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The importance of plantation forests has increased steadily since the first  
edition of this book was published in 2006. Plantations supply increasing amounts 
of wood for human consumption as firewood, for paper production, as timber 
for building, or as energy through conversion to liquid fuel or by firing boilers 
to produce electricity. Also, their environmental benefits are being appreciated 
more fully for uses such as remediation of damaged sites, for disposal of indus-
trial and human wastes or by increasing floral and faunal biodiversity in regions 
where native forests have been cleared. Plantations act also as ‘sinks’ for the stor-
age of carbon dioxide, the greenhouse gas that is being emitted to the atmosphere 
in increasing amounts and is believed to be a major contributing factor to climate 
change.

Whatever the use being made of plantation forests, their owners want them to 
grow vigorously and to remain healthy so they can achieve their objectives as soon 
as possible. So varied are plantation forests around the world and so varied are 
the practices necessary to grow them successfully that  it is impossible to consider 
them completely in a single volume. However, wherever successful plantation for-
ests are grown there is a set of scientific principles that underly what is done. It is 
those principles this book describes so that readers anywhere in the world might 
glean some idea as to how their plantations will behave and what problems they 
might face.

I have attempted to reach a wide range of readers, from those with no formal 
forestry education through to forest scientists involved in research. This has meant 
dealing with topics from basic plant biology through to advanced concepts of for-
estry science. To maintain the interest of all readers, I have tried wherever possi-
ble to illustrate the concepts with practical examples drawn from plantation forests 
throughout the world. The decisions as to which topics to include or exclude were 
not easy. In general, I have tried to cover as much as I feel can be taught reason-
ably in a one-semester undergraduate university course on plantation forestry.

Areas of plantation forestry that have developed significantly since the first edi-
tion include the relationship between silviculture and tree wood properties, the use 
of mixed-species plantations, genetic engineering of trees, and concern about the 
long-term sustainability of plantation forests. New material has been added about 
these topics in particular. In addition, research findings in other areas of plantation 
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forestry have been updated. I thank again those colleagues who reviewed all or 
part of the original manuscript. Dr. Geoff Downes kindly offered useful comments 
on the new material that makes up Sect. 3.4  of this edition.

July 2013 P. W. West  

http://dx.doi.org/10.1007/978-3-319-01827-0_3
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1

As the population of the world increases and its economies grow, so does the 
amount of wood people use, for firewood, for building, for paper and for many 
other purposes. Large areas of native forests (that is, naturally occurring forests) 
are cleared every year and converted to other uses. Conservationists are becoming 
increasingly concerned about this. They are insisting that the native forests that 
remain be preserved and used much less for wood harvest.

Plantations are forests created by man, by planting seeds or seedlings, usually 
at a regular spacing. Most contain a single tree species, although plantations of a 
mixture of species are important in some parts of the world. Plantation forestry 
is often like any other agricultural enterprise, aiming to grow highly productive 
forests on relatively small areas of land so that  the land is being used most effi-
ciently. To do so requires that considerable attention be paid to the silviculture of 
plantations, that is, to the tending of the trees to achieve some desired objectives. 
Silvicultural techniques are the principal topic of this book.

There is now a global trend to encourage the establishment of plantations; even-
tually, it is likely that they will produce a large proportion of the wood used around 
the world. Also, plantations are being grown to provide various environmental ben-
efits and may or may not produce wood for consumption at the same time.

1.1  Plantation Forests Around the World

Estimates by the Food and Agricultural Organisation of the United Nations of the 
areas of plantation forests around the world in 2010, are given in Table 1.1. About 
31 % of the land surface of the world (excluding frozen parts such as Antarctica) 
was forested, of which 6½ % (264 million ha) was plantations. A little over one 
half of the plantation area was in just five countries, China, the USA, the Russian 
Federation, Japan and India. In 2005, about three-quarters of the plantations were 
being grown for ‘production’, that is, for wood for building, paper or fuel or for 
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2 1 Plantation Forests

products such as gum arabic, rubber, palm fibre, palm oil or cork (Table 4, Del 
Lungo et al. 2006). The rest were being grown for ‘protective’ functions, such as 
environmental protection, recreation, or small-scale firewood collection. Protective 
plantations were predominantly in Asia (Weber et al. 2011).

Plantations already make a substantial contribution to the supply of wood 
around the world. About 3.4 billion m3 of wood were used throughout the world 
in 2010, just over half for industrial use (building products or paper) and the rest 
for firewood (Table 5.10, FAO 2010); the firewood is mostly used domestically, 
principally in Asia and Africa. ABARE–Jaakka Pöyry Consulting (1999) estimated 
that plantations supply about one-third of the industrial wood; the rest comes from 
native forests. This relatively large production of wood from plantations that make 
up a relatively small proportion of all forests (Table 1.1) emphasises that the pro-
ductivity of plantations is much greater generally than that of native forests. That 
is a result of the attention paid to plantation silviculture.

Over the decade 2000–2010, the area of all types of forests around the world 
declined by an average of 5.2 million ha/year (FAO 2010-Table 2.4), principally 
because of clearing of native forests. By contrast, plantation areas increased by 
an average of 4.9 million ha/year (FAO 2010-Table 5.5). This trend is expected to 
continue, so that the total planation area is anticipated to rise to about 300 million 
ha by 2020 (FAO 2010). According to FAO (2010, p 103), ‘it is evident that wood 
supply [around the world] (particularly industrial roundwood) is shifting from nat-
ural forests to planted forests’.

About three-quarters of the plantation forests around the world are of species 
that are native to the country concerned (FAO 2010-Table 5.4). Three species 
groups dominate plantations, together making up a little over half the world plan-
tation area. The pines (scientifically speaking, members of the plant genus Pinus) 
are most prominent, making up about 35 % of the plantation area. The single spe-
cies China-fir (Cunninghamia lanceolata) makes up about 11 % and eucalypts 
(members of the the genus Eucalyptus) make up a further 8 % (Del Lungo et al. 
2006-Table 5, Annex 1).

The pines are coniferous softwoods and are native to a number of countries, 
principally in the northern hemisphere. Botanically speaking, softwoods are tree 

Table 1.1  The total area (millions of hectares) of land in various parts of the world, together 
with the areas covered by forests and forest plantations in 2010

Location Land Forest Plantations

Africa 2,980 674 15
Asia 3,080 593 123
Europe 2,260 1,005 69
North and Central America 2,140 705 39
South America 1,750 864 14
Oceania 850 191 4
Total 13,060 4,032 264

Source—FAO (2001); Tables 2.3 and 5.3, FAO (2010)



3

species in which seeds do not develop in an ovary. A large proportion of softwoods 
are conifers. That is, they bear cones, the scales of which protect the seeds as they 
develop; the commercially important softwood tree species are conifers.

China-fir is a softwood, native to China, Taiwan and Vietnam. The eucalypts are 
hardwoods and are native to Australia almost exclusively. A hardwood is any tree 
species that produces flowers; their seeds develop within the ovary of the flower.

Not all softwoods have particularly soft wood, nor hardwoods particularly hard 
wood; the balsa tree, the species Ochroma lagopus, is a hardwood renowned for its 
soft, light wood. However, the properties of the wood of the two groups differ in 
various ways that are important for their usefulness; this is discussed in Sect. 3.3.

Of course many tree species other than pines, China-fir and and eucalypts are 
used in plantations. At least 170 species that are used in various parts of the world 
are listed in Del Lungo et al. (2006-Table 5, Annex 1). Softwoods dominate the 
plantation area (about 60 % of the total), but more hardwood species (at least 120) 
are used than softwood (at least 50).

1.2  Purposes of Plantation Forests

Some plantations are grown in developing countries to provide firewood to local 
communities. However, little information is available as to what areas are involved 
around the world for this purpose (Del Lungo et al. 2006).

On all the continents, there are large plantation areas grown to produce wood 
for industrial use, principally for building or paper production. They often cover 
tens of thousands of hectares and are major commercial enterprises. Some are 
publicly owned and some are privately owned. They are important economically 
to the countries concerned, often earning export income and providing employ-
ment, both in their growing and in the processing of the wood they produce. Many 
such plantations are grown for only 10–15 years before harvesting (in forestry, 
the period from planting to final harvest of a plantation is known as a rotation). 
Usually, these produce wood for papermaking or other smaller wood products 
such as posts. Others are grown on 20–30 year rotations, by which time the trees 
will be large enough for their stems to be sawn to produce timber.

An emerging type of industrial plantation is being grown to produce bioenergy 
(Evans 1997; Fuwape and Akindele 1997; Toivonen and Tahvanainen 1998; van den 
Broek et al. 2000; Updegraff et al. 2004; Weih 2004; Andersen et al. 2005; Dickmann 
2006; Hinchee et al. 2009; Mola-Yudego 2011; Stupak 2011; Wicke et al. 2011; 
Mitchell et al. 2012; Tullus et al. 2012). The wood from such plantations is used to 
make energy by burning in boilers to generate electricity or through fermentation to 
produce ethanol (the chemical name for alcohol) for use as motor fuel. Bioenergy 
plantations are usually grown on very short rotations (perhaps of 3–5 years); the small 
size of their trees at harvest is of no importance, because they are simply going to be 
burnt or used for fermentation. Wood residues, left after harvesting or processing wood 
products, are used also for bioenergy production (Eisenbies et al. 2009; Stupak 2011).

1.1 Plantation Forests Around the World
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Apart from these various forms of wood production, plantations are being used 
around the world to provide various environmental benefits as follow:

•	 Plantations may be used as stores of carbon dioxide (Moroni 2013). Trees take 
in carbon dioxide from the air and store it as part of their tissue (Sect. 2.1.2), a 
process shared by all plants. This is considered important because of concerns 
about global warming that is believed to be caused by the release of greenhouse 
gases into the atmosphere through man’s activities. One of the most important 
greenhouse gases is carbon dioxide that is released when fossil fuels (coal, oil 
and natural gas) are burnt. Greenhouse gases trap energy from sunlight, energy 
that would otherwise be reflected back into space from the surface of the earth; 
this leads to global warming.

 About 50 % of the structural matter of plants consists of the element carbon, 
derived from carbon dioxide from the air (West 2009). Wood from plantations may 
end up as building materials or paper that will, eventually, become waste; this will 
ultimately rot down in waste dumps to carbon dioxode and be released back into 
the atmosphere. In the case of building materials, it may take hundreds of years 
from initial use in a building to final discarding in a waste dump (Hennigar et al. 
2008; Kohlmaier et al. 2008; Skog 2008). Ultimately however, forest products will 
return only as much carbon to the atmosphere as was taken up originally in mak-
ing them. Thus, plantations are a commodity that is said to be ‘carbon neutral’.

 This carbon neutrality is the main reason that bioenergy plantations are becom-
ing more important today. If the wood grown in bioenergy plantations is burnt 
ultimately as fuel, it will release back to the atmosphere exactly as much carbon 
dioxide as the plantations took up. This contrasts with fossil fuels, where the 
carbon they contain was stored millions of years ago in the plant material from 
which they derived; burning them today adds additional carbon dioxide to that 
present normally in the atmosphere (carbon dioxide makes up about 0.035 % of 
the atmospheric gases).

•	 Clearing land of forests, for agriculture, for mining or for other reasons, can 
lead to soil erosion by wind or water. Tree roots hold the soil and planta-
tion establishment on cleared land can prevent soil loss, siltation of water-
ways or can otherwise rehabilitate cleared sites (Costantini et al. 1997a; 
Mazanec et al. 2003; Coates 2005; Mercuri et al. 2005; Udawatta et al.  
2005; Rockwood et al. 2006; van Dijk et al. 2007; Weber et al. 2011; Yunusa 
et al. 2011; Jacobs et al. 2012; Ortiz et al. 2012; Tullus et al. 2012).

•	 Clearing forests for agriculture can allow the soil water table to rise, bringing 
salt close to the soil surface. High salinity can prevent growth of agricultural 
crops; this is becoming a serious problem in agricultural areas in various parts 
of the world. Re-establishment of trees on salt-affected sites can draw down 
the water levels in the soil, taking the salt with them and rehabilitating the soil 
(Lambert and Turner 2000; Theiveyanathan et al. 2004; Marcar and Morris 
2005; Feikema et al. 2010; Feikema and Baker 2011; Wicke et al. 2011).

•	 Plantations can be used to dispose of sewage waste, some other forms of industrial 
or agricultural waste and even the ash remaining after burning wood for bioenergy 

http://dx.doi.org/10.1007/978-3-319-01827-0_2
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production (Myers et al. 1996; Labrecque et al. 1997; Rosenqvist et al. 1997; 
Hasselgren 1998; Weih 2004; Mercuri et al. 2005; Morris and Benyon 2005; 
Rosenqvist and Dawson 2005a; Solla-Gullón et al. 2008; Fuentes et al. 2010; 
Rezende et al. 2010; Cavanagh et al. 2011; Tzanakakis et al. 2011; Ortiz et al. 
2012). These are often rich in various nutrient elements (Sect. 2.1.4) that the trees 
take up; their disposal otherwise, often in streams or the sea, can lead to serious 
environmental damage.

•	 Scattering plantation areas throughout a region that has been cleared largely for 
agriculture can enhance biodiversity (the variety of plants and animals that live 
within a region) (Keenan et al. 1997, 1999; Bonham et al. 2002; Hobbs et al. 2003; 
Lindenmayer et al. 2003; Weih 2004; Kanowski et al. 2005b; Hsu et al. 2010; 
Jefferies et al. 2010; Oxbrough et al. 2010; Flashpohler and Webster 2011; Calviño-
Cancela et al. 2012; Tullus et al. 2012). Plantations increase the variety of habitats 
available for animals and other plants, although generally not to the same extent as 
native forests.

Of course, when plantations are established principally to gain environmental ben-
efits, it is often hoped they will provide wood for sale also. In this case, it can 
be just as important as with industrial plantations to use appropriate silvicultural 
practices to ensure wood is produced efficiently.

Finally, plantations have an important role as part of the mix of activities under-
taken on farms; the combination of agriculture with forestry is known as agro-
forestry. In some cases, plantations are simply established on parts of a farm not 
being used for agricultural purposes, perhaps to offer environmental benefits. In 
others, the trees are grown in combination with other activities; other plant crops 
might be afforded protection by being grown between the trees, livestock might be 
permitted to graze between widely spaced trees or the leaves of the trees might be 
fodder for livestock. So diverse are agroforestry systems around the world that it is 
impossible to summarise them here. A number of texts and papers describe them 
in detail (e.g. MacDicken and Vergara 1990; Jarvis 1991; Knowles 1991; Nair 
1991, 1993; Huxley 1999; Shibu, 2009, 2010; Nair and Garity 2012).

