Ericsson 1981). Samples of different plant parts were
collected every year during different seasons for *'Cs activity measurements.
Growth was measured during the autumn as shoot height and shoot diameter at 55
cm height. At the same time, the number of living shoots per plant was counted.
After combustion of harvested stems, the bottom- and fly ash, respectively, were
collected for activity measurements.

Chemical analysis

Plants

All macro-nutrients except N were analysed with a plasma emission
photospectrometer (Jobin Yvon JY-70 plus, Longjumeau, France). Nitrogen was
determined by an elemental analyzer (Elemental Analyzer NA 1500, Rodano,
Italy). Starch concentrations were determined using the method decribed by Steen
& Larson (1986), slightly modified for the Hitachi U1100 spectrophotometer and
Hitachi AS 3000 auto-sampler (Hitachi, Tokyo, Japan). For detailed information,
see papers I and II.

Soil

The particle-size distributions were analysed by sedimentation, using the
hydrometer method according to Day (1965). The total content of N was analysed
in duplicate on an elemental analyser (Leco), and pH was measured in de-ionised
water using the soil-solution ratio 1:2.5. P and K were extracted with ammonium
lactate solution and 2M HCI in order to obtain the easily soluble and slightly
bound fractions (Egner et al. 1960).
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Light-microscopy studies and image analysis of starch

On each sampling occasion, samples from stems and roots were taken for light-
microscopy studies and image analysis of the localisation and accumulation of
starch. Image analysis was used as a complement to light microscopy in order to
quantify the amount of starch on a cellular level. Detailed descriptions of
procedures for handling samples used for light-microscopy and image analysis
are given in paper IL

Radiometric analyses and calculation of transfer factors

Activity concentrations of '*’Cs in plant samples were determined by means of
high-purity germanium detector systems housed in a low-background laboratory.
Activity concentrations of *’Sr were measured via its decay product *°Y (yttrium)
after separation by means of liquid-liquid extraction. *’Y separation was carried
out according to the method described by Suomela et al. (1993). All activity data
were measured and corrected back for decay to the date of the experimental start.

Transfer factors, TFg, were calculated with the following formula and used to
describe the transfer of '*’Cs and *’Sr from the soil to the plants (IAEA 1987).

TFg= Plant activity concentration (Bq/kg d.w.)

Ground deposition (Bq/mz)
Unit: [ m’ /kg dw.]

Combustion

The combustion of stem samples was carried out in a pilot scale (SkW) bubbling
fluidised bed (BFB). The aim was to create a combustion situation similar to the
combustion procedure in full-scale power plants. The temperature in the bed was
maintained at around 830 + 20 °C during the combustion process (Ohman &
Nordin 1998). Both bottom ash and fly ash were collected for “’Cs
determination.

Statistical analyses

Statistical analysis was performed by Systat for Windows Version 5.0, 8.0 and
9.0. Pair-wise comparisons were made using the Least Significant Difference
(LSD)-method. The confidence level was 95%.
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Results and discussion

Uptake, distribution and seasonal variation of macro-nutrients
and starch storage in Salix (I, II)

Figure 2. Seasonal variation and internal cycling of macro nutrients (N, P, K, Ca, Mg and
S) and starch in roots, stems and leaves of fast-growing Salix spp. Large and small fluxes
of mineral nutrients are represented by solid and broken arrows. The frequency of dots
indicates the amount of starch in the tissues.
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Macro-nutrients and starch in plant tissues

The seasonal dynamics in plant growth, and the uptake and storage of nutrient
reserves are largely controlled by external factors like temperature (spring) and
photoperiod (autumn). Data in the literature and results from the present studies
allow us to discern the following patterns with regard to growth, macro-nutrient
uptake and distribution, as well as starch storage in coppiced Salix plantations
(Figure 2). The picture is far from complete, but may help to structure our present
state of knowledge and to indicate areas where more information is required.

Summer

The concentration of N, P and K in roots, stem and leaves decreased throughout
the summer at the same time as the contents of these elements in the tissues
increased. The decrease in tissue concentration was an effect of an increased
xylem to phloem ratio in perennial organs and a consequence of growth
exceeding the rate of nutrient supply (I). The decline in tissue N, P and K
concentrations was observed both under low- and high nutrient conditions. A
decline in the tissue N concentration of the same magnitude as in the present
study has been found in the laboratory as well as in field-grown Salix viminalis
plants (Nilsson & Ericsson 1986, Bollmark et al. 1999). The concentration of Ca,
Mg and S in all plant parts remained fairly constant during the period of active
growth, except in roots, where a significant decrease in S concentration was
observed. An increase in the leaf Ca- and Mg concentration is generally observed
in Salix under field conditions (Rytter & Ericsson 1993). These elements are
passively transported in the xylem, and accumulate in leaves as a consequence of
transpiration (Marschner 1995). This transportation mechanism explains why the
concentration and content of Ca and Mg in leaves generally mirror the soil
conditions of the same elements (Ericsson 1994). During the phase of rapid
biomass increment, low levels of starch were found in perennial organs and
particularly in stems. A negative correlation between starch concentrations in all
organs and plant N status was observed (II). The build-up of carbohydrate stores
under N-limiting growth conditions is a normal feature in plants (McDonald et al.
1986, Wetzel et al. 1995, Bollmark et al. 1999). It has been shown for Salix
viminalis that leaves constitute the major storage organ for carbohydrates during
the summer (Bollmark et al. 1999).

