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1 Introduction
1.1 Problem statement

The release of huge amount of greenhouse gases into the atmosphere through burning of fossil
fuel has been altering the global climate and endangering our environment. Fossil fuel is
becoming scarce and expensive, therefore, investigating other sources of energy has become
of great importance. On earth there are three alternative sources of energy (Kaltschmitt, M.
2001): heat from the earth‘s interior (geothermal energy), tidal power, and solar energy (solar
radiation). From these, solar energy is the greatest renewable source, of which biomass is a
considerable part. With Kyoto protocol ratification 1997, most participating countries have
made the commitment to reduce their CO2 emissions, consequently, several countries have
the obligation to substitute fossil fuel by renewable bioenergy from wind power, solar
radiation, bio oil, and also from wood though the application of short rotation plantations in
intensive manner on fertile lands.

Using renewable natural resources to generate power has been investigated worldwide in
the last 2-3 decades as a consequence of oil crisis in the 1970s of last century; particular
efforts were made in Europe to substitute fossils with renewables in order to reduce
dependence on fossil oils and also to apply what had been agreed to in the Kyoto protocol. In
Germany the portion of electricity from renewable sources was raised from around 4.7 % in
1998 and 6.7 % in 2000 to around 7.9 % in 2003 (BMU. 2004). In 2004 this figure reached
9.8%. The proportion of renewable energy of total electricity consumption should be
increased to 20 % by 2020 and at least 50% of total energy supply by 2050 (BMU. 2006). The
aim is to reduce CO2 emissions in the German energy sectors to 40 % by 2020 and to 80 %
by 2050 (of 1990 levels) (BMU. 2006). Utilisation of biomass for energy has the advantage to
reduce carbon dioxide emissions into the atmosphere and also to increase the possibility of
dependence on available renewable resources. Biomass in 2003 contributed to final German
energy consumption with around 3.8 % to the heat supply and around 1.2 % to electricity
production (BMU. 2004). Furthermore, at the international level biomass provided in 2002
and 2003 about 11% of the world’s primary energy sources (IEA, 2003).

In order to improve the reliability of renewable resources, especial attention was paid to
practice a new system of woody plantations on agricultural soils which is called Short
Rotation Forestry (SRF). SRF is intensive cultivations of fast growing tree species on
agricultural lands for short rotation periods (Verwijst, 1998; cited in Karacic, A. 2005).
Additional benefits can be gained from SRF by offering new jobs mostly in the rural areas.
The most commonly used species in central and northern Europe are poplar (Populus) and
willow (Salix) and sometimes grey alder (Alnus incana) and silver birch (Betula pendula).
Eucalypt (Eucalyptus sp.) and black locust (Robinia Pseudoacacia) have also been applied in
the southern countries.

In both traditional forestry and SRF very high increment rates can be obtained if the plants
are grown in favourable site conditions and for an optimum rotation length. For instance,
traditional stands of Norway spruce (Picea abies) planted in East Germany reach a Mean
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Annual Increment (MAI) of 2.9 — 8.9 oven dry tonnes/hectare per year (ODt/ha/a) (Wenk, G.
et al. 1985) (the term ODt/ha/a will be reduced in the thesis to t/ha/a). In south Germany
where sites provide better growth conditions, spruce stands produce a MAI of 12 [t/ha/a] for
the best site classes (Assmann, E. et al. 1963). Other tree species like Douglas fir
(Pseudotsuga menziesii) and Grand Fir (Abies grandis) planted in trail areas at Augsburg
reach 18 and 23 [t/ha/a] at ages 35 and 34 respectively (Rohle, H. et al. 1988). Compared to
traditional forestry, SRF produces similar amount of dry matter in shorter rotation cycles. In
Germany where SRF is still at trial status for tree species like poplar, willow and locust, MAI
of poplar grown on soils with medium and good fertilities reaches 10 — 14 [t/ha/a] (Hofmann-
Schielle, C. et al. 1999) in some cases it comes of 18 — 24 [t/ha/a] at the second rotations
(Rohle, H. et al. 2006). These high increment rates in SRF can be obtained in cycle’s of
between 10 and 20 years particularly at second and subsequent rotations when roots are 10
years old or more.

Free State of Saxony, in the 1990s had cultivated 50 ha with several poplar and willow
varieties (the majority are poplars) on six trail areas (Arnsfeld, Methau I, Methau II, Nochten,
SkédBchen, and Thammenhain) varied in soil and climatic conditions. The primary aim of
these plantations was to assess the economical and ecological relevance of poplar plantations
for the production of paper (Graupa, 2003). However, the objectives have been recently
changed due to competition between industrial wood and wood for energy. The dramatic
increase in energy prices has led to higher demand on wood for energy on both local and
global levels and consequently to greater consumption of SRF wood for energy. The farmers,
therefore, think to raise their benefits by supplying final products to energy market.

Intensive culture of fast growing tree species on agricultural land to substitute fossil
energy, as well as to apply economic plantations on fertile soil were aims of the
AGROWOOD project in which between 200 - 400 ha will be cultivated with fast growing tree
species on agricultural land for energetic wood in the Freiberg region (Saxony) and in the
Schradenland (South Brandenburg). This is a large area compared to areas previously devoted
to this aim in these states. AGROWOOD is ongoing project at TU Dresden in cooperation
with Martin Luther University Halle, National forest presidency of Saxony, Research Institute
for Effect of Mining Industry on Landscapes, East German Society for Forest Planning in
Saxony and University of Hamburg. The project started in autumn 2005 and will be
concluded in the spring of 2009.

This represents the first time in Germany that such large agricultural areas have been
devoted to production of bioenergy from SRF plantations accompanied by scientific and
technical supervision. Multifunctional biomass production of SRF plants will be analyzed by
multidisciplinary groups of scientific institutions and companies. The objectives of the project
are to study and evaluate SRF plantations in Saxony and Brandenburg; Eastern Germany,
from several aspects with regard to potential production, land use, nature conservation,
landscape, regional development, harvesting techniques, economic visibility and social
acceptance of experienced clones of poplar and willow for energy purposes (AGROWOOD,
2005). Furthermore, the project should show how to market the biomass produced from SRF
plants at the regional level. Synthetic sun fuel as an end product is to be realized by CHOREN
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Industries (Freiberg). The energetic utilization of biomass is undertaken by power and heat
supply station Elsterwerda and by power and heat supply station Siebenlehn.

Studies investigating SRF on agricultural soils or in particular on arable Saxon soils at TU
Dresden, the Chair of Forest Growth and Timber Mensuration (IWB) started in 1997 and
some diploma and master theses were published. Some doctoral dissertations concerning with
this topic are ongoing. However, there is no previous study at TU Dresden dealing with the
potential biomass production of SRF on arable land in Free State of Saxony. This study was
devoted to estimating/modelling the site productivity or “site productive capacity” of poplar
trees planted on the arable land of the Free State of Saxony. Site productivity is the total
biomass that might be produced by a stand on a particular site at any stage of its development
(Vanclay, J. K. 1992, West, P. W., 2004; Skovsgaard, J. P. et al. 2007). Stand biomass
production is determined by many factors like the genetic characteristics of the species
cultivated, by the soil and climatic characteristics of a site, by stand age, by stand density per
unit area and by the silvicultural treatment of the trees (Skovsgaard, J. P. et al. 2007).
Modelling the site productive capacity is important because it enables foresters to predict the
maximum potential biomass which can be produced from particular sites under given soil and
climate conditions at a specified age.

1.2 Objectives of the study

The overall aim of the present work is to investigate methods of estimating of biomass that
can be produced by poplar clones at specific harvest age under given stocking density.
Specific objectives are:

e To give an overview of the available arable areas for SRF or in particular for poplar
plantations;

e To investigate the main factors that affect yield and growth of poplar trees like: Soil
Quality Index (SQI named “Ackerzahlen”), Available Water Storage Capacity of soil
(AWSC), Precipitation (P), Temperature (T), and stocking densities (N/ha) at different
tree ages;

e To develop a model that predicts production potential of biomass (or site productivity)
of poplars depending on variables mentioned above;

e To apply this model to the entire State on the basis of Communes data; and

e To visualize predictions made by the model with different scenarios using ArcGIS
Software (version9).
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2 Literature Review
2.1 Characteristics of biomass as an energy source

Biomass is one of the key renewable energy resources of the future due to its great
availability, flexibility and favourable environmental, social and economic characteristics.
Biomass energy resources are derived from plants and as well as animals. They include all
forest products, agricultural crops and residues, herbaceous, aquatic plants, animal and human
wastes and municipal solid waste. Biomass is supplying worldwide about 14% of primary
energy, it is the fourth largest source of energy on earth (Parikka, M. 2004). Around 33% of
energy in developing countries is generated from biomass; however, in industrial countries
3% of their energy is derived from biomass. This contribution of biomass to energy in Europe
should be raised to 10 - 12 % by 2010 (Moncada, P.C. 1992, Parikka, M. 2004).

e Characteristics of biomass are obvious, namely that biomass can be converted directly
into liquid fuels for transport;

e Combustion of coal and other fossil fuels releases large amounts of carbon dioxide
into the atmosphere; whereas, utilization of biomass as an energy resource and its
conversion to fuels reduces fossil fuel consumption and does not add any new carbon
dioxide to the atmosphere (Hall, D. O. et al. 1992; BMU. 2006);

e [tis an endlessly renewable and totally natural product;

e Biomass is created by solar energy through photosynthesis resulting in sequestration
of carbon dioxide with other elements.

e Biomass is a considerable reservoir of solar energy (Kaltschmitt, M. 2001); and

e Biomass is in general a non-toxic energy source and is free from chemical
contamination.

2.2 Historical overview on SRF plantings

Wood is the very early material used by mankind for most life needs; it was the main raw
material used for house construction and tool making. Wood was also the first source for
energy. Humans burned wood to heat homes and cook food. Domestication of trees for wood
production started a long time ago and mostly they were grown in a combination with
agricultural crops in different agroforestry systems. In order to provide the increasingly needs
of wood for burning, coal and for building construction, so called coppice forestry was
practised in the deciduous broad-leaved forests of central Europe for many centuries
(Hélscher, D. et al. 2001). The establishment of this system dates back to the 13" century
(Burschel, P. et al. 1997). For the application of the coppice forestry system on large scales,
two prerequisites were needed (Burschel, P. et al. 1997): the capability of numerous broad-
leaved tree species to resprout vigorously after cut; and the possibility to ensure sustainable
wood production through partitioning the planted area into different fractions with different
rotation cycles according to the annually consumed wood. Species used in coppice forestry
were deciduous broad-leaved genera like Populus, Salix, Ulmus, Betula, Robinia, Aesculus,
Fagus and Quercus.
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Wood fuels were the major source of energy until the beginning of 20" century when fossil
fuels largely replaced them. The interest in renewables for energy has increased in the last 2-3
decades because of the negative environmental impact caused by the burning of fossil fuels,
the raising prices of traditional fuels, the dependence on foreign oil, and the decrease in fossil
fuels resources. Biomass energy represents one of the most promising alternatives, since it is a
renewable source that can be produced and used in a clean and sustainable manner.
Additionally, significant benefits to the environment and to the rural socioeconomic
development can be gained from biomass energy (Fischer, G. et al. 2005). These advantages
of biomass applications have raised interest in cultivation of woody crops on agricultural land
in intensive manner for short rotation periods in order to provide wood and energy markets
with their needs taking into account the environmental issue.

Considerable parts of “setting aside” surplus agricultural lands are available worldwide for
establishment of SRF plantations for biomass purposes. Some regions of the world could
produce all their energy needs only from biomass using just a small proportion of their land as
reported by Hall, D. O. et al. (1992). Only 5% of land would be needed in the developing
regions as a whole. Africa would need 2%, Asia 9% and Central America about 9.5% of their
lands. The existing areas devoted to SRF plantings are worldwide not currently sufficient to
supply all their multipurpose applications. In many European countries these areas are ranging
between some thousands and tens of thousands of hectares e.g. SRF area in Sweden is in
excess of 16,000 ha (Weih, 2004 cited in Karacic, A. 2005). However, in some cases like
Germany these plantations are still at the experimental stage with a few hundred ha of
experimental plots.

2.3 Benefits from SRF plantations

Advantages gained by the establishment of SRF stands on agricultural land are various and
show some overlap. The most important benefits from SRF plantings are presented as
follows;

2.3.1 Soil conservation

Traditional use of agricultural land by cultivating food crops over centuries has altered most
soil properties due to intensive agricultural practice. In order to supply the increasingly
demand of food products, genetically improved species were intensively grown on an annual
crop cycle (sometimes two rotations per year) resulting in intensive exploitation of
agricultural land, exposing the soil to different types of erosion for much of the year. Several
factors affect soil conservation with regard to type of cultivated crop. Rotation cycle, rooting
system and characteristics of aboveground plant parts play important roles in soil stabilization
and protection.

SRF applications have two different systems, coppice and non-coppice systems (Telenius,
B. F. 1997). In both systems species used have high biomass production potential and
resprout vigorously after each harvest. The rooting system developed after stock planting is
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used by trees/shoots for several rotations in coppice system and for the whole life time in non-
coppice system; thus soils are in each case captured by roots more than in food crops.

In the willow coppice system root development through the soil profile is rapid and
extensive this positively affects nutrient filtration and soil stabilization, therefore very little
soil erosion occurs after crop establishment (Abrahamson, L. P. et al. 1998). Rapid juvenile
growth after each harvesting makes plants of high nutrient demand resulting in depleting
nutrient from frequent and repeated harvesting. Very small amounts of N were leached from
established willow plantations as reported by Abrahamson, L. P. et al. (1998) and by
Rosenqvist, H., et al. (2005). Similar results were obtained by Makeschin, F. (1992). The
outwash of nitrogen in soils under poplar plantations decreased significantly in comparison to
arable field. The soil organic matter has also increased when compared with agricultural field,
in general soil properties developed in direction of less disturbed lands (Makeschin, F. 1992).
By planting Eucalypt genus which has high potential of rapid growth in the youth, high
nitrogen uptake from the soil has occurred, this was proven by many researchers e.g.
Anderson, H. W. et al. (1983). Kuiper, L. (2000) reported that two from 16 willow varieties
experienced are of very high potential of salt uptake from the soil.

In comparison to agricultural crops that are planted for one year rotation the canopy cover
of SRF plantings promotes interception and retention of rainfall more than food crops
resulting in soil protection for most of the rotation period.

2.3.2 Biodiversity

When SRF replace annual food crops on agricultural land diversity may increase since it is
low where single agricultural crops are grown. Under willow SRF in Sweden, floristic
diversity was improved when compared to arable lands (Goransson G., 1994; Gustafsson,
1987. cited in Karacic, A. 2005) and similar results were found in poplar plantations where
species diversity increased on a landscape scale (Christian, D. P. 1997; Karacic, A. 2005).
Mackeschin, F. 1992, reported an increase of species number (perennials) after five years of
SRF establishment; enrichment of fauna also occurred under poplars and willows after a few
years of planting. SRF provides good breeding habitat for a diversity of birds as reported by
DEFRA, (2002).

Many bird groups may use freshly coppiced plots of willow for foraging, and older coppice
or surrounding trees for nesting (Sage R. B., 1995; Sage R. B., et al. 1996; Londo, M. et al.
2005). At least three times the number of plant-eating species were noted in the mature crop
of willow in comparison to traditionally grown barely and wheat (Sage, R. B. 1998).
Hoffmann, D., et al. (2005) reported that SRF plantations provide habitat improvements for
wildlife by connecting fragmented forests with SRF plantings.
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2.3.3 Environmental benefits

As is widely known, the greenhouse effect is essential to sustaining life on our planet.
However, the increase of greenhouse gases ratio in the atmosphere above their natural levels
(due to use of non-renewable resources) is causing the phenomenon of global warming. The
main environmental benefit of energy crops is its zero impact on the greenhouse effect
(Fischer, G. et al. 2005), since the greenhouse gas carbon dioxide (CO2) released during
biomass decomposition (natural or due to the energy conversion process) is equivalent to the
carbon dioxide amount sequestered from biomass itself during its growth; thus there is no net
contribution to the increasing of the CO2 level in the atmosphere.

Some species of the family Salicaceae like Salix have specific contribution to environment
conservation. It has been found that some Salix varieties are capable of capturing hazardous
substances, particularly heavy metals e.g. cadmium, ammonia, pesticides and radionuclides
from soil and accumulate them into their shoots (Perttu K.L. 1997). Such species, therefore,
were used in plantations irrigated and fertilised with wastewaters in Sweden, France, Northern
Ireland and Greece. Uptake of heavy elements like radionuclides by some willow and poplar
clones was also investigated by Dutton, M. et al. (2005), who concluded that both willow and
poplar have excellent potential for radionuclides phytoremediation. Many other authors have
proved this like Elowson, S. (1999); Zalesny, R. et al. (2005); Goor, F. (2001); Kuzovkina, Y.
et al. (2004); Mirck, J. et al. (2005). Dimitriou, I. et al. (2006); Martin, P. J. et al. (2006); and
Zalesny, J. A. et al. (2007).

Another environmental benefit gained from SRF plantings is the improvement of
groundwater quality; this was proved by Elowson, S. (1999); by Corseuil H. X. et al. (2001)
and by Londo, M. et al. (2004). Due to less pesticides or fertilisers used in comparison with
traditional farming, the impact of energy crops on water quality is likely to be beneficial
(WWF, 2004). Additional environmental benefits can be obtained from SRF like
improvements of wildlife habitat, reducing the pressure on natural forest, reducing chemical
application on agricultural lands compared with annual crops, rehabilitation of degraded lands
and the protection of watersheds (Sage R. B., et al. 1996; WWF, 2004).

2.3.4 Social benefits

The application of multifunctional SRF plantings has obvious social impacts; however,
bioenergy from SRF will provide employment opportunities and social stability particularly in
the rural areas. Wijewardene, R. et al. (2000) reported that employment reached 5% of
population in areas planted with fuel wood in Sri Lanka. Creating jobs occurs in all biomass
production stages, harvesting, transport and conversion to useful energy (IEA, 2003; WWEF,
2004). This increases local self-reliance, by using local resources as fuel for local energy
supplies.

Biomass power plants are environmentally friendly in comparison with other alternative
energy sources, especially with regard to air emissions (IEA, 2001). Thus biomass for energy
is socially accepted.
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Biomass plantations support rural infrastructure because of their special requirements in all
production phases. This could improve the situation in their areas and then reduce migration
to urban areas by providing more social stability. Biomass in some developing countries
constitutes the single energy source particularly in rural regions. Fuel-wood farming is
providing sustainable livelihoods in rural areas of Sri Lanka (Wijewardene, R. et al. 2000).

Additional social benefit of SRF plantings for energy is that farmers gain access to a new
market for their products, and that biomass plants fit well within the local community.

2.3.5 Economic benefits

Bioenergy plantings in rural areas may provide several economic benefits, such as creating
markets for biomass, providing farmers with new alternative crop particularly on unused
agricultural land, improving energy security, reducing reliance on fossil fuel and also
promoting a new product to be sold in the energy market (IEA, 2003). Short rotation
plantations for energy use provide diversification in production and they strengthen the local
economy and also provide more stability for the rural people (Bemmann, A. et al. 2008). By
considering the pollution-related environmental and social costs from application of fossil and
other non-renewables, biomass as one of renewables becomes a competitive energy source
(WWF, 2004).

The importance of planting SRF lies in creating employment in the rural areas where job
availability is low, this leads to enhance rural economies and to provide sustainable economic
development in the future since biomass is renewable resource (IEA, 2003; WWF, 2004;
Fischer, G. et al. 2005).

2.4 Yield of SRF plantations

Several factors affect yield produced from a plantation like tree species (clone), soil and
climatic conditions of a site, application of maintenance. Tree spacing or density and rotation
length also strongly affect biomass production. In traditional forestry the yield is normally
discussed in terms of volume of timber (m*ha); however, in SRF it is more concerned with
the whole tree leaf-off biomass and is usually expressed as dry weight per land area (oven dry
tonnes/hectare) or in many literatures they use the Mean Annual Increment (MAI) expressing
the annual growth in [t/ha/a].

Yield obtained from SRF plantations is widely varied. Yields reported range mostly
between 5 and 25 [t/ha/a] of oven dry matter in the northern hemisphere and up to 30 [t/ha/a]
in warmer zones. Several genera have been tested in the United Kingdom (UK) for their
suitability for use in Short Rotation Coppice (SRC) systems, like: Salix, Populus, Eucalyptus,
Alnus and Nothofagus (Mitchell, C. P. et al. 1999). With average of 18 [t/ha/a] Eucalyptus
provided the highest first-rotation yield of any of the genera evaluated. At two years rotation
of densely planted Eucalypts stands (20,000 trees/ha) experienced in Greece with addition of
fertilizers and water, yields were averaged from 24.6 - 32.2 [t/ha/a] (Dalianis, C. et al. 1992).
In Germany SRF yields range from 6 - 14 [t/ha/a] of poplar and willow varieties planted on
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soils with medium and good fertilities, in specific cases these yields reached 18 - 20 [t/ha/a]
(Hofmann, M., 1995; Bungart, R., et al. 2004; Burger, F. 2004; cited in Rohle, H. et al. 2005;
Rohle, H. et al. 2008). Without fertilization and intensive management, yield comes under
Austrian climatic conditions only 5 [t/ha/a]. With addition of fertilizers and applying good
weed control 23 [t/ha/a] were obtained from some plots with willow and poplar (Szuffa, L.
1996). Under moderately favourable conditions, one hectare of SRC-farming in Sri Lanka
could yield over 25 tonnes of dry-matter per year (Wijewardene, R. et al. 2000). In Spain at
density of 10,000 trees per hectare poplar hybrid cultivated under extreme continental climate
conditions with addition of fertilizers and water, maximum biomass of 20 [t/ha/a] was
obtained in five year rotation (Ciria, M. P. et al. 1992). In multiple rotations willow
plantations in the USA yields exceeded 20 [t/ha/a] after four two-year cycles (Larsson, S. et
al. 1998).

2.5 Factors affect yield and growth of SRF plants

Yield depends on interactions between the genetic material, soil conditions and climate.
Several determining factors affect yield and growth in SRF plantations;

2.5.1 Stocking density

Stocking density is considered as a significant factor affecting biomass production per hectare
and year in SRF stands. With two year cycles on fertile soil in Greece a clone of E. Globulus
produced yield of 32.2 [t/ha/a] at plant density of 20,000 trees/ha and only 19 [t/ha/a] at
density of 10,000 trees/ha (Dalianis, C. et al. 1992).

Four different planting densities were tested in Spain 1666; 2500; 5000; and 10,000
trees/ha in four poplar clones with five year rotations. The results revealed that, there were no
significant differences in biomass production between the plant densities of 10,000 and 5000
trees/ha and also for those of 2500 and 1666 trees/ha respectively; however, very significant
differences were found between both groups and the maximum yield obtained was 20 [t/ha/a]
at 10,000 stems number per ha (Ciria, M. P. 1992).

At planting density of 12,000 cuttings per hectare in the UK, fertilised willow varieties
produced 5-9 [t/ha/a] of dry matter; with density of 15,000 cuttings/ha the yields exceeded 18
[t/ha/a] (DEFRA, 2002).

In 6-year old poplar varieties with densities higher than 3000 plants/ha in Germany, dry
biomass obtained has exceeded 10 [t/ha/a]; moreover, with relatively high dense stand of
poplars (> 10,000 plants/ha) at age 9 years the yield reached more than 20 [t/ha/a] as reported
by Rohle, H. et al. (2005).

2.5.2 Planting stocks (varieties or clones)

Different varieties perform differently at different sites so general prescriptions for variety
choice are hard to make. Highly productive clones developed by genetic improvement
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programmes are devoted to be used in SRF plantations. These varieties are particularly suited
for specific geographic areas. For example, clones appropriate for use in warm regions are not
suitable for use in cold zones. Several experiments have been undertaken worldwide to
investigate the best clonal performance on different soils. For instance, four poplar clones;
Campeabor, Dorskamp, Boelare and Respalje with five year rotations have been used in
Spain to see the influence of clone performance on yield production. The highest biomass
production as an average weight of individual tree was recorded in hybrid Respalje and the
lowest production was obtained from clone Dorskamp (Ciria, M. P. 1992).

In Brandenburg, Germany, eight poplar hybrids have been tested to investigate the biomass
potentials of varieties. All clones had the same planting density (8333 cuttings/ha),
aboveground biomass production of 8-year-old poplar clones grown on a clayey-sandy mining
substrate ranged from 3 [t/ha/a] in variety Max 4 up to 6.1 [t/ha/a] in Beaupre’ the best one
(Bungart, R. et al. 2004).

The physiological status of planting materials play a role in plants survival and
performance as reported by Heaton, R. J. et al. (1999). The stored cuttings performed
significantly better than the fresh ones in survival rate; whereas, in specific case, the stored
cuttings from February produced significantly lower biomass than the fresh ones. Planting
date plays also an important role in plants survival and performance (Heaton, R. J. et al.
1999).

2.5.3 Number of harvestings and rotation length

When new areas are established in traditional forestry stands, the common method is to use
either seeds or seedlings raised in nurseries. However in SRF plantations the case is different.
Fresh or mostly dormant un-rooted cuttings are usually used. In order to encourage the growth
of multiple shoots from every individual stump, stems are cut back to ground level in the
winter after one year of planting (Proe, M. F. et al. 1999; Elowson, S. 1999; Abrahamson, L.
P. et al. 2002; DEFRA, 2002; IEA, 2003; Al Afas, N. et al. 2008). The number of harvests has
an effect on yield, Szuffa, L. (1996) and Mitchell, C. P. et al. (1999) have found that yield
increases significantly at second and subsequent rotations.

Ten different willow clones were tested since 1983 in a large field experiment in mid
Sweden (Willebrand, E. et al. 1992; Willebrand, E. et al. 1993). The clones had been
harvested in 5 different cutting cycles (1, 2, 3, 5 and 6 years) with a density of 10,000
trees/ha. The results reveal that higher mortality rate was recorded with increasing cutting
cycle length (Willebrand, E. et al. 1992). The mean annual increment was highest in the 5 or 6
year cutting cycles in almost all clones. The plots harvested every 1 and 2 years showed a
decreasing production due to the short harvest intervals (Willebrand, E. et al. 1993).

The culmination time occurs in poplar later than in willows. Therefore rotations should be
longer than in willow: at least 7 — 12 years for poplar clones (Kauter, D. et al. 2003).
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In USA a plantation of hybrid Populus clone NE-299 (P. betulifolia x P. trichocarpa)
grown at 13,888 stems per ha was harvested at different rotations: 1, 2, 3, 4, 5, and 7 years.
Each harvest rotation was replicated twice, the biomass yield in the second-rotation stand was
always higher than the yield in the first-rotation stand as the cycle length was 1, 2, 3, 4, and 5
years, for example, the yield in the first-rotation stand after 2 years was only 30 percent of the
yield in the second-rotation stand (4.4 t/ha compared to 14.9 t/ha) (Strong, T. 1989).

Some studies showed that the produced biomass has decreased with rotation number. Al
Afas, N. et al. (2008) investigated 17 poplar clones belonging to six parentages in short
rotation coppice in Belgium. With a rotation length of 3 years biomass production increased
from year to year within one rotation, while it decreased with rotation number.