1.3  About This Book

In writing this book, my principal problem was to deal with the enormous diver-
sity of plantation forests. Different species are grown in different parts of the 
world, the products they yield differ, the climates in which they grow differ and 
the soil types on which they grow vary enormously. Unless there has been previ-
ous experience with plantations in a particular part of the world, it is impossible to 
say just how they should be managed there.

However, over many years forest scientists have gained considerable under-
standing of how plantations grow and develop and what problems are encoun-
tered with them. It is the scientific principles they have developed that this book 

1.2 Purposes of Plantation Forests
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attempts to describe. It concentrates on plantations where the primary objective is 
the commercial production of wood. However, many of the principles established 
for those plantations apply equally to plantations being grown for other purposes; 
plantation growers generally want their plantations to grow vigorously and to 
remain healthy whatever their purpose. Through an understanding of the science 
of plantation forestry, I hope plantation growers anywhere in the world will gain 
some appreciation of why their plantations behave as they do and what types of 
remedy might be necessary if things go wrong. I have tried to choose examples 
from plantation forests all over the world to illustrate the issues that are discussed.

It should be appreciated that when problems are encountered with a plantation 
forest, the remedy may be neither quick nor easy. For example, suppose a new dis-
ease (Chap. 11) appears that threatens the health of a plantation. It may require a 
very large research effort, over many years and involving many scientists in various 
specialised disciplines, to identify the disease, assess how damaging it is and find 
possible remedies that are neither prohibitively expensive nor damaging to other 
parts of the environment. Such an effort is far beyond the resources of a small planta-
tion grower; only governments, universities, forest research organisations and large 
forestry corporations have the staff and funds available to deal with such issues.

The smaller plantation grower faces special problems in establishing a success-
ful plantation. It is not particularly difficult to plant tree seedlings on what appears 
to be a suitable piece of land and hope they will eventually produce an attractive 
forest. Often they will. However, if the objective is to grow them rapidly to yield 
a valuable wood product in a sufficiently short time to gain a worthwhile financial 
return, the advanced silvicultural practices discussed in this book will have to be 
used. To be commercially successful, the small grower will often need to obtain 
outside, expert advice.

I have tried to make this book accessible to a wide audience, from the farm 
forester who has no specialised training in forestry or the biological sciences, 
through undergraduate students of forestry, the professional forester and, finally, 
the forest scientist. For scientists in particular, I refer to the scientific literature 
so they will be able to access more advanced aspects of a particular topic. Less 
advanced readers will often use grey literature (less formally published material) 
to obtain specific information about plantation forestry in their region; this type 
of material is often produced by research organisations and through government 
agencies. I hope this book will make it easier to read and understand that more 
local material.

To meet the needs of this wide audience has required covering topics from 
quite basic through to advanced levels. For example, Sect. 2.1 introduces some 
basic principles of tree and forest biology, principles well known to readers with 
a biological education. Then, Sects. 2.2–2.4 cover more advanced material that 
describes our present knowledge of how plantations grow and develop during 
their lifetime. I have tried to minimise the use of biological and forestry jargon. 
Nevertheless, many terms will be unfamiliar and a glossary has been included 
as Appendix 1. Words in the glossary are shown in bold type when they are first 
encountered in the text.

http://dx.doi.org/10.1007/978-3-319-01827-0_11
http://dx.doi.org/10.1007/978-3-319-01827-0_2
http://dx.doi.org/10.1007/978-3-319-01827-0_2
http://dx.doi.org/10.1007/978-3-319-01827-0_2
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The book is structured so that Chaps. 2 and  3 give information about the biol-
ogy and growth of plantation forests and the properties and uses of the wood that 
is harvested from them. That information is referred to constantly in later parts of 
the book. From Chap. 4 on, the specifics of plantation silviculture are discussed. 
It follows plantations from the planning stages, through their initial establishment 
and right through to final harvest.

The metric system of weights and measures has been used throughout. A table 
of metric–imperial conversion factors has been included as Appendix 2, together 
with some of the relationships between units in the imperial system.

1.3 About This Book

http://dx.doi.org/10.1007/978-3-319-01827-0_2
http://dx.doi.org/10.1007/978-3-319-01827-0_3
http://dx.doi.org/10.1007/978-3-319-01827-0_4
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Growers want their plantations to be healthy and to grow as rapidly as possible. 
To appreciate how plantation silviculture can achieve this, it is necessary first to 
understand how plantations grow and what resources they need to do so. Forrester 
et al. (2010a) have reviewed the relationships between plantation growth and silvi-
cultural practice, with particular reference to eucalypt plantations; much of what 
they say will apply equally to other plantation species.

This chapter describes the growth of normal, healthy plantations. It concen-
trates on monocultures, that is, plantations of a single tree species, since these 
are the most common types of plantations grown commercially. Mixed-species 
plantations, that is, those that contain two or more tree species, behave differently 
in some respects from monocultures and are discussed in Chap. 13. Much of the 
information in this chapter will be referred to in later parts of the book, as the vari-
ous aspects of plantation silviculture are discussed in detail.

2.1  Basic Plant Biology

For readers without any detailed biological knowledge, this section describes briefly 
the biology of plants in general and trees in particular. Standard texts on plant biol-
ogy can be consulted for more details. More advanced texts, such as the excellent 
volume by Atwell et al. (1999), provide much more scientific detail of plant biology.

2.1.1  Tree Requirements and Characteristics

In common with all plants that grow on land, trees have certain fundamental needs 
that they must obtain from the environment around them. In particular, they need:

•	 Sunlight.
•	 Carbon dioxide from the air.

Chapter 2
Biology of Plantation Growth

P. W. West, Growing Plantation Forests, DOI: 10.1007/978-3-319-01827-0_2,  
© Springer International Publishing Switzerland 2014

http://dx.doi.org/10.1007/978-3-319-01827-0_13


10 2 Biology of Plantation Growth

•	 An appropriate air and soil temperature.
•	 Water and nutrients from the soil.

Each of these will be discussed in more detail later. As long as they are all avail-
able, trees have anatomical, physiological and metabolic characteristics that allow 
them to live and grow. For the present discussion, the most important of these 
characteristics are:

•	 Leaves that take in carbon dioxide from the air and convert it chemically to food 
for the tree, using energy from sunlight in the process.

•	 Branches that support the leaves high in the air to intercept sunlight.
•	 A stem that supports the tree upright, and through which water and nutrients are 

transported up from the roots to the leaves and down which food is transported 
from the leaves to the roots.

•	 Large, woody roots that transport water and nutrients to the stem and anchor the 
tree firmly in the ground.

•	 Living, fine roots that are located at the extremities of the root system and take 
up water and nutrients from the soil. Usually, they are defined in practice as 
roots less than about 2 mm in diameter, but perhaps up to 5 mm (da Silva et al. 
2009; Douglas et al. 2010).

Other land plants have leaves, branches, stems and roots, but what distinguishes 
trees in particular is that they are tall. The tallest in the world, the redwoods 
(Sequoia sempervirens) of California and the eucalypts, mountain ash (Eucalyptus 
regnans) and Tasmanian blue gum (Eucalyptus globulus) of southern Australia 
(Potts and Reid 2003), may grow to over 100 m. Most tree species grow to much 
lesser heights and the definition of what is then a tree and what is a shrub becomes 
rather arbitrary.

The key to the great height of trees is that they have massive stems made of 
wood. Wood is a strong material, its strength coming from the particularly thick 
walls of the microscopic plant cells of which it is made. Wood consists mainly of 
dead tissue. That is, the cells have been emptied of their living contents, so the tree 
needs no longer to supply them with food. Not only do tree stems contain wood, 
but branches and large roots also do.

Wood serves two purposes. It provides strength and is also the pathway through 
which water is transported from the roots to the leaves. The dead, empty wood 
cells can be thought of as a system of interconnecting pipes, through which water 
passes up the whole length of the tree, a process known as transpiration. The  tis-
sue that transports water in plants in general, not just trees, is known as xylem and 
wood is one such tissue.

A thin, outer layer of living tissue (known as phloem) surrounds the wood of 
roots, stems and branches. Food is transported down through the phloem from the 
leaves to the living fine roots, at the extremities of the root system. Between the 
phloem and the wood is a very thin layer of tissue called the cambium. When 
cells in the cambium divide, they form new wood cells towards the inside of the 
stem or new phloem cells towards the outside. Outside the phloem is the bark that 
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consists also largely of dead tissue and serves to protect the thin layer of living tis-
sue beneath it; bark is often 2–3 cm thick.

Speaking ecologically, the great height of trees allows them to carry their leaves 
high in the air. This gives them an advantage in that they can receive the sunlight 
they need and deny light to the smaller, shaded plants below. A tree stem can be 
considered as an engineering structure, in fact simply as a tall, tapered pole. That 
pole must be strong enough to support both its own weight and the weight of the 
branches and leaves it carries. It must also be strong enough to resist the stresses 
to which it is subjected as the wind blows on the tree crown (a term used for the 
foliage and branches of an individual tree). Engineering theory shows that the 
taller a pole, the larger must be its diameter at its base for it to remain upright. So 
is it for tree stems (King and Loucks 1978; King 1981, 1986; Osler et al. 1996b; 
Lundström et al. 2008; Meng et al. 2008; Schelhaas 2008; Zenner 2008; Aiba 
and Nakashizuka 2009; King et al. 2009) and very tall trees must have very large 
stems. The tallest trees have girths at the base of their stems of 20–30 m.

2.1.2  Photosynthesis and Water Use

The surfaces of the leaves of plants that grow on land are covered by microscopic 
holes called stomata. These have a special structure that allows them to open 
and close. When they are open, carbon dioxide may enter the leaves from the air. 
Then, within specialised cells in the leaf, a complex sequence of chemical reac-
tions occurs. Using energy from sunlight, these reactions chemically convert car-
bon dioxide and water into sugars that are energy-containing food for the plant. 
Sucrose (the chemical name for table sugar), glucose and starch are all sugars pro-
duced by plants; both sucrose and starch can be converted into glucose, the form 
of sugar that plants use ultimately as food.

This whole process of food production by plants is known as photosynthesis. 
A by-product of photosynthesis is oxygen that is released from the leaves into the 
air through their stomata. Animals then breathe this oxygen; animal life as we 
know it on earth is possible only because oxygen is released by plants through 
photosynthesis.

The ultimate result of photosynthesis, and use by the plant of the food it pro-
duces, is that plants grow and increase their biomass. The word biomass means 
the weight of a living organism. It may include the water in the organism, when it 
is referred to as fresh biomass. However, since plants take up water from the soil, 
they do not have to produce it chemically; all the other tissues of which plants 
consist derive ultimately from food produced through photosynthesis. Because 
of this, the oven-dry biomass of plants is referred to commonly in biological  
science. This is the tissue weight after the water has been removed by drying; it is 
a measure of what the plant has actually produced through its metabolism.

Unfortunately for plants, not only does oxygen escape from leaves through 
their stomata, but water does also, as water vapour. The living tissue of the leaves 

2.1 Basic Plant Biology
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needs water to stay alive, but the presence of the stomatal holes in the leaves 
means that a lot of water is evaporated from them. On hot, dry days or during 
droughts, plants close their stomata to prevent excessive water loss. However, as 
long as their stomata are closed, they cannot take in carbon dioxide from the air 
and are unable to produce food through photosynthesis. As will be discussed in 
more detail later, the availability of water from the soil is often the most crucial 
environmental factor that determines how well plants grow on any particular site.

2.1.3  Temperature

As temperature varies from season to season and from time to time during any 
day, it affects the rate of metabolism of plants, that is, the rate of the chemical 
reactions within cells that provide the energy and the materials for their growth, 
maintenance and reproduction. If the temperature is too low or too high, the chem-
ical reactions cannot proceed and the plant stops metabolising.

Within this range from too low to too high temperatures, a plant has some 
temperature at which its metabolism and, hence, its growth is maximised. Both 
the temperature at which this maximum occurs and the temperature range within 
which any growth occurs vary from plant species to plant species. Some species 
are adapted to grow better in cooler climates, whilst others grow better in warmer 
climates. Plants do not tend to occur naturally on earth in places where the annual 
average air temperature is outside the range of about 5–45 °C.

2.1.4  Nutrients

Nutrients are chemical elements that play a wide variety of roles in the metabo-
lism of plants; without them, plants cannot survive. There are 15 nutrient elements 
believed to be essential for plants. Table 2.1 lists them and the minimum con-
centrations (averaged over plants generally) at which they need to be present in 
actively metabolising leaf tissue for plants to function normally (the concentration 
of something is the proportion it makes up of the whole of which it is part). For 
nutrient elements in plants, their concentration is usually expressed as a weight of 
the element per unit weight of the oven-dry biomass of the plant.

It is obvious from Table 2.1 that the amount of each nutrient required for plant 
metabolism varies enormously, from 25,000 mg/kg of nitrogen to 0.1 mg/kg of 
nickel and molybdenum. Because the first six nutrients are required in much larger 
amounts than the others, they are referred to commonly as macronutrients. The 
last nine are called micronutrients.

Plants take up virtually all their nutrient requirements from the soil. They do so 
through the living, fine roots at the extremities of the root system. For nutrient ele-
ments to be taken up by fine roots, they must be dissolved in the water that fills the 
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spaces between the particles that make up the soil. Both nutrients and water are 
then taken up together by fine roots.

It is believed that the uptake of water and nutrients is aided by a symbiotic rela-
tionship between fine roots and certain types of fungi ( Sect.11.1), known as myc-
orrhizas. In a symbiotic relationship, both organisms involved derive benefit from 
their association. In the case of a plant and a mycorrhiza, the plant is believed to 
benefit from improved water and nutrient uptake, whilst the mycorrhiza is pro-
vided with food by the plant.