Autumn

The phase of active growth comes to an end once the critical night length has
been reached and the signals for growth cessation and frost hardiness
development have been perceived. Thereafter, plants enter into a new phase of
development, the autumn phase. This shift in developmental stage occurs during
the first half of September in Salix dasyclados (clone 77056). As days got shorter
and air temperatures fall, the cambium activity slows down and ceases
completely towards the end of autumn (Sennerby-Forsse & von Fircks 1987). As
a consequence, shoot growth decreases and stops completely at the time of leaf
fall. In our study, the High-Nutr plants stopped growing about two weeks later
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than Low-Nutr plants (I). A similar effect from N-fertilisation has also been
observed for other tree species (Cannell 1989). The roots continued to grow
throughout the entire autumn, although progressively at a slower rate (I). A
pronounced root activity during the autumn phase has been demonstrated in
lysimeter grown Salix viminalis (Rytter 1997). Inorganic N taken up during this
season is, according to Dickson (1991), converted to organic N and generally
stored in the roots.

The N-concentration in leaves continued to decrease during autumn in parallel
with the fraction of the plant-N associated with the leaf (I). The opposite pattern
was observed in the perennial organs. Between 40 - 50% of the leaf-N was
withdrawn prior to leaf abscission in this investigation (I). A retranslocation
efficiency of N from leaves of the same magnitude as in our study has been
observed in other broad-leaf tree species (e.g. review by Ericsson 1994). The
major part of the withdrawn N is often stored in stem bark as protein (Titus &
Kang 1982, Chapin & Kedrowski 1983). In a transmission electron microscopy
study performed with Salix dasyclados, Sennerby-Forsse & von Fircks (1987)
showed large numbers of protein bodies in stem phloem parenchyma cells. A
similar observation with regard to N-storage has been reported for poplars by
Stepien et al. (1991).

About 60% of the leaf-P was withdrawn prior to leaf abscission in our study.
Values as high as 67% of the leaf-P pool have been reported for poplars (Bernier
1984). Phosphorus is generally stored in woody plant parts as organic-P, e.g.
lipids (Chapin & Kedrowski 1983). Withdrawal of K and S from leaves during
the autumn was very limited in this investigation and occurred only under low-
nutrient condition (I). Depending on tree species and cultural conditions, between
10 to 70% of the leaf-K in deciduous trees is withdrawn from foliage during the
autumn (e.g. review by Ericsson 1994). In our study, the levels of Mg and Ca in
leaves were rather stable during the period of leaf abscission (I). Mg
retranslocation from senescing leaves is otherwise a normal feature under
conditions when the soil supply of this element is low (Bernier 1984).
Withdrawal of Ca rarely takes place prior to leaf abscission, but has been
reported for poplars (Bernier 1984). This element is considered immobile in the
phloem (Marschner 1995). Mobility in the phloem is a necessary characteristic of
mineral elements in order to be withdrawn from senescing leaves and transported
to storage tissues in the perennial organs. To my knowledge, there is no previous
information available showing in which part of the perennial organs Mg is stored
during the dormant season.

Carbohydrates exported from the leaves to perennial organs during the later
stages of the growing season are mainly stored as starch (Dickson 1991,
Kozlowski 1992). In Salix viminalis the starch concentration in roots and stems
increased significantly during the phase of growth retardation and reached its
maximum in the late autumn (I, Bollmark et al. 1999). A similar starch
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accumulation pattern under field conditions has also been found for other species
(Kramer & Kozlowski 1979, Essiamah & Eschraich 1985). Roots of Salix
contained more starch than the stems. In both organs, phloem and cortex
contained more starch than the xylem (II). Sennerby-Forsse & von Fircks (1987)
showed an accumulation of large starch grains in plastids of Salix stems. In the
present study, roots under Low-Nutr conditions contained significantly more
starch than roots of High-Nutr plants. According to von Fircks (1994), Salix
plants are vulnerable to frost damage in early autumn as the stem tissues have not
yet developed sufficient freezing tolerance to enable them to survive stresses
associated with freeze-/ or drought induced dehydration of cells. Accumulation of
carbohydrates, lipids and protein bodies, the main storage form of nitrogen in
plants, has been suggested to be one of the essential factors associated with the
initial stages of cold acclimation (Yelenosky 1978).