2.6 Site choice, limitations and risks
2.6.1 Soil

Soil provides essential conditions for tree growth and production; therefore its characteristics
and conditions are important and should be taken into account during site selection for SRF
plants. When biotic potential is not limited by climate, organic matter and mineral nutrients
are growth-limiting if they are not available in adequate amount. Very rapid growth of most
SRF species can be performed only on good to excellent soils. Soils should be relatively
fertile and well drained (Mitchell, C. P. et al. 1999; USDA, 2000).

Soil fertility is a characteristic that can be modified by adding fertilizers in order to
improve crop productivity. Moreover, fertility management is essential for high biomass
production in SRF plantations (Tahvanainen, L. et al. 1999; Nixon, D. J. et al. 2001). By
adding fertilizers with 100 kg N /ha per year, biomass production of willows at the German
short rotation plantation Abbachhof was markedly increased (Jug, A.1997; Hofmann-Schielle,
C. et al., 1999; cited in Bauma, C. et al. 2002). Heaton, R. J. et al. (1999) showed that
application of fertilizers in the first year significantly increases biomass production in willow
coppice plantations in Mid Wales, UK.

Fast growing tree species are grown on agricultural lands therefore some soil
characteristics like soil depth is suitable for agricultural crops but is not always fitting for SRF
trees. Studies recommend avoiding soils with hardpan in rooting zone when selecting land for
such plantations (Szuffa, L. 1996).

Soil should be deep enough to provide appropriate conditions for root growth. For
instance, traditional planting methods in willows require at least 40 - 50 cm depth of
cultivated soil (Abrahamson, L. P. et al. 2002). Dry limestone and chalk areas must be
avoided. Sub-soiling to a depth of 40 cm is necessary in areas where compaction presents; this
will ensure maximum root development (DEFRA, 2002).

Planting fast growing tree species on steep sites may cause sever damage to soils due to
soil erosion which can occur following heavy rain. Slope of site should be also considered for
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economic plantation. All operations needed from SRF stands establishment till crop
harvesting should be economically feasible; therefore, it is recommended to plant SRF on flat
fields or on lands with slope no more than 7 % or 8 % (DEFRA, 2002). Other studies
recommend site slope less than 15 % (Boyd, J. et al. 2000), because harvesting machineries
are heavy and may have difficulty working on slopes greater than this value.

The suitable soils for SRF establishment should have a texture, in which good aeration and
moisture are available. SRC willow can be grown successfully on soils ranging in texture
from sandy loam to silt or clay loams. Clay loams or sandy loams with a good supply of water
and nutrients but well aerated are ideal soils (Johansson, H. et al. 1992; DEFRA, 2002). Soils
with very high clay content tend to have lower production in the first few years (Abrahamson,
L. P. et al. 2002). Preferable soils for poplars are loams (Crow, P. et al. 2004) or sandy loams,
and clay loams (Szuffa, L. 1996). However in some literatures like Kauter, D. et al. (2003)
silty clay soils with good water holding capacity are suitable to grow hybrids from
Tacamahaca- and Aigeiros-sections. Very sandy soils should be avoided, because moisture is
not available in adequate amount. Some other SRF species like locust trees are able to tolerate
all soil textures; clay, loam and sand (Bongarten, B. C. et al. 1992).

Soil water storage capacity is a very important determinant to consider when choosing site
to plant fast growing tree species. Soils with high water table are favourable to grow SRF
trees (Crow, P. et al. 2004) since it supports the plants with adequate water to grow. High
yield can be obtained from SRC willow where there is sufficient soil moisture available
within 1 metre of the soil surface (DEFRA, 2002).

It is usually not cost effective to alter pH of the soil on large fields; therefore pH should be
selected carefully to be suited to the right tree species. Soil pH range of 4.0 — 7.0 is acceptable
for poplar hybrids (van den Burg, 1980; van den Burg and Schoenfeld, 1978; Timmer, 1985.
cited in Jug, A. et al. 1999; Kauter, D. et al. 2003; Ledin, S. cited in Crow, P. et al. 2004);
These findings were confirmed by Jug, A. et al. (1999). However; Peuke and Tischner (1990)
found that good poplar trees developed good root systems even with a pH as low as 3.6 (cited
in Jug, A. et al. 1999). In the case of Salix plantations pH should be also above 5.5
(Johansson, H. et al. 1992) or in the range 5.5 — 7 up to 8 (Abrahamson, L. P. et al. 2002;
DEFRA, 2002; Crow, P. et al. 2004). Some other species like black locust (Robinia
pseudoacacia L.) can tolerate acidic and/or alkaline soils (Bongarten, B. C. et al. 1992); and a
pH rage 4.3 — 8.2 is acceptable for this species (Auten, J. T. 1945; Zhang, X.-Q. et al. 2006).

2.6.2 Climatic conditions

Climate plays a very important role in determining yield and growth in SRF plantations.
Temperature and rainfall both influence the yield and rotation length of short rotation poplar
hybrids; Hofmann, M. (1998) reported that the colder and drier the climate, the longer the
rotation age. SRF plantings will produce the best yields only if climatic conditions on site are
optimal. Poplars and willows need mean annual rainfall of at least 600 mm, distributed evenly
through the growing season (Boyd, J. et al. 2000; DEFRA, 2002). However, for successful
short rotation poplars and willows, the mean seasonal rainfall during the growing season
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should be greater than 300 mm (Hofmann, M. 1998) or even above 350 mm in some studies
like Kauter, D. et al. (2003). In general SRF trees use large amounts of water to achieve
maximum growth; therefore, irrigation may be needed throughout the life of the planting,
depending on local site conditions and soils.

SRF plantations grow best where mean annual temperature is above 8.5 °C and for colder
regions they can grow on sites with mean annual temperature between 6.5 and 7.5 °C
(Kleihappl, M. R. et al. 2004). Average air temperature between June and September should
be at least 14 °C to optimal growth of poplars (Kauter, D. et al. 2003). Willow can tolerate
very low temperatures in winter (Boyd, J. et al. 2000). Low lands, which may have risk of
frost in early summer or early autumn, should be avoided during site selection for willows and
poplars (Johansson, H. et al. 1992). Species like robinia spp. and eucalyptus need warmer
regions to grow optimally and achieve high yield.

In order to optimise biomass production, some maintenance activities must be applied to
SRF plantations:

2.6.3 Weed control and pest and disease control

Weed control is an essential part of successful production in SRF plantations particularly for
the first two to three years after planting because pioneer species are strongly light demanding
(USDA, 2000; Boyd, J. et al. 2000; Kauter, D. et al. 2003; Nordh N.-E., 2005). One character
of SRF stands is that they are sometimes planted in monocultures with low genetic diversity;
this makes them highly vulnerable to damages caused by diseases and pests. However, since a
high yield is the aim, it is important to choose highly productive varieties that are resistant to
pests and diseases.

Several insects like willow leaf beetle, poplar borer and others may cause damage to SRF
plantations. E.g. willows SRC can be attacked by willow beetles which are considered to be
the most significant pest of willow (Mitchell, C. P. et al. 1999; Abrahamson, L. P. et al. 2002;
DEFRA, 2002; Nordman E. E. et al. 2005) and substantial defoliation can be done to the
plants during the spring as both adults and larvae feed on plants and thus around 40% - 50 %
of plantation’s growth can be reduced (Mitchell, et al., 1995b cited in Mitchell, C. P. et al.
1999; Bjorkman, C. et al. 2000b; cited in Bjorkman, C. et al. 2003). Poplar clearwing moth is
also a dangerous pest which can cause serious malformations of the trees particularly in the
nurseries and in young plantations (Georgiev, G. 2000). Therefore application of integrated
pest management systems are usually recommended (Boyd, J. et al. 2000). Diseases such as
leaf rust, venturia leaf and shoot blight also attack fast growing trees and large yield losses
may occur. Rust was considered among the most significant disease of willows (Dawson
1992; Helfer 1992; Pei et al. 1993. cited in Hakulinen, J. et al. 2000) because rusts can infect
both stems and leaves of trees. In order to avoid rust infection it is recommended by the UK
and European breeding programmes to plant at least 5 different varieties in a random
combination at the site (DEFRA, 2002).
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2.7 Biomass assessment

In general biomass assessment is needed to be carried out over the lifetime of forests and
plantations for studying productivity, carbon cycles, nutrient allocation, and fuel accumulation
(Brown, et al., 1999; Kurz and Apps, 1999; Price, et al., 1999; Zheng, et al., 2004; cited in
Hall, R. J. et al. 2006). Biomass estimates are also needed prior to harvesting, because owners
of standing woods want to know the amount of biomass which could be obtained from their
trees. In traditional forestry biomass estimates were investigated for several above- and
belowground tree parts, but most researches were focused on the aboveground parts; in
particular, stem, branches, crown, stump, and foliage.

Destructive methods have been used to estimate biomass in both SRF and conventional
forestry, however these techniques are time consuming and expensive and require huge
amounts of biomass to be processed (Verwijst, T. et al. 1999); therefore non destructive
procedures were developed in traditional forestry and adapted to SRF taking into account
specific characters of short rotation cultures such as the high stem number per unit area which
gives attention to the individual tree smaller in SRF plantings. High planting densities results
also in less number of measurements applied to SRF stands (Telenius, B. F. 1997).

Studies of biomass estimation of fast growing trees grown in short rotation cycles have
found that the use of non destructive ways to estimate tree weight needs only a single easily
measured variable like diameter (Verwijst, T. et al. 1999), which allows estimators to apply
regression analysis. Biomass estimates/equations depend on the diameter as a single variable
have been used widely with high accuracies. The relation between tree dry weight (BM,) and

tree diameter is none linear and the common model is:
BM,=b*D" (2.1)
Or BM,=a+b*D° (2.2)

Where a, b and c are constants. D is tree diameter at breast height. Equation (2.1) has been
used at the Chair of Forest Growth and Timber Mensuration, TU Dresden (IWB), since 1997
with coefficient of determination (R?) ranges between 0.94 — 0.99 for several willows and
poplar clones e.g. Steinke, C. (2000); Schildbach, M. (2002); Ali, W. (2005). Both equations
(2.1) and (2.2) were used by many researchers like Hichcock & McDonnel (1979) and
Telenius, B. F. et al. (1995) cited in Telenius, B. F. (1997); Guericke, M. (2006) and Arevalo,
C. B. M.; et al. (2007). A similar function was used by Tahvanainen, L. et al. (1999) who
estimated biomass in willow varieties but using different form of diameter measured:

BM,=a*d, (2.3)

Where a and b are regression parameters and d, ; is diameter at 110 cm from the stool level
[mm)].
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Other allometric equations were developed to estimate aboveground and belowground
biomass for Salix spp. and five other tree species of northern Manitoba in Canada

logY =a+b*(logD)+c*(AGE)+d *(logD* AGE) 2.4)

Where D is stem breast height diameter, AGE is stand age, a, b, ¢ and d are regression
parameters. This model has used stand age as an additional variable due to large variations in
age of trees measured (4 — 130 years) as reported by Bond-Lamberty, B. et al. (2002).

Site-specific allometric equations for specific tree species have been mostly used by
researchers to estimate biomass of trees (Naidu et al. 1998; DeLucia et al. 1999; cited in
Hamilton, J. G. et al. 2002; Aboala, J. R.; et al. 2005; Arevalo, C. B. M.; et al. 2007). The use
of tree height as an additional variable was trialled by some researchers like Olsson & Flower-
Ellis (1980), Verwijst (1991), who found that, adding tree height as an independent variable
increases the costs and doesn’t improve significantly the accuracy (cited in Telenius B. F.
1997).

At the Chair of Forest Growth and Timber Mensuration (IWB), new approaches have been
developed; non-clone-specific empirical models were constructed to estimate wet and oven
dry biomass of poplar clones (Rohle, H. et al. 2006).

2.8 Modelling in forestry

A model is a pattern, plan, representation, or description designed to show the structure or
workings of an object, system, or concept. Or in other words a model is an abstraction, or a
simplified representation, of some aspect of reality (Vanclay, J. K. 1994; Husch, B. et al.
2003).

Models can be itemized in verbal (e.g. a description) or material forms (e.g. a scale model).
Some forms of models may use languages which are more concise than natural languages like
mathematical language which is used in mathematical models.

2.8.1 Yield tables

Forest managers need reliable predictions of yield and growth of their forests. Attempts for
such forecasts have a long history in forestry science and forest management. In the late
1800s, central European foresters particularly in Germany used graphical methods to model
the yield of forest. Yield tables were the outcome of those efforts. Four generations can be
distinguished over the historical development of yield tables (Pretzsch, H. 2001). Harting, G.
L. (1795), Paulsen, J. C. 1795, Von Cotta (1821), and other German scientists had constructed
the oldest yield tables for pure stands between the late 18" and the middle of 19™ century
(Kramer, H. et al. 1988). Such tables were based on standing volume for estimating site
performance and volume growth; these are considered the first generation of yield tables
(Pretzsch, H. 2001).
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The second generation came between the end of the 19" century and the 1950s. Examples
for such tables are Schwappach (1893), Wiedemann (1932) and Schober (1972) (cited in
Pretzsch, H. 2001). These tables had uniform construction principles that were proposed by
the Association of Forestry Research Stations and had a solid empirical data basis.
Wiedemann’s tables developed in the 1930s and 1940s were the first models of mixed stands.

Yield tables developed by Gehrhardt (1909, 1923) are considered as a transition point to
the third generation of yield tables; since they developed models based on theoretical
principles and biometric equations instead of purely empirical models (Pretzsch, H. 2001).
Examples are Assmann and Franz (1963), Vuokila (1966), Hamilton and Christie (1973,
1974).

Since the 1960s a fourth generation of yield table models has constructed, they are able to
predict stand development for different site conditions and for different planting densities and
thinning programmes as well. Stand development can be calculated using systems of
empirical equations which create the basics of growth simulators. Examples are the stand
growth simulators by Hradetzky (1972), Hoyer (1975), Bruce et al. (1977) and Curtis et al.
(1981, 1982) (cited in Pretzsch, H. 2001).

2.8.2 Forest yield and growth models

Yield and growth equations are a concise and convenient way to express growth and yield
relationships. Equations in comparison to tables can accommodate more variables and can be
estimated in a repeatable way. More precise predictions of forest yield and growth can be
obtained from forest yield and growth models. A forest yield model is a model which
expresses the status of the forest at some future time (Vanclay, J. K. 1994).Yield and growth
model generally refers to a system of equations with which a forester can predict the growth
and yield of a forest stand under a wide variety of conditions. Therefore a growth and yield
model may comprise a series of mathematical equations (Hasenauer, H. 1999). Forest yield
and growth models can be categorized into empirical models, physiological models,
ecological models, and hybrid models.

Empirical models primarily use statistical analyses to compare and describe data on
growth and biomass production in a large number of forest stands or plantations. They are a
key means for forest management whereas the process-based models are helpful means to
understand the physiological processes of a system. Empirical models are normally derived by
observing, recording and generalising how forest stands react to different soil and climatic
variations (Tomé, M. et al. 1996). Using such models, one can make predictions about other
stands growing under similar conditions (Mohren, G. M. J. et al. 1994). These models will
often give good estimates of expected growth, as long as the predictions are within the scope
of the data used to fit the models, but they may give uncertain estimates for predictions
outside the range of the data set. Empirical models are the most common models used in
forestry e.g. forest growth and yield empirical models. The most common uses of such models
for managers are to forecast timber production and to simulate different forestry management
strategies with a view to decision making. The models help to forecast what long-term effects
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a forestry management intervention is likely to have on both timber production and the future
conditions of the actual forest, as well as the impact of interventions on other forest values.

Yield and growth empirical models have different focus resolutions like the whole stand
level and the individual tree level. The models which only require stand level information are
called whole stand models. Depending on their structure, whole stand growth models are
divided into differential equation models (e.g. Moser 1972, 1974), distribution prediction
models (e.g. von Gadow 1987) and stochastic evolution models (e.g. Suzuki 1971, 1983)
(cited in Pretzsch, H. et al. 2007). Distribution prediction models for instance describe stand
development by extrapolation of the frequency distributions of diameter and height classes.
The precision of such models is determined by the flexibility of the applied distribution
equation (Pretzsch, H. et al. 2007).

Models which require individual tree information and use individual trees as the basic unit
to predict yield are called single tree growth models. The single tree growth models predict
the increment, the mortality rate, and the ingrowths in a stand based on single tree data; the
increment is predicable for different tree characteristics like tree diameter or basal area and
height. Those models can be divided into distance-dependent and distance-independent
models (e.g. Pretzsch, H. 1992; Hasenauer, H. 1994; Sterba, H. et al. 1995; Nagel, J. 1995.
cited in Hasenauer, H. 1999; Pretzsch, H. et al. 2002; Rohle, H. et al. 2004).

The development of single tree models enabled foresters to predict growth and yield of
uneven-aged mixed stands. Example of such models is forest simulator BWINPro which was
developed by Nagel, J. in the 1990s at the Forest Research Station of Lower Saxony. Later on
in 2000, the Chair of Forest Growth and Timber Mensuration (IWB) started to adapt
BWINPro to the specific growth conditions in Saxony, the adjusted model was called
BWINPro-S (for Saxony) (Schroder, J. 2004). The growth model BWINPro-S is able to
predict different individual tree growth parameters like height increment, basal area
increment, height of crown base, and crown width using a system of regression functions.
Mortality probabilities and juvenile growth for understory seedlings are also predictable.
Another example of single tree growth models is SILVA, a distance-dependent and site-
sensitive single tree simulator developed for pure and mixed stands by Pretzsch, H. (1993 —
1997) (Pretzsch, H. 2001).

Physiological models (or process-based) models are photosynthesis-based. Process models
predict the behaviour of a system such as a forest stand based on a set of functional
components and their interactions with each other and the system environment (Matala, J. et
al. 2003). In these models emphasis is on understanding the nature of processes of growth
such as light interception, photosynthesis, respiration and evapotranspiration, and modelling
these processes as a function of the physical environment (Tomé, M. et al. 1996). The main
variables included in such models are ambient temperature, light, soil water and nutrient
regime. Advantages of these models are that they can provide more knowledge on factors that
influence growth and they can easily be adapted to take account of changes in the
environment (Ceulemans, R. 1996). However, because of complexity of growth processes and
deficiency of knowledge about many of them, physiological models have not been commonly
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applied in forestry. Furthermore, physiological models normally estimate the total biomass
production per unit area, and foresters are generally more interested in stand and single tree
volume yields.

Matala et al. (2003) compared the outcome of a physiological versus an empirical
(statistical) model designed for Scots pine, Norway spruce and silver birch stands. Example
for process-based models is COMMIX developed by Bartelink, H. H. (1998). COMMIX is a
process-based, tree-level, distance-dependent model of forest growth. This model can
reproduce the development of monospecific stands and it is also able to simulate growth and
yield in mixed stands differing in the proportions of species present. The model may also be
used to analyze effects of thinning regimes and stand composition on productivity (Bartelink,
H. H. 1998).

Ecological models (succession or gap) models are used to test ecological population
theories. The models may be used to simulate tree population dynamics under different
climatic management scenarios (Linder, L. et al. 2000).

Hybrid models are new approaches that combine both process-based and empirical
models for predicting forest yield and growth (e.g. Waterworth, R. M. et al. 2007).

2.8.3 Assessing and modelling the site productivity

The concept of site productivity was introduced in chapter 1. Some sites provide very rich
forests and some others provide very poor ones. The variations between different sites are
results of their different soil and climatic characteristics. An estimate of these variations is a
task of forest modellers. This estimate is an essential step that enables foresters to model the
yield and growth of their forests.

There have been many attempts to measure soil and climate characteristics and to use this
information to estimate site productivity, this was called the physical site properties approach
or non crop approach (e.g. Running 1994; Coops et al. 1998; Stands et al. 2000; Ditzer et al.
2000; Maileld et al. 2000. cited in West, P. W., 2004). Another approach uses the crop
properties like stand appearance, stand basal area (e.g. Assmann, E., 1961), stand height (e.g.
Havel, J. J., 1980), Height-diameter relationship, volume production (e.g. Lewis et al. 1976),
diameter increment or basal area increment as parameters to estimate and model site
productivity (e.g. Vanclay, J. K. 1992). Some other studies were focused on assessment of site
productivity from vegetation characteristics. It is assumed that both ground vegetation and
timber production are influenced by the same properties (e.g. Vallee, G. et al. 1970).Two of
these approaches are discussed in detail.

2.8.3.1 Assessing site productivity from crop properties

A good measure of site productivity should be: capable of being reproduced and consistent
over long periods of time; correlated with the site’s productive potential; indicative of the site,
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and not excessively influenced by stand condition or management history; and at least as good
as any other productivity measures available (Vanclay, J. K, et al. 1988).

First estimate of site productivity was done for the pure even-aged forest which was called a
site index. Site index refers to species-specific measure of actual or potential forest
productivity expressed in terms of the average height of a specified number of dominant (and
co-dominant or the largest and tallest trees per unit area) trees at an index age, often estimated
for stands of other ages using a height-age curve (Ford-Robertson, F. C. 1971). The number
and selection of trees and the index age varies. Site index is only suitable for even-aged stands
of known age. Because site indices include a wide range of numbers, for convenience they are
grouped into Site classes. Each site class includes a range of site indices. Site classes are
identified with Roman numerals that range mostly from I (the best sites) to V or VII (the
poorest). Another assessment of site productivity is Site quality, which used as an indicator
of site when a specific management objective is being followed e.g. to select sites for income,
habitat, or recreation/aesthetics management. It may be defined as: a descriptive measure of
site determined by subjective methods, mostly by visual assessment into a relative
classification (e.g. good-poor, or high-low) (Ford-Robertson, F. C. 1971). Site index, site
quality and site class are approximate measures of the true site productivity (Vanclay, J. K.
1994).

The most commonly used measure of site productivity is site index, which is applicable
only to an even-aged stand of uniform development. Other authors like Duerr, W. A. et al.
(1938) have tried to apply similar techniques to mixed forests by identifying a main even-
aged stand in the forest.

Vanclay (1989) developed an index of site productivity which adopts a range of species
and stand densities, the index does not require age or height, and avoids the problem with
species composition (cited in Vanclay, J. K. 1992). Vanclay’s (1989) index is an individual
tree model based on the diameter increment of individual trees of several commonly occurring
and widespread species in the tropics.

2.8.3.2 Assessing site productivity from physical site properties

The use of physical site properties like soil and climatic variables is an indirect method to
predict site productivity (Payandeh, B. 1991).

Many attempts were made to estimate site productivity based on several climatic and soil
parameters e.g. Czarnowski, M. S. (1964) who developed an equation with three climate
parameters, three soil parameters and four species properties to predict the productive
capacity of a species independently of age, anywhere on earth. The model was tested and
results revealed that predictions were close to observed values for three species on four
continents.
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Using a tree-based regression model, McKenney, D. W. et al. (2003) modelled site
productivity with relation to soil, climatic and topographic factors for jack pine and black
spruce in Ontario, Canada. Models for both species were unbiased with reliable predictions.

Woolery, M. E. et al. (2002) used sixteen physical and chemical soil properties (thickness
of the A horizon, bulk density of the A and E horizon, bulk density of the subsoil, percentage
clay found in the B horizon and total rooting depth are the most important soil characteristics
used) of 64 soil types in southern Illinois, in a multivariate stepwise multiple regression
analysis. The soil property equations explained between 61% and 80% of the variation in site
productivity estimates of tree species investigated.

Several authors have investigated site productivity using the different approaches discussed
above in sections (2.8.3.1) and (2.8.3.2); however, many other researchers don’t follow these
approaches when they estimate site productivity e. g. Landsberg and Waring, (1997); Sands,
P. et al., (2000); Almeida et al., (2004) all of them have used process-based models (see 2.8.2)
to assess and model site productivity and biomass production as a function of environment for
different tree species (cited in Sannervik, A. N. et al. 2000).

2.9 Modelling in short rotation forestry

Short rotation forestry is still a new practice in many countries; it has its own attributes,
genera and management regimes (see section 1.1). Some features of SRF are similar to
agricultural crops like the intensity of plant numbers per hectare and management, and some
other features are analogous to conventional forestry e.g. SRF deals with genetically
improved trees originated from forests; therefore studies investigating growth and yield in
SRF have unique characteristics. The use of modelling in SRF may facilitate understanding
the system and helps to predict stand dynamics under some particular environment.

Attempts to model growth and yield in SRF began in the 1970s. Empirical, physiological
(process-based) and hybrid models (see 2.8.2) were developed and applied to SRF stands for
yield and growth predictions.

Empirical models were used successfully in SRF, both individual-tree models and whole
stand models were proved with reliable results. The earliest growth modelling of SRF stands
was the calibration of the FOREST model, an empirical individual tree-based simulation
model (Ek, A. E. et al. 1974). The model includes the first 4 years of growth data of Populus
tristis planted in intensive culture (fertilized and irrigated) at different planting spaces. This
model can predict height and diameter at breast height (dbh) growth with a potential x
modifier approach, the modifier is a function of an area overlap competition index.

A distance-dependent model for poplar (rap poplar) was developed by Faber, P. J. (1991).
Different computer programmes were used for calculating and mapping the growing spaces of
the trees in a stand and also for predicting the basal area increment per hectare.
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Other distance-dependent growth models for coppiced stands were developed by
Tahvanainen, L. (1996) for four willow clone monocultures (cited in Tomé, M. et al. 1996).
The models can predict the growth of a mean shoot for every individual stool on the basis of
several variables describing the stool, like the average shoot, the social status of the average
shoot in the stool and the status of the stool in the population. Some further empirical models
will be introduced in section (5.6).

Process-based models are more commonly applied to SRF than to traditional forestry
since such models estimate the total biomass production per unit area, which is of interest of
SRF managers while traditional foresters are generally more interested in stand and single tree
volume yields. There are many process-based models developed for SRF stands. Models
differ mainly in the main input variables used; the level of simulation (stand, tree, leaf);
number and kind of submodels like canopy net photosynthesis submodel; carbon balance and
allocation; soil water submodel; respiration submodel and soil nutrients submodel (Rauscher,
H. M. et al. 1990; Ceulemans, R. 1996; Koskela, J. 2000).

An example of process-based models in SRF is ECOPHYS, it is an individual tree
physiological growth process model developed for juvenile poplar trees. The model simulates
individual tree growth of poplar clone growing under the near optimal field conditions of
SRF, including weed control, irrigation and fertilization. Another process-based model is
Sannervik’s model (Sannervik, A. N. et al. 2006); this model was developed for prediction of
accumulated biomass of willow coppice system. In this model the radiation use efficiency
concept was combined with mortality functions based on self-thinning to simulate the
accumulated biomass. Many other process-based models were developed for SRF plantations
like MAESTRO for several tree species (Wang, Y.-P. Et al. 1990), SOILN for willow
(Eckersten, H. 1994), the model developed by Isebrands, J. G. et al. (1996) for short-rotation
willow coppice plantations; Philippot’s model which simulate growth and yield of short
rotation forestry production (Philippot, S. 1996); PROMOD for eucalypts (Sands, P. et al.,
2000); and the model developed by Eckersten, H. et al. (2006) for willow forest in Sweden.