There are many types of mycorrhizal fungi and they are associated with a large 
proportion of tree (and other plant) species throughout the world (Brundrett 2009). 
There are two principal groups of mycorrhizas, ectomycorrhizas that form a sheath 
of fungal tissue around fine roots and vesicular arbuscular mycorrhizas that grow 
within the root. Both extend an extensive fine web of filaments (known as hyphae) 
beyond the roots into the soil; effectively, they increase greatly the surface area 
of the plant root system for uptake of water and nutrients. Many plant species 
are unable to grow and develop adequately unless they have a mycorrhizal asso-
ciation with their roots. Various works give more information about mycorrhizas 
and their importance in forests (Vogt et al. 1997; Siddiqui et al. 2008; Smith and 
Read 2008; Bâ et al. 2010; Brockwell et al. 2011; Cairney 2011; Mukerji 2011;  

Table 2.1  The chemical elements considered essential nutrients for plants

Element Chemical symbol Concentration
(mg/kg)

Macronutrients
 Nitrogen N 25,000
 Potassium K 10,000
 Magnesium Mg 2,000
 Phosphorus P 2,000
 Calcium Ca 2,000
 Sulphur S 1,000
Micronutrients
 Sodium Na 500
 Chlorine Cl 100
 Iron Fe 100
 Manganese Mn 20
 Zinc Zn 20
 Boron B 12
 Copper Cu 3
 Nickel Ni 0.1
 Molybdenum Mo 0.1

The chemical symbol by which each element is known is shown, together with the minimum 
concentration (averaged over plants generally) at which each needs to be present in actively 
metabolising leaf tissue for plants to function normally. The concentrations are shown as mil-
ligrams of the chemical element per kilogram of oven-dry weight of plant tissue. The elements 
required in higher concentrations are known as macronutrients and those required in lower con-
centrations as micronutrients (Source—Atwell et al. 1999)

2.1 Basic Plant Biology
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Robson et al. 2011; Southworth 2012). In their review of the function of ectomy-
corrhizas, Lehto and Zwiazek (2011) suggested that, in large trees, rather than 
mycorrhizas generally aiding water and nutrient uptake, their principal role may 
be to assist nutrient uptake during and after periods of reduced water availability 
in soils, such as drought periods or when the soil has been frozen.

Once water and nutrients have been taken up by the fine roots, both are trans-
ported into the woody roots, then into and up through the wood of the stem and 
branches to finally reach the leaves. This transport of water and nutrients from the 
roots to the top of even the tallest trees is powered directly by energy from sun-
light. The sunlight evaporates water from the leaves, through their stomata, and a 
continuous stream of water is literally pulled right up the length of the tree from its 
fine roots to its leaves. Thus, trees do not have to use any energy from the food they 
have produced through photosynthesis to raise water and nutrients to their tops.

2.2  Principles of Plantation Growth

Consider a newly established forest plantation. Tree seedlings have been raised in 
a nursery (Sect. 5.2) and planted out (Sect. 5.3). Usually, the trees will have been 
planted in rows, typically with 2–3 m between each row and 2–3 m between each 
tree in a row (Sect. 7.2). The soil has been prepared for planting by some form of 
cultivation ( Sect. 5.1). Weeds that might compete with the seedlings have been 
controlled ( Sect. 5.4). Various other treatments may have been applied also to give 
the seedlings their best chance to survive and grow rapidly.

Because of their small size at the time of planting, the seedlings are vulner-
able. They face hazards such as hot, dry weather, insect infestation ( Sects. 10.2, 
10.3), browsing by larger animals ( Sect. 10.4), frost or competition from vigorous 
weed growth ( Sect. 5.4). Often, it is accepted as normal in plantation forestry that 
5–10 % of the seedlings will die from one or other of these causes over the first 
year or so after planting out.

Assuming it survives these early hazards, each seedling will then start to grow. 
During the first year or so, seedlings are so small that their requirements for nutrients 
and water from the soil are correspondingly small. As the trees continue to grow, 
the biomasses of their leaves, branches, roots and stems all increase. Also, the trees 
increase in height and their crowns increase both in length and width. Their root sys-
tems grow deeper into the soil and spread in width. As the biomass of the principal 
living tissues, the leaves and fine roots, of each seedling increases, the amount of 
water and nutrients the seedling requires to keep it alive also increases; the expansion 
of its root system will allow it to take up the extra water and nutrients it needs.

Eventually, the root systems and crowns of the individual trees expand to such 
an extent that they meet those of neighbouring trees. The individual tree crowns 
then form a closed canopy, that is, a more or continuous layer of leaves and 
branches covering the whole plantation area. Below ground, the root systems will 
be spread also more or less continuously over the entire area.

http://dx.doi.org/10.1007/978-3-319-01827-0_5
http://dx.doi.org/10.1007/978-3-319-01827-0_5
http://dx.doi.org/10.1007/978-3-319-01827-0_7
http://dx.doi.org/10.1007/978-3-319-01827-0_5
http://dx.doi.org/10.1007/978-3-319-01827-0_5
http://dx.doi.org/10.1007/978-3-319-01827-0_10
http://dx.doi.org/10.1007/978-3-319-01827-0_10
http://dx.doi.org/10.1007/978-3-319-01827-0_10
http://dx.doi.org/10.1007/978-3-319-01827-0_5
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On some sites, the canopy may become sufficiently dense that it intercepts 
nearly all of the sunlight falling on it, leaving the ground heavily shaded. When 
this happens, there would obviously be no advantage to the trees to increase 
their leaf biomass any further, because there would be no additional sunlight 
for those leaves to intercept. This will happen only on sites that are supplied so 
plentifully with water and nutrients that there is more of both available than the 
trees can use.

On drier or less fertile sites, the root systems of the trees will continue to 
expand until they can gather all of the water and nutrients available to them from 
the soil. Once this happens there will be no opportunity for the trees to increase 
their leaf and fine-root biomasses any further. Under these conditions, the canopy 
will be less dense than on sites where there is more water and nutrients available 
than the trees can use.

It follows from this discussion that there will be a limit to the biomasses of 
the principal living tissues that can be supported on any site. This limit will be 
determined by the availability of sunlight, water or nutrients. In fact, whichever 
of those three is in least supply will determine the limit for a particular site. From 
a forestry point of view, this limit is extremely important. It will determine the 
amount of photosynthesis that can occur on a site at any time, hence, the rate at 
which the trees will grow and so, ultimately, the amount of wood available for har-
vest at any time in the future.

One of the vital resources from the environment required for plant growth, car-
bon dioxide (Sect. 2.1.1), has not been mentioned as one of the factors that could 
limit plantation growth. The amount of carbon dioxide available does not depend 
on the properties of a site, because carbon dioxide is obtained from the air. Fresh 
supplies are brought continuously to any site with the wind. The last environ-
mental factor that affects plant growth, temperature ( Sect. 2.1.3), will affect the 
rate at which photosynthesis, hence growth, may occur at any time of day; maxi-
mum growth rate will occur when the temperature is optimal for the plant species 
concerned.

2.3  An Example of Plantation Growth

The principles of plantation growth established in  Sect. 2.2 will be illustrated 
with an example. This is taken from an experimental plantation of flooded gum 
(Eucalyptus grandis) in south-eastern Queensland, Australia. Flooded gum has 
been an important plantation species in subtropical, eastern Australia and else-
where in the world. The experimental details and some results from the first few 
years of growth were given by Cromer et al. (1993a, b). To provide the informa-
tion for this example, I used those results with a forest growth modelling system 
(adapted from the system of Running and Coughlan 1988 and Running and Gower 
1991) to predict how the experimental plantation would have grown from 1 to 
20 years of age.

2.2 Principles of Plantation Growth



16 2 Biology of Plantation Growth

The results are shown in Fig. 2.1. Note that they are shown as stand results, 
that is, as the weight of oven-dry biomass of all the trees per unit ground area they 
occupy (the units used are tonnes of oven-dry biomass per hectare of ground area). 
Stand is a peculiarly forestry term that refers to a more or less homogeneous group 
of trees in a forest in which an observer might stand and look about him or her.
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Fig. 2.1  The change with age in the stand oven-dry biomass (tonnes per hectare) of leaves, 
fine roots, branches, woody roots and stems and of the stand leaf area index (LAI, m2/m2) of 
an experimental plantation of flooded gum (Eucalyptus grandis) established in south-east 
Queensland, Australia (derived by the present author, based on results of Cromer et al. 1993b for 
plantations that had been fertilised heavily)
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2.3.1  Leaf Development

Figure 2.1 shows that, over the first 3 years, the stand leaf biomass increased 
steadily until it reached a maximum approaching 8 t/ha. This was the period dur-
ing which the small planted seedlings were growing and expanding their crowns, 
until they formed a continuous canopy over the entire plantation area. Thereafter, 
the leaf biomass stayed more or less constant from year to year, with an average 
biomass of about 7.6 t/ha. That is, after 3 years of age, the canopy of the planta-
tion had reached its limit of leaf biomass. That limit will have been determined by 
the availability at the site of water, nutrients or sunlight (Sect.  2.2). In this case, it 
was probably sunlight; the plantation was growing in a region with a high annual 
rainfall (1,440 mm/year) and had been heavily fertilised to ensure there was an 
adequate supply of mineral nutrients.

This development of leaf biomass was matched by a corresponding develop-
ment of the surface area of the leaves. This is illustrated in the bottom section 
of Fig. 2.1 that shows the change with age in leaf area index (often abbrevi-
ated to LAI) of the stand. Leaf area index is the area of the leaves of the can-
opy expressed per unit area of the ground they cover (the units used in Fig. 2.1 
are square metres of leaf area per square metre of ground area covered by the 
canopy). Leaf area is defined as the area of the shadow that the leaves would 
cast if they were laid flat and lit vertically from above; by using a shadow area, 
scientists can define readily the areas of leaves with either flat surfaces or nee-
dle shapes. There are various instruments and techniques available to measure 
the leaf area index of plantations at any time during their life. Texts on forest 
measurement should be consulted to learn more about these methods (e.g. West 
2009).

As can be seen in Fig. 2.1, the leaf area index of the plantation rose to a peak 
of 6.9 m2/m2 at 2 years of age, then declined to a more or less constant value that 
averaged 4.4 m2/m2 over 5–20 years of age. Leaf biomass did not show a simi-
lar peak, although Ogawa (2012) has suggested that it may do so in some plan-
tations. In this case, the peak in leaf area index seems largely to reflect the fact 
that leaves of very young eucalypt seedlings are often much thinner than leaves of 
more mature trees (Doley 1978; Linder 1985; Beadle and Turnbull 1986; Cromer 
and Jarvis 1990; West and Osler 1995; Whitehead and Beadle 2004); the balance 
between increasing leaf biomass with age and increasing thickness of the leaves 
leads to the peak in leaf area at 2 years of age in Fig. 2.1. Such a peak often seems 
to occur in plantations at about the age the individual tree canopies meet to form 
a closed canopy over the whole plantation (Pinkard and Beadle 2000; White et al. 
2010).

Results have been shown here for leaf area index and leaf biomass because 
both are important in understanding how the canopy of a plantation develops.  
Leaf biomass represents the amount of living leaf tissue in which plant metabo-
lism can occur. Leaf area index is important because it is the surface area of the 
leaves that intercepts the sunlight falling on the canopy. The larger the leaf area 

2.3 An Example of Plantation Growth
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index of a stand, the more sunlight will the leaves be able to intercept and, hence, 
the more photosynthesis will they be able to undertake. In fact, considerable 
research has shown that the rate of growth of forests is directly proportional to 
the amount of sunlight their leaves intercept (Atwell et al. 1999, p. 405 et seq.; 
Landsberg and Gower 1997, p. 136; Whitehead and Beadle 2004; Stape et al. 
2008; Binkley et al. 2010). This fact has been used as the basis of many mathe-
matical modelling systems that have been, and continue to be, developed to predict 
how forests grow (Bartelink et al. 1997; Le Roux et al. 2001); it was an important 
part of the model system that I used to obtain the results in Fig. 2.1. Also, leaf 
area index is important in determining the amount of water that may be evapo-
rated from the vegetation canopy and the amount of carbon dioxide that may be 
absorbed during photosynthesis; it has become one of the most useful measures 
available to help describe the behaviour of vegetation in relation to climate (Asner 
et al. 2003).

The leaf area indices reached by plantations vary widely both for different spe-
cies and on different sites. Asner et al. (2003) compiled leaf area index data col-
lected from forests around the world. For plantations, leaf area indices varied over 
the range 2–18 m2/m2. The highest value they reported for any forest type was 
47 m2/m2 for some needle-leafed, evergreen native forests from temperate regions 
of the world. The leaf area index of 4.4 m2/m2 attained by the plantation consid-
ered in Fig. 2.1 is consistent with the figure of 4–6 m2/m2 considered typical as 
the long-term, constant leaf area index of highly productive eucalypt plantations 
(Beadle 1997; Whitehead and Beadle 2004). Just as with canopy leaf biomass 
(Sect. 2.2), the availability of water and nutrients will be the principal factors 
determining the leaf area index that the canopy attains on a particular site (White 
et al. 2010).

Figure 2.2 shows how leaf area index usually varies at different heights down 
through the canopy of a plantation. As the trees grow in height, new leaves 
develop at the top of the canopy but have not yet reached their full size. Thus, 
leaf area index increases progressively from the top down to the mid-levels of 
the canopy, where the leaves have developed fully. Leaves higher in the canopy 
then shade those below that are reaching the end of their lifespan in any case. 
They can no longer carry out any appreciable photosynthesis and are shed, so 
reducing the leaf area index near the base of the canopy. This pattern of leaf dis-
tribution is similar both in individual trees and down through the canopy as a 
whole (Vose 1988; Hashimoto 1990; Osawa 1990; Wang et al. 1990; Mori and 
Hagihara1991; Pulkkinen 1991; Medhurst and Beadle 2001). However, differ-
ences in the way leaves are distributed in the canopy can then lead to further 
variations in leaf area index in different species. In some species, leaves are 
held rather more in clumps than in others. In some species the leaves hang more 
vertically than in others. These leaf arrangements affect the amount of sunlight 
the leaves can intercept. In turn, that determines the total leaf area index of the 
canopy required to intercept the sunlight available (Fleck et al. 2003; Niinemets  
et al. 2004).
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2.3.2  Root, Branch and Stem Growth

It can be seen from Fig. 2.1 that the biomass of the fine roots followed a pattern 
similar to that of leaf biomass. Fine-root biomass eventually reached a more or 
less steady amount, of nearly 15 t/ha after about 5 years of age. This is consistent 
with the earlier discussion (Sect. 2.2) that fine roots will reach a steady, long-term 
stand biomass so they can continue to supply water and nutrients to the steady, 
long-term stand leaf biomass.

The example in Fig. 2.3 came from a flooded gum (Eucalyptus grandis) planta-
tion growing in Brazil and illustrates the distribution of fine roots commonly found 
in forests down the soil profile. By far the greatest proportion of the fine roots was 
located in the top 10 cm or so of the soil. This is the ‘topsoil’, where water from 
rainfall will be found most readily as will nutrients released by the breakdown of 
leaf litter from leaves that have been shed from the canopy. Thus, fine roots tend 
to be concentrated where the resources they take up from the soil are concentrated; 
however, the potential for nutrient uptake by roots at different depths may vary from 
nutrient element to nutrient element (da Silva et al. 2009). Similar patterns of fine 
root distribution occur in other forest types (Valverde-Barrentes et al. 2007; Zhou 
and Shangguan 2007; Bakker et al. 2009; Douglas et al. 2010; Krasowski et al. 2010; 
Persson and Stadenberg 2010; Asaye and Zewdie 2013; Konôpka and Lukac 2013).