Winter

The concentration of nitrogen and other mineral nutrients remained stable in all
perennial organs during the phase of dormancy. The main storage form of N
during this period is protein (Titus & Kang 1982, Wetzel et al. 1989). It has been
shown that during late autumn — early winter starch in roots and stems is
converted into sugars (Sauter 1988, Bollmark et al. 1999). This decrease in starch
content probably reflects the temperature dependency of starch when being
converted into sugar. The dissolution of starch to sugar is believed to be
important for binding water, maintaining membrane properties, and increasing
freezing tolerance (Levitt 1980). By using light microscopy and image analysis it
was shown that the decrease in starch occurred in phloem and cortex tissues (II).
A reduction in the pool of soluble carbohydrates during the winter has been
demonstrated in laboratory-grown Salix viminalis and probably reflects metabolic
activity in both stems and roots during this period (Bollmark et al. 1999). Rytter
(1997) has shown that roots of Salix viminalis are active during frost-free periods
and during mild winters roots of this species can grow throughout the whole year.
During winter, cambial cells in Salix are characterised by having small vacuoles,
often with granular and a markedly lower number of starch grains (Sennerby-
Forsse & von Fircks 1987).

Spring phase

Three developmental phases can be identified during the spring: (i) initiation of
mitotic activity, (ii) bud swelling, and (iii) bud break and the appearance of new
leaves. Plants grown under High-Nutr conditions started to grow about one week
earlier than plants cultured under Low-Nutr availability (I). According to Titus
and Kang (1982), the levels of storage proteins in perennial tissues decrease at
the time of bud swelling. A peak in N concentration in xylem sap during bud
burst and early leaf development has been observed in deciduous species (Glavac
& Jocheim 1993). In the present study, the nitrogen concentration in roots,
cuttings and stems decreased in parallel with the development of the new shoots.
Temperature is the most important factor influencing mobilisation and

21



dissolution of starch during this period (Sauter 1988). In the early spring phase,
sugars are usually re-converted to starch (Essiamah & Eschrich 1985). However,
in the present study this phenomenon was not observed. On the contrary, the
starch concentration in root phloem and cortex decreased progressively
throughout the spring period. The necessity of large carbohydrate- as well as
nitrogen stores in roots and stems for rapid early season shoot development has
been demonstrated in Salix viminalis by Bollmark et al. (1999). In our study the
decrease in starch concentration during early spring was more pronounced in
High-Nutr plants, and the growth rate of these plants was considerably higher
compared with Low-Nutr plants (I). In coppiced plants, the depletion of starch in
roots was more pronounced than in intact plants. The proximity of the new shoot
to the carbohydrate source in the roots may offer an explanation of this
observation. It should be noted however, that a significant part of the
carbohydrate stores in dormant Salix plants is also located in the stems and the
access to this carbohydrate source will be lost at harvest.

Factors influencing uptake and distribution of macro-nutrients

Nitrogen is the mineral nutrient element required in the largest amount by plants
(Marschner 1995). Besides water, nitrogen shortage is one reason why the growth
potential of Salix is rarely reached in commercial plantations (Christersson 1999).
It has been shown that there is a strong positive relationship between the N status
of Salix plants (e.g. the nitrogen concentration in the leaves), and growth rate
(Ericsson 1981). From this, it follows that uptake of all essential nutrient
elements in a Salix plantation is strongly influenced by the N availability in the
soil and, thus, by the N-status of the crop.

The availability of an element in the soil may significantly affect the uptake of
another nutrient besides the fact that uptake of mineral nutrients is strongly
controlled by the plant nitrogen status. The binding strength of the highly
hydrated Mg®* to cell walls and plasma membranes is rather low. Other cations
such as K and Ca therefore compete quite effectively with Mg”" and strongly
depress the uptake rate of this element. This strong antagonism between elements
is in agreement with observations of Mg-deficiency induced in crop plants by
extensive application of K and Ca fertilisers (Mehra & Farago 1994). This
phenomenon was not observed in the present study, probably because a balanced
nutrient solution and a substrate low in Ca were used. At low soil pH, however,
Ca may stimulate uptake of K (Marscher 1995). The negative effect of a high
proton concentration on the integrity of plasma membranes is relieved by this
cation (Marschner 1995). The pH of the soil has also a strong impact on the
solubility and thereby the availability of the different plant nutrients (Moore et al.
1995). Root development, and hence uptake of all nutrient elements, in fast-
growing Salix species is strongly influenced by pH as such and values below 5 in
Salix plantations should be avoided (Ericsson 1981, Ericsson & Lindsjo 1981).
The physical properties of the soil, such as the bulk density, are also of vital
importance for root development, and thereby uptake of water and nutrients. The
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most spectacular yields in Salix plantations have been obtained on sandy soils
when the crop received daily additions of both water and nutrients (Christersson
1986).

