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Foreword

K. Perttu1 and A. Koppel2

'Dept. of Short Rotation Forestry, SLU, P.O. Box 7016, S-75007, Uppsala, Sweden
institute of Zoology and Botany, Riia 181, EE2400 Tartu, Estonia

Background

The first contacts between Sweden and Estonia concerning short rotation willow coppice
were established in the beginning of the nineties. A more organised cooperation started in
1993 as a result of joint interests in the energy and environmental problems. There have
been several meetings, study tours and scientific seminars both in Sweden and Estonia
during the past years, some of which have been documented as formal agreements and
technical reports (e.g. Aronsson, P. & Perttu, K. eds. 1994. Willow vegetation filters for
municipal wastewaters and sludges. A biological purification system. Proceedings of a
study tour, conference and workshop in Sweden, 5-10 June 1994. ASI, EMC, SLU, Report
50; Noormets, A. & Koppel, A. eds 1994. Energiavosa - kasvatamine ja kasutamine. Eesti
TA Zoologia ja Botaanika Instituut).

Aims

The overall aim of the present seminar was to present and discuss results from the joint
Swedish - Estonian energy forestry research activities during the period of 1993-1995 and
to publish the papers in a technical report. The result is a publication, presenting interesting
methods and results, and is meant partly to serve as the final report of the joint efforts
during the period mentioned, partly to be used for future planning of new projects and for
application of fundings for a continued cooperation.

Programme

The joint Estonian-Swedish seminar started with a study tour to Toravere, Noo, Aarike,
Kambja, and Saare, where the experimental plantations were inspected and further
activities discussed. The general overview of the experiments are presented in the paper by
Koppel et al. in this issue.

The two-day indoor activity was divided into four sessions, and a total of 17 papers
were presented and discussed during this seminar in Tartu. The presentations have been
modified during the past months and the papers are now published in a somewhat changed
order (cf. Contents).



Contents

Page

Session I: Research aspects on willow

L. Christersson: Sustainable cultivation of broadleaved trees in a
recycling community 7

A. Koppel et al.\ Estonian energy forest plantations - General
information 15

S. Ledin: Soil characteristics and production potential of
willow on farmland 25

J. Ross and V. Ross: Leaf and stem area and their vertical distribution
in willow stands 33

A. Noormets et al.\ Nitrogen dynamics in Salix leaves during
the first production year 51

H. von Fircks: Impact of abiotic factors on frost resistance
and cold acclimation in Salix species and clones 61

Th. Verwijst: Competition in short rotation forestry 71
A. Koppel: Above-ground productivity in Estonian energy

forest plantations 81

Session II: Alder, Birch and poplar as short rotation species

L. Rytter: The potential of grey alder plantation forestry 89
K. L5hmus et al.\ Productivity, buffering capacity and resources

of grey alder forests in Estonia 95
S.Elowson: Birch - a high-producing species? 107

Session III: Abiotic • biotic relationships

M. Sulev and J. Ross: Conversion factor between global solar radiation
and photosynthetic active radiation 115

J. Ross et al.: Solar radiation measurements within the willow
plantation at Toravere 123

J. Ross and V. Ross: Phytometrical characteristics of the willow
plantation at T5ravere 133

Session IV: Waste treatment using vegetation filters

K. Perttu: Willow vegetation filters: Principles, results
and economy 149

V. Kuusemets and T. Mauring: Wastewater purification in a willow plantation.
The case study at Aarike 159

P. Aronsson: Simulated evapotranspiration from a landfill
irrigated with landfill leachate 167



Session I:

Research aspects on willow

NEXT PAQC(S)
left BLANK



Sustainable cultivation of broadleaved trees in a recycling community

L. Christersson

Dept. of Short Rotation Forestry, SLU, P.O. Box 7016, S-75007 Uppsala, Sweden

Abstract

In the future, with problems of global warming and acidification and with an increasing
need to recirculate wastes of the community in an ecologically acceptable and economically
sound manner, the cultivation of broadleaved species (birch, aspen, poplar, alder and
willow in particular) on suitable forest land and on former agricultural land is of utmost
interest if following the recycling philosophy. The wood produced could be used primarily
for short fibres and for energy. Also of interest is the production of methanol, biogas and
electricity, chipboard and laminates, in the context of a forest industry concerned with the
further development of the raw materials.

The main advantages of cultivating fast-growing, broadleaved trees on former
agricultural land are that:
• in Sweden it has been shown possible to produce 10-12 tonnes of dry matter of woody

biomass per hectare and year by cultivating willows and hybrid poplars,
• in such plantations, the energy efficiency ratio will be 1 to 15-20, meaning that for every

energy unit used, 15-20 can be harvested,
• some residual products from society, such as sludges, ashes, and wastewaters can be

used as fertilisers in such plantations.

Key words: Alder, Birch, Biomass, Energy, Global warming, Pollution, Poplar,
Recycling, Sludge, Willow

Introduction • ideas, thoughts and visions

Sweden is a country with a long-standing tradition and well-developed methods of
production and use of raw materials in forestry and agriculture. At present, about 18 % of
the total energy use is covered by bioenergy. Development in the paper industry implies
that more and more short fibres will be needed in the future industrial processes. Today 2 to
4 million m3 of hardwood is annually imported mainly from the Baltic States, Finland, and
Russia, and this will continue for, at least, 15 years. Because of an increased demand and
an expected decrease in imported timber from the tropics of species such as teak, jacaranda
and mahogany, there is also a bright future for home-grown broadleaved trees for furniture
and constructions. Biomass production for energy purposes by cultivation of fast-growing
broadleaved species can result in an ecologically interesting and economically viable crop.
Afforestation of suitable forest land and unused agricultural land with broadleaf short-
rotation trees, such as birch, aspen, alder, and willow can, therefore, readily be suggested,
although it may at first strike many people as strange. Such a development would have a
number of environmental effects, which would be very positive for the Swedish
community, bringing with it interesting consequences for the economy and for the
employment, particularly in the countryside.

The price paid by communities in the developed countries for their high material
standard of living is the increased carbon dioxide content of the atmosphere, the
acidification of lakes and water courses, unusable ground water, and radioactivity in the



seas. A cause of major ecological problems and considerable economic demands in the
future will be the ubiquitous municipal landfills of various types with their potential risk of
leaking nitrates and phosphates into the ground water and other water courses. The price
has been set, the invoice is written, but we have not worked out how to pay it. If the price is
not to go up still further, this progress must be controlled and either we, our children or our
grandchildren, must take preventive measures against all these pollutants. The longer we
wait, the higher will the costs be.

Sweden has good possibilities for taking precautions against some pollutants both
rapidly and effectively, because we have a large land area in relation to the population. We
also have an infrastructure which allows production and handling of increased amounts of
biomass. The fact is that many so-called pollutants contain substances needed by trees and
shrubs, and other plants, for normal growth and development; nitrogen, phosphorus,
potassium, and calcium are examples. However, some pollutants contain substances which
are directly harmful to plants, such as heavy metals and organic chloride-containing
compounds.

Afforestation of some of the arable land in Sweden would markedly affect the
landscape. In forest and mixed forest and farming communities, we would like to retain the
existing open areas, so that a gentle approach is recommended. In communities in flat
agricultural regions, large continuous arable areas, so-called "arable deserts", should be
diversified and the monotony broken up more than it is today. Through careful landscaping,
it should be possible to retain the attractive appearance and charm of the open landscape.
By taking the opportunity to create so-called wildlife corridors (continuous planted belts of
broadleaved trees, carefully placed in the landscape), the conservation and spread of
animals and plants could be encouraged and significant lengths of woodland edge
established. This would mean that the towns and villages in the agricultural plains would
have areas for walking and for picking berries and mushrooms, together with opportunities
to watch and experience wildlife near at hand. Opportunities for hunting would also be
considerably improved.

It is not only carbon dioxide which is released when fossil coal, oil and gas are
burned; also sulphur dioxide and nitrogen oxides are formed. The sulphur dioxide is
converted in the air and in the soil into sulphuric acid and causes acidification of weakly
buffering soils. Many of the tree species which we suggest to be planted have leaves which
are basic in character, in contrast to the pine and spruce needles. This means that large scale
planting of broadleaved trees would combat acidification, at least locally.

The nitrogen oxides, deposited with the rain, are converted into nitrates in the soil
and leak into the streams and lakes and finally to the sea. The largest measured amounts of
nitrogen annually deposited by rain in Sweden lie between 25 and 30 kg per ha. Our
hydrological system is thus exposed to over-fertilisation, which we do not at present know
how to deal with.

The reason that these amounts of nitrogen input leak out from various soil types is
considered to be that the vegetation growing on these soils does not grow fast enough to
take up the supplied nitrogen. Nitrogen is bound very weakly to the soil particles implying
that the major part of it is not taken up by the plants but leaks into the ground water. The
tree species of interest here, birch, aspen, alder and willow, all have a considerable growth
potential, and a large proportion of the nitrogen deposited as nitrate will be taken up by
these fast-growing species, with the possible exception of alder, which is a nitrogen-fixing
tree species, i.e. fulfils its nitrogen requirements mainly from the air.

The nitrates leaking into the ground water do not only origin from the road traffic
but also from the Swedish agriculture. This is because of the large use of manure, chemical
fertilisers and of pig slurry. These circumstances can give rise to considerable leaking of
nitrates both to ground water and to streams and rivers. It is possible to avoid these inputs



of nitrate into the water courses by planting fast-growing broadleaved species which act as
a vegetation filter along the banks of streams and rivers (cf. the earlier discussion of
wildlife corridors). The root systems will efficiently take up the nitrates and thus form a
barrier against a possible leakage into the water courses.

Large amounts of the community's waste products in the form of different types of
sludges and ashes are currently deposited on landfills. This method has a very large inbuilt
risk of future leakage, of nitrates and phosphates, and also of other substances which are
required for plant growth. The risk also applies to heavy metals to a large degree. In such a
situation it is an obvious suggestion that there should be a selective classification of the
waste products so that those containing essential plant nutrients should be separated and
spread in broad-leaved plantations as fertiliser and soil improver. Those which contain
heavy metals and other toxic substances should be separated and managed under controlled
conditions away from cultivation systems.

In some regions of our country the ground water is so polluted by nitrates that the
content exceeds the health authority's suggested upper limits for drinking water. A well-
developed root system of fast-growing trees can take up as much as 200 kg per ha of
nitrate-nitrogen annually. The possibility exists, therefore, of pumping up nitrate-polluted
ground water into well-established broad-leaved plantations, allowing it to flood the soil
and percolate down through the root-zone and into the soil. The roots take up the nitrate
ions in the water, thereby purifying the water, while the plantation would be irrigated and
fertilised with nitrogen. On sandy soils, very high production can be expected in plantations
treated in this way.

Large "arable deserts" exist within agricultural areas of Sweden today. Every stream
and ditch is filled in, every marl-pit and pond drained by covered drainage channels, most
avenues and groves of trees have been felled. The wind blows unhindered and causes soil
erosion and snow drift. In Denmark, the positive effect of shelter belts on agricultural
production has long been known. In Skane, on the plains of Vastergotland and
Ostergotland, and in some areas of Uppland the potential for producing energy and fibres
by shelter belts should be good, at the same time as the shelter belts have a positive effect
on the production of other agricultural crops and on the flora and fauna (cf. the earlier
discussion on wildlife corridors).

One of the fundamental ideas behind the planting of broadleaved trees on suitable
forest and agricultural land has its origin in the recycling philosophy. The community is
today well on the way to an unsustainable environmental situation. However, in Sweden we
have the good luck to have a small population on a large area, in contrast to, for example,
central and southern Europe. It is still possible to solve some of our environmental
problems in a rational and perhaps even an economic way by utilizing suitably located
forest land and former agricultural land for energy, fibre and timber production at the same
time as some of the waste products of the community can be added into the cycle again.
However, we must take the greatest possible care not to exploit soil or forest land in such a
way that its future utilization is made difficult or impossible. Further research in this area
must show the way.

We can now describe some examples of attempts to apply recycling considerations
in broadleaved tree cultivation.

Production of short fibres for pulp by cultivation of hybrid aspen and hybrid poplar

The results of crossing Swedish aspen (Populus tremula) with American aspen (P.
tremuloides) are in Sweden called hybrid aspen. Such crosses were made and the
cultivation started in Sweden in the 1930s. The main intention was to utilize these fast-
growing hybrids on fertile moraine land for production of wood for producing matches.
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Since the appearance of cigarette lighters on the market resulted in the disappearance of the
demand for matchsticks, interest in this type of forest plantation decreased significantly.
Also, it became apparent that these hybrids are very susceptible to infection by Hypoxylon
mammatum. New plantations with more intensive management in the establishment stage
(careful soil preparation, spacing 1 x 2 m, weed control, fencing, etc), using carefully
selected material from Ekebo Research Station attained production of up to 25-30 m3 per
ha and year after only 5 years of growth.

Crosses between two American species of poplar, Populus trichocarpa and P.
deltoides, the European P. nigra and the Japanese P. maximowitchii, called hybrid poplars
in Sweden, have been grown here since the 1930s. They grow particularly well on
sediments and production exceeds that of hybrid aspen by up to 25 %. Unfortunately there
is damage by early autumn and winter frosts almost every year. The reason for this is that
the American parent species are from Oregon and Washington, which are at a latitude
corresponding to that of Paris. We are, therefore, growing these hybrids at least 1000 km
too far north compared to the areas from where the parents originate. However, we are now
co-operating with foresters in northern British Columbia and Alaska, i.e. at latitudes similar
to Sweden, and there is already some plant material being tested in our greenhouses.

At the end of the 1980s, economic calculations showed an annual remuneration of
up to 500 SEK per ha of land for an annual production of 18 m3 per ha achieved by the
current methods. Today, hybrid aspen and hybrid poplar are being grown in an
experimental set-up using methods involving considerable soil preparation, closer spacing,
fencing and weed control, resulting in considerably greater production.

Production of willow for energy purposes on former agricultural land

Research on short-rotation willow coppice (usually called energy forestry) was started by
Emeritus Professor Gustaf Siren in the middle of the 1970s. Today the area under
cultivation is about 16000 ha. The very high growth potential of carefully selected species
and clones of willow is used by planting cuttings at very close spacing (18000 per ha).
Success requires good biological knowledge and green fingers, together with intensive
management (careful choice of site and soil preparation, weed control, fertiliser
application). Harvesting is performed in winter time every 3 to 5 years, preferably when the
ground is frozen. The willow stumps then produce new shoots in the following year. We
reckon to have six harvests from each plantation, giving an average rotation of ca 25 years.
The production capacity in southern and central Sweden is up to 10 to 12 tons dry matter
per ha and year (equivalent to the energy content of 4 to 5 m3 of oil). The major problem is
to disseminate information to the growers about the careful management required,
especially in the establishment phase. In many cases, the land selected is too dry, or
susceptible to frost, the soil preparation is not careful enough, machine-planting leaves
much to be desired, weed control (mechanical, chemical, or a combination of the two) is
too late, fertiliser application is neglected, and harvesting is by machines which badly
damage the stumps. A problem arising during cultivation, not directly related to
management, is damage by rust (Melampsora) and by late spring and summer frosts.
Considerable research effort is now being put into producing rust-resistant and frost-hardy
clones. It is considered that willow cultivation can successfully compete economically with
wheat cultivation (winter wheat 1.05 SEK per kilo; spring wheat 1.30 SEK per kilo in
1995) on agricultural land where the expected annual yield of woody biomass is up to 12
ton per ha (518 SEK per ton delivered to the heating plant). The machine costs are then
included in the charges of the machine contractors. If 8 tons or more of dry woody biomass
per ha and year are produced, the plantation has past the point of economic break even and
will thereafter yield a profit.
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Cultivation of birch for production of short fibres, saw logs and veneers

There has been very little research on silver birch (Betula pendula) or downy birch (B.
pubescens) since the 1950s but now that situation is changing. With Sweden's large import
requirements for short fibres and a growing market for sawn hardwood and veneers, many
forest owners are now asking older foresters what they did in "the old days" about
regenerating birch. Many are convinced that birch is a species which will become more
significant in Swedish forestry.

Downy birch grows mainly in wet areas in central and northern Sweden and is
mainly used for the production of short fibres and for household requirements. It is
sometimes used by the furniture industry because of the greater figuring of the wood. In
contrast, silver birch grows on good forest land throughout Sweden and is used for sawlogs
and veneers as well as for short fibres and household requirements. The cultivation of curly
birch (B. pendula var Carelica) has the extra incentive of a higher price per kilo of wood
(17-30 SEK per kg wet wood in 1995). Any knowledge we lack in Sweden, we can learn
from our Finnish colleagues and competitors. In a few places in Sweden, Finnish birch is
grown alongside Swedish, and the comparison is impressive.

Purification of ground water and drainage water using willow cultivations

Willows grown in energy forests develop a superficial, well-branched root system in the
first year after planting. This can be used as an effective purification system for ground
water and drainage water from arable land polluted with nitrate, for example. Such a
system can be found just outside Laholm in Halland. A 3-hectare willow plantation on
relatively level ground (sandy medium clay) was planted in 1993. Using an old-fashioned
potato planting plough, furrows were made between the rows of willows to enable drainage
water to be dispersed. During two growing seasons, the drainage water from 700 ha of
agricultural land has been collected into a dam (already in place), and some of the water has
been pumped out in the willow plantation.

The nitrate-nitrogen content in this water has at times been up to 15 ppm. We know
that the root system of a willow on this type of land can take up 200 kg of nitrogen in the
form of nitrate in one growing season, and this has determined the amount of water
pumped out in the plantation during the year. The water not taken up by the willow roots
penetrates down passing the roots to the ground water or into drainage pipes for further
transport into streams, rivers and the sea. It has been shown that an effective root system in
these conditions has the capacity to remove almost all the nitrate ions from the water
moving past. By this mean, large amounts of water, tens of thousands of cubic metres per
ha and year, can be treated and the polluting nitrate ions removed. At the same time, very
large amounts of biomass are produced (10 to 20 tonnes of dry matter per ha per year) for
energy purposes. It is thus the combination of biomass production and water purification
which is interesting, particularly from an economic point of view. All this will also apply to
treatment of municipal waste water.

Utilization of sludge for fertilisation and soil improvement in energy forest cultivation

The height of the stumps in an energy forest after harvesting varies between 5 and 15 cm.
Thus in the spring following the harvest it is possible to spread various types of sludge over
the land. The sludge often contains amounts of nutrients, mainly of nitrogen and
phosphorus, required by willow. The problem is that it sometimes also contains toxic
substances such as heavy metals and organic solvents. However, nowadays the sludge is
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categorised at the sewage works so that useful information is available in advance to the
grower about the contents of the sludge before he decides to use it. The sludge is often
spread free, considerably reducing the fertiliser cost to the grower and markedly improving
the economy of energy forest cultivation. However, the sludge must be incorporated in the
soil, which can be difficult in an established energy forest, even if it is newly harvested.
New methods need to be developed.

Cultivation of common alder and grey alder

In the same way that birch has long been an unimportant species for forest production in
Sweden, both common and grey alder have also been of little interest. The situation today
is rather different. In addition to the usual sites for these alders, we know that grey alder
can achieve amazingly high production if cultivated on heavy clay in southern Sweden.
Some saw mills pay good prices for roundwood (2.5 m, 15 cm diameter under bark, at the
top) of these species. Neither species is very suitable for pulpwood, because of the red
colour of the wood, but they are a good source of energy. The big advantages of alder over
other deciduous trees are its nitrogen-fixing capability and its better frost hardiness in the
growing phase. Both alder species are much better than spruce in this respect. They are also
relatively unappetizing to grazing by wild animals so they can be grown without the need to
fence. A problem is that in some plantations damage is caused by the leading shoot
breaking off 1 to 2 metres below the shoot tip. As yet, the reason for this is not known.

At the moment, growing alder in mixtures with other deciduous species and with
conifers is being tested at various sites, with varying success. So far, the results achieved
are inconclusive.

Mixed forest of hybrid poplar, Douglas fir and spruce

Multi-layered mixed forests of conifers and broadleaved trees can be of great interest in
regard to production ecology theory and also to practical forestry for maximum production
of woody biomass on fertile soils and development of the theory behind the technique of
having nurse trees. Simultaneous planting of alternate rows of hybrid poplar and either
Douglas fir, Norway spruce or Sitka spruce is one of the new techniques being tried in
Southernmost Sweden. The results so far show the expected very rapid growth of the
hybrid poplar in the first years. At Bulstofta, near Helsingborg, five-year-old poplars are 10
m high with a diameter of 10 cm. The Douglas fir and Sitka spruce planted at the same
time are 1 to 2 m high. The rows are 2 m apart, with trees in each row 1 m apart. The
poplar canopy in this situation is closed so that the conifers are completely covered by the
poplar canopy and their leading shoots are whipped by the poplar branches in the wind.
However, the protection effect is optimal. The diameter of the poplars is not judged to be
big enough for pulp to be obtained from every tree, so that final felling of the poplars must
wait another one or two years. We can already now experience that the spacing is too close
for this type of plantation. However, there is a possibility of cutting some of the poplars and
pruning those remaining so that they can eventually be used for veneer. This would favour
the continued development of the conifers, while almost all the protective effect would be
retained.
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Summary conclusions

In the future, with problems of global warming and acidification and with an increasing
need to recirculate wastes of the community in an ecologically acceptable and economically
sound manner, the cultivation of broadleaved species (birch, aspen, alder and willow in
particular) on suitable forest land and on former agricultural land is of greatest interest if
following the recycling philosophy. The wood produced could be used primarily for short
fibres and for energy. Also of interest is the production of methanol, biogas and electricity,
chipboard and laminates, in the context of a forest industry concerned with the further
development of the raw materials.
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Estonian energy forest plantations - General information

A. Koppel1, K. Perttu2 and J.Ross3

'institute of Zoology and Botany, Riia 181, EE2400 Tartu, Estonia
)f Short Rotation Forestry, SLU, P.O. Box 7016, S-75007, Uppsala, i

3Tartu Observatory, EE2444 Toravere, Tartumaa, Estonia

Abstract

In order to promote research and application of fast-growing, short rotation forestry in
Estonia, seven energy forest plantations were established within the frame of scientific co-
operation of multiple Estonian research institutions and SLU (Swedish University of
Agricultural Sciences) in 1993 - 1995. This paper presents a general description of the
Estonian energy forest plantations and a short review of the research, which is carried out
on the basis of these plantations.

Key words: Biomass production. Energy forestry, Salix, Wastewater treatment.

Introduction

Interest in domestic renewable energy resources, including energy forests, has increased in
Estonia after restoration of the independent Republic of Estonia. The reasons for this
interest are based on the problems concerned with energy, environment and the future of
Estonian agriculture (Koppel, 1994).

In February 1993 an agreement of multilateral co-operation on research of energy
forests was signed between The Swedish University of Agricultural Sciences, Institute of
Zoology and Botany and Institute of Astrophysics and Atmosphere Physics (both of the
Estonian Academy of Sciences) and Estonian Potato Processing Association. Five
experimental willow plantations were established in the same year. This can be considered
the start of the Estonian Energy Forest Project.

The scientific and applicable objectives of this co-operation project were the
following:
• to study the biogeophysical aspects of the growth and productivity of willow plantations

in Swedish and Estonian environmental conditions
• to select the most productive and least vulnerable willow clones for practical application

in the energy plantations
• to study the possibility of using willow plantations for wastewater purification
• to study the economic efficiency of energy forest as energy resource in Estonian

economic and environmental conditions.
Five experimental plantations were established on different soil types in 1993, using

the clones of Salix viminalis and Salix dasyclados which were selected within the Swedish
Energy Forest Programme. In the following years, another two experimental plantations
have been added (Fig. 1).

The aim of the present paper is to give the general description of the Estonian
energy forest plantations and a short review of the research, which is carried out on the
basis of these plantations.
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Experimental plantations

The first five plantations were established in May 1993. In general, the planting
density and the experimental lay-out was similar in all the plantations. The cuttings were
planted in double row design (distance between the rows being 0.75 and 1.25 m,
respectively, and distance between plants in the row 0.5 m), thus corresponding to a
planting density of about 20 000 cuttings per hectare. However, in the Aarike wastewater-
treatment plantation, the spacing was different (Kuusemets & Mauring, 1996, this issue).

In all the plantations, samples for soil analyses were taken once per year using a soil
borer. Ten 50 cm soil sample profiles were extracted with soil borer from sampling points
evenly spaced over the plantation area. The profiles were divided into 10 cm sections. In
order to obtain the averaged soil analyses data, the 10 subsamples of 10 cm layers were
pooled together, mixed and analysed in two replications in the Laboratory of Soil
Chemistry, Estonian Agricultural University. In the case of the Toravere and Saare
plantations, the number of samples were increased twofold, because the differences in plant
growth in T5ravere pointed towards possible uneven soil conditions over the plantation and
in Saare half of the plantation was fertilized.

Fig. 1. Location of Estonian energy forest plantations: 1 - Toravere, 2 - Kambja, 3 - Saare,
4 - Noo, 5 - Aarike, 6 - Valga, 7 - Vaike- Maarja.

The description of the soil characteristics of the main experimental areas (number
1-4 above) are presented in Tables 1 and 2.
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Table 1. Soil characteristics in Estonian energy forest plantations: pH (0.2n KG) -
averaged values of the 0-50 cm profile; N,P,K - total supply (t ha1 in the 0-50 cm
layer; N - total nitrogen, P and K - soluble in 0.2n HC1 solution

Plantation
Soil type

Year
1993

pH 1995
1994
1993

N 1994
1995
1993

P 1994
1995
1993

K 1994
1995

Toravere
Planosol

4.4
5.3
5.4
4.54
5.38
5.91
0.79
0.88
0.95
0.39
0.46
0.45

Saare
Gleyic Podzoluvisol

Control Fertilized
5.4
5.4
5.3
4.19
4.36
4.22
0.34
0.40
0.32
0.22
0.27
0.29

5.7
5.5

5.10
4.51

0.43
0.34

0.20
0.54

Kambja
Deep Eutric
Histozol

5.5
5.7
5.5
13.4
21.9
21.6
0.03
0.04
0.04
0.12
0.13
0.07

Noo
Stagnic
Luvisol

5.3

5.48

1.01

0.67

Table 2. Soil profile characteristics of the Estonian energy forest plantations: pH is
measured in 0.2n solution of KC1. Available water holding capacity in the 1 m
soil layer is calculated as difference between field water holding capacity and
wilting point water holding capacity, multiplied by a soil bulk density (g cm"3)

Plantation
layer, cm

0...10
10...20
20...30
30...40
40...50
water holding
capacity, mm

Toravere
pH
1995
5.7
5.4
5.4
5.2
5.3

bulk
density
1.47
1.50
1.51
1.61
1.65

195

Saare
pH 1995
control
5.5
5.2
5.3
5.4
5.3

bulk
density
1.41
1.41
1.49
1.54
1.56

205*

Kambja
pH 1995

5.5
5.5
5.4
5.6
5.5

bulk
density
0.30
0.29
0.28
0.24
0.19

n.e.**

Noo
pH 1994

5.5
5.4
5.2
5.2
5.2

bulk
density
1.49
1.43
1.61
1.65
1.61

201

* In Saare, the capillary raise may add about 50 mm of available water. ** not estimated

1. Toravere

Close to the Observatory at Toravere, 20 km south of Tartu, a 0.2 ha plantation area was
chosen on the flat top of the small hill with a light pseudopodzolic soil (Planosol). The soil
types are given according to Reintam (1995). Prior to the establishment of the energy forest
plantation, the area consisted of a meadow, regularly mowed. The natural soil structure was
changed about 20 years ago during the construction of the main telescope of the Tartu
Observatory. The plantation consists of two willow clones, Salix viminalis clone 78021 and
S. dasyclados clone 81090 (Fig.2). Since the soil was initially too acidic and has low
nitrogen content, the area was limed and fertilized twice during the summers of 1994 and
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1995. For liming, a fine alkaline oil-shale ash from the electric filters of thermal power
plants was used. The total amount of lime used, expressed on the pure calcium content
basis, was 540 kg per ha both years. Both years mineral fertilizers were added : N-60, P-35
and K-60 kg ha' . Liming and fertilizing improved considerably the soil parameters (Tables
1 and 2). In the top 20-30 cm layer, the pH of the soil increased from an initial value of 4.3
to new values of 5.5-5.9. However, detailed soil analyses of the plantation area, revealed
large differences in the soil properties. About 30-40 % of the plantation lies on more acidic
soil, which is considerably poorer in mineral elements than the other 60-70 % of the area.
These differences in soil properties are reflected in the willow growth pattern.

During longer dry periods in summer, this area is suffering from drought. For
improving the hydrological conditions, an irrigation system was installed in 1996.). The
Toravere plantation is mainly used for biogeophysical and detailed biometrical studies
(Ross & Ross 1996a, Ross & Ross 1996b, Ross et al. 1996, Sulev et al. 1996, all papers in
this issue).

115
m

Established: May 12, 1993
Area: 0.2 ha

78 m

Treatment.
A. Weeding- mechanical
weedlng-1993. 1994
B. Fertilization
1994: N60P35K60
1995: N60P35K60
C.Liming with oil-shale
filter ash
1994: 540 kg Ca /ha
1995. 540 kg Ca /ha
Cutting - February 94

Fig. 2. The T5ravere energy forest plantation.

2. Kambja

The Kambja plantation is situated 20 km south-east of Tartu in the bottom of a slightly
sloping valley of a small river. The plantation area, 0.3 ha in size, consists of a well
decomposed organic soil (Deep Eutric Histozol), which represents the growth conditions
on areas that, together with mineral soils, are the most available for the large-scale
application of energy forests in Estonia.
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21(2)

1(3)

7(2)

1(2)

12(2)

90(3)

12(1)

90(2)

95(2)

90(1)

95(1)

7(1)

KD

21(1)

1(4)

12(4)

83(4)

90(4)

95(4)

83(3)

21(4)

7(4)

83(2)

21(3)

7(3)

83(1)

95(3)

12(3)

Established: May 13, 1993
Area: 0.3 ha
No of clones -7

Treatment
A. Weeding- m
weeding 93- sev
1994 (until begir
July)
B. Cutting- Mar

schanical

ining of

ch94

Key to the
clone
numbers:
21 = 78021

1=78101
12 = 78112
83 = 78183
95 = 78195
90 = 81090

7 = 82007

(In parantheses -

subplot No)

T 12 m

9m

Fig. 3. Kambja energy forest plantation.

The pH-values (5.6-5.8) are favourable for willow growth, and the soil is very rich
in nitrogen, while the phosphorus and potassium contents may be limiting for vigorous
growth. However, since the goal of the experiment was to obtain the realistic production
figures under natural Estonian soil conditions, no additional fertilizers were applied. Seven
Salix clones were planted in four randomized blocks per clone (Fig. 3). The plantation is
fenced to get protection against damages by moose and roe-deer. However, in autumn
1995, 10% of the plantation was destroyed by beavers, who had excavated furrows beneath
the fence and severed totally plants on two subplots. The possibility of beaver damage
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should be considered in future planning of the practical energy forest plantations in this
country.

The area was previously covered by Filipendula-tyipe wet meadow, which had been
ploughed and kept "black" for the year before establishment of the willow. However, the
mechanical weed control proved to be critical for this type of soil. In the establishment year
mechanical weeding was performed four times, and once in early spring of 1994. Even in
summer 1995 (the first production year), some weeds, especially common nettle, displayed
vigorous growth, extending up to 2 m in height. The water table in the soil is regulated by
controlling the flow in the drainage ditches which are situated in parallel with the
plantation longer axis. Ground water table is never falling below 50-60 cm and, hence, no
water deficit occurs in this plantation.

In winter 1993/94, two clones (number 78112 and especially number 78915) were
considerably damaged by the late autumn frosts. No winter damage was detected during the
following winter, and both these clones kept up the growth rate of the other clones. The
plantation is used for growth and production experiments (Koppel, 1996; Noormets et al.,
1996, both papares in this issue). By the end of the second production year, the height of
the Salix exceeded 4.5 m in some of the blocks.

3. Saare

The Saare plantation is situated 45 km north-east of Tartu, on the plane of the ancient lake
Peipsi. The lay-out of the plantation area (0.6 ha in size) is similar to that in Kambja, the
same seven clones, randomized in four blocks, are also used here (Fig 4). The site
represents a mineral soil of brown gleyic pseudopodzolic type (Gleyic Podzoluvisol).
Because of the two-layered soil structure, the limited soil drainage can cause poor aeration
in Autumn and after long rainy periods. This soil is characterized by relatively low nitrogen
and potassium contents. Phosphorus availability is rather good. Half of the blocks were
fertilized in 1994 and 1995 using ammonium nitrate, superphosphate and potassium
chloride.