By comparison with the leaves and fine roots, the stand biomasses of woody 
roots and branches in Fig. 2.1 continued to increase continuously with age, well 
after the stand biomasses of leaves and fine roots had become more or less steady. 

Fig. 2.2  The leaf area index, 
over 1 m height intervals, 
at various heights through 
the canopy of a 25-year-old 
plantation of Douglas fir 
(Pseudotsuga menziessi) 
grown near Florence, Italy. 
The leaf area index of 
the entire canopy of this 
plantation was a little under 
9 m2/m2 (adapted from 
Fig. 2.4 of Borghetti et al. 
1986)
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Their need to do this follows from the fact that some trees die as the plantation 
grows (Sect. 2.4). Despite the loss of those trees, the biomasses of both the leaves 
and the fine roots in the plantation will remain the same; their amounts will continue 
to be determined by the availability of sunlight, water and nutrients from the site.

To make up for the deaths, each surviving tree will need to increase its leaf and 
fine-root biomass. In addition, it will need to spread further both its crown and its 
woody root system, to support the additional leaves and fine roots. The spread will 
occur into gaps left by the dead trees. Because of the spread, both branches and 
woody roots will have to become longer. Engineering theory shows that, as this 
happens, they will need to become disproportionately larger in diameter, hence 
biomass, to maintain the strength they need to support the weight of the leaves or 
to ensure the tree remains anchored securely in the ground. The increase in branch 
and woody root biomass across the whole plantation will more than offset the cor-
responding biomass lost through tree deaths. Thus, both branch and woody root 
stand biomasses will continue to increase with time.

The stand biomass of stems also continued to increase continuously with time. 
This occurred because trees grow continuously in height. The diameter of their 
stems, and hence their biomass, will have to increase also, or the stem will have 
insufficient strength to support the tree upright (Sect. 2.1).

2.3.3  Growth Variations and Leaf and Root Turnover

There are several other features of the results of Fig. 2.1 that are worth noting. 
First, it is obvious that the long-term leaf and fine-root biomasses were not exactly 

Fig. 2.3  The change with 
depth down the soil profile 
of the fine root oven-dry 
biomass in a 2½-year-old 
plantation of flooded gum 
(Eucalyptus grandis) growing 
in Brazil. Fine roots were 
defined as roots less than 
2 mm in diameter. The 
average height of the trees 
in the plantations was about 
14 m (Laclau et al. 2008) 
(adapted from Fig. 4 of da 
Silva et al. 2009, using data 
for the 100 % flooded gum 
plantation)

0.0

0.5

1.0

1.5

2.0

0.0 0.2 0.4 0.6 0.8

D
ep

th
 in

 s
oi

l (
m

)

Fine root biomass (kg/m3)



21

constant from year to year. Nor were the increases in branch, woody root and stem 
biomasses consistent from year to year.

These variations reflect the fact that weather conditions vary from year to year. 
If one year is slightly warmer than another, it might be expected that growth rates 
might be a little different in that year than in the other. If rainfall was particularly 
low in one year, there might be a shortage of water available from the soil, at least 
for some part of the year. The plantation would respond to the lack of water by 
losing some of its leaves and reducing its leaf area index to a value consistent with 
the reduced water availability; fine-root biomass would be expected to change 
accordingly in that year, to correspond with the change in leaf biomass. Almeida 
et al. (2004b) have given an interesting example for flooded gum plantations in 
Brazil that illustrates how variable plantation growth can be from year to year as 
weather conditions vary. Various authors have shown how leaf area index may 
vary seasonally and annually in a plantation (Almeida et al. 2007; du Toit 2008; 
Stape et al. 2008; White et al. 2010; Sprintsin et al. 2011; Guiterman et al. 2012).

Second, it should be realised that the leaves and fine roots that make up the leaf 
and fine-root biomass are not the same leaves and fine roots all the time. After the 
canopy has reached its maximum size, leaves are shed from its more shaded base 
and progressively replaced by new leaves at its better lit top. There are several rea-
sons for this continual turnover of leaves as follows:

•	 On highly productive sites, such as the one considered in this example, the 
leaves absorb most of the sunlight falling on the canopy. Thus, shaded leaves 
near the base of the canopy no longer receive sufficient sunlight for them to 
carry out photosynthesis. As they then no longer have any use, they are shed by 
the tree and replaced by new leaves near the well-lit top of the canopy.

•	 On less productive sites, where the availability of nutrients from the soil is rela-
tively low, trees may recycle nutrients from the more shaded leaves near the base 
of the canopy to better-lit leaves near the top of the canopy. Those leaves near the 
top are then positioned better to carry out photosynthesis than shaded leaves. The 
now nutrient deficient leaves near the base of the canopy would then be shed.

•	 Living tissue, such as leaves, has a limited lifespan. For leaves this is often around 
2–3 years, but may be less than 1 year or as long as 10–12 years (Ashton 1975; 
Muukkonen and Lehtonen 2004; Whitehead and Beadle 2004; Harlow et al. 2005; 
Muukkonen 2005; Laclau et al. 2008; Stape et al. 2008). When they die, leaves 
are shed and replaced by new leaves. The turnover of leaves may vary seasonally 
also, so that the total biomass of leaves on a tree will differ from season to sea-
son during a year (Sampson et al. 2003; Roig et al. 2005). Of course, in decidu-
ous forests leaves have a lifespan of only 1 year and are all shed and replaced 
annually.

Fine roots too have a limited lifespan that can be as short as a few months but 
can be more than 1 year (Santantonio and Santantonio 1987; Fahey and Hughes 
1994; Rytter and Rytter 1998; Mäkelä and Vanninen 2000; Baddeley and Watson 
2004; Kern et al. 2004; Tingey et al. 2005; Valverde-Barrantes et al. 2007; 
Xiao et al. 2007; Andersen et al. 2008; Jourdan et al. 2008; Hodge et al. 2009;  

2.3 An Example of Plantation Growth
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Krasowski et al. 2010; Persson and Stadenberg 2010). Thus, they are continually 
turned over, as some die and are replaced by new ones.

After they have been turned over and replaced, the dead leaves and fine roots 
rot away in the soil. As they do so, the nutrients they contain are returned to the 
soil. The living fine roots then take up those turned-over nutrients from the soil 
and make them available to new leaves and new fine roots as they develop. The 
importance of this process of nutrient cycling will be discussed in Sect 6.3.

2.4  Growth of Individual Trees

The discussion in Sect. 2.3 concentrated on the growth of plantations as a whole, 
that is, when the total plantation growth is considered over all the individual trees 
that make up the plantation. From a forestry point of view, this is obviously impor-
tant: on sites where more of the resources necessary for growth are available to the 
trees, plantations will produce more wood over any given time than on sites where 
lesser amounts of resources are available.

However, it is not only the total amount of wood that is produced by plantations 
that is important to forestry. Wood is sold from plantations as logs that have been cut 
from the stems of the individual trees. There are certain minimum sizes logs must 
have before they are large enough to be sawn to produce any of the various types 
of sawn timber (or lumber as it is termed in the USA) used in building and for 
many other purposes (Sect. 3.3). Larger logs are able to produce larger timber sizes 
that generally attract higher prices at sale. Hence, it is not only the total amount of 
wood produced by a plantation that is important in determining its value, but also 
the sizes of the stems of the individual trees in the plantation. This section describes 
how individual trees grow in plantations and how their sizes are determined.

After planting, each tree seedling in a plantation starts to grow using the sun-
light, water and nutrient resources available in its immediate vicinity (Sect. 2.2). 
However, different seedlings will grow at somewhat different rates for two rea-
sons. First, each seedling has its own genetic characteristics that will determine its 
inherent growth capability (von Wuehlisch et al. 1990). Second, the availability of 
water and nutrients from the soil may vary quite appreciably from metre to metre 
across the site (Thomson 1986; Phillips 2001; Guo et al. 2004; Hutchings and 
John 2004; Phillips and Marion 2004; Roy et al. 2004; Pollock and Reid 2008). 
These micro-site variations occur for several reasons:

•	 Small-scale variation in the topography of a site influences how water moves 
through the soil and just how much is available to a tree at any particular point.

•	 Variation in the soil parent material (the underlying rock from which soil is 
formed) may influence nutrient availability at any spot.

•	 The spatial arrangement of the trees and other vegetation on the site leading to 
varying water use from spot to spot.

•	 Vegetation that grew on the site before the plantation was established may have 
affected the site, the effects of which will vary from spot to spot.

http://dx.doi.org/10.1007/978-3-319-01827-0_6
http://dx.doi.org/10.1007/978-3-319-01827-0_3
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By the time the seedlings have grown sufficiently large that their canopies and root 
systems have spread to make contact with neighbouring trees, these differences in 
individual growth rates will ensure that some are already taller and larger than oth-
ers. At that stage, the trees start to interact with each other and to compete for the 
sunlight and soil resources available for growth (Sect. 2.2).

Considerable research has been undertaken to understand how trees compete 
with each other in monoculture plantations. Above ground, the principal competi-
tive process is for taller trees to shade smaller trees and deny them sunlight for 
growth (Weiner and Thomas 1986; Hara 1986a, b; West et al. 1989; Schwinning 
and Weiner 1998). This type of competition is known as asymmetric competition; 
since taller trees can shade smaller ones, but not vice versa, the taller plants obtain 
a disproportionately large share of the available sunlight (Schwinning and Weiner 
1998; Park et al. 2003). Below ground, there is symmetric competition between 
the trees for water and nutrients; since the roots of each tree occupy a volume of 
the soil that is proportional to the size of its root system, each tree can take up 
amounts of water and nutrients that are proportional to its size and, hence, its met-
abolic needs (Bartelheimer et al. 2008). These competitive processes between indi-
vidual plants become rather more complex in vegetation that contains a mixture of 
species (Li et al. 2012; Xu et al. 2012)

In monoculture plantations, the result of the asymmetric competition for sun-
light is that taller trees are able to grow disproportionately faster than smaller 
trees. This will lead to an ever-increasing range of tree sizes within the plantation. 
Eventually, some of the smaller trees will be shaded so heavily that they will be 
unable to continue to grow and will die.

The effects of this asymmetric competition are illustrated in Fig. 2.4. It shows 
results, for a plantation of flooded gum in subtropical eastern Australia, of the 

Fig. 2.4  The frequency 
distribution, at 5 (—), 15 
(- - -) and 25 (— —) years 
of age, of stem diameter 
at breast height over bark 
in a plantation of flooded 
gum (Eucalyptus grandis) 
growing in subtropical, 
eastern Australia. The short, 
vertical lines show the 
average diameter of the trees 
in the plantation at each age 
(derived using an unpublished 
plantation growth and yield 
model developed by the 
present author)
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frequency distribution of individual tree stem diameters at breast height over bark 
(forest scientists conventionally measure tree stem diameter at breast height, that is 
1.3 m above ground, or 1.4 m in some countries). Results are shown at three different 
ages of the plantation (it is not the same plantation as that in Fig. 2.1, but the results 
were determined using other information available to me for such plantations).

Frequency distributions are used generally in science to show the distribution 
of sizes amongst a group of things (stem diameters amongst a group of trees in 
this case). Tree stem diameter is shown here because it is used commonly in forest 
science to represent the overall size of any tree; research by forest scientists over 
many years has shown that there is a close correlation between the overall biomass 
of trees and their stem diameters (West 2009).

The results of Fig. 2.4 illustrate how the competitive processes in a monocul-
ture plantation affect the development of individual trees. On average, the trees 
increased in size as the plantation grew; their average diameter increased from 
11 cm at 5 years of age, to 20 cm at 15 years of age and then to 25 cm at 25 years 
of age. At 5 years of age, the plantation contained 1,119 trees per hectare. As 
larger trees suppressed smaller ones through asymmetric competition, and some of 
the smaller trees died, this stocking density was reduced to 929 trees per hectare 
by 15 years of age and then to 759 trees per hectare by 25 years of age.

What is most striking in the figure is how the spread of diameters was affected 
as the plantation grew. At 5 years of age, the range of diameters was 1–17 cm. 
This had spread to 6–34 cm by 15 years of age and, by 25 years of age, even fur-
ther to 7–39 cm. This reflects the disproportionately larger growth rates of the 
taller trees as they shaded the smaller ones.
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Substantial effort and expense are involved in the establishment and management 
of forest plantations. There would be no point in growing them unless they pro-
vide something of value to the plantation grower, either as a financial return or 
otherwise. As discussed in Sect. 1.2, the value of plantations may arise from the 
wood products they produce or the environmental benefits they confer. However, 
in keeping with the general approach of this book (Sect. 1.3), this chapter will 
concentrate on wood production.

From this perspective, several things determine the financial return that an 
investor can expect from a forest plantation:

•	 The rate at which it grows—the faster it grows, the earlier can the plantation is 
harvested and the larger will be the quantities of the products that can be har-
vested from it.

•	 The quality of the wood it produces—that is, the better suited is the wood for 
the products to be produced ultimately from it (Sect. 3.3), the more ready will 
the market be willing to purchase it and the higher the price will it pay.

•	 The costs involved in establishing and managing it—these are determined by 
the labour market in the region where the plantation is being grown, the prices 
of the things needed for establishment and management (seedlings, fencing, fer-
tiliser and so on) and the costs of the research and development the grower has 
undertaken.

•	 The prices received for the products that are sold from it—these are determined 
both by their quality and by the general economic circumstances of the market 
for timber within which the plantation operates.

The economic issues that surround the costs and returns involved in plantation 
enterprises, as alluded to in the last two of these dot points, are more properly the 
realm of text books on forest economics or management (e.g. Davis et al. 2001; 
Bettinger et al. 2009; Zhang and Pearse 2011; Wagner 2012). This chapter will 
not consider these economic issues further, but will concentrate on the biological 
issues of the growth rates of plantations and on the quality of the wood that is pro-
duced from them.

Chapter 3
Growth Rates and Wood Quality

P. W. West, Growing Plantation Forests, DOI: 10.1007/978-3-319-01827-0_3,  
© Springer International Publishing Switzerland 2014

http://dx.doi.org/10.1007/978-3-319-01827-0_1
http://dx.doi.org/10.1007/978-3-319-01827-0_1
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To assess growth rates, a plantation owner will need some way of measur-
ing and expressing them. Section 3.1 discusses the ways in which this is done in 
forestry. An owner will usually wish to assess how well a plantation is growing 
in relation to other plantations in the region, or indeed to other plantations else-
where in the world; this will tell him or her how well the plantation is perform-
ing in comparison with the best practices used elsewhere. Plantation growth rates 
around the world are discussed in Sect. 3.2. Many different characteristics of wood 
determine its suitability for different uses. Section 3.3 describes those characteris-
tics that are most important in determining its quality. These issues of growth rate 
and wood quality, and how they are influenced by plantation silviculture, will be 
referred to continuously in later parts of this book.