Impact of the chosen growth techniques on nutrient dynamics

Nutrient availability is commonly measured in terms of nutrient concentration in
the root medium (Epstein 1972). This is a universal practice, manifested all the
way from field analysis of soil to basic research, where fundamental theories on
ion uptake are based on nutrient concentration in solution. However, the use of
nutrient concentration in the soil solution as a treatment variable in plant growth
experiments has little to do with the continuous, natural processes that take place
in the soil and determine the soil fertility. These processes vary from day to day
within a given season because of climatic influences such as humidity and
temperature. The practice of applying large doses of nutrient elements at
relatively long time intervals (days - weeks - years) in field- or laboratory studies
often causes the plant nutrient status to change over time. The interpretation of
data collected from such experiments is very difficult since the nutrient status of
plants affects most physiological processes. This problem can be avoided by
adding the mineral nutrients in frequent, small and exponentially increasing doses
throughout the experimental period (Ingestad & Lund 1986). Stability in growth
rate and internal tissue mineral concentrations can be achieved in this way. This
was the technique employed when studying uptake, accumulation and distribution
of the macro- nutrients N, P, K, Ca, Mg and S (I). However, about two-thirds of
the biomass increment took place after the final fertiliser addition. As a
consequence, nutrient uptake and growth went out of phase and the commonly
observed decrease, particularly in leaf N concentration, started already during the
phase of active growth. This imbalance between nutrient supply and growth
caused a decrease in the plant nutrient status towards the end of the growing
season. This incident may have affected the intensity of nutrient withdrawal from
senescing leaves. However, neither the nutrient retranslocation process as such
nor the location of nutrient storage in the perennial tissues during winter, are
likely to have been affected.

The technique for steady state mineral nutrition was originally designed to
control growth of young seedlings during their early stages of development. Once
the test plants left the exponential growth phase, the precise control of the plant
nutrient status was difficult to maintain. Jonsson et al. (1997), however, modified
this technique in such a way that plants can be cultured at any nutrient regime for
one or several growth periods. This was achieved by growing the plants in a
growth chamber, where a full growth cycle was induced by varying photoperiod
and temperature. The nutrient additions followed a sigmoid-shaped curve, i.e.
small doses of nutrients were given in the beginning and towards the end of the
growing season with a maximum at growth peak. This approach was used in
paper II when studying seasonal fluctuations of starch in root- and stem tissues of
intact and coppiced Salix viminalis plants under two nitrogen regimes. The
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expected decline in leaf nitrogen concentration due to retranslocation took place
after growth cessation and mirrored the pattern generally observed under field
conditions (Nilsson & Ericsson 1986, Rytter & Ericsson 1993).

Uptake, distribution and seasonal variation of radio-caesium and
radio-strontium in Salix (II1, IV)

Plant roots are believed to take up Cs and Sr in a manner similar to K and Ca,
although K is usually preferred to Cs (Coughtrey & Thorne 1983, Marschner
1986). The transfer of radio-nuclides from contaminated soil to plants is the
result of a series of closely co-ordinated steps from root uptake, transport within
the root and further between the roots and the aerial parts of the plant.

Radio-caesium and radio-strontium in plants

The distribution of radio-nuclides in plants varies considerably between species
(Coughtrey & Thorne 1983). The biomass distribution of a tree changes with the
age of the tree and so does the internal distribution of Cs and Sr.

In the present study (III), the concentration of *’Cs in the different plant parts
varied. The highest concentration was found in roots followed by leaves, stems,
and cuttings. About 50% of the '>’Cs were found in roots (Figure 3). This is in
agreement with the findings of Sennerby-Forsse et al. (1993), where 90% of the
Cs was found in very young Salix roots. Among the roots, the fine roots (0-1 mm)
had the highest *’Cs concentration in our study (III, IV). Within the root system
45-55% of *’Cs was found in fine roots (0-1 mm), 10% in roots sized 1-2 mm in
diameter, and 35-45% was found in the coarse roots (>2 mm) (III). There are
several reasons for the high concentration of *’Cs in the roots. One possible
explanation is that a selective barrier in the xylem vessel prevents the transport of
Cs further into the shoots (Erdei & Trivedi 1991). Buysse et al. (1995) suggested
a limited capacity to withhold Cs in the shoots due to a limited uptake of Cs in
the vacuoles. In our study, about 10% of the *’Cs amount were found in the
stems (Figure 3) and one-year-old stems had a higher "*’Cs concentration than
two-year-old stems (III). This is in agreement with Skarlou et al. (1999) who
found that the transfer of Cs to new branches in olive trees was higher than that to
old branches. The same trend was found in studies of forest trees and bushes
where transfer values of Cs, seven years after the Chernobyl deposition, were
significantly higher in younger shoots than in older shoots, both in dwarf shrubs
(Vaccinium myrtillus) and in conifers (Picea abies) (Strebl et al. 1995). Other
studies have shown "“’Cs to be easily transported in parenchyma rays of the
xylem to the bark and be accumulated as an increasing gradient from the base of
the tree and upwards (Momoshima & Bondietti 1994, Karavaeva et al. 1994). In
fruits and vegetables, about 50% of root-absorbed Cs is found in above-ground
parts (Coughtrey & Thorne 1983).

The Sr content of leaves is generally 2-6 times higher than that of shoots or
roots (Coughtrey & Thorne 1983). Based on previous data it was assumed that
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the distribution of Sr within cereal crops would be about 10% in roots, 45% in
straw, 30% in leaves, 13% in inflorescence and 2% in grain (Coughtrey & Thorne
1983). Data on Sr distribution in woody plants are very limited. The results from
our study showed that 15% of *°Sr was found in roots, 35% in stems and cuttings
and 50% in leaves (Figure 3).