This area was previously used as a meadow for more than ten years. The standard
soil preparation routine for energy forest establishment was not followed; the soil was
ploughed and harrowed just prior to the planting of the cuttings. Therefore, the weed
control needed special care in the establishment year. In 1993 the plantation was weeded
manually, and in the second half of year mechanically by tractor-pulled harrow, altogether
five times. In Spring 1994 a herbicide ('Expand plus') was applied to fight the coach-
grass,.later in the Summer followed by mechanical weeding at one occasion.

In Spring 1995, 32 clones of Swedish origin were planted in two blocks (area of
512 m2) to create a clone bank for further experiments. This plantation is used for the same
type production studies as Kambja plantation.
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Clone trial, 1995,32 clones

12(1)

21(1)

95(2)

95(1)

7(1) =1(1)

7(2) !7-(3)

12(2)

90^1) =1(2)

12(4)

95(3)

83(1)

90 (3)j 1(4)

12(3)

90(2)=.1{3>

21(2)

21(4)

83(4)

63(3)

21(3)

83(2)

7(4) =90(4)

Established: May 14, 1993
Area: 0.61 ha
No of clones -7 (basic area)
+ 32 (clone trial)- established
1995

Key to the
clone
numbers:
21 = 78021

1 =78101
12 = 78112
83 = 78183
95 = 78195
90 = 81090
7 = 82007

(In parantheses -
subplot No)

16m

16m

Treatment.
A. Weed control- mechanical
weeding-1993(three times),
1994 (until beginning of July).
B. Herbicide treatment
Expand plus (1 I ha')+Quick.
25 05. 94
C. Fertilization (50% of the
area - hatched ): 26.05.94
N60P26K40
June 95: N60
D. Cutting - February 94

Fig. 4. The Saare energy forest plantation.

4. Noo

The Noo plantation is situated 15 km south of Tartu on a previously cultivated field on a
flat plateau. The soil represents a brown pseudopodzolic soil (Stagnic Luvisol), formed on
two-membered deposits consisting of silty and sandy materials on loamy till. The soil is
slightly acidic and its nitrogen content is relatively low. On the other hand it is rich in
available potassium and phosphorus. The two-membered soil texture results in the
compacted layers and reduced porosity of the soil, which in turn, may result in the lack of
available water in summers with extensive periods of droughts. The available water
holding capacity of all the mineral soil types is rather similar. The upper 100 cm layer may
retain about 200 mm of water in spring. In Saare the capillary connection adds about 40-50
mm in early summer to this amount. The different structure of soil profile may cause
different hydrological conditions in these plantations in summer. In Saare the capillary
raise of ground water may add a considerable amount of water into the top layers, while in
T5ravere and Noo the compacted layers of heavy texture prevent the capillary connection
with the topsoil after severe droughts.

The first part of the Noo plantation, 0.3 ha in size and consisting of six Salix clones,
was established in 1994. The second part, 1.0 ha in size and consisting of seven clones, was
established in 1995.
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The aim of this plantation is to create a practical energy forest for demonstration
purposes and to prepare the plant material for further expansion of energy forestry in
Estonia. However, because of the extensive drought periods in summers of 1994 and 1995
the willow growth in these plantations was rather low

Parti:
Established:
April 29, 1994
Area: 0.33ha

78101

78118

78112

79097

78021

78183

Treatment.
A. Weeding- mechanical
weeding-1994,1995
B. Herbicide treatment

May 26,1994- Expand Plus

(21 h a ' V Quick
C. Cutting - March 95

Part II:
Established:
May 20,1995
Area: 0.91 ha

37 m

15 m

Treatment.
Ploughed- Sept 94
A.Weeding - mechanical
weeding- harrowing- July,
95 - 2 times
B. Herbicide treatment

Roundup (4 I ha'1), May
9,95
Gardoprim (31 ha'1), May
21-22, 95
Roundup- selectively
June 95,

Result: Sept 95-
numerous weeds

78195

81090

78183

78021

78112

82007

78101

i
29m

1
-45 m

Fig. 5. The Noo energy forest plantation.

5. Aarike

The Aarike plantation is situated 10 km south of Tartu at the bottom of the small river
Porijogi. The plantation is specially designed to purify domestic wastewater originating
from the home of aged people of the village of Aarike. The plantation was established in
Spring 1995 using cuttings of Salix viminalis, clone 78183 on an area of 180 m2. Due to
good water and nutrient conditions, the cultivation displayed vigorous growth during the
establishment year, gaining height up to 3 m. The more detailed description of this
experiment is given by Kuusemets & Mauring (1996, this issue).
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6. Volga

The Valga plantation (0.3 ha in size, 60 Swedish and 6 domestic clones on 2 ha,) was
established in May 1993 on the bottom of the exhausted peatland, on the final purification
field of the water purification system of a potato processing plant. The soil is slightly
decomposed peat. In order to improve the soil reaction, 8 tonnes per ha of oil-shale ash was
applied prior to establishment. This measure increased the soil pH(Kci) to 4.9 in the topmost
50 cm layer. The aim of this plantation was to study the possibilities of willow plantation in
wastewater purification. Since the construction of the potato processing plant was
terminated in the end of 1993, the irrigation of the plantation was stopped in 1994.
Therefore, no additional fertilization by wastewater was available. In the end of 1994, the
research on this plantation was terminated and most of the used clone samples were
transferred to the Saare plantation.

7. Vaike-Maarja

The Vaike-Maarja plantation (0.2 ha in size) is situated in Central Estonia in the final
purification field of a water treatment system of a small township (about 1000 inhabitants).
The plantation is situated on the bottom of the valley of P51tsamaa River. The soil is a
medium to well decomposed organic soil (pH(Kco =6.0 in the top 50 cm layer). The natural
structure of the lowland swamp soil (Eutric Histosol) has been heavily altered during the
construction of the purification field, which consists of serpentine ditches and 5m wide
ditch beds between them. The soil parameters are similar to the ones in Kambja plantation.
Salix (60 clones of Swedish origin) were planted on the ditch beds in May 1993 with a
planting density of 20 000 plants per ha. The water level of the ditches is kept almost
constant, about 40-50 cm below the surface of the beds. The aim of this plantation was to
study the use of willow plantation as a vegetation filter system. However, the variability of
the wastewater composition is extremely large, depending on the working regime of
biggest wastewater "producers", which are the local diary farm and the meat processing
plant. Also, the exchange of nutrients between water and sediments proved to be
uncontrollable. These reasons resulted in terminating of research in this plantation. By the
end of 1995, about half of the plantation displays a vigorous growth, but 30 % of it has
vanished because of poor weed control in the year of establishment. In 1995, the Estonian
Potato Processing Association quitted its participation in The Estonian Energy Forest
programme and The Centre of Ecological Engineering was included in the Programme .
Wastewater purification experiments within the project are carried out on the basis of the
Aarike plantation.
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Soil characteristics and production potential of willow on farmland

S. Ledin

Dept. of Soil Sciences, SLU, P.O. Box 7014, S-75007 Uppsala, Sweden

Abstract

The influence of soil texture on the willow (Salix spp) stand development is considerable.
Among the mineral soils, fine sand, loams, clay loams and clays (up to a certain percentage
of clay) are suitable for Salix cultivation. Very heavy clays (60% clay or more) are not
suitable unless the content of humus is high (12-20 %). Sands with the groundwater level
below one meter depth are not suitable for Salix stands unless water and nutrients are
applied. On organic soils, fast establishment is possible if weeds are controlled, but the
results show that a larger number of plants have died on organic soils than on mineral soils
during the first cutting cycle. The reason may be a good availability on organic soils of
mineralised nitrogen up to the end of the growing season, failure of the plants to go into the
winter dormancy, and frost damage followed by secondary damage (mainly caused by
fungi).

The soil type alone, classified according to the FAO-system, is not a good basis for
evaluation of natural production potential of the site. Not until the soil type description has
been completed with soil chemical and soil physical data and hydrological facts, can
assessment of the fertility of the site be made. Management in the form of weed control and
fertilisation has a considerable influence on stem wood production. Less favourable
conditions given by Nature may to some extent be compensated through management, but
some factors, e. g. frost inclined sites, cannot be compensated as long as the presently
available plant material of Salix is used.

Although Sweden has a semi-humid climate, available water is a limiting factor for
growth. Thus a site with a high amount of plant-available water, in addition to other
favourable growth conditions, is likely to give a high production of willow stem wood.

Key words: Organic soil, pH, Site interaction, Soil texture, Soil type, Water availability.
Willow wood production

Background and introduction

The variations in production of biomass by plants depend on the influence of the following
factors:

Site properties: Soil characteristics, Climate (temperature, light,
precipitation), Hydrology

Plant material properties
Management (tending): Weed control, Fertilisation, (Irrigation)
Production losses due to: Fungi, Insects, Frosts, Browsing animals, Other

influences (bacteria, virus,...)
Something unforeseen

The climate has a dominating influence in the sense that if it is too harsh for the
chosen plants it will not help to have beneficial soil properties or hydrology. In Sweden,
with a semi-humid climate and almost optimal light conditions during the growing season,
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it is the temperature which will be decisive. The lower limit for the Salix species grown to-
day have been found to be 1000 daydegrees (Perttu 1983). A prerequisite is that the number
of night-frosts during the period of growth is small. Regarding the hydrology, it is the depth
and the fluctuations of the groundwater that constitutes the largest influence. Soil
properties may have a considerable influence on the production of biomass, i.e. the
production may vary with the soil properties in a certain climate and with given
hydrological situation and specific management,. Although it is the soil system as a whole,
that influences the plant growth, it is not possible to directly study and describe the soil as
one unit.

living
'mtrl.

CO2 pressure

O2 pressure

binding force

(activity)

(activity)

pressure
between

(activity)

Soil
physical
environ-
ment

Soil
chemical
environ-
ment

Mechanical particles
environ-
ment

Biological-
environ-
ment

Fig. 1. The soil system divided into chemical, physical, biological and mechanical
environments.

The soil system must be divided into different parameters when it is investigated
and, thereafter, the synthesis may be performed and the total influence estimated. As an
example the soil may be divided into chemical, physical, biological and mechanical
environment (Fig. 1) and each "environment" may be investigated one at a time.

When the results of the analyses of the different environments are available, the
total influence on the plant growth must be estimated. When these estimations are made,
there are complications depending on the continuous changes going on in the soil system.
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The dynamic processes include changes in the pore-size distribution above all in the
cohesion soils (clays), as well as changes of the proportions water/air in the pores. There
are also - as another example - changes with time in the O2- and CO2 pressures in the soil
atmosphere. Temperature is playing an important role for the gas exchange. The pH-value
has a strong influence on most of the chemical reactions in the soil. These all are common
soil science variables.

Going out from common knowledge concerning soil-plant-relations, it is possible to
theoretically define favourable and unfavourable soil conditions. In Fig. 2, the optimal
situation (middle) is sketched out together with two extremes: one soil which is too
compact (left) and one which is to coarse (right). With optimal conditions, the plant roots
can explore a large volume of soil containing soil solution with nutrients and air in
favourable proportions and colloids with exchange sites and, hence, the plant has sustained
access to water and nutrients at the same time as there is sufficient supply of oxygen for
root respiration. In the compacted soil, root growth is mechanically restricted, while in the
coarse textured soil there is not enough available water and nutrient in solution and too few
exchange sites for nutrient cations.

Too compact, air deficiency Favourable also deep down Too dry and poor of nutrients

Long diffusion paths
Low rate of infiltration
Surface run off

Porous aggregates
Biologically suitable com-
position of air and water
Short diffusion paths
Sustainable supply of
nutrients and water

Macro pores
Water deficiency
Low adsorption of nutrients
Leaching of nutrients

Fig. 2. Sketches of theoretically favourable and unfavourable soil conditions. (Idea Stig
Ledin, drawing Martin Holmer)

Methods

Four sites (farms) in each of three regions were selected for special studies. The intention
was to find one site with good potential for high biomass production and another site with
less favourable conditions on mineral soil and still another two sites with equivalent
properties on organic soils. Thus in total 12 sites were selected.

During the first four years of growth the following plant, soil and environmental
factors were investigated: i) stem-wood production (tonnes dry matter per hectare), ii)
survival rate (number of living plants/number of planted plants), iii) damages caused by
insects, fungi, frost and browsing wild animals, iv) nutrient status of the soil, v) the ground
water level, vi) competition from weeds, vii) climate variables (precipitation, mean
temperature), and viii) soil physical properties characterised at the pace of one site per year
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(these properties are especially costly to investigate and the budget has not allowed a faster
pace).

On the chosen sites two species of Salix are represented: S. viminalis with six
clones and S. dasyclados with four clones. Ten plants per row in five randomised rows per
clone were cut down and weighed (fresh weight) in order to determine the production.
From five of these plants representative shoots were selected for dry matter determination.
The rate of survival of each specific clone was determined. The biomass production was
measured each year when the stands were in winter dormancy. Soil samples were taken in
profile pits in connection with soil profile investigations and also along lines stretching
diagonally across the field. Analyses of the soil samples were done in soil laboratories at
SLU, using conventional methods. Each site has been studied at least once concerning soil
properties, and most sites have been studied repeatedly. The analyses of pore size
distribution, which is performed on samples of undisturbed soil in steel cylinders, is done
on soil from one site each year. The weed situation in a stand is assessed at least once per
season with a specific method, which has been tried out in this project. Climatic data are so
far collected from the nearest network station.

Summary of results and discussion

Stem-wood production

The stem-wood production is shown in Table 1. Initially the differences in biomass
production between different sites were very pronounced. The total picture after four
production years is that there are still significant differences, but the differences between
lowest and highest production has decreased. In other words, the plantations with a high
initial growth have slowed down and those which started out slowly have "speeded up".
The site Grimsta (Fine Sand) is leading in total production, with the clone 77683, but Aby
(a Very Heavy Clay with a high humus content) has with the same clone come close to the
highest total production and it has had the highest biomass production during the fourth
production year.

The sites may be grouped according to those where production has increased
significantly during the last two production years (group 1) and where it has slowed down
(group 2). A third group is represented by sites where growth was poor during the third
production year and then better during the fourth year.

Accelerated growth during the fourth production year were found at the following
places: i) Aby S. viminalis 77683 and 78118, ii) Girdstanga (clay soil) and Frobbesta (clay
loam with gyttja content in the subsoil) S. viminalis 78195 and 77683, iii) Borg (organic
soil with lime gyttja in the subsoil)) 5. dasyclados 79052, and iv) Sjomo (organic soil with
gyttja in the subsoil) S. viminalis 77683.

Growth slowing down but still on a fairly high level could be recorded at Grimsta 5.
viminalis 77683.

Growth definitely slowing down were estimated at: i) Grimsta S. viminalis 77082,
ii) Rundelen (very heavy clay) S.dasyclados 79052, iii) Getingeberg (organic soil) 5.
viminalis 78195, 78183,77683, S. dasyclados 79052,77075,78092.

With low production the third production year but with a clear recovery during the
fourth year were found at: i) Frobbesta S.viminalis 78195 and 77683, ii) Borg S. dasyclados
79052.
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Table 1. Production of stem biomass (tonnes DM ha'1) on the 12 selected sites in the Malar
Valley, Ostergotland and Skane regions (planting year 1986).

Site
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

30

Mean
values

Name of
place

Grimsta
Grimsta
Grimsta

Aby
Aby

Torreberga
Grimsta

Gardstanga
Rundelen

Aby
Rundelen
Duveke

Frobbesta
Rundelen

Frobbbesta
Borg

Getingeberg
Borg

Frobbesta
Getingeberg
Getingeberg
Getingeberg
Frobbesta

Sjomo
Frobbesta
Olivelugn
Mortorp
Mortorp

Getingeberg
(dead)

Getingeberg
(dead)

Clone
No.

77683
77082
78091
78118
77683
77683
79052
77683
77082
77082
77683
77082
78112
79052
78195
79052
78195
78112
77683
79052
77075
78183
78021
77683
79052
77683
78195
77683
77683

78092

Production
1986-1988

25.8
18.5
22.4
n.e.
10.0
n.e.
20.4
n.e.
n.e.
10.0
11.5
n.e.
12.2
8.8
10.9
7.0
7.5

(7.7)
11.5
8.2
11.0
5.6
11.0
2.4
9.4
n.e.
2.0
3.8
2.6

n.e.

10.6±6.3

Accumulated
prod.1989

37.5
33.0
29.8
20.8
19.5
29.6
26.7
17.4
18.5
18.7
21.4
18.4
18.2
22.2
14.0
10.7
18.6
(7.6)
13.1
19.3
18.0
14.4
15.5
9.3
16.5
14.7
5.4
10.8
9.4

7.4

18.2±7.5

Production
1989
11.7
14.5
7.4
n.e.
9.5
n.e.
6.3
n.e.
n.e.
8.7
9.9
n.e.
6.0
13.4
3.1
3.7
11.1

-
1.6
11.1
7.0
8.8
4.5
6.9
7.1
n.e.
3.4
7.0
6.8

n.e.

7.7±3.4

Accumulated
prod. 1990

49.1
40.0
36.4
36.3
36.1
35.2
33.6
32.1
30.9
30.5
29.3
27.2
26.8
25.9
35.8
25.3
24.5
24.5
23.9
23.5
21.5
20.9
20.1
20.1
19.6
19.3
15.1
14.8
4.2

4.2

26.2±9.8

Production
1990
11.6
7.0
6.6
15.5
16.6
5.6
6.9
14.7
12.4
11.8
7.9
8.8
8.6
3.7
11.8
14.6
5.9
-

10.8
4.2
3.5
6.5
4.6
10.8
3.1
4.6
9.7
4.0

-

-

8.6±4.0
8.0±4.5*

n.e. = not estimated *Getingeberg included

Variations in stem-wood production within one and the same site

It was found that variations in stem-wood production within one and the same site is very
common. These variations can have many possible reasons. Different clones are
represented and incoming light varies depending on adjacent vegetation. The variations
which are not a result of differences in the plant material and climatic factors can be
explained by soil factors, hydrology and management. Differences between specific plants
of the same clone depend in most cases on competition between them.

Influence by plant material

No clone has been especially high producing on the sites investigated in this project. The
clone showing the lowest production on one site can very well be the same showing the



30

highest production on an other site. Thus, the direct reasons for the differences in
production are to be found among other factors than plant material properties.

Influence by soil texture

There is a significant influence of the soil texture on stem wood production. Thus, the fine
sand at Grimsta, with a humus content in the top soil around 5 % by weight, has given the
possibilities for the best total biomass production with the Salix clones used on that site.
The poorest growth is on organogenic soils. However, it is not the growth substrate per se
which causes a bad growth. For the sites Getingeberg and Sjomo the rainy season 1987
(first production year) led to flooding of the sites most of the time, and it was, therefore,
not possible to control the weeds. The low stem wood production on those sites is more a
result of the position in the terrain than of the soil. Sites situated in low parts of the terrain
may be favourable during dry years but unfavourable during wet years. Salix plantations are
favoured or struck, at least during the establishment phase, in a similar way as other crops.

Influence by the soil type

For the three sites, Getingeberg, Borg and Sjomo, the material in the top soil layer is humus
formed from peat, but the soil type at Getingeberg and Borg are classified as Eutric
Histosol and for Sjbmo as Dystric Histosol. The classification is made according to the
FAO system and on the basis of soil profile studies and analyses of the soil. To put it short,
Histosol implies that the original material is peat from the soil surface down to at least 40
cm depth. Eutric means that the pH-value is above 5.5, at least between 20 and 50 cm
depth in the soil. Dystric implies that the pH is lower than 5.5, at least in some part of the
soil between 20 and 50 cm depth. Apart from the differences in the pH-values there are
several factors which may have an influence on the production of Salix on the three
different sites: The calcium content in the upper half meter is 7 times higher at Getingeberg
than at SjOmo. Borg is more alike Getingeberg in Ca-content. The pH-values reflect the Ca-
content. In the soil of Sjomo there is a gyttja layer (without calciumcarbonate) below the
peat and at Borg there is a lime gyttja (with calciumcarbonate as the main constituent)
below the peat. At Getingeberg there is a layer of stumps, logs and twigs which are the
remains of the old swamp, under the humus-layer formed from peat. These three organic
soils are good examples on how large variations in the soil may be if the whole profile is
considered. From the surface they look equal.

The content of magnesium is remarkably low in the soil from Getingeberg. In soil
from Borg it is somewhat higher, at least in the upper soil layer. Even the potassium
content is lower at Getingeberg than at Borg. The potassium content in the humus from
Sjomo is at the same level as the one from Borg. The comparatively high contents of
phosphorus and potassium in the soils from Sjomo and Borg presumably reflect
fertilisation with those elements.

Analyses of total carbon and total nitrogen show that the soil from Getingeberg
holds more organic material than the soils from the other two sites. The C/N-quotients
reveal how far the turnover of the organic material has reached. The soils from the three
sites are equal in this respect. The higher humus content of the soil from Getingeberg is
reflected by the cation exchange capacity which is 165 milliequivalents per 100 g soil. The
corresponding figures are for Borg 123 and for Sjomo 75. The degree of saturation reflects
the already mentioned states of calcium. For Borg it is 53, for Getingeberg 69 and for
Sjomo 37 %. In representative soil samples from these three sites also the copper content
has been analysed. The soil from Borg has the highest content of copper with 58 mg (kg)'1

followed by Sjomo with 21 mg Cu (kg)1. Soil from Getingeberg contains only 12 mg Cu
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(kg)" . After the planting year and two production years the Sjomo site had given the
poorest production. The Salix plantation at Getingeberg started out very well and the
plantation at Borg fairly well. However, after four production years the stand at Sjomo and
Borg are doing well, while several clones at Getingeberg have died out. It is not possible to
point out a specific soil property as an explanation to the problems at Getingeberg.

The site with the highest total stem wood production, Grimsta, has the soil type
Mollic Gleysol. Mollic implies beneficial structure in the top soil. Further the base
saturation is 50 % or more. Gleysol indicates that the soil has hydromorphic properties
within 50 cm from the surface. In other words, the soil is constantly or intermittently (or
has been) influenced by a high water table. This situation in combination with the fact that
the fine sand has a good ability to transport water by capillary processes, means that the
water availability has been good for the stands at Grimsta.

The analyses show that the cation exchange capacity is 10 me per 100 g soil, which
is normal for the fine sand with the actual content of humus. This low cation exchange
capacity means, among other things, that the plants are very dependent on added nutrients.
The pore size distribution gives a possibility for fairly easy movements of nitrate in the soil
solution.

The pH-values in the root zone are within the optimal range between 6 and 7. The
magnesium content in the soil is low. The phosphorus and potassium contents are at a
favourable level for the plants as a result of fertilisation. The explanation for the high
production at Grimsta is probably to be found in the facts that the water availability is
good, the weed control has been acceptable and the nutrient addition has been sufficient
and made at the proper points in time.

The second site where the soil has been classified as Mollic Gleysol is Aby. The
most significant difference in site characteristics between Grimsta and Aby is that the
texture at the latter site is heavy clay with a high content of humus. The chemical
characteristics of the soil at Aby indicate that there is a potential for good growth. The pH-
values are within the optimal range for the species on the site and the soil is rich in
nutrients. However, experience gained over the last few years within this project and when
dealing with Salix plantations on the whole, have shown that the establishment takes longer
time on heavy clay soils than on lighter soils. The reasons for this have not yet been
scientifically explained, but there are working hypothesis. For example, the clay soil may
initially resist root penetration more than the fine sand does, but natural, aggregate forming
processes make root penetration possible with time. The clay soil shrinks when it looses
water. Thus, a root taking up water creates its own path through the soil. With time a large
volume of he soil may be explored by the roots. The soil structure will, therefore, be
improved as a result of the root growth and the site then becomes more favourable for the
stand. The production figures show clearly that growth at Grimsta has slowed down during
the fourth production year and increased significantly at Aby that same year.
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Leaf and stem area and their vertical distribution in willow stands

J. Ross and V. Ross

Tartu Observatory, EE2444, Toravere, Tartumaa, Estonia

Abstract

During the first two growing seasons of 1994 and 1995, phytometrical measurements at
Toravere, Estonia, have been carried out in two short rotation willow forests, Salix
viminalis, clone 78021 and Salix dasyclados, clone 81090, combined with estimations of
the vegetation dynamics what concerns the leaf and stem silhouette area and their vertical
distribution. A modified statistical sampling method is proposed which allows us to
calculate the vertical phytoarea distribution. The method is based on the shoot height
distribution function, on allometric relationships between shoot foliage (or stem silhouette)
area, and shoot height and stem diameter and on the so-called "shoot foliage (or stem
silhouette) area shape function". Using the specific leaf area, the leaf biomass and its
vertical distribution is also be calculated. During the first growing season, the growth of S.
viminalis is faster than that of S. dasyclados and the maximum leaf area index (LAI) of S.
viminalis reaches the value 1.2 and that of S. dasyclados only 0.6. In the second growing
season, the situation is opposite, the LAI of S. dasyclados reaches the value of 3.3, while for
S. viminalis the LAI is 2.6. The photosynthetic potential for the first growing year has the
values of 3.9 for S. viminalis and 2.1 for S. dasyclados. For the second growing year, the
corresponding values are 9.7 and 13.2, respectively. In comparison with leaves, the shading
role of the stem silhouette area is small and does not exceed 5-10 % of total forest shading
area. During the first two growing years, the foliage lower level of S. viminalis permanently
rises up to the relative height z = 0.8. Correspondingly, the relative height of the maximum
leaf area density increases from 0.7 to 0.8. The maximum leaf area density urfz), given in
dm2 dm'3, reaches the value 0.20 for S. viminalis and 0.23 for S. dasyclados. In comparison
with dense maize crops in Estonia («L= 1.2), willow forests are sparse. The vertical
distribution of the leaf area density uijfz) is unimodal and might be approximated by normal
distribution.

Key words: Allometric relations, Leaf area index. Stem silhouette area index, Vertical leaf
and stem silhouette area distribution, Willow forest

Introduction

Leaf and stem area indices (LAI and SAL respectively) have been frequently used as
vegetation characteristics in ecophysiological and biogeophysical studies. During the last
decades, due to rapid development of remote sensing technique (Asrar and Myneni 1991),
their role has increased noteworthily. Regional and global vegetation, its distribution,
functioning and productivity is often characterized by LAI. Vertical distribution of the leaf
and stem area inside the canopies is needed for more detailed studies and mathematical
models in gas, carbon, water and energy exchange of the "soil-canopy-atmosphere" system.
For estimating LAI and SAI and their vertical distribution, a large choice of methods is
available (e.g. reviews by Kvet and Marshall 1971, Ross 1981, Campbell and Norman
1989, Daughtry 1990, Welles 1990, Sinoquet and Andrieu 1993). The most exact results are
obtained by direct methods, the first of which - "stratifying clip method"- was proposed by
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Monsi and Saeki (1953). But in practical use direct methods are time-consuming, laborious
and destructive and, therefore, the development of indirect methods, instrumentation
(Welles 1990, Moulia and Sinoquet 1993), and theory of rapid estimate of the LAI and the
leaf area vertical distribution have received a great deal of attention during the recent years.

The indirect methods can be divided into two classes:
1. Statistical-allometrical methods (review by Ross 1981, Martens et al. 1991, Smith 1993,

Whitehead et al. 1995).
2. Optical indirect methods (Andrieu and Baret 1993). These methods are based on the

measurements of sunflecks' area inside the canopy and estimate the LAI from
penetration function of the direct solar radiation (e.g. Lang and Xiang Yueqin 1986,
Chason et al. 1991, Chen and Cihlar 1995), on digitized analyses of hemispherical
photographs (e.g. Bonhomme and Chartier 1972, Rich 1990, Chen et al. 1991, Baret et
al. 1993), and on inversion of canopy reflectance models (e.g. Goel and Strebel 1983,
Goeletal. 1984, Goel 1988, Strahler and Jupp 1990, Kuusk 1991,Nilsonef al. 1995).

It should be noted that optical inverse methods give correct LAI values for
horizontally homogeneous canopies with Poisson distribution of phytoelements. For non-
homogeneous canopies in which the crowns and their shapes are dominating, these methods
give an underestimation of LAI (Chen et al. 1991, Gower and Norman 1991, Deblonde et
al. 1994).

The aim of this study is to elaborate rapid, exact enough and possible non-
destructive methods for simultaneous estimation of the leaf and stem area, phytomass and
their vertical distribution in fast-growing, short-rotation willow plantations established in
Estonia in connection with the joint Swedish-Estonian energy forest project. Descriptions of
the willow plantations and the programme of the phytometrical measurements are given by
Koppel et al. and by J. Ross and V. Ross, both in this issue.

Methods

To estimate the vertical distribution of the leaf and stem silhouette area of the willow forest,
we used the modified method of statistical sampling, first published in Russian by V.Ross
and J.Ross (1969) and later in English by V. Ross (1971) and by J. Ross (1981). The main
purpose of the method is, on the one hand, to diminish laborious and complicated
phytometrical measurements and use easier and faster measurable characteristics, like shoot
height zp, stem diameter ds, leaf fresh biomass m t ' (or leaf area SL if some optical
planimeter is available) and, on the other hand, to ensure that the accuracy of the method is
as high as possible. The method, which requires five input parameters allows us to calculate
the leaf area and biomass density and stem silhouette area and biomass density of the
willow forest. The parameters are:
1. Shoot height (zp) distribution function f(zp) (cf. J. Ross and V. Ross in this issue).

2. Shoot foliage and stem silhouette area shape function ~sL(z) and ss(z), respectively,

as functions of relative height z = z/zP •
3. Allometric correlations: i) shoot leaf and stem silhouette area, and ii) leaf and stem fresh

biomass as functions of some shoot linear characteristics (shoot height, stem height,
stem diameter, etc.).

4. Leaf specific area for fresh and dry biomass/i'L and \IL, respectively (cf. J. Ross and V.
Ross in this issue).

5. Number of stems per unit ground area Ns.
The important parameters involved in this method are shoot foliage and stem

silhouette area (stem cross section along stem axes). At a fixed moment during the growing
period, the height of the individual shoots varies within a large interval (see J. Ross and V.
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Ross in this issue). However, measuring the vertical distribution with height of the leaf area
of shoots, it can be concluded that the shapes of these distributions are quite similar. Let us
express the shoot foliage area shape function in the following way:

SL(z) = — SPL(Z) (1)
SLP

where Spdz) is the vertical foliage area distribution of an individual shoot in dm2 per dm
shoot layer and

SLP = \spdz)dz (2)
o

is the shoot foliage area (dm2). Shoot foliage area shape function S~L(Z) is normalized by:

\~SL(z)dz = 1 ' (3)

An example of estimating 5 L (Z) is given in Fig. 1. Let us have two willow shoots
with heights 200 cm and 120 cm, respectively. Using the stratifying clip method, the leaf
area in every layer Az = 20 cm in Spdz) has been measured and the layer relative height
z = z/Zr for both shoots calculated. Summarising SPL(Z) for the first shoot over the ten
layers gives the value SLP = 0.59 and over six layers for the second shoot the value 0.24.
The first shoot layer thickness, 20 cm, corresponds to the relative layer thickness Az =
20/200 = 0.1, and for the second shoot, Az = 20/120 = 0.167. Using formula (1) and talcing
into consideration the relative layer thickness, the shape function Sprfz) for the first shoot is:

and for the second shoot:
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On the right hand side of Fig. 1, points of shape curve s L (z) for both shoots are presented.
We can see that, despite different heights, the shape curves of the different shoots are
similar.
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Fig. 1. Determination of the shoot foliage area shape function SL(Z) (further information
in the text).

Besides the leaf area, it is also necessary to know the stem silhouette area SPS and the
stem shape function Ss(z) when studying the radiation transfer. Then, we can express:

Ss(z) = f~ (la)

Ssr = }SPS(z)dz, (2a)

where the stem height zs = zp- 10 is about 10 cm shorter than plant height. Normalizing
condition for Ss(z) leads to:

(3b)

The methodology for the Ss(z) estimation is in analogy with the estimation of Sjz).

Experimental data show (Fig. 2) the SL(z) changes during the growing period and
from year to year which, thus, characterize the development of the plant foliage structure.
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Fig. 2. Dynamics of the shoot foliage area shape functions ~SL(z) for Salix viminalis (a)
and Salix dasyclados (b) for the first two growing years. Explanations: Curves of the
upper part (a): 1 (29 Jun. 1994), 2 (28 Jul. 1994), 3 (24 Aug. 1994); 4 (9 Jun. 1995),
5 (18 Jul. 1995), 6 (14 Aug. 1995), 7 (4 Sep. 1995), and 8 (20 Oct. 1995); curves of
the lower part (b): 1 (9 Jul. 1994), 2 (28 Jul. 1994), 3 (24 Aug. 1994), 4 (25
Jun. 1995), 5 (22 Jul. 1995), and 6 (22 Aug. 1995).