3.1  Expressing Growth Rates of Plantations

The rate of growth of trees in a plantation depends on the species planted, the 
environmental circumstances of the site on which it is planted and the silvicultural 
practices that are employed. Much of the substance of this book is concerned with 
these three issues.

Certain conventions are used in forestry science to describe forest growth rates and 
these will be described here using an example, again for flooded gum (Eucalyptus 
grandis) plantations in subtropical eastern Australia (Sects. 2.3, 2.4). Figure 3.1 is 
reproduced from my textbook on forest measurement (West 2009). Figure 3.1a shows 
the change with age in the wood volume contained in the stems of the trees of a typi-
cal flooded gum plantation stand. The shape of this growth curve is typical for forests 
and, indeed, for many other biological organisms; the growth rate increases with time 
initially (up to about 15 years of age in the figure) and declines steadily thereafter.

Given a growth curve like that of Fig. 3.1a, stand growth rate is usually 
expressed in one of two ways. The first is called current annual increment (often 
abbreviated as CAI and also termed periodic annual increment, or PAI). It is the 
immediate growth rate of the stand at any age. It changes with age and is illus-
trated by the solid line in Fig. 3.1b. It shows the increase in growth rate, to a maxi-
mum at about 15 years of age as mentioned in the preceding paragraph, with a 
progressive decline thereafter.

The pattern of change with age in current annual increment evident in Fig. 3.1b 
is typical for plantation forests anywhere in the world (and indeed for many native 
forests). The period whilst the growth rate is increasing, up to 15 years of age in 
the example, is the period when the trees are growing to the stage that the leaf 
and fine-root stand biomasses become more or less constant (Sects. 2.2, 2.3). The 
steady decline in growth rate after the maximum is reached is of great interest 
to forestry. If it did not happen, if growth continued at a constant rate instead of 
declining, forests would yield much more timber at much earlier ages.

The principal theory to explain the decline is known as the ‘hydraulic limita-
tion’ theory. This proposes, first, that as a tree grows taller there is a longer path 

http://dx.doi.org/10.1007/978-3-319-01827-0_2
http://dx.doi.org/10.1007/978-3-319-01827-0_2
http://dx.doi.org/10.1007/978-3-319-01827-0_2
http://dx.doi.org/10.1007/978-3-319-01827-0_2
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through which water must travel from the roots to the leaves; this offers an ever 
increasing resistance to the flow, due to friction with the walls of the wood cells 
through which the water passes. Second, the taller the tree, the greater is the 
gravitational effect resisting the upward movement of water. These effects lead 
to a higher level of water stress in the leaves from time to time. The leaves then 
reduce their degree of stomatal opening from time to time. In turn, this reduces 
the amount of photosynthesis a tree can carry out and, hence, its growth rate. 
Ryan et al. (2006) have reviewed the research that has been done to test this the-
ory. It appears to hold well for many tree species under many circumstances, but a 

Fig. 3.1  (a) Change with age 
in the wood volume contained 
in the stems of the trees of 
a typical flooded gum (E. 
grandis) plantation stand in 
subtropical eastern Australia. 
(b) Change with age in current 
annual increment (―) and 
mean annual increment (- - - 
-) in stand stem wood volume 
for the stand shown in (a) 
(reproduced from Fig. 8.4 of 
West 2009)
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number of issues around it remain to be explained. Research has continued to test 
the theory further (Martínez-Vilalta et al. 2007; Bond et al. 2007; Martínez-Vilalta 
et al. 2007; Mencuccini et al. 2007; Vanderklein et al. 2007; Domec et al. 2008; 
Nabeshima and Hiura 2008; Sperry et al. 2008; Ambrose et al. 2009; Fernández 
and Gyenge 2009; Drake et al. 2010, 2011; Patankar et al. 2011; Piper and Fajardo 
2011; Cramer 2012; Räim et al. 2012; Xu et al. 2012).

A second method used to describe stand growth rate in forestry is called mean 
annual increment (often abbreviated as MAI). This is the average rate of pro-
duction to any particular age of the stand. It is determined simply as the growth 
(stand stem wood volume in the example) divided by the age at which the growth 
is measured. It is probably the most popular measure used by foresters to indicate 
how fast a forest grows. Mean annual increment changes with age during the life 
of the forest; it is illustrated by the dashed line in Fig. 3.1b.

Because both current and mean annual increments change with age, it is impor-
tant to mention what age is being referred to when using them to describe the 
growth rate of any plantation. It is common also when referring to growth rates, 
that foresters will refer to the amounts of wood that can be harvested and sold from 
a forest (often called the merchantable volume), rather than to the total stem wood 
volume. These amounts may even be subdivided further into particular log size 
classes (Sect. 2.4). If this is being done, it is obviously important that the log class 
sizes be defined carefully, so it is quite clear what wood volumes are being referred 
to when expressing a plantation growth rate. Of course, growth rates of things other 
than stem wood volume, things like stand biomass, are often considered by forest 
scientists; the same conventions are used to describe their growth rates.

3.2  How Fast Do Plantations Grow?

Perhaps surprisingly, there is a rather limited amount of published information 
available to give a very reliable answer as to just how rapidly plantations around 
the world can grow. Pandey (1983) collated a large amount of growth data from 
the tropics. Mead (2013) summarised typical growth rates observed in plantations 
of various species around the world.

Figure 3.2 shows results from both Pandey’s work and some other reports 
published since his work. Only measurement data from rapidly growing planta-
tions of hardwood species have been included there. The figure shows how mean 
annual increment in stand stem wood volume of live trees (inclusive of any vol-
ume removed during the life of a stand by thinning the stand, that is, by remov-
ing some of the trees from the stand—Chap. 8) varies with age in those data. In 
all cases, the data were obtained from plantations that had been planted with a 
stocking density more or less normal for commercial plantations grown for wood 
production, say in the range 800–2,500 trees per hectare. Some of the plantations 
had been measured on several occasions and the trajectories of growth of those 
are shown as solid lines. Some had been measured once only and their results are 

http://dx.doi.org/10.1007/978-3-319-01827-0_2
http://dx.doi.org/10.1007/978-3-319-01827-0_8
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shown as single points. The results include data from plantations in Africa, India, 
Asia (Indonesia, Philippines), Oceania (Australia, New Zealand), Hawaii and 
South America. Most of the data are for eucalypt species, with some from other 
hardwood species (Acacia dealbata, Falcataria moluccana, Gmelina arborea and 
Tectona grandis). Figure 3.3 illustrates one of the plantations.

The results suggest that the mean annual increment of the fastest growing hard-
wood plantations increases rapidly to a maximum of about 60 m3/ha/year at about 
6–7 years of age, then declines steadily to just over 30 m3/ha/year at 30 years of 
age. I positioned the dashed line in Fig. 3.2 to represent an upper limit to hard-
wood plantation growth rates around the world. It might be considered as an 
approximate world maximum, by which the growth rate of a hardwood plantation 
can be judged. Results for some particularly fast-growing species are identified 
specifically in the figure; those shown for flooded gum (E. grandis) in Australia 
(Cromer et al. 1993a) are from the example plantation used in Sect. 2.3.

Figure 3.4 shows similar data, but for softwood plantation species. The results 
include data from plantations in Africa, India, Asia (Indonesia), Central and South 
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Fig. 3.2  For fast-growing hardwood plantation forests around the world, a scatter plot of pub-
lished values of mean annual increment (MAI) in stand stem wood volume of live trees, inclu-
sive of any volume removed at thinnings, against age. Plantations for which information was 
reported at several ages are shown as (―) and those with information for a single age as 
(●). Specifically identified plantations are (×) E. grandis in Hawaii, USA (see Fig. 3.3), (O) E. 
dunnii, E. saligna and E. smithii in Africa (each with the same result) (Schönau and Gardener 
1991), (△) E. grandis in Australia (Cromer et al. 1993a), (□) Falcataria moluccana (formerly 
known as Albizia falcataria) in Indonesia (Pandey 1983) and (◊) Gmelina arborea arborea in 
Africa (Pandey 1983). The dashed line (− − −) was positioned by eye by the present author as 
an approximate world maximum for hardwood plantations (Sources—Bradstock 1981; Pandey 
1983; Frederick et al. 1985a, b; Beadle et al. 1989, 1995; Schönau and Gardener 1991; Birk and 
Turner 1992; Cromer et al. 1993a; J.B. Friday 2005, personal communication; Tullus et al. 2012)

3.2 How Fast Do Plantations Grow?
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America and Australia. Most of the data are for species of pine (Pinus) with 
some from two other softwood species (Cryptomeria japonica and Cupressus 
lusitanica).

Fig. 3.3  An example of a hardwood plantation forest that is growing relatively rapidly by world 
standards. It is a 6-year-old plantation of flooded gum (E. grandis) growing in Hawaii, USA; it is 
shown as the symbol (×) in Fig. 3.2. The stand contained 1,210 trees per hectare. Their average 
diameter at breast height over bark was 18 cm and their average height was 20 m (measured by 
J.B. Friday, University of Hawaii) (Photo—West)

Fig. 3.4  Results, similar 
to those of Fig. 3.2, for 
fast-growing softwood 
plantation forests around the 
world. Specifically identified 
plantations are (O) Cupressus  
lusitanica in Africa (Pandey 
1983), (◊) Pinus elliottii 
in South America (Pandey 
1983), (□) P. patula in Africa 
(Pandey 1983) and (△) P. 
radiata in Australia (Myers 
et al. 1996, 1998) (Sources—
Lewis et al. 1976; Pandey 
1983; Myers et al. 1996, 
1998; Toro and Gessel 1999)
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The world maximum for softwood plantations, shown by the dashed line in 
Fig. 3.4, suggests that the growth pattern for fast-growing softwood plantations is 
somewhat different from that for hardwoods. Early growth of softwoods rises to a 
maximum mean annual increment of nearly 50 m3/ha/year at about 15–17 years of 
age, 9–10 years later than the age at which the maximum for hardwood plantations 
is reached. It then declines steadily to just over 35 m3/ha/year at 30 years of age.

These world maxima should be useful guides for plantation growers to indicate 
how well their plantations are performing in relation to the fastest growing plan-
tations in the world. However, a number of things must be borne in mind when 
using them:

•	 They refer to plantations being grown for timber production and established 
at stocking densities of about 800–2,500 trees per hectare. Plantations grown 
under other circumstances may have higher or lower growth rates. For exam-
ple, one of the highest values of mean annual increment reported for plantations 
in the scientific literature is a value of about 100 m3/ha/year, to 3 years of age, 
for the stem wood volume of a small experimental plantation of swamp gum 
(Eucalyptus ovata) growing in New Zealand (Sims et al. 1999). This is a growth 
rate far in excess of the value of about 54 m3/ha/year, to 3 years of age, for the 
hardwood world maximum shown in Fig. 3.2. This was a plantation being grown 
for bioenergy production and there are several reasons why its growth rate was 
so much higher than those shown in Fig. 3.2; these are discussed in more detail 
in Sect. 5.5.1. No doubt world maxima for growth rates of bioenergy plantations 
will be developed as more and more growth data are published from them; they 
are likely to be well above the maxima shown in Figs. 3.2 and 3.4.

•	 Different species will have different patterns of growth rate over their lifetimes. 
Some will grow rapidly early in their lifetime, perhaps approaching the world 
maximum for some years, then may slow their growth rate and fall below it. 
This growth pattern is illustrated by the results in Fig. 3.4 for C. lusitanica in 
Africa. Other species may grow more slowly early in their lifetime, but then 
maintain a relatively high growth rate later in life and reach the world maximum 
at later ages. The results in Fig. 3.4 for Pinus patula in Africa illustrate that 
trend. The growth rate pattern that different species adopt can be very important 
when choosing what species is to be planted at a particular site. If the planta-
tion is to be grown to produce only small trees, say for paper-making or for 
bioenergy, a species that grows rapidly early in its lifetime would be preferred, 
so that as much as possible of the desired product would be available as early as 
possible. However, if the plantation is being grown to produce much larger logs 
for sawing into timber, a species that maintains a higher growth rate later in its 
lifetime might be preferred.

•	 Plantations would be expected to grow at rates as fast as the world maxima only 
under very special circumstances. The temperature regime at the site would 
have to be close to an optimum that maximises the metabolic activity of the 
species concerned (Sect. 2.1.3). The site would need to have a plentiful rainfall 
(or perhaps even be irrigated), together with a soil capable of storing adequate 
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moisture to ensure the trees always have a more than adequate water supply 
(Sect. 2.1.2) for all the year. The soil would have to be very fertile (and perhaps 
supplemented by fertiliser) to ensure the trees have a more than adequate supply 
of nutrient elements (Sect. 2.1.4). Lastly appropriate silvicultural practices must 
have been applied at the site to ensure the trees can avail themselves of all the 
resources available at the site. Few sites anywhere in the world have all these 
desirable characteristics and so most plantations can be expected to have growth 
rates somewhat below the world maxima.

3.3  Wood Quality

World markets for industrial wood (Sect. 1.1) are becoming increasingly discrim-
inating of the quality of the wood that is sold to them. The principal industrial 
products produced from wood are (Shmulsky and Jones 2011):

•	 Timber—this consists of boards sawn from logs that have been cut from tree 
stems. Timber has a multitude of uses, for furniture, flooring, panelling, fram-
ing, boxes, pallets, railway sleepers and many other things. When cut fresh from 
the log, wood contains a lot of water. If it is put into service without drying, it 
will shrink and warp. To avoid this, usually it is dried before it is sold, either by 
being left out in the air for some months or by being heated for some hours in 
a kiln. Wood is a rather variable material that requires a high level of skill and 
advanced technology to ensure it is both sawn and dried successfully. Larger 
pieces of timber can be manufactured from smaller pieces cut from smaller 
logs. These can be finger-jointed and glued together, to make longer boards, or 
many can be glued together to make very large laminated beams.

•	 Plywood—this is a panel product, manufactured by gluing together several lay-
ers of thin veneer. Plywood has many and varied uses, especially in building. 
Veneers of wood with attractive grain are often glued to panels to make feature 
wall panelling. Veneer is produced either by peeling, with a large blade, a thin 
layer from a log mounted in a lathe or by slicing strips from the log.

•	 Particle-based panels and timber—in manufacturing these, wood waste or small 
logs are broken down into small pieces that are then glued and pressed into 
large sheets or boards. The small pieces can be chips, flakes, shavings, sawdust 
or slivers, all of which can be used to make boards with different properties. 
Often these products can be made from the waste left after producing timber.