137CS \‘ goSr

leaves 30% 50%

stem 10%

cutting 10% 2 20%

roots 50% 15%

Figure 3. The distribution of "*’Cs and **Sr (per cent of total amount) in a Salix plant after
the first growing season. Values are shown for two-year-old roots and one-year-old shoots.

Seasonal variation of K- and Ca-ions in soil solutions may influence Cs and Sr
uptake and this may to some extent explain the variability in the soil-to-plant
transfer factors for these nuclides reported in papers III and IV. Carini (2001)
collected data from fruit trees during the years following the Chernobyl accident.
It was shown that the Cs was retranslocated from leaves into perennial organs
such as stems and roots. During the following spring, this radionuclide was
translocated to the new leaves. Carini (2001) also pointed out that the total annual
loss of Cs through removal of leaves and fruits was a very small fraction of the
total content in plants. In our study, the *’Cs concentration of leaves decreased
from summer to autumn, as has also been found in Scots pine (Nylén 1996). The
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withdrawal of "’’Cs from senescing leaves is analogous to the behaviour of K
(Ericsson 1994). On the other hand, the **Sr concentration in leaves increased
from summer to autumn, as is often the case with Ca. Accumulation of Ca in

leaves throughout the growing season is a normal feature (Bernier 1984, Ericsson
1994).

Differences in uptake and distribution of radio-caesium and radio-
strontium

Many studies have shown that the behaviour of Cs and Sr are fundamentally
different in the soil (Shaw & Bell 1994). Cs has a high degree of attachment and
'fixation' to soil minerals, particularly within the clay fraction (Cremer et al.
1988), whereas Sr remains relatively mobile and hence available for uptake by
plant roots. In the case of Cs the relative proportion of clayey material within a
contaminated soil, and particularly its minerals, will strongly determine the
degree of soil-to-plant transfer of this nuclide (Bell et al. 1988). It has been
shown that considerably more than 90% of Sr exists in exchangeable forms in the
soil (Francis 1978). Forsberg (2000) studied the behaviour of *’Cs and *’Sr in
agricultural soils in Sweden and showed that the chemical availability of "’Cs in
soil was already very low three to four years after contamination. Conversely,
%°Sr remained easily extractable even after nearly 40 years. It was also shown that
migration of '*’Cs was very slow in most soil types, and slower than that of *Sr
under almost all conditions. In our study the transfer of *’Sr from soil to plant was
considerably higher than for '*’Cs. The distribution patterns of *’Cs and *°Sr
were also quite different in our study (Figure 3).

Factors influencing uptake and distribution of radio-caesium and radio-
Strontium

Important factors influencing the uptake of radio-nuclides are the chemical-
physical characteristics of the soil. Characteristics such as soil texture, soil
moisture content, soil mineral- and organic content, soil pH, the concentration of
chemical elements in the soil solution, soil cation exchange capacity (CEC) and
the chemical form of radio-nuclides in soil, are important. The effect of soil
texture is related to its mineral content. In mineral soil, Sr is more easily taken up
than Cs, which was shown in our study (III) as well as in the study by Nisbet &
Shaw (1994). In organic soils, on the other hand, plant uptake of Cs is higher than
uptake of Sr (Nisbet & Shaw 1994, Paasikallio et al. 1994). The reason for the
higher uptake of Cs is due to the fact that the organic matter loosens the fixation
of Cs to clay minerals. (Van Bergeijk et al. 1992, Dumat & Staunton 1999). It has
also been reported that while Sr uptake was higher in sandy soils, the uptake was
clearly lower in peat soils, which was explained by the fact that organic acids in
peat soils form stronger complexes with Sr (Nisbet & Shaw 1994). Coughtrey and
Thorne (1983) reported that plant grown under dry conditions generally take up
less Cs than when grown under humid conditions. The nutrient status of the soil
plays an important role for uptake, especially in natural and semi-natural
ecosystems, and the highest transfer factor for Cs was found in peat-like, nutrient-
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poor soils. The lowest transfer factor for Sr was connected with a soil rich in
calcium (Carini 2001). The physical form of radio-nuclides in the soil is another
factor, which has an effect on plant uptake. Our studies (III, IV) as well as the
study by Sandalls et al. (1990), demonstrated that '*’Cs deposited 20 to 30 years
ago was much less available for uptake than the relatively newly deposited Cs
from the Chernobyl accident.