The situation is not as complicated for the stems. During the first two growing
seasons, SF(z) is practically constant in time (Fig. 3). However, during the following
growing seasons, the formation of branches in the upper part of the stem will change the
stem silhouette area shape function. In phytometry, estimation of the plant foliage area or
plant biomass using allometric relationships is widely used (e.g. Verwijst 1991a, Whitehead
et al. 1990, Smith 1993). For Salix dasyclados, the main stem dry biomass ms without
branches were found by Verwijst and Nordh (1992) to be expressed as ms = a ds

2, when the
diameter ds was measured at different heights u = 5.25 and 55 cm, respectively. With
increasing Zd , the coefficient a in the regression formula increases and the correlation
coefficient decreases from 0.96 to 0.74. The authors conclude that linear models may be
fitted when the cross-sectional areas for the main stem and branches are summed and stem
height is excluded. Verwijst (1990) has found that, for Salix viminalis, the linear regression
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ms= 0.193 ds hs (with f*= 0.993) is valid; the diameter ds and the height hs are measured in
cm and the biomass rrts in g. The diameter was measured at a height of 50 cm. For other S.
viminalis clones, Verwijst et al. (1995) proposed a formula according to ms = b dsc, r*=
0.96, in which b varies between 30 and 40 and c = 2.61, the "diameter measurement height"
Zd being 20 cm. During the two first growing seasons, the measurement height of about 50
cm in our willow forest is inconvenient, because then the suppressed shoots stay out of
consideration. Therefore, the Zd at Toravere was chosen to 10 cm above ground.
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Fig. 3. Stem silhouette area shape function Ss(z) f° r &*/« (both varieties) for the two first
growing seasons.

In order to estimate the willow shoots foliage and stem silhouette area and fresh
biomass, we have studied different regression formulas such as Sw or m'w versus zpd$ or
zpds2. The best regression for the leaves has been obtained using the formulas:

Sw - ao + aizrds (5)

and
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m'w - a'o + a'izsds . (6)

where 25 = zp - 10 and d are in cm, and m'u> in g. For the stem silhouette area Ssp, a good fit
gives the formula:

SSP = Cszsds . (7)

where Ssp is given in cm2. For the stem fresh biomass, the best fit is:

m's = b'o + b',(zsd2
s). (8)

When planning biometrical measurements, two contrary circumstances must be
taken into account. On the one hand, the measurements must give as good and exact results
as possible but, on the other hand, the time and manpower will always be limited.
Therefore, the measurements must yield the best possible results with a minimum of work.
In our willow forest, the largely used characteristics are shoot (or stem) height and stem
diameter, and the regression formulas (5)-(8) give the best fit. But a good linear correlation
also exists between the shoot height zp and the stem diameter ds, i.e.:

ds = <Xo + CC,ZP • (9)

Using this expression, we can, in the formulas (5)-(8), replace ds with zp and have new
regression formulas according to X = j30 + P,zp + P2Zp2 and. m u s ' essentially
economize the measurement time in the field. The fit of the last formula is somewhat worse
but mostly the time economy is more important.

Finally, we derive the calculation formula for vertical stem silhouette and leaf area
densities and the vertical leaf and stem phytomass distribution functions of the willow
forest. In the height interval dzp, the number of shoots with height zp is N P j{ Zp)dzp • The
total leaf area of these shoots is NpS[,p(zp)f(zp)dzp. In the vertical distribution, part of this
area is located in the unit forest volume at the height z according to NPSLMZP)S
dz/zp)fizp)dzP.

To integrate over-all shoot heights zp, we obtain the foliage leaf area density at the
height z as:

uL(z) = NP f sd—)Sw(zp)f(zp)dzp- (10)

In a similar way, the stem silhouette area us(z) is:
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usU) = Np J Ss(—)Ssp(zs)f(zp)dzp- (U)

Under field conditions, the measurements of the leaf and stem fresh biomasses are
faster than the measurements of their area. Therefore, while Su> - H'un'w = t^i/nw (see J.
Ross, V. Ross in this issue), we can, instead of formulas (5) and (7), use the allometric
formulas (6) and (8). Correspondingly, instead of formulas (10) and (11), we have the
formulas (10a) and (lla), respectively:

ULU) = NP J fiLmL(zp)SL(~if(zp)dzp (10a)
ZP

and

us(z) = NP J H'sms(zs)Ss(—)f(Zp)dzs- (Ha)

Having the leaf and stem silhouette area density functions of the whole forest uL(z)
and us(z), respectively, the downward cumulative leaf area and stem silhouette area indices
L(z) and Ls(z) can be estimated using the formulas:

L(z)=juL(z)d(z) (12)

and

Ls(z)= ]us <z)d(z). (13)

The leaf area index of the willow forest is accordingly LAI = L(0) and the corresponding
stem silhouette area index SAI = Ls(0) in the formulas (12) and (13), respectively.

The formulas for the leaf and stem dry biomass densities are:
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mL(z) - NP f mL(zp)~SL(—)f(zr)dzr
ZP

(14)

and

ZSm.

ms(z) = Np \ ms(zp)~Ss(—)f(zs)dzs-
zs

(15)

The accuracy of the formulas for uL(z) and urfz) depends on how many shoots that
have been taken for estimating the shoot height distribution function fizp) and how many
control plants that have been used for estimating the leaf and stem shape functions SL(Z) and
Ss(z). In practical work we have taken 300-400 shoots for estimating fizp), 15 - 25 shoots
for SL(Z), and 5 - 1 0 shoots for Ss(z). The time interval between the measurements depends
on the growth velocity. In our studies, we have used an interval of 2-3 weeks.

Results and discussion

During the first two growing seasons, extending from May till November, phytometrical
measurements of two willow plantations, Salix viminalis, clone 78021, and Salix
dasyctados, clone 81990, have been carried out at T5ravere, Estonia. General information
about the experiments and also some results at leaf and shoot level have been presented in
the papers by Koppel et al. and J. Ross and V. Ross (in this issue).

Table 1. Time course of the shoot density Np (shoots per m2) of the two willow plantations
at Toravere, Estonia, during the first two growing seasons of 1994 and 1995

Salix
viminalis

Salix
dasyclados

May June

15.3

8.5

July
1994

14.8

8.2

August

14.2

7.9

September

13.6

7.6

October

13.2

7.3
1995

Salix
viminalis

Salix
dasyclados

12.4

7.0

12.0

6.7

11.0

6.4

11.0

6.0

10.4

5.8

10.0

5.5

Data in Table 1 show that, from year to year, the shoot density in the willow forests,
Np, decreases permanently as the result of the death of suppressed shoots. During the two
first growing seasons, the shoot density of both species decreased by about 35 %. Similar
effects of self-thinning are reported by Verwijst (1991b). At the end of the second growing
year, the shoot density Np of 5. viminalis is two times higher than Np of S. dasycaldos.

As mentioned by J. Ross and V. Ross (in this issue), the specific leaf area varies
with leaf age, water content, photosynthetic activity, etc. Because these variations were less
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than ±10 %, we have, in our leaf area calculations, taken |iL' and |iL constant over the whole
two year growing period. For S. viminalis \i^ = 50 and \li= 125, for 5. dasyclados \i^'= 47
and u.L= 117 cm2 g"1. Close linear correlation (formula 9) has been observed between the
height zp and the shoot diameters ds (in cm), measured at the height of id - 10 cm (Table 2).
Temporal increasing of the coefficient <Xi means that the stem diameter at the same height is
greater in the second year than in the first one. Furthermore, the shoot diameter of 5.
dasyclados was greater than that of S. viminalis, measured at the same height.

Table 2. Regression coefficients Oo and <Xj in the linear regression formula ds= Oo+
and the corresponding R2 values.

Salix viminalis

1994
1995

oto
0.260
0.207

CXi

0.00414
0.00512

R2

0.888
0.959

Salix dasyclados
Oo

-0.093
0.141

a,
0.00582
0.00651

R2

0.901
0.833

In order to estimate the shoot foliage fresh biomass mL', we have used regression
formula (6), the regression coefficients of which are given in Table 3.

Table 3. Dynamics of the regression coefficients do and <Xi in the formula niL =
and the corresponding R2 values

Salix viminalis

ao at R2
Salix dasyclados

Cto a, | R2

1994
June
July

August

1.67
7.52
7.23

0.302
0.164
0.159

0.872
0.815
0.670

3.06
4.53
11.91

0.341
0.250
0.157

0.912
0.953
0.969

1995
June
July

August

5.79
13.49
17.11

0.111
0.107
0.078

0.973
0.874
0.939

15.92
30.44
31.65

0.215
0.164
0.120

0.711
0.890
0.946

Analyses of Table 3 shows that that the slope of the regression line mL'(zsds2) decreases
with time. It means that the growth of the stem biomass is faster than that of leaves. The
shoot foliage area Sw has been calculated by formula Su>= fii'mi and shoot dry biomass by
the formula mLP = m ' ^ /x LI HL

The stem fresh biomass was estimated using formula (8). During the first two years
there was no systematic trend of regression coefficients and, for S. viminalis, we obtained
the expression:

m s = 4.76 +0.359zsd
2s, R2 = 0.985 (16)

and, for S. dasyclados, the expression:
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R2 = 0.973. (17)

Towards the end of the second growing season, the fresh shoot biomass of 5. dasyclados
exceeds maximally two times that of S. viminalis.

For estimation of the stem silhouette area Ss, the stem was divided into n trapeziums
with heights Az. To measure the stem diameter at different heights, the area of each
trapezium was calculated, and by summing up the trapezium areas, the area of the whole
stem Ssp could be obtained. For a rapid measurement of the stem silhouette area Ss, the
regression formula (7) was used. The form factor Ks is different for both Salix species and
for the changes from year to year. In 1994, Ks = 1.45 for S. viminalis and Ks = 1.38 for S.
dasyclados. In 1995, these values were 1.22 and 1.30, respectively. It should be noted that
the correlations obtained are valid for the main shoot without branches. During the second
growing year, the branches start to grow but their silhouette area does not exceed 5 % of the
main stem silhouette area. In the following next growing years, the area of branches must
be taken into account (Verwijst and Nordh 1992).

Important characteristics in calculating the vertical phytoarea distribution are the

shoot foliage and the stem silhouette area shape functions, St(z,)and Ss(z)> respectively,
presented in Figs. 2 and 3 during the first two growing years. The points on first SL(Z)
curves characterize the variations of experimental data. It should be noted that during the
second half of the growth period, the scattering of the points increases. It is caused by
increasing shape differences between vigorous and suppressed shoots. Despite scattering,

the mean values of SL °f different layers Az give quite smooth curves of ~SL(z). Changes
in the foliage shape functions during the first two years reflect the features of the forest
foliage growth. With the increase of the shoot height and shoot foliage area, the lower
leaves start to die and the growth of the suppressed shoots decelerates. The lower level of
the foliage starts to increase, and the leaf area will be concentrated in the middle and upper
layers of the canopy.

At the beginning of the second growth year in 1995, the shape of ~SL(z) changes. A
specific sublayer of suppressed shoots will be formed ( cf. also Fig. 5 in J. Ross and V.
Ross in this issue). During the growth period the number of these suppressed shoots
decreases permanently and at the end of the period, the foliage lower level rises up to z =
0.4. The maximum leaf area density is concentrated near the level of z= 0.8. During the
first half of the second growing year, the non-typical shape of the S(z) (curves 4 and 5 in
Fig. 2a) is caused by suppressed shoots' sublayer.

The dynamics of S. dasyclados is somewhat different. During the first growing year,
the lowermost leaves die and the foliage lower level rises. But at the beginning of the
second year of growth, the leaves near the ground surface show the sign of a new growth. In
comparison with 5. viminalis, the vertical leaf area distribution of 5. dasyclados shoots is
more uniform, the lowermost leaves live longer, and at the end of the second growth year,
the maximum relative shoot leaf area is located at a relative height of z = 0.65.
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Fig. 4. Dynamics of the vertical leaf area density distribution function ui(z) during the first
two growing seasons (1994 and 1995) for Salix viminalis (a, c) and Salix dasyclados
(b, d). Explanations: Curves (a) 1994: 1 (25 Jun.), 2 (9 Jul.), 3 (20 Jul.), 4 (12
Aug.), and 5 (24 Oct.); curves (b) 1994: 1 (29 Jun.), 2 (22 Jul.), and 3 (23 Aug.);
curves (c) 1995: 1 (13 Jun.), 2 (12 Jul.), 3 (9 Aug.), 4 (4 Sep.), and 5 (20 Oct.);
curves (d) 1995: 1 (22 Jun.), 2 (24 Jul.), and 3 (22 Aug.).

A comparison of willow shoots foliage shape functions S( z) with that of different

agricultural species (Ross 1981, pp. 69-76) shows, that S(z) of willow is similar to that of
maize and sorghum.

The stem silhouette area shape function ~Ss(z) is simpler and more stable (Fig. 3) in

comparison with that of the foliage area. Between the ~SL(z) of 5. viminalis and S.
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dasyclados, there is no systematic difference during the first two growing years. For Ss(z)
the simple approximation with normalizing condition (3a) is:

--z) (18)

From this formula follows that ss(°) = and ss(
}) = ] - PI2 •

?
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STEM SILHOUETTE AREA DENSITY, u s (z ) ( d m 2 / d m 3 )

Fig. 5. Dynamics of the vertical stem silhouette area density distribution functions us(z)
during the first two growing seasons (1994 and 1995) for Salix viminalis (a) and
Salix dasyclados (b). Explanations: Curves (a): 1 (25 Jun. 1994), 2 (9 Jul. 1994), 3
(20 Jul. 1994), 4 (12 Aug. 1994), 5 (24 Oct. 1994), 6 (13 Jun. 1995), 7 (12 Jul.
1995), 8 (9 Aug. 1995), and 9 (20 Oct. 1995); curves (b): 1 (29 Jun. 1994), 2 (22
Jul. 1994), 3 (23 Aug. 1994), 4 (22 Jun. 1995), 5 (24 Jul. 1995), and 6 (22 Aug.
1995).

Finally, having all input characteristics available, we have calculated, for the whole
forest, the vertical leaf and stem silhouette area density distributions during the growth
periods 1994 and 1995 (Figs. 4 and 5). Using Fig. 4, we can conclude that in the first year
in comparison with S. viminalis the growth of S. dasyclados is slower and maximum leaf
area density is about two times smaller. During the second year of growth the situation is
opposite, the growth of S. dasyclados foliage is more rigorous and the maximum leaf area
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density of S. dasyclados exceeds that of S. viminalis by about 20%. In comparison with
dense maize stands in Estonia (Ross 1981) the maximum leaf area density in willow stands
is 5-8 times smaller, i.e. the foliage of willow forests is sparse. Stephens (1969) has
approximated the vertical leaf area density function UL(Z) of 20-50 year old red pine by
normal distribution. It also seems to be a good fit for willow forest.

The vertical distribution of the stem silhouette area density (Fig. 5) is similar to that
of the individual shoots and can be approximated with a straight line. Growth of branches
will, however, change this linearity.

Fig. 6 expresses the dynamics of LAI and SAI during growth years 1994 and 1995
for S. viminalis and S. dasyclados. In the first growing year the growth of S. viminalis was
essentially faster and its LAI exceeds the LAI of 5. dasyclados by 30-50%. But in the
second growth year the situation was opposite and LAI of S. dasyclados exceeds the LAI of
5. viminalis by 20-30%. Using the time course of LAI(t), we have calculated the willow
forest photosynthetic potential (Nichiporovich et al. 1961) over the growing year as
PP=\ LAI(r }dx. For S. viminalis, PP of the first and second growing year is
correspondingly 3.9 and 9.7. For S. dasyclados the corresponding values are 2.1 and 13.2.

M J J A S 0M J J A S 0

Fig. 6. Time course of the LAI and SAI for Salix viminalis (1) and Salix dasyclados (2) fast
rotation forests during the first two growing seasons of 1994 and 1995.

The LAI development is such that in the first growing year, PP of S. viminalis is
about 85,% higher than that of S. dasyclados, but in the second growing year, PP of S.
dasyclados exceeds that of S. viminalis by about 35 %. In the second growth year, the PP of
Salix forest is 3-6 times higher than that of the first year.

Table 4 shows that, during the main growth period (June-September), the shading
role of the stem silhouette area, in comparison with leaves, is small and does not exceed 5-
10 % of total forest shading. It means that we do not take into account the stem area, as a
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first approximation, in the radiative transfer problems. As shown by Halldin (1985), the
situation is quite different in coniferous forests.

Table 4. Dynamics of LAI and SAI for Salix viminalis during the growth periods of 1994
and 1995.

Apr. May Jun. Jul. Aug. Sep. Oct Nov.
1994

LAI
SAI

LAI+SAI
LAI/

(LAI+SAI)

0
0
0

_

0.22
0.01
0.23

0.96

1.00
0.06
1.06

0.94

1.08
0.10
1.18

0.92

0.88
0.11
0.99

0.89

0.70
0.12
0.82

0.85

0
0.12
0.12

0
1995

LAI
SAI

LAI+SAI
LAI/

(SAI+SAI)

r 0
0.12
0.12

0

0.15
0.12
0.27

0.56

1.55
0.13
1.68

0.92

2.60
0.17
2.77

0.94

2.20
0.21
2.41

0.91

2.00
0.23
2.23

0.90

1.20
0.24
1.44

0.83

0
.24

0.24

0

Conclusions

It was shown that for fast-growing willow forests, the time consuming and destructive
methods of direct estimation of the phytoarea and its vertical distribution can be replaced by
less destructive, faster and more exact methods using statistical sampling in which the main
input variables are shoot height, stem diameter and leaf and stem biomass. Applying this
latter method in Salix viminalis and Salix dasyclados plantations during the first two
growing years, 1994 and 1995, the leaf and stem silhouette areas and their vertical
distribution has been studied. During the first growing year, the growth of S. viminalis was
faster than that of 5. dasyclados, but during the second year, the situation was reversed.
Vertical leaf area density distribution has specific dynamics, somewhat different with
varieties. At the end of the second growing year, the LAI of S. viminalis reached a value of
2.6, while S. dasyclados came up to a value of 3.3. It indicates that in comparison with
agricultural crops and mature natural forest, the willow plantations are sparse, at least
during the phase of establishment.
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Nitrogen dynamics in Salix leaves during the first production year
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Abstract

Spatial and temporal changes in leaf nitrogen distribution were observed in Salix
viminalis and Salix dasyclados in relation to light climate during the first production year of
an energy forest plantation in Estonia. The nitrogen content of the leaves decreased during the
growing season in the whole canopy. This decrease was relatively faster in the upper canopy.
In 5. dasyclados, the leaf nitrogen content (on dry matter basis) decreased from 6.5 % (mid-
June) to 2.8 % (mid-September). In the progress of the growing season, the differences in leaf
nitrogen content decreased between the leaves from the upper and lower canopy, respectively.
The character of the dependence of leaf nitrogen content on light conditions differs in opened
and closed canopies. In a closed canopy there is a strong relationship between leaf nitrogen
content and diffuse solar radiation interceptance. No statistically significant differences in leaf
nitrogen content were revealed between the two studied willow species.

Key words: Leaf nitrogen content, Light conditions, Salix, Spatial and temporal variation

Introduction

Willow energy forests are one of the most productive plant communities. Production figures
above 20 tonnes of dry matter ha"1 yr'1 have been reported (e.g. Christersson, 1987). Beside
light energy and water availability, one of the key factors determining the productivity is
nitrogen. Spatial distribution of leaf nitrogen and its changes which accompany changes in
light climate during canopy development may play an important role in optimizing the
photosynthetic carbon fixation.

The amount of nitrogen per leaf area changes vertically in the canopy profile (Hirose et
al. 1988, 1989, Pons et al. 1989, Werger and Hirose 1991, Ackerly 1992). Field (1983) and
Hirose et al. (1988) have found that this non-uniform distribution of leaf nitrogen can be
explained in terms of maximizing photosynthetic carbon gain. The known pattern of nitrogen
distribution can be accounted for by the existence of good correlation between leaf nitrogen
content and the amount of photosynthetic tissues in the leaf ( Field and Mooney 1986, Hirose
and Werger 1987), which in turn depends on the light intensity available for the leaf (DeJong
and Doyle 1985). In all the papers referred to it is shown that nitrogen distribution deviates
more from the uniform in dense canopies than in open ones.

In the conditions of sufficient nitrogen supply, there are two main causes which may
lead to changes in the leaf nitrogen content. Field (1983) showed the importance of light
conditions for the leaf as the basic factor determining leaf nitrogen content. Moorby and
Besford (1983) argued that the high nitrogen content of leaves growing in the conditions of
high light intensities in several cases may rather reflect high content of meristematic tissue in
young leaves than high photosynthetic activity. Although both light conditions and leaf age
have a similar effect, the majority of later studies (e.g. Hirose et al. 1989, Ackerly 1992) have
demonstrated the dominating role of the light climate.

The aim of this study is i) to analyse the spatial and temporal distribution of leaf
nitrogen in two willow clones and ii) to find out a relationship between leaf light climate and
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leaf nitrogen content.

Material and methods

Leaf nitrogen distribution was studied in 1994 in the energy forest plantation, established in
May 1993 at Kambja, Estonia, within the Swedish-Estonian joint Energy Forest Project. The
plantation was planted in May 1993 with 22 cm long cuttings using a planting density of
20,000 plants per hectare (double rows, distance between rows 0.75 m and 1.25 m, distance
between plants in the rows 0.5 m). Weed control was performed mechanically three times in
1993 and once in May 1994. In March 1994 the first-year shoots were cut back at a height of 5
to 10 cm above the ground to promote denser sprouting. Thus, the shoots investigated here
were of the current-year growth on one-year-old roots. A detailed description of the site is
given in Koppel et ah, 1996. Two willow species, Salix viminalis L., clone 78183, and Salix
dasyclados Wimm., clone 81090, were studied. The average annual rainfall in this area is 650
mm, and the normal air temperature in July 17.0 °C. The growing season usually lasts 175-180
days.

Leaves for nitrogen analyses were sampled monthly five times during the whole
growing season, from mid-June until mid-September. Eight randomly selected shoots from
each species were selected and divided into three to five layers. From each layer 3-5 leaves
were collected for nitrogen analyses. For all the sampled leaves, leaf area was measured by
means of digitizing their images with a scanner and computing the area by using a specially
designed computer programme. Leaves were oven-dried (24 h, 80 °C) and weighed for dry
matter estimation.

To estimate the average light conditions for each leaf, hemispherical "fish-eye" photos
were taken prior to leaf sampling as close to the sampled leaves as possible. Fractional
transmission of diffuse irradiance on the horizontal plane, ac, (or diffuse radiation non-
interceptance) was calculated by using the data of the fractional canopy gap distribution on
enlarged canopy photographs (Anderson 1964, Nilson and Ross 1979) as follows:

O o = -

where ga is a gap fraction within a 10° zenith angle interval (a-5°, a+5°). The value of aD was
used as the measure of relative light conditions of the leaf. No correction for direct sunlight
was made.

Leaf nitrogen content was determined by the standard Kjeldahl method using a
TECATOR Kjeltec Auto 1030 analyzer.

Results

The commonly observed pattern of the changes in the leaf specific weight (leaves from upper
part of canopy are thicker and have a lower specific weight than leaves from lower canopy)
was not observed in this study. Here all new leaves were developing in fully light exposed
conditions and became shaded in the progress of canopy development. Thus, the first
production year in the willow energy forest creates specific conditions for leaf development,
with no distinctive trends in the leaf specific weight variation in the canopy profile being
revealed (Fig.l).
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Fig. 1. Leaf specific weight LSW (mg cm'2) versus leaf height from ground level on June 15
(A), July 15 (B), August 15 (C), September 9 (D).

The vertical radiation profile in the canopy is shown in Fig. 2. In the case of the first
three measurements (from mid-June till mid-August), when the canopy was not closed, the
radiation profile can be described by a linear regression model. At the beginning of
September, when the canopy was closed, the vertical radiation profile acquired an exponential
character. However, for comparison with previous measurements, a linear approximation was
used (Table 1).

The nitrogen content distribution in the canopy is described by Eqs. 2 and 3 in Table 1.
Nitrogen content is expressed in percentage of leaf dry matter (Nt in Eq. 2) or in mg N cm'2 of
leaf area (Na in Eq. 3). Both distributions are expressed in the form of a regression equation
for leaf nitrogen content versus leaf attachment height. In most cases Nt describes the vertical
gradient of the nitrogen content with lower variation than Na does. The term "nitrogen
gradient" is defined as the change of leaf nitrogen content per unit of stem height.

The leaf nitrogen content is maximal in the upper leaves and declines towards the
depth of the canopy (Fig. 3). N, decreases steadily throughout the growing season. However,
the lower leaves of S. viminalis retain their nitrogen content at an almost stable level (2-2.5 %)
throughout the whole growing season despite a considerable decrease in the values of aD in the
lower part of the canopy (Table 2). In S. dasyclados, N, decreases markedly also in lower
leaves, from 3% in June to 1.3% in late September. The nitrogen content of the lower leaves
decreases steadily although radiation penetration drops drastically at the beginning of the
growing season.
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September 9 (D), September 19 (E).



Table 1. Parameters of the linear regression equations: Eq. 1 - the coefficient for diffuse radiation penetration, a D» versus leaf
height from the ground level (cm), Eq. 2 - leaf nitrogen content N, (% of DM) versus leaf height from the ground level
(cm), and Eq. 3 - leaf nitrogen content per leaf area, Na, (mg N cm"2) versus leaf height from the ground level (cm)

Species

Salix

viminalis

Salix

dasyclados

Date

15.06

15.07

15.08

09.09

19.09

15.06

15.07

15.08

09.09

19.09

1

Slope
cm1

0.0100

0.0087

0.0063

0.0045
-

0.0092

0.0063

0.0046

0.0044

-

Equation 1

Intercept

0.515

0.092

-0.223

-0.065
-

0.422

-0.053

-0.235

-0.220

-

R2

0.362

0.818

0.725

0.424
-

0.760

0.886

0.806

0.873

-

Slope
cm1

0.0650

0.0217

0.0131

0.0150

0.0019

0.0497

0.0147

0.0090

0.0077

0.0056

Equation 2

Intercept
%N

2.212

2.307

1.802

1.097

2.735

2.849
2.340

2.024

1.779

1.157

R!

0.625

0.566"

0.526

0.865

0.047

0.848

0.770

0.731

0.822

0.581

Slope
mg N*cm"3

0.0057

0.0019

0.0011

0.0010
-

0.0033

0.0010

0.0006

0.0006

-

Equation 3

Intercept
mg N*cm'2

0.120

0.115

0.119

0.086
-

0.187

0.138

0.154

0.179

-

R2

0.617

0.616
0.714

0.560
-

0.816

0.664

0.573

0.482

-
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Table 2. Seasonal course of the diffuse radiation penetration, aD, below the canopy. SE denotes
standard error

Species

Salix viminalis

-

Salix dasyclados
-
••

Date

15 June
15 July

15 August
19 September

15 June
15 July

15 August

19 September

aD±SE

0.58 ± 0.04
0.23 ± 0.01

0.06 ±0.003
0.17 ±0.004

0.48 ±0.01
0.12 ±0.01

0.09 ±0.005
0.11 ±0.005

A very high leaf nitrogen content was recorded at the beginning of the growing season
for both of the studied willow species. Values of N, higher than 6 % were measured in young
(but fully developed) leaves, average values for all leaves and for the whole growing season
were 3.2-3.4 %.
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Fig. 4. Leaf nitrogen content, Nt, versus diffuse radiation penetration,
15 (B), August 15 (C), and September 9 (D).

o, on June 15 (A), July

Fig. 4 shows the relationship between the radiation climate and the leaf nitrogen
content. Only in mid-June the slope of the linear regression equation (N, versus ao) differs
statistically significantly (P < 0.05) from the whole set in both of the studied species.

Discussion

Several authors (e.g. Lemaire et al. 1991, Schieving et al. 1992) have used the amount of
nitrogen per leaf area (Na ) to describe the leaf nitrogen status, because in different light
conditions leaf specific weight changes, and the values of Na are more informative than those
of N,. In the present study no clearly expressed trends in leaf specific weight were found in the
canopy profile (Fig. 1) and, therefore, only leaf nitrogen percentage (NO was used to describe
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leaf nitrogen status.
The vertical profile of diffuse radiation in the canopy can be approximated by a linear

function in a non-closed canopy (until mid-August) (Fig. 2). In a closed canopy (starting from
September), an exponential function describes the profile more correctly.

Leaf nitrogen content in the canopy has a distinctive spatial and temporal pattern.
Several authors (e.g. Hirose et al. 1988, Werger and Hirose 1991) have found that the optimal
vertical nitrogen distribution with respect to PFD in a canopy, maximizing photosynthetic
carbon gain, is very close to linear. Slight deviations from a linear distribution have been
explained by cost-benefit balance (Mooney and Gulmon 1979, Hirose et al. 1988) by the
presence of structural nitrogen in leaves (Charles-Edwards et al. 1987) and by a co-ordination
theory which claims that details of the distribution of nitrogen and its relocation are defined by
a balance between Rubisco-limited carboxylation and electron transport-limited carboxylation
(Chen et al. 1993). Schimel et al. (1991) showed that leaf nitrogen distribution differs more
from the uniform in communities with higher biomass. Processes leading towards this balance
ensure at the same time the highest values of photosynthetic carbon gain. In the present study
we did not detect deviations from linear leaf nitrogen distribution (with respect to a j in the
canopy vertical profile.

Hirose et al. (1988, 1989) have found that the relocation of nitrogen from leaves is
more clearly expressed in a dense canopy than in an open one. It means that the nitrogen
gradient is steeper in the dense canopy. Our results do not confirm this hypothesis (Fig. 2).
The leaf nitrogen gradient decreased during the progress of canopy development. This
controversy can be explained by the fact that the authors of the papers referred to compared
communities of different densities. In our experiment, changes in leaf nitrogen content were
followed in the community in which the canopy density increased within the same growing
season. The nitrogen content in the highest and lowest leaves differed almost threefold at the
beginning of growing season (Fig. 3).

Several authors have described parallel changes in canopy light and nitrogen profiles
(DeJong and Doyle 1985, Field and Mooney 1986, Hirose et al. 1989). Our data also give
evidence of such a parallel change. However, at the leaf level, the relative decrease in leaf
nitrogen content with time is much bigger than the decrease in light penetration (Figs. 2, 3).
This results in a significant difference in the slope of aD versus N, relationship, measured at
different times during the growing season (Fig. 4).

The response of leaf nitrogen content to light climate for June is statistically
significantly different from that for the rest of the growing season (P<0.05). In the closed
canopy, the slope of the regression equation describing relationship between leaf nitrogen
content and 3D does not vary significantly. It means that in the closed canopy, the leaf nitrogen
content is determined rather exactly by the light climate. Therefore, we suggest that the
nitrogen gradient declines, because both the number of leaves and the leaf area increase faster
than the nitrogen uptake from the soil does. This is achieved by considerable nitrogen
relocation from leaves, which become shaded, into newly developed leaves. Such relocation
can be remarkably fast. For example, in 5. dasyclados more than half of leaf nitrogen was
relocated during one month from the top leaves formed in mid-June and, as a consequence, N,
of the leaves at a height of 50 cm decreased from 6.5 to 3.1 %.

On the basis of the present study we can draw the following conclusions:
• Nitrogen content in willow leaves depends strongly on the local light climate of the leaf

microsite. The parameters of the equation, describing relationship between leaf nitrogen
content and leaf light conditions, change during canopy development. The decrease in leaf
nitrogen content in the progress of the growing season is faster than the decrease in
available light.

• The slope of the regression equation, describing the dependence of leaf nitrogen content on
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leaf height from the ground level, decreases during the growing season. This phenomenon
indicates considerable nitrogen relocation from leaves, which become shaded, into newly
developed leaves. Leaf nitrogen content decreases faster in leaves from the upper parts of
the canopy than in leaves from the lower parts.
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Impact of abiotic factors on frost resistance
and cold acclimation in Salix species and clones

H. von Fircks

Dept. of Short Rotation Forestry, SLU, P.O. Box 7016, S-75007 Uppsala, Sweden

Abstract

The effects of mineral nitrogen, photoperiod and day:night temperature on frost resistance
and growth cessation in Salix species and clones are discussed. Increased nitrogen supply
and imbalances between nitrogen and other elements might cause extensive frost damage in
plants of Salix. Vegetation frosts below -3°C reduces the level of annual yield. Although
Salix clones differ in resistance to freezing stress, the capacity to recover and grow after
frosts are equal essential properties which affect the growth and biomass production of
shoots after night frosts in June. Early Autumn frosts causing freezing damage not only
may delay the onset of growth cessation and cold acclimation, but also effect the Winter
survival of shoots. Increased nitrogen supply prior to cold acclimation postponed growth
cessation and cold acclimation. Differences in nutrient status in plants cause also
differences in retranslocation of mineral nutrients. Absence of damaging Autumn frosts
allow plants irrespective of nitrogen status to develop a frost resistance of at least -80°C.