Apart from empirical and process-based models, other methodologies were implemented to
predict biomass production of SRF stands, an example for such methodologies is agro-
ecological zones methodology (a methodology utilizing the climate, soil and terrain
conditions to predict the potential productivity of biomass of particular tree species) which
was used by Fischer, G.; et al. (2005) to assess and predict potential mean annual increment of
biomass of miscanthus, willow and poplar for Eastern Europe, Northern and Central Asia.
Fischer classified the potential areas for bioenergy plants into six suitability classes ranging
from not suitable (areas of lowest potential) to very suitable (areas of highest potential).
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3 Materials and Methods

3.1 Introduction to the model

The overall objective of this study is to predict the site productivity (potential of biomass
production) of specific poplar clones at particular stand ages. Data used for modelling site
productivity are empirical data collected at individual tree level and processed to obtain
parameters at stand level (for more details see 3.2). Some attempts were made to predict site
productivity directly from age and soil and climatic variables (it is important to mention that
all models tested are whole stand models and not individual tree models); for example:

Stand BM = f (Age, Stocking density, Soil variables, Climate variables) (3.1)

Where: Stand BM is stand accumulative oven dried aboveground biomass at given age (t/ha),
Age is tree/stand age (years), Stocking density is stem number per unit area (N/hectare).
Results of such models were unsatisfactory and had low reliability (R? < 0.300).
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Fig. 3.1 Model assumed to predict site productivity

With more understanding of the relationship between tree growth and soil and climate
conditions as well as the allometric relationship between stand height and stand cumulative
biomass at given age with specific tree number per hectare, new assumption was satisfied. Fig
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(3. 1) illustrates a model to predict site productivity with two steps. First step is discussing
driving variables which affect mainly tree height such as tree age, mean temperature and
accumulative precipitation during the growing season. Soil characters like available water
capacity and soil performance are the most important variables considered to influence tree
height or in particular dominant height of a stand (hgo, see 3.2.2.5)

Step (1) haom = f (Age, Soil variables, Climate variables) (3.2)

Second step assumes that accumulative aboveground dry biomass per hectare of a stand at
specific age is highly influenced by tree number per hectare (many other factors may
influence biomass production like weed control, pest and diseases control, rotation length and
age of roots but there are no data available for such variables therefore they were not included
in the model); furthermore, biomass production of a stand is highly correlated with dominant
height. Thus

Step (2) Stand BM = f (Stocking density, hiom) (3.3)

Note that step (2) will be termed stand biomass function, to be distinguished from the
common term biomass functions mentioned in literature.

Due to clonal differences both steps were repeated for different clone groups (see Table
3.1). Model construction, model tests and applications will be introduced in:

e Materials and methods for model construction
e Materials and methods for model test and validation
e Materials and methods for model application

3.2 Materials and methods for model construction

To develop a model for prediction of site productivity (in terms of biomass production), two
subsequent steps mentioned above were completed. Empirical data used for the first step
(modelling dominant height of stand (hgom) based on age, climatic and soil conditions) are
data collected from Saxon trail areas. Data needed for step (2) of modelling will be termed
data of German-wide trail sites, they include data from Saxon experimental sites and other
data acquired from different German trail areas.

The two-step model was constructed for some poplar clones (Table 3.1). Due to lack of
data needed to develop a specific model for each single clone, clones were classified in four
groups according to their genetic parentages and growth behaviours as illustrated in Table
(3.1) and the data from each clone group were used to construct its specific model. Both
Androscoggin and Miinden groups contain only single clone; whereas Max group comprises
five clones and Matrix group two clones.

Only one hgom function was developed for each clone group since dominant height of stand
is affected only by genetic factor, soil and climate characteristics and not by stem number per
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hectare. Tree number per unit area in Table (3.1) indicates the actual average stem density per
hectare and not the primarily planted one.

Table 3.1 Information on clone groups and their functions

Clone groups Clone common name Clone scientific name | No. of hgom Stand biomass
functions function for N/ha
Androscoggin Androscoggin Populus  maximowiczii 1 1550

X trichocarpa

Max clones Max 1, Max 2, Max 3, | Populus maximowiczii 1 1150, 1550, 2850,
Max 4, Max 5 X nigra 3250, 7400, 13,000
Matrix Matrix, hybrid 275 Populus  maximowiczii 1 1550
X trichocarpa
Miinden Miinden Populus  tremula  x 1 1550
tremuloides

Stand biomass function was constructed for only a single stocking density per ha (1550)
for clone groups Androscoggin, Matrix and Miinden; while 6 functions for N/ha rages from
1150 — 13,000 were developed for Max group (Max clones).

3.2.1 Data of German-wide trail sites

In the last 10 — 15 years several experimental areas of SRF were established in many German
Free States like Lower Saxony, Mecklenburg-Western Pomeranian, Brandenburg, Free State
of Saxony, Free State of Thuringia, Hesse, Free State of Bavaria, and Baden-Wiirttemberg
(Fig. 3.2).
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Fig. 3.2 SRF experimental sites in Germany

Many poplar clones were planted at stocking densities mostly ranging from 1000 — 10,000
stems/ha and sometimes they may reach 30,000 trees/ha. The data available for model
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construction are from three States: Saxony, Bavaria, and Mecklenburg-Western Pomeranian
(Table 3.2). Tree (shoot) age classes are between 1 - 9 years. Data have been collected at tree
level and processed to obtain stand parameters (for more details see 3.2.2.5). Data collection
for tree ages 1 — 5 at most of Saxon trail sites was carried out by Graupa (the Saxon Forest
Research Station in Dresden). Processing the data for most study areas was completed by the
Chair of Forest Growth and Timber Mensuration (IWB). Bavarian Data were collected and
processed by Bavarian State Institute for Forestry (Table 3.2).

Table 3.2 General overview on the data used for model construction

Study area State Level Age Data Data Availability | Type of use
of data | Shoots/ | collection | processing | of climatic | in the study
Stumps by by and soil
data
Arnsfeld, Methau 1, Saxony Single | 3/3, 4/4, Model
Methau 2, Nochten, tree, 6/6,7/7, IWB IWB Available | construction
SkéaBchen, stand | 8/8,9/9 steps (1), (2)
Thammenhain
Arnsfeld, Methau 2, Saxony Single | 1/1,2/2,
Nochten, Skafichen, tree, 3/3,4/4, Graupa IWB Available
Thammenhain stand 5/5
Kubhstorf, Laage Mecklenburg- | Single | 2/2,4/4, Model
Western tree, 9/10 IWB IWB Available construction
Pomeranian stand step (2)
Beuerberg, Bavaria Single 5/5, Bavarian Bavarian
Kammern, tree, 5/10, State State Not
Neuhof, stand 6/6 Institute Institute available
Schwarzenau for for
Forestry Forestry

Stand yield and growth parameters: stem number per hectare (N/ha), stem volume (V/ha),

basal area (G/ha), total aboveground wet/dry biomass (biomass in t/ha), mean diameter (d,,)
and mean height (h,,) were computed. Poplar clones were filtered to obtain clones mentioned
in Table (3.1) at N/ha range from 1150 — 13,000. Climatic and soil data were available for all
study sites except Bavarian trails. Only data from Saxon sites was used for step (1) of
modelling. For achieving step (2) of modelling data from Saxony, Bavaria, Brandenburg and
Mecklenburg-Western Pomeranian was involved.

3.2.2 Saxon trail sites
3.2.2.1 Location

Six study areas were established in the late 1990s in the Free State of Saxony (Fig. 3.3).
Nochten, Skdlchen and Thammenhain are located in the northern parts of Saxony; whereas,
Arnsfeld is situated in the southern mountain area and both Methau 1 and Methau 2 are
located nearly in the middle part of the State. These variations in geographical positions
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provide variations in climatic and soil characteristics between sites, which should improve the
reliability of the database and consequently the applicability of model constructed.

T 0 20000 40000
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Fig. 3.3 The location of Saxon study sites
3.2.2.2 General information on Saxon sites

The experimental area Methau 1 (Table 3.3) was first planted (1996); additional areas were
established in 1998 and 1999.

Area varied from 3.6 — 17.5 ha depending on the area available, the total area of all sites was
56 hectares. Several poplar clones were planted e.g. Max 1, Max 3, Max 4, Matrix,
Androscoggin, Miinden and hybrid 275 (for more details on clones see 3.2.2.4).

Mean annual temperatures range from below 7 °C in Arnsfeld, located in a mountainous
region (625 m above sea level) up to 8.5 °C in Nochten, Skdfichen and Thammenhain at lower
altitude (120 -140 m) (Graupa, 2003). Mean annual rainfall varies from 575 mm in the driest
area (SkaBchen and Thammenhain) to above 850 mm at the wettest site (Arnsfeld).

It is worthy to note that the sites were cultivated with maize, rape and other crops for
many years before the year of establishment.
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Table 3.3 General information about study areas and poplar clones planted in Saxony

Area Areasize | Yearof | Altitude Mean annual | Mean annual Poplar clones
temperature rainfall
[ha] planting [m] [°C] [mm]
Max 1, Matrix
Arnsfeld 4 1999 600-650 <7.0 > 850 .
Androscoggin
Hybrid 275, Matrix,
Methau 1 6 1996 180-220 8.1 690
Max 3, Max4
Max 1, Max 4,
Methau 2 13.4 1999 180-220 8.1 690 Miinden;
Androscoggin
Max 4, Miinden,
Nochten 3.6 1998 140 8.5 620 - 660 .
Androscoggin
Max 1, Max 4,
SkéaBchen 17.5 1998 120 8.5 550 - 600 Miinden,
Androscoggin
Max 1, Max 4,
Thammenhain 11.5 1999 130 8.5 550 - 600 Miinden,
Androscoggin
3.2.2.3 Soil description

Due to variations in geological substrates, the sites have different soil textures (Table 3.4) and
consequently have differing levels of Available Water Storage Capacity (AWSC) (see
3.2.2.3.1); SkédBchen has low capacity with only 125.8 [mm] because of high sand proportion;
whereas Methau 1 and Methau 2 have large amounts of loams with different portions of sand
and silt, therefore their AWSC are relatively high 193.6 and 200.6 [mm)] respectively. The
Nochten area was formerly used for coal mining operations, afterward soil was reclaimed and
restored to productive use; thus its texture became a mix of different soil types with specific
features.

Table 3.4 Soil information of study areas

Area Soil texture SQIs (Ackerzahlen) AWSC [mm]
Arnsfeld Loam, Sandy loam, Sand 29 149.3
Methau 1 Loam, Silty loam, Sandy silt 58 193.6
Methau 2 Loam, Silty loam, Sandy silt 67 200.6
Nochten Clay, Pure sand, Silty sand 30 128.3
SkéaBchen Sand, Lomy sand 38 125.8
Thammenhain | Loamy sand, Silty sand, Sandy loam 42 175.7
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Soil Quality Indices (SQIs), in Table (3.4), (named “Ackerzahlen” in German) are indicators
for soil performance. They were constructed for arable lands by Saxon Agency for
Environment and Geology (LfUG) in Dresden. The arable soils were classified (coded)
according to their fertility levels, available water storage capacity in the soil, access to ground
water, former land utilizations, previous crops, site exposition, site slope, and climate
conditions into several codes. The codes were termed soil quality indices which should be
clearly distinguished from site indices or site quality introduced in section (2.8.3.1).

SQIs range from 14 — 94 covering all soil performance levels; item (14) indicates the worst
soil and (94) indicates the best one. Sites of study have different indices ranging from 29 and
30 in Arnsfeld and Nochten up to 67 in Methau 2 (Table 3.4).

3.2.2.3.1 Computing the AWSC

Available water storage capacity: is the amount of available water that can be stored in soil
and be available for growing plants (Veihmeyer, F. J. et al. 1927; Carter, M.R. et al. 2008). It
is the difference between the amount of water in the soil at field capacity and the amount at
the permanent wilting point (Richards, L. A. 1928; Mullins, J. 1981). Data needed to calculate
AWSC of study sites were acquired from Graupa in Dresden. Soils were examined by making
several boreholes at all sites (Table 3.5).

Table 3.5 Information on soil examinations

Study area Boreholes' number Mean boreholes AWSC calculated to | Humus content %
depth [cm] depth [cm]
Arnsfeld 50 88 100 10-15
Methau 1 88 97 100 5-10
Methau 2 154 104 100 5-10
Nochten 12 47 70 1-2
SkaBchen 17 67 70 1-2
Thammenhain 150 102 100 5-10

Data obtained include information on horizon name, horizon depth, humus contents, soil
subgroup, soil colour; and soil type. The number of boreholes (Table 3.5) varied from 12 in
Nochten to 154 in Methau 2. The average depth was about 50 cm in Nochten and more than
one meter in Methau 2 and Thammenhain. Nochten and SkéBchen have the lowest humus
contents with only 1.5 %; Methau 1, Methau 2 and Thammenhain have moderate humus
contents (7.5 %) and the highest proportion of humus was in Arnsfeld with 12.5 %.

The calculation of AWSC was done as follows:

e AWSC for each horizon = horizon depth * (tabular value of AWSC of the horizon
which depends on the soil texture (soil subgroup) + additional value resulted from
humus contents — reductions caused due to the proportion of coarse soil)
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e Tabular values of different soil textures, additions and reductions resulted from
humus and coarse soil proportions are derived from the German Handbook of Soil
Mapping (AG Boden, 1994)

e AWSC of different horizons were summed to obtain the water storage capacity for
each borehole

e The depth of rooting zone is determined by the soil type therefore the AWSC for
study sites was computed to 70 cm depth in Nochten and SkdB3chen and to 100 cm
depth at the remaining sites

e The AWSC of a study area is the mean value of all boreholes

The same methodology had been used by LfUG as AWSC was estimated for the Saxon
arable lands.

3.2.2.4 Poplar clones planted

The species of the genus Populus L. (Salicaceae), commonly known as poplars, are widely
distributed in the forests of temperate and cold zones of the Northern hemisphere
(Brawdshaw, H. D. et al. 2000). The economically and ecologically most important species
belong to the sections Tacamahaca Spach, Aigeiros Duby (black poplars) and Aspens
(Rahman, M. H. et al. 2002).

Several poplar clones were produced and tested in Europe and America in the last 2 — 3
decades. Clones are varied in temperature needs and in water and nutrients requirements. On
this basis, clones were selected from two different poplar sections (Table 3.6), section aspens
and section facamahaca (balsam poplar) which have good potential to grow under Saxon
sites’ conditions (Graupa, 2003).

Table 3.6 Genetic parentages of the planted clones

Common name Section Latin name
Androscoggin Tacamahaca Populus maximowiczii x trichocarpa
Hybrid 275 Tacamahaca Populus maximowiczii x trichocarpa
Max 1, Max 3, Max 4, Max 5 Tacamahaca Populus maximowiczii x nigra
Matrix Tacamahaca Populus maximowiczii x trichocarpa
Miinden Aspen Populus tremula x tremuloides

No specific clone can be best in performance for all regions (sites); some characters of
particular clones meet specific climatic and soil conditions, therefore groups of clones are
recommended for particular geographical zones. Depending on the availability of planting
materials (cuttings) in markets, rooted- or sometimes unrooted cuttings were used when the
sites were established.
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3.2.2.5 Field measurements and calculation of yield and growth parameters

Trees were cultivated at different planting spaces 2.5 * I m, 3 * 1 m,3 * 2 mand 3 * 3 m;
(Table 3.7), thus tree numbers per hectare varied from 1000 to 3500. Field measurements
were carried out at age classes from 1/1 (shoot age/stump age) up to 9/9. Clones were all in

the first rotation at the time of measurement.

Table 3.7 Information on the clones investigated, the repeated measurements and stocking densities per hectare

at Saxon study sites

Area Clone Age Planting space | Stem numbers | Measurements
Shoots/ Stumps [m] [N/ha] have done by
Arnsfeld Androscoggin 4/4 3*%2 1500 IWB
Matrix 4/4 3*2 1500 IWB
Max 1 4/4 3*2 1500 IWB
Methau 1 Hybrid 275 3/3, 6/6,9/9 2.5*%1 2200-3500 IWB
Matrix 3/3,6/6,9/9 2.5%1 2200-3500 IWB
Max3 3/3, 6/6,9/9 2.5%1 2200-3500 IWB
Max 4 3/3,6/6,9/9 2.5%] 2200-3500 IWB
Methau 2 Max 1 4/4,7/7 3*2 1500 IWB
Max 4 4/4,7/7 3*1,3%2,3*3 1100-3300 IWB
Miinden 4/4,7/7 3*2 1500 IWB
Androscoggin 4/4,7/7 3*2 1500-2000 IWB
Nochten Androscoggin 4/4, 3*1 3000 IWB
Max 4 4/4, 3*1 3000 IWB
Miinden 4/4, 3*1 2000 IWB
SkaBchen Androscoggin 4/4, 8/8 3*1 2000 IWB
Max 1 4/4, 8/8 3*1 3000 IWB
Max 4 4/4, 8/8 3*1,3%2,3*3 1000-3000 IWB
Miinden 4/4, 8/8 3*2 1000 IWB
Thammenhain Androscoggin 4/4,7/7 3*2 1000 IWB
Max 1 4/4,7/7 3*1 1500-2000 IWB
Max 4 4/4,7/7 3*1,3%2,3*3 1000-3000 IWB
Miinden 4/4,7/7 3*2 1000 IWB
Arnsfeld, Androscoggin,
Methau 2, Max 1, Max 2, 1/1,2/2,3/3,4/4, | 3*1,3%*2,3*3 1000-3500 Graupa
Nochten, Max 4, Max 5, 5/5
Skafichen, Matrix, Miinden,
Thammenhain Hybrid 275

At all study areas many measurement plots were established by IWB, number of plots
varied depending on clones planted, stand age and planting space. Using standardized
methods, measurements were conducted in the field and different yield and growth parameters
were computed. Plot size varied according to stocking density per unit area. Regardless of tree
number per hectare, trees measured per plot were not lower than 150 trees.
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Field measurements carried out by IWB at specific ages mentioned in Table (3.7):

e Measuring diameter at breast height of all trees (all shoots) in a plot;

e 25 heights covering all diameters classes were also measured for construction of
height curves;

e For biomass assessment 10 trees/shoots per plot were chosen covering all diameters
classes (analogous to construction of height function); cut and weighed directly
after tree fall (the entire tree was used), their diameters at breast height (dbh) and
heights were measured as well. Representative cuttings of cross sections were
weighed and brought to the laboratory to be dried (in case trees/shoots are younger
than 4 years the whole tree/shoot was brought to the laboratory). Drying was done
by weighing the samples again; cutting them into small chips; putting the wet
biomass in an oven operated at a temperature of 104 °C; waiting till weight
constancy and then weighing again for estimating water contents.

Allometric functions for wet and oven dried aboveground biomass were developed, height
curves were also constructed; all growth and yield parameters:

e Stems number per hectare (N/ha);

e Stem volume (V/ha);

e Basal area (G/ha);

e Total aboveground wet/dry biomass (in t/ha);

e Mean diameter (dy,);

e Mean height (hy); and

e Dominant height of stand (hgom) Were computed.

Dominant height of a stand (hgom) 1S the average total height of all or some of the
dominant, with or without the codominant, trees in a stand; these numbers vary widely from
country to country and they range mostly between 40 — 100 trees per unit area (West, P. W.
2004). Some other definitions can be found in literatures like Kramer, H. et al. (1995),
dominant height of a stand is the average total height of 10 — 20 % of the largest stems/ha.
The international symbol is hgom.

The dominant height (hgom) Was calculated in the study by averaging the total heights of the
10 % largest diameters of a stand using the following formulas:

Number of these trees Mg, =A*N/ha*0.1 (3.4)

Dominant height hgomi = using stand height function  (3.5)

Dominant height of a stand h, , = Zyt‘hdomi / Mg, (3.6)
i=1

Where A is plot size (ha), hgomi 1s height of a tree i which is considered as dominant tree

(m).
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Total aboveground dry biomass (t/ha) is the sum of total aboveground dry weights of all
individuals in a stand. Age and clone-specific allometric functions which describe the
relationship between dry matter of the trees (BM, in kg) and the corresponding diameters at
breast height (cm) in nonlinear form were used

BM, = b, * dbh" (3.7)

Where by and b, are equation coefficients obtained by using regression procedures. The
amount of biomass per unit area was computed in terms of (t/ha) of dry matter.

Field measurements carried out by Graupa (Table 3.7):

Data collection for all clones at tree ages 1 — 5 at all trail sites was done by Graupa as
follows:

e Measuring diameter at breast height of all trees (shoots) of a given clone;
e Heights of all trees (shoots) were measured;

Height curves were constructed; growth and yield parameters mentioned above were
computed at IWB and used in the study.

3.2.3 Statistical methods
3.2.3.1 Regression analysis

Regression analysis is a statistical procedure used for the modelling and analysis of numerical
data comprising values of a dependent variable (response variable) and one or more
independent variables (explanatory variables). The dependent variable in the regression
equation is modelled as a function of the independent variables, corresponding coefficients
(constants), and an error term. The error term represents unexplained variation in the
dependent variable. The coefficients are estimated so as to give a "best fit" of the data. Best
fitting of the regression function to the data is commonly done by using the Ordinary Least
Squares method OLS (Storm, R. 1995; Weisberg, S. 2005).

Linear regression

It is a form of regression analysis in which data are modelled by an OLS method. The
simplest linear model involves only one independent variable and state that the true mean of
the dependent variable changes at a constant rate as the value of the independent variable
increases or decreases (Weisberg, S. 2005). Thus, the functional relationship between the true
mean of (¥}), denoted by £(Y;), and X, is the equation of a straight line:

eX)=p5+h5"X, (3.8)
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Where: By is the intercept, the value of (X)) when X equals 0, and B is the slope of the

line, the rate of change in &(¥) per unit change in X.

Ordinary least squares, or OLS, is a method in which model parameters ('B 0 andﬂl) are
estimated to minimize a quantity called the Residual Sum of Squares ( RSS,

RSS =3 | [V, =(By+ B *X)T (3.9)

Multiple linear regression generalizes the simple linear regression model by integrating
many independent variables and consequently allowing for many terms in a mean function
rather than just one intercept and one slope. The main idea in including additional
independent variables is to explain the part of Y that has not already been explained by a
single independent variable. The general form of multiple linear regression is:

V) =B, +B* X, + B * X, +. B, 5 X, (3.10)

Where: £,,p,,p, ... and §, are model coefficients, X, X,,.......X, are model independent

m I/

variables.

The coefficients of determination for simple linear and multiple linear regressions are
given with the equations (3.20) and (3.21), respectively (see section 3.3.1).

Nonlinear regression

In equation (3.10), if the rate of change in the mean of the dependent variable (Y) is not
constant with respect to at least one of the independent variables ( X, X,,......X, ), thenitis a
nonlinear model. The nonlinear model may involve one or many independent variables. The
most common mathematical forms of nonlinear models are second- or higher-order
polynomials, inverse polynomial, exponential, logistic, logarithmic, or power forms
(Rawlings, J. O. et al. 1998).

3.2.3.2 Akaike’s Information Criterion (A1C)

When trying to predict a specific response variable using a set of explanatory variables
numerous candidate models can be constructed. Therefore an important consideration is the
selection of the correct model.

A good model selection technique will balance goodness of fit and complexity. More complex
models will be better able to adapt their shape to fit the data; but with complex models it is
more difficult to interpret results. Several methods can be used to select the best model fit
with the data with minimized complexity in model structure. The information criterion of
Akaike is one of the most common used methods.
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Anderson, D. R. (2008) states that: “Akaike's information criterion is a measure of the
goodness of fit of an estimated statistical model. The AIC is an operational way of trading off
the complexity of an estimated model against how well the model fits the data. The preferred
model is the one with the lowest AIC value”.

The mathematical form of Akaike's information criterion is

AIC = nlog(6?) + 2k (3.11)

D 2

A & c: . . . . .
Where 6° = Z—’ and % are the estimated residuals for a particular candidate model, k is
n

the number of parameters.

The AIC methodology attempts to find the model that best explains the data with a
minimum number of parameters. Increasing the number of parameters to be estimated
improves the goodness of fit. However, by increasing the number of parameters the model
will be penalized according to this criterion. Thus, Akaike's information criterion will tell us
when we have to stop adding variables. According to Akaike's information criterion, the
preferred model is the one with the smallest AIC value.

3.2.3.3 Paired-samples t-test

This test compares the means of two variables for a single group. It computes the differences
between values of the two variables for each case and tests whether the average differs from
zero. For t-test, the mean differences should be normally distributed; therefore error
distribution should be checked before running the test.

For example, in this study, the two variables are observed values and predicted values of
stand dominant height. Each subject (stand dominant height) in the dataset has two values
observed and predicted. T-test compares the means of the predictions and observations. If the
predictions had no significant biases from the observations, the average difference between
the observations and the predictions is equal to 0 and the null hypothesis holds. On the other
hand, if the predictions did have significant biases, then, the average difference is not 0 and
the null hypothesis is rejected.

3.2.4 Model construction

At the beginning of this chapter in section (3.1), a general explanation on the model was
introduced. The model as mentioned comprises two steps; equation (3.2) for constructing
dominant height and equation (3.3) for predicting stand biomass. At step (1) hgom Was the
response variable (Y variate); all of age, soil and climatic variables were the explanatory
variables (X variates). At step (2) hgom became an explanatory variable implemented with
stocking density to predict the response variable stand biomass. Equation (3.2) is valid for all
tree numbers per hectare; because dominant height of a stand is the same, regardless of tree
number per hectare. Equation (3.3) involves tree number per ha as an independent variable
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because biomass per unit area is highly affected by this factor. For achieving equation (3.2)
data collected from Saxon experimental areas were used, and the Data of German-wide trail
sites (see 3.2.1) were implemented to construct equation (3.3). Modelling for all clone groups
(Table 3.1) started from stand age 2 and not from age 1 due to very small amount of dry
biomass which is produced by age 1 in the first rotation (mostly less than 0.5 ton per ha and at
very high N/ha it may reach 1 t/ha).

All modelling and calculations were performed using MICROSOFT EXCEL and SPSS
software (versionl2).

3.2.4.1 Model construction for Max group
Max group includes clones Max 1, Max 2, Max 3, Max 4, and Max 5 (Table 3.1).
In order to construct equation (3.2) the following data were needed

e (limatic data: the mean monthly precipitation and temperature for the trial areas (short
term mean was used and not the long term one, e.g. mean monthly precipitation
(temperature) at specific age (x) is equal to the cumulative precipitation/temperature
from age one till age (x) divided by (x));

e Soil data which include: AWSC and SQI;

e Tree/stand ages from 2 — 9; and,

e Dominant height of the stand at age 2 — 9.

During the construction of this function climatic and soil data of Saxon areas acquired
from Graupa were used. The variables tested are hgom of stands, age, SQI, AWSC, sum of
Precipitation (P) and mean Temperature (T) for several time spans during the growing season
(Table 3.8).

Table 3.8 Dependent and independent variables tested at step (1) of model construction

Dependent variable
hyom [m]
Independent variables

Pys [mm] Ps.g [mm] Ty5 [°C] Ts5 [°C]
Py [mm] Pso [mm] Ty [°C] Ts, [°C]
P4y [mm] Ps_jo [mm] T4, [°C] Ts.10 [°C]
Py [mm] Pg.7 [mm] Tys [°C] Te7 [°C]
Pyo [mm] Peg [mm] Ty [°C] Tes [°C]
Py.10 [mm] Pg.o [mm] T410 [°C] Teo [°C]
Py, [mm] P10 [mm] Ty [°C] Teto [°C]
Ps.; [mm] - Ts.; [°C] -

Age SQI AWSC [mm] -
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Depending on data availability and using simple linear regressions, hgom Was tested against
all variables listed above at ages 2, 3, 4 and 5. At stand ages 6 — 9 no more hgon data were
available at all study sites (see Table 3.7); therefore simple linear tests/regressions were
stopped at age 5. All examines at this stage have been done with non-transformed variables.