Species difference is another factor that influences root uptake and transport of
Cs and Sr within the plant. This is mainly due to differences in rooting depth, ion
uptake capacity and mycorrhizal associations. As roots grow, their surfaces come
into close contact with nuclide ions. The larger the root systems the larger the
contact area. In general, woody plants have larger root systems than annual
plants. However, the relatively deep root distribution in woody plants could
reduce the root uptake since in the normal case both Cs and Sr are mostly found
in the upper 0-10 cm soil layer (Rosén et al. 1999, Forsberg 2000). Plant species
differ considerably in the number of cation exchange sites in their root cells
(Carini 2001). In general, the CEC of dicotyledonous species is much greater than
of monocotyledonous species (Carini 2001). Ion transport across cell membranes
in the roots depends on membrane properties, which results in different plants
having distinct Cs uptake characteristics (White & Broadley 2000). Grasses in
general, including cereals, take up less Cs than dicotyledons. Among the
dicotyledons, cabbage, lettuce and legumes are known to have high uptake rates
of radio-nuclides (Coughtrey & Thorne 1983). The corresponding values for fruit
plants are of the same order or lower than those from green vegetables (Carini
2001). Dwarf shrub communities dominated by common heather (Calluna
vulgaris) generally showed higher Cs uptake than grass-dominated communities
(Salt & Mayes 1993). As mentioned above, other studies have shown differences
in the concentration of '*’Cs in a number of boreal plant species (Nylén 1996)
and also in coniferous and deciduous tree species (McGee et al. 2000).
Considering the uptake of Sr, Coughtrey & Torne (1983) reported that legumes
had a much higher affinity for Sr than grasses. Other authors have observed that
many vegetables have higher Sr uptake than cereals, with lettuce and cabbage in
particular having high uptake rates (Nisbet & Shaw 1994, Paasikallio et al. 1994).
Carini (2001) showed that shrubs transfer more Sr from soil to fruit than annual
plants and trees. However, data on uptake of Cs and Sr in woody plants are
limited. The results from the present study as well as from the study by Sennerby-
Forsse et al. (1993) show that Salix readily takes up Cs and Sr.

Mycorrhiza is another factor that is believed to enhance uptake of radio-
nuclides (Clint & Dighton 1992), especially in forest plant species (Nikolova et
al. 2000). The reason for this might be that metal ions form complexes with the
chitin of the fungal cell wall and this facilitates the uptake of radio-nuclides
(Streit & Stumm 1993). A common observation is that mycorrhizal associations
are less developed in nutrient-rich soils (Marschner 1995), which may partly
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explain the lower uptake rate in agricultural crops growing in richer soils than in
forest soils, which are usually poorer.

The uptake ability of radio-nuclides is also related to different agricultural
practices. It has been shown that soil ploughing markedly decreases the transfer
of ’Cs from soil to plant (Rosén 1996). Management measures such as
fertilisation of contaminated soils might increase the content of competing
cations in the soil and affect the uptake of Cs and Sr. In one of our studies (III),
potassium fertilisers reduced the uptake of Cs. Similar results from K-application
have been reported by Lembrechts (1993) and Rosén (1996). Both Cs and K are
monovalent and relatively similar in size and can effectively replace each other at
the exchangeable sites in the soil and in the root. Thus, K-fertilisers can be
applied in order to increase the pool of exchangeable potassium in the soil,
thereby causing a reduction in the ratio of Cs:K in the soil solution. The uptake of
Cs by plants is most efficient at low K concentration in the soil and K-
fertilisation of soils already high in K has little effect on Cs uptake (Shaw 1993,
Rosén 1996, Smolders et al. 1996). This observation agrees well with the results
presented in paper III, which showed no clear differences in "*’Cs uptake in plants
supplied with 80 or 240 kg K/ha. High levels of Ca in the soil can also reduce the
uptake of Cs (Lembrechts 1993). The reason for this observation could be that Ca
increases both pH and the cation exchange capacity of the soil. Different forms of
N-fertilisers might affect the uptake rate of *’Cs. NH,"-N was shown to enhance
transfer of Cs from soil to plant (Cremers et al. 1990). However, Lembrechts
(1993) and Campbell & Davies (1997) showed that NH," could compete with the
alkali cations and in this way limit the amount of Cs taken up by plants.
Phosphorus fertilisation caused a 50% reduction on “’Cs uptake in food crops
(Robison & Stone 1992). A possible explanation of this observation could be that
P suppressed mycorrhizal infections, thereby reducing the uptake of "’Cs
(Robison & Stone 1992).

Lime and other calcium-containing minerals applied to soils cause the Sr: Ca
ratio to decrease and hence the uptake of Sr. Thus, soils with a low Ca status
show that the greatest benefit from lime applications by marked reductions in Sr
uptake by plants (Milbourn 1960, Lembrechts, 1993). There are data in the
literature showing that P and S could reduce the availability of Sr in the soil
solution (Nisbet 1993). According to Lembrechts (1993) the addition of K-
fertilisers can also reduce the transfer factor of Sr by 20%. Kwaratskhelia et al.
(1967) reported that the uptake of *°Sr by plants decreased after addition of
ammonium sulphate, while nitrate additions stimulated uptake.

Weather conditions can affect the uptake and distribution of radio-nuclides in
plants. Low precipitation affects mineral nutrient acquisition, and hence uptake
of radio-nuclides, negatively as well as the turnover of soil organic matter (Carini
2001). Rain may reduce the leaf concentration of Cs through leaching (IV, Peter
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et al. 1969), while wind might increase the rate of transpiration and in this way
increase the content of Sr in leaves.