Key words: Clones, Cold acclimation, Deacclimation, Frost damage, Frost resistance.
Phosphorus, Photo periodicity. Potassium, Nitrogen, Salix

Introduction

Short rotation forestry for energy purposes in Sweden has been developed for farmers
which often use areas "set aside" from agricultural production. These land areas are often
of marginal quality with regard to climatic conditions, i. e. more or less frequently exposed
to recurring vegetation frosts. The ability of different Salix clones to sustain frosts varies
with the time of the year. Especially growing shoot parts are sensitive to low temperature
stress, which makes that most high productive Salix clones with extended vegetation period
will sooner or later be exposed to night frosts during late Spring and early Autumn. Field
observations have implicated not only that Salix clones differ in tenderness with regard to
frosts, but may also differ with regard to production losses. This bring about an certain
interest to study the level of frost resistance and frost damages during active growth in
shoots of different Salix clones.

Sustainable production of energy forestry plantations over more than 20 years with
recurrent harvests, increases the demand for replacement of depleted mineral nutrients.
Recommendations given for mineral soils the year after planting is 80-120 kg N ha1, 15 kg
P ha'1, and 40 kg K ha'1 (Ledin et al. 1992). Since nitrogen often is the major limiting
mineral nutrient, most considerations are done with regard to this element. For the
remaining production years of a coppice cycle, an annual application of fertiliser consisting
of only nitrogen up to 60 kg ha"1 has been recommended (Ledin et al. 1992). Reports on
the effects of fertilisation on frost resistance in plants have been focused mainly on cold
acclimation. If sustainable annual yields are to be obtained, it is necessary to improve the
understanding of the effects of different mineral nitrogen supply regimes on the level of
frost resistance during growth and development.
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Suitable species for intensive managed energy forest plantations are various kinds
of Salix species and clones. Many of our present Salix species and clones have been
selected in Europe for willow husbandry and later used in the southern parts of Sweden for
similar purposes. Selection of this material has been performed once for cultivation in
southern Sweden. During the past decade many of these Salix species and clones have been
moved from its collection sites northward, into a new day-length pattern and with colder
climates. In addition, selection and breeding work leading to high productive Salix clones
has been at the expense of early growth cessation. In order to achieve high annual yield and
sustainable production systems good adaptations of plant material is of ultimate
importance. These circumstances focus our interest on the abiotic factors which trigger the
growth termination and influences the development of cold acclimation.

The main purpose with the present paper is, therefore, to throw more light on this
issue by showing and discussing some relevant results from the different indoor and
outdoor studies. The role of the photo periodicity and the temperature as triggers for
induction of the cold acclimation is presented using a literature review.

Frost resistance during active growth

In Salix species and clones, the time for onset of new annual growth is determined by a
number of abiotic factors, such as: i) accumulated chilling sum, ii) dayrnight temperatures,
iii) increasing photoperiod, and iv) nutritional status of the plant. The absence of chilling
will delay bud break in Picea abies (L.) Karst.(Dormling 1982) and sprouting in Spring.
With regard to the Salix species and clones, differences in the chilling temperature
requirements, depth of "true" dormancy, and time to fulfil the chilling requirements may be
some of the main reasons why field observations of 33 Salix clones showed a marked
divergence in the date of bud break, of up to 49 days in Spring 1992 (von Fircks 1994). To
be noted is that the date for flushing varies between years. By the time of new emerging
shoots, the activity of the vascular cambium is already high (Sennerby-Forsse & von Fircks
1987). Outdoor experiments showed that plants which had received prolonged mineral
nutrient supply during September the year before, started swelling and bud break one week
earlier than plants to which the nutrient supply was stopped at the end of August. This
demonstrated that fertilisation does not only influence the growth during the year of
fertiliser application, but also does influence the development of new biomass the year
after.

Freezing tests on outdoor material verified earlier assumptions that the stems lost
most of their high frost resistance at the time of flushing. During the period from March to
May, shoots lost frost resistance, from being at least -80°C to a temperature range of -1.5 to
-4.5°C, depending on the Salix clone. As an example, the frost resistance of young growing
Salix viminalis L. shoots (clone No. 77183) was limited to -3.5°C, when shoots were
cooled in addition to ice and tap water under laboratory conditions. Recent data analyses of
laboratory tests have shown that under similar test conditions, glasshouse cultivated shoots
of Salix viminalis had a LT50 value at -2.4°C. By contrast, growing shoots of Salix
dasyclados Wimm. (clone No. 77056) had a LD50 value of -2.9°C, which emphasises that
Salix species do differ with regard to frost resistance. The demonstrated tenderness of
productive Salix clones also emphasises the importance of selection and breeding work, not
only for productive Salix clones for different climatic zones, but also for plants with
adequate frost resistance. The resistance of genotypes to temperature extremes may be
related to the origin of the plant material (Sakai and Larcher 1987). Although the
differences among Salix clones are relatively small in artificial freezing tests, a Spring
frosts may cause significant differences in biomass losses between the clones. As an
example, night frosts in the beginning of June 1993 at Langa-Veka experimental station,
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caused severe frost damage to shoots of various degree in different clones of Salix
viminalis L. and Salix dasyclados (Table 1). The annual biomass production of severely
frost-damaged plants of clone 78112 was reduced by 60 %, while frost damages shoots of
clone 78195 with similar extent of frost damage showed 47 % production losses (Verwijst
et al. 1995). If we compare the extent of frost damage (Table 1) and amount of production
losses of clone 78112 and clone 78195, the results suggests that differences among clones
in capacity to recover and start new growth after frosts are essential factors which should
be more considered in future selection and breeding programmes.

Table 1. Observations of frost injury in one-year-old shoots of cultivated Salix species in an
intensively managed experimental area at Langaveka, Halland, (56° 51' N, 12° 35'
E,) in June 1993. Nocturnal Spring frost on June 4 1993, caused tip-kill as well as
damage to growing leaves and distal stem parts. Clones without injury were rated
0; clones hanging limply with loss of turgor and having dead apical meristems and
necrosis in the leaves were rated -1; clones with stem injury (necrosis) of less than
50 cm were rated -2; and clones with extensive stem injury of more than 50 cm
were rated -3.

Species
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S.viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis

S. dasyclados

Clone NoJName
78112
78183
78195
79097
Rapp
Orm
Ulv

811208
820381
821663
821663
831901
832304
832405
833002
81090

Score of frost injury
-2
-2
-3
-2
-1
-1
0
-2
0
0
0
0
0
0
0
-3

The genome of plant material is not the only factor that controls the level of frost
resistance in Salix clones during growth. The fact that supply of mineral nutrients also is an
essential factor to be considered is made visual in Fig. 1, showing that plants given a
complete and balanced nutrient differ in frost damage depending on the relative rate of
nutrient addition. After exposure to -3 °C, plants receiving a higher nutrient supply (10 %
and OPT) showed larger frost damage in shoots compared to plants which where cultivated
at a lower nutrient addition rate (5 %). (Plants cultivated at optimum nutrient supply
(OPT), i. e. free access to all mineral nutrients, showed the most extended frost damage.
The results suggest that the level of frost resistance is inversely related to the nutrient
addition and growth rate. Variation in growth might also be one of the reasons for the
variation in extent of frost damage among the observed Salix clones shown in Table 1.
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Fig. 1. Groups of Salix dasyclados (Wimm.) plants were cultivated at four different
nutrient supply regimes: a) 5 % group with plants receiving a balanced nutrient
solution adequate to a relative growth rate of 5 %, b) 10 % group with plants
receiving a balanced nutrient solution adequate to a relative growth rate of 10 %,
c) 10 % IB group consisting of plants which received all mineral nutrients in
balance for a 10 % growth rate, except for nitrogen which was added at twice the
rate, and d) OPT group with plants given free access to all mineral nutrients.
Shoots were exposed to -3°C in laboratory freezing tests and the extent of frost
damage (cm) was determined during the post-thaw period. The presented bars are
the means of 5-10 plants.

For attainment of unimpaired growth not only addition of all mineral nutrients
essential for growth but also a balanced solution of fertilisers are necessary (McDonald et
al. 1991). Plants with higher frost resistance can be obtained, even at growth-limiting
nutrient availability, if the essential mineral elements are given in appropriate proportions.
This statement is demonstrated in Fig. 1, showing that imbalances between nitrogen and
other essential minerals (10 IB bar) can predispose shoot parts to larger frost damage
compared to plants receiving a balanced nutrient solution (10 bar). These observations
may, therefore, indicate that frost resistance of plants can be enhanced with a balance
between the essential minerals. If the applied balanced nutrient solution contains all
minerals at optimum proportions with regard to frost resistance is still to be clarified.

Induction of growth cessation by climatic factors

The role of photo periodicity

Woody species in the temperate and boreal zones undergo a sequence of characteristic
seasonal changes every year. This transition of growing plants to a state of Winter
dormancy is called cold acclimation and is a response to the stresses imposed by the
seasonal conditions recurring each year. Parallel with the annual fluctuations in naturally
occurring changes in the climatic factors, the annual changes in the photoperiod are fixed
and follow the calendar throughout the year. The photoperiod and amount of irradiance are,
therefore, suitable key agents in controlling the induction of cold acclimation in willow
species (Juntilla 1980, Juntilla and Kaurin 1985, 1990). Plants strictly dependent on
photoperiodic induction for onset of cold acclimation may need more time for development
of Winter hardiness (van Huystee et al. 1967).
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Photoperiodic ecotypes are known in several woody species (e.g. Vaartaja 1954,
Dormling et al. 1968, Heide 1974, Junttila 1980). Juntilla (1980) showed that extreme
northern ecotypes (69° 39' N) of Salix pentandra need 22-hour photoperiod for growth. On
the contrary, ecotypes of the same species from As (59° 40' N) only need 15-16 hours. For
southern ecotypes, a photoperiod between of 12-15 hours has been assumed to be necessary
(Juntilla 1980). The existence of photoperiodic ecotypes of Salix was further demonstrated
by Habj0rg (1978), who showed that ecotypes of Salix caprea from Ahus, Denmark (56°
20' N) terminated growth when the photoperiod was shorter than 14 hours, whereas for
ecotypes from Trondheim, Norway (63° 15' N) the corresponding photoperiod was 16-18
hours. Junttila (1980) also concluded that ecotypes of more southern origin need exposure
to short photoperiods varying between 12-15 hours. This implies that at the Ultuna
experiment station (Uppsala, 59° 49' N), southern ecotypes of Salix may receive the signal
for growth cessation from about 22 August to 25 September. For northern ecotypes of Salix
pentandra, Junttila and Kaurin (1990) estimated that a 10 degree difference in latitude of
origin made a difference of one month in the onset of cold acclimation.

Table 2. Abscission of apical meristem and frost damage of cultivated Salix species and
clones were observed at the experimental stations of of Langa-Veka ( 56° 51' N
12° 35' E, 10-15 m above mean sea level) and of Ultuna (59° 49' N 17° 39' E, 15
m above mean sea level) at mid-October 1993. The shoots were between 1.0-1.5
m tall.

Species

S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S. viminalis
S viminalis
S. viminalis
S. viminalis
S. viminalis

S. dasyclados
S. dasyclados

Clone No.

78021
78102
78112
78183
78195
78198
79 097
811110
811208
812509
820381
821624
821629
821670
830203
833002

SW870O82
SW87O083
SW870148
SW880233

77056
81090

Langa-Veka
Abscission

-
-

yes
yes
yes

-
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes

-
-

yes

Ultuna
Abscission

no
no
yes
yes
no
no
yes
yes
no
no
yes
no
no
no
no
no
no
no
no
yes
no
yes

Differences in growth termination between Salix species and clones indicate
existence of photoperiodic ecotypes (Table 2). Our field observations demonstrate
variations among genotypes of Salix in the time of abscission of the top meristem at
Uppsala (59° 49' N) in the Autumn 1993. By contrast, at LAnga-Veka, situated in the
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southern part close to the sea with mild climate during the Autumn, most ecotypes allowed
to terminate growth in time before the onset of frosts. Certain ecotypes of Salix viminalis
and Salix dasyclados clones (78112, 78183, 79097, 81090, 811110, 820381, cf. Table 2)
possessed the ability to react in time, allowing them to complete length growth cessation
even when exposed to environmental stimuli at two sites with about 3 degrees difference in
latitude. Certain clones, however, which retain their periodicity in annual growth rhythm
when moved northwards were later more or less severely damaged by the nocturnal
Autumn frosts. Uncompleted growth led to incomplete cold acclimation of shoots. In such
circumstances, even "ordinary" Winter temperatures may be devastating for shoots. These
results indicate that selected ecotypes must be able to interpret the photoperiod at its new
site in order to accomplish successful geographic transfer of Salix clones to more northern
cultivation zones.

Interaction of photo periodicity and low temperatures on cold acclimation

The progress of cold acclimation does not develop linearly through time during any year.
This is because the abiotic factors, such as day:night temperatures, irradiation, water and
nutrient supply, interact with the photoperiodicty of each genotype. This may also cause
significant differences in timing and development of the cold acclimation between years. In
general, the cold acclimation is initiated by shortened day-length (photoperiod) during late
Summer in combination with relatively high temperatures. In apple, the trees frost
resistance is increased by short photoperiod and temperatures above 15 °C (Howell and
Weiser 1970). Concerning Cornus stolonifera, day:night temperatures of 20:15 °C together
with a short photoperiod are necessary during the first weeks for cold acclimation (van
Huystee et al. 1967, Fuchigami 1971). Although the photoperiod is the primary factor that
controls the onset of growth termination in northern types of Salix species (Junttila and
Kaurin 1990), alternating day:night temperatures have been reported to interact together
with the photoperiodicity of plant material, thus causing earlier growth termination
(Junttila, 1980). The rate by which plants increase their frost resistance is increased by low
night temperatures, especially during the later period of cold acclimation (Dormling 1972,
Van den Driesche 1970). The joint effect of photoperiod and day:night temperatures give
the plant material a certain flexibility in frost resistance which ensures survival despite
variations in climate between different years and sites. The extent to which Salix clones of
various origins are influenced by exposure to different combinations of day:night
temperatures is an issue of importance.

Stem samples of Salix survived exposure to -20°C in October showing that, after
growth cessation, a further increase of frost resistance occurred when annual growth has
been terminated. The extremely high frost resistance (-80°C) was obtained at the end of
November. Decreasing daily mean temperatures and increasing frequency of subzero
temperatures during October and November, parallel with increasing frost resistance,
further supports the assumption that exposure to low temperatures is essential after the
induction of growth cessation has occurred

According to Sakai and Larcher (1987), the later phase of cold acclimation is
induced at about 5°C or lower. Temperatures in this range induce higher frost resistance
compared to temperatures between 5-10°C (Levitt 1980). Our climate chamber studies
have shown that Salix dasyclados Wimm. plants, after exposure to day:night temperatures
of 20:15 °C and 8 hours of photoperiod and after that to day:night temperatures of 4:4 °C
and unaltered photoperiod, survived even exposure to liquid nitrogen (-196°C) for 2 hours.
These results imply that, for Salix species, exposure to above zero temperatures is adequate
for the development of extremely high frost resistance (von Fircks 1994). The 4:4 °C
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day/night temperature treatment, however, may be the optimal temperature range to obtain
the highest rate of cold acclimation.

Effects of mineral nitrogen supply

A considerable amount of information is available about mineral nutrient supply in general
in horticulture and forestry. However, with regard to the effects of nutrient supply on cold
acclimation, attention has been devoted mainly to elements such as nitrogen, phosphorus
and potassium. These mineral elements have been added separately or in combination,
which in most cases gives an unbalanced nutrient supply. Fertilisation with only one
mineral element causes a dilution of the other nutrients in the plants. In addition, different
genotypes and plant parts may react differently to various levels of fertilisers. Such
conditions make interpretation of data ambiguous. Therefore, we supplied our plants during
growth with a balanced nutrient solution containing all essential elements needed for
growth. In one of the outdoor studies, we raised plants containing 1.6 and 2.4 % of nitrogen
in shoots and 3.9 and 4.7 % in leaves, respectively. These differences caused plants with
the high nitrogen content to prolong the time of their stem and leaf biomass development
with 18 and 34 days, respectively. In the absence of early Autumn frosts, plants with
different nutrient status have the capacity to develop high frost resistance (-81°C)

No differences between plants with high and low nutrient status were noticed with
regard to leaf-shed. This may cause significant differences in retranslocation of mineral
nutrients, implying that outdoor plants with higher nutrient content do not have the
possibility to withdraw mineral nutrients such as N, P and K to the same extend as plants
with lower nutrient content (Table 3). On the relative basis, less nutrients will, thereby, be
removed from a high yielding willow plantations compared to a low yielding one. In
addition, unpredictable Autumn frosts can put further hinders to the retranslocation of
mineral nutrients from the leaves and to the development of adequate level of frost
resistance in stems.

Table 3. Amount of nitrogen, potassium and phosphorous given as percentages of the total
amount of the element concerned being translocated from the leaves before
abscission. Plants of Salix dasyclados (clone 77056), cultivated at two daily
nutrient supply rates (8 and 12 %, respectively) during the growth, were placed
outdoor for exposure to natural development of cold acclimation during Autumn.
The values given are means of 10 plants.

Mineral element

N
K
P

Daily nutrient supply
8%
48
28
58

Daily nutrient supply
12 %

28
2

38
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Competition in short rotation forestry

Th. Verwijst
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Abstract

Competition plays an important role for the development of stand structure in willow
coppice systems, and it is enhanced by the use of mono-clonal material, high densities and
fertile soils. The development of a size hierarchy, the occurrence of the yield density effect
and self-thinning of shoots and stools are illustrated in willow coppice systems. Apart from
a harvest-induced cyclic trend, a long-term progressive trend is present in the dynamics of
the system. The size hierarchy is maintained over harvest by below-ground storage and
becomes enhanced due to local yield-density effects in the consecutive cutting cycles. The
long-term trend becomes imposed on the short term cycles by means of an interaction of
the plant population with local and temporal site productivity factors. This interaction may
lead to a decrease in productivity during later cutting cycles.

Key words: Competition, Population dynamics,- Self-thinning, Site productivity, Willow

Introduction

While many studies on growth of willow coppice systems have been performed in relation
to clonal material, environmental factors and management, few studies so far have
concentrated upon the mechanisms and effects of competition within coppice stands. Stand
performance usually has been predicted from relations between average plant performance
and average values of environmental characteristics, while the within-stand variability of
both categories has been neglected.

The reason for this neglecting is found in the complexity of the dynamic
interactions between individual plants and their local environment, which only can be
captured by an iterative approach: Plant growth leads to changes in the resource supplying
power of the local environment, and the resulting resource limitations in their turn affect
plant growth. According to this view, competition between plants occurs when there is a
shared requirement for a resource in limited supply, which leads to a reduction in the
survival, growth, and/or reproduction of the individuals concerned (Begon et al. 1986).

The first part of this definition focuses on the mechanisms of competition, resources
are required by different individuals and are distributed among them, while the second part
focuses on the effects of competition on the population dynamics (Firbank and Watkinson
1990). However, the definition does not focus on other characteristics of individuals, which
are know to be affected by a tree's position in a competitive hierarchy, such as differential
allocation and the resulting allometry and architecture.

In conventional forestry, competition and its concurring effects progress
continuously until harvest, which implies death of the individuals. In short rotation
forestry, the competitive pressure is released temporarily by harvest, but the previously
established hierarchy is maintained by below-ground storage. In this paper, the effects of
competition in willow coppice systems are illustrated and the consequences for the long-
term performance of the system are discussed.
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Enhancement of competition in willow coppice systems

Modern short-rotation forestry is characterised by three features which all enforce
competition between individual plants. Firstly, many short rotation forests consist of one
single species, and in many cases even of one single clone. As all plants are genetically
alike, they have nearly the same requirements and are competing in the same fashion for
available resources. There is, in other words, no possibility for niche-differentiation.
Secondly, the spacing used in short rotation forestry is relatively dense. In the Swedish
willow coppice systems, for example, about 2xlO4 cuttings ha are planted, which may
generate about 0.5xl06 shoots ha (Verwijst 1991). In such willow stands, the shoots are
under heavy competition already during the first growing season. Finally, short rotation
forestry in Europe is currently more often applied on fertile agricultural soils, which are in
abundance because of the current changes in land use and food production. Fertile soils
promote a high initial growth rate, which causes plants to interfere with each other more
rapidly: the onset of competition occurs earlier on fertile soils, compared to poor soils.

Effects of competition in short rotation forestry systems

The yield-density effect

Production per unit area is proportional to the number of plants per unit area, as long as
plants are not interfering with each other. At high initial densities, or in a later phase,
individual plant growth becomes restricted by competing neighbours, and finally,
production per unit area becomes independent of the number of plants, for a wide range of
densities. This "law of constant final yield" (Koyama and Kira 1956) has been illustrated
for willow coppice systems (Willebrand and Verwijst 1993, Willebrand et al. 1993), in
which yield becomes independent of density for systems with more than about 104 stools
ha~l. Willow growing systems with a 4-year cutting cycle showed this effect already at the
first harvest, while systems with 2 and 3 year cutting cycles showed this effect during later
harvests.

Development of a competitive hierarchy

Competition changes the size and weight distributions within populations towards an
increasing inequality between dominant and suppressed individuals (Weiner and Thomas
1986). In willow plantations, both shoots and stools may be conceived as individuals of the
population. In both cases, the coefficient of variation and skewness for the weight
frequency distributions increase initially towards a positively skewed distribution with few
dominant and many suppressed individuals. Sometimes a clear bimodal distribution occurs
(Cienciala and Lindroth 1995). During a later phase, the left part of the distribution
becomes truncated by mortality of the smallest individuals and the bimodality disappears.
The relative variation and skewness, however, do not return to their initial values. A once
established competitive hierarchy between stools persists over harvest (Verwijst 1996a)
and mortality of the smallest stools continues during the following cycles.

Self-thinning

Self-thinning implies that the biomass (M) increase per unit area goes along with a
decrease of the number of individuals (N) per unit area. The biomass-density course that is
followed by a self-thinning stand can be described with the equation:
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M = a . Nb

Traditionally, coefficient (a) was thought to be species specific and the exponent (b) to be a
constant (Yoda et al. 1963) but this has been questioned by later research (Zeide 1985,
1987, Weller 1987a, 1987b, Verwijst 1989). For willow coppice systems, about 90 % of
the shoots may die during one cutting cycle (Verwijst 1991) , and also density dependent
stool mortality may occur (Verwijst 1996a). Mortality may not always be density
dependent. Some of the mortality occurring in willow coppice systems follows from
interactions between climate and management (Willebrand et al. 1993), and interactions
between pathogens and frost may determine the competitive hierarchy and, thereby,
determine which shoots and stools will be removed during later self-thinning (Verwijst
1993).

Changes in allometry and architecture

In general, the environment of a plant can affect several aspects of plant shape. Taper,
diameter/height ratios, relative crown base height, and crown shape are all known to vary
with the local environment. This is also true for root/shoot biomass ratios and stem/branch
proportions, and for the specific leaf area (SLA), especially in trees which have sun an
shade leaves or dimorphism between adult and juvenile leaves. As competition can be
viewed as the reaction of a plant on an environment which becomes modified by the
presence of other plants, architecture is expected not only to vary with absolute plant size,
but also with a plants position in a competitive hierarchy. Also, the allometric relations
between different plant dimensions, reflecting differences in allocation patterns, may be
modified by competition.

Long-term performance of a willow coppice system

The current knowledge of productivity in Swedish willow coppice systems mainly comes
from experience during first and second cutting cycles. Some of the older stands seem to
show a decline in productivity in response to previous density dependent mortality of
stools. As productivity is known to be proportional to the amount and duration of leaf area
(Linder 1985), a stand structure development that ensures a rapid development towards a
maximum leaf area index is of prime importance for productivity. One approach to predict
future productivity is, therefore, to investigate trends in stand structure development (Fig.
1).
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Fig. 1. A willow coppice system may be characterized by harvest-related cyclic changes,
e.g. in standing biomass ( ), and by long-term progressive trends (—), e.g., a
decline in stool density, which gradually may change the performance capacity of
the system.

Progressive and cyclic trends

An ideal coppice system can be conceived as a cyclic system in which system parameters
are 'reset' by harvest to a fixed, original state, while management between the consecutive
harvests is kept to a minimum. Management measures, such as fertilisation and irrigation,
are commonly employed to increase the time rate at which the system parameters change
into a harvestable state, but not to obtain a progressive trend in the systems state as it
appears after each harvest.

When a coppice system is described at the stand level, annual production and
standing biomass values during several cutting cycles may indicate a stable cyclic system.
Such a description at the stand level, however, does not take into account the changes at the
population and individual plant level, nor are large scale within stand variations
considered. Within-stand changes may be directional instead of cyclic, and may indicate
long-term changes with consequences for the system stability at the stand level.

The variation in annual production of willow coppice systems is largely related to
the variation in precipitation and temperature sums during the growing season. In general,
stand closure appears later during the year after harvest, resulting in a lower biomass
production of the first-year shoots (Fig. 2a, b). The total yield trajectory is cyclic because of
the resetting by harvest. Because of self-thinning, the number of shoots per stool gradually
becomes reduced during one harvest cycle. After harvest of the, on average, 2 to 3
surviving stems, the resprouting stump again produces about 15 new shoots, of which only
a few survive during the following cutting cycle.



75

10 -

t>
y. ...

¥.
y. JL R

• —

— —

' ; '

M

-

-

09

1987 1988 1989 1990 1991 1992 1993 1994

SEASON

Fig. 2. Harvest related cyclic changes in yield (A) and number of living shoots per stool
(B) during the second and third rotation period in a Salix viminalis coppice system.
Long-term directional changes are among others found in the relative weight
variation (C) and in the number of surviving stools (D).

Those cyclic trends appeared in a system which at the same time was subjected to
long-term directional trends (Fig. 2c, d). Stool population parameters such as the relative
variation or skewness of stool weight do not return after harvest to their original state but
are maintained at the high level which was reached at the end of the previous cutting cycle.
Stool mortality also proceeds, resulting in an actual average density below 104 stools ha~l
during the third cutting cycle.
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Maintenance of the competitive hierarchy

As the maintenance of the competitive hierarchy between stools over harvest is the main
reason for progressive long-term trends in willow coppice systems, it is of the utmost
importance to understand its mechanisms. Verwijst (1996a) suggested that a competitive
hierarchy is preserved over harvest by below ground storage. However, due to stool
mortality, the initial density becomes modified (Fig. 3), and a within stand density variation
may give rise to a local yield-density effect, which also would contribute to a competitive
hierarchy development at the population level. The plants with a wider local spacing then
are larger than the ones in closer spacings (Fig. 4a). However, if available space instead of
below-ground storage determines initial regrowth, no differences would be expected in the
morphology of the resprouting stools, until they would become affected by competition of
their neighbours. But as there was a high positive correlation between weight at harvest and
number of shoots, resprouting the year after harvest (Verwijst 1969b), the below-ground
storage could be identified as a major determinant for the maintenance of a once
established competitive hierarchy over harvest, while the local density variation enforces
the competitive hierarchy between consecutive harvests.
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Fig. 4. Average stool weight (A) and yield (B) for the actual local densities that occurred in
a stand of Salix viminalis at the end of the second cutting cycle. The initial planting
density was 2.04 x 104 plants ha"1, corresponding to the highest actual density.

Population interactions with spatial and temporal site productivity

Consequences for long-term production of the system can be expected when the long-term
progressive trends become imposed on the cyclic trends. Such an influence from the long-
term trends on the cyclic trends is traceable, as can be seen from the relation between yield
and local density (Fig. 4b). If we recall the yield-density effect, we would expect an
asymptotic yield increase with increasing density, until yield becomes density-independent.
This would occur at a density somewhere around 104 plants ha"'. Figure 4b shows,
however, that the highest local densities do not support the highest yield. This implies the
occurrence of local differences in site productivity. When site productivity is higher, yield
will be higher, but a self-thinning stage also will be reached earlier (Sukatschew 1928).
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Consequently, the lower local densities emerged from self-thinning at places with high site
productivity. The concept of site productivity however has both a spatial and a temporal
aspect. Apart from the spatially defined soil fertility, seasonal aspects such as rainfall and
temperature sums will determine site productivity. Consequently, a coppice system, or
pans of it, can be subjected to self-thinning under a cutting cycle with high temporary site-
productivity, while the same system cannot not reach optimal yield under a following
period of poor site productivity, because density decreased under the previous period. This
is a possible explanation for lower yield at the lowest local densities (left tail of Fig. 4b),
and provides a mechanism for the long term dynamics to become imposed on the short
term cycles.

Conclusions

A willow coppice system shows clear harvest-induced cyclic trends, but the long-term
dynamics of the system displays progressive trends due to competitive interactions between
individual stools. Relative size and weight differences between stools become enlarged
during one cutting cycle and the smaller stools become outcompeted. Due to the stool
mortality caused by the ongoing competition, the variation in local density increases. As
the established competitive hierarchy is maintained over harvest by below-ground storage
and, as the stools, that grow fastest due to abundance of stored resources, also have the
largest available growing space, the hierarchy becomes enhanced further during the
following cutting cycle. The long-term trends are able to affect the short term cycles due to
the interaction of the plant population with local and temporal site productivity factors,
thereby leading to a decrease in productivity during later cutting cycles.
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Above-ground productivity in Estonian energy forest plantations
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Abstract

Average shoot production of six Salix viminalis clones and one Salix dasyclados clone
during the first two production years were estimated to 11.5 t DM ha"1 on organic soil and
6.6 t DM ha"'on mineral soil, respectively. On the latter location, additional fertilization
increased the production to 11.6 t DM ha"1. The highest growth rate was achieved by S.
dasyclados on organic soil without additional fertilisation, showing an average production
of up to 18.1 t DM ha'1 during two years and 18.0 t DM ha"'yr*' in one replication block
during the second year. Growth performance on the replication blocks revealed remarkable
spatial variability; producticity varied more than three-fold in the blocks of the same
clones.

Key words: Energy forestry, Salix, Productivity

Introduction

In 1993 five energy forest plantations were established in Estonia within the Swedish-
Estonian Energy Forestry co-operation programme. One of the objectives of this project
was to estimate productivity of short-rotation willow plantations as a possible resource of
domestic energy in Estonian pedo-climatic conditions. Two of the plantations were
designed to estimate biomass production capacity in contrasting soil conditions: well
decomposed organic soils and mineral glayey soils of low fertility where occasions of
stagnant water occur in spring and which are not used for conventional agriculture any
more. These are the most available soils for further expansion of practical energy forests in
Estonia. The present paper contains the results of a study of willow energy forest above-
ground productivity during the two first production years .

Material and Methods

Experimental design

This study was performed in Kambja and Saare energy forest plantations, Estonia. Both
plantations were established in spring 1993. The full description of the plantations is given
in Koppel et al. (1996, this issue). The planting density is about 20 000 plants per hectare
(double rows design with distances between the rows 0.75 and 1.25 m respectively, and
distance between plants in a row 0.5 m). Weed control was performed mechanically three
times in 1993 and once in May 1994. In May 1994 the herbicide "Expand Plus" (1 1 per ha)
was applied in the Saare plantation to fight rootstock-weeds. In March 1994 the first-year
shoots were cut at a height of 5 cm above the ground to promote denser sprouting.

The Kambja plantation is situated on a well-decomposed organic soil in the valley
of a small river in southern Estonia. The water table is regulated and does not drop below
50 cm during summer. The Saare plantation is situated on mineral soil on the valley of
ancient Lake Peipsi in eastern Estonia.
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In both plantations, six clones of Salix viminalis and one clone of Salix dasyclados
were planted in four randomized blocks per clone. In the Saare plantation half of the blocks
were fertilised in 1994 and 1995.

Production measurements

In 1994 stem production was estimated by using a correlation function between shoot
weight and shoot height. Parameters for the power equation describing the shoot weight (g
dry matter) versus height (cm) relation were estimated for clones 81090 and 78921. For the
first mentioned clone the equation reads: DM = O.OOOlx2362, (R2 = 0.987). For all the Salix
viminalis clones, the equation parameters of clone 78921 were used. This latter expresson
reads: DM = 0.00008X2421 (R2=0.982). The shoot length was measured in ten randomly
selected stools per each block in both plantations at the end of the growing season. The
average number of measured shoots was 60 to 70 per block.