•	 Other fibre products—these include hardboards, insulation boards and others, 
where, in effect, pulp (see paper, below) is pressed and dried to form large panels.

•	 Round wood products—these include poles, posts, piles and others, where the tree 
stem is simply cut into lengths. Often these products are impregnated with preserv-
ative chemicals; these prevent rotting and decay when the products are in use, espe-
cially where they are sunk partly into the ground or are used in water. Other forms 
of timber that are to be exposed in use are often treated also with preservatives.
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•	 Paper—where wood is first macerated mechanically or chemically to separate its 
individual fibres (Sect. 3.3.1) to make pulp. The pulp is then ground further and 
mixed with water to form a thin mat. The water is drained from the mat that is then 
pressed, rolled and dried to form paper. There is an enormous variety of papers, 
from strong cardboards for packaging to very high-quality papers for fine printing.

The properties that make wood most suitable for paper production, say, are rather 
different from those required of wood to be sawn to produce timber. The study of 
wood, its properties and its conversion to wood products is a specialised field of 
study, far too large to consider in detail in this book. However, the various silvi-
cultural practices used in plantation forestry that are the subject of this book can 
affect appreciably the quality of the wood produced (Sect. 3.4).

Growers may wish to know whether or not wood of a quality appropriate for its 
intended use is indeed being produced whilst the trees are still growing in the plan-
tation. Various techniques have been developed to allow this, either by affixing 
instruments to the tree stem, by taking a small wood samples from the stem, or by 
measuring various stem or branch characteristics either directly or with various forms 
of instrumentation (Downes et al. 1997; Schimleck et al. 1999, 2005; Raymond et al. 
2004, 2010; Joe and Dickson 2006; Moberg 2006; Warren et al. 2009; Briggs 2010; 
Callister and England 2010; Johnstone et al. 2011; Pfautsch et al. 2012).

The remainder of this section will describe briefly some of the properties of 
wood that are important in determining its quality for industrial end uses. Only 
some of the more important properties are described; fuller discussion can be found 
in texts on the subject (e.g. Desch and Dinwoodie 1996; Shmulsky and Jones 2011).

3.3.1  Tracheid and Fibre Length

About 90–95 % of the wood (xylem) of the stems of softwood trees is made up of 
cells (Sect. 2.1.1) known as tracheids. These are long (averaging about 3–4 mm, 
which is long by wood standards), thin (diameter about 0.025 mm) cells arranged 
with their long axes vertically in the stem. Like most cells of wood (Sect. 2.1.1), they 
are dead cells that have lost their cell contents and retain only their cell walls. They 
are joined one to the other by holes through their walls, known as pits. They provide 
the structural strength to softwood tree stems and allow water to be transported up the 
stem, passing from tracheid to tracheid through their pits (making the pipes referred 
to in Sect. 2.1.2). Softwood xylem does contain some living cells, known as paren-
chyma, that act as food-storage tissue for the tree and may produce resin. Some soft-
woods also contain relatively large, hollow resin ducts (Desch and Dinwoodie 1996).

The principal structural support of hardwood tree stems is provided by cells 
known commonly as fibres. These are anatomically similar to, and have much the 
same diameter as, tracheids in softwoods; however, they are much shorter (usually 
a little under 1-mm long). Depending on the species, fibres make up 15–60 % of 
the wood of hardwoods. However, water transport through hardwood tree stems is 
principally through hollow cells known as vessels. Vessels are shorter than fibres 
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(around 0.2–0.5-mm long), but have much larger diameters (varying over the 
range 0.02–0.4 mm). They are often large enough in diameter to be seen with the 
naked eye in a cross-section cut from a hardwood tree stem.

Vessels are commonly arranged one above another in the stem to make long pipes up 
which water can pass. Depending on the species, vessels make up 20–60 % of the wood 
of hardwoods. The presence of excessive numbers of vessels in wood can affect the qual-
ity of paper (Higgins 1984; Downes et al. 1997) and particle-based boards (Macmillan 
1984) because they sometimes come loose from otherwise smooth surfaces. Hardwood 
stems also contain living parenchyma and may also have resin or gum ducts.

Figure 3.5 illustrates the relative sizes of vessels and fibres in hardwoods and 
tracheids in conifers. Fibre or tracheid length varies substantially between different 
tree species and also varies within the stem of individual trees, both vertically up the 
stem and horizontally across its cross-section (Higgins 1984; Hillis 1984; Downes 
et al. 1997; Raymond et al. 1998; Mäkinen et al. 2002c; Watson et al. 2003). The 
length of the tracheids or fibres is particularly important in paper-making. It affects 
the extent to which they weave together to form the final paper and, hence, its 
strength. Because softwood tracheids are longer than hardwood fibres, papers that 
require strength (such as packaging papers, cardboards or newsprint) tend to be 
made with high proportions of softwood pulp. Very high-quality printing papers 
often contain more hardwood pulp. Various other wood characteristics, not just fibre 
length, are also important in paper manufacture and some of these will be alluded 
to in the following subsections. However, paper-making is a complex process and 
many factors, not just wood quality, determine the final paper quality. Because other 
fibre products (hardboards, insulation boards and others) are produced from pulped 
wood, fibre or tracheid length can affect their properties also (Macmillan 1984).

3.3.2  Microfibril Angle

Microscopic examination of the walls of wood cells shows that they are made up 
of long strands called microfibrils that are so small can be seen only with the very 
high magnification of an electron microscope. In turn, microfibrils consist of many 

Fig. 3.5  Relative sizes of principle types of cells that make up the xylem of hardwoods and soft-
woods. Note that in the living tree, these cells are arranged parallel to the axis of the stem, branch 
or woody root (after Shmulsky and Jones 2011)
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strands of a substance called cellulose. Chemically speaking, cellulose is a com-
plex carbohydrate, consisting of many sugar molecules strung together in a long 
sequence. Microfibrils are bound together in the cell wall by a substance called 
lignin. Lignin has a complex chemical structure that has not yet been fully deter-
mined. In effect, lignin can be thought of as being like cement and microfibrils as 
steel reinforcing rods embedded in it (Downes et al. 1997; Déjardin et al. 2010). 
Cellulose and lignin are the two most abundant organic chemicals (that is, chemi-
cals relating to or derived from living organisms) on earth, because about 50 % of 
the dry biomass of plants is composed of them.

The microfibrils are wound spirally around the cell wall. The angle, from the 
long axis of the cell, at which they are wound determines the strength of fibres 
and tracheids, particularly their resistance to bending; the smaller the angle, the 
stronger the cell. In tree stems, the angle is often greater nearer the centre of the 
stem and declines towards the outer parts of the stem cross-section (Hillis 1984; 
Evans et al. 2000; Jordan et al. 2005). Wood with a high microfibril angle tends to 
have appreciably less strength when sawn and suffers more distortion when it is 
dried (Desch and Dinwoodie 1996; MacDonald and Hubert 2002). Little is known 
about the factors that control the microfibril angle in wood (Déjardin et al. 2010).

3.3.3  Wood Density

The density of wood (its weight per unit volume) is the characteristic used, per-
haps most frequently to assist in the assessment of wood quality. It is usually 
expressed as basic density, which is the oven-dry weight of wood per unit volume 
of the undried (fresh) wood.

The dimensions of the cells that make up wood, that is, the thickness of their 
cell walls and the size of the empty space the walls surround, determine the wood 
density at any point in the stem. In hardwoods, the relative frequency of larger-
diameter vessels when compared with smaller-diameter fibres can affect wood 
density. The average basic density of the wood in stems varies greatly from tree 
species to tree species around the world, over a range of about 200–1,200 kg/m3, 
the range being appreciably wider in hardwoods than in softwoods (Desch and 
Dinwoodie 1996). Generally, the average density of wood is lower in stems of 
shorter-lived species that are adapted to grow rapidly in full sunlight during the 
early stages of the regeneration of native forests. Slower growing, longer-lived 
species, that are adapted to grow in the shade below the canopy of the faster-grow-
ing species, ultimately survive to form the mature native forest and tend to have 
stem wood of higher average density; Poorter et al. (2012) have given an interest-
ing example of this. Larjavaara and Muller-Landau (2010) have proposed a mech-
anism to explain why this is so. We will not discuss that further here, but their 
proposal does suggest that faster growth is often associated with the production of 
lower density wood in tree stems; this is consistent with the discussion in Sect. 3.4 
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that it is the effects of silvicultural practices on tree growth rates that principally 
determines wood properties, including basic density.

Looking in finer detail at the wood in individual tree stems, it is found that 
basic density can vary considerably, both with height in the stem and across the 
stem cross-section. In some species, density increases from the inner to the outer 
part of the stem section, perhaps by as much as 100–150 kg/m3. In other species, 
the reverse occurs, and in yet others, there is little change across the section.

Woodcock and Shier (2002) have advanced the interesting hypothesis that 
increases in wood density across stem sections tend to occur in the species that 
grow rapidly in full sunlight. The reverse occurs in the longer-lived, slower grow-
ing species that grow in the shade below the canopy. They suggested that the rap-
idly growing species produce low density wood initially, until they become tall 
enough to be at risk of blowing over or snapping off in the wind. They then pro-
duce denser wood on the outer parts of the stem to increase its strength, hence 
its ability to resist wind damage. The trees that grow more slowly in shade will 
already have much larger stems before they become tall enough to be at risk of 
wind damage and it is unnecessary for them to produce denser wood in the outer 
parts of the stem.

The species used for major plantation forestry developments around the world 
are commonly those that grow rapidly in full sunlight and, hence, are mainly spe-
cies in which basic wood density tends to increase towards the outer parts of the 
stem. Examples of this have been given for various species in various parts of the 
world (Kellomäki et al. 1999; Evans et al. 2000; DeBell et al. 2001; MacDonald 
and Hubert 2002; Zamudio et al. 2002; Mäkinen et al. 2007; Mora et al. 2007; 
Ikonen et al. 2008; Schneider et al. 2008; Gardiner et al. 2011; Watt et al. 2011; 
Chowdhury et al. 2012; Guller et al. 2012).

Some of these works discuss also how density varies with height up the tree 
stem in these species. The stem cambium (Sect. 2.1.1) is progressively younger 
further up the stem (simply because trees grow progressively in height) and 
younger cambium produces less dense wood; in line with the engineering concepts 
of Woodcock and Shier’s theory, there is less need for stronger wood near the tip 
of the tree, because the bending stresses exerted there by the wind are less than 
near the base of the tree. Often, there seems to be markedly less dense wood pro-
duced by the cambium for about 6–10 years and then density increases in outer 
layers of wood beyond that; this column of less dense wood up the centre of the 
tree stem is often termed juvenile wood. Both the age of the cambium and the 
stage of maturity of the tree affect the development of wood across the stem cross-
section and with height up the stem (Burdon et al. 2004; Mora et al. 2007; Ikonen 
et al. 2008; Guller et al. 2012).

Not only does wood density tend to vary generally both across the stem cross-
section and with height up the stem, it also varies at a very small scale across 
the stem cross-section because of seasonal growth of the trees (Shmulsky and 
Jones 2011). When seasonal conditions are most favourable for growth, when the 
weather is warmer or wetter, tree stems grow faster and less dense wood is pro-
duced; this is commonly called earlywood (or sometimes springwood). When 
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conditions are less favourable, growth is slower and denser wood is produced; this 
is termed latewood (or summerwood). The alternation of earlywood and latewood 
in tree stems makes their growth rings.

In some species, in cooler climates especially, growth rings are produced very 
regularly as the seasons change, one ring per year. Their ring widths can be used 
to estimate changes in weather conditions from year to year to reconstruct past cli-
mates (a discipline known as dendrochronology). In other species, and especially 
in more tropical areas where seasonal weather changes are not so marked, growth 
rings are still produced, but not necessarily at clearly defined annual intervals.

The small-scale differences in basic density across growth rings can be very 
large. Evans et al. (2000) used X-ray equipment to measure basic density at less than  
0.5-mm intervals across stem sections of 15-year-old plantation-grown shining gum 
(Eucalyptus nitens) trees. They found that basic density differed by as much as 700 kg/m3 
between the least dense and densest part of some growth rings. Similarly, Bouriaud et al. 
(2004) found differences as large as 600 kg/m3 across stem sections of 55-year-old trees 
of the hardwood beech (Fagus sylvatica), growing in native forests in France.

Wood density is considered as an important characteristic to help define wood 
quality because it correlates reasonably well with a number of the character-
istics important in various end uses of wood. Denser wood tends to be stronger 
and stiffer, properties important for its use in construction. There is an increas-
ing tendency around the world to harvest fast-growing, commercial plantations 
at younger and younger ages. This means that the wood will tend to contain an 
increasing proportion of less dense, juvenile wood. Yang and Waugh (1996a, b) 
found that logs from 19–33-year-old plantation-grown eucalypts could be sawn to 
produce high-quality structural timber, but the average strength of the sawn boards 
was lower in younger trees; hence, it was slightly less valuable commercially. 
Shmulsky and Jones (2011) have discussed the variety of problems that the pres-
ence of juvenile wood can lead to when processing timber.

The thicker cell walls of denser wood tend to contain larger amounts of water 
than the cell walls of less dense wood. This makes denser wood subject to more 
shrinkage when it is being dried in kilns for use in service (Desch and Dinwoodie 
1996; Hillis 1984; Blakemore 2004). As well, the need to remove more water from 
it makes it more expensive to dry; however, because it is stronger, denser wood is 
less likely to suffer collapse of cells during drying and the development of small 
splits (commonly referred to as checks) in the dried wood (Ilic 1999; Oliver 2000).

The strength of particle-based panels and timber is determined more by the 
strength of the glue than by the strength of the wood; thus, less dense wood can 
be used to make panel products that are just as strong but are cheaper to press, cut 
and transport. Denser eucalypt wood has been found to be more difficult to peel 
when making veneer to produce plywood (Macmillan 1984).

Because it contains more wood per unit volume, denser wood tends to give a 
higher yield of pulp in paper-making. However, it is easier to collapse the thin-
ner cells in less dense wood. This leads to better bonding between the cells when 
they are made into paper, which in turn, leads to stronger paper (Higgins 1984; 
MacDonald and Hubert 2002).

3.3 Wood Quality
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3.3.4  Grain Angle

The orientation of fibres and tracheids (Sect. 3.3.1) within the stem is known as 
the grain direction. When they are aligned parallel to the axis of the stem, the 
wood is said to be straight-grained. Commonly, they tend to be at a slight angle 
and, more extremely, may even be spirally arranged around the stem. In some 
cases the direction of the spiral changes as a tree grows over several years, when 
the tree is said to have interlocked grain (Desch and Dinwoodie 1996; Shmulsky 
and Jones 2011). The grain direction may vary systematically across the stem 
cross-section in some species (Hillis 1984; MacDonald and Hubert 2002).