In order to incorporate the candidate variable into the further steps of modelling, variables
were selected according to following criterion

e R?Value: regressions/variables with the highest values were selected

Finally only five variables were selected: age, SQI, AWSC, sum of precipitation for the
time span May — June (Ps.s, [mm]) and mean temperature for the period April — July (T4.7,
[°C]). The predictor variables were processed/transformed (they were multiplied and divided
by each other see Table 3.9). During variables transformation, data for tree ages 2 — 9 were
included.

Table 3.9 Transformations of independent variables selected

Variable SQI AWSC

Ty T4 * SQI T,7* AWSC
T,7/SQI T,7/ AWSC

Ps Ps¢ * SQI Ps¢ * AWSC
Ps./ SQI Pss / AWSC

SQI - SQI/ AWSC

- AWSC/SQI
AWSC AWSC * SQI -
Age -

After transforming the independent variables simple linear regressions were used again to
examine relationships between the new variables and hgom (€.g. plotting the dominant height
against the transformed variables like T4.7*SQI, T47*AWSC ...see 4.1.1). Furthermore, using
multiple linear regression step-wise method a large number of hyom functions were examined
with different numbers of processed and non-processed variables. Variables and model
selection were done using the following criteria:

e Significance: if the regression is significant at P-value < 0.05;

e All predictor variables included in the model should also be significant at P-value <
0.05;

e RZadj value: regression with the highest value is the candidate model to be selected;
and,

e Minimum Akaike’s Information Criterion (4/C): model with the smallest A/C value
fits best the data.

Thus equation (3.12) was the selected model which fulfil all criteria to predict hgom

hdom =aj *Age + 02*P5.5*SQ] + 613* T4.7/A wSsC (3]2)
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Where a,, a; and a; are coefficients of the equation.
Equation (3.12) is valid for Max group at all stocking densities and for tree ages 2 — 9.
To develop equation (3.3) for predicting stand biomass, data used were
¢ Oven dried biomass per hectare, tree number per hectare and hgom at ages 2 — 9.

Using linear- and nonlinear-regressions, at a given stem number per ha several equation
forms were examined (e.g. linear, logarithmic, quadratic, cubic, power, exponential or/and
inverse polynomial). The power function of hgom best fitted the data to predict the oven dried
biomass per ha

StandBM =a, *h, “ (3.13)

dom
Where a, and as are constants obtained by regression procedures.

Equation (3.13) is valid for Max group at tree ages 2 — 9. Equation constants a, and as were
computed for six different stem densities per ha 1150, 1550, 2850, 3250, 7400, and 13,000
(Table 3.1). In order to estimate the coefficients a, and as for any N/ha between 1150 and
13,000, a4 as well as as values were correlated with N/ha; consequently the oven dried stand
biomass per ha was predictable for N/ha range 1150 — 13,000.

3.2.4.2 Model construction for different clone groups

The two-step model was constructed for clone groups Androscoggin, Matrix and Miinden
(Table 3.1). No more tests for the predictor variables (age, climate and soil variables) were
done. Equation (3.12) and equation (3.13) were parameterized for each individual clone
group; equation (3.13) was parameterized only for 1550 N/ha depending on data availability.
Thus the oven dried biomass per ha was predictable just for this stem density per hectare.

3.3 Materials and methods for model test and validation
3.3.1 Materials and methods for model test

In order to assess goodness of the model some tests were implemented. The Model was
examined quantitatively using statistical tests of average model bias (€) which tests the
systematic deviation of the model from the observations, average model bias % or relative
bias (¢ %), model precision which is defined as the standard deviation of the bias (S, and S,
%), model accuracy which describes the distribution of the total differences between predicted

and observed values (m, and m, %), coefficient of determination (R?) and the adjusted
2

coefficient of determination (R‘”’f ) which shows the proportion of the total variance that is
explained by the model, adjusted for the number of model parameters and the number of
observations. Average model bias (equation 3.14) is described by
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e=13@-1) (3.14)
ni
o _ e *100
Relative bias % (Pretzsch, H. 2001) e% = 7 (3.15)
Model precision (3.16)
(3.17)
Model accuracy (3.18)
(3.19)
PNCAS O
Coefficient of determination (Weisberg, S. 2005) RR=1-£— (3.20)
¥ -1
i=l
: o : 2 k*(1-R?)
Coefficient of determination adjusted R, =R*— il (3.21)
n—k—

Where 7 is number of observations, k is number of coefficients in the model, Y is observed
value of the /" stand, Y, average value of observations i =/ ... n, I}l is fitted value of the /"

stand.

Paired-samples t-test was made to the pair of variables: observed versus predicted in order
to test whether significant differences (P-value < 0.05) between the predictions and
observations were occurring (Hasenauer, H., 2006).

Further tests were done in order to examine the ecological plausibility and flexibility of
model performance. For checking the response of dependent variables hgom and stand
biomass, one of the four non-transformed variables (SQI, AWSC, Ps, and T4.7) was varied
within the model scope and the remaining variables were held constant. This test was repeated
for several data ranges of all predictor variables for all clone groups. All ranges used for those
tests were obtained from observed data covering the soil and climate variations of the Free
State of Saxony. For each function in the model, the expected values were plotted against the
observed values to examine graphically the precision and accuracy of the model.

3.3.2 Materials and methods for model validation

Normally before constructing a model the dataset is randomly split into two parts, a set for
model construction and another set for model validation (Vanclay, J. K. 1994; Weisberg, S.
2005). Model validation is “‘procedures, in which a model is tested on its agreement with a
set of observations that are independent of those observations used to structure the model and
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estimate its parameters” (Shugart, H. H., 1984). Due to lack of data, all data available were
used for model construction and later on a very small independent dataset was obtained and

used for model validation (see Table 3.10).

Table 3.10 General overview on the data used for model validation

Study area State/ No. | Level of Age AWS SQI Ps.6 Tsq Type of use in
country of data Shoots/ C the study
obs. Stumps
[mm] [mm] | [°C]

Methau 1 Saxony 4 Single 193.6 58 127.4 14.3 Validation of
tree, 2/12 stand biomass
stand function

Innertavle Sweden 1 Stand - - - -

9/14

Krummenhe- Saxony 3 Single 230 45 170.0 13.4 Validation of

nnersdorf tree, 3/3 hyom function
stand and

Kuhstorf Mecklenb- 2 Single 500 15-35 | 115.0 13.7 stand biomass

urg Western tree, 3/3, 4/4 function
Pomeranian stand
Laage Mecklenb- 2 Single 180 40 129.7 14.1
urg Western tree, 4/4
Pomeranian stand

Since the data used for developing dominant height functions have included only data from

first rotation, data used for validation of those functions have included also data from first
rotation. Thus, the number of predictions is 12 for stand biomass function and only 7 for
dominant height function (Table 3.10).

Values of the non-transformed variables (SQI, AWSC, Ps, and T4.7) are within the model
scope, except AWSC in Kuhstorf and Krummenhennersdorf which exceed significantly the

model range.

Average model bias (¢ and € %), model precision (S, and S, %) and model accuracy (m,
and m, %) were calculated for the predicted values. Paired-samples t-test was made to the pair

of variables: observed versus predicted.
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3.4 Materials and methods for model application
3.4.1 Land cover and land utilization in Saxony

The total land area of the Free State of Saxony is 1,841,000 hectares, 1,025,000 ha is
agricultural land, 517,000 ha forest area, 34,000 ha water bodies and 265,000 ha are covered
by roads, railways, urban areas and coal mining areas (Fig. 3.4a) (SMUL, 2005).

Agricultu Arable
ral Area; Area;
1,025,000 721,000
ha Permanent ha
Gassland; .
Other 1 87,000 FlSh
Covers Forest ha Famlmga
(Urban Area; Houses, Orgal.lic
Area, Water 517,000 Gz;rde.ns, Farming
. ha ruit ceens
Roads, Area; Trees, ... 112,000
Areas for 34,000 ha 5000 ha ha
Fig. 3.4a Land covers of the Free State of Fig. 3.4b Land utilizations of the Free
State of Saxony Saxony (Source SMUL, 2005)

Land cover of interest for SRF plantations is the agricultural areas with approximately
1,025,000 ha (Fig. 3.4b). The largest proportions of agricultural land are concentrated in the
middle, southern-east, western and western-north parts of Saxony (Fig. 3.5).

Agricultural land %
[ Ma agricultural land
CJos-10
[J101-20
[J201-30
[130.1-40
[ 40.1 - 50
[ 50.1-80
Source: Carine Land Cover 2000 - Gerrmany e -70

in cooperation with AGROWOOD Project B 70.1-80
I 0.1 -90

0 20.000 40.000 100

— heters I 501 -

Fig. 3.5 Agricultural lands of the Free State of Saxony for the year 2000
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The southern areas are mountains covered by forests and the north-east region was
formerly used for opencast coal mining operations therefore those parts have lower
percentages of agricultural use.

The agricultural area is divided into 187,000 ha permanent grassland; 5000 ha for houses,
gardens, and fruits tree; 112,000 ha for fish farming and other uses; while the remaining part
721,000 ha is allocated for arable use (Fig. 3.4b) (SMUL, 2005). Under arable utilisation there
are 413,400 ha used for cereals, 278,100 ha for oil seeds, root crops, and forage plants, and
33,200 ha are set-aside or fallow land (these types of land utilization were used until 2007,
since the beginning of 2008 new land classifications was used in which the term fallow land is
no longer used).

Set-aside areas vary from year to year in size and distribution, for instance they reached
40,768 ha in year 2006 (LfL, 2007). The biggest fallow areas are situated in regions of most
agricultural lands (Fig. 3.5 and 3.6).

Area [ha]
[ INo fallowland
[ J1-125

[ 1126- 250
[ 251- 375
I 376 - 500
I 501-626

0 20.000 40.000
Sachsische Landesamt fr Lancwirtschaft 2007 e Meters

Fig. 3.6 Fallow lands of the Free State of Saxony for the year 2006
In order to apply the model to the Free State of Saxony, data required are:

e Climatic data: include monthly precipitation and mean temperature (30 years
average)
e Soil data: including SQI and AWSC of Saxon soils.

Climatic and soil data were obtained from Graupa and from the Saxon State Agency for
Environment and Geology (LfUQG).
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3.4.2 Preparing the variables at the communes’ level

A map for the Free State of Saxony comprised of 515 Communes was obtained as Shapefile
Feature Class (Appendix 1). Climatic and soil data acquired have different file types. To
prepare the data for model application the average values of SQI, AWSC, monthly mean
temperature and precipitation for each Commune were computed and visualized using the
appropriate method in GIS Programme (ArcGIS version 9).

3.4.2.1 Climatic variables

The 30 year averages of monthly precipitation and temperature were acquired as raster dataset
in format ESRI GRID (Appendix 1). Several processing steps were done to calculate and
visualize climatic parameters.

3.4.2.1.1 Sum of precipitation for the time span May — June

Using spatial analyst tools in ArcGIS, an addition of the values of two rasters on a cell-by-cell
basis was involved to calculate sum of precipitation for the period May-June. By applying
zonal statistics (Appendix 1), a mean value of precipitation for each Commune was calculated
and visualized.

3.4.2.1.2 Mean temperature for the time span April — July

Spatial analyst tools were implemented to compute mean temperature for the time span April
— July in a raster dataset (Appendix 1). Furthermore, the average temperature per commune
was obtained by the use of zonal statistics.

3.4.2.2 Soil variables
3.4.2.2.1 Soil quality indices of the arable Saxon soils

The data obtained as Shapefile Feature Class already contain average values per Commune so
no more calculations were required. Soil quality indices are indicators for soil performance
created by LfUG for the arable Saxon soils (see 3.2.2.3). Several criteria have been taken into
account during the construction of SQIs. Quality indices have a range from 14 — 94 covering
all soil performance classes. The areas with SQI below 40 are situated in the north-eastern,
south, and south-western regions (Fig. 3.7).

Moderate soil quality indices (60 < SQI > 40) occur in the south-eastern part and around
the central area. The soils with highest quality indices (SQI > 60) are mostly located in the
middle and western parts of Saxony.
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SQl classes
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Fig. 3.7 Soil quality indices of the arable Saxon soils
3.4.2.2.2 Available water storage capacity

The estimation of AWSC in rooting zone for the Saxon soils was carried out by LfUG. The
Dataset used to construct the SQIs has also been used to assess the AWSC. Soil type, soil
texture, humus contents are the main factors considered when estimating soil AWSC. Soils
having specific characteristics which may influence negatively or positively the depth of
rooting zone, such as podzol soils, alluvial soils or soils with high ground water level have
also been taken into account. Thus AWSC was estimated to soil depth ranged from 60 — 110
[cm]. Finally water availability in the rooting zone for all Saxon soils was computed and
visualized. Soils with low value of SQI have small storage capacity of water in the rooting
zone (Fig. 3.7 and Fig.3.8).

The mountain area in the south (Erzgebirge) and the northern regions have the lowest
water storage capacity (mostly below 140 mm); whereas the areas located in the middle,
south-east and west of Saxony have the highest capacities.
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Legend
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Fig. 3.8 AWSC of the Saxon soils [mm]

In order to compute the mean value of AWSC for each Commune, the intersect tool from
Analysis tools menu in ArcGIS was applied (see appendix 1). The output data were exported
and saved as database files for further use.
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4 Results
4.1 Model constructed

4.1.1 Variable selection

In chapter 3 an explanation on model construction was given. The model as mentioned was
developed in two steps:

e Step (1) construction of equation (3.12) for predicting dominant height
e Step (2) construction of equation (3.13) for predicting stand biomass

In the first step variables were selected in two stages (see section 3.2.4.1). At stage one the
non-transformed independent variables (Table 3.8) were plotted against the dependent
variable hgom. Fig. (4.1a) shows the relationship between hgom and SQI of soil. By increasing
SQI, dominant height hgom increased at all stand ages; the coefficient of determination (R?)
increased as age increased, e.g. at age 2 years it was only 0.025 and at age 5 years it became
0. 975.

a AgeS a Age5

. R*=10.975 . R>=0.777
E R2 =0.696 Age 4 é R2 =0.914 A Age 4
g 6 , A A g 6 . A
R*=0.580 = R2=0.732 Age 3
2 4 L A Age 3 s L :/
A A - A A
Age 2

R%=0.025 R'=0.017 27 % % Age2
21 T 21 &
| | | ]
0 T T T T 0 T T T
0 20 40 60 80 50 100 150 200 250
SQI AWSC [mm]
Fig. 4.1a hy,, [m] at stand ages 2, 3,4 and 5 Fig. 4.1b hyoy [m] at stand ages 2, 3, 4 and 5 against
against SQI AWSC [mm]

Similarly, h4om increased at all stand ages tested as available water storage capacity of soil
increased (Fig. 4.1b). R? ranged from 0.017 at age 2 years up to 0.914 at age 4 years.

Simple linear regressions were also done for other variables listed in Table (3.8) like sum
of precipitation (P) and mean temperature (T) for several periods during the growing season.
The best correlations were obtained at stand age of 3 years for the variable (P) and at age 2
years for the variable (T) (Fig. 4.2 and Appendix 2) (the regressions shown in Fig. (4.2) were
selected as an example, for detailed information on all regression made see Appendix 2). In
Fig. (4.2) dominant height values were plotted against the sum of precipitation (Fig 4.2a) and
against mean temperature (Fig 4.2b) for four different time spans (May — June, April — July,
May — August and May — October). It is apparent from Fig. (4.2a) that the best relationship
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between dominant height at age 3 years and the sum of precipitation was recorded between
May — Jun with the highest R? value (0.325), whereas the R? values for the remaining time
spans ranged from 0.145 up to 0.304 for April — July and May — August respectively. At stand
ages of 2, 4 and 5 years R? values were between 0.007 and 0.301 and the highest values
mostly occurred for the period May — June (see Appendix 2) therefore (Ps) was selected for
further modelling steps.

— Linear (P 5-6) — Linear (P 4-7) — Linear (P 5-8) — Linear (P 5-10) || —— Linear (T5-6) — Linear (T4-7) — Linear (T5-8) — Linear (T5-10)
3 4
2 2 R=034 pg-
R=0325  R=0154 R’ =0205 oo =017 K018 R=0I8l
6 L 2 B—A L]
31 . . B
E .| E \
£ * u n E2-
< 3] Y 3 ] A
= =
HEE ¢ A
. A [ 1]
2 4
0 T T T T 0 T T T
5 105 205 305 405 505 10 12 14 16 18
Precipitation [mm| Temperature [°C]
Fig. 4.2a hy,, [m] at age 3 years against Ps_, P47, Psg Fig. 4.2b hy,, [m]at age 2 years against Ts.g, T4.7, Ts_g
and P<.in [mml] and T<.n [°Cl

Fig. (4.2b) shows a negative relationship between dominant height at age 2 years and mean
temperature. Dominant height is best correlated with the mean temperature for the period
April — July having R? value of 0.249; for the other time spans R? values ranged between
0.174 and 0.184 for May — October and May — June respectively. At ages 3, 4 and 5 years R?
values ranged between less than 0.001 and 0.064 and the highest values mostly recorded for
the period April — July (Appendix 2) therefore T4.; was selected for further modelling steps.
Thus at this stage of variable selection the following variables have been chosen: age, SQI,
AWSC in [mm], Ps¢ in [mm] and T4.7 in [°C].

At stage two of variable selection the independent variables selected at stage one were
transformed (see Table 3.9). At this stage data for tree ages 2 — 9 were included. Simple linear
regressions were made to examine the relationships between the transformed variables and the
dominant height. Fig. (4.3) for instance illustrates the relationship between the dominant
height at stand ages of 2 — 9 years and the transformed variables Ps * AWSC and T4.7/SQL. In
Fig. (4.3a) hgom increases as Ps.¢* AWSC increases with R? value of 0.189 for the linear trend
line. Conversely, in Fig. (4.3b) the h4om decreases by increasing the transformed variable Ty
7/SQI with R? value of 0.198 for the linear trend line.
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Variable selection at this stage was made simultaneously with model selection for
dominant height prediction by using the multiple linear regression step-wise method (see
3.24.1).

4.1.2 Dominant height functions
4.1.2.1 Dominant height function for Max group

As mentioned in section (3.2.4.1), all transformed and non-transformed predictor variables
were used to construct the hgon function by applying the multiple linear regression step-wise
method in SPSS. All models which may have at least one insignificant variable at P-value <
0.05 were already ignored. Three candidate models were evaluated after criteria listed in
section (3.2.4.1) in order to predict the dominant height

haom = c1*Age + ¢2*Ps5.6*SOI (4.1)
haom = b1*Age + by*Ps.s*SQI + by (4.2)
haom = ai *Age + Clz*P5-6*SQI +az* T,/ AWSC (43)

Where ¢, ¢z, by, by, by, a5, a; and a; are coefficients of the equations.

All regressions (4.1), (4.2) and (4.3) and their corresponding parameters were significant at
P-value < 0.05 (Table 4.1). The Constant was excluded from equation (4.3) because it was not

significant.

ressions and their corresponding parameters after criteria listed in section (3.2.4.1)

Table 4.1 Evaluations of re

Equation Regression | Variable 1 ‘ Variable 2 | Variable 3 Constant R?adj AIC Value
Significant at P-value < 0.05

4.1 0.000 0.000 0.019 0.967 9.952

4.2) 0.000 0.000 0.000 0.000 0.933 2.347

4.3) 0.000 0.000 0.000 0.000 0.986 1.215
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Equation (4.3) has the highest value of R%adj (0.986) and the lowest AIC value (1.215)
among the candidate models therefore it was considered the best model fit to the data. Values
of coefficients for the hyom function are given in Table (4.2).

Table 4.2 Coefficients of the hy,, function obtained from regression procedures

Equation a; a a;

4.3) 1.569 0.0004 -23.198

The negative sign of parameter a; indicates that the dominant height decreases as the
predictor variable T4.7/AWSC increases. Whereas the remaining two variables stand age and
Ps.6*SQI were positively correlated with hgom. The values of function parameters presented in
Table (4.2) are valid for Max group (Max 1, Max 2, Max 3, Max 4, and Max 5) and for all
stocking densities per hectare (1150 — 13,000 N/ha). The data used for developing this
function was from the six Saxon study areas investigated.

4.1.2.2 Dominant height functions for the other clone groups

For each poplar group: Androscoggin, Matrix and Miinden (Table 4.3), equation (4.3) was
parameterized using multiple linear regression procedures in SPSS. Dominant heights were
available for stand ages of 2 — 7 years in both clone groups Androscoggin and Miinden and
for the range 2 - 9 years in Matrix group. Data used for developing dominant height functions
were available from 5 study areas in both groups Androscoggin and Matrix and from 4 areas
in the Miinden group. All regressions as well as all variables are significant at P-value < 0.05
(Table 4.3). Values of R’adj were high ranging from 0.975 for Miinden group to 0.989 for
Matrix group.

Table 4.3 Information on parameterization of dominant height functions for different poplar clone groups

Clone Stand | Study | Regression | Variabl | Variabl | Variabl

group ages | areas el e2 e3 R?adj a; a as
(yrs) incl. Significant at P-value < 0.05

Androsco

-ggin 2-7 5 0.000 0.000 0.000 0.000 | 0.984 | 1.402 | 0.0005 | -27.022

Matrix 2-9 5 0.000 0.000 0.000 0.000 | 0.989 | 1.629 | 0.0005 | -36.409

Miinden 2-7 4 0.000 0.000 0.000 0.000 | 0.975 | 1.374 | 0.0006 | -29.399

The parameter a; has, here also, a negative sign for all groups. Each of a; and a; has a
positive sign. The coefficient a, had very small values in comparison to a; and a;.

4.1.3 Stand biomass functions
4.1.3.1 Stand biomass functions for Max group

Stand biomass function was developed for a given stocking density per hectare. The total
above-ground dried biomass of a stand can be best estimated using a power function of hgom
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(equation 3.13). Depending on data availability the coefficients of this equation were
calculated for six different stocking densities: 1150, 1550, 2850, 3250, 7400 and 13,000
(Table 4.4). The stocking density per hectare was calculated as an average for several
observations/stands; e.g. 1150 N/ha is a mean of 26 observations ranging from 850 — 1350
trees/ha. Number of observations for the different stocking densities varied from 11 — 74
(Table 4.4).

Table 4.4 Information on stand biomass functions for poplar Max group at several stocking densities per hectare

N/ha

1150 1550 2850 3250 7400 13,000
Range of N/ha | 850 - 1350 1351-2000 | 2001-3000 | 3001-4000 | 5100-9500 | 10,500-15,000
No. of obs. 26 74 30 40 12 11
Range of hgom
[m] 1.93-1590 | 142-16.50 | 1.75-15.17 | 1.52-13.89 | 6.21 -14.91 3.87-14.90
Ages (years) 2-9 2-9 2-9 2-9 4-9 2-9
ay 0.052 0.064 0.091 0.107 0.149 0.168
as 2.552 2.559 2.489 2491 2428 2.536
R? 0.954 0.966 0.952 0.966 0.933 0.990

Stand age ranged between 2 — 9 years for all stocking densities except 7400 N/ha which
had a range of 4 — 9 years. Dominant height varied for most stocking densities between 1.5
and 15 meters. Values of parameter a, were low at low stocking densities and became higher
as N/ha increased; whereas the other parameter, as, has its lowest value of 2.428 at 7400 N/ha
and the highest one of 2.559 at 1550 N/ha. Coefficient of determination R? had values from
0.933 at 7400 N/ha to 0.990 at 13,000 N/ha.

Fig. (4.4) illustrates stand biomass functions for all stocking densities with their
corresponding coefficient of determinations. In Fig (4.4a) the functions of three different
stocking densities 1150, 1550 and 2850 N/ha are shown. It is apparent that with increasing
dominant height of a stand at a specific N/ha the production of oven dried biomass increases
in a power form. For a given hgom the biomass production increases as the stem number per
hectare increases; suppose hgom is equal to 10 [m] the corresponding biomass production will
be 18.66, 23.02 and 28.16 [t/ha] for 1150, 1550 and 2850 N/ha respectively.

The functions of stocking densities 3250, 7400 and 13,000 are shown in Fig. (4.4b). They
show similarity to the functions in Fig. (4.4a) but with higher values of biomass production at
a given hgom value; suppose the same value of hgom 10 [m], the biomass production will be
33.13, 40.07 and 57.53 [t/ha] for 3250, 7400 and 13,000 trees/ha respectively. This means that

having the same dominant height value, the amount of producible biomass at 13,000 N/ha is
57.53 3.08

18.66

more than three times that one at 1150 N/ha (
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Fig. 4.4a Stand biomass functions for 1150, 1550 and Fig. 4.4b Stand biomass functions for 3250, 7400 and
2850 N/ha 13,000 N/ha

Values of a, and a5 for the stand biomass function have been computed at six different
stocking densities per hectare (Table 4.4); however, the values of both parameters are needed
for all stocking densities located in-between the lowest and highest N/ha; therefore both ay
and as were correlated with N/ha (Fig. 4.5). Both parameters had best correlation with N/ha in
a polynomial form

a, =-0.00000000113* (N /ha)’ +0.0000254* (N / ha) +0.028 (4.4
a; =0.00000000341* (N / ha)* - 0.0000501* (N / ha) +2.614 (4.5)
Equation (4.4) starts with small values at low N/ha (Fig. 4.5a) and then increases with the

increasing N/ha to have the maximum value (0.170) at 12,000 N/ha, by having any stocking
density greater than 12,000 the function will decrease.
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Fig. 4.5a Relationship between the parameter a, and Fig. 4.5b Relationship between the parameter a5 and
tree number per hectare tree number per hectare

Conversely, equation (4.5) starts with a high value at low N/ha (Fig. 4.5b) and by
increasing tree numbers per hectare it decreases to have the lowest value (2.430) at 7000 —
7500 N/ha and with higher stocking densities the function starts to increase again.
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Using equations (4.4) and (4.5) made it possible to estimate a, and as for all stocking
densities between 1150 and 13,000 and consequently to predict the oven dried biomass in a
stand for Max group at all these stem numbers per hectare.

4.1.3.2 Stand biomass functions for the other clone groups

Due to lack of data, the parameters a, and as were estimated only for 1550 N/ha for clone
groups: Androscoggin, Matrix and Miinden (Table 4.5).

Number of observations varied from 25 in Miinden group to 56 in Matrix group. Tree
numbers per hectare had the range 1333 — 1667 in Matrix, 1389 — 1639 in Miinden and 1361 —
1681 in Androscoggin. Tree ages ranged between 2 and 9 years for Matrix group and between
2 and 7 years for each groups of Androscoggin and Miinden. The parameter as, which
indicates the function curviness, had the lowest value (2.809) in Matrix group and the highest
value (3.665) in Miinden group (Table 4.5). The dominant height ranged between 1.57 and
12.89 in Androscoggin group and between 1.40 and 16.60 in Matrix group. Stand biomass
functions for the clone groups had very high values of R? ranging between 0.983 and 0.990.