In 1995, the shoot dry mass was estimated in both plantations using a linear
correlation between stem biomass and stem cross-sectional area (Verwijst & Nordh, 1992).
The same method was used for estimating the leaf biomass. In order to obtain these
correlation equations, 23 stems per clone were sampled at the end of July 1995,
representing the whole range of the stem diameter distribution spectrum. At this time the
foliage in a willow plantation has achieved its maximum area (Ross & Ross, 1996, this
issue). All sampled stems were divided into 10 sections, and oven dry (48 h, 80 °C) stem
and leaf masses were estimated. In this study, the biomass height distribution was not
determined, so the stem and leaf dry matters are correlated with the stem cross section area.
The latter was calculated on the basis of the stem diameter (measured with a micrometer at
55 cm height above the ground), assuming the stem cross section being a circle.

Ten stools were selected on each block, and the diameter of all stems was measured
as described above. The leaf biomass for each stool was calculated applying the parameters
of linear correlation of leaf dry mass versus stem cross-section area.

At the beginning of November, 15 additional stems per clone were sampled, and the
data of stem cross-section area versus stem biomass were pooled with the data of July. At
the beginning of November, the stem diameter at 55 cm above the ground was measured
for all stems of ten stools per block (altogether 40 stools per clone), and the shoot biomass
for each stool was calculated using the parameters of the linear equation of stem dry mass
versus stem cross-section area.

The average values for ten sampled stools were multiplied by planting density and
the percentage of survived stools.

Results and discussion

The relationship between the stem cross section area and both the shoot and leaf biomass,
respectively, is fairly well described by a linear equation (Figs. 1 and 2, Table 1). The
accuracy of this method is somewhat higher for estimating shoot biomass, the Revalues
ranging from 0.941 to 0.987 (with the exception of clone 78195, where R2 = 0.893) than
for estimating leaf biomass (Revalues between 0.925 and 0.964).
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Fig. 1. Relation between shoot dry mass and shoot cross-section area at 55 cm above the
ground in Salix viminalis clone 78183 and Salix dasyclados clone 81090.
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Fig. 2. Relation between leaf dry mass and shoot cross-section area at 55 on above the
ground in Salix viminalis clone 78183 and Salix dasyclados clone $10901

Table 1. Parameters of a linear correlation equation of shoot dry mass versus shoot cross-
section area at 55 cm above the ground (S55, in cm2) and leaf dry mass versus SJS

Clone
78081
82007
78112
78021
78183
81090
78195

Shoot dry mass, g
109.5x - 29.6
139.5x - 76.6
113.2x-44.9
110.2x-34.5
108.1x-31.5
9O.Cx-24.1

109.3x -12.3

R*
0.965
0.958
0.941
0.972
0.954
0.987
0.893

Leaf dry mass, g
30.0x - 5.9
n.e.*
n.e.*
29.3x - 7.5
23.7x - 5.4
25.3x -13.4
n.e.*

Rz

0.925
-
-
0.932
0.930
0.964
-

* not estimated

For leaf dry mass estimations in clones 78007, 78112 and 78195, an average
correlation equation for the estimated Salix viminalis clones was used according to: Leaf
DM = 27.7x - 6.2

In the Kambja plantation, the avarage shoot biomass at the end of the second
production year was 11.5, and the corresponding values in Saare were 11.3 (fertilised) and
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6.6 t DM ha"1 (control). The shoot production during the second production year (1995)
was 8.6, 9.2 and 4.8 t DM ha'1, respectively (Tables 2 and 3).

Table 2. Above- ground productivity in the Kambja plantation (t DM ha"1). Average
values of four blocks, except for the last three clones where the number of blocks
was 3(*).The lowest and highest shoot biomass values in 1995 are given in
brackets. Average II means that data for clone 78101 are excluded

Clone

78101
82007
78112
78021
78183
81090
78195
average
average II

Shoot

1994
1.5
3.7
2.1
3.0
2.8
2.7
3.2
2.7
2.9

biomass

1995
4.4
9.9
9.6
9.2

10.7*
18.1*
11.4*
10.5
11.5

( 0.4. ..9.2)
( 4.7...16.1)
( 3.9...13.9)
( 5.5...14.5)
( 7.2...14.4)
(13.5...21.0)
( 4.8...15.3)

Shoot
production
1995
2.9
6.2
7.5
6.2
7.9
15.4
8.2
7.8
8.6

Leaf
biomass
1995
1.0
2.1
2.1
2.1
1.9
3.1
2.4
2.1
2.3

Above-ground
production
1995
3.9
8.3
9.6
8.3
9.8

18.5
10.6
9.9

10.9

Table 3. Shoot biomass (t DM ha"1) and productivity (T DM ha'l yr1) in the Saare
plantation. Average for two blocks, except for clone 78195 (fertilised) which is
represented in a single block

Clone

78101
82007
78112
78021
78183
81090
78195
average

Fertilised
Shoot biomass
1994
2.2
1.0
2.6
2.7
1.4
1.7
3.3
2.1

1995
8.8
6.3

11.3
11.0
12.9
12.5
16.0
11.3

Productivity
1995
6.6
5.3
9.7
8.3

11.5
10.8
12.7
9.2

Contro1
Shoot biomass
1994
2.4
3.2
1.4
1.1
1.3
0.7
2.3
1.8

1995
12.3
6.1
3.9
4.3
3.8
3.2

12.6
6.6

Productivity
1995
9.9
2.9
2.5
3.2
2.6
2.5

10.3
4.8

Shoot biomass and annual production varied highly between clones and within
various blocks of the same clone (Fig 3). As a rule, blocks of one side of the plantation
displayed better growth than on the other side. The average for clone shoot production in
1995 variedfrom 2.9 to 15.4 t in Kambja. Almost the same range of variation was found
between different replications of the same clone (for example, for clone 82007 the shoot
biomass at the end of the second year was: 4.7-16.1 t DM ha"1). In Kambja, clone 78101
was clearly unsuitable for the site, since it was damaged by late frosts and displayed the
lowest production figures (average 2.9 t DM), one of the replications was almost totally
damaged. At the same time, S. dasyclados (clone 81090) displayed the most vigorous
growth (average shoot production in 1995 being 15.4 t DM).
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Fig. 3. Spatial heterogeneity of shoot biomass ( t DM ha'1 - figures in boldface) at the end
of the second production year in the Kambja plantation. The asterisk (*) denotes
blocks which were damaged by beavers in October 1995. Clone numbers are given
at the bottom of each block.

The reasons for extremely high variability in growth are not fully clear. One reason
might lie in the local differences of soil properties. Organic soil is poor in available
phosphorus and potassium. Some of the mineral subsoil might have been transferred onto
the surface layers at the digging the two ditches running parallel to the plantation. Another
reason might be the different exposition of the two longer sides of the plantation to cold air
during night frosts. Blocks with higher growth rate face the forest which is situated at a
distance of about 100 m, while the other side is open to a natural meadow spreading in the
river valley.

The leaf biomass at the end of July varied from 1.9 to 3.1 tDM ha"1 in Kambja
(clone 78101 excluded). These figures can be considered as clear underestimations (with
about 30 %) of the annual leaf production. The proportion of leaf biomass of total above-
ground production varied from 16.7% (S. dasyclados) to 25.3% (S. viminalis, clone 82007).
A possible reason accounting for the smaller share of leaves of total above-ground
production in S. dasyclados might be a 10-20% larger leaf specific area (ratio: leaf area to
dry mass proportion) in this species compared to 5. viminalis (data not shown here).

Fertilisation increased the growth in the Saare plantation drastically. While in 1994
the fertilised plots yielded 1.2 times higher production than the control plots (2.1 and 1.8 t
shoot DM, respectively), the differences in 1995 increased up to 1.9 times (shoot
productivity 9.2 and 4.8 t DM ha'1, respectively). The higher productivity of clone 78101
on the control blocks is difficult to explain, but one reason might be local differences in
soil properties.

The different performance of clones in sites with contrasting soil is evident (Fig. 4).
However, because of spatial variations, the analysis of growth performance needs both a
longer study period and more detailed research of the soil heterogeneity. The first results
demonstrate a very good performance of Salix dasyclados (clone 81090) on organic soil
and the most stable production of clone 78195 on both soil types. On the contrary, clone
78101, which is totally unsuitable for growing in a site with organic soil, displayed high
production on mineral soil.
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The potential of grey alder plantation forestry

L. Rytter.

Dept. of Short Rotation Forestry, SLU, P.O. Box 7016, S-75007 Uppsala, Sweden*'

Abstract

A survey concerning the potential use of grey alder (Alnus incana (L.) Moench.) in short
rotation forestry is performed. The most important characters in this context are discussed.
It is concluded that grey alder is an interesting contributor in plantation forestry, because it
has a high woody biomass production, is more or less self-supporting with nitrogen, and is
well ad-.i'! • i to the conditions in Fennoscandia and Balticum.

Key words: Alnus incana, Biomass production, Nitrogen fixation, Regeneration, Wood
properties

Introduction

Grey alder {Alnus incana (L.) Moench.) is a European - West Siberian boreal-montane
species which, however, contributes to a limited extent to the standing tree biomass in
forests of its native countries (Johnsrud 1978, Eriksson 1991, Gostzynska-Jakuszewska and
Lekavicius 1994, Tullus et al. 1995). Nevertheless, about 30 years ago some interest was
shown in the species and extensive work was carried out in Fennoscandia and in the Baltic
countries (Table 1). Thereafter, the interest in grey alder, and in many other hardwoods,
dropped to a low level.

Table 1. The extensive pioneer studies of grey alder (Alnus incana (L.) Moench.).

Authors

Ozols and Hibncis 1927
Raukas l><10
Miettinen 1932
Murnieks 1950
B0rset and Langhammer 1966

Country of origin

Latvia
Estonia
Finland
Latvia
Norway

Product

Yield tables
Yield ..'lies
Yield tables
Volume tables
Yield tables

During recent decades the interest for hardwoods has grown, and Berggren et al.
(1994), in an analysis of Swedish hardwood forestry, recommend research efforts on birch,
alder, and aspen in ordinary forestry and in hardwood plantations on former agricultural
land. The specific reasons for an increasing interest in grey alder may be attributed to a
high production potential, an improving effect on soil fertility caused by the ability to fix
atmospheric nitrogen, and good climatic adaption to the temperate and boreal regions. In a
recent review by Rytter (1996) on grey alder in forestry, it was concluded that one future
silvicultural application of grey alder was as pure stands for production of fuelwood and
pulp. The object of this paper is to penetrate that aspect of grey alder use.

•Present address: The Forestry Research Institute of Sweden, Ekebo, S-268 90 Svalov, Sweden
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Growth dynamics

Grey alder is a pioneer tree which can be naturally established and regenerated from seeds,
root suckers and stump sprouts. Presumably, initial planting has to be with plants raised
from nurseries, although examples of naturally seed-sown stands have been reported
(Krzysik and Nadowski 1975, Schrotter 1983, Rytter 1994). The rational handling with
dormant cuttings, which are used for Salix and Populus species, cannot be applied on alder.

The initial growth development of grey alder after establishment is rapid, but slower
than for willows where maximum cuaent annual increment (CAJ) can be reached 3-4 years
after planting (Christersson 1987). From experiments on clay and peat soils we have seen
that in dense plantations, with near-optimum supply of water and nutrients, grey alder
reaches maximum CAI after 6-7 years (Granhall and Verwijst 1994, Rytter 1995). The
long-term productivity that can be maintained, i.e. mean annual increment (MAI), has been
reported to exceed 5 Mg of above-ground dry woody biomass ha'1 yr"1 in natural stands and
plantations on good soils (Unteregger 1985, Saarsalmi et al. 1985, Utkin et al. 1987,
Johansson 1992, Granhall and Verwijst 1994). However, in intensively managed
plantations, where water and nutrients were supplied in non-limiting amounts, MAI of
more than 8 Mg DM ha'1 yr"1 has been obtained (Granhall and Verwijst 1994). In these
stands CAJ reached 17 Mg DM ha"1 yr"1 as a maximum (Fig. 1), which is a level in the
same range as those found in willow plantations (Christersson 1987, Rytter and Ericsson
1993, Willebrand et al. 1993). It should also be noticed that Utkin et al. (1987) found CAI
values of up to 12 Mg DM ha"1 yr"1 in natural stands in Russia, and Rytter et al. (1989)
reported CAI values of more than 10 Mg DM ha"1 yr'1 at a climatically harsh peat bog (Fig.

Stand age

Fig. 1. Current annual increment (CAI) of above-ground dry woody biomass in irrigated
and fertilised (including N) grey alder plantations in Sweden. The experimental
stands were located on a peat bog (Stormuren) within the Jadraas Research Station
(lat. 60°49'N.; long. 16°30'E.; alt. 185 m), and on a former agricultural site with
clay soil in Ultuna, Uppsala (lat. 59°49'N.; long. 17°40'E.; alt. 5 m), respectively.

From the pioneering yield table works (Ozols and Hibners 1927, Raukas 1930) it can
be seen that MAI in grey alder stands culminates at about 15 years of age which, thus,
indicates an appropriate rotation time (Fig. 2). Later established yield tables (Miettinen
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1932, Borset and Langhammer 1966) showed that MAI culminates at a higher stand age,
30-35 years, but here the MAI curves were flat with small increases of MAI 10-15 years
before the actual peak (Fig. 2). The recent study of Rytter (1995), with MAI maximum
before 15 years of age, supports a recommended rotation period for unthinned grey alder
plantations of 10-20 years.

10 15 20 25 30 35 40 45

Stand age (yrs)

—D—Ozols & Hibners 1927

- - X — Miettinen 1932

Rytter 1995

—0—Raukas 1930

- - < > - • Borset & Langhammer 1966

Fig. 2. Reported development of mean annual increment (MAI) in tree volume of grey
alder stands.

The production potential of the shoot sprouting after harvest in grey alder stands is
poorly known. In studies by Rytter and Sennerby-Forsse, cited in Rytter (1994), above-
ground woody biomass production reached 1 Mg DM ha"1 in the first year after harvest of
natural grey alder stands. In the second year, the production increased to 5-6 Mg DM ha"1.
These figures are not as high as those found in willow stands, where a total of 20 Mg DM
ha'1 may be reached two years after harvest (Christersson 1987, Rytter and Ericsson 1993,
Willebrand et al. 1993), but the grey alder stands were not irrigated or fertilised which the
compared willow stands were. A factor of importance for sustained high productivity in
forest stands is survival of stools or trees. Here we can clearly see the advantage of trees
capable of producing root suckers, i.e. grey alder and aspen, which can recover after
harvest and produce uniform stands, even if heavy self-thinning has occurred.

Another important factor to be considered, when comparing productivity, is the
degree of breeding involved. In the above-mentioned willow plantations, selected clones
were used, whereas for grey alder very little ennobled material is available. From the few
studies performed on alder breeding, it has been shown that hybrids and clones produce
significantly more than parental material (cf. Rytter 1996). Therefore, it seems to be a large
potential for genetic improvement in grey alder research.
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Nitrogen fixation

Alders are able to fix atmospheric nitrogen in symbiosis with the actinomycete Frankia. In
the survey by Rytter (1996) it was shown that in well-growing grey alder stands the fixation
rate may reach 100 kg N ha"1 yr'1, which suggests that grey alder is self-supporting with
nitrogen. This conclusion is supported by results showing that only marginally higher
growth is obtained when nitrogen has been added as fertiliser (Rytter et al. 1989, Granhall
and Verwijst 1994). The increased nitrogen availability on a site from the N2-fixation by
alders has been used with the purpose to improve growth of other tree species, alas with
mixed success (Rytter 1996). A question of significance is if N2-fixation in alder continues
after the ecosystem has become nitrogen saturated. Results presented so far (e.g. Stewart
and Bond 1961, Ingestad 1980, Rytter et al. 1991) indicate that nitrogenase activity
decreases when N concentration in the root medium increases. It gives reason to believe
that an alder ecosystem is self-regulating with respect to N support and, therefore, not an
environmental danger.

Wood quality and site requirements

The usefulness of grey alder wood is decisive when discussing the species as a short
rotation forestry species. Traditionally, the wood has been regarded as having a low heating
value (e.g. Mann 1987, Drakenberg 1991). This may be an effect of expressing the heating
value per volume of wood, because grey alder wood is light compared with many other tree
species (Hakkila 1971). If, however, the heating value is calculated per unit of weight there
seem to be no significant differences between most species. Nurmi (1993) studied heating
values of small-sized trees of seven species, including grey alder, and found that the
differences between species were so small that they should not affect the price-setting of
fuelwood. The suitability of grey alder wood for board production has been stressed by
Hakkila (1971), Krzysik and Nadowski (1975), and Schrotter (1983). The small fibre size
of alder wood makes it of interest for the pulp industry, because it improves printing
properties of paper (Berggren et al. 1994). On the other hand, the dark and red colour
makes it less attractive. Until the problem of non-polluting bleaching methods is solved,
the use of grey alder wood in high-quality pulp will be restricted.

A definite advantage for grey alder, compared to current Salix and Populus clones, is
the moderate soil and climate quality requirements. Grey alder is well adapted to the
prevailing climatic conditions of the boreal regions (cf. Christersson and von Fircks 1984),
and can stand pH levels down to 3.5-4.0 without reduced growth (Ericsson and Lindsjo
1981). It has also been introduced as a species suitable for planting on polluted areas (cf.
Rytter 1996). In addition, grey alder has a low preference for browsing (Wentz 1982,
Danell et al. 1991, Hjalten and Palo 1992), an important character in game-dense areas.

Conclusions

Grey alder may not be an obvious first choice species in short rotation forestry plantations
but have some advantageous properties of great interest in this context. The production of
woody biomass is high, although not as high as in some willow and poplar clones, and can,
most likely, be enhanced through future breeding work. Grey alder can also be regarded as
self-supporting with nitrogen, and is well adapted to the climate and fauna in Fennoscandia
and Balticum.
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Abstract

The area of managed forests in Estonia is 1.96 million ha, covering 44.4 % of the total area.
The closed forest area is 1.845 million ha, of which 4.4 % constitute grey alder (Alnus
incana) stands. Grey alder timber forms 4.0 % of the total standing volume in closed
forests, while in the total volume increment it accounts for 6.7 % (619500 m3). Despite the
high mean age (29 years), the annual volume increment in the grey alder stands is higher
than that of other tree species. In private forests, 11 % of the standing volume and 26 % of
annual timber production, respectively, are formed by grey alder.

Productivity and buffering capacity studies were carried out in two differently
loaded riparian grey alder stands in southern Estonia: i) one (aged 14 years) in natural
conditions without any significant groundwater/overland flow input, and ii) the other (aged
40 years) downhill of intensively fertilized arable land in the vicinity of a large pig farm.
The total biomass of the 14-year-old grey alder stand was 115.5 t ha"1 and of the 40-year-
old one 158 t ha'1, with a net production of 17.3 and 10.6 t ha"1 yr"1, respectively.

Despite a considerably higher N and P loading in the grey alder test site downhill
the field with slurry application (2.0-62.1 mg N I"1, 0.6-7.09 mg P I*1) compared with the
site in natural conditions (0.4-4.3 mg N I'1, 0.42-1.05 mg P I1). The levels of the output
concentrations were on comparable levels (0.4-3.0 mg N I'1, 0.08 to 0.65 mg P I"1). The
total N-uptake was 140.2 and 204.8 kg N ha1 yr1, and the P-uptake 10.8 and 15.1 kg P ha"1

yr"1, in the heavily polluted and less-polluted test sites, respectively. According to the high
loadings, the N and P retention values in the heavily polluted site were relatively high:
0.48-42.8 kg N ha1 yr'1 and 0.12-5.2 kg P ha"1 yr" . In the less polluted stand, the
corresponding values were 0.24-4.6 kg N ha"1 yr"1 and 0.13-1.3 kg P ha' yr*1. Riparian grey
alder forests are effective buffers on stream banks and lake shores, and they present great
interest as energy forest stands. From the view points of both productivity and nutrient
retention, their optimal harvesting age are 12-15 years.

Key words: Alnus incana, Buffering capacity, Productivity, Resources

Introduction

Alder forests are of utmost interest as potential biomass energy sources. Grey alder has
several biological and economic advantages: it grows rapidly, it is symbiotically N2-fixing
by the actinomycete Frankia, it has only a few pest and disease enemies. Decomposition of
alder litter enhances soil properties. After cutting, a new alder generation emerges by
coppicing from root system and, thus, artificial reforestation is not needed. The harvesting
can be done with ordinary equipment (e.g. with a power-saw), no special harvesting
machinery is necessary. In recent years, the area of abandoned agricultural land in Estonia
is increasing; different authors estimate this area to be in range of 70000 to 300000
hectares in 1994 (Tullus et al, 1995). Grey alder forest resources in Estonia were recently
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estimated in the state-owned forests, and presently a forestry inventory is being performed
on private land. Because of the increase of abandoned agricultural land, the real area with
grey alder stands might be larger than that presented in this paper.

Alder forests in Europe are typical riparian ecosystems which can retain and
transform nutrient fluxes from adjacent intensively exploited territories. Therefore, riparian
alder stands are commonly evaluated as buffer zones for protecting waterbodies against
pollutions. However, only a few thorough studies have been carried out to establish their
buffering capacity, while the results show contradictory findings (Knauer and Mander
1989, Binkley et al. 1992, Vought et al., 1994). Due to the fixation of atmospheric nitrogen
by root nodules, alders have been supposed to act as an additional source of nitrogen
pollution of waterbodies. To clarify the influence of both internal and external loading in
riparian alder forests, a study was performed in two grey alder {Alnus incana) stands of
different nutrient load in southern Estonia: one in natural conditions without any significant
nutrient input via groundwater/overland flow, and the other downhill an intensively
fertilized arable land in the vicinity of a large pig farm. The main hypothesis was that
significantly more nutrients are leached from riparian grey alder stands with a considerable
external nutrient load (application of manure in the upland field, ammonium deposition)
than from unloaded stands. The hypothesis was tested in 1994-1995, and some preliminary
results of this comprehensive study are presented in the present paper.

Material and methods

Estimation of grey alder forest resources in Estonia

Data on the Estonian Forest Survey Center were analyzed what concerns area, total
standing volume, mean annual increment, age distribution, and cutting of grey alder forests
(Estonian Forest Resources 1995). The mean annual increment per hectare of grey alder is
compared with that of other principal and main tree species.

Grey alder stands in Estonia are typically small, with an average area of 1 ha. The
distribution of different site types of grey alder forests (totally 2224 stands) was analyzed
concerning the private forests in the districts of Harju (North-Estonia), Rapla (West-
Estonia), Voru and Valga (South-Estonia). The share of grey alder is bigger in Filipendula,
Aegopodium, Oxalis and Hepatica site types. We compared the current annual increment of
alder and spruce (970 stands) in Filipendula and Aegopodium site types. The mean site
quality index was the same for both species.

Study area and test sites

Two different riparian grey alder stands were selected: one in the unpolluted Porij5gi River
catchment (for area description, see Mander et al. 1995), the other, in the vicinity of the
Viiratsi pig farm (32000 pigs), Viljandi County. The physio-geographical conditions of the
Viiratsi study site are similar to those of the Porijogi River catchment. In both study areas,
transects were established along topo-edaphic gradient in autumn 1993. In the less polluted
Porij5gi test site, the following spectrum of communities, in the order of going downhill,
was analyzed: abandoned (formerly cultivated) grassland - wet meadow (dominated by
Filipendula ulmaria, Aegopodium podagraria, Cirsium oleraceum, and Urtica dioica) -
grey alder stand. In the heavily polluted Viiratsi test site, the transect was established
through the following communities: arable land (fertilized by pig slurry) - eutrophic
grassland strip (Elytrigia repens, Urtica dioica) - young grey alder stand with a wet
meadow pattern (Filipendula ulmaria) - old grey alder forest. In the landscape profiles,
piezometers (3 rows in the Porijogi transect and 5 rows in the Viiratsi study site, with 3
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replicates in each row) and study plots were established on boundaries between the plant
communities. The main N and P cycles and budgets were assessed. In the current paper,
some preliminary results of the soil water quality, tree biomass production and nutrient
uptake, nitrogen fixation, and denitrification are presented.

Productivity and uptake estimation

Dimension analysis techniques (Bormann and Gordon 1984) were used to estimate the
above-ground biomass and productivity of grey alder forests. At the Porij5gi test site, we
first measured the diameter at breast height (dbh) on 100 trees. Using a random procedure
based on the dbh distribution, 17 model trees were felled: 10 on 16 March (in the dormancy
period) and 7 in the last week of June 1994. The height of all model trees was measured.
For the distance of each branch from the stump, the inclination angle, diameter at the base,
length and fresh weight were determined. Five model branches per model tree were
sampled randomly (at intervals equal to crown length divided by 6) to collect data on the
following branch components: generative organs, buds, leaves, primary branch growth,
secondary branch growth. All branches of the model trees sampled in March, and the
model branches collected in June were divided into 3 diameter fractions: d < 5 mm, 5 mm

< d < 10 mm and d > 10 mm; all current year shoots constituted an additional fraction.
From each fraction, a subsample was taken to estimate the dry weight proportion and, for
model branches, also wood and bark proportions. Dead branches were collected and
weighed. All mass data are presented on an oven-dry (70 °C) basis. For estimating leaf
specific area, 25-35 leaves per model branch were herbarized, and the area and the oven-
dry mass of each leaf were determined. Branch surface area was determined on the basis of
19 branches, sampled randomly from different crown intervals. The production of branches
consists of primary and secondary growth. The later part was estimated by dividing branch
overbark (wood and bark) mass (without current year shoots) by branch age.

Each bole was cut into 50 cm sections, discs from the base of each section and at
the height of 1.3 m were taken and the diameter outside bark and the fresh mass of each
section were determined. Bark thickness, the widths of the last 5 annual rings and the
number of annual rings were determined and the mean annual increments of the last 5 years
were calculated. Subsamples for estimating bark and wood proportions and their dry
weight content were taken.

The relative increment of wood and bark in an overbark fraction were assumed to
be equal. Root systems for 6 of the sampled 17 trees were excavated and divided into five
fractions: stump, coarse roots: d > 20 mm, 5 < d < 20 mm, 2 < d < 5 mm, and fine roots (d
< 2 mm). In case root craftings occurred between the trees, the length of the connecting
root was divided into parts proportionally to tree diameters. Since a large number of
nodules were broken in the course of excavating, nodule mass was estimated separately in
June and July 1995. Round 10 randomly selected alders, a ring layer with the width of 50
cm was marked, and divided into four equal segments. From each of these segments all
nodules down to a depth of 10 cm were sampled and stored in a freezer; the diameter at
breast height and the tree perimeter at ground level were measured for all trees. For the
remaining study plot area, 15 cores, 147 mm in diameter, down to a depth of 15 cm were
taken. However, nodules were not found deeper than 10 cm. Immediately after sampling,
the core samples were washed (the tree nodule samples after thawing), and living and dead
fractions of nodules collected. For estimating the below-ground production, the shoot/root
ratios for tree biomass and production were assumed to be equal.

For nitrogen, phosphorus, energy, and ash content analyses, subsamples from all
tree compartments were taken. At the Viiratsi test site, the dbh of all 96 alders on the study
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plot was measured, 5 model trees were felled, and 3 root systems excavated in the first
week of July 1994; nodule mass was estimated in July 1995. The methods used were the
same as described above for Porijogi study site. The age of the stand was estimated on the
basis of 30 cores taken at breast height; 40 % of the trees were infected with stem rot. The
regression equations for the tree compartments showed the following form:

In y = a + b In dbh (1)

where y is the oven-dry mass of a certain tree compartment (kg) and dbh is the diameter at
breast height (cm); all equations had very high correlation coefficients and low levels of
significance (p < 0.0001 in all cases), The parameters (a) and (b) are presented in Table 1,
and the stand characteristics in Table 2.

Table 1. Parameters of the regression equations used in the dimension analyses for
estimating tree compartment mass (kg); R2 is coefficient of determination, SEE is
standard error of estimate.

Site

Porijogi

Viiratsi

Tree compartment mass
(kg)
Stem, overbark
Branches, overbark
(secondary growth)
Stem, overbark
Branches, overbark
(secondary growth)

a

-2.492
-6.064

-2.406
-3.891

b

2.399
3.123

2.354
2.353

R2

0.992
0.925

0.984
0.947

SEE

0.07
0.31

0.14
0.33

Table 2. Grey alder stand characteristics of the Porijogi and Viiratsi test sites: mean age,
dbh, height, basal area, and LAI (leaf area index).

Site

Porijogi
Viiratsi

Age
(yr)
14
40

Trees
per ha
6110
1810

Alders
per ha
5240
1390

dbh
(cm)

8.9
16.4

Height
(m)
11.0
16.7

Basal area
(m2 ha1)

33.4
35.1

LAI
(m2 m2)
4.5
5.6

Field experiments and laboratory analyses

On the grey alder study sites, water samples were collected and groundwater depth was
measured once to twice a month by piezometers. Filtered soil water samples were analyzed
for NH4-N, NO2-N, NO3-N, total Kjeldahl nitrogen (TKN), PO4-P, total Kjeldahl
phosphorus (TKP), SO4, Fe, and Ca using the Laboratory of the Estonian Agricultural
University (APHA 1981). Soil bulk density, texture class and field capacity were
determined for each 20 cm of the soil profiles (down to 1.5 m depth). Hydraulic
conductivity was estimated using tracer (chloride) and pumping experiments (Freeze and
Cherry 1979). Groundwater discharge was estimated on the basis of both Darcy's law and
gauging with weirs installed in the groundwater seeping sites. Also TKN and TKP of
different plant samples were estimated.
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Results

Grey alder resources in Estonia

Managed forests in Estonia occupy 44.4 % of the total area or 1.96 mill, ha (Estonian
Forest Management Centre 1995). Of the closed forest area (1.845 mill, ha), 4.4 % is
covered by grey alder stands. Grey alder timber forms 4.0 % of the total standing volume in
closed forests while, in the total volume increment, it accounts for 6.7 % (619500 m3). The
mean annual volume increment of grey alder stands is higher as compared to that of other
tree species (Fig. 1). When considering heating energies equivalent to mean annual
increments of main tree species in closed stands, the grey alders production is the highest
(Fig. 2). To calculate heating energies, the effective heating value of grey alder stems with
bark (moisture content 40 %) was set to 1.737 MWh (solid m)"3 according to Nurmi
(1993); the corresponding heating values of other trees are given by Hakkila (1989). In
Estonia, grey alder grows on relatively fertile soils, but its growth is inhibited by the high
mean age of the stands (29 years) according to the age distribution of grey alder stands
(Fig. 3).
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According to the average figures, 11 % of the standing volume and 26 % of annual
timber production in the private forests are formed by grey alder. However, the situation
varies by district, depending on landscape structures and soils. In private forests, the share
of grey alder is bigger in Filipendula and Aegopodium site types. In the Filipendula site
type, the alder reaches its maximum at a younger age and being definitely higher compared
with spruce (9.2 and 8.2 m3 ha'1 yr" , respectively); the mean site quality index for both
species is 2.1. Growth is as highest at the age of 15-20 years in both site types (Fig. 4).
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Fig. 3. Distribution of grey alder stands by age classes
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Fig. 4. Current annual increment of grey alder and Norway spruce in the Filipendula site
type (left) and in the Aegopodium site type (right).

Biomass production and nutrient uptake

Biomass, net production, and nutrient uptake values in grey alder stands are presented in
Table 3. The total biomass value in the less polluted Porijogi stand was 115.5 t ha"1. In the
40-year-old Viiratsi stand, the corresponding value was 158 t ha1, mainly because of
bigger diameter and height of stems and larger amount of branches.

On the contrary, the net production was higher in the Porijogi test site because of an
intensive growth (17.3 and 10.6 t ha'1 yr"1, respectively). Nitrogen and phosphorus uptake
by grey alders is relatively high in both study sites.

Owing to higher productivity, the total N and P accumulation in both above-ground
and below-ground biomass compartments were significantly higher in the Porijogi than in
the Viiratsi stand (204.8 kg N and 15.1 kg P ha'1 yr"1 in Porij5gi compared to 140.2 kg N
and 10.8 kg P ha'1 yr"1 in Viiratsi). The nitrogen content in wood and leaves was
approximately the same at the both test sites. However, the P concentration in the total
biomass of the older and heavily loaded Viiratsi grey alder stand was 13.5 % higher than in
the younger and less polluted Porijogi stand. In the older stand, half of the assimilated P is
allocated into leaves, in the younger stand this share is only one third (Table 3).
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The stem wood production of grey alder was the highest at the age of 14 years
(Table 3, Fig. 4), while the N and P uptake should reach the highest values at a younger age
due to the bigger proportion of leaves, current year branches and bark in annual production.
From the point of view of both productivity and nutrient uptake, the optimal harvesting age
is estimated to be 12-15 years.

Table 3. Biomass, production and nutrient uptake by grey alders in riparian alder forests'at the
Porij5gi and Viiratsi test areas in Estonia.