Localised variations in grain direction, together with the changes in colour that 
occur with annual growth rings (Sect. 3.33) can lead to highly attractive grain fea-
tures. These can be very important for the manufacture of high-quality furniture or 
in other timber to be used as a decorative feature. Different sawing patterns can be 
used to emphasise these highly desirable features of some timbers.

For more prosaic uses of timber, such as in construction, timber strength tends 
to decrease as the grain angle increases and the degree of distortion during drying 
tends to increase (MacDonald and Hubert 2002). These effects can be exacerbated, 
if the tree stem was bent during growth, because the angle of the grain in the sawn 
board will vary as the saw cuts straight through a bent stem; distortions during 
drying will then vary greatly at different distances along the board. For products 
where wood is reduced to small particles or is macerated (paper or particle-based 
panels and timber), grain angle is of little importance.

3.3.5  Sapwood and Heartwood

As the stem of a tree increases in diameter with age, it eventually contains more 
wood than is necessary to transport from the roots the water required by the leaves 
(Sect. 2.1.1). Older wood, closer to the stem centre, is then converted to what is 
known as heartwood, through which water is no longer transported. Sufficient sap-
wood is left in the outer part of the stem cross-section to provide the water-trans-
port needs.

Heartwood is often darker in colour than sapwood. Its formation involves the 
deposition by the tree of a wide range of chemical substances known as polyphe-
nols; because they can be extracted from heartwood by boiling in water, alcohol 
or other solvents, they are known also as extractives (Hillis 1984; Shmulsky and 
Jones 2011). These substances fill the empty cells in heartwood and are deposited 
in their walls. The blockage of the cells prevents any water transport through them. 
Any live parenchyma tissue (Sect. 3.3.1) dies.

Some of the extractives deposited in heartwood may be toxic to, or at least 
repellent to, fungi (Sect. 11.1) or insects (Sect. 10.2) (Shmulsky and Jones 2011). 
Fungi and insects can rot or decay timber in service, or even the stem wood in the 
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tree when it is still alive. Because of its resistance to rot and decay, heartwood 
may be much more durable in service than sapwood (Hillis 1984); the durabil-
ity of both varies widely between species. The blockage of the cells in heartwood 
may make it more difficult to dry than sapwood. It may also make heartwood more 
difficult to penetrate with liquids, such as the anti-fungal or insecticide chemicals 
with which round wood products, such as posts, are often treated to preserve them 
when in use (Shmulsky and Jones 2011). Other extractives may affect pulping 
properties of wood, the adhesion of glues or the degree of shrinkage and collapse 
of cells during drying (Higgins 1984; Hillis 1984). However, the deposition of 
extractives does not affect the basic characteristics of cell walls or the basic den-
sity of the wood and so there is no difference in strength between timber sawn 
from heartwood or sapwood.

As fast-growing, commercial plantations are harvested at younger and younger 
ages, there will be an increasing need to deal with wood that contains a lower pro-
portion of heartwood than has been usual in the past.

3.3.6  Reaction Wood

Trees that lean, or are bent by winds that blow consistently from one direction, 
develop what is known as reaction wood (Barnett et al. 2012). This is positioned 
eccentrically around the stem, reaching its greatest development in the direction of 
the force that promotes its development. Reaction wood is present consistently in 
branches that are bent normally under their own weight.

In softwoods, the reaction wood develops on the side of the stem or branch that 
is under compression (that is, on the side towards which the tree is leaning, on 
the side towards which it is being blown or on the under-side of branches) and is 
known as compression wood. In hardwoods, the reverse occurs and tension wood 
develops on the side of the stem or branch that is under tension (Shmulsky and 
Jones 2011). In some hardwood species, appreciable amounts of tension wood 
have been found in stems of vertical trees that do not seem to have been subjected 
to any excessive bending forces; this is probably a response to normal swaying in 
the wind (Washusen 2002; Washusen et al. 2002; Washusen and Clark 2005).

Compression wood is denser and darker in colour than surrounding tissues. 
Its tracheids tend to be shorter in length than in normal wood and the cell walls 
are more heavily lignified and have a higher microfibril angle, giving it reduced 
strength. When dried, compression wood shrinks far more than normal wood. This 
gives particular problems if a sawn board contains some compression wood; when 
dried, the excessive shrinkage of the compression wood may cause the board to 
bow (Desch and Dinwoodie 1996).

Tension wood contains fewer and smaller-diameter vessels than normal wood. It 
has a lower proportion of lignin in the cell walls and so tends to be paler in colour. 
The inner cell walls of its fibres have a gelatinous layer, made largely of cellulose. 
As with compression wood, tension wood has abnormally high shrinkage (Hillis 
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1984; Washusen et al. 2000a; Washusen and Evans 2001) and its cells may collapse 
when dried, causing further defect in timber (Bootle 1983). Its low lignin content 
means that fibres tend to be pulled out of the timber as it is sawn, rather than being 
cut cleanly; this leads to a more roughly cut surface (Desch and Dinwoodie 1996).

3.3.7  Growth Stresses

As a tree grows and wood cells form from the cambium (Sect. 2.1.1), the newly 
formed cells become stressed, a phenomenon in trees known as growth stress. 
The word ‘stress’ is being used here in an engineering sense, where an object is 
stressed when a force stretches, compresses or twists it; the stress is measured 
as the force applied per unit area of the object. When the stress on an object is 
relieved by removing the force causing it, the object returns to its original size and 
shape; the change in dimensions of an object caused by stress is known as strain 
(Raymond et al. 2004).

It is not known exactly how wood cells become stressed during their develop-
ment (Wilkins 1986). Recent theories suggest that it has to do either with the way 
lignin is deposited as it binds microfibrils in the cell wall or as cellulose contracts 
as microfibrils are formed (Yang and Waugh 2001). Whatever their cause, the 
relief of growth stresses in tree stems when timber is sawn from them can cause 
such serious distortions in the sawn boards that they may be rendered useless. 
Even when the tree is first felled, relief of growth stresses can cause major cracks 
to appear right across the stem, extending for several metres up the tree (Page 
1984; Kauman et al. 1995; Yang and Waugh 2001).

Different species vary greatly in the extent to which growth stresses occur 
within their stems. It has been thought generally that, as trees grow in diameter, 
the stresses within the stem are spread over larger areas; hence, the stresses tend to 
be less in the outer parts of the stems of large trees that can then be sawn with less 
damage occurring (Hillis 1984). So severe are the growth stresses towards the cen-
tre of stems in some species that the structure of the wood can be damaged for as 
much as one third of the width of the stem. This wood is known as brittleheart and 
is much reduced in strength (Hillis 1984; Desch and Dinwoodie 1996; Yang and 
Waugh 2001). However, more recent work with eucalypts (Raymond et al. 2004) 
has found that the distribution of growth stresses across stems can be highly vari-
able and very difficult to predict for any particular tree stem.

Growth stresses are generally much less in softwoods than in hardwoods. Some 
eucalypts (which are hardwoods) are particularly renowned for their high levels 
of growth stress. This causes considerable damage to the quality of boards sawn 
from them, particularly in younger, plantation-grown trees (Yang and Waugh 
2001; Yang et al. 2002; Chauhan and Walker 2004). However, the larger (that is, 
the faster-growing) trees in a plantation at a particular age may have a lower gradi-
ent of stress from the inner to the outer parts of the stem cross-section and, hence, 
show less damage in sawn boards (Wilkins and Kitahara 1991a, b).
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Methods have been developed to assess and predict the level of growth stresses 
within stems of trees, even whilst they are still standing (Fourcaud and Lac 2003; 
Forcaud et al. 2003; Yang and Ilic 2003; Raymond et al. 2004; Yang et al. 2005). 
Various ways of handling stressed stems have been developed to minimise conse-
quent damage during processing (Page 1984; Yang and Waugh 2001).

3.3.8  Knots

Where a branch has grown from the stem of the tree, a knot develops in the stem 
wood. Eventually, as the tree grows taller, branches on the lower part of its stem 
lose their leaves, die and are shed by the tree (Sect. 9.1). However, the knot 
remains in the stem wood, extending for a distance determined by the length of 
time the branch was held on the tree.

Knots can give a very attractive appearance to the surface of sawn timber and, 
in some species, can make the timber extremely valuable for the manufacture of 
the highest-quality furniture or panelling (Desch and Dinwoodie 1996). In general, 
however, knots are the chief source of defect in sawn timber, either in its structural 
strength or the quality of its surface appearance (Kellomäki et al. 1989; Waugh and  
Rosza 1991; Yang and Waugh 1996a, b; Washusen et al. 2000b; MacDonald and 
Hubert 2002; Yang et al. 2002; Wang et al. 2003; Pérez et al. 2003; Washusen  
and Clark 2005; Moore et al. 2009). Other sources of defect are the presence of 
gum or resin, splits, stem pith, sloping grain (Sect. 3.3.4), holes left by agents such 
as wood-boring insects or excessive taper or crookedness of the stem (McKimm et 
al. 1988; Waugh and Rosza 1991). These are less common problems than knots and 
will not be discussed further.

The larger the knot, the more likely it is to cause a serious defect in sawn wood. 
It is common in plantation forestry to remove branches by pruning to minimise 
the occurrence and size of knots. Pruning is discussed in detail in Chap. 9.

3.4  Silviculture and Wood Quality

As markets have become increasingly concerned about the quality of wood sup-
plied by plantations, there has been increasing interest in the effects on wood qual-
ity of the environmental circumstances under which plantations are grown (Briggs 
2010). These circumstances include site factors, such as soil fertility and climate, 
as well as the effects of the silvicultural practices which are applied to promote 
plantation growth.

At the cellular level, research has led to some understanding of the physiologi-
cal processes and genetic control involved with wood development in tree stems 
(Kramer 2006; Eder et al. 2009; Déjardin et al. 2010; Du and Groover 2010; 
Risopatron et al. 2010). Based on this work, Downes et al. (2009) and Drew et al. 

3.3 Wood Quality
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(2010) developed a model system to predict day-by-day wood cell tissue devel-
opment in individual eucalypt tree stems. In the model, water availability and 
air temperature are considered to be the environmental factors most important in 
influencing wood development and determining tree growth rates. Both of these 
factors are assumed to affect photosynthetic production by the tree and production 
by young leaves of a plant hormone called auxin. Plant hormones are chemical 
substances that are produced naturally by plants and control certain of their growth 
processes. Auxin is one such hormone, known particularly for its effects in pro-
moting cell enlargement; it is known to affect wood development in trees (Uggla 
et al. 2001). There are a number of other hormones that have various other effects 
on cell development.

In Drew et al’s model, auxin is assumed to move from the leaves, down the 
tree stem to the cambium where wood is developing; the concentration of auxin 
reaching a particular point in the cambium determines the size that developing 
cells attain and, hence, wood density at that point in the stem cross-section. The 
model does not at present address how microfibril or grain angle develops. Models 
of wood development in some coniferous species do not operate at the fine detail 
of the day-by-day cell development model of Drew et al., but rather they predict 
development of individual wood rings within tree stems (Mäkinen et al. 2007; 
Ikonen et al. 2008; Savva et al. 2010; Gardiner et al. 2011).

Over the last decade or so, considerable research has aimed to elucidate how 
environmental changes affect the wood properties that are important for its use 
in practice. Particular attention has been paid to the effects on wood basic den-
sity (Sect. 3.3.3) and ‘stiffness’. Wood stiffness is generally correlated with 
density (Yang et al. 2003; Lindström et al. 2004; Lachenbruch et al. 2010; Watt 
et al. 2010b); it defines the ability of wood to resist bending under load, clearly 
an important characteristic for wood to be used in building. It is measured as the 
modulus of elasticity of wood, defined in turn as the ratio of the bending pres-
sure applied to a piece of wood (stress, as defined in its engineering sense in the 
Glossary) to the degree to which the piece of wood is bent (strain, in its engineer-
ing sense). The remainder of this section will concentrate on effects on wood basic 
density and stiffness.

It has become evident that environmental effects that accelerate tree stem  
diameter growth rates, whether due to site characteristics or silvicultural prac-
tices, lead often to the production of wood with reduced stiffness. As discussed 
in Sect. 2.1.1, a tree stem may be considered as a pole supporting the leaves and 
branches high in the air. To remain upright, a pole must have at least some mini-
mum diameter at its base, a diameter that may be reduced as the stiffness of the 
material from which the pole is made increases. Thus, trees which grow larger in 
diameter, because of favourable environmental effects, will not require their stems 
to be made of wood with such high stiffness as slower growing trees. This effect 
has been observed in a wide range of plantation species, both softwoods and hard-
woods, mostly reported as results from experiments where tree diameter growth 
rates were accelerated in stands established with wider initial spacing (Sect. 7.2) or 
from which trees had been removed by thinning (Chap. 8) (Watt et al. 2006, 2011; 
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Jiang et al. 2007; Roth et al. 2007b; Waghorn et al. 2007; Raymond et al. 2008; 
Schneider et al. 2008; Lasserre et al. 2009; Moore et al. 2009; Warren et al. 2009; 
Zhang et al. 2009b). However, the effect does not always occur and thinning has 
been reported to have had no effect on stiffness (Gagné et al. 2012). In such a case, 
faster-growing trees with larger diameters may well have far greater stem stiffness 
than they need to ensure that they remain upright; it is not uncommon for trees to 
have such a ‘safety factor’ built in (Osler et al. 1996b), so that their stem strength 
is greater than it needs to be, so allowing for extreme weather events such as unex-
pectedly violent storms.

Acceleration of stem diameter growth rate often leads also to a reduction in 
wood basic density (MacDonald and Hubert 2002; Guilley et al. 2004; Jaakhola  
et al. 2006; Cao et al. 2008; Ikonen et al. 2008; Schneider et al. 2008; Antony et al. 
2009; Crous et al. 2009; Drew et al. 2009, 2011; Lasserre et al. 2009; Love-Myers 
et al. 2009; Warren et al. 2009; Tran et al. 2010; Savva et al. 2010; Antony et al. 
2011; Gardiner et al. 2011; Watt et al. 2011; Park et al. 2012), although not always 
(Gaspar et al. 2009b; Gerendian et al. 2009; Kojima et al. 2009; Moore et al. 2009; 
Gagné et al. 2012; Guller et al. 2012). A reduction in density is often accompanied 
by a reduction in wood stiffness (Schneider et al. 2008; Warren et al. 2009; Watt 
et al. 2011), but both do not go together always (Lasserre et al. 2009; Moore et al. 
2009).