Table 4.5 Information about the stand biomass functions developed for different poplar clone groups

Clone group | No. of observations | Range of N/ha | Range of hy, [m] | Ages | ay as R?

Androscoggin 42 1361 - 1681 1.57 - 12.89 2-7 | 0.018 | 3.028 | 0.986
Matrix 56 1333 - 1667 1.40 - 16.60 2-9 | 0.026 | 2.809 | 0.990
Miinden 25 1389 - 1639 2.07-14.16 2-7 | 0.003 | 3.665 | 0.983

Biomass production for a specific clone group increases as dominant height increases (Fig.
4.6). The functions of both groups Miinden and Androscoggin have higher degree of
curviness than that one of Matrix group. For dominant height < 5 meters Androscoggin and
Matrix groups have similar amounts of biomass (Fig. 4.6a). Furthermore, for dominant
heights greater than 5 meters the expected biomass produced by Androscoggin is higher than
that one produced by Matrix.
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60 / 60
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Fig. 4.6b Stand biomass function for clone group
Miinden at 1550 N/ha

Fig. 4.6a Stand biomass functions for both clone
groups Androscoggin and Matrix at 1550 N/ha
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Suppose that the hgom = 10 [m] (the same assumption used for Max group) the
corresponding biomass production will be 19.60, 16.54 and 15.21 [t/ha] for clone groups
Androscoggin, Matrix and Miinden respectively. For hgom < 11 [m], the producible biomass
in Miinden group is smaller than that of Androscoggin and Matrix. Whenever the hgom
exceeds this limit (11 meters), the expected biomass that can be produced by Miinden group
will be higher than that in Matrix group but smaller than that produced by Androscoggin.

4.2 Model tests

Before we start demonstrating the results on different statistical and graphical tests made to
the model, it is useful to explain an example in order to illustrate the model function.

Assume that: T47 = 13.5 [°C], Ps¢ = 140 [mm], SQI = 45 and AWSC = 149 [mm], then
the predicted dominant heights will be ranging between 3.30 and 14.70 meters (Fig. 4.7).
Predictions were stopped at age 7 years for both clone groups Androscoggin and Miinden
since the age range 2 — 7 years were used for model parameterization in each group.

16
14 7 Max group
12 /
10 - Matrix
= group
g 8
o
= Androscog
67 gin group
4 7
Miinden
2 group
0 I I I I I I I I I
0 1 2 3 4 5 6 7 8 9 10
Age [years]

Fig. 4.7 Predicted dominant heights for all clone groups based on the assumption proposed: T4, = 13.5 [°C], Ps_¢
=140 [mm], SQI =45 and AWSC = 149 [mm)]

Miinden group values at stand ages of 2, 3 and 4 years were higher than those in the
remaining groups; whereas, Max and Matrix groups outperformed Miinden starting from age
5 years. At ages 6, 7, 8 and 9 years, Matrix group has the best height growth under the
proposed site conditions. Androscoggin group has the lowest potential at most stand ages in
comparison to other groups.
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In biomass production the clone groups rankings differ at 1550 N/ha; Max group has
apparently the best performance (Fig. 4.8), followed by Matrix group with relatively high
potential. In spite of higher dominant heights at all stand ages for Miinden group in contrast to
Androscoggin group (Fig. 4.7), the latter has bigger biomass production over age (Fig. 4.8).
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50 /
// Matrix
40

g // group
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20 /

==
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Fig. 4.8 Predicted oven dried biomass per ha for all clone groups based on the assumption proposed: T4.; = 13.5
[°C], Ps.s = 140 [mm], SQI = 45 and AWSC = 149 [mm]

Both Androscoggin and Matrix groups show similarity in biomass productions at most
stand ages despite the better performance showed by Matrix in height growth. With the
assumption proposed above, the predicted dominant heights at age 7 years are 11.45, 11.14,
10.84 and 10.47 [m] and the corresponding biomass productions 24.17, 31.06, 20.42 and
22.52 [t/ha] for Matrix, Max, Miinden and Androscoggin groups respectively.

Give the same assumption, biomass production for Max group can be predicted at different
stocking densities. Suppose we have stands with the following tree numbers per hectare:
1111, 1667, 2000, 3333, 4000, 5000 and 6667; the expected dominant heights will be the
same for all stocking densities (dominant height curve for Max group in Fig. 4.7). By
increasing stem numbers per hectare, the potential of biomass production will increase at all
stand ages (Fig. 4.9). Two apparent jumps in biomass production can be recognized (Fig. 4.9),
once as stocking density increases from 1111 to 1667 and once again between 2000 and 3333
N/ha.

With 1111 N/ha the expected biomass production is 1.17, 11.33 and 49.91 [t/ha] at stand
ages of 2, 5 and 9 years respectively. With the maximum stocking density assumed as 6667
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N/ha, the producible biomass is 2.68, 23.09 and 94.32 [t/ha] at ages 2, 5 and 9 years
respectively.

100

90 -
—— 6667 N/ha

80 -
/ —— 5000 N/ha

70

60 | —— 4000 N/ha
3333 N/ha

BM |[t/ha]

zz /// ——2000 N/ha
30 /// _
) /// 1667 N/ha

1111 N/ha

10

Age [years]

Fig. 4.9 Predicted oven dried biomass per ha for Max group at 7 different stocking densities. Calculation is based
on the assumption proposed: T,;=13.5 [°C], P5sx = 140 [mm], SQI = 45 and AWSC = 149 [mm]

The predicted mean annual increment of biomass (MAI) at age 9 years is 5.55, 6.40, 6.84,
8.23, 8.76, 9.46 and 10.48 [t/ha/a] for 1111, 1667, 2000, 3333, 4000, 5000 and 6667 N/ha
respectively. The producible mean annual increment of biomass in stand age of 9 years at
6667 N/ha is about two times of that at 1111 N/ha.

4.2.1 Statistical tests

Model tests have been made to examine the model performance statistically. These tests
evaluate all model functions with the data used for model development.

4.2.1.1 Statistical tests of dominant height functions

In order to assess the performance of dominant height functions, some statistical examinations
were applied. Paired-samples t-test was used to examine the hypothesis of no difference
between two variables: observed versus predicted. The basic idea is that if the predictions had
no significant biases, the average difference between the observations and the predictions is
equal to 0 and the null hypothesis holds. On the other hand, if the predictions did have
significant biases, the average difference is not 0 and the null hypothesis is rejected.



Results 55

A

Before running t-test, the distributions of model error ¥ -X) were examined in
histograms to check whether they were normally distributed. In Fig. (4.10), the error
distributions of dominant height functions for the four clone groups are presented.
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Fig. 4.10 Distributions of error (¥, —Y;) resulted by applying dominant height functions for: a:
Androscoggin, b: Matrix, ¢: Max and d: Miinden clone groups

The differences between predicted and actual values are approximately normally
distributed in all groups. Both Matrix and Androscoggin groups show more normality in error
distribution than the two remaining groups. Paired-samples t-tests showed no significant
biases in dominant height predictions for all clone groups (P-value < 0.05) (Table 4.6).

Average of the deviations of the model from the observations revealed absolute biases
between -0.02 and 0.03 meters in all clone groups, indicating very small absolute average
errors (Table 4.6). Matrix group has an underestimation of -0.02 [m] and all other clone
groups have overestimations ranging between 0.01 and 0.03 meters. The distribution of the
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percentage deviations é % revealed the bias in the dominant height estimates of 0.5 % > ¢é % >
- 0.5 % 1n all clone groups.

Precision is represented as the standard deviation of the bias, the relative precision S, %
varied from 12.24 % in Matrix group with the best value to 17.55 % in Miinden with the
lowest precision. The distribution of the total differences between predicted and observed
values in percent (m, %) is called model accuracy (it is more sensitive to extreme values than
€ %), has ranged between 12.25 % in Matrix group and 17.56 % in Miinden group. This
means that, given that the differences between predictions and observations are normally
distributed, 68 percent of the dominant height predictions will not deviate more than £12.25
percent and +17.56 percent, respectively, from the real dominant heights.

Table 4.6 Results of different statistical tests made to dominant height functions for the four poplar groups

investigated

hgom function  Bias Bias  Precision Precision Accuracy Accuracy R? Slope Intercept T-test
for clone @) Sig.
group [m] (%) (So) (8. %) (my) (my %) [m]  (2-tailed)

Androscoggin  0.02 0.36 0.75 13.86 0.75 13.86  0.932 1.005 -0.046 0.891

Matrix -0.02  -0.39 0.75 12.24 0.75 12.25 0966 1.005 -0.004 0.885
Max 0.01 0.13 0.83 12.99 0.83 12.99 0944 1.006 -0.045 0.962
Miinden 0.03 0.49 0.97 17.55 0.97 17.56 0909 1.016 -0.115 0.906

The R? in Table (4.6) is the coefficient of determination of the linear regression between
the observed and the predicted values. It ranged between 0.909 in Miinden group and 0.966 in
Matrix group. Intercept and slope refer to the same linear relationship.

4.2.1.2 Statistical tests of stand biomass functions

Analogous to the examinations applied to dominant height functions, stand biomass functions
for all clone groups have been tested using various statistical methods. Distribution of the
model error was checked. In Fig. (4.11) (see also Appendix 3); the error distributions of
different stand biomass functions for the poplar clone groups are illustrated.

The differences between predictions and observations of stand biomass functions are
approximately normally distributed for clone groups: Androscoggin, Matrix, Miinden as well
as for Max at 1150 N/ha, 1550 N/ha, 2850 N/ha, 3250 N/ha, 7400 N/ha. Errors of stand
biomass function at 13,000 N/ha are not normally distributed. T-tests showed no significant
biases of biomass predictions for most functions (Table 4.7). Only in clone group Miinden,
did the predictions significantly deviate from the observations.
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Fig. 4.11 Distributions of error (¥, —Y)) resulted by applying stand biomass functions for clone groups: a:
Max at 1550 N/ha, b: Max at 2850 N/ha, ¢: Max at 3250 N/ha, d: Androscoggin, e: Matrix, and f: Miinden

Average of the deviations (modelled — actual values) of stand biomass functions reveals
absolute biases between -0.62 and 0.49 [t/ha]. Stand biomass functions for clone groups:
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Androscoggin and Matrix have very small overestimations of 0.04 [t/ha] (0.86 %) and 0.03
[t/ha] (0.51 %), respectively.

Max group functions at stocking densities: 1150 N/ha, 1550 N/ha, 2850 N/ha and 3250
N/ha have overestimations in biomass predictions ranging between 0.20 and 0.49 [t/ha] which
correspond with the range 1.36 — 3.36 percent of relative bias (¢ %). Max group at stocking
densities: 7400 N/ha and 13,000 N/ha have underestimations of -0.15 and -0.23 [t/ha] which
correspond with -0.34 % and -0.48 % as relative bias, respectively.

The largest absolute bias (€) and relative bias (¢ %) occur in Miinden group with -0.62
[t/ha] and -10.41 % respectively. This underestimation of stand biomass function is
statistically significant (see results of t-test in Table 4.7). The relative precision S, % has a
range between 8.03 and 27.29 percent. Model accuracy (m, %) ranges between 8.05 and 27.32
%. In spite of the significant biases of predictions from the observations in the Miinden group
(Table 4.7), the accuracy of this function (25.64 %) is still satisfactory.

Table 4.7 Results of different statistical tests made to stand biomass functions for the four poplar groups

investigated

Stand BM Bias Bias  Precision Precision Accuracy Accuracy R? Slope Intercept T-test
function for @) Sig.
clone group

or for N/ha [m] (e %) (So) (S. %) (m,) (m, %) [t/ha] (2-tailed)

Max 1150 0.49 3.36 3.54 24.50 3.57 2473 0956 1.030 -0.935 0.490
Max 1550 0.37 3.77 2.19 22.16 2.22 22.48 0971 1.028 -0.660 0.147
Max 2850 0.20 1.37 4.02 27.29 4.03 2732 0952 1.010 -0.350 0.787
Max 3250 0.26 1.36 3.52 18.72 3.53 18.77 0966 1.010 -0.444 0.647

Max 7400 -0.15  -0.34 8.17 18.58 8.17 18.58 0933 0.992 0477 0.951
Max 13,000 -0.23  -0.48 3.92 8.03 3.93 8.05 0.990 0992  0.635 0.847
Androscoggin  0.04 0.86 0.88 20.20 0.88 20.22 0986 1.003 -0.051 0.784
Matrix 0.03 0.51 1.08 16.56 1.08 16.57 0991 1.002 -0.048 0.815
Miinden -0.62  -1041 1.39 23.43 1.53 25.64 0986 0.975 0.751 0.036

The R? in Table (4.7) is the coefficient of determination of the linear regression between
the observations and the predictions. Values of R? have a range of 0.933 — 0.991. Intercept and
slope refer to the same linear relationship.

4.2.2 Graphical tests

In order to examine graphically the precision and accuracy of the model; the expected values
were plotted against the observed values for all model functions.

4.2.2.1 Graphical tests of dominant height functions

The observations were plotted against the predictions for dominant height function in each
clone group. In Fig. (4.12) linear relationships between the observations and the predictions of
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dominant height functions of all clone groups are shown. The data points in all functions are
distributed closely to the linear line indicating small biases of the predictions (this was proved
statistically, see Table 4.6). Dots located above the line indicate underestimation of the
predictions while dots located below the line indicate overestimations. The line slope in all
groups is very close to 1 (or to 45 °) and the intercepts are small; this indicates high precision
of all functions (see Table 4.6).
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Fig. 4.12 Observations against predictions for dominant height functions of the clone groups: a:
Androscoggin, b: Matrix, c: Max and d: Miinden. R? values are the corresponding coefficients of
determination for the linear relationship between observations and predictions

The small biases of predictions in the dominant height functions and the approximate slope
of 45 ° of the lines are both indicators for high model accuracy. The lowest level of model
accuracy can be seen in clone group Miinden since the dots have the largest deviations from
the line among the clones; this can be also argued from the statistical test made above (see
Table 4.6). There is no systematic error in the dominant height functions shown above.

4.2.2.2 Graphical tests of stand biomass functions

Analogous to what has been done in section (4.2.2.1), predictions were also plotted against
observations to check graphically the biases and accuracies of all stand biomass functions
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(Fig. 4.13 and Appendix 4). Dots are well distributed on both sides of linear lines of most
functions. All functions have relatively high dot density when biomass is small and obviously

fewer dots as biomass increases.
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Fig. 4.13 Observations against predictions for stand biomass functions of the clone groups a: Max at 1550
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The largest absolute and relative bias (-0.62 [t/ha] and -10.41 %) were shown statistically
in clone group Miinden (Table 4.7); this can be seen graphically (Fig. 4.13f) where the dots
are mostly concentrated above the linear line indicating underestimation of the predictions.
Despite the large average error of Miinden group, the predictions can be estimated directly
from the observations with R? of 0.986 (the magnitude of R? is not necessarily related to the
accuracy with which the model predicts the observations (Willmott, C. J. 1982)) e.g. the
accuracy of stand biomass function for Max group at 7400 N/ha is notably better than that of
Miinden (Table 4.7) but it has a lower value of coefficient of determination for the linear
regression observed versus predicted.

The slopes of all stand biomass functions are close to 1 or to 45 © and the intercepts are
relatively small indicating relatively high precisions. The closeness of dots to the linear lines
in most functions is an indicator for small biases. Relatively small biases and high precisions
indicate relatively high accuracies. The coefficients of determination of the linear
relationships between predictions and observations in all functions are high (> 0.933). Stand
biomass functions showed no systematic error.

4.2.3 Additional tests

For examining the ecological flexibility of the model, one of the four non-transformed
variables (SQI, AWSC, Psg, and T4.7) was varied within the model scope (though sometimes
the model range was slightly exceeded) and the remaining variables were held constant. In
order to achieve this test, data ranges of all variables were obtained from observed (real) data
covering the soil and climate variations of the Free State of Saxony. In Table (4.8) ranges of
the non-transformed variables at different levels are shown. For model construction SQI
ranges between 29 and 67; whereas it ranges between 14 and 94 and between 16 and 77 in the
arable soils and in the former fallow soils respectively (the variables have been calculated as
mean values per Commune for arable and former fallow Saxon lands). Precipitation in the
period May — June has the ranges (91 — 146), (105 — 199) and (105 — 185) [mm] at model
level, arable lands and former fallow lands levels, respectively.

Table 4.8 Ranges of the four non-transformed variables: SQI, AWSC, T,.; and P54 at three different levels:

model level, arable land level and fallow land level

SQI AWSC [mm] T47 [°C] Ps.¢ [mm]
Min Max Min Max Min Max Min Max
Model construction 29 67 125.8 200.6 11.3 15.3 91 146
Arable Saxon land 14 94 26 237 10.0 14.7 105 199
Former fallow land 16 77 26 237 10.2 14.5 105 185

In Fig. (4.14) variables of the arable Saxon soils are shown. The SQIs are plotted against
the AWSC in Fig (4.14a) to show which variations occurred in both variables at the State
level. For example, with a SQI of 55 the corresponding AWSC varied from 112 — 232 [mm)].
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Fig. (4.14b) illustrates the relationship between Ps¢ and Ts;. At a given value of
temperature like 11.9 [°C] the precipitation ranged from 139 — 177 [mm]. SQI correlated
positively with AWSC (Fig 4.14a); whereas Ps_ correlated negatively with T,.7 (Fig 4.14b).

For model test two examples will be discussed:

Example 1: suppose that N/ha = 1550, Ps¢ = 145 [mm], T4; = 12.5 [°C], AWSC = 160
[mm], and SQI varied from 29 — 79. Stand parameters such as dominant height and MAI of
biomass have been computed. Predictions were stopped at age 9 years for clone groups Matrix
and Max and at age 7 years for Androscoggin and Miinden. Clone groups show non-equalized
responses to SQI changes. Having a poplar stand with a SQI of 29, the expected dominant
heights at age 7 years are: 10.79, 10.68, 9.91 and 9.77 [m] in Matrix, Max, Miinden and
Androscoggin, respectively. With SQI of 79 the dominant heights at age 7 years are: 14.63,
13.28, 14.37 and 13.34 [m] in Matrix, Max, Miinden and Androscoggin, respectively. Thus
the clone groups can be ranked according to their sensitivities to SQI changes in a descending
order as follows: Miinden, Matrix, Androscoggin, Max. The producible MAI of biomasses are
non-equalized among the groups as the SQI are altered (Fig. 4.15).

The sensitivity of Miinden group is very high at all stand ages, for instance, the predicted
MALI at age 2 years is 0.10 and 2.65 [t/ha/a] for SQI equals 29 and 79 respectively. In contrast,
Max group is less sensitive than Miinden group with MAI of 0.46 and 2.42 [t/ha/a] for the
same SQIs and at the same age (see Fig. 4.15 b and d). By increasing age at specific SQI, the
estimated MALI also increases in non-equalized way among the groups; e.g. for SQI = 79 the
expected MAI at ages 2 and 7 years are: 2.65 and 8.21 [t/ha/a] in Miinden group and 2.42 and
6.80 [t/ha/a] in Max group.

Groups Androscoggin and Matrix have relatively high sensitivity to SQI changes; e.g.
having a poplar stand at age of 2 years and SQI = 29 and 79, the corresponding MAI of
biomasses are: 0.20 and 2.61 [t/ha/a] in Androscoggin group and 0.20 and 2.92 [t/ha/a] in
Matrix group, respectively (Fig. 4.15 a and c).
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Fig. 4.15 Predicted MALI of biomass in [t/ha/a] for: a: Androscoggin, b: Miinden, c: Matrix and d: Max clone
groups. Calculations are based on the assumption proposed: N/ha = 1550, Pss= 145 [mm], T4; = 12.5 [°C],
AWSC = 160 [mm], and SQI varied from 29 — 79

At stand ages of 8 and 9 years, the response of Matrix group to SQI changes is higher than
that of Max group; e.g. having a stand at age of 9 years and SQI =29 and 79, the MAl is 4.77
and 9.41 [t/ha/a] in Matrix group and 5.85 and 9.10 [t/ha/a] in Max group, respectively.

Generally, clone groups in terms of biomass production can be ranked according to their
sensitivities to SQI changes in a descending order as follows: Miinden, Androscoggin, Matrix,
Max.

Example 2: assume that N/ha = 1550, SQI = 60, AWSC = 160 [mm], T47 = 13.8 [°C], and
Ps. varied from 110 — 180 [mm]. Clone groups show non-equalized responses to precipitation
variations (Fig. 4.16). Having a poplar stand with a Ps,s = 180 [mm], the expected MAI of
biomasses at age 7 years are: 6.94, 6.26, 6.06 and 5.91 [t/ha/a] for Miinden, Max, Matrix, and
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Androscoggin, respectively. Furthermore, under the same assumption but with a Ps = 110
[mm], the expected MAI of biomasses at the same age (7 years) are: 3.23, 4.55, 3.73 and 3.47
[t/ha/a] for Miinden, Max, Matrix, and Androscoggin, respectively.
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Fig. 4.16 Predicted MAI of biomass in [t/ha/a] for: a: Androscoggin, b: Miinden, c: Matrix and d: Max clone
groups. Calculations are based on the assumption proposed: N/ha = 1550, SQI = 60, AWSC = 160 [mm], T,.
7=13.8 [°C]1, and Ps varied from 110 — 180 [mm]

The sensitivity of the Miinden group to precipitation variations is the highest among the
groups at all stand ages, e.g. the predicted MALI at age 2 years is 0.34 and 1.91 [t/ha/a] for Ps¢
equals 110 and 180 [mm] respectively (Fig. 4.16b).

The Max group has the lowest sensitivity among the groups (at all stand ages), e.g. the
predicted MAI at age 2 years is 0.79 and 1.97 [t/ha/a] for Ps¢ equals 110 and 180 [mm]
respectively (Fig. 4.16d).
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The response of Matrix group to precipitation changes at stand ages of 8 and 9 years is
higher than that of Max group; e.g. at stand age of 9 years, with Ps.c = 110 and 180 [mm)], the
MALI is 5.76 and 8.49 [t/ha/a] in Matrix group and 6.60 and 8.51 [t/ha/a] in Max group,
respectively (Fig. 4.16 ¢ and d).

Clone groups can be ranked according to their sensitivities to precipitation variations in a
descending order as follows: Miinden, Androscoggin, Matrix, Max.

In the two examples mentioned above it is also important to examine the model response to
SQI or/and Ps changes under high stocking densities per unit area; therefore, MAI of
biomass was computed for 6667 N/ha in Max group. Under high stem numbers per hectare,
the model sensitivity to SQI changes is higher than that as Ps¢ changes (Fig. 4.17).
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Fig. 4.17 Predicted MAI of biomass in [t/ha/a] for Max group with two assumptions:
a: N/ha = 6667, AWSC = 160 [mm], T4 = 12.5 [°C], Ps.,s= 145 [mm], and SQI varied from 29 — 79.
b: N/ha = 6667, AWSC = 160 [mm], T47 = 13.8 [°C], SQI = 60, and P54 varied from 110 — 180 [mm]

Fig. (4.17a) illustrates that at specific age, MAI increases as SQI increases. At stand age of
2 years for instance, the predicted MAI is 0.93, 1.98 and 4.51 [t/ha/a] as SQI is 29, 49 and 79,
respectively. The expected MAI reaches at age 9 years the amounts 9.67, 11.54 and 14.71
[t/ha/a] as SQI is 29, 49 and 79, respectively.

By increasing Ps.g, the predicted MAI increases at all stand ages (4.17b). The computed
MALI of biomass at stand age of 9 years varies from 10.85 to 13.81 [t/ha/a] when Ps_ changed
from 110 to 180 [mm].

It is apparent that the model at different stocking densities and for different poplar clone
groups has higher sensitivity to altering SQI than that when Ps_¢ changes (Fig. 4.15, Fig. 4.16,
Fig. 4.17).
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4.3 Model validation

Model validation was conducted to examine the model performance in both statistical and
graphical methods using new datasets that were not used for model standardization.

All model performance measures (bias, precision and accuracy) have been calculated for
dominant height and stand biomass functions (Table 4.9). The dominant height function
shows a relatively high average bias with -0.67 meter which conforms to relative bias of -9.91
%; while stand biomass function has slightly less relative bias (e %) with — 7.55 %. Negative
sign of bias in both functions indicate underestimations. Despite the lager relative bias of
dominant height function in comparison to stand biomass function, the relative precision and
accuracy (S, % = 12.20 % and m, % = 15.72 %) of hgom function is apparently better than that
of stand biomass function (S, % = 25.59 % and m, % = 26.68 %).

Table 4.9 Results of quantitative measures of site productivity model

Function  No. Of Bias Bias  Precision Precision Accuracy Accuracy T-Test
obs. @) Sig.
[m], [tha] (¢ %) (Se) (Se %) (my) (my %) (2-tailed)
hgom 7 -0.67 -9.91 0.82 12.20 1.06 15.72 0.075
Stand
biomass 12 -1.45 -7.55 4.93 25.59 5.14 26.68 0.283

Distribution of the model error has been checked before running t-tests (see Appendix 5).
The error distributions of both functions are not normally distributed. Paired-samples t-test
showed no significant biases (P-value < 0.05) of the average differences between predictions
and observations despite the relatively large relative biases of both functions.

Predictions were plotted against observations of both dominant height and stand biomass
functions (Fig. 4.18).
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In spite of the R? value (0.219), the accuracy of dominant height function (m, % = 15.72
%) is satisfactory. Conversely, in Fig. (4.18b) the value of R? is relatively high (0.810) but the
accuracy of stand biomass function (m, % = 26.68 %) is lower than that of dominant height
function.

In order to evaluate the linear relationship between observations and predictions for both
functions presented in Fig. (4.18), the presence of outliers has been examined. Outliers were
statistically determined as follows: the two values “linear model — two standard
deviations SA'X}, ” and “linear model + two standard deviations Sxy” were used to define the

lower and upper limits (boundaries) of confidence interval 95 % of linear regressions
illustrated in Fig. (4.18). The confidence interval region “linear model — 2* S‘xy , linear model

+ 2% S*xy ” comprises 95 % of observations that can be explained by the trend line.

Model standard deviation SW is defined with the function (Storm, R. 1995):

S :\/zﬂ(y—_ﬁ) (4.6)
v n—2

Where: (y, —y,) are model residuals, and (n — 2) is degree of freedom for model residuals
which equals number of cases minus number of model coefficients. S’Xy =0.81 and 2.51 for

the linear relationships presented in Fig. (4.18a) and Fig. (4.18b), respectively.

All dots located above the upper limit or below the lower limit were considered as outliers.
This method was used by Albert, M. (2000) to define the limits of generated stand height
curves during modelling the tree height.

According to the definition above, no outlier can be seen in Fig. (4.18a) when three outliers
are in Fig. (4.18b) (for further interpretation see section 5.4).