Stems
wood
bark
Branches
secondary growth
wood
bark
primary growth
Leaves
Roots
Litter
leaves
branches
Total++

Plot area:

Alder
biomass
t/ha

81.7

7.9

0.89
2.6

22.4

115.5

Porijogi test sit
457.8 m2

Alder
production
t/(ha*yr)

7
1.3

0.69
0.51
0.89
2.6
4.3 +

2.5
2 +

17.3

N

kg/(ha*yr)

20.4
16.1

3.6
7

21.9
85,8
50

70.9
11.2

204.8

P

kg/(ha*yr)

3.5
0.99

0.35
0.49
1.74
4.91
3.1

2.93
1.1

15.1

Plot area

Alder
biomass
t/ha

104.7

23.7

0.59
2.8

[26.2]

158

Viiratsi test si'
690.6 m2

Alder
production
t/(ha*yr)

3.77
0.42

1.05
0.3
0.59
2.8
[1.7]

[2.7]
[3]
10.6

N

kg/(ha*yr)

8.6
5

3.23
3.52

11.6
88.5
[19.8]

[75.6]
n.e.

140.2

P

kg/(ha*yr)

1.7
0.49

0.84
0.33
1.2
5.07

[1.2]

[3.1]
n.e.

10.8

[3] - preliminary estimated values
t/ha + - wood and bark together

n.e. - not estimated
Total ++ - without litter values

Nutrient retention

Retention of N and P was calculated according to Equation 2. In Porij5gi, the groundwater
filtration was calculated for 200 m2 plots, and in Viiratsi for 800 m2 plots. Nutrients
removal efficiency (difference between inflow and outflow values, %) and retention
capacity (g m"2 d"1) are presented in Fig. 1. The retention value R was calculated using the
formula:

= [(Qin*Cin)-(Q0Ul*C0Ut)]/A (2)

where Q;n and Qoul are inflow and outflow values (m3 d*1), respectively, C,n and Cout are
concentration values (mg I'1), respectively, and A is the plantation area treated with
wastewater (m ).

Despite the significantly higher nitrogen load in the Viiratsi riparian buffer zone (eutrophic
grassland - young alder stand - wet meadow - old alder stand) relative to the Porijogi set-
aside grassland - wet meadow - alder forest complex (0.4-4.3 and 2.0-62.1 mg N I"1,
respectively), the levels of output concentrations were at a comparable level (0.4-2.1 and
0.5-3.0 mg N I'1, respectively). Atmospheric N deposition in Porijogi and Viiratsi is
estimated to be 10 and 15 kg N ha'1 yr"1. The extremely high TKN content in the Viiratsi
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soil water was caused by the application of pig slurry in the adjacent field in July and
August 1994. Because of intensive fertilization during many years, the soil in this field is
compacted and the soil microfauna disturbed. This is why the N content in upland soil
water was always high during the first part of the planned study period (from June 1994 to
July 1995). In the Porijogi catchment, however, the N input has decreased during the last
three years since agricultural activities had ceased in the upland field (cf. Kuusemets et al.
1996). According to high loading, the retention value in Viiratsi was relatively high: 0.48-
42.8 kg N ha'1 yr1 (Fig. 5). In Porijogi, the corresponding value was 0.24-4.6 kg N ha"1 yr'1.

13

10

0

-5

L

Ju
n
e

l l

A
u

g

S
ep

t

Porijogi test site

BTKN

• TKP

N
ov

D
K

J
a

n
,

F
eb

M
a
rc

h Z. !•
< S

L
Ju

n
e

Fig. 5. Total Kjeldahl nitrogen (TKN) and total Kjeldahl phosphorus (TKN) retention in
the less polluted Porijogi test site and in the heavily polluted Viiratsi test site (g m"2

1

High buffering capacity in the Viiratsi study site can be explained by the following
factors: i) relatively high denitrification rate, which, however, is lower than that measured
in Porijogi; ii) relatively high plant uptake, which also is lower than the corresponding
value of Porijogi; iii) lower N2 fixation.

Table 4. Measured atmospheric nitrogen fixation and denitrification values in the less
polluted Porijogi and in the heavily polluted Viiratsi test sites

5-May-94
7-July-95

23-Sep.-95

Nitrogen fixation (fig N m'2 h1)
Porij5gi

A B C
20.0 21.3 10.7

1.6 0.7 15.5
0.4 0.2 0.7

Viiratsi

A B C
17.9 2.1 2.0
0.5 0.6 2.9
0.2 0.2 0.2

Denitrification (ng N m'2 h'1)
Porijogi

A B C
56.3 37.9 21.5

6.1 4.3 16.2
45.6 23.8 12.8

Viiratsi

A B C
23.3 8.6 9.9

5.1 5.4 2.7
40.5 21.1 14.5

A represents grassland, B represents wet meadow, and C represents alder stand

The denitrification values varied between 12 and 21 ug N m"2 h"1 in the Porijogi test
site. In Viiratsi, this value was between 3 and 14 ug N m~2 h'1 (Table 4). Still, in the
adjacent wet meadow and set-aside grassland uphill the forest, this rate was higher (4-57 in
Porij5gi and 5-41 ug N m"2 h"1 in Viiratsi). Despite the relatively small number of analyses,
the main tendencies of the denitrification intensity are comparable with the results of other
investigations, such that: i) the main denitrifying activity was observed in spring and late
summer (Struwe and Kj0ller 1990, Weller et al. 1994), ii) the higher denitrification
activity was found in the upper part of the slope (cf. also Duff and Triska 1990, Pinay et al.
1993, Jordan et al. 1993, Weller et al. 1994). The latter tendency can be explained by the
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significantly higher nitrate concentration in the soil water. Struwe and Kj0ller (1991) have
reported up to 100 times higher denitrifying activity in slurry incubations than in black
alder forest. Most probably, because of the pig slurry application in Viiratsi, the real
denitrification values can be higher than those revealed by our observations, since our
measurements were not carried out immediately after the slurry application.

Atmospheric N2 fixation in the soil of the alder stand in Viiratsi was significantly
lower than in the Porijogi test site (0.2-2.8 and 0.6-15 ug N m"2 h'1, respectively). The
highest values were recorded in July (Table 4). Surprisingly, the highest N2 fixation values
(up to 21.3 ug N m"2 h"1 in Porijogi and 17.9ug N m'2 h"1 in Viiratsi) were observed in May
in wet meadows and grassland communities without symbiotic N2 fixers. The highest
fixation was observed in May. Lower N2 fixation in the loaded Viiratsi test area can be
accounted for by the predominant N assimilation compared to the N2 fixation in the
presence of high mineral N concentrations in the root medium of actinorhizal plants (cf.
Troelstra et al. 1992). However, our investigations show that the N2 fixation in the soil is
an insignificant part of the whole N budget at both study plots.

Phosphorus

Similarly to N relations in the ground water, the P concentration in the output from the
intensively loaded Viiratsi test plot is not significantly higher than in Porijogi, varying from
0.2 to 0.55 mg P I1 and from 0.08 to 0.65 mg P I1, respectively. However, the P input
values on the border of arable land and eutrophic grassland in Viiratsi are significantly
higher than on the border of Filipendula-Aegopodium wetland and alder forest in Porij5gi,
0.6-7.09 and 0.42-1.05 mg P I"1, respectively. Again, high P values in Viiratsi are caused by
slurry application in the adjacent field. According to high loading, the retention value in
Viiratsi was high (0.12-5.2 kg P ha" yr"1, Fig. 5). In PorijSgi, the corresponding value was
0.13-1.3 kg P ha'1 yr"1, with a slight P leakage in winter (0.13 kg P ha"' yr"1). The high P
retention rate in the Viiratsi study site can be explained by the following processes: i)
uptake by alders, ii) accumulation in soil.

Considering the relatively low plant uptake and low leaching values, we suggest
that the main portion of the retained P is accumulated in the soil. In the long-term
perspective, this high loads certainly cannot be compensated by Fe, Al and Ca phosphate
precipitation. This is evidently the key process in P retention in Viiratsi. Also, some
investigations suggest that the permanently high N concentration in the soil can cause P
leaching (Andrusch et al. 1992). On the other hand, our earlier investigations demonstrate
that riparian alder forests are effective buffers for phosphorus (Mander et al. 1995). Even in
riparian wetlands, P can be retained due to micro-scale oxygenation variability within the
wetland and, probably, due to phosphorus inactivation by nitrate (cf. Andersen 1982).

Our results suggest that due to lower uptake in older Alnus incana stands (>20 yr),
it is important to harvest these stands earlier.

Conclusions

The results presented above allow us to draw the following conclusions:
1. Grey alder stands serve as perspective energy forest stands from the point of view of

both productivity and nutrient retention, and their optimal harvesting age are estimated
to be 12-15 years.

2. No additional N and P leaching was found from heavily loaded riparian grey alder
stands (application of pig slurry on upland soils plus atmospheric NH» deposition).
Thus, fast growing young grey alder stands do not represent additional sources of
nutrients, and they can act as effective buffers on stream banks and lake shores.
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Birch - a high-producing species?

S. Elowson

Dept. of Short Rotation Forestry, SLU, P.O. Box 7016, S-75007 Uppsala, Sweden

Abstract

In Sweden, 0.5 million hectares of set aside agricultural land can be used for production of
short fibres and energy by growing high producing broadleaf species, such as birch. Small
plants of birch have shown high growth rates when grown in laboratory at optimal light and
temperature conditions and with free access to mineral nutrients. In field, however, the
growth rate is considerably lower. Birch suffers largely of competition from neighbouring
trees and should, therefore, be grown in stands of low density. Other species like willow
and hybrid poplars have a higher growth rate. Willows can be grown in closed stands
where the canopy will absorb almost all incoming light. On the other hand, however, logs
of birch of high quality, used for production of veneer for furniture, are paid a much higher
price than willow biomass used for energy purposes.

Key words: Betula nana, Betula pendula, Betula pubescens. Poplar, Production, Willow.

Introduction

The birch species

The distribution of the genus Betula is limited to the northern hemisphere and all of the
species, totally about 50, are found in the temperate vegetation zone. In Sweden, three
species of Betula can be found, Betula pendula Roth, B. pubescens Ehrh., and B. nana L.
These three species grow throughout the whole of Europe except on the Iberian Peninsula.
Going eastwards they reach their extremity in the middle of Siberia. B. nana is a small bush
(1 m) that beautifully paints the hill-sides in the autumn with its intensive red colour but
does not have any commercial value, which the two other species do have. B. nana
sometimes hybridizes with B. pubescens.

The birches are pioneer trees. To grow well they must have a good supply of light
and the trees must be able to develop their crowns without competition from neighbouring
trees. The production decreases in dense stands. B. pendula prefers fertile mineral soils
with good supply of water. On dry mineral soils, it does not grow so well and is never
found on wet land, where the aeration of the root system is poor. B pubescens, on the other
hand, is found on wet lands with high ground water level, but it can also grow on mineral
soils. On good sites, the production rate of B. pendula is much higher than that of B.
pubescens. The trees reach heights of 25-30 m and diameters of one meter. The growth rate
of B. pendula is high to start with but decreases after 10-12 years (Raulo 1977). Of this
species, there are several varieties which often are grown as ornamentals in parks and along
streets in cities. The wood from this tree is valuable and used for different industrial
products. Some trees form a special type of wood, curly-grained wood, caused by
disturbances in the cambium growth. This characteristic is inheritable. The wood is very
decorative and is used as veneer for furniture. It has a high market value.

B. pubescens prefers more humid soils, often with a high degree of organic
material. It is often found on shallow peat bogs. Birch growing on wet land is always B.
pubescens. The growth rate is lower than that of B. pendula. The tree is smaller and reaches
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a height of 20-25 m. A subspecies, ssp. tortuosa, is found on high elevations and forms the
timberline in the mountains of Fennoscandia. This species often hybridises with B.
pendula. The wood of the species has not the same high quality as that of B. pendula and is
mostly used for pulp production and as fire-wood.

Birch in Swedish forestry

The two species of birch, B. pendula and B. pubescens, are widely spread all over Sweden,
but B. pubescens is found higher up in the mountains. This species is also dominating in
the middle and northern parts of the country, while in the south B. pendula is the most
common, providing 60-80 % of the timber volume (Bergman 1989). In the beginning of the
eighties, the timber volume of birch in Swedish forests was 275 million m , which was
about 11 % of the total timber volume in the country (Bergman 1987). When planting
birch, it is important that the plants are of a local provenance and not moved too far in a
north-south direction. The seed production is high, and natural regeneration will be good
where mineral soil is exposed and the competition from other vegetation is not too high.
During the first years after germination, the growth of birch and pine is almost the same.
Problems will occur after harvesting a mature pine stand mixed with birch. Birch will
coppice and also produce root suckers and these fast-growing plants will compete
effectively with the new pine plants.

During this century the foresters in Sweden have been concentrated on growing
pine and spruce in pure stands. Therefore, broad-leaf species like birch and aspen have
been regarded as weeds and have been cleaned manually in the conifer plantations but have
often also been chemically controlled by using herbicides. It is first today, 15 -20 years
after herbicides became banned for use in forestry, that mixed stands of conifers and birch
species can be seen more frequently. Today, even pure stands of birch are planted on set-
aside agricultural land. However, in Finland there is a long tradition in growing birch, and
good stands, 50 - 70 years old, can be found (Raulo 1987). In Sweden, we do not have
enough short fibre wood for our pulp mills and we import 3 - 4 million m3 of this type of
wood each year. As we have more than 500 000 ha of set-aside agricultural land there is
large potential to produce this type of wood.

Birch is common all over Sweden and wood from birch has long been used as fire-
wood and for production of different tools and handicrafts. Today, the wood is used mainly
for pulp production (355 SEK/m3), saw timber (500 SEK/m3), veneer for furniture and
parquet flooring (1000 SEK/m3), particle board (350 SEK/m3), and fire-wood (300-600
SEK/m3). The most valuable product is veneer from curly-grained wood (2000-10000
SEK/m3) used for production of veneer for furniture (Martinsson 1995). The figures within
brackets are the prices paid to foresters in Sweden in Autumn 1995 for the various
products. What, then, is the prediction of the production rate when growing birch?

Methods

Laboratory studies

Birch, B. pendula, has been very thoroughly investigated in the laboratory environment
concerning its nutrient requirements and how growth rate depends on environmental
factors, and then mainly on the availability of nutrients (Ingestad 1971). It was found that
the growth rate could be very high. When growing young plants under well-controlled
conditions in climate chambers an exponential increase of dry weight of more than 25 %
per day was recorded. The plants doubled their weight in less than three days. When the
plants grow larger the newly developed leaves shade older ones and the growth rate



109

decreased. The period of exponential growth rate was followed by a linear growth rate. If
any external factor was changed, like lower light intensity or lower supply of fertilisers, the
production rate also decreased. Many other species (conifer, tomato, cucumber, etc.) have
been investigated in the lab but so far no others have been found to have as high production
rate as birch. This applies to small plants grown in laboratory under optimal conditions, but
out in the field many other species like willows, poplars, aspens, and their hybrids are
growing much faster than birch.

Field studies

Information on production in pure birch stands can be found from plantations in Finland
(Table 1). During this century many plantations have been established, most of them as
pure stands both on forest soils and on set aside agricultural land. It can be seen that B.
pendula has a higher production than B. pubescens. The results are from natural stands
which have been thinned very late. The differences in production capacity between the two
species have been verified when growing them on fertile agricultural land. However, their
volume production is low. In trials in Sweden, a stand with an age of 39 years produced
401 m3 (Bergman 1989).

Table 1. Development and production of stands on forest soil {oxalis-myrtillus) of
B. pendula and B. pubescens. The stands were left unmanaged during the first
years but were then repeatedly thinned (from Koivisto 1959).

Age
Years

20
30
40
50
60

Number of
trees/ha

B. pend.

2.700
1.300

845
650
520

B. pub.

3.500
1.820
1.095

845
700

Mean height
m

B. pend.

10.4
14.9
17.9
20.5
22.5

B. pub.

7.1
11.5
14.6
16.8
18.2

Mean diameter
cm

B. pend.

7.7
12.3
16.1
19.2
21.8

B. pub.

6.0
10.0
13.7
16.4
18.4

Volume
m3/ha

B. pend. B

59
99

137
169
187

. pub.

40
72
104
128
146

In mixed stands, B. pendula and Picea abies, birch has a positive impact on the
fertility of the sites. Birch has a deep root system and when roots die and decay the aeration
of the soil increases and stimulates the growth of the spruce. The leaf litter from birch
decays faster and is less acid than that of spruce needles. The pH is kept on a high level and
the acidification of the soil due to acid rain can be prevented to some extent (Troedsson
1983). The growth of birch is much higher than that of spruce, especially during early age
but the differences diminish with increasing age of the stand (Table 2).

Results

Production trials in Sweden

In Sweden, few pure stands of birch have been measured and analysed concerning their
production rate compared with other species. However, in a trial at Langaveka in the
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southwest of Sweden, the production rate of different broad-leaf species like willows,
birch, alder, and hybrid poplars has been studied during the recent years. The site (56°
517^, 12° 351:) is situated close to the coast of Kattegatt. The fields consist of old
agricultural land and the soil is sandy and mixed with small amounts of organic material.
The plantations were irrigated (3-6 mm per day) and fertilised (100 kg N per ha and year)
by a drip irrigation system with drip tubes between each second plant row and xh m
between the drip nozzles. A liquid fertiliser, containing all essential elements in proper
proportions except calcium according to Ingestad (1971, 1974), was used. Calcium was
given as 4 tonnes of dolomite per ha before plantation. The liquid fertiliser was injected
into the irrigation water. Irrigation and fertilisation started in May and continued every day.
The fertilisation terminated in late July but the irrigation went on until the end of
September (Christersson and Elowson 1990, Elowson and Christersson 1993).

Table 2. Dry matter production of Betula pendula and Picea abies grown on forest soil,
H ioo=30. The stands were repeatedly thinned (from Ronkanen 1974).

Rotation period
Species 20 30 40 50 60 70 years

Total production, tonnes dry matter per ha

Betula pendula
Picea abies
Birch production
in % of the spruce

40.3
7.2

560

89.1
38.6

231

130.8
81.2

161

167.5
129.2

130

199.0
173.2

115

227.0
212.0
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The birch (B. pendula) and alder (A. glutinosa) stands were planted with two-year-
old plants in 1988 in a square spacing of 0.7 x 0.7 m (corresponding to 20408 plants per
ha). The poplar hybrids were planted as 20 cm long cuttings with a spacing of 1.0 x 1.5 m
(corresponding to 6667 plants per ha). The stands were thinned each year to keep the
canopy closed but still prevent competition between single trees. Poplar hybrids produced
about 2 meter long top shoots and a current annual increment of 40 m six years after
plantation. The total biomass production above ground after six years was up to 110 m3.
The production of birch was much less. After 8 years, a total production of 72 m3 and a
current annual increment of 19 m3 during the 8th years of growth was recorded (Table 3).

In order to give an answer to the question in the title, it is of interest to compare the
production of birch with that of other fast-growing species. In the same field, willows and
hybrid aspen were also planted. These stands were intensively managed with daily
irrigation (3-6 mm/day) and fertilisation (150 kg N/year) (Christersson and Elowson 1990).
In the willow stands during the first rotation period of 4 years a biomass production of 63
tonnes/ha (160 m3) has been recorded, and during the fourth year one clone produced as
much as 30 tonnes/ha (75 m3). A stand of hybrid aspen produced 38 tonnes/ha (100 m3)
during 4 years (Table 4).
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Table 3. Mean height, total production and current annual increment (c.a.i.) in hybrid
poplar stands (clone 1623 and 1775), birch (B. pendula) and alder (A. glutinosa)
stands.

Clone Age
year

1623 3
4
5
6

1775 3
4
5
6

Alder 6
7
8

Birch 6
7
8

Height
m

4.6
6.6
8.1
9.7

4.2
6.3
7.8
9.6

5.6
6.7
7.8

5.8
7.0
7.9

Total
prod., m3

10
37
71

110

9
36
66

106

58
79
98

39
53
72

c. a. i.
m3

26
34
39

27
30
40

21
19

14
19

Table 4. Stem dry matter production for willow and hybrid aspen. The figures for willow
clone 78195 and hybrid aspen are means over 4 years, for willow clone 79097
they show the maximum annual production during the rotation period of 4 years.

Species

Willow
Willow
Hybrid aspen

Discussion

Clone

78195
78097

Max. production
tonne/ha, year

30.0

Mean production
tonne/ha, year

15.8

9.5

m3/ha, year

40
75
25

Is birch a high-producing species? One might answer yes, if looking at the results from the
laboratory. The production rate is higher than that of investigated willow species (Ericsson
1981). However, looking at growth in the field, other species like different clones of
willow and poplars produce much more than birch, even on the same site and with the
same treatment. The reason for this is unknown, as is also the case concerning the factors
limiting growth in the field. The extremely high juvenile growth rate is, of course,
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favourable for a pioneer tree like birch, but also aspen and willows are pioneer species.
However, when the trees grow larger, birch seems to become very sensitive to competition
from neighbouring trees and the canpoy must be open if the trees are to develop well.
Willows, on the other hand, can grow well in dense stands with completely closed
canopies, which effectively absorb all incoming light. Of course, these differences have an
impact on the production of the stands. Another fact might be that in the climate chamber,
growth of birch seedlings is compared with that of coppicing cuttings of willows and,
therefore, the basic plant conditions are not comparable.

However, when you start a plantation, do not look only at the production capacity of
the stands, but also at the prices you might get for high quality products.
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Conversion factor between global solar radiation and
photosynthetic active radiation

M. Sulev and J. Ross

Tartu Observatory, EE2444, Toravere, Tartumaa, Estonia

Abstract

Detailed research on the radiation regime of willow plantation was started at Toravere,
Estonia in 1994. The course of investigating the conversion factor between global solar
radiation and photosynthetically active radiation was under consideration. The preliminary
results demonstrate that the conversion factor for incident radiation in clear sky conditions
varies within the limits 0.44 - 0.485 with the maximum in July. Inside the canopy, the daily
curve of the conversion factor has a clear maximum near midday and decreases when the
depth of the mesuring level in the canopy increases.

Keywords: Photosynthetically active radiation, Radiation regime, Willow plantation.

Introduction

The Sun is the primary source of all kinds of energy on the Earth, providing also for plant
cover growth and biomass production. Of vital importance for plant ecophysiology is the
photosynthetically active radiation (PAR), which has been subject of investigations for
several authors (see the references). PAR is defined as energy flux in the spectrum between
400 and 700 nm (McCree 1971). Unfortunately, a worldwide routine network for the
measurement of PAR has not yet been established, and the instruments for PAR
measurement were designed only during the last decade and are not yet available
everywhere. To palliate this problem, PAR is often calculated as a certain ratio of the global
solar radiation (broadband irradiance), which has been measured more commonly in the
worldwide network of actinometrical stations during a few decades or, which can be
estimated by climatological data using theoretical or empirical considerations (Britton and
Dodd 1975, Blackburn and Proctor 1983, Schafer et al. 1984, Gueymard 1989, Skartveit
and Olseth 1994). The ratio must be determined empirically and cannot be considered
constant. Many parameters are likely to affect the ratio, for example, the spectral
composition of the global radiation depending on the Sun elevation, turbidity of the
atmosphere and presence of the clouds. The PAR proportion of the global solar radiation
(Q) ranges between 38 and 68 %, depending on the weather conditions, (e.g. McCree 1971,
1975, Williams 1975, Blackburn and Proctor 1983, Czamowski 1994,). Nevertheless, it is
commonly assumed that the PAR energy, on average, accounts for 45 % of Q (Czarnowski
1994). Inside the plant cover, the PAR is absorbed more than Q is (e.g. Lemeur and Blad
1973, Mann et al. 1980), and the ratio is consequently smaller than above it and depends on
the phytometrical parameters of the plant cover.

Detailed experimental investigation of the radiation regime of the willow plantation
was started in 1994 at T5ravere, Estonia. The instruments and methods of the measurement
are described by Ross et al. in this issue. Among other problems, the determination of the
ratio between PAR and Q above as well as inside the canopy was of interest.



116

Conversion of Photon Units to Radiometric Units

The global solar radiation on the ground level is located within the spectral region 300-3000
nm (Fig. 1) (LI-COR, 1991). The instruments (pyranometers) for correct measurement of
the Q must be nonselective in the same spectral region. Spectral response of
thermoelectrical pyranometers (Fig. 1) satisfies this requirement. Here one must mention
that pyranometer sensors designed using silicon photodiodes may be used only for very
rough estimating of the Q due to their unsuitable spectral sensitivity (Fig. 1).

0.5

3

" SOLAR RADIATION CURVE
ATSEA LEVEL

SPECTRAL RESPONSE
OF SILICON CELL

— SPECTRAL
RESPONSE OF •
THERMOPILE
TYPE
PYRANOMETER

300 400 500 1000 2000 3000 4000 500
wavelength nm

Fig. 1. Spectral response of thermoelectrical and silicon cell pyranometers. For comparison
clear sky global radiation spectral curve at sea level is shown.

PAR is usually measured in nmol s'1 m"2 using sensors such as LI-COR LI-190S A
Quantum Sensor (Fig. 2) (LI-COR 1986). To compare these values with the Q in kW m'2 or
to calculate the conversion factor CQ=PAR/Q, we have to convert PAR expressed in fimol
s 1 m'2 into PAR in kW m'2.

WAVELENGTH — MANOMETERS

Fig. 2. The spectral response curve of the LI-COR Quantum Sensor LI-190S A used for the
measurements at Toravere in 1995 (after LI-COR 1991).
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The conversion quantum sensor output to radiometric units in kW m'2 (400-700nm)
is complicated. The conversion factor will be different for each light source and the spectral
distribution of the radiant output of the source must to be known. If Qx (kW m'2 nm1) is the
spectral flux density of the global solar radiation Q then:

3000

Q= \QxdX (1)
300

PAR in radiometric units PARR is:

700

PARR=JQxdX (2)
400

and the conversion factor CQ is:

700

JQxdX
PARR _ m

300

As the energy of a photon (quanta ) equals hc/X, the number of photons at a given
wavelength is:

N = C41
QX he IX {)

where h is Planck's constant (6.63-10'34 Js), c is velocity of light (=3.0-108 ms"'), and X is
the wavelength in nm. Then, the total number of photons per second within the 400-700 nm
range is:

(5)

This is the value measured by the quantum sensor in photons-s"'m"2. If the quantum sensor
is calibrated in jimol s"1 m'2 and, when the measured value of the PAR in these units, is
PARQ, then, while 1 \imol s"1 m"2 = 6.022.1017 photons s"1 m"2:

700 Q

6.022-1017 • PARQ = f - ^ - dX (6)

Combining equations (2) and (6) gives:
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PARR = 6.022• 1017 • PARQ

fUU

\QxdX

jXQxdX

(7)

Accordingly, the conversion factor CR between PARQ, measured in quantum units
s'1 m'2), and PARR, measured in radiometric units (kW m'2) is:

PARn

JQxdX
TOO

jXQxdX
(8)

For a typical clear sky, daylight spectral distribution in the range of 400-700 nm, the
calculations show that CR = 2.17440"4 kWs iimol'1. This value was used to convert the
measured data with the quantum sensor to radiometric units in kW m'2 in order to compare
with Q, measured by the pyranometer. The conversion factor CQ=PARR/Q was calculated
above the canopy as well as at different levels inside the plantation. This approach
comprehends that the conversion factor CR, calculated for clear sky radiation conditions,
may be used inside plantations only as a rough approximation.

Results and Discussion

To obtain the seasonal variation of the CQ for the incoming radiation (irradiance) during the
growing season (Fig. 3), the clear sky measurements were converted to the Sun elevation
ha=45° using daily curves of the CQ. AS we can see, the CQ above the canopy varies within
the limits 0.44 - 0.485, with the maximum in July. The result is in accordance with data in
Schafer et al. (1985), where the CQ variations are in the range of 0.43 - 0.46, having the
largest value in June and being relatively constant (0.447) at the end of the summer. This
may be explained by seasonal changes of the atmospheric turbidity, which cause variations
in the spectral distribution of the Q.

OS
o
^-0.48

ZO.46 -
O

w0.44 -

o
°0.42 -

0.40
MAY JUNE JULY AUG SEPT

Fig. 3. The seasonal curve of the conversion factor CQ on clear days with the Sun elevation
of hs=45° at Toravere (growing season 1995).
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As an example, the daily curves of CQ versus the h@ on a cloudless day (27 June
1995) above and inside the plantation are shown in Fig. 4. At the same time as the CQ above
plantation (LAI=0) has a slight minimum near midday, it has a clear maximum at all levels
inside the vegetation (LAI>0). It is caused by the increase of the path length for direct solar
radiation inside the canopy when h@ is decreasing. Since the extinction of PAR inside the
canopy is more intensive than of Q, the ratio PAR/Q must decrease, if the path of the rays
increases. It explains also the decreasing of CQ at the lower layers. The graph CQ versus leaf
area index above the measurement level (Fig. 5) clearly confirms this allegation.

o
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0.0
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3 0 0

aoo
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0

0.65
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30 30 40 50 50 40 30 20
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SOLAR ELEVATION

Fig. 4. The conversion factor (CQ)versus the Sun elevation (h0) above (Z=300) and inside
of the willow forest canopy (Z=200, 126, 40, respectively) on a clear day (27 June
1995). The corresponding leaf area indices (LAI) are indicated.
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Fig. 5. The conversion factor (CQ) versus the leaf area index (LAI) on two clear days at a
Sun elevation of hg= 30° at Toravere
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Solar radiation measurements within the willow plantation at Toravere

J. Ross, M. Sulev and P. Saarelaid
Tartu Observatory, EE2444, Toravere, Tartumaa, ESTONIA

Abstract

During the growing seasons of 1994 and 1995, measurements of downward and upward
flux densities of global (Q), photosynthetically active radiation (PAR Q) and net radiation
have been carried out above and inside the fast growing willow forest (Salix viminalis) at
Tartu Observatory, Estonia. A 6-metre long, horizontal rod with moving carriage of sensors
was used. One measurement scan with averaging length of 12 m consists of 400 readings
which have been made during 400 sec. Mean value, standard deviation and flux density
distribution functions were calculated. At the end of the first growth period (1994), the
maximum forest height achieved 230 cm and the leaf area index 1.2 m2 m"2. At the end of
the second year the corresponding values were 400 and 2.6. For global solar radiation the
albedo values during the cloudless midday were about 23 %, and there was slight increase
during the growth period. In the period of intensive forest growth during the first year, the
penetration was 50 % and the absorption 30% of the incoming radiation, while the part of
penetrated radiation absorbed at the ground surface was 47 %. During the second year of
growth, the corresponding values were 27 % for penetration, 54 % for forest absorption and
22 % for soil absorption. Because of draught in July 1995, the forest growth was somewhat
retarded so that the leaf area index started to decrease.

Key words: Radiation regime, Willow plantation.

Radiation measurements and data processing

During the last decades, different aspects of willow forest growth have been studied by
Swedish scientists. Some papers about radiation measurements, concerning methods of
measurements (Perttu, 1970; Lindroth, Perttu, 1981) and light penetration in willow stand
(Eckersten, 1984) have also published.

Within the joint Swedish-Estonian fast-growing forest research project, an
extensive study of the radiation regime of a willow plantation is planned, including global
radiation, photosynthetically active radiation (PAR) and net radiation.

The purpose of the study is to:
1. Investigate reflection, penetration and absorption (separately for canopy and

underground) of the forest, including diurnal and long term dynamics of these processes.
2. Determine vertical profiles of upward and downward fluxes of global radiation, PAR

and net radiation, thus taking into consideration the dependence of the profiles on solar
elevation, conditions of illumination and on canopy architecture.

3. Study the stability of the conversion factor between global radiation and PAR, and
establish the influence of the different factors on the stability above and inside the
canopy.

4. Modify different semiempirical radiation penetration formulas with the aim of taking
into account specific features of the willow plantation.

5. Study the statistical character of the radiation fluxes inside the canopy governed by plant
and canopy structure and wind.
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The radiation and phytometrical measurements were carried out during the growing
seasons of 1994 and 1995 in a willow (Salix viminalis, clone 78021) plantation at the Tartu
Observatory in Estonia (lat. = 58°16', long. = 26°28')- For more detail see (Koppel et al.
1996; Ross & Ross 1996, this issue).