. i T :
Concentration of "~ Cs in ashes after combustion

In the present study (IV), the concentration of '*’Cs was higher in the fly ash than
in the bottom ash. This is in agreement with studies by Ravila & Holm (1994)
and Hedvall (1997). The concentration of '*’Cs was about 900 Bg/kg in fly ash
and about 100 Bg/kg in bottom ash in this study, which is well below the safety
limit for ash established by the Swedish Radiation Protection Institute, i.e. 5000
Bq/kg (Hubbard & More 1998). In Sweden, the ashes should be recycled back to
the site after combustion in order to use the ashes as fertiliser and as a method of
adjusting pH to prevent nutrient imbalances after harvest. It is therefore important
that the concentration of radio-nuclides in the ashes does not exceed the safety
limit.

Implications for practical management

Macro-nutrients

Salix plantations are generally harvested during winter, when all leaves have been
shed. This management practice is considered economical from an N point of
view, since leaves constitute the most N-rich plant organ. Towards the end of the
growing season, 150 kg N or more per ha is tied up in the leaf biomass of a high-
yielding Salix plantation (Christersson 1986, Ericsson 1994). However, stem
harvest during the dormant season coincides with the time when the stem N
content is at its maximum (paper I, Bollmark et al. 1999). Thus, removal of only
stems from a Salix plantation still implies that up to 50 percent of the leaf N
content will be lost at each harvest as a consequence of withdrawal of easily
mobile nutrient elements prior to leaf fall. According to the results in paper I,
significant losses of leaf P will also occur at each harvest. The leaf contents of K
and Mg are also recycled in the plant. The efficiency of withdrawal of these
elements from senescing leaves was low in the present study. However, our
findings together with literature data suggest that the amount of K and Mg
originating from the leaves and lost at stem harvest can be negatively correlated
with the K and Mg availability in the soil. Ca is an immobile plant nutrient and
most part of this element in the leaves will be returned to the soil at leaf fall.
However, stem wood and bark in Salix are rich in Ca (Ericsson 1984).
Considerable amounts of this element will therefore be removed on each harvest
occasion in a high yielding Salix plantation. This will harm the long-term
productivity unless countermeasures such as liming are undertaken. In eucalyptus
plantations, which are also characterised by high productivity and short rotations,
loss of Ca via stem harvest is regarded as a threat to the long-term productivity of
the site (Pereira et al. 1994). The emission of S from the use of fossil fuels has
significantly decreased during recent decades (Information from the Swedish
Board of Agriculture). As a result, shortage of S in agricultural crops is now
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becoming a problem. Thus, the need for S application to short rotation willow
crops should not be over looked.

If we want to optimise yields and nutrient balances in practical Salix plantations
we have to think about the best time for harvesting. However, as described below,
the two practises proposed have their difficulties and risks.

1. Most of the plant material used in Salix plantations is of southern origin and is
adapted to longer nights for the induction of growth cessation and frost hardiness.
The leaves are often shed green as a consequence of exposure to subzero
temperatures and the efficiency of nutrient withdrawal prior to leaf abscission is
reduced. This means that the recycling of nutrients is less efficient in these plants
and more nutrients remain at the growing site. However, the risk for frost damage
during autumn is high when using these clones.

2. From a nutrient balance points of view, the harvest operation in a Salix
plantation should take place after growth cessation before the easily mobile
nutrients are retranslocated from the leaves, but after the export of carbohydrates
from the leaves to the perennial organs. This would require that the leaves be
mechanically removed from the stems at harvest and left at the site. However, the
timing of such an operation is not easy, since the ideal phenological stage is hard
to detect by eye, and will vary from year to year because of normal fluctuations in
climate. Furthermore, harvest operations on unfrozen soil are not recommendable
since this activity may cause soil compaction.

The nutrient status of a Salix plantation influences the efficiency of nutrient
withdrawal from senescing leaves. Plants grown on highly fertile soils, or well-
supplied with fertilisers, tend to be less efficient in this respect and a greater
fraction of the nutrients therefore remains at the site after harvest. Also the
initiation of frost hardiness is often delayed in plants with a high N-status. A
proper matching of the plant material to both soil fertility and the climatic
conditions at the site is therefore desirable. Salix plantations have a high
proportion of nutrient-rich bark, and in order to avoid nutrient losses the ashes
after burning of harvested stems should be recycled to the field. When utilising
radio-nuclides-contaminated soils for Salix plantations the ashes should be
returned to sites already contaminated.