4.4 Model application

After model development, the model was tested and validated using different statistical and
graphical methods. Results of model tests and validation were satisfactory. The next
important step was to apply the model to land utilization of the interest. The arable lands and
the former fallow lands of the Free State of Saxony are the most suitable lands for model
application. Therefore, two possible scenarios will be introduced:

e Model application to the Saxon arable lands (arable lands include the former fallow
lands)
e Model application to the former Saxon fallow lands

Before starting the possible scenarios, it is necessary to discuss the most common stocking
densities per unit area which can be used for the two proposed scenarios.
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4.4.1 Spacings used for poplar plantations

Farmers are aiming to maximize their benefits from poplar cultivation in short rotation cycles.
However, the optimum tree number per hectare that may meet their desires is difficult to
determine. The most common stocking densities per hectare in Germany for poplar
plantations are varying from 1111 to 10,000 N/ha (Table 4.10); there is little information
about plantations that exceed 10,000 N/ha.

There are many factors influencing the desired tree numbers per hectare, like:

1) The overall objective of plantations (are they for fuelwood, plywood, matchwood,
pulpwood, veneer, furniture, planks, etc?). For example, high stocking densities are
recommended for energetic purposes; while low densities are preferable for pulpwood,
veneer or furniture industries;

2) The costs of establishing such plantations (e.g. high establishment costs make the
farmers reduce N/ha);

3) The availability of planting materials (e.g. whether the wanted poplar clone is
available in the market with the appropriate price and in the desired form like rooted
or non-rooted planting cuttings). Limited supply of the wanted clones in the wanted
form makes the farmers reduce N/ha; and,

4) Many other factors play a role in determining the N/ha such as the probability of
seedling survival which can be influenced by soil properties, form of planting
materials (rooted or unrooted), wild life, herbaceous or diseases and insects. For
example, the farmer will increase the N/ha if the survival probability is low.

Table 4.10 The most common tree spacings used for poplar plantations in Germany. The underlined stocking
densities were selected to be discussed in model application

Spacing [m*m] Area size [m?] N/ha

1 3%3 9 1111
2 3*2 6 1667
3 25%2 5 2000
4 3*lorl.5*2 3 3333
5 25%1 2.5 4000
6 2%*1 2 5000
7 2.5%0.6 1.5 6667
8 2*0.6 1.2 8333
9 2*0.5 1 10,000

Regardless of the reasons which may affect the N/ha planed to be planted, the study is
concerned with the stocking densities mentioned in Table (4.10) for model application. Only
the underlined figures (Table 4.10) will be visualized in maps of the two assumed scenarios.

The stocking density 1667 stems/ha will be discussed for all clone groups mentioned in
Table (3.1); since it is possible to model the producible oven dried biomass at this stocking
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density for all groups. While stands with higher stocking densities will be discussed only for
the Max group.

4.4.2 Model application to the Saxon arable lands

The agricultural area in the Free State of Saxony is approximately 1,025,000 ha from which
721,000 hectares are allocated for arable use (Fig. 3.4b). Applying the model to the arable
soils is a scenario proposed to assess the potential production of dry biomass of those lands.

4.4.2.1 Visualization of predictor variables

The non-transformed variables (SQI, AWSC, Ps, and T4.7) have been computed as average
value for each Commune in the Free State of Saxony and visualized using a consistent method
in ArcGIS Programme.

4.4.2.1.1 Climatic variables
4.4.2.1.1.1 Sum of precipitation for the time span May — June

Using zonal statistics tool in ArcGIS, a mean value of precipitation (Ps.¢) for each Commune
was calculated and visualized (Fig. 4.19). The wettest region in Saxony are the southern areas
(Ps.¢ > 150 mm) which are mountains covered mostly by forests with small fragments of
arable lands.
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Fig. 4.19 Sum of precipitation in the period May - June for the arable lands of Saxon Communes

The amount of rainfall decreases from the south to the north and the driest area is the west-
northern region which receives less than 120 [mm)] in the period May — June. The middle and
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west to north-western parts of Saxony have mean precipitation (Ps) between 100 and 160
[mm] where the soils with the highest quality indices (SQI > 60) are concentrated (see
Fig.3.7, Fig. 4.19); the largest proportions of arable lands are also concentrated there. The
northern-east and the southern-west zones have medium rainfalls with Ps. between 120 and
150 [mm] but SQI values below 40.

4.4.2.1.1.2 Mean temperature for the time span April — July

Mean temperature (T4.7) per Commune have been computed using a zonal statistics tool in
ArcGIS (Fig. 4.20). The average temperature T4.7 in Saxony ranges between 10 and 15 [°C].
Mean temperature increases from the south to the north.
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Fig. 4.20 Average temperature for the time span April — July for the arable lands of Saxon Communes
The mountains Erzgebirge in the south which receive the largest amount of precipitation have
the lowest temperatures in the State with T47 < 12 [°C]. The Communes located in the

northern regions are the warmest with T4; between 14 and 15 [°C]. The remaining parts of
Saxony are moderately warm with Ty4.; ranges from 12.1 to 13.9 [°C].

4.4.2.1.2 Soil variables
4.4.2.1.2.1 Soil quality indices

This variable was introduced in section (3.4.2.2.1); therefore, it will be only mentioned that
SQIs have a range between 14 and 94 which cover all performances levels of the Saxon arable
lands.
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4.4.2.1.2.2 Available water storage capacity

The data needed to visualize this variable was acquired from LfUG in Shapefile format (see
section 3.4.2.2.2). Unique values of the polygons illustrated in Fig (3.8) were used to calculate
the mean value of AWSC for each Commune; this was done with the Intersect tool in ArcGIS.
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Fig. 4.21 Available water storage capacity of the arable Saxon soils

The Communes with low AWSC values (AWSC < 140 mm) mostly occurred in the
Communes which have low to medium portions of arable areas (see Fig. 3.5 and Fig. 4.21).
This can be seen in the Erzgebirge mountains and in the north-eastern region. Moderate and
high values of AWSC occur mostly in the Communes with moderate to high values of SQI
(see Fig. 3.7 and Fig. 4.21).

4.4.2.2 The potential of biomass production on the arable land at the end of a rotation cycle

After computing the four needed variables for the whole arable areas on the Communes basis
it became possible to estimate the producible oven dried biomass from poplar plantations in
the Free State of Saxony. We will propose that the entire Saxon arable soils will be planted
with poplar trees at different stocking densities and then we will model the oven dried
biomass that can be produced per unit area at the end of 5-, 6-, 7-, 8- and 9-year rotation
cycle. To make it comparable with other studies on renewable energy crops, the mean annual
increment of oven dried biomass [t/ha/a] at the proposed harvest age will be used instead of
the total amount of oven dried biomass [t/ha].
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Ranges of the four non-transformed variables that have been used in model development
(Table 4.8) will be sometimes slightly exceeded as calculations for model application are
made.

In this scenario we will start with low stocking density per hectare and then it will be
increased gradually; this will enable us to check graphically the increasing biomass
production potentials with increasing the tree numbers per unit area. Prediction will be made
only for plantations in the first rotation.

4.4.2.2.1 The potential of biomass production at age 7 years with 1667 stems/ha

Suppose that poplar clone groups Androscoggin, Matrix, Max and Miinden are planted at
spacing 2 * 3 meters which is equivalent to 1667 trees/ha. The MAI of biomass per hectare at
the end of 7-year proposed rotation has been modelled for the total arable soils in Saxony. A
range between 1 and 8 [t/ha/a] of MAI can be expected (Fig. 4.22).
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Fig. 4.22 Scenario proposed for the arable Saxon lands. Predicted MAI of biomass in [t/ha/a] at stand age of
7 years with 1667 N/ha for clone groups: a: Androscoggin, b: Matrix ¢: Max and d: Miinden

The biomass production in all clone groups is at the lowest potential (< 4 [t/ha/a]) in the
northern and southern regions of Saxony. The best potential among the groups is expected to
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be performed by Max group which has a MAI range between 2 and 8 [t/ha/a]. If the entire
arable area in Saxony are cultivated by Max clones then approximately 38 % of this area has a
potential production of 2 — 4 [t/ha/a] (38% of the arable Saxon lands doesn’t mean 38 % of
the Saxon land area); while the remaining area has mostly a MAI of 4 — 6 and only very small
area in the central part can exceed 6 [t/ha/a] (Fig. 4.22¢). The lowest production potential
among the clone groups is computed for Miinden with: MAI < 2 [t/ha/a] for about 31 % of the
arable area, MAI from 2 — 4 [t/ha/a] for around 42 % of the arable land and MAI from 4 — 8
[t/ha/a] for the remaining areas (Fig. 4.22d).

Androscoggin and Matrix groups show some similarity in the geographical distribution of
biomass production potential (Fig. 4.22 a and b) with outperformance for Matrix in the
Erzgebirge mountains in the south. The northern areas in the State have mostly a potential
MALI of < 4 [t/ha/a] for both groups. Only the middle part, partially the western Communes
and few Communes in the southern-east of Saxony may reach a MAI between 4 and 6 [t/ha/a]
(Fig. 4.22 aand b).

It is observed that with only 1667 trees per hectare at the end of 7-year rotation cycle no

single group of the four poplar clone groups investigated could reach a potential MAI of 8 —
10 [t/ha/a].

4.4.2.2.2 The potential of biomass production at age 9 years with 1667 stems/ha

If farmers wait until stand age of 9 years, what production levels can be expected from poplar
plantations with 1667 N/ha? The predictions can be modelled in this case only for Matrix and
Max groups, since model parameterization was stopped at stand age of 7 years for the
remaining groups. The modelled MAI of biomass of the Saxon Communes that can be
obtained from Max group plantations is higher than that of Matrix (Fig. 4.23).
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Fig. 4.23 Scenario proposed for the arable Saxon lands. Predicted MAI of biomass in [t/ha/a] at stand age of
9 years with 1667 N/ha for clone group: a: Matrix and b: Max

Approximately 93 % of the arable lands in Saxony will produce between 4 and 8 [t/ha/a]
oven dried biomass if those areas are planted with Max clones. Furthermore, only 71 % of the



Results 74

arable Saxon soils can produce 4 to 8 [t/ha/a] of oven dried biomass if they are planted with
Matrix group. Very small areas in the central part of Saxony could reach a potential
production of 8 — 10 [t/ha/a].

By calculating the potential MAI from poplar plantations for the whole 721,000 ha arable
land in the Free State of Saxony then about: 3,091,000, 2,500,000, 2,312,000 and 2,152,000
tonnes per year can be harvested at age 7 years from Max, Matrix, Androscoggin and
Miinden, respectively ( Fig 4.24). The predicted harvestable MAI of biomass is in Max the
best among the clone groups under stocking density of 1667 stems/ha and at the end of 5, 6,
and 7 year’s rotation cycles.
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Fig. 4.24 Predicted MAI of dry biomass in [t/a] which can be obtained from the four poplar clone groups
investigated at stand age of 5 — 9 years with 1667 N/ha if the total arable Saxon lands were cultivated with these

trees

For rotation cycles of 8 or 9 years the Max group obviously performed better than Matrix
group with around: 3,787,000 and 4,533,000 [t/a] for Max and: 3,149,000 and 3,800,000 [t/a]
for Matrix at ages 8 and 9 years, respectively.

4.4.2.2.3 The potential of biomass production under moderate and relatively high stem
numbers/ha

Farmers desire to establish poplar plantations with maximum revenues, this can be reached if
they either increase the tree numbers per unit area or by applying some maintenance like
irrigation or fertilization to plantations with low stocking densities, but this latter option
requires more investment. If the farmers increase the stocking densities they must also
increase the capital invested for establishment; therefore they will look for shorter rotation
cycles; however, in this case, what is the optimum threshold for N/ha and for rotation length
with which they can maximize revenues?



Results 75

The answer is quite difficult and needs a comprehensive study covering all possible costs
for plantations from establishment until harvest over many rotation cycles (see Hofmann, M.
1998; SLfL, 2003; Landgraf, D. 2006 and Schweinle, J. et al. 2006). This is not the task of this
study but what it possible here is to demonstrate some relevant assumptions with different
stocking densities per hectare and with different rotation lengths. Fig. (4.25) and Appendix (6)
for example illustrate the potential MAI of biomass predicted for Max group at 4000 and 8333

stems/ha with different rotation lengths.
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Fig. 4.25 Scenario proposed for the arable Saxon lands. Predicted MAI of biomass in [t/ha/a] for Max group
with a: 4000 N/ha at stand age of 6 years, b: 8333 N/ha at stand age of 6 years, c: 4000 N/ha at stand age of
9 years and d: 8333 N/ha at stand age of 9 years

It is apparent that with rotation length of 6 years and under 4000 stems/ha the MAI is
expected to be less than 8 — 10 [t/ha/a] (Fig. 4.25a), and it may be that only 20 % of the total
arable lands can reach this limit if the stocking density increases to 8333 N/ha (Fig. 4.25b). If
the plantations are grown for longer rotation time, up to 7 and 8 years for stocking densities
8333 and 4000 stems/ha respectively (Appendix 6); then 55 percent of the arable lands in
Saxony will be able to exceed 8 [t/ha/a] at age 7 years with 8333 trees per hectare. However,
about 37 % of the arable areas can produce 8 — 10 [t/ha/a] at age 8 years with 4000 trees per

hectare.
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Suppose poplar plantations under the two stockings per hectare discussed above will be
grown up to age of 9 years, in this case 64 % of arable areas will produce 8 — 10 [t/ha/a] under
stocking density of 4000 stems/ha (Fig. 4.25¢); and 95 percent of the arable areas will produce
and exceed 8 — 10 [t/ha/a] with a stoking of 8333 stems/ha (Fig. 4.25d).

A new assumption for higher stocking density proposes that trees number will be increased
to 10,000. The plantations will be grown until 6, 7, 8 and 9 years old (Fig 4.26, Appendix 6).
This assumption was stated in order to check whether it is possible to shorten the rotation
length as much as possible by applying stocking density higher than 8333 N/ha. The potential
MALI estimated for 10,000 N/ha at 6 years harvest age is somehow similar to that estimated for
4000 N/ha with harvest age of 8 years in which about 37 % of the total arable Saxon land can
produce 8 — 10 [t/ha/a] (Fig 4.26a, Appendix 6a).
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Fig. 4.26 Scenario proposed for the arable Saxon lands. Predicted MAI of biomass in [t/ha/a] for Max
group: a: 10,000 N/ha at stand age of 6 years, b: 10,000 N/ha at stand age of 7 years

A harvest age of 7 years with 10,000 trees/ha will potentially allow for about 64 % of the
total arable areas in Saxony to produce a MAI > 8 — 10 [t/ha/a] (Fig 4.26b). However, this
area with a MAI > 8 — 10 [t/ha/a] would be 89 % and 100 % if the rotation lengths were 8 and
9 respectively (see Appendix 6¢-d).

The potential MAI of poplar plantations for the 721,000 hectares arable land in Saxony
was computed for different stocking densities per hectare and different rotation lengths (Fig
4.27).

It is obvious that with increasing the tree numbers per hectare the producible MAI of dry
biomass increases at all stand ages. Suppose that poplar plantations planted on arable lands
will be harvested at stand age of 7 years then the expected MAI are about: 3,091,000
4,716,000, and 6,358,000 tonnes per year for stocking densities 1667, 5000 and 10,000 N/ha,
respectively. Whereas, the predictions will be: 4,533,000, 6,733,000 and 9,087,000 tonnes per
year if the trees are grown to stand age of 9 years.
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Fig. 4.27 Predicted MAI of dry biomass in [t/a] which can be obtained from poplar Max group at stand ages of 5

— 9 years with different tree numbers per hectare if the total arable Saxon lands were planted with these trees
4.4.3 Model application to the former Saxon fallow lands

It was mentioned in chapter (3) that, under arable utilisation of the Saxon agricultural lands
there were yearly about 33,200 hectares that had been utilized as set-aside or fallow land (Fig.
3.6). In this scenario it will be assumed that all former set-aside areas will be cultivated with
poplar clones at different stocking densities per hectare; thus the producible biomass will be
modelled for different rotation lengths. Before starting this scenario a brief explanation on the
predictor variables will be introduced.

4.4.3.1 Visualization of predictor variables

Using procedures similar to those used in computing and visualizing the non-transformed
variables for the arable lands (section 4.4.2.1) the average values of SQI, AWSC, Ps., and T4.
7 have been calculated and visualized for the former fallow lands on the Commune basis (Fig.
4.28).

Many details were given on the four variables in section (4.4.2.1); however, may be it is
useful here to mention that, based on the variables shown in Fig. (4.28) former set-aside lands
with the highest potential to produce biomass are distributed from the southeast region
through the middle part to the western areas of the State. In contrast to the arable lands, lands
allocated for set-aside utilization have lower SQI (see Fig. 3.7 and Fig. 4.28c).
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Fig. 4.28 Predictor variables for the former fallow Saxon lands a: sum of precipitation in the period May —
June [mm], b: average temperature for the time span April — July [°C], c: soil quality indices and d:
available water storage capacity [mm]

4.4.3.2 The potential of biomass production on the former fallow land at the end of a rotation

cycle

It is assumed in this scenario that the entire former set-aside areas in Saxony for the year 2006
will be planted with poplar clones at different stocking densities. The oven dried biomass that
can be produced per unit area at the end of 5-, 6-, 7-, 8- and 9-year rotation cycle will be
modelled. The mean annual increment of oven dried biomass [t/ha/a] at the proposed harvest
age will be used as a unit for potential production in the visualized maps.

Prediction will be made only for plantations in the first rotation. The scenario will deal
with the same tree numbers per hectare discussed in the scenario applied to the arable lands.

4.4.3.2.1 The potential of biomass production at ages 7 and 9 years with 1667 stems/ha

Supposing that the total former fallow lands in Saxony are cultivated with poplar clone groups
Androscoggin, Matrix, Max and Miinden at spacing 2 * 3 meters which is equivalent to 1667
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trees’ha. The MAI of biomass per hectare at the end of 7- and 9-year rotations has been
modelled for former Saxon fallow areas existing in 2006 (Fig. 4.29).
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Fig. 4.29 Scenario proposed for the former fallow Saxon lands. Predicted MAI of biomass in [t/ha/a] with
1667 N/ha at stand age of 7 years for clones group: a: Androscoggin, b: Matrix c: Max d: Miinden and at
stand age of 9 years for: e: Matrix and f: Max groups

It can be seen that the maximum potential production which can be performed by all clone
groups at the end of 7-year rotation cycle is 4 — 6 [t/ha/a] (Fig. 4.29 a — d). In Max group
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about 65 % of the former set-aside land can reach this limit; however, in the remaining poplar
groups this can be produced in only 21 — 35 percent of the former fallow areas.

If the owners wait 2 years more then around 82 % of the former fallow land is able to
produce 4 — 8 [t/ha/a] for Matrix group (Fig. 4.29¢); while almost the total former fallow areas
can produce between 4 and 8 [t/ha/a] in case the planted clones are Max 1 to Max 5 (Fig.
4.291).

Neither 7-year nor 9-year rotation length is enough time for poplar plantations to reach a
MALI of 8 — 10 [t/ha/a] if the investigated clones are planted on former set-aside land at
stocking density of 1667 stems/ha (only 1 percent of former Saxon fallow area can produce 8
— 10 [t/ha/a] Fig. 4.29¢).

Around: 177,000, 144,000, 132,000 and 120,000 tonnes per year can be harvested at stand
age of 7 years from Max, Matrix, Androscoggin and Miinden respectively (Fig 4.30) if the
poplar groups are cultivated on the whole 40,768 ha former set-aside land in the Free State of
Saxony.
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Fig. 4.30 Predicted MAI of dry biomass in [t/a] which can be obtained from the four poplar clone groups
investigated at stand age of 5 — 9 years with 1667 N/ha if the total former fallow Saxon lands were cultivated

with these trees

The calculated harvestable MAI of biomass is the best in Max under stocking density of
1667 stems/ha and at the end of 5, 6, and 7 year rotation cycles. For rotation lengths of 8 and
9 years, Max group performed better than Matrix group with around: 217,000 and 259,000
[t/a] for Max and: 182,000 and 224,000 [t/a] for Matrix at ages 8 and 9 years, respectively.
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4.4.3.2.2 The potential of biomass production under moderate and relatively high stem

numbers/ha

Similar to the scenario assumed for arable lands here it is also proposed that Max group are
cultivated on the former fallow lands at three different tree numbers per hectare: 4000, 8333

and 10,000.
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Fig. 4.31 Scenario proposed for the former fallow Saxon lands. Predicted MAI of biomass in [t/ha/a] for
Max group with a: 4000 N/ha at stand age of 6 years, b: 8333 N/ha at stand age of 6 years, c: 4000 N/ha at
stand age of 9 years and d: 8333 N/ha at stand age of 9 years e: 10,000 N/ha at stand age of 6 years and f:
10,000 N/ha at stand age of 7 years
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The expected biomass production was computed for 6-, 7-, 8- and 9-year rotation lengths
(Fig. 4.31 and Appendix 7). Under stocking density of 4000 stems/ha the modelled potentials
of biomass production reveal: at stand age of 6 years the entire former fallow areas will
produce a MAI < 8 — 10 [t/ha/a] (Fig. 4.31a). At age 7 years only 2 % of the former fallow
land will reach this production value; and for rotation lengths of 8 and 9 years the proportion
of former fallow land that exceed 8 [t/ha/a] will be 35 % and 75 % respectively (Appendix 7a
and Fig. 4.31c¢).

With 8333 stems/ha 16 percent of the former fallow land will produce 8 — 10 [t/ha/a] at age
6 years (Fig. 4.31b). For 7-, 8- and 9-year rotation lengths 56, 83 and 99 percent of former set-
aside areas will exceed 8 [t/ha/a], respectively (Appendix 7 and Fig. 4.31).

By increasing tree number per unit area to 10,000 then: 34, 72, 95 and 100 percent of the
former fallow land will have a MAI > 8 [t/ha/a] at stand ages of 6, 7, 8 and 9 respectively
(Fig. 4.31 e and f and Appendix 7 ¢ and d).

Approximately: 177,000, 270,000, and 364,000 tonnes per year can be harvested at stand
age of 7 years from Max clones at stocking densities of 1667, 5000 and 10,000 stems/ha,
respectively (Fig 4.32) if the poplar trees are cultivated on the whole 40,768 ha former set-
aside land.
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Fig. 4.32 Predicted MAI of dry biomass in [t/a] which can be obtained from poplar Max group at stand ages of 5
— 9 years with different tree numbers per hectare if the total former fallow Saxon lands were cultivated with

these trees

With rotation length of 9 years the harvestable MAI of biomass will increase to 259,000,
385,000 and 520,000 tonnes per year for 1667, 5000 and 10,000 stems/ha, respectively.
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5 Discussion and Conclusions
5.1 Historical overview on poplar plantations in GDR (former East Germany)

In order to supply the market with its increasing needs for wood and raw materials after the
Second World War plantations with fast growing tree species, specifically poplars, were
established in the former East Germany and throughout Europe (Schildbach, M. 2002). The
most widely used clones were black poplar hybrids and a few clones of the section
tacamahaca (balsam poplars). Black poplar hybrids were also used later in the 1960s. From
the 1970s till 1989 planting of black poplars was decreased, while poplars of the section
aspens were increased (Joachim, H. F. et al. 1989).

5.1.1 The main objectives of poplar plantations in GDR

In addition to high and stable wood products, poplar cultivation served many purposes
(Joachim, H. F. et al. 1989):

e Using poplars for reforesting regions with degraded site conditions;

e Planting poplar hybrids in forest gaps;

e Cultivating poplar hybrids in mixed stands with other tree species like spruce and
Douglas fir; and,

e Planting poplars in the sites where endangered tree species like beech and Douglas fir
would be later introduced.

Other authors suggested substituting overuse of conifers with poplar wood in all
applications (e.g. Eberhardt, E. 1989 cited in Schildbach, M. 2002).

5.1.2 Poplar investigations in former East Germany

Plant physiology, morphology and multiplication and production methods of poplar clones
were initially (during the 1950s) mainly investigated at forest research institutions. Improving
wood quality, plant performance and resistance were later became the major objectives of
poplar studies (Brandt, R. 1997 cited in Schildbach, M. 2002).

A total of 70 experimental sites of aspens were established with areas of 0.2 — 2.5 hectares
per site. However, data of only 39 of them are available now in the archive of Saxon Forest
Research Station (Graupa). Because of their invalidity for further research most sites with
high mortality rats were cancelled. With the relatively high number of experimental sites
almost all soil and climate variations of the Free State of Saxony were covered. Some sites
were located at altitude of 40 meters and some others in mountainous regions at 840 meters.
The mean annual temperature ranged between 8.8 [°C] in warm areas and 4.7 [°C] in colder
ones. The mean annual rainfall had also a wide range between 550 and 1100 [mm]. Soil
conditions covered the variations in soil fertility from poor to rich soils. Most study sites were
concentrated in the Free State of Saxony; some of them were in Mecklenburg-Western
Pomeranian, Brandenburg, and Free State of Thuringia.
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Regarding field measurements of poplar experimental areas, tree height and diameter at
breast height were measured at least once at most of the study sites. Measuring bole form and
branches to determine wood quality were frequently carried out (Eberhardt, E. 1989).
Survival rate, resprout, tree damages and in very few cases (twice) wet biomass were
measured. However, for biomass only the weight of 1 to 2 years old shoots was estimated
(Schildbach, M. 2002). In 1987 as a result of poplar investigations 39 varieties were released
for cultivation (Joachim, H. F. et al. 1989).

5.1.3 Yield tables of poplars in former East Germany

Very little information about yield tables of poplars in the former East Germany is available
in literature. Perhaps yield tables of black poplar species constructed by Knapp, E. (1973) are
the single study published concerning this topic. Stand relative average height and/or stand
dominant height were/was used as an index for estimating site performance. The most
important characteristics of site indices based on dominant height are:

e The index age for dominant height classes was 30 years;

e Site indices were estimated for stand dominant heights: 20, 22, 24, 26, 28, 30, 32 and
34 meters;

e Harvest age is 50 years;

e Stands for all site indices were established at 700 stems/ha;

e Tree number per hectare at harvest age (50 years) ranged between 122 for site index
34 and 176 stems/ha for site index 20; and

e Yield and growth parameters at stand all ages (5 — 50, with 5 years interval): stem
number per hectare (trees/ha), mean diameter (cm), dominant height (calculated as
average of total heights of the largest 100 stems/ha, m), mean height (m), basal area
(m*ha), form factor, total stem volume and industrial wood volume (trees with
diameters > 20 cm) (m*ha), mean annual increment of volume (m?3/ha/a) and wood
utilization (%) were computed.

No comparisons of these tables to the results presented in the current work can be made
since:

e Poplar clones investigated in the thesis were from two different poplar sections (see
Table 3.6), section aspens and section tacamahaca (balsam poplar), while black
poplar species was investigated in the yield tables above;

e Dominant height in the thesis was calculated by averaging total heights of the 10 %
largest diameters/ha for maximum stand age of 9 years (in the yield tables by
averaging total heights of the largest 100 stems/ha at ages 5, 10 ....50 years);

e Stocking densities in the thesis ranged between 1150 and 13,000 stems/ha (in the
yield tables only 700 trees/ha); and

e Mean annual increment was computed for biomass production in the thesis, while it
is calculated in terms of stem volume in the yield tables.
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In spite of the differences mentioned above between the results of yield tables and the
results of the model constructed in the current work, a small example will be introduced: with
the initial stocking (700 stems/ha) mean annual increment of stem volume at age 10 years
ranged between 1.1 [m*ha/a] for site index 20 and 9.4 [m*/ha/a, about 3 dry t/ha/a] for site
index 34. The Max group at age 9 years can exceed this figure (3 t/ha/a) if planted on the
arable Saxon land even on soils of moderate performance with at least 1667 stems/ha (see Fig.
4.23b).