Due to a great spatial variability, an important problem of radiation measurements
inside the plant canopy is the horizontal averaging. Most radiative transfer concepts (e.g.
Ross 1981) consider the radiation characteristics as the function of height z and suppose
that averaging over xy-plane has been made with necessary accuracy. Measurements with
one or two sensors at fixed points do not guarantee this. Different methods of horizontal
averaging have been used (see reviews by Ross 1981, Campbell & Norman 1989) such as:
linear sensors (Fassnacht et al. 1994), set of sensors located at chosen sites inside the
canopy (Pearcy et al. 1990, Sassenrath-Cole 1995) or distributed along attached rod
(ceptometer, Fassnecht et al. 1994), moving sensors on rod (Niilisk 1969; Laisk 1969,
Tooming - reviewed by Ross 1981), and moving trams (Baldocchi et al. 1984; Chen &
Black 1992) or traversing system (Allen & Lemon 1972). In this work, linear averaging
across the row direction using a moving sensor on a horizontal rod has been used.

Measurements of the following radiation flux densities (in kWm"2) were carried out:
Q(z) global radiation at height z, measured by Reemann's minipyranometer,
R(z) reflected (upward) global radiation, measured by Reemann's mini-

pyranometer,
PAR Q(z) global PAR at height z, measured by LI-COR quantum sensor,
PAR R(z) reflected (upward) PAR at height z, measured by LI-COR quantum sensor,
B(z) net radiation at height z, measured by Reemann's net radiometer.

To receive data on the irradiance above the canopy at height z0, the global radiation
Q(Zo), using Reemann's minipyranometer, and PAR Q(Zo), using LI-COR quantum sensor,
were measured.

From these measured values, the following radiation characteristics were calculated:

QUo)

A - R ( ° )

0 " Q(O)

p = Q ( O )
Q(z0)

where A is the reflexion coefficient (albedo) of the system "ground surface -willow forest"
for global radiation, AQ is the albedo of the ground surface beneath the forest, and P is the
penetration coefficient of the forest for global radiation. The lowest level where the
radiation measurements were performed was 40 cm above ground, implying that Ao
characterizes the albedo of the soil surface including the possible cover of weeds and
grasses.
The absorption coefficient of the forest for global radiation N is:

-«(zo) +
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and the absorption coefficient of the ground surface No is:

N 0 = ( l - A 0 ) - P

From equations (1) and (2), we can have:

N + N0+A = l

(2)

(3)

The shortwave net and longwave net radiation at height z (BK(z) and BL(z), respectively)
can be expressed by:

BK(z)=[l-A(z)]-Q(z)

BL(z) = B(z)-BK(z)

Measurements and data processing

The measurement device consisted of a 6-metre long horizontal bar, the height of which
could be changed when inside the forest (Fig. 1). A sensor carriage was moving with the
speed of 3 cm s'1 along the bar. Two Reemann's pyranometers (TR-3) for measurement the
downward (Q) and upward fluxes (R) of the global radiation, two LI-COR quantum sensors
(LI-190S A) for measurement of the downward (PAR Q) and the upward (PAR R) fluxes,
and a Reemann's miniature net radiometer (MB-1) for measurement of net radiation (B)
were mounted on the carriage.

Z = 0

I m

Fig. 1. The radiation measurement system inside the willow forest
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The characteristics of the sensors are the following:
LI-COR quantum sensor LI-190S A:

Spectral waveband
Sensitivity
Time constant
Size
Weight

Reemann pvranometer TR-3 (Fig. 2):
Spectral waveband
Sensitivity
Internal resistance
Time constant
Size
Weight

Reemann net radiometer (Fig. 3):
Spectral waveband
Sensitivity
Internal resistance
Time constant
Spectral selectivity
Size
Weight

400-700 nm
approximately 8 \iA per 1000 jimol s'm'2

10 us
diameter = 2.38 cm, height = 2.54 cm
28 g

300-3000 nm
approximately 8 .̂V per Wm'2

approximately 50 ohms
approximately 6 sec
diameter = 50 mm, height =115 mm
125 g

300-40000 nm
approximately 3 jiV per Wm'2

approximately 70 ohms
approximately 10 sec
less than 1.5%
70 mm x 18 mm x 18 mm
50g '

Fig. 2. Reemann pyranometer TR-3
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Fig. 3. Reemann net radiometer MB-1

The output of the net radiometer is slightly dependent on the wind speed and a wind
correction must, therefore, be taken into account. The net radiation B has to be calculated
as

B = a[l + bv - 0.02 sin(0.32 v)] • U

where a and b are the instrument constants, v is the wind speed, and U is the output
voltage.

One measuring scan consisted of movement of the carriage from one end of the bar
to the other and back, so the total averaging length was about 12 m. The passage took 400
seconds and during every scan about 400 readings were recorded for every sensor.

The global radiation, Q(z0), using the Reemann pyranometer and the photosynthetic
active radiation, PAR Q(z0), using the LI-COR quantum sensor were simultaneously
recorded above the forest.

The data acquisition system consisted of the Delta-T Devices multi-channel data-
logger and a Notebook PC U865x-25. During the preliminary data processing, the mean
values, standard deviation and flux density distribution function were calculated. For
calculation of the flux densities of the PAR, the sensitivity of the LI-COR quantum sensor,
given by the instrument certificate, was used. For conversion of the PAR flux densities
expressed in (imol s~'m~2 to kWm*2, the coefficient 2.174'IG"4 was used. The Reemann
pyranometer and the net radiometer were calibrated using a normal pyrheliometer and the
sun and shade method, i.e. their sensitivity was coupled with the International
Pyrheliometric Scale. The radiation measurements were carried out during the growing
period of 1994 and 1995 at different sun elevations with clear sky or overcast conditions.

Simultaneously with the radiation measurements, also air temperature and humidity
at the height of 150 cm inside and outside the forest, wind speed above the canopy, and
ground surface temperature beneath the forest were measured.

Results and discussion

An example of a record during one measurement scan is presented in Fig. 4. Different
shapes of the Q and PAR Q curves are caused by different time constant of sensors.
Therefore, the records of the pyranometer as well as of the net radiometer do not give true
information about variability of irradiance inside the canopy. The maximum values in Fig.
4 correspond to the radiation values in sunflecks, the minimum ones to the values in the
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shaded area. The penumbra area in the radiation field inside the canopy, caused by the
narrow leaves, is important. The distribution functions of the radiation fluxes, calculated
for the same data as in Fig. 4, are presented in Fig. 5. From this figure, it can be concluded
that the irradiance distribution function inside the canopy is bimodal. The maximum at
high PAR Q values corresponds to sunflecks and a second maximum at low values to the
irradiance in the shaded area. Between them a large penumbra area exists, which depends
on the leaves' linear dimensions and the distance between the sensor and leaves above it.
For global radiation Q, the distribution function is similar to that of PAR Q, but because of
the greater time constant of the pyranometer, it is smoothed.

A S
Detance ( m

Fig. 4. An example of the record during one measurement scan of Q and PAR Q inside the
willow forest at a height of 270 cm on 27 June 1995 at 16.37 h with a sun elevation
of 30 °. The location of the rows is indicated by asterisks.

0.1 02 0.3 0.4
RRADANCE (kW/rrT2)

Q5

Fig. 5. An example of the irradiance distribution functions calculated using data according
to Fig. 4.
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From Fig. 6 we can conclude that the incoming PAR Q is symmetrical in relation to
noon but this symmetry is not valid for radiation characteristics inside the forest. The
penetration coefficient increases rapidly until about 15 h and then starts to decrease. This
asymmetry is mainly caused by horizontal heterogeneity of the willow forest structure. In
the direction of the afternoon solar azimuth, the forest was 10-20 cm lower and the foliage
sparser. This asymmetry may be caused partly by small changes in the plant structure and
the leaf optical properties, resulting from changes in the water status in trees. The PAR
albedo of the willow forest is small, at noon only about 4 %, and has a diurnal course. The

albedo increases weakly with decreasing of the solar elevation hs. The penetration
coefficient is small, about 5 % at low sun elevation, but increases up to 17-19 % in the
afternoon hours. The absorption of the ground surface is also small, increasing from 4 % to
12-15 % with increasing sun elevation.
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Fig. 6. Diurnal course of the PAR characteristics of the forest layer on the cloudless day of
28 July 1995. The height of the forest was 300 cm with LAI = 2.6. A = albedo, P =
penetration coefficient, No, N = absorption coefficients of the ground surface and
forest layer, respectively.

The main part of the incoming PAR Q is absorbed by the forest layer. At low sun
elevations, the forest absorption coefficient, N, decreases from 90 % to 80 % in the
afternoon hours. In comparison with the global radiation, the willow forest absorption in
the PAR region is about 40 % higher.

The vertical profiles of the down and upward radiation fluxes were determined
using the measurements at the heights 40, 126, 180, 240 and 320 cm (Fig. 7). The rapid
decrease of the downward fluxes of Q, PAR Q, B and BK occurs in the layer between 120
and 250 cm, in which the largest part of the leaf area is concentrated. The profiles of the
total net radiation, B, and shortwave net radiation, BK, are quite similar, showing that the
part of the longwave radiation, BL, is small. In the lower forest layers, BL>0, thus showing
that the soil is cooler than foliage. The situation reversed in the upper forest layers,
implying that the cloudless atmosphere is cooler than foliage. In comparison with other
fluxes, the reflected PAR is practically zero. The vertical distribution of the leaf area
density, expressed as dm2 of leaf area per cm3 of canopy is shown on the left side of Fig. 7.
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Fig. 7. Vertical profiles of the radiation fluxes inside the wilow forest on 28 July 1995. The
height of the forest was 300 cm with LAI = 2.6. The measurements were made
around noon. Q and PAR Q = downward fluxes and R and PAR R = upward fluxes
of the global and photosynthetically active radiation, respectively, B = total net
radiation, BK and BL = shortwave (integral solar) and longwave (thermal) net
radiation, respectively.

Using the data of all measurements performed on cloudless days during the 1994
and 1995 growing seasons, the smoothed curves of the shortwave radiation characteristics
near noon for the whole forest canopy have been estimated (Fig. 8). Errors in estimating
such smoothed curves should be evaluated to ±5 %.

7. LAI

MAY JUNE JULY AUG SEPT OCT
1994

T—040
MAY JUNE JULY AUG SEPT

1995

Fig. 8. Smoothed curves of the shortwave radiation characteristics for the whole willow
forest during the growing seasons of 1994 and 1995. The dynamics of the leaf area
index, LAI, is given for comparison. During 1994, the height of the forest increased
from 10 to 230 cm and during 1995 from 230 to 400 cm.
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The analysis of Fig. 8 shows that the albedo of the system "willow forest-ground
surface" is slightly increasing in both years and, in the period of maximum growth, it
equalled 23 %. The lower values of the albedo in May 1995 compared with May 1994 are
caused by the existence of the skeleton part of the forest in 1995. At the beginning of the
growing period in 1995, the forest skeleton (stems and branches without leaves) showed a
penetration of 89 % of the incoming global radiation Q and an absorption of 10 %, the
albedo being 15 %. In 1995, the growth was disturbed and the LAI started to decrease
because of a drought period in July. The mean characteristics of the willow energy forest
radiation regime at the end of the first and the second growth periods are given in Table 1.

Table 1. Mean characteristics of the willow forest radiation regime for global radiation at
the end of first (1994) and second (1995) year of growth.

Growing season

1994
1995

LAI

1.2
2.6

Albedo
A

0.23
0.24

Penetration
P

0.50
0.27

Absorption
by foliage

N
0.30
0.54

Absorption by
ground surface

No
0.47
0.22
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Phytometrical characteristics of the willow plantation at Toravere

J. Ross and V. Ross

Tartu Observatory, EE2444 Toravere, Tartumaa, Estonia

Abstract

Within the frame of the Swedish-Estonian fast-growing forestry project, detailed
phytometrical studies of two willow plantations, Salix viminalis clone 78021 and Salix
dasyclados clone 81090, have been carried out at Toravere, Estonia. The results from the
two first growing years, 1994 and 1995 are presented in this paper. There exists a linear
correlation between the leaf length, the leaf width, the shoot diameter, and the shoot height
with a determination coefficient R2 of 0.7-0.9. The correlation between the shoot height
and the stem phytomass or between the shoot height and the leaf phytomass per shoot is
curvilinear and changes during the growing season. To calculate the leaf area, the formula
SL = kL«a.b can be used. During the whole growth period kL = 0.69 ± 0.058 for S. viminalis
and ICL = 0.72 ± 0.026 for 5. dasyclados. For simultaneous calculations of the leaf
phytomass and the leaf area, a rapid and sufficiently exact method - the leaf trapezium
cutting method - has been elaborated. During the first year of growth, the shoot height
distribution function is unimodal with increasing asymmetry to the end of growth period.
For the second year of growth, the shoot height distribution function is bimodal because of
an existing sublayer of suppressed shoots with a height of 120-140 cm. The function of the
leaf inclination angle distribution, gL(&L), is not spherical and the maximum amount of
the leaf area is orientated at 40 °. The vertical distribution of the stem and leaf biomasses
can be expressed using the so called "shoot stem and shoot leaf biomass shape curves"
which do not depend on shoot height.

Key words: Plant architecture, Plant allometric relations, Willow forest growth.

Introduction

The phytometrical characteristics of a plant canopy are necessary for two reasons, namely
for:
• a quantitative description of the plant and canopy photosynthesis and growth,
• a quantitative description of the plant and canopy architecture connected with the energy

and mass exchange in the"soil - plant - atmosphere" system.
Knowledge of the canopy architecture is especially important in studies of radiative

transfer (Ross 1981).
Growth studies need first of all data about the fresh and dry phytomass of different

plant organs and their variation during the growing season. In radiative transfer studies, the
main attention is payed to the spatial distribution of the phytoarea, especially to the leaf
area and its dynamics during the growth period.

Direct measurements of the phytometrical characteristics are tedious and time
consuming (Ross 1981, Halldin 1985, Martens et al. 1991), but the accuracy obtained is of
highest quality. Therefore, different indirect methods are largely used (see reviews by Ross
1981, Norman & Campbell 1984, Sinoquet & Andrieu 1991, Chen & Black 1992). They
use allometric relations between biomass and linear characteristics, between phytoarea and
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linear characteristics or interrelationships between radiation and canopy architecture
parameters (Lang et al. 1985, Andrieu & Baret 1993).

The phytometrical characteristics of willow forests have been studied in Sweden.
Verwijst (1991a), Verwijst & Nordh (1992) have dealt with methodological aspects of
biomass estimation using allometric relations, Nilsson (1984) has studied methods of leaf
area measurements, Willebrand & Verwijst (1993) have investigated shoot biomass
distribution functions during the three first growing years, and Perttu et al. (1984) have
looked upon growth and biomass production of different organs. Furthermore, Elowson &
Rytter (1984) have studied the biomass distribution within willow plants, Christersson
(1987) the biomass production of irrigated and fertilized Salix clones, Verwijst (1991b) the
dynamics of living and dead biomass of Salix viminalis, and Rytter & Hansson (1995) the
seasonal amount, growth and depth distribution of fine roots in an irrigated and fertilized
Salix viminalis plantation.

During the Swedish-Estonian fast-growing forestry project, detailed phytometrical
studies in the willow plantations in T5ravere have been performed. The measurements in
the stands of Salix viminalis, clone 78021, and Salix dasyclados, clone 81090, were carried
out during the two first growing seasons (1994 and 1995). The site characteristics are
presented by Koppel et al. (1996,. this issue).

The aim of phytometrical studies was to:
1. Find allometrical relations between different phytometrical characteristics on leaf, shoot

and stand level.
2. Use these allometrical relations to elaborate fast and exact methods for determination of

the biomass and phytoarea and their vertical distribution separately for leaves and stems.
3. Determine the annual dynamics of the biomass and phytoarea separately for leaves and

stems.

Results and discussion

Leaf level

The relation between the leaf length (a) and the leaf width (b), both in mm, was studied for
the two willow species. The relation is linear (Fig. 1) both for the S. viminalis and the S.
dasyclados clones. For the latter one, the relation can be expressed using the following
equation:

b = 2.28 + 0.067 a

with a correlation coefficient, r, of 0.76. In comparison with S. dasyclados, the leaves of S.
viminalis are longer and more narrow, and their maximum length and width reach 22 and 2
cm, respectively. The corresponding figures for S. dasyclados are 18 and 4 cm,
respectively. To calculate the leaf area, SL, the following formula can be used:

SL=kLab (1)

where kL is the leaf form-factor (Ross 1981).
Our measurements throughout the whole growing period gave the values of kL -

0.69 ± 0.058 for S. viminalis leaves and kL = 0.72 ± 0.026 for S. dasyclados leaves. Within
the limits of errors, the above values of kL are valid for leaves with different areas.
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Fig. 1. Correlation between leaf length (a) and leaf width (b) for Salix dasyclados.

If there is a need for leaf biomass data, the leaf area can be calculated according to
the leaf weight ratio method using the formula:

SL=H'Lm'L (2)

where m'L is the leaf fresh weight in g, and \I'L is the specific leaf area for fresh weight in
cm2 g1. If mt is the leaf dry weight in g, then the leaf water content, WL, is:

w, =
_(m'L-mL)

m

and the specific leaf area for dry weight in cm g'1 is:

mL l-wL
(3)
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Fig. 2. Correlation between specific leaf area, //'t,(for fresh leaves) and relative shoot

height Zp for Salix viminalis.

Using formula (2) for calculating the leaf area, SL, some methodological problems
must be solved. The measurements show that the specific leaf area, fi'L, changes along the
shoot. Expressing the leaf height on the shoot in relative units, the \i'L changes linearly with
the relative height (Fig. 2). To determine this relation, leaves from different forest layers at
different times were used. In formula (2), \i\ means the specific leaf area (for fresh leaves)
averaged over the whole leaf lamina. However, in different points on the leaf lamina, \i\
(and also fit) is not constant and depends on the leaf characteristics. Fig. 3a shows that the
leaf thickness linearly along the midrib decreases with the relative length x = x/a from the
leaf blade to the leaf top. On the lateral leaf part, the leaf thickness is more or less constant.
Fig. 3b documents that the leaf dry matter content mi/m't increases linearly along the
relative length.
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Fig. 3 a. Leaf thickness as a function of relative leaf length x for Salix viminalis.

b. Leaf dry matter content mi/m't as a function of relative leaf length x for Salix
dasyclados.

c. Relative specific leaf area \i' L as a function of leaf relative length x for Salix

dasyclados.
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In order to estimate the mean value of / i ' t for a whole leaf, we used the so called
"trapezium cutting method". The leaves with different lengths were cut perpendicularly
with the midrib into n trapezia. The fresh weight of trapezium m'u was estimated by
weighting, area SLT from trapezium linear parameters. The mean point of each trapezium
were expressed in relative units x. We consider H'LT = S'LTMLT as a function of x. The
mean value for whole leaf is then:

*L =

IS we for one trapezium define the relative specific leaf area as:

and consider it as a function of the relative length x, i.e.:

then the right hand term expresses this relationship for leaves with different dimensions.
This function is shown in Fig. 3c. Within the limits of ±10 %, the scattering of the points is
caused by variations in linear dimensions, water content and dry matter content from leaf to
leaf. This figure allows us graphically to solve the equation /i 'L (xc) = 1, i,e. to find the

central point xc of this leaf trapezium, of which \i'L is equal to the mean \I'L for the whole
leaf. Fig. 3c shows that for all leaves, independently from their dimensions, this central
point xc — 0.37.

Determination of the leaf area consists of four operations:
1. Cutting of the leaf and determination of its fresh weight m'i,
2. Cutting of the leaf trapezium at x = 0.37 and determination of the trapezium area SLT

and the fresh weight m'u
3. Using formula (2) to calculate the mean specific leaf area

L L
mLT

4. Using formula (2) to calculate SL =
To determine the leaf area, different relative heights should be chosen and the leaf

specific area \I'L as a function of the relative height Zp be determined. Then, using pC L (x)

of the chosen leaves, the correlation between fi'L (x) and x similar as in Fig. 2 should be
made and the function H'L(zP) be found. To determine the leaf dry matter, the cut leaf
trapezium must be used, the leaf water content, wL, be estimated and the leaf dry matter,
mL, be calculated using formula (3).
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Our methodological exercises concerning the willow stands have shown that the
methods presented above for determining the leaf area and dry matter simultaneously for
great number of leaves are the fastest, not too tedious, and sufficiently exact.

The leaf orientation was characterized by the leaf normal distribution function
{\l2iz)gi{rL) according to Ross (1981). While no preferred azimuth orientation was
observed, the leaf orientation was expressed using the leaf inclination distribution function

) with normalizing conditions:

n/2

J
0

The function gL($L) defines the probability of leaf normals falling within a unit
interval of inclination angle j?L. The function gL(*?L) was determined by means of
protactor (Laisk 1965, see Ross 1981). Fig. 4 shows that both the willow have (within the
measurement errors of approximately ±5 %) the same leaf inclination distribution. All
inclination angles are presented, the maximum being 40°. Changes of gL($L) with height
and during the growing period have not been observed. In the papers published earlier we
have not found any data about the willow forest leaf orientation.

^ 1.5 i

o
H

2 1.0 -
E -

2 0.5 H

z
0.0

0 30 60 90
2 LEAF INCLINATION ANGLE,l?L(degrees)

Fig. 4. Leaf inclination angle distribution function gL(#L) for Salix viminalis (1) and
Salix dasydados (2) at midsummer 1995.
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Shoot level

In the phytometrical calculations, an important shoot and canopy characteristic is,
furthermore, the shoot height distribution function f(zp) (Ross 1981). This function gives
the probability of the shoot height, h, that exists in the unity intervals. The variation in f(zp)
for S. viminalis during the growth periods of 1994 and 1995 is presented in Fig. 5. The
values when/= 0 determine the maximum and minimum shoot heights at a given moment.
From Fig. 5 we can conclude that in 1994, f[zp) represents unimodal functions with
increasing asymmetry. This is caused by the existence of the suppressed shoots of stools,
the relative amount of which increases at the end of growth period. With increasing
minimum and maximum shoot heights, the interval hmu - h^n also increases. The situation
is more complicated in the second growth year. The functions flzp) are becoming bimodal,
when a sublayer of suppressed shoots appear at a height of 130-140 cm. This layer exists
until the end of the growth period. The shortest suppressed shoots will gradually die and,
probably, perish at the end of third growth year. During the growth period, the main
maximum of the function f(zP) shifts to greater height values. It is difficult to approximate
with some wellknown statistical distribution by using the measurements distribution
functions. Representing the first and second growth years, the foliage upper level (i.e. the
maximum shoot height), the lower level and the mean shoot height for the S. viminalis
stand are presented in Fig. 6. We can see that the willow plants continue to grow until
October in the Estonian climate conditions, the maximum growth rate occurring in June,
July and August. However, in August the lower leaves start to become yellowish.

25.06

1994

100 200 300 400
SHOOT HEIGHT, zp(cm)

Fig. 5. Shoot height distribution function, flzp), for Salix viminalis plantation during the
first (1994) and second (1995) growth period.
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Fig. 6. Dynamics of upper and lower levels of foliage and mean shoot height during the
first (1994) and second (1995) growth period of the Salix viminalis plantation.

The regression formula between the shoot diameter, dz, measured at height, z, and
the shoot height, zP, is linear:

z = (5)

and the coefficients ccoz and otiz for S. viminalis and S. dasyclados, respectively, are given in
the table below:

Measurement height
cm
10
55

Salix viminalis

do
7.20
28.3

Ok

18.1
18.6

RL

0.881
0.937

Salix dasyclados

<%>
-21.0
-14.2

at
15.3
17.6

Rl

0.833
0.873

From the table above, we can conclude that the correlation is better for the diameter
measured at height 55 cm than at 10 cm.
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Fig. 7. Correlation between shoot height, zp, and shoot dry weight, ms, during the second
growth year (1995) for Salix viminalis and S. dasyclados.

During the summer months of 1995, the correlation between the shoot height and the shoot
dry weight is curvilinear, and it also differs for Salix viminalis and S. dasyclados,
respectively (Fig. 7). At the same height, the dry weight for the Salix dasyclados is about
50 % higher than for S. viminalis.

The correlation between the shoot height and the fresh weight of the leaves per
shoot is presented in Fig. 8. This relationship is also curvilinear and changes during the
growth periods of 1994 andl995. According to Fig. 5, the heights of the shoots vary
considerably at a certain moment. To compare the vertical distributions of the phytomass or
the phytoarea of different shoots, it is useful to express this distribution in relative units.
The vertical phytomass distribution, m(z), in relative units is:

(6)

with normalizing conditions:

I

\mCz)dz=\ (7)

where zp is the shoot height, zP=z/zp is the relative height, and mp = jm(z)dz is the

o
shoot phytomass .
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Fig. 8. Correlation between shoot height, Zp, and fresh weight of shoot leaves, lm'L, during
the growth periods of 1994 and 1995 for Salix viminalis.

For Salix viminalis, this distribution on 14 August 1995 is presented in Fig. 9a for ihe
leaves and in Fig. 9b for the stems. In case of stems, the scattering of the measurement
points on the relative vertical biomass distribution is not too large and can be expressed
with one universal curve, i.e. with the so called "stem biomass shape curve". In accordance
with this curve, the lower half of the stem biomass decreases non-linearly with height,
while the upper part decreases linearly.

What the leaves concern, this scattering is much larger and is caused by the
variability of the lateral branches in the middle part of the shoot. The "shoot's leaf biomass
shape curve" shows that the lower level of the shoot foliage in the second growth year is
located at the relative height of z = 0.3. The leaf biomass reaches its maximum value at the
relative height of z = 0.8. Corresponding shape curves for the shoot leaf and stem area are
presented by Ross (1994) and by Ross & Ross (1996, this issue).
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Fig. 9. Vertical distribution of relative stem (a) and leaf (b) dry biomass for Salix viminalis
in August 1995 during the second growth year.
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Willow vegetation filters: Principles, results and economy

K. Perttu

Dept. of Short Rotation Forestry, SLU, P.O. Box 7016, S-75007 Uppsala, Sweden

Abstract

During recent years, it has become obvious that it is both environmentally and
economically appropriate to use vegetation filters of different short rotation willows (Salix
spp.) to purify waters and soils. Swedish experiences of vegetation filter efficiencies have
been demonstrated in several laboratory, field lysimeter and full-scale experiments.
However, there are still many questions to be answered, for example, how the uptake and
allocation mechanisms of heavy metals and recalcitrant organic constituents function, or
which maximum doses are possible in a particular situation without any risk of leachate
losses. As far as plant nutrition is concerned, the past two decades of integrated research in
Sweden have demonstrated that the willows have capacity for efficient uptake both of
macro and micro nutrients, which is reflected in their high productivity.

The purpose of this paper is to present some results on how vegetation filter stands
of willow, irrigated with municipal wastewater, can function as purification plants, while at
the same time producing fuel wood. This twofold utilisation benefits both the environment
(e.g. less air pollution from wood compared with fossil fuels) and the economy (combined
wastewater treatment and fuel wood production).

Treatment plants for wastewater purification using various types of vegetation
filters have been tried both in Sweden. The experiences consider both the nutrient and
heavy metal uptake, and the whole process chain from establishment, cultivation and
harvesting of the wastewater irrigated willows stands to the utilisation of the wood in
heating plants.

Key words: Economy, Sludge, Vegetation filter, Wastewater treatment, Willow.

Introduction

The Swedish energy forestry research started already in the mid-1970s, as an immidiate
consequence of the energy crisis in the world. However, the Swedish import of fossil fuels
(mainly mineral oil) was very high, and the import made us too dependent on the policy in
other countries. Investigations into domestic, renewable wood fuels, principally willows
(Salix spp.) have, therefore, been performed for more than twenty years now (Siren 1980,
Perttu 1987, 1989, Christersson et al. 1993). In the beginning of the 1980s, the agriculture
of the western world had reached such dimensions that the overproduction of various
agricultural products started to be a serious problem. It was, therefore, rather natural to
shift the introduction of short rotation forestry (mainly willows) from marginal land, such
as peat bogs, abandoned farm land, etc., to more productive agricultural soils. At the end of
the decade, there was also an interest in finding ways to take care of domestic wastewaters
in a more natural way, combined with use of its potential as a nutrient carrier (Perttu 1992,
Aronsson and Perttu 1994). Successively, this has led to research programmes on willows
for multipurpose use (Christersson and Sennerby-Forsse 1994).

Investigations concerning the effect of nutrient and heavy metal uptake by willows
on the purification of municipal wastewaters and sludges have been performed during the
last eight to ten years, in the Northern and Western Europe (e.g. Hasselgren 1988, Perttu
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1992, Kutera and Soroko 1994, Obarska-Pempkowiak 1994, Hodson et al, 1994, Nielsen
1994). Also in Estonia, experiments using such filters have started recently in cooperation
with Sweden (Kirt 1994, Koppel 1994, Kuusemets and Mauring this issue).

Willows have shown to possess valuable properties with respect to wastewater
treatment. Except for a high biomass production, when treated properly what concerns
establishment and management, they also are efficient in taking up nutrients (Ericsson
1981), have a high evapotranspiration rate (Persson and Lindroth 1994), and show a clone
specific capacity of taking up heavy metals (Yazdani 1992, Landberg and Greger 1994).

Efficient and inexpensive wastewater treatment systems are needed in many
countries, and willow vegetation filters may possibly meet such needs. They seem to have
the capacity to purify wastewaters and at the same time be producers of biomass for energy
purposes.

The aim of this paper is to shortly present some of the results achieved so far on
vegetation filter research and to encourage the use of this type of filter systems.
Furthermore, the paper also contains information in order to minimise problems associated
with handling and deposition of wastes which, otherwise, could be a significant
environental risk if not correctly managed.

Material and methods

Vegetation filter applications

Wastewater experiments

Municipal wastewaters consist normally of a solution with nutrients in well-balanced
proportions looked upon from a green plant's point of view (Perttu 1993). The proportions
by weight of the three main macro nutrients in wastewater (with nitrogen set to 100 and
with the optimal proportions given within brackets) are the following: i) nitrogen (N) = 100
(100), ii) phosphorus (P) = 18 (14), and iii) potassium (K) = 64 (72), (Ericsson 1981). This
shows that municipal wastewaters in most cases, when industrial wastewaters are not
mixed in, are almost ideal nutrient solutions for growing willows.

There are a few systems in practical use in Sweden, where wastewaters are applied
for irrigation of willow coppice and agricultural crops (Aronsson and Perttu 1994). The
willow is effective in this matter because of many reasons (cf. Perttu and Kowalik 1996): i)
its shoot length and stem diameter growth take place during the whole growing season
(Nilsson and Eckersten 1983), ii) its good ability to take up nutrients is manifested in many
cultivations without any tendency to leakage (Christersson et al. 1993, Christersson and
Sennerby-Forsse 1994), iii) and its high evapotranspiration rate which well exceeds the
Penman potential evaporation (Lindroth and Halldin 1988). Also from an ethic point of
view, being neither a food nor a fodder crop, this makes willow an attractive filter crop for
wastewater treatment. From an economic viewpoint, use of willow filters are less costly
than construction of and running traditional treatment plants (Rosenqvist et al. 1996).

As an example of investigations on willow forests, irrigated with wastewater, the
results from a pilot trial performed at Bogesund, north of Stockholm, during 1992-1994 are
presented shortly. The stand is a mixture of many willow clones as a result of a genetic
crossing programme. These clones were planted about 13 years ago but were for about 10
years left without any treatment what so ever because of reduced research fundings. When
the pilot study was started, the mixed stand had been neither fertilised nor harvested
(fertilising normally takes place every year and harvest every fourth year in this type of
cultivation), which means that it showed a typical shortage of nutrients and, as a result of
that, a low production. The stand was coppiced in March 1992 before the experiment
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started, and the estimated yield was in average less than 500 kg dry matter per hectare and
year. The area was divided into four plots (each 20 x 15 m2 in size), two for wastewater
irrigation (A, B) and two for control (C, D) (cf. Table 1). According to the soil
characterisation made just after coppice, the plots A and C, situated in the upper part of a
gentle slope, showed a relative shallow soil profile with considerably drier conditions
compared to the plots C and D, further down on the slope. Between the upper and the lower
plots there was earlier saved a 20-year old spruce stand which now could be used as a
barrier. A barrier was also created between the two upper and the two lower plots,
respectively, by saving a 10 m untreated willow strip between them. Three times every year
during the growing seasons, domestic wastewater (i.e. wastewater from one-family
households after simple sedimentation) was distributed on plots A and B, thus resulting in
the following approximate annual inputs on a hectare basis: 250 kg N, 25 kg P, 90 kg K, 35
kg Ca, 5 kg Mn, and about 100 mm of water.

The experiment shows clearly that there is a marked effect on the willow growth
when the stands were irrigated with municipal wastewater, in this time supplied only three
times per year. The biomass yield during the first two years was 2-3 times higher in the
fertilised plots compared to the unfertilised plots (Table Al). The terms "dry" and "wet" in
the table refers to the soil profile giving somewhat drier and wetter conditions,
respectively, when compared with each other.

Table 1. Relative comparison of willow growth between plots, fertilised with municipal
wastewater (A, B), and control plots <C, D) during 1992 and 1993. The stools
were randomly selected..