Based on the results obtained in this study and data from the literature, we
propose that the assessment of autumnal changes in leaf nutrient composition can
be used as a tool for determining which elements are in low supply at a particular
site. The use of soil data is important but the interpretation of soil data is often
difficult, especially from sandy soils, and a combination of the soil data with leaf
nutrient status would give a better estimation of the need for fertilisers. Also
more research concerning the plant material, the breeding potential and technical
development concerning harvesting machinery is needed.
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Radio-nuclides

The strong interaction between the chemically related elements Cs/K and Sr/Ca
offers great possibilities to manipulate the uptake of these radio-nuclides. In soils
low in K, the transfer of Cs from soil to plants can be significantly reduced by K-
fertilization. However, addition of K to plantations growing on K-rich soils has a
limited effect on Cs uptake (paper III, Rosén 1996). If removal of Cs from
contaminated sites is the operational goal, addition of K should be kept at a
minimum in order to increase the Cs:K ratio in the soil solution and thereby to
increase the uptake of Cs. The uptake of Cs and Sr differs between different plant
species, and it is of considerable interest to prevent these radio-nuclides from
entering the food chain through growing crops that do not accumulate Cs and Sr.
In contrast, remediation of contaminated areas should be done using plants that
accumulate large amounts of Cs and Sr. From this study, it is evident that the
concentration of Cs in Salix viminalis roots and leaves is far higher than in stems.
Thus, larger amounts of Cs can be removed from the site if leaves are included in
the harvest. As already pointed out, such a harvest procedure should not be
carried out before the stores of carbohydrates in the roots have been adequately
filled (I, Bollmark et al. 1999). Removal of both the below- and aboveground
biomass at the time of harvest from the field would significantly increase the
transport of Cs from contaminated soils. Based on the same reasoning as for Cs,
Sr accumulates in leaves to a much greater extent than in roots and stems. If
removal of Sr from contaminated soils is the operational goal, harvest of both
stems and leaves is recommendable.

Conclusions

1. The internal dynamics of macro-nutrients in leaves, stems and roots of
coppiced Salix dasyclados and Salix viminalis followed the same principal
pattern in response to seasonal changes. Plants cultured under high availability of
nutrients had i) higher concentrations of all macro-nutrients, ii) a delay of leaf
senescence and dormancy, iii) an earlier growth start and a more vigorous growth
in the following year, and iv) contained less starch compared with Low-Nutr
plants. Between 40-50% of N and about 60% of P was withdrawn from the leaves
prior to abscission and stored mainly in the aboveground perennial organs.
Retranslocation was observed in K and S but only under low nutrient conditions.

2. Starch proved to be an abundant nutrient, particularly in roots during most of
the seasons. The amount as well as the size of starch grains fluctuated markedly
during the seasons, being mainly found in phloem- and cortex cells and to some
degree also in xylem parenchyma cells. The fact that we failed to observe re-
synthesis processes during early spring indicates that this stage may be very short
in Salix. The root starch in coppiced plants decreased more rapidly than in intact
plants, indicating that starch reserves in roots are important for early phases of
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growth and that coppicing had an increasing effect on the sink strength for
internal carbohydrate reserves.

3. The accumulation of "*’Cs and *°Sr differed between plant organs and during
different seasons. The "’Cs concentration in leaves decreased from summer to
autumn whereas the *°Sr concentration in leaves increased during the same
period. The fine roots had the highest Cs concentration, while the Sr
concentration was highest in leaves. The low transfer rate of Cs to the stem wood
resulted in levels well below the safety limits of *’Cs in the ashes after burning.
Therefore, fast-growing Salix coppicing systems exhibited promising features for
utilisation of contaminated agricultural soils.

Future perspectives

Energy forestry was introduced in Sweden more than 20 years ago (Sirén et al.
1984), and has an average yield of about 10 tonnes per hectare and year in
practical plantations (Christersson 1999). A much higher growth potential, i.e.
20-35 tonnes dry matter per hectare and year has been reported from several
studies in Sweden and other countries (Ericsson 1984, Christersson 1987). These
results show that there is great potential for biomass production in this species.
However, maximising coppice production is more complicated than was first
believed since many different factors influence growth. Besides genetic
improvement, increasing pest- and disease resistance and frost hardiness in the
plant material are vital for the achievement of sustainable high yields. The
present fertilisation schemes focus mainly on conventional N-P-K fertilisers.
Although several studies have been published concerning plant-nutrient
relationships many questions still remain. For example, there is growing interest
in micro-nutrients, which have been shown to play an important role in plant
resistance to disease and root-stress (Welch 1995). There are also reports on the
lanthanide series of elements from atomic number 57 to 71, indicating increased
crop yields and improved product quality from applications of fertilisers
including these elements (Istvan & Benton 1997). It would be interesting to
investigate the effects of these elements on fast-growing Salix plants.

Salix species as well as clones of the same species differ in capacity to
accumulate heavy metals (Landberg & Greger 1994). Therefore, there is reason
also to believe that the capacity of Salix spp. to take up and store Cs and Sr may
vary among species and clones. Further studies may therefore allow selection of
more effective genotypes for restoration of radio-contaminated sites. Further
investigation of how repeated harvesting may influence the uptake and
distribution of radio-nuclides in the individual plant is needed to increase our
knowledge and understanding of the transfer and cycling of Cs and Sr in coppice
plantations. As a result of the Chernobyl accident, vast areas of agricultural land
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became wasteland; in the area of Belarus alone, there are more than 260,000 ha
of agricultural land that are now non-cultivated (Ipatyev et al. 1999).
Afforestation of this area with fast-growing Salix species for energy might be a
simple and safe way to utilise this land, provided that the health risks involved in
the handling and burning of contaminated wood are properly evaluated.
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