5.2 Discussion of model construction

The general objective of this study is to investigate methods of estimating of biomass that can
be produced by poplar clones at specific harvest age under given stocking density; estimation
of this can be achieved by developing a mathematical model based on empirical dataset
including the most significant factors that may affect biomass production of poplar
plantations.

To construct such a model one must firstly define the influencing factors on the growth and
yield of poplars. Then one should check the availability of those data needed for achieving the
task. It was mentioned in chapter 3 that the significant factors that influence yield of poplar
trees have been defined and the data available acquired. The mathematical model has been
constructed in two steps: 1) developing dominant height function 2) developing stand biomass
function. During the first step, the predictor variables have been correlated in simple linear
regressions with dominant height for stand ages of 2 — 5 years. Dominant heights of the study
areas at ages 2, 3, 4 and 5 years were correlated negatively with temperature and positively
with each of precipitation, AWSC and SQI (see Fig. 4.1, Fig. 4.2, and Appendix 2). These
results are expected, where increasing precipitation, specifically in the period May — June,
increases the dominant height growth. It can be understood that the period from May — June
is important period for height growth - a great part of height growth occurs during this part of
the growing season. Conversely, dominant height growth decreases as average temperature in
the period April — July increases, because high mean temperature mostly coincide with low
precipitation and consequently reduction in tree height growth.

As AWSC increases dominant height increases, since the water supply in the rooting zone
increases ensuring better growth conditions. Study sites with high SQI values have higher
dominant height growth than those of low values, this is because soil quality indices reflect
the arable Saxon lands indicating the soil performance in which also the AWSC was
considered (see section 3.2.2.3), and high SQI values indicate lands with high potential to
grow trees.

At stand age of 2 years, the growth of stand dominant height was affected by climatic
variables more than soil variables with R? values of 0.249, 0.175 for the linear regression
between dominant heights and each of T47 and Ps., respectively, and only 0.025, 0.017 for
SQI and AWSC, respectively. This can be interpreted as follows: root system of the cuttings
at this age are not developed enough to benefit effectively from soil properties; thus their
reactions to climatic factors are apparently higher. Starting from age 3 years the root system
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has more efficiency utilizes soil properties with R? between 0.580 and 0.975 for the linear
relationship between dominant heights and each of SQI and AWSC. However, at stand ages
of 3 and 4, precipitation could explain 33 and 30 percent, respectively, of the variation in
dominant height growth. Only 9 % of dominant height growth variation at age 5 years were
explained by the variable Ps¢. Also between 2 and 6 % of the dominant height variations were
explained by the variable T4.7 at ages 3, 4 and 5 years.

Simple linear regressions made to the non-transformed variables were also applied to
dominant heights at each stand age between 2 and 5 years. However, after transforming the
variables simple linear regressions were made between the new variables and the dominant
height at all stand ages between 2 and 9 years. For example, in Fig. (4.3a) data included in the
linear relationship are dominant heights for all study areas at stand ages 2 — 9 years versus Ps.
¢«*AWSC. In this graphic hgon increases as Pss*AWSC increases with R? value of 0.189 for
the linear trend line. Stand hg4om Was correlated positively with both non-transformed variables
Ps.s and AWSC at stand ages 2 — 5 years, therefore it is expected to also be correlated
positively with the multiplication Ps.¢* AWSC at stand ages 2 — 9 years.

In Fig. (4.3b) the hg4om decreases by increasing the transformed variable T47/SQI with R?
value of 0.198 for the linear regression. This can be interpreted as follows: dominant height
was correlated negatively with the variable T,.7 and positively with the variable SQI at stand
ages 2 — 5 years; thus the dominant height is correlated negatively with the transformed
variable T47/SQI at stand ages 2 — 9 years. It can be also understood that, dominant height
decreases as the non-transformed variable SQI decreases or as 1/SQI increases (Fig. 4.3b).

During developing the dominant height function, Max group was firstly investigated using
the multiple linear regression step-wise method. Some criteria were listed in section (3.2.4.1)
for model selection. The criteria taken into account are the most significant arguments used
by statisticians for model selection. The adjusted R? tell us the proportion of the variation
explained by the model. The number of variables included in the model is another important
parameter implied in adjusted R’ The best model fitting the data is the model with the
minimum residuals and with minimum number of parameters; this can be determined by
Akaike’s Information Criterion (AIC). So, equation (4.3) fulfils all criteria listed with a very
high R?adj value (0.986) and very low value of AIC (1.215); therefore it was considered the
best model fitting the data.

Values of the hgom function parameters presented in Table (4.2) indicate that the dominant
height increases as each of predictor variables age and Ps¢*SQI increase and as the variable
T47/AWSC decreases. By increasing precipitation and/or AWSC the water supply in the
rooting zone will increase ensuring higher potential for height growth. Also, when SQI
increases then the soil conditions for tree growth will be better resulting in more height
growth. By higher average temperatures for the period April — July the water supply for trees
will be limited and consequently the height growth will be reduced.

Equation (4.3) has been parameterized again for poplar clone groups: Androscoggin,
Matrix and Miinden (Table 4.3) using multiple linear regression. Adjusted R? has very high
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values between 0.975 and 0.989 indicating that between 98 and 99 % of the variation is
explained by hgom function for the poplar clones investigated.

With completing the first step of model construction it became possible to predict
dominant height for clone groups: Androscoggin and Miinden at stand ages of 2 — 7 years,
Matrix and Max at stand ages of 2 — 9 years.

As a second step in model development stand biomass functions were developed.
Construction of stand biomass functions was started with Max group. The total oven dried
biomass per hectare at a specific stocking density was tested versus the dominant height at
different stand ages. The allometric/power function (equation 3.13) has best fitted the data to
predict the total oven dried biomass per unit area. This function has been parameterized for
different tree numbers per hectare (Table 4.4). For a given hgom value the biomass production
increases as the stem number per hectare increases (Fig. 4.4). This is an expected result,
specifically at the stocking densities investigated which ranged between 1150 and 13,000
stems/ha. By increasing stocking density we will exploit the land unit area more effectively,
this means that up to 13,000 stems/ha poplar trees still have enough space to grow and
increase biomass production. It is likely that at extremely high stocking density per hectare
perhaps above 30,000 this result will no longer be valid, as increasing tree numbers above a
given threshold will lead to reduced tree diameters and also to less branching. In such
conditions the total biomass production will be constant whatever the stocking density. Stand
age is another important factor which also determines the maximum tree density that can be
planted on a site to produce maximum amount of biomass; e. g. at age of 9 years a site can
grow 13,000 stems/ha but the same site will be able to grow only 2000 or 3000 trees/ha at age
of 30 years.

The coefficients of equation (3.13) have been calculated for six different tree numbers per
hectare (Table 4.4). Both a, and as were plotted against tree number per hectare (Fig. 4.5) in
order to estimate coefficient values for all stocking densities between 1150 and 13,000. The
quadratic polynomial form has best fitted the data for this range of tree numbers per hectare. It
is possible that by increasing N/ha greater than 13,000 another function would be better able
to estimate a, and as. In consequence, the oven dried biomass per hectare was predictable for
N/ha range 1150 — 13,000.

For clone groups Androscoggin, Matrix and Miinden, the parameters a, and as were
estimated only for 1550 N/ha (Table 4.5). With a hgom = 10 [m] the corresponding expected
biomass production is 19.60, 16.54 and 15.21 [t/ha] for clone groups Androscoggin, Matrix
and Miinden respectively. There are three reasons for this:

1) At this value of dominant height the stand mean diameters are 8.99, 8.35 and 7.64
[cm] for clone groups Androscoggin, Matrix and Miinden, respectively;

2) In general, tree numbers per hectare has the ranges 1333 — 1667 in Matrix, 1389 —
1639 in Miinden and 1361 — 1681 in Androscoggin. These variations and the
distributions of tree numbers per hectare within each function play a significant role in
determining the behaviour of stand biomass curves specifically at stand ages greater
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than 3 years. This means that the predicted value of biomass production at hgom = 10
[m] is also affected by those variations and distributions of stocking densities; and,

3) Branching systems are probably different among the clone groups which are related to
genetic differences.

For dominant height values greater than 11 meters the stability of stand biomass function is
very low for each of Androscoggin and Miinden groups, since the number of data points in
the upper part of biomass curves is < 2 for both groups (Fig. 4.6). However, with 4 dots for
hgom > 11 meters the function is more stable in Matrix group. When hgon, 1s bigger than 11
meters the predicted biomass that can be produced by Miinden group is higher than that
produced by Matrix group but still smaller than the one produced by Androscoggin. The
outperformance of Miinden in comparison to Matrix could be related to three reasons:

1) Differences in branching systems mentioned above; where by increasing the hgom or
stand age these differences are becoming larger;

2) The lack of data in the upper part of biomass curve in Miinden group (Fig. 4.6b). With
more data the function will be more stable and will probably has less curviness; and,

3) The distributions of stocking densities per hectare within stand biomass functions of
both poplar groups; for instance, in Miinden there are two dots in the upper part of
stand biomass function (hgom > 11 m) with 1500 and 1583 stems/ha; Matrix function in
contrast has four dots with N/ha ranging from 1333 — 1611.

5.3 Discussion of model tests

The example introduced in the results (section 4.2) was presented to give details on model
functionality. In this example, the differences showed by dominant trees of poplar groups in
height growth at different stand ages (Fig. 4.7) may be related to:

1) Differences in the number of study sites included during the development of dominant
height functions for different poplar groups. For instance, data from six study sites is
included in the function of Max; while data from only four sites is included in the
function of Miinden (see section 4.1.2). Fewer study areas included in the function
may result in either the variations in climatic and soil variables covered by the
function with four study sites being smaller than that with six sites; or the variations
covered by the function being the same in both cases but the intervals within each
variable being larger in case of four sites than that of six sites. This will consequently
influence the response of dominant height model to site conditions in both cases; and,

2) Data from five study sites is included in the dominant height function of each of
Androscoggin and Matrix, but Matrix outperformed Androscoggin in dominant height
growth at most stand ages (Fig 4.7). This can be related to differences in genetic
properties. Some poplar clones can exploit the medium site conditions better than
others.

With extremely bad or extremely good site conditions the ranking of clone groups in height
growth performance will probably change.



Discussion and Conclusions &9

In biomass production, poplar groups have a new ranking. For example, at stand ages of 6,
7, 8 and 9 years, Matrix group has the best dominant height growth amongst the groups (Fig.
4.7). While in biomass production Max group has the best performance among the groups at
all stand ages (Fig. 4.8). This is probably related to the distributions of stocking densities per
hectare within the data used for constructing stand biomass functions of both poplar groups
and also to differences in branching systems discussed above.

The Miinden group outperformed Androscoggin in dominant height growth at all stand
ages under the moderate site conditions proposed (Fig. 4.7); however, Androscoggin has
bigger biomass production over age (Fig. 4.8). So, differences in dominant height
performances are probably related to differences in the number of study sites included in hgom
functions of both poplar groups. In biomass production, the variations between both groups
are related to the reasons mentioned previously in section (5.2).

In Max group, when stem numbers per hectare increased, the potential of biomass
production increased at all stand ages (Fig. 4.9). Increasing stocking densities per hectare
maximizes the exploitation of space available to produce more biomass.

5.3.1 Discussing statistical tests

Statistical tests were made to dominant height and stand biomass functions using the dataset
used in model construction.

The distributions of model error & -X) were checked for all model functions. This step is
needed for t-test and is also important for other statistical tests like model accuracy. All
dominant height functions showed approximate normality in error distribution (Fig. 4.10).
Paired-samples t-test showed no significant biases in dominant height predictions for all clone
groups at P-value < 0.05 (Table 4.6). This means that, the predictions had no significant
biases and the average difference between the observations and the predictions is statistically
equal to 0 and the null hypothesis holds.

However, the distribution of the percentage deviations é % were calculated for the
dominant heights with 0.5 % > ¢é& % > - 0.5 % in all clone groups. These low values of relative
biases indicate satisfactory model goodness. The standard deviation of the bias had values <
17.55 % for dominant height functions indicating relatively high model precision. The
distribution of the total differences between predicted and observed values had values < 17.56
% as well for the dominant height functions indicating relatively high model accuracy. This

means that, given normal distribution of model error ; _Yf), 68 percent of the dominant
height predictions in all clone groups will not deviate more than £17.56 percent from the real
values. Between 90.9 and 96.6 percent of dominant height predictions can be explained from
observations in the four poplar groups investigated (see R? values in Table 4.6).

The differences between predictions and observations of most stand biomass functions are
approximately normally distributed (Fig. 4.11 and Appendix 3). T-test showed no significant
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biases of biomass predictions for most stand biomass functions (Table 4.7). Furthermore, only
in clone group Miinden, the predictions have significantly deviated from the observations. In
other words the average difference between predictions and observations for Miinden group is
not 0 and the null hypothesis is rejected.

Average of the deviations (model — reality) of stand biomass functions resulted in absolute
biases between -0.62 and 0.49 [t/ha] or relative biases between -10.41 and 3.77 percent (Table
4.7). The distribution of the total differences between predicted and observed values of stand
biomass functions ranged between very high model accuracy with 8.05 % and moderate
model accuracy with 27.32 %. This means that, by normal distribution, 68 percent of the
biomass predictions for the function with lowest accuracy will not deviate more than £27.32
percent from the real values.

Statistical tests for both dominant height and stand biomass functions using the data
involved in model construction have proved reasonably good model performance.

5.3.2 Discussing graphical tests

Predictions were plotted against observations in all model functions. Both dominant height
and stand biomass functions showed graphically no systematic error (Fig. 4.12, Fig. 4.13 and
Appendix 4). The best linear relationship between the observations and the expectations is
that with a slope value of one and intercept of zero. This can only occur if the model is perfect
and the predictions are exactly equal to observations.

The dots in most functions are distributed closely to the linear line indicating small biases
of the predictions. All functions had line slopes very close to the value 1 (or to 45 °) and
relatively small intercepts; this indicates high model precision.

5.3.3 Discussing additional tests

Model sensitivity to changes in climatic and soil variables has been examined. By altering
SQI or precipitation in the period May — June, Miinden group showed the highest response at
all stand ages among the clone groups; whereas, Max group showed the lowest response (Fig.
4.15). The differences in model sensitivities occurring between clone groups can be related to
quality of the data involved in model construction and to genetic differences discussed
previously.

The model at different stocking densities per unit area and for different poplar clone
groups showed higher sensitivity to altering SQI than that when Ps_ changes (Fig. 4.15, Fig.
4.16, Fig. 4.17). Simple linear regressions made (Fig. 4.1, Fig. 4.2 and Appendix 2) showed
that, at stand ages of 3, 4 and 5 the dominant height was influenced by SQI more than
precipitation.
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5.4 Discussion of model validation

Model validation was defined by Shugart, H. H. (1984) as: “‘the procedures, in which a model
is tested on its agreement with a set of observations that are independent of those
observations used to structure the model and estimate its parameters”. The dataset involved
in model construction can not be used for model validation; so, only with a new set of data
can the model be evaluated in order to test its applicability to sites with similar conditions to
that used in model parameterization.

Using the new dataset the model showed relative bias of — 9.91 % and — 7.55 % for
dominant height and stand biomass estimates, respectively. By applying paired-samples t-test,
the average differences between predictions and observations showed no significant biases (P-
value < 0.05). Model accuracy is satisfactory with m, % = 15.72 and 26.68 percent for
dominant height and stand biomass estimates, respectively.

Both dominant height and stand biomass functions showed graphically no systematic error
(Fig. 4.18). Despite the low value of R? (0.219) for the trend line of dominant height function
(Fig. 4.18a), no outliers cold be identified indicating good performance of this function. Three
outliers were identified in Fig. (4.18b), this can be related to:

1)  Extreme values of AWSC in Kustorf = 500 [mm] and Krummenhennersdorf = 230
[mm] which exceeds apparently the model scope; and,

2)  Concentration of most dataset in the lower third of the trend line (Fig. 4.18b) which
raises the opportunity for occurrence of outliers.

5.5 Discussion of model application
5.5.1 Selection of specific spacings for model application

The most significant factors that influence decisions to chose and plant the desired stocking
density per hectare have been discussed in section (4.4.1). Table (4.10) has presented the
common stocking densities used in short rotation forestry in Germany. In the two scenarios
discussed in sections (4.4.2) and (4.4.3), examples for low, moderate and relatively high stem
numbers per hectare were chosen in order to check the potential of producible biomass
covering different levels of stocking densities. Furthermore, selection of specific stocking
densities per hectare for different poplar clone groups is determined by model scope (range)
or in other words by model limitations.

5.5.2 Discussing the first scenario, model application to the Saxon arable lands

The non-transformed variables (SQI, AWSC, Ps_¢ and T4.7) needed for model application were
calculated and visualized as average values for each Commune in Saxony.

Figures (4.19) and (4.20) show that the mountains Erzgebirge in the south receive the
largest amount of precipitation (Ps¢) and have the lowest temperatures (T47); while the
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northern areas are the warmest and the driest in Saxony. The largest proportions of
agricultural land are concentrated in the middle, southern-east, western and western-north
parts of Saxony (see Fig. 3.5). The Communes with low AWSC values (Fig. 4.21) mostly
correspond with the Communes which have low to medium portions of arable land and have
low to medium values of SQIs (see Fig. 3.5 and Fig. 3.7). Consequently, with respect to all
criteria and factors discussed above we can say that the regions which have the biggest
proportions of arable land have mostly the best potentials to grow poplars and produce
biomass.

By applying the model to arable land, it was proposed that the entire Saxon arable soils
will be planted with poplar trees at different stocking densities. The oven dried biomass that
can be produced per unit area at the end of 5-, 6-, 7-, 8- and 9-year rotation cycle was
computed.

Rotation length between 5 and 9 years was suggested for poplars in the first rotation, the
reasons for that are:

e To visualize the potential of biomass production at arable lands with different rotation
lengths under different stocking densities; and

e The longest rotation is 9 years because the model can predict biomass for maximum
age of 9 years.

5.5.2.1 Discussion of biomass production from poplars at arable lands under low stocking
density

It was proposed that poplar clone groups Androscoggin, Matrix, Max and Miinden are planted
under stocking density of 1667 stems/ha. Two harvest ages were proposed, 7 years for all
groups and 9 years for Matrix and Max. At age of 7 years no poplar group could reach a MAI
of 8 [t/ha/a] even in the regions with the best potential of biomass production (Fig. 4.22).
Very small areas in the central part of Saxony could reach a potential production of 8 — 10
[t/ha/a] in case poplar plantations are grown until age 9 years (Fig. 4.23).

The variations that occurred among poplar groups in biomass production can be related to
genetic differences and to the quality of data used in model construction.

It can be concluded that with 1667 stems/ha, a rotation length of 7 or even 9 years is not
enough to grow poplars with high biomass production for energetic purposes.

A MALI between 2,200,000 and 3,100,000 tonnes per year at age 7 years and between
3,800,000 and 4,500,000 at age 9 years can be expected if the 721,000 hectares of arable land
are planted with poplars (Fig 4.24). The expectation of biomass production is much bigger
than these figures if higher stocking densities are applied; therefore, increases in tree numbers
per hectare are proposed and discussed.
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5.5.2.2 Discussion of biomass production from poplars at arable lands under moderate and
relatively high stocking densities

The potential MAI of biomass was predicted for Max group at 4000, 8333 and 10,000 N/ha
with different rotation lengths. Under stocking density of 4000 stems per hectare it might take
9 years in order to exceed 8 [t/ha/a] in about 64 % of the Saxon arable land (Fig. 4.25). While,
by increasing stocking density to 8333 and 10,000 rotation length can be reduced to stand age
of 7 years at which around 55 and 64 percent, respectively, of the arable lands in Saxony will
be able to exceed 8 [t/ha/a] (see Appendix 6 and Fig. 4.26). By growing poplar plantations
until age 9 years then 95 and 100 percent of the arable land will significantly exceed 8 [t/ha/a]
at stocking densities of 8333 and 10,000 stems/ha, respectively (Fig. 4. 25 and Appendix 6).

The potential MAI of poplar plantations was computed for the 721,000 hectares arable land
in Saxony at different stocking densities per hectare and different rotation lengths (Fig. 4.27).

If we plant poplars at density of 10,000 N/ha then 6,358,000 tonnes per year can be
harvested from arable lands at the end of 7 years rotation cycle. This amount is more than 205
% of what can be harvested at the same age if only 1667 trees/ha are planted. Similarly, at the
end of a 9 year rotation cycle the amount of producible biomass under 10,000 N/ha is
9,087,000 tonnes per year which equals about 205 % of what can be produced at the same age

if only 1667 trees/ha are planted. Thus, we see by increasing tree numbers per hectare by
10,000

1667

about six times ( ~ 6) we can double the producible amount of biomass.

By considering that one ton oven dried biomass in SRF produces 18.6 gigajoules of energy
and one cubic meter of diesel fuel produces 38.7 gigajoules (ISU, 2007); then we can use
equation (5.1) to calculate the equivalent of diesel fuel for biomass production predicted:

One oven dried ton of biomass = % m? equivalent of diesel fuel (5.1)

Because of high costs of drying biomass using ovens, the producers of wood energy are
interested in reducing investments in drying wood. A new technique for drying wood chips
without external energy input was developed by Brummack, J. (2008) (see Grosse, W. et al.
2008). Using an air ventilation process based on the self-heating of freshly harvested wood
chips the water content can be reduced from 55 % (fresh harvested wood) to 30 % within
three months.

By considering that the water content of oven dry biomass is about zero then one ton of
this equals to about 1.3 tonnes of biomass dried using Brummack’s technique. Depending on
this consideration the producible biomass at the end of 9 year rotation cycle under 10,000
N/ha is about 11,814,000 [t/a] (dried using Brummack’s technique). Furthermore, the
equivalent of diesel fuel for one oven dry biomass equals to the equivalent of diesel fuel for
1.3 tons of biomass dried using Brummack’s technique.
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Using equation (5.1) the equivalent of diesel fuel for the potential biomass production at
the Saxon arable lands was computed with different stocking densities and harvesting ages
(Fig. 5.1).

—— 10,000 N/ha —®—8333 N/ha —&— 6667 N/ha 5000 N/ha
—#—4000 N/ha —e—3333 N/ha —+—2000N/ha —=¥—1667 N/ha

5,000,000

4,000,000 /

3,000,000

2,000,000 -

1,000,000

equivalent of diesel fuel [m3/a]

5 6 7 8 9
Age [years]

Fig. 5.1 Computed equivalent of diesel fuel [m3/a] for the potential biomass production of poplars cultivated at
the Saxon arable lands with different stocking densities and harvesting ages. Calculations are based on model

predictions showed in Fig (4.27)

E.g. with 10,000 stems/ha at harvest ages of 7 and 9 years, the potential of biomass
production is equivalent of around 3,056,000 and 4,367,000 m?® diesel fuel per year,
respectively.

The use of biomass to produce energy is more environmentally friendly than the use of
conventional resources (many details were presented in sections 2.1 and 2.3.3). For example,
in order to produce one unit of electricity (kWh) from diesel and energy crops the air
emissions resulted are quite different (Table 5.1).

Table 5.1 Life cycle air emissions from energy crops as a renewable energy source and from diesel as a
conventional energy source (g/kWh) (IEA, 2001)

Energy crops Diesel
COo2 17-27 772.0
SO2 0.07-0.16 1.6
NOx 1.1-25 12.3

Taking into account fuel consumptions at all stages of production, transportation and
processing; the emissions of carbon dioxide (CO2), sulphur dioxide (SO2) and nitrogen
oxides (NOx) are about 35, 13 and 7 times greater, respectively, than if diesel is used.
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5.5.3 Discussing the second scenario, model application to the former Saxon fallow lands

In this scenario a new assumption is discussed with greater applicability to reality.
Consideration is given to arable lands which are currently fallow (these types of land
utilization were used until 2007, since the beginning of 2008 new land classifications was
used in which the term fallow land is no longer used). In this case the farmers will devote to
poplar plantations only the soils which are surplus to arable use. This is a factor that
simplifies the decision making process to plant poplars in short rotation cycles for energetic
purposes.

The same stocking densities and rotation lengths used in the first scenario were also used
in this scenario.

5.5.3.1 Discussion of biomass production from poplars at former fallow lands under low
stocking density

By cultivating poplar clones on former set-aside land with stocking density of 1667 stems/ha
both rotation lengths 7 and 9 years are not enough time for poplar plantations to produce 8
[t/ha/a] (Fig. 4.29).

If the poplar trees are cultivated at low stocking density on the entire 40,768 ha former set-
aside land in Saxony, then the maximum production potentials from Matrix and Max groups
at stand age of nine years are the equivalent of about 107,000 and 125,000 m?* diesel fuel per
year, respectively.

5.5.3.2 Discussion of biomass production from poplars at former fallow lands under
moderate and relatively high stocking densities

For relatively high biomass production (> 8 [t/ha/a]) from poplar plantations (Max group) in
the first rotation at least 9 years are needed under stocking density of 4000 stems/ha and 7
years for both stocking densities of 8333 and 10,000 stems/ha (Fig. 4.31 and Appendix 7).

In order to calculate the equivalent of diesel fuel for the potential biomass production with
different stocking densities and harvesting ages equation (5.1) was used (Fig. 5.2).

By planting 4000 trees per hectare and at the harvest age of 9 years the equivalent of diesel
fuel is 172,000 m?® per year.

As the stocking density increased to 8333 and 10,000 stems/ha the length of rotation cycle
can be shortened to seven years. At this harvest age the potential of biomass production is
equivalent of around 159,000 and 175,000 m* diesel fuel per year for 8333 and 10,000
stems/ha, respectively.
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Fig. 5.2 Computed equivalent of diesel fuel [m?/a] for the potential biomass production of poplars cultivated at
the former fallow lands with different stocking densities and harvesting ages. Calculations are based on model

predictions showed in Fig (4.32)
5.6 Comparison of the model with other models

In sections (5.2 ....5.5) model construction, model tests and validation and model application
were discussed. Section (5.6) will introduce some models developed world wide and give
some comments on their structure where there are similarities to the model developed in the
thesis.

5.6.1 Classification of soil suitability types for biomass production in Czech Republic

In Czech Republic a zoning of agricultural land was carried out and visualized using the
ArcGIS programme in order to estimate the potential of biomass production of different
willow and poplar clones on different soil types and under different climatic conditions. This
study was done by Weger, J. et al. (2007). Data used for the study was collected from more
than 20 sites between 6 and 10 years old with 2 — 3 harvests. Several soil and climatic
characteristics (e.g. soil properties, soil skeleton, slope and orientation and climatic zones)
were used in constructing and visualizing a system of Czech agricultural land valuation
(named “BPEJ”, something like the SQIs used in this thesis). The constructed maps of
“BPEJ” were used to identify six soil suitability types for willows and poplars ranging from
unsuitable (2 dry t/ha/a) to optimal (12 t/ha/a).
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5.6.2 Murach’s model for willows and poplars in Brandenburg, Germany

A model for predicting the potential of biomass production of poplars and willows planted on
agricultural land in Brandenburg Germany was developed by Murach, D. (2008). Using a
boundary-line approach the stand mean height was estimated based on single variable
Transpiration Water Availability (TWA):

TWA = nWSK +(NSVeg — ) (5.2)

Where: nWSK is available water storage capacity in mm/50 cm depth (the same variable
was used in predicting stand dominant height in this thesis), NSVeg is precipitation in the
growing season in mm, I is interception (35% of NSVeg after Lindroth & Bath 1999) (cited in
Murach, D. 2008).