Variable

No. of stools investigated
Nitrogen supply, kg ha'1

Ave. no. of snoots stool"1

Average height, cm
Average diameter, mm
Ave. prod., g DM stool"1

Prod, increase 1993, %
Ave. prod. (A+B/C+D), %

Fertilised plots
1992/1993

A ("dry")

60/60
264/250
5.3/4.7
136/205
6.3/10.2

16.3/57.7
100/254

B ("wet")

60/60
228 / 250
6.4/7.1
174/274
7.5/12.1

24.6 / 95.5
100/288

213/299

Unfertilised plots
1992/1993

C ("dry")

60/60
0 / 0

5.2/5.1
102/141
4.3/5.9
5.9/17.1
100/190

100/

D ("wet")

60/60
0 / 0

5.5/5.0
130/170
5.5/7.4

13.3/34.1
100/156

100

When comparing the 3-year yields of the different plots after the final harvest, we
can find some interesting results from the growing seasons of 1992-1994 with regard to the
effect of both water and of nutrients. Two out of the three main months of the growing
seasons (June-August) had lower precipitation than normal (i.e. 30-year mean value 1961-
1990), and the calculated Penman potential evapotranspiration (ET) was 2-3 times higher
than the precipitation. The monthly average temperatures were higher during two of the
three years. The climate and yield data are summarised in Table 2, and it is now possible to
estimate the effect of the drought between the "dry" and "wet" plots and of the effect of the
wastewater irrigation, respectively. The drought effect, given by the yield ratio between the
"dry" and "wet" plots (according to A/B and C/D, respectively), was in the range of 51-58
%, thus implying that the drier plots had just above half of the production compared to the
wetter plots, (independent of fertilisation). The effect of the wastewater irrigation (a



152

combined nutrient and water effect) can similarly be estimated using the ratios A/C and
B/D, respectively. In this case the effect of wastewater gave an increase in the yield by 164-
185 %. This implies that the nutrients and the additional 100 mm of water in the
wastewater solution almost doubled the yield.

Table 2. Climate data for June-August, 1992-1994 and the 3-year total stem biomass yield
in the different plots (from the wastewater experiment north of Stockholm).

Variable / patch

Precipitation, mm
Potential ET, mm
Air temperature, °C
A, "dry", irrigated
B, "wet", irrigated
C, "dry", untreated
D, "wet", untreated

Wastewate economy

1992

165
430
16.8

1993

219
430
13.9

1994

142
430
17.6

Normal values
(1961-1990)

178
430
15.8

Yield
(tDM ha"1)

18
35
11
19

According to Rosenqvist et al. (1996), it is economically realistic to use willow vegetation
filters for treatment of wastewater from small and medium size municipalities compared
with conventional technical treatment. This is summarised in Table 3 below, including also
the two cases: a) a Summer alternative without storage of the wastewater produced during
the Winter, meaning that this wastewater is treated in an existing plant (with low N
removal), and b) a Winter alternative according to which the wastewater during the cold
season (assumed to be 6 months) is stored in a pond. For more details concerning the
prerequisites, etc., see the publication by Rosenqvist et al. (1996).

Table 3. Average costs for different treatment cases (after Rosenqvist et al. 1996).

Case Treatment system Average costs
(SEK (kgN)')

i) Conventional P treatment during the whole year 40-80

ii) Conventional P and N treatment during the whole year 70-180

iii) Soil-plant system during the Summer (6 months) and a 55-95
conventional P treatment during Wintertime

iv) Soil-plant system during The Summer (6 months) and a 70-170
conventional P and N treatment during Wintertime

v) Soil-plant treatment during the Summer (6 months) 90-120
with wastewater storage during Wintertime

Municipal sludges

When the main part of the water is removed from municipal wastewaters, the solid material
left consists of sludges. Removal of the water is done in several ways: sedimentation,
biological treatment, chemical precipitation, and a combination of two or more of these
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methods (Perttu 1992). The sludge can be treated in several ways to improve its hygienic
status before use (Morsing 1994). The most common methods in Sweden are anaerobic
stabilisation and storage during a minimum of six months.

About 80 % of the nitrogen in wastewater is normally found in the water solution.
Since water, by definition of sludge, is removed, the nutrient composition differs
considerably from that of wastewater. Thus, the macro nutrients (N, P, and K ) in a typical
Swedish municipal sludge have the following proportions 100, 73, 9, i.e. sludges are
unbalanced in comparison with wastewaters (Perttu 1992).

Use of sludges must also be valued against the risk of spreading heavy metals, the
most important being cadmium, as well as recalcitrant organic substances, such as
pesticides. If acceptable to farmers and consumers, sludge has to be classified by type,
heavy metal content, hygienic standard, etc. From a green plant's point of view, municipal
sludge is less suitable than wastewater as fertiliser. Still the main part of the economic
calculations have been performed for sludge, because of lack of suitable data from fullscale
experiments with wastewaters. However, a report on the wastewater economy is in press in
an international journal (Rosenqvist etal. 1996), see above.

Table 4. Prerequisites for the comparison of economy using sewage sludges and
commercial fertiliser, respectively (after Perttu 1994).

Variable Sewage Commercial
sludge fertilisers

Real interest rate, %
Total rotation period, years
Production, 1st harvest after 2 years, t DM
Production, 2nd harvest after 4 years, t DM
Subsequent harvests after every 2nd year, t DM
Production, 1st harvest after 4 years, t DM
Subsequent harvests after every 4th year, t DM
Governmental establishment support, SEK
Price of wood chips delivered at

a district heating plant, SEK (t DM)"1

Nutrient content in sludge kgN (t DM)"1

Value of sludge for the fanner, SEK
Amount of nitrogen used year 1, kg
Amount of nitrogen used year 2, kg
Amount of nitrogen used year 3, 5,7,...23, kg

The main prerequisites for using sludge compared to commercial fertilisers are
presented in Table 4. The costs include all types of labour (including the farmer's own
work), machinery, wood chip transport, and real interest. The transport cost of sludge to
farmland is set equal to that to a landfill area, although other estimations have implied that
the latter would be higher than the former (Hahn 1992). The cost of spreading the sludge in
the plantation is, similarly, set equal to that for commercial fertiliser. These two entries are,
therefore, not separately handled either as revenues or costs.

The calculations for using municipal sludges include harvesting every second year,
compared to traditional willow forestry with 4-year harvesting cycles. In spite of the much
higher harvesting costs, the use of municipal sludge as fertiliser is more favourable both for
the farmer and the municipality compared with commercial fertilisers. The profit for the

6
24
6
20
24
-
-
0

540
33
0
33
66
198 (99 kg yr'1)

6
24
-
-
-
25
48
0

540
-
-
0
60
120 (60 kg yr"1)



Sewage
sludges

4185
1000
220

1815
1150
1590

Commercial
fertilisers

5140
4175

975
875

1170
1155
965
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farmers increases annually by 500-650 SEK per hectare, depending on the wood
productivity at the site concerned and, similarly, the costs for the municipalities are
reduced by 250-400 SEK per tDM of sludge (Table 5). The nitrogen content in sludge is
typically 30-35 kg per tDM, so the average annual sludge, supplied to a willow cultivation,
amounts to 2.5-3 t DM ha'1, which then equals 80-100 kg of N, the doses being
recommended as optimal per hectare and year in commercial cultivations. The municipal
annual cost reduction on a hectare basis is consequently 625-1200 SEK. The total profit of
using municipal sludge instead of commercial fertilisers would then be 1125-1850 SEK per
hectare and year.

Table 5. Summary of the farmer's economy using sewage sludges and commercial
fertilisers for cultivation of willow.23

Variable

Revenue per hectare and year, SEK 5775
Costs (per hectare and year), SEK

i) Establishment
ii) Fertilisation and management
Hi) Harvesting and chipping
iv) Transport and administration

Total net

Contaminated soils

Restoration of soils contaminated by metals or other substances is under discussion in
many European countries today. There are different strategies to be applied, but the strategy
is to use the capacity of some willow clones to take up heavy metals. With a suitable
technique, it might be possible to remove heavy metals from contaminated soils,
whereafter the willow can be used as wood fuel in heating plants with efficient cleaning of
smoke gases and proper handling of ashes. In this way, the volumes of contaminations are
reduced to handling of relatively small amounts of ashes rather than large amounts of soils.
Recent techniques used in fullscale district heating plants has shown that removal of
cadmium from ash is both efficient and relatively inexpensive (Mats Westermark,
Vattenfall, pers. coram.).

It has been shown, for example, that the concentration of zink (Zn) in plant tissues
(roots) can be as high as 5 % on a dry matter basis (Dickinson et al. 1994). Swedish field
investigations on cadmium (Cd) uptake by willows have also been performed (Ericson
1994, Ostman 1994). The analyses show that 21 g Cd per hectare and year can be removed
by stem harvest, which should be compared with an average content of approximately 600
g Cd per hectare in Swedish arable soils (Notter 1993). This content was and still is a result
of the use of commercial cadmium-contaminated phosphorus fertilisers in agriculture as
well as of atmospheric deposition. In some areas in southernmost Sweden, the Cd content
of wheat grains sometimes exceeds the limits for human consumption. To grow willow in
these areas during one or two rotation periods seems to be a promising way of reducing the
cadmium content of the soils. It is supposed that a breeding programme could result in
clones with the genetic ability for high uptake of specific heavy metals (Yasdani 1992).

A cadmium project is under planning in order to investigate the Cd fluxes in the
soil-plant system with willow, containing sub-soil, top-soil, roots, stems, leaves,
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antropogenic deposition, and removal with harvested biomass. As one step in this planning,
a seminar on 'Salix as cadmium filter' was held in Uppsala 1995 in order to summarise the
so far known facts in this matter (Goransson 1996).

Conclusions

So far, the experiences and results indicate that willow vegetation filters could be applied
for treatment of municipal wastewaters and sewage sludges. Willows might also be used
for purification of heavy metal contaminated soils. It is environmentally feasible to
recirculate and utilize the residual products. Apart from neutralising harmful components,
the vegetation filters also produce wood fuels for energy purposes. This combination of
purification and production is positive for the environment also from the viewpoint of air
pollution. Willow wood is in itself CO2-neutral and otherwise less polluting than fossil
fuels, and it can in many aspects be used as a substitute for natural gas, mineral oil and
coal.

According to the examples on economic calculations given above concerning
sludge and wastewater treatment, the conclusions to be drawn are that a system using
willow crops as vegetation filters, thus combining purification and biomass production,
seems to be an economically realistic alternative compared with conventional techniques.
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Wastewater purification in a willow plantation
The case study at Aarike

V. Kuusemets and T. Mauring

Centre for Ecological Engineering, Jannseni 4, EE2400 Tartu, Estonia

Abstract

In order to combine wastewater purification and biomass production for energy
purposes, a willow plantation for wastewater treatment was established in 1995 in
Aarike, Southern Estonia. Wastewater from a dwelling house (25 person equivalents, pe)
is treated in a combined free-water filter system consisting of three separate basins,
isolated with clay and having filter beds of gravel and sand mixture. The beds were
planted with Salix viminalis (planting density 1 plant m'2). At the end of the first
growing season, the purification efficiency of the newly established treatment system
was 65 % for BOD7. 43 % for nitrogen and 11 % for phosphorus removal. At the end of
the establishment year, the above-ground production of willow stems (bark and wood)
and leaves was 1.3 and 0.3 t ha"1, respectively. The figures are about three to five times
higher than those recorded in previously established energy forest plantations of
comparable ages in Estonia.

Key words: Ecological engineering, Energy forestry, Productivity, Salix viminalis,
Wastewater treatment

Introduction

The use of energy forests for municipal wastewater treatment has been studied in
numerous papers (e.g. Obarska-Pemkowiak 1994, Perttu and Kowalik 1996). Using
wastewater for energy production gives a good opportunity to recycle resources and to
solve complex environmental problems. This approach is the main task of ecological
engineering which deals with sustainable technologies (Mitsch and J0rgensen 1989).
Energy forests have been pointed out as one of the most suitable ecological solutions for
wastewater treatment (Guterstam 1991), having a low degree of treatment intensity and a
high degree of recycling. Combining these two targets in practice is technically
complicated. Wastewater flow is continuous and a purification system must be efficient
throughout the whole year. The growing season in Estonian climate conditions lasts
about six months. Natural wastewater purification systems should be designed to be
efficient during the whole year. At the same time, growth requirements of willows have
to be taken into consideration when using them for wastewater treatment. Considering
these circumstances, willow plantations have so far been used mostly for irrigation with
wastewater (Aronsson and Perttu 1994, Hasselgren 1994, Kutera and Soroko 1994,
Perttu 1994).

The application of natural methods for wastewater treatment has been the main
topic of ecological engineering, which has attained an acceptable level during the recent
years. The use of ecosystems for wastewater treatment has shown good purifying effect
in what concerns both organic matter and nitrogen and phosphorus removal (Jenssen
et.al. 1991, Geller 1992, Brix 1994). The systems are designed in order to create a
favourable environment for microorganisms which decompose organic matter and
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remove nitrogen. The main nitrogen removal process is denitrification. Direct nutrient
uptake and accumulation in plants is relatively small (less than 10 % of the total nitrogen
in wastewater, Jenssen et. al. 1991). Phosphorus is removed mostly by
adsorption/precipitation processes, which need a large contact area of wastewater with
surface particles.

Natural wastewater treatment systems can be grouped into three major types
(Tchobanoglous 1991): i) land-based systems, ii) constructed wetlands, and iii) aquatic
plant systems. Land-based systems may be of slow-rate irrigation type, rapid infiltration
type or overland type, all of which being used as irrigation systems. Aquatic plant
systems are shallow ponds with floating or submerged aquatic plants.

The most efficient systems in the long run are constructed wetlands. They have
been divided into free-water surface wetland and subsurface flow wetland types. Free-
water surface wetlands consist of basins or channels with emergent vegetation (mostly
Phragmites australis and Typha latifolia). The main purifiers in these systems are algae
and floating aquatic plants and microorganisms associated with macrophytes. Such
systems have a high organic matter purification efficiency and, due to the high
denitrification rate, good nitrogen removal efficiency. However, in these systems
wastewater has less contact with surface, which results in a lower phosphorus removal
efficiency. Purification efficiency in winter in anaerobic conditions is more problematic.
This leads to the larger area requirement: more than 20 m2 pe"1 (Brix 1994). At the same
time, such systems are easier to maintain.

In subsurface flow wetlands, wastewater flows through basins or channels usually
filled with coarse filter material. These systems are also known as root-zone systems,
plant-filters, etc. The most common plant used in subsurface flow wetlands is reed
{Phragmites australis). Reed has a well-developed root system which is an important
environment for microorganisms. Roots and rootstocks aerate subsurface and create a
"drainage structure" in the soil. Subsurface flow wetlands are characterized by having a
good phosphorus removal by adsorption in the soil and a smaller area requirement, about
5-10 m2 pe"1 (Geller 1992, Brix 1994). Such systems may involve problems related to
hydraulic conductivity, and they are more complicated and expensive to build.

In order to use willow in wastewater treatment, several factors are to be
considered: Good growth conditions for soil microorganisms should be created during
the winter. At the same time, willow growth requirements must be taken into account.
Because willow roots do not tolerate long-term anaerobic conditions, free-water surface
wetlands cannot be used. Soil hydraulic conductivity problems do not allow use of
subsurface flow wetlands.

To take advantage of different wastewater purification systems and when
considering willow growth requirements, a small pilot experimental wastewater
purification plantation was established in Aarike, Southern Estonia. The aim of the
present paper is to describe the principles and the layout of the treatment system and to
present the first-year results of the experiment, established in May 1995.

Aarike wastewater treatment system

The pilot wastewater treatment system at Aarike was set up in May 1995. The willow
plantation was designed to purify domestic wastewater originating from a home for aged
people. The amount of wastewater is equal to 25 pe, i.e. about 5 m3 day'1. Wastewater
from the different buildings flow into three septic tanks with a total volume of 20 m\
From the tanks, the wastewater is directed by gravitational flow onto the purification
field experiment (Fig. 1).
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Fig. 1. Aarike wastewater purification willow plantation. The distances in the figure are
given in metres - | - denotes Salix viminalis and L , Phragmites australis.

The system consists of three separate basins 7.2 x 8.3 m2 each. The total area of
the system is 180 m2 (Fig. 1). The bottom of the basins is made of several layers, the
lowest of which consists 5-10 cm of gravel and 10 cm of loamy red moraine covering it.
To avoid wastewater leakage into groundwater, the moraine is covered with a layer of
compressed heavy clay (5 cm). The waterproof basin bottom is covered with filter
material (5 cm of course sand and fine gravel). Every basin has four beds, each 30 cm
high and 1.2 m wide. The beds consist of 20 cm of filter material and a 10-cm humus
layer on top of it. They form a miniature serpentine channel in each basin for
maximizing water contact with surface as well as for forcing wastewater flow through
the beds. The beds are planted with willow, Salix viminalis clone 78183 (2 cuttings per
m2 if the calculations are based on the bed surface area alone, and 1.1 cuttings per m if
the calculations are based on the area of the whole system). The willow clone was
selected within the Swedish Energy Forest Program and has been used in two previous
Estonian energy forest plantations (Koppel 1994).

The described system is a combination of typical free-water and filter systems for
wastewater treatment. Wastewater is filtrated through the beds via their gravel bottom
and supplies the willow roots with water and nutrients. The channel serves as a free-
water purification system, operating presumably also in winter. At the outflow of each
basin a weir was installed for regulation of the water level. The normal water level is 15-
20 cm above the bottom of the system. Prior to the cold period, the water level is raised
in order to form an ice cover, and lowered again to keep up wastewater purification
process under the ice cover. To achieve a final treatment step, a pond with macrophytes
was built at the end of the system.

Methods of analyses

Wastewater have been sampled once a month from the inflows and outflows of each
basin and analysed in the South Estonian Laboratory of Environment Protection using
standard methods for water and wastewater quality analyses (APHA 1981). The
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following parameters were analysed: pH, BOD7, NH4-N, NO2-N, NO3-N, total
(Kjeldahl)-N, PO4-P, total-P, SO4, and Fe.

In the beginning of November 1995, the stem diameter of each shoot was
measured at the height of 55 cm above ground and the above-ground productivity was
estimated by applying stem diameter/shoot weight and shoot diameter/leaf weight
correlations. This estimation was performed by the Institute of Zoology and Botany in
Tartu.

Results and discussion

Wastewater treatment efficiency

The inflow concentrations of BOD7 were mainly between 80 and 110 mgO I"1, the
average during the study period (May-October) being 83 mgO I"1 (Fig. 2). The average
outflow concentration was 29.5 mgO I'1 (varying from 11 to 57). The highest (over 50
mgO I"1) outflow concentrations were measured twice: i) in the beginning of June when
the system was started and ii) in October after maintenance works when the system was
temporarily emptied. In all other cases the BOD7 of the outflow water was less than 21
mgO I"1, which is below the Estonian wastewater effluent requirement level of 25 mgO 1'
1 for small settlements. The efficiency was highest in the first basin where the BOD7

content decreased from 83 to 47 mgO I'1. In the outflow of the second basin the average
BOD7 value was 38 mgO I"1 and, in the outflow of the third basin, 29.5 mgO I'1. Thus the
average BOD7 purification efficiency for the whole system and the whole growing
season was 65 %.

The main nitrogen component in the wastewater was ammonium nitrogen (80-90
% of total nitrogen). The variation in the nitrogen concentration was small. The average
concentration was 38 mgN I"1 in the inflow and 29 mgN I"1 in the outflow water. The
nitrogen purification efficiency of the system was 24 %. No remarkable differences were
observed between the basins. The nitrate content was low in all basins during the whole
study period, not exceeding 0.2 mgN I"1. Could the nitrate have been taken up by the
plants?
The average total phosphorus content dropped from 6.3 (inflow) to 5.6 mg I'1 (outflow).
Phosphorus removal can be improved by using additional measures (lime, leca etc.) to
increase the phosphorus adsorption.
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Fig. 2. Average values of BOD7, total nitrogen and total phosphorus in the Aarike
wastewater purification willow plantation during the study period May-October,
1995.

Willow production

In the beginning of November 1995, the height of the first-year shoots exceeded 2 m in
all basins, reaching 2.8 m in the first one. Preliminary production estimates demonstrate
very high figures for the establishment year. The above-ground stem productivity
(calculated according to Koppel 1996) of the willow was 1.6, 1.3, and 0.9 tDM ha"1 in
the first, second and third basins, respectively. The leaf production was approximately
0.42 t in the first basin. Lower growth in the second and third basins can be explained
probably both by the shading effect of neighbouring high trees of the surroundings and
by the nutrient gradient built up along the pathway of the wastewater flow. The
production figures for the Aarike plantation in the year of establishment are three to five
times higher than those for the other Estonian energy forest plantations at comparable
age.

Conclusions

The experiences and the results from the year of establishment make it possible to draw
the following conclusions from the Aarike experimental willow plantation for
wastewater treatment:
• The efficiency of BOD7, nitrogen and phosphorus purification was 65 %, 24 % and

11 %, respectively. Outflow quality in most cases met the Estonian wastewater
effluent requirements of 25 mgO I"1 of BOD7 (the average for the whole study period
being 29.5 mgO I"1).

• The above-ground production of willow stems (bark and wood) was 1.3 tDM ha" ,
which is considerably higher than the average of Estonian energy forest experimental
plantations of same age.

• The willow production rate as well as the wastewater purification efficiency indicate
a possibility to combine wastewater treatment with energy forest cultivation.
However, for large-scale experiments, technical problems of building and
maintenance of the system have to be solved.
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Simulated evapotranspiration from a landfill
irrigated with landfill leachate

P. Aronsson

Dept. of Short Rotation Forestry, SLU, P.O. Box 7016, S-75007 Uppsala, Sweden

Abstract

Evapotranspiration from a landfill area, irrigated with leachate water, was simulated with
the SOIL model. Three different types of vegetation (bare soil, grass ley and willow) were
used both with and without irrigation. The highest simulated evapotranspiration (604 mm)
during the growing season was found from an irrigated willow stand with a high
interception capacity. The lowest evapotranspiration (164 mm) was found from the bare
soil. The relatively high evapotranspiration from the willow was probably caused by the
high LAI and the low aerodynamic resistance within the willow stand. The results indicate
that it is possible to reduce most of the leakage water from a landfill by irrigation of willow
stands.

Key words: Evapotranspiration, irrigation, landfill leachate,

Introduction

Background

Ordinary landfills produce substantial amounts of leakage water which is a result of the
precipitation surplus, mainly during the winter period, that infiltrate the landfill. The
chemical composition of the leakage water varies considerably depending on type of waste
deposited and the age of the landfill (Statens Naturvardverk 1993). The leakage water is
usually polluted with different organic compounds, nitrogen and, sometimes, heavy metals.
Typical values of N-tot (mainly N H / ) and P-tot concentrations are around 100 and 0.5 mg
1 , respectively. Often also the chloride concentration is high in the leachate with reported
values of up to 2000 mg I'1.

New methods for treatment of the leakage water are under development. A
promising one is to recirculate the leachate within the landfill area in order to reduce its
volume by evapotranspiration (Hasselgren 1994). By reducing the leachate volume, the
impact of the landfill leachate constituents on the environment is reduced. The
evapotranspiration from a landfill can be increased by planting willow stands on the
abandoned parts of the landfill and keeping the willows well supplied with water using
sprinkler irrigation with leakage water during the growing season. This method is adopted
at several Swedish deposits. For example, at Ronneholm landfill in Southern Sweden,
measurements indicate an extremely high evapotranspiration from the willow stand planted
for treatment of landfill leachate.

Objectives

The objective of the simulation study was to calculate the achievable evapotranspiration
from a landfill area at Iggesund (middle-east Sweden) applying different types of
vegetation (bare soil, grass ley and willow ) and irrigation during one growing season.
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Methods

The field site

The landfill is situated at the Swedish east coast near Iggesund (lat. 61.8 °N, Ion. 17.1 °E,
alt. ca 30 m). It is relatively flat on the top with steep sides. The deposited waste origins
from the pulp and paper production at Iggesund Paperboard AB, a few kilometers from the
landfill. The soil properties of the deposited waste is not known. The landfill is planned to
expand from an area of ca 14 ha today to approximately 50 ha in the next 40 years. A part
of the landfill (3 ha) has been covered with soil and planted with coniferous trees in order
to establish a green cover. It is on this part of the landfill that evapotranspiration is
simulated.

The average annual temperature at Hudiksvall (close to Iggesund) is 4.7 °C and the
mean annual precipitation is 645 mm. During the simulation period. May - October, the
mean precipitation is 352 mm (SMHI). The calculated length of the growing season
accrding to Perttu (1995 pers. comm.) is 165 days (from the end of April till the middle of
October).

Simulation prerequisites

Model description

The simulations were performed using the SOIL model, which mainly describes the
contents and flows of water and heat in the soil. It can also be used to calculate the water
balances (Jansson 1991, Jansson.1994). The model is based on differential equations which
are solved numerically. The evaporation and transpiration is calculated using the "Penman
equation modified by Monteith 1965":

Rn + paCp{es ~ea)l ra

A (l rs/ ra)

where rs denotes the surface resistance and ra the aerodynamic resistance. The total
evaporation is divided into three main components: i) soil evaporation, ii) transpiration,
and iii) evaporation of water intercepted by the canopy. Precipitation and irrigation is
assumed to occur once a day with a part (which can be varied) captured as inteception. The
model can handle the irrigation as either being applyed directly to the soil surface or as
sprinkler irrigation above the canopy (with interception losses included) or anywhere in this
range.

Drivine variables and parameterisation

The evapotranspiration from the landfill was simulated for the period 1 May to 31 October,
1985. Daily values of the meteorological variables, measured at Ostersund-Froson (lat. 63,1
°N, Ion. 14.3 °E, alt. 376 m, mean annual temperature 2.5 °C, mean annual precipitation
484 mm) were used. The period chosen for the simulation was without extreme weather
situations at Ostersund-Frbson.

An irrigation regime was applied with daily irrigation starting on 1 May with a
stepwise increased intensity until 30 July and, thereafter, a reduced intensity until the end
of the irrigation period, 31 October (Fig. 1).
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The willow cultivation was assumed to be a well established stand in its second
year after harvest, and it was parameterised according to Persson (Persson pers. comm.,
Persson unpublished) with slight modifications (Fig. 2.). The displacement height and
roughness length were assumed to be 70 % and 10 % of the mean stand height,
respectively. The maximum root depth was set to 1.3 m and the root density assumed to be
constant.

M a y

Fig. 1. Daily precipitation recorded at Ostersund-Froson 1985 and irrigation regime applied
for the simulations
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Fig. 2. Displacement height and roughness length of the grass ley.

The grass vegetation was parameterised according to Fig. 2. The root depth of the
grass was set to 0.3 m. The leaf area index development of the grass and the willows,
respectively, are illustarted in Fig. 3. The canopy resistances of both the willow stand and
the grass ley were set as a function of time.

The soil was assumed to be similar to the forest soil at Skogaby, i.e. relatively fine
textured and with a thin humus layer. The landfill is not drained but it was assumed that a
shallow groundwater outflow occurs when the groundwater table reaches certain levels in
the soil profile.

The amount of water intercepted by the vegetation was varied by changing the
model parameter controlling the amount of precipitation and irrigation intercepted per LAI.
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Irrigation with leakage water was assumed to be conducted using sprinklers uniformly
distributing the leachate over the vegetation.

1 0 r

nay Auo

Fig. 3. Leaf area index development of the willow stand and the grass ley.

Results

The simulated total evapotranspiration varied between the different types of vegetation and
with different parameter settings (Tab. 1). The total evapotranspiration was highest in the
irrigated willow stand with the highest interception capacity of 0.6 mm LAI"1. The lowest
evapotranspiration was found from the bare soil. The grass ley had also a considerably
lower evapotranspiration than the willow stand. What willow concerns, the amount of
water intercepted by the canopy had a substantial influence on the evaporation. However,
in the case of the lowest interception capacity, 0.2 mm LAI"1, the evapotranspiration was
highest in the non-irrigated stand.

Table 1. Simulated water balance (mm) at Iggesund during the period 1 May to 31 October
1985, using different values for the interception capacity per LAI

Variable/Parameter

Interception capacity in
mm LAI"1

Precipitation + irrigation
Soil evaporation
Interception evaporation
Transpiration
Total evapotranspiration

Bare
soil

-

992
164

0
0

164

Grass ley

0.4

425
60
66

196
322

0.4

992
59

224
81

364

Willow

0.2

425
76
61

330
467

0.2

992
100
132
213
445

0.4

425
75

107
315
497

0.4

992
101
240
192
533

0.6

425
74

142
303
519

0.6

992
100
325
179
604

In the beginning of the simulation period (growing season), the evapotranspiration
was highest from the grass ley, but from the beginning of July until the end of the growing
season, the willow stand evapotranspiration was highest (Fig. 4).
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Fig. 4. Simulated accumulated evapotranspiration (mm) until the end of July from the
willow stand and the grass ley (both with interception capacities of 0.4 mm LAI'1)
and from the bare soil.

Discussion

The simulations indicate that it might be possible to evaporate and transpire most of the
leakage water if a system with willow stands irrigated with leachate could be applied at the
Iggesund landfill. The results also indicate that a mixture of grass and willow could be
favourable because the grass starts to develop its leaf area earlier than the willow does. The
relatively low evapotranspiration from the willow early in the season might make it
favourable also to include coniferous trees like spruce in the vegetation available for
irrigation with leachate water. Coniferous trees have a high LAI all year round which might
make them more suitable than willows for evaporating irrigated water in the beginning and
end of the growth season and, thus, prolonging the irrigation period. Coniferous stands also
have other properties concerning aerodynamic and canopy resistances which could affect
the evapotranspiration.

The evapotranspiration from a willow stand is to a high degree dependent on the
interception capacity of the canopy. The interception factor 0.6 mm LAI"1 is probably
unrealistic high for normal conditions (no sprinkler irrigation). Persson and Lindroth
(1994) suggested an interception capacity of 0.2 mm LAI"1. This value was used in the
simulation of the water balance of a drip irrigated willow stand, interception capacity of
which was governed by the normal precipitation pattern. However, if the irrigation can be
performed using sprinklers at low intensity it should be possible to minimize the amount of
water direct falling to the ground, i.e. increasing the interception capacity. A major part of
the leaf area of the canopy would, thus, be constantly wet. Such conditions could probably
be simulated using the SOIL model if a higher time resolution was adopted. In the
simulations presented here, the precipitation and irrigation were assumed to be applied at a
single occasion each day. According to Lindroth (1995 pers. comm.) the actual
evapotranspiration could be assumed to be much higher than simulated here if the canopy
could be kept wet to a higher degree. The high evaporation rate of intercepted water is due
to the absence of stomata resistance (rs) when free water evaporates from the leaf surfaces.

A very important factor for correct calculations is the relative humidity/water
vapour pressure deficit. If large areas with willow are sprinkler irrigated, the air humidity
would probably increase substantially, which would reduce the driving forces for
evaporation. The recordings of relativ humidity used in the simulations do not include such
a "feed back response", and, as a consequence, the evapotranspiration is probably
overestimated. In order to enable better predictions of the maximum evapotranspiration
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achievable at Iggesund (or any other location) more adequat climatological measurements
are needed. Of course, the parameterisation is also of major importance. A thorough
overhaul of the resistance parameterisation might give other results than those achieved. In
southern Sweden, landfill leachate treatment using willow irrigation has been practiced at
Rb'nneholm landfill near Eslov (Hasselgren 1994). The willows were planted on terraces on
the abandoned parts of the landfill. Despite only a minor part of the landfill was planted, a
few years after establishment no net leachate was recorded from the landfill. The much
longer growing season in southern Sweden compared with Iggesund can only partly explain
the higher evapotranspiration assumed from the Ronneholm landfill. This indicates that
even the highest evapotranspiration simulated at Iggesund perhaps is not unrealistic high.

The "landfill soil" used in the simulations has probably different caracteristics than
the forest soil. It is even uncertain wether the waste itself is toxic to plants. If so, the plant
roots could only grow in the topsoil (approximately a 30 cm thick layer) brought to the
landfill for establishing a green cover. In the present simulations the soil properties and the
root distribution probably have a limited impact on the evapotranspiration in the case of
irrigation. A difficult factor to take into concideration is the possibility of increased soil
salinity. This could be the result of application of chloride rich leachate.

The simulations show that a high interception rate reduces the transpiration, which
could lead to reduced growth (Table 1). It is difficult to estimate this reduction. The
assumed increased humidity (reduced vapour pressure deficit) in the stand as a result of the
sprinkler irrigation should increase the water use efficiency. Besides, in practice a part of
the leaf area would not be constantly wet, .thus allowing for transpiration and CO2
exchange.
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