The aboveground biomass in a stand can be estimated depending on two variables, the
stocking density and the stand mean height estimated with boundary-line approach (this
method is somehow analogous to the method used in the current work for estimating stand
biomass).

5.6.3 Swedish models for willows in SRF plantations

A water-limited yield model based on the concept of water-use efficiency was developed by

Lindroth. A. et al. (1999) in Sweden. The model can estimate the stem woody production per
hectare, (W, , t/ha):

W =t*(l-c —c)*P*w (5.3)

Where: 7is the total water-use efficiency in terms of dry matter per unit of water

transpired. €1 and ¢ are the fractions of total production going into leaves and roots,
respectively. P is accumulated precipitation in mm, @ = 0.65 is the transpiration fraction of
total evaporation. All parameters are averaged over the growing season.

The model was used to produce a map of average annual maximum stem wood production
in southern Sweden. The estimated potential for that region ranged between 8 and 17 [t/ha/a].
This potential production is similar to that one calculated for arable Saxon lands with 10,000
N/ha at stand age of 8 years (see Appendix 6).

Using a wide dataset based on recorded production of 2082 commercial plantations during
the period 1989-2005 in Sweden, a new yield model was constructed (Yudego, B. M. et al.
2008). The model is able to estimate the yield in short rotation willow plantations in southern
and central Sweden. Involving five explanatory variables in multiple linear regression the
mean annual increment of oven dry biomass denoted as yield [t/ha/a] was modelled:

yield,;, = o+ f* CER

+ CUT, + 1, + ey, (5.4)

Tkjt
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Where « and S are parameters, CER is the yield of the cereal used as agro-climatic index

(They used the average yield of cereals (oats, barely or/and wheat) in [t/ha/a] that produced in
the last 15 years on agricultural land at county or district level as an index for soil
performance with integration of climate considerations referred to as “agro-climatic index”),
RL is the rotation length of the cutting cycle (year), CUT is a dummy for the cutting cycle
(first, second or third). Subscripts I, k, j and t refer to county/district, grower, plantation and
cutting cycle, respectively. g, is the between-grower random factor. e, is the between-

plantation random factor for yield of cutting cycle t on plantation j, managed by grower k in
the county/district 1 (both variables s, ande,;, were used to show the influence of

management on biomass production). Depending on the agro-climatic index used the
coefficient of determination ( R*) ranged between 0.26 and 0.30.

5.6.4 Converse’s model for black locust plantations in the Central Great Plains, USA

Converse, T. E. et al. (1995) had developed a model to predict cumulative biomass yield for
short rotation black locust (Robinia pseudoacacia) plantations in the Central Great Plains,
USA. Data collected from 10 study sites were used for modelling. All sites have the same
stocking density per ha (3200/ha). Stepwise ordinary least-squares regression was used to
determine a statistically reliable function for estimating yields. The functions developed by
Converse, T. E. et al. are:

BIOYLD = - 20.7 + 0.13*(TANNRF) + 3.4*(HBAPP) + 0.24*(TNIT) (R’ = 0.95) (5.5)
BIOYLD = - 12.6 + 0.12*(TANNRF) + 3.6*(HBAPP) (R?=0.93) (5.6)

Where: BIOYLD = total accumulated average dry yield. TANNRF: total cumulative
annual rainfall, TNIT: average total nitrogen at the planting site, and HBAPP: a dummy
variable whether herbicide was applied.

5.6.5 Lui’s model for SRF of eucalypts in Hawaii

A model for estimating biomass production of short rotation intensive culture of eucalypts in
Hawaii was developed by Lui, W. et al. (1993). The biomass yield model involved two steps.
In the first step, deriving the relationship between tree size (dbh), age, and planting density. In
the second step, superimposing the effects of fertilizer, weather, and soil conditions on the
relationship developed in step one. Multiple linear regression was used in step two:

dbh =—32.13+0.42* dbh(DEN, 1)+ 14.26 * NI + 0.3* SO +32.2* FN + 0.24*TE (R>=0.87)
(5.7)

Where: dbh is average diameter at breast height (cm), dbh(DEN, t) is diameter at breast
height of a competitively grown tree at time/age t (cm), DEN is stocking density, NI is soil
nitrogen content (%), SO is mean daily solar radiation (cal/cm? per day), FN is amount of
nitrogen fertilizer applied ( kg/tree) and TE is mean temperature (°C).
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After estimating the average dbh, average tree dry weight was then calculated using the
function developed by Whitesell et al. (1992) (cited in Lui, W. et al. (1993) and the total
aboveground biomass (YI, dry t/ha) was calculated by multiplying average tree weight by
stocking density as:

For younger trees (t< 4 years):

YI =0.13580 * (dbh***°)* DEN (5.8)

For older trees (t = 4 to 6 years):

YI =0.06594 * (dbh*>"*)* DEN (5.9)

Similar allometric relationship for estimation of stand dry biomass was used in the current
thesis but using mean dominant height as explanatory variable rather than dbh.

Many other models to predict biomass production in short rotation forestry were
introduced in section (2.9).

5.7 Discussing the factors affecting growth and yield of SRF

The most significant factors influencing growth and yield of short rotation forestry plants
were discussed in chapter 2. It is useful in this section to compare the derived variables
selected in the model with those mentioned in literature.

During model development stand age was selected as one of the deriving factors affecting
dominant height. Age is a significant component included in most models developed for
predicting growth and yield of SRF plantations (e.g. Lui, W. et al. 1993 and Yudego, B. M. et
al. 2008). Climatic variables (precipitation and temperature) for several time spans were
examined at specific stand ages. Dominant height was best correlated with mean temperature
in the period April — July. While pervious studies were concentrated on mean annual
temperature (e.g. Lui, W. et al. 1993; Kleihappl, M. R. et al. 2004) or on the mean
temperature during the growing season (e.g. Kauter, D. et al. 2003). Accumulative
precipitation in May — June was selected with the maximum R? in modelling stand dominant
height. Previous studies focused mostly on mean annual rainfall (e.g. Converse, T. E. et al.
1995; Boyd, J. et al. 2000 and DEFRA, 2002) or on the sum of precipitation in the growing
season (e.g. Hofmann, M. 1998; Lindroth. A. et al. 1999; Kauter, D. et al. and 2003 Murach,
D. 2008).

Soil variables tested and selected in the current work are available water storage capacity
and soil quality index. AWSC is very important factor influencing growth and yield of SRF
plants. This was proven in the thesis as stand dominant height function was developed (see
section 4.1.1). This variable was also frequently tested by scientists and included in many
biomass prediction models e.g. Murach, D. (2008). SQI is an indicator for soil performance in
which many important components were included as introduced in section (3.2.2.3). Similar
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indices were constructed for Czech agricultural soils (Weger, J. et al. 2007) and used in
estimating the potential and zoning the agricultural land for biomass production. In Sweden
the average yield of cereals (oats, barely or/and wheat) in [t/ha/a] that produced in the last 15
years on agricultural land at county/district level was used as an index for soil performance
with integration of climate considerations denoted as “agro-climatic index” (Yudego, B. M. et
al. 2008). The amount of cereals was included in modelling biomass production of short
rotation willow plantations in Sweden.

Stocking density influences significantly the yield of SRF plants. This was proven in the
current work and confirmed in most studies concerning with yield in SRF (e.g. Ciria, M. P.
1992; Dalianis, C. et al. 1992; DEFRA, 2002). The integration of tree number per hectare into
yield models can be seen in some publications like Lui, W. et al. (1993) and Murach, D.
(2008).

Data for other factors like soil nitrogen content, survival rate, amount of fertilizers applied,
application of herbicide, pest and disease control, mean daily solar radiation, access to
groundwater, rotation length, or/and number of cutting cycles which may affect biomass
production in short rotation forestry plantations were not available for this thesis.

5.8 Conclusions

The work was concentrated on modelling site productivity in terms of dry biomass of poplars
planted on arable Saxon land under different stocking densities. Empirical data collected from
several experimental areas were used. Site productivity has been predicted depending on
stand age and site variables using two-step model. In step one age and site variables were
used to model stand dominant height and in step two the constructed dominant height was
involved to predict stand biomass. Depending on data availability the model was
parameterized for four different groups of poplar clones: Androscoggin, Matrix, Max and
Miinden. The model has been tested and validated using several statistical and graphical
methods. Two different scenarios were presented to show the potential of biomass that can be
produced from poplar plantations on arable and former fallow Saxon lands at different
stocking densities. ArcGIS has been used to visualize model application results.

Some conclusions regarding model construction, model test and validation and model
application can be drawn:

e The most significant factors that affect dominant height growth of poplars are:
stand age, AWSC, SQI, T4.7, and Ps_;

e Modelling stand dominant height based on stand age, soil and climate variables
(AWSC, SQI, T4.7, Ps,) is possible by using multiple linear regression with very
high values of coefficient of determination (0.975 — 0.989);

e It was found that the allometric function is the best to model stand biomass
production at a given stocking density depending on stand dominant height;

e With different stocking densities ranging between 1150 and 13,000 stand biomass
functions have coefficient of determination values > 0.933;
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Differences occurring among clone groups in dominant height performance or in
biomass production are related to quality of the data used in model construction and
to genetic differences;

Using the data involved in model construction all statistical and graphical tests for
both dominant height and stand biomass functions have proved reasonably good
model performance;

At different stocking densities per unit area and for different poplar clone groups
the model showed higher sensitivity to altering SQI than that when Ps_¢ changes (it
was introduced in section (3.2.2.3), that AWSC was taken into account during the
construction of SQI, this means that by altering SQI the AWSC will be changed
indirectly);

A new dataset was used to validate the model, model accuracy was satisfactory
with m, % = 15.72 and 26.68 percent for dominant height and stand biomass
estimates, respectively;

The model is applicable at stocking densities of 1550 stems/ha for each of
Androscoggin, Matrix and Miinden clone groups and at densities ranging between
1150 and 13,000 for Max group;

Dominant height and biomass production in a poplar stand can be modelled from
age 2 to 7 years for both groups Androscoggin and Miinden and from age 2 to 9
years for Matrix and Max;

Dominant height and biomass production are predictable for arable lands with SQIs
ranging between 30 and 70, AWSC between 125 and 200 [mm], T4.; between 11
and 15 [°C] and Ps_¢ between 90 and 150 [mm)];

By applying the model to both arable and former fallow lands in Saxony with 1667
stems/ha, a rotation length of 7 or even 9 years is not enough to produce relatively
high yields (> 8 [t/ha/a]) from poplar plantations;

In order to produce a MAI > 8§ [t/ha/a] from poplars (Max group) for more than 50
% of arable or former fallow lands in the first rotation at least 9 years are needed
under stocking density of 4000 stems/ha and 7 years for both stocking densities of
8333 and 10,000 stems/ha; and,

By cultivating poplars (Max group) on the entire former fallow lands of Saxony
with 10,000 stems/ha the potential of biomass production at age 9 years is 520,000
[t/a] which is equivalent of around 250,000 m?* diesel fuel; this amount can be
increased to 9,087,000 [t/a] biomass and 4,367,000 m?* diesel fuel per year if the
whole Saxon arable land is cultivated with these trees.

5.9 Recommendations

For future research, it is recommended to extend the model to further stocking
densities, stand ages, rotations and poplar clones and for other species like willow
and black locust as well;

Wider variations in climatic and soil variables and more replications are needed in
order to improve model predictions;
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e For future work, plotting residuals of dominant height functions against new
climatic and/or soil variables such as access to ground water, soil nitrogen content
or mean daily solar radiation (in case data availability) may probably lead to some
improvements in model predictions;

e It is not recommended to apply the model to regions with extreme values like very
high values of AWSC or precipitation (e.g. southern Germany);

e [tis also not recommended to apply the model to soils with groundwater access;

e The potential of biomass production can be estimated for sandy soils located in dry
regions (e.g. sandy lands located in northern and eastern Saxony);

e Stocking densities below 4000 stems/ ha are not recommended for energetic
purposes in the first rotation if poplar trees are grown for maximum age of 9 years.
However, wood from moderate or low dense stands can be used for other purposes
such as pulpwood, veneer, furniture or planks;

e Relatively high stocking densities N/ha > 8333 are recommended for the first
rotation in order to produce a MAI > 8 [t/ha/a] in more than 50 % of the planted
area for energetic purposes with a rotation cycle of > 7 years; and,

e Due to its attributes and benefits, producing biomass from poplar plantations for
energetic uses is needed and recommended as an alternative energy to replace the
traditional fossil resources in the future.
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6 Summary

The dramatic increase in energy prices has led to higher demand on wood for energy on both
local and global levels and consequently to greater consumption of SRF wood for energy
(SRF is intensive applications of fast growing tree species on agricultural lands for short
rotation periods). Many studies worldwide have investigated growth and yield of SRF
plantations; leading to construction of several empirical and process-based models. Various
approaches were developed using different numbers of predictor variables. Some modelled
the potential of biomass production depending on very few variables e.g. Murach, D. (2008)
who used the transpiration water availability in the rooting zone and stocking density for
predicting the potential biomass production. Other modellers used multiple-variable models
e.g. Converse, T. E. et al. (1995) and Yudego, B. M. et al. (2008).

The current work is concerned with modelling site productivity of specific poplar clones at
a defined harvest age under a given stocking density depending on several influencing factors
(Site productivity is the total biomass that might be produced by a stand on a particular site
at any stage of its development Vanclay, J. K. (1992), West, P. W., (2004)).

Objectives
Specific objectives of the study could be summarized as follows:

e To investigate the availability of arable areas in Saxony for poplar plantations;

e To study the main factors that influence yield and growth of poplar plantations like:
Available Water Storage Capacity of soil (AWSC), Soil Quality Index (SQI named
“Ackerzahlen” in German, they are indicators for arable soil performance),
Precipitation (P), Temperature (T), and stocking densities (N/ha) at different tree
ages;

e To model the potential of biomass production (or site productivity) of different
poplar clones depending on the variables mentioned above; and,

e To estimate the producible biomass of poplars on the arable Saxon land by
applying the model to the entire State and visualizing the predictions on the basis of
Communes data using ArcGIS Software.

Materials and methods

To develop a model for estimation of site productivity (in terms of biomass production), two
steps were completed:

e Step (1) Modelling dominant height of stand (h4om, m) based on age, climatic and soil
conditions (dominant height was calculated in the study by averaging the total heights
of the 10 % largest diameters/ha); and,

e Step (2) predicting stand biomass (t/ha) depending on stand dominant height and
stocking density (stand biomass is the sum of total aboveground oven dry weights of
all individuals in a stand).
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Because of lack of data needed to develop a specific model for each single clone, poplar
clones were classified in four groups according to their genetic parentages and growth
behaviours: (i) Max group comprises five clones: Max 1, Max 2, Max 3, Max 4 and Max 5 (ii)
Matrix group two clones: Matrix and hybrid 275, (iii)) Androscoggin group contains only one
clone: Androscoggin, and (iv) Miinden group also contains only one clone: Miinden. Due to
clonal differences both steps were repeated for the four different clone groups.

Empirical data used for the first step were data collected from Saxon trail areas. Six study
areas were established in the late 1990s covering the soil and climate variations of the Free
State of Saxony. Field measurements were carried out at stand ages 1 — 9 years. Field
measurements included: Diameter at breast height of all trees (all shoots) in a plot, 25 heights
covering all diameter classes were also measured for construction of height curves, for
biomass assessment 10 trees/shoots per plot were chosen covering all diameter classes cut,
weighed, dried in an oven and weighed again. Stand biomass was estimated using the
allometeric relationship between tree dry weight and tree breast diameter. Data needed for
step (2) of modelling included data from Saxon experimental sites and other data acquired
from different German trail areas.

Linear and nonlinear regressions using the SPSS programme (versionl12) were used for
model construction. Variable and model selection was conducted using the following criteria:

e Significance: if the regression is significant at P-value < 0.05;

e All predictor variables included in the model should also be significant at P-value <
0.05;

e R?adj value: regression with the highest value is the candidate model to be selected;
and,

e Minimum Akaike’s Information Criterion (4/C): model with the smallest A/C value
fits best the data “Akaike’s information criterion is a measure of the goodness of fit of
an estimated statistical model. The AIC is an operational way of trading off the
complexity of an estimated model against how well the model fits the data. The
preferred model is the one with the lowest AIC value” Anderson, D. R. (2008).

Several statistical and graphical methods were used for model test and validation. In order
to apply the model to the Free State of Saxony, climatic and soil data were obtained from
Graupa (the Saxon Forest Research Station in Dresden) and from the Saxon State Agency for
Environment and Geology (LfUG) and prepared on the Commune level using ArcGIS
Software.

Results and conclusions

The results and conclusions of this thesis can be categorised into three parts. The first part is
concerned with model construction; the following results can be summarized:
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e Stand age, AWSC, SQI, mean temperature between April and July, and sum of
precipitation between May and June are the most significant factors that affect
dominant height growth of poplars;

e Modelling stand dominant height based on stand age, AWSC, SQI, mean
temperature between April and July, and sum of precipitation between May and
June was done using multiple linear regression with very high values of coefficient
of determination (0.975 — 0.989);

e Stand dominant height was modelled at tree ages 2 — 9 years for both Max and
Matrix groups and at ages 2 — 7 years for both Androscoggin and Miinden groups;

e Depending on stand dominant height (m) as a single predictor variable, the
allometric function was the best to model stand biomass production (t/ha) at a given
stocking density;

e Depending on data availability stand biomass was predictable for N/ha range 1150
— 13,000 in Max group and only for 1550 N/ha in the remaining groups;

e With different stocking densities ranging between 1150 and 13,000 stand biomass
functions have coefficient of determination values > 0.933; and,

e Differences observed among clone groups in dominant height performance or in
biomass production are related to quality of the data used in model construction and
to genetic differences.

The second part of results is concerned with model tests and validation. For example the
average model bias (e) which tests the systematic deviation of the model from the
observations, relative bias (€ %), the standard deviation of model bias or model precision (S,
and S, %), model accuracy which describes the distribution of the total differences between
predicted and observed values (m, and m, %) were computed. Paired-samples t-test was done
for the pair of variables: observed versus predicted in order to test whether significant
differences (P-value < 0.05) between the predictions and observations were occurring. Some
other graphical tests were also done. The following results were obtained:

e Using the data involved in model construction all statistical and graphical tests for
both dominant height and stand biomass functions have proved reasonably good
model performance;

e FErrors in most dominant height and stand biomass functions were normally
distributed;

e The distribution of the percentage deviations € % revealed the bias in the dominant
height estimates of 0.5 % > ¢é % > - 0.5 % in all clone groups;

e The relative precision S, % of dominant height estimates varied from 12.24 % in
Matrix group with the best value to 17.55 % in Miinden with the lowest precision;

e Model accuracy (m, %) in the dominant height estimates ranged between 12.25 %
in Matrix group and 17.56 % in Miinden group;

e In stand biomass estimates the largest absolute bias (€) and relative bias (é %)
occurred in Miinden group with -0.62 [t/ha] and 10.41 % respectively;

e Model accuracy of stand biomass estimates (m, %) ranged between 8.05 and 27.32
03
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e (Qraphical tests of all biomass and dominant height functions showed no systematic
errors;

e At different stocking densities per unit area and for different poplar clone groups
the model showed higher sensitivity to altering SQI than to Ps_¢ changes; and,

e A new dataset from five study areas was used to validate the model, model
accuracy was satisfactory with m, % = 15.72 and 26.68 percent for dominant height
and stand biomass estimates, respectively.

Two different scenarios for model application were discussed in the third part. It was
proposed in the first scenario that the entire Saxon arable soils be planted with poplar trees at
different stocking densities, and the oven dried biomass that can be produced per unit area at
the end of 5-, 6-, 7-, 8- and 9-year rotation cycle was modelled. The same calculations were
done in the second scenario but for the former fallow land of Saxony. Examples for low,
moderate and relatively high stem numbers per hectare were chosen in order to check the
potential of producible biomass covering different levels of stocking densities. The following
results were presented:

e The model was applied at stocking densities of 1550 stems/ha for each of
Androscoggin, Matrix and Miinden clone groups and at densities ranging between
1150 and 13,000 for Max group;

e Dominant height and biomass production in a poplar stand were modelled from age
2 to 7 years for both groups Androscoggin and Miinden and from age 2 to 9 years
for Matrix and Max;

e By applying the model to both arable and former fallow lands in Saxony with 1667
stems/ha, a rotation length of 7 or even 9 years is not enough to produce relatively
high yields (> 8 [t/ha/a]) in poplar plantations;

e In order to produce a MAI > 8 [t/ha/a] from poplars (Max group) for more than 50
% of arable or former fallow lands in the first rotation at least 9 years are needed
under stocking density of 4000 stems/ha and 7 years for both stocking densities
8333 and 10,000 stems/ha; and,

e By cultivating poplars (Max group) on the entire former fallow lands of Saxony
with 10,000 stems/ha the potential of biomass production at age 9 years is 520,000
[t/a] which is equivalent of around 250,000 m? diesel fuel; this amount can be
increased to 9,087,000 [t/a] biomass or/and 4,367,000 m? diesel fuel per year if the
entire Saxon arable land is cultivated with these trees.
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Appendix 1: Some GIS important definitions and examples
Raster

1. A spatial data model that defines space as an array of equally sized cells arranged in
rows and columns, and comprised of single or multiple bands. Each cell contains an
attribute value and location coordinates. Unlike a vector structure, which stores
coordinates explicitly, raster coordinates are contained in the ordering of the matrix.
Groups of cells that share the same value represent the same type of geographic
feature.

2. In ArcGIS, an in-memory representation of a raster dataset. A raster may exist in
memory as a subset of a raster dataset; it may have a different cell size than the raster
dataset; or it may exist using a different transformation than the raster dataset.

Raster dataset
1. In ArcGIS, a raster spatial data model that is stored on disk or in a geodatabase. Raster

datasets can be stored in many formats, including TIFF, Imagine, ESRI Grid, and
MrSid.
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Sum of precipitation for the period May-June as raster dataset in format ESRI GRID
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.
it
Legend
T4-7[°C]
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The mean temperature for the time span April — July, a raster dataset in format ESRI GRID

Shapefile

A vector data storage format for storing the location, shape, and attributes of geographic
features. A shapefile is stored in a set of related files and contains one feature class.
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Communes Map of the Free State of Saxony as an example for shapefile
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Vector

1. A coordinate-based data model that represents geographic features as points, lines, and
polygons. Each point feature is represented as a single coordinate pair, while line and
polygon features are represented as ordered lists of vertices. Attributes are associated
with each vector feature, as opposed to a raster data model, which associates attributes
with grid cells.

2. Any quantity that has both magnitude and direction.

Zonal Analysis

The creation of an output raster in which the desired function is computed on the cell values
from the input value raster that intersect or fall within each zone of a specified input zone
dataset. The input zone dataset is only used to define the size, shape, and location of each
zone, while the value raster identifies the values to be used in the evaluations within the
zones.

Zonal statistics

In ArcGIS Spatial Analyst, the calculation of a statistic for each zone of a zone dataset based
on values from another dataset, a value raster. A single output value is computed for each cell
in each zone defined by the input zone dataset.

Intersect

The intersect tool calculates the geometric intersection of any number of feature class and

feature layers. The features or portion of features which are common to (intersect) all inputs
will be written to the Output Feature Class.
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Appendix 2: Results of the simple linear regressions made to examine the relationship
between stand dominant height and climatic variables; the variables underlined have been
selected

1) Values of R? resulted from simple linear regressions by plotting dominant heights values at
stand ages 2-5 against sum of precipitation values (P) for several time spans during the
growing season

Variable Age
2 3 4 5

P4-5 [mm] 0.151 0.143 0.113 0.010
P4-6 [mm] 0.123 0.100 0.076 0.007
P4-7 [mm] 0.109 0.154 0.138 0.022
P4-8 [mm] 0.173 0.197 0.163 0.032
P4-9 [mm] 0.178 0.166 0.129 0.017
P4-10 [mm] 0.194 0.144 0.104 0.009
P5-6 [mm] 0.175 0.325 0.301 0.098
P5-7 [mm] 0.131 0.283 0.273 0.100
P5-8 [mm] 0.206 0.304 0.266 0.092
P5-9 [mm] 0.208 0.245 0.203 0.053
P5-10 [mm] 0.225 0.205 0.156 0.030
P6-7 [mm] 0.082 0.161 0.156 0.033
P6-8 [mm] 0.184 0.225 0.189 0.046
P6-9 [mm] 0.188 0.175 0.136 0.021
P6-10 [mm] 0.208 0.144 0.100 0.008

2) Values of R? resulted from simple linear regressions by plotting dominant heights values at
stand ages 2-5 against mean temperature (T) for several time spans during the growing season

Variable Age
2 3 4 5

T4-5 [°C] 0.140 0.060 0.035 0.004
T4-6 [°C] 0.150 0.008 0.000 0.052
T4 -7 [°C] 0.249 0.064 0.033 0.017
T4-8 [°C] 0.170 0.046 0.019 0.012
T4-9 [°C] 0.172 0.033 0.010 0.024
T4-10 [°C] 0.166 0.023 0.005 0.036
T5-6 [°C] 0.184 0.036 0.011 0.012
T5-7[°C] 0.200 0.030 0.007 0.017
T5-8 [°C] 0.181 0.050 0.021 0.010
T5-9 [°C] 0.181 0.034 0.010 0.024
T5-10 [°C] 0.174 0.023 0.004 0.036
T6-7 [°C] 0.201 0.056 0.024 0.006
T6-8 [°C] 0.167 0.025 0.005 0.030
T6-9 [°C] 0.184 0.024 0.004 0.036
T6-10 [°C] 0.174 0.014 0.000 0.053
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Appendix 3: Distributions of error (predictions — observations) resulted by applying stand
biomass functions

g: Max group at 1150 N/ha, h: Max group at 7400 N/ha and i: Max group at 13,000 N/ha
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Appendix 4: Observations against predictions for stand biomass functions

g: Max group at 1150 N/ha, h: Max group at 7400 N/ha, and i: Max group at 13,000 N/ha. R?
values are the corresponding coefficients of determination for the linear relationship between
observations and predictions

g h
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Appendix 5: Distributions of error (predictions — observations) resulted from model
validation

a: the predictions of dominant height [m] and b: the predictions of stand biomass per hectare
[t/ha]
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Appendix 6: Scenario proposed for the arable Saxon lands

1) Predicted MALI of stand biomass in [t/ha/a] for Max group with a: 4000 N/ha at stand age of
8 years b: 8333 N/ha at stand age of 7 years
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2) Predicted MALI of stand biomass in [t/ha/a] for Max group with ¢: 10,000 N/ha at stand age
of 8 years d: 10,000 N/ha at stand age of 9 years
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Appendix 7: Scenario proposed for the former fallow Saxon lands

The predicted MAI of stand biomass in [t/ha/a] for Max group with a: 4000 N/ha at stand age
of 8 years b: 8333 N/ha at stand age of 7 years c: 10,000 N/ha at stand age of 8 years d:
10,000 N/ha at stand age of 9 years
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