This research on the effects of tree stem diameter growth rate on wood basic 
density and stiffness has considered both softwood and hardwood plantation spe-
cies, although softwoods more commonly. It gives the general impression that 
faster tree diameter growth reduces wood density and stiffness, no doubt by pro-
ducing wood with thinner cell walls and with larger empty spaces that the walls 
surround. However, this is not always the case and studies which have looked in 
fine detail at the properties of the individual cells produced in response to growth 
rate changes show that it is the relative degree of production of latewood and 
earlywood that often determines the final, overall average density of the wood 
produced. Latewood is denser than earlywood. Thus, if a higher proportion of late-
wood is produced when tree diameter growth rate accelerates, wood with a greater 
overall, average density may be produced rather than wood with lower overall 
density. Downes et al. (2002) attempted to describe how wood density relates to 
latewood and early wood development as reflected in the width of growth rings.

Gaspar et al. (2009b) considered research dealing mainly with softwoods and 
concluded that environmental factors such as air temperature and soil water avail-
ability determine at what time of year growth occurs and, hence, whether latewood 
or early wood is being produced, with its consequent effects on wood density. 
Wimmer and Downes (2003) reached similar conclusions for mature Norway 
spruce (Picea abies) trees growing in Germany. These conclusions are consistent 
with the model system developed for eucalypts mentioned earlier (Downes et al. 
2009; Drew et al. 2010) where temperature and water availability were the factors 
assumed to drive growth rates and wood production.

An example that illustrates the effects of the balance between earlywood 
and latewood production was given by Gonzalez-Benecke et al. (2010) for an 

3.4 Silviculture and Wood Quality



44 3 Growth Rates and Wood Quality

11-year-old experimental plantation of loblolly pine (Pinus taeda) in south-eastern 
USA. Irrigation of the plantation from mid-summer through to late autumn led to 
increased tree diameter growth when compared with trees that were not irrigated. 
However, the irrigation only had this effect when applied late in the growing sea-
son, when the trees were producing mainly latewood. The density of the latewood 
itself was unaffected, but because the irrigated trees then had a higher proportion 
of latewood than earlywood, the overall density of the wood produced during that 
year was higher in the irrigated trees. Thus, faster growth resulted in higher, rather 
than lower, wood density.

Other studies which examined earlywood and latewood production in detail, 
under circumstances where tree diameter growth rates were affected by silvicul-
tural practice, have found similar effects, with overall wood density sometimes 
being increased and sometimes decreased depending on the circumstances at the 
time growth was affected (Downes et al. 2006; Jaakkola et al. 2006; Watt et al. 
2006; Cao et al. 2008; Ikonen et al. 2008; Gaspar et al. 2009b; Love-Myers et al. 
2009; Savva et al. 2010; Guller et al. 2012; Medhurst et al. 2012; Park et al. 2012). 
Differences between temperature and water availability across various sites have 
also been found to have effects on wood density (Kojima et al. 2009; Stoehr et al. 
2009).

Whilst much further research needs to be done, it appears at present that both 
silvicultural practices and climatic characteristics of a site may influence the qual-
ity of wood which is produced, particularly through their effects on water avail-
ability to trees or to the temperatures to which the trees are exposed. These effects 
may or may not lead to increased diameter growth rates of trees and may be 
accompanied by increases in, decreases in or no effects on wood properties; these 
influences on wood properties vary between different species and often depend on 
the timing of the changes in environmental effects at different times of the year. 
There seems to be little evidence that silvicultural effects per se lead to effects 
on wood properties. Rather, it is the effects of silviculture on the environmental 
circumstances of the trees that determine their wood properties. For any particular 
species growing under any particular circumstance, these properties will remain 
difficult to predict until research has provided a more thorough understanding of 
the physiological processes that control wood development.
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Chapters 1–3 have introduced plantation forestry in general and established the 
biological principles surrounding plantation growth and wood quality. The rest of 
this book will be concerned with more specific details of the silvicultural and man-
agement practices that are used today in growing plantation forests.

If a plantation programme is to be newly developed or expanded in a region, 
the initial problems are social, rather than scientific or biological. These must 
be overcome through a clear vision of what the plantation programme can offer, 
through provision of incentives to encourage investors to take part, through mini-
misation of policy or legal constraints to the programme and through identification 
of the likely impacts of the programme so that measures may be taken to address 
the needs and expectations of the community (Underwood 2006). However, from a 
purely practical forestry point of view, the crucial questions are:

•	 What land is available to be used for the plantations?
•	 What species is to be grown?
•	 How well will the plantations grow?

The sections in this chapter deal with these three questions.

4.1  Land Availability

Often communities feel threatened by the advent of a new or expanded plantation 
enterprise in their region and may protest against land being made available for it. 
Gerber (2011) reviewed numerous conflicts that have occurred in the southern hemi-
sphere, particularly in developing countries. These have arisen principally through 
land being taken over for plantations. This has led to local inhabitants, often poor, 
being denied further use of the land and being shifted away, often without compen-
sation, often against their will and sometimes by force; many have ended up in urban 
slums. Non-governmental organisations have often joined the local population in 
their protests and have assisted with legal challenges to the plantation developments.

Chapter 4
Choosing the Species and Site

P. W. West, Growing Plantation Forests, DOI: 10.1007/978-3-319-01827-0_4,  
© Springer International Publishing Switzerland 2014

http://dx.doi.org/10.1007/978-3-319-01827-0_1
http://dx.doi.org/10.1007/978-3-319-01827-0_3


46 4 Choosing the Species and Site

An interesting example from a developed country illustrates how serious conflict 
was avoided over development of a plantation programme in a 7,000 km2 region 
in subtropical, northern New South Wales, Australia (Leys and Vanclay 2011).  
A volunteer committee of local residents was established to address local concerns. 
Through a structured process and with input from experts in various disciplines, 
the committee considered issues that included whether or not plantation expansion 
posed an increased fire hazard, reduced the local population by reducing agricultural 
activity, threatened the livelihoods of farmers or the profitability of local businesses 
and what threats were posed by the use of pesticides to control weeds or insects in 
the plantation. Through this, local residents gained a far greater appreciation of what 
plantation forestry involved. Some of the perceived threats to the community were 
recognised as being non-existent and some guidelines were developed for the plan-
tation growers to follow to alleviate problems that the community had identified.

Even when societal concerns have been addressed, some land will be unavail-
able for plantation use simply because it is not for sale; its present owner may 
wish to use it for other purposes. Even if it is for sale, it might be so expensive that 
it would be unfeasible commercially for a plantation forest. Often there are also 
government land-use planning constraints imposed on land availability. Other agri-
cultural pursuits, urban use, water catchment or environmental protection might be 
deemed as more appropriate uses for particular land areas.

Thus, to rationalise conflicting land-use and societal issues may require complex 
and protracted negotiations with government agencies, forestry companies, land 
owners and community groups to establish finally what land is potentially availa-
ble for plantation establishment in any particular region. Various methods and tools 
are available to assist in assessing the conflicting options during these negotiations 
(Ive and Cocks 1988; Baird and Ive 1989; Johnson et al. 1994; Kangas and Kangas 
2005; Kangas and Leskinen 2005; Mendoza and Prabhu 2005; Sheppard 2005; 
Sheppard and Meitner 2005; Diaz-Balteiro and Romero 2008; Leskinen et al. 2009; 
Leys and Vanclay 2011; Gelo and Koch 2012; Kröger and Nylund 2012).

Many works have discussed the social, policy and environmental issues to be faced in 
developing forestry programmes, all of which can restrict the availability of land (Spencer 
and Jellinek 1995; Hall 1997; Race and Curtis 1997; Whiteman and Aglionby 1997; 
Walters et al. 1999, 2005; Herbohn et al. 2000, 2005; Gerrand et al. 2003; Lockie 2003; 
Schirmer and Tonts 2003; Spencer et al. 2003; Williams et al. 2003; Kanowski et al. 
2005; Luckhert and Williamson 2005; Muhammed et al. 2005; Clifton et al. 2006; Dare 
et al. 2011, 2012; Stewart et al. 2011; Gelo and Koch 2012; Kröger and Nylund 2012; 
Nahuelhual et al. 2012; Nosetto et al. 2012; Obidzinski et al. 2012; Raboin and Posner 
2012; Van Holt et al. 2012; Vihervaara et al. 2012; Gordon et al. 2013).

4.2  Selecting the Species

Once it has been established that it is feasible to develop a plantation programme 
in a region and that land is available to do so, considerable thought needs to be 
given to what species should be planted.
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Because plantations are generally monocultures, the species used in major pro-
grammes around the world are usually those that grow well naturally in full sun-
light (Onyekwelu et al. 2011). More shade tolerant species tend to occur naturally 
in the later stages of the successional process in more complex natural forests; 
they are adapted to survive and grow, albeit rather slowly, when heavily shaded 
below the canopies of faster growing species. Given that, the principal factors that 
then govern the choice of the species for a plantation programme are:

•	 The ability of the species to provide whatever products are desired ultimately 
from the plantation.

•	 Its ability to grow at an adequate rate on the sites available.

The choice may be simple. If there is already a successful plantation programme 
in a region, with well-established markets for the products, chances of commercial 
success are probably highest if a new plantation enterprise uses the same species. 
However, if a plantation programme is to be started in a region where none exists 
already, the choice is far more problematic. Pragmatic considerations will limit the 
possibilities. Only species with qualities appropriate to the desired products would 
be considered. The supply of seed from trees in native forests may be inadequate 
to supply the needs of the plantation programme initially (Onyekwelu et al. 2011). 
There might be specific requirements of the programme. For example, Watt et al. 
(2008) found that Mexican white cedar (Cupressus lusitanica) used less water 
from a site than radiata pine (Pinus radiata) over short rotations on the same sites 
in New Zealand; they concluded that Mexican white cedar might be the preferred 
species if water conservation in dryland areas was a principal goal. Once these 
various issues have been considered, the final choice may then rest on the ability 
of the species to grow adequately in the environment of the region.

Where a species from some other part of the world is being considered, systems 
known as ‘climate envelope models’ (Hijmans and Graham 2006; Pearson et al. 
2006) may be of assistance. Such models are based on the assumption that a species 
may grow adequately anywhere that the climate is similar to that of the region where 
the species occurs naturally. They have been used extensively for ecological studies 
of vegetation distribution and how it might alter in response to changes in climate. 
Such a model has been developed specifically for plantation forestry (Booth 1985; 
Booth et al. 2002). It has been applied to consider the potential for various planta-
tion forest species in various parts of the world (Booth 1985, 1991, 2005; Booth  
et al. 1989, 1999; Booth and Jones 1998; Jovanovic et al. 2000; Booth and Jovanovic 
2002). As an example, Fig. 11.1 shows where this model predicted that climatic 
conditions might be suitable in South Africa for the establishment of plantations of 
flooded gum (Eucalyptus grandis), a species native to the east coast of Australia.

Of course the present natural distribution of a species does not reflect neces-
sarily the full range of climatic circumstances under which that species may grow 
adequately. Thus, a climate envelope model may fail to identify some regions of 
the world where a species will in fact do well. It also takes no account of soil 
characteristics that may be just as important as climate in determining whether or 
not a species will grow well. Hackett and Vanclay (1998) described a model sys-
tem that predicted plant growth in relation to both climatic and soil characteristics.  

4.2 Selecting the Species
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To apply their system requires some knowledge of how well any particular plant 
species grows in relation to these characteristics and of soil and climate condi-
tions in the region of interest. This is a form of ‘mechanistic model’ (Hijmans 
and Graham 2006). Publicly available computer software has been developed to 
apply this model that is named PlantGro (Hutchinson 2005). It allows predictions 
of growth to be made for over 1,500 different species of agricultural, horticul-
tural and forestry interest. Other mechanistic models, using Hackett and Vanclay’s 
approach, have been developed also (Booth 1998; Hijmans et al. 2012). Booth 
(1998) used his mechanistic model to assess where climatic and soil conditions 
in Africa might be suitable to establish plantations of river red gum (Eucalyptus 
camaldulensis), an Australian species grown widely around the world, especially 
in areas where soils are saline. Booth et al. (1999) applied the model to two tree 
species in Vietnam, whilst Thwaites (2002) used the model to map areas suitable 
for plantation establishment in parts of tropical north Queensland, Australia.

Ultimately, tools such as these only give guidelines as to what species might be 
appropriate for use in a new plantation enterprise. Once the choices have been lim-
ited to a few possibilities, it will be necessary to establish trials of the various spe-
cies across the region of interest to compare their performance (Close et al. 2010a; 
Lee et al. 2010). These may show that different species perform better in different 
environmental circumstances across the region and, hence, that more than one spe-
cies should be used in the plantation programme; sophisticated techniques are avail-
able to judge which species is most suited to what circumstances (Caulfield et al. 
1993). For major plantation programmes, it may be decades before final decisions 
are made as to which one or several species are most suitable for the programme.

4.3  Site Productive Capacity

Once the species to be used and the land areas available in a region for planta-
tion establishment have been identified, the grower will wish to determine which 
particular sites are most suited to that species and will offer the best return on the 
investment. In commercial forestry, this usually means determining how fast a 
plantation will grow on any particular site under consideration that is, determining 
the site productive capacity.

By site is meant ‘an area of land that can be managed homogenously and will 
produce a more or less constant wood yield across it from a particular plantation 
species’, a definition adapted loosely from Louw and Scholes (2002). In West 
(2009), I defined site productive capacity as ‘the total stand biomass produced by 
a stand on a particular site, up to any particular stage of its development, when the 
stand has been using fully the resources necessary for tree growth that are avail-
able from the site’; this is a rather formal way of saying simply how fast a planta-
tion will grow on a site.

Only brief mention will be made here of what measures of site productive capac-
ity are used in forestry; they are discussed in more detail in forestry texts (e.g. West 
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2009; Weiskittel et al. 2011b). One measure that has been used for many years is 
known as site index. It is defined as the dominant height (which is the average 
height of the tallest trees in a stand) at a particular age. Research over many years and 
forest types has shown that this measure correlates very closely with biomass produc-
tion. A second measure, being used more commonly in recent times, is the maximum 
mean annual increment (Sect. 3.1) in stand stem wood volume observed on a site. It is 
usually one or other of these measures of site productive capacity that it is attempted 
to predict when assessing the suitability of a site for plantation establishment.

4.4  Predicting Site Productive Capacity

When a new plantation programme has been started recently in a region, there will 
be little specific information available to allow proper assessment of the produc-
tive capacity of any site. Only the experience available from other agricultural 
crops, or observation of the growth of native forests, will provide a guide as to 
which particular sites will grow plantations rapidly.

However, once some plantations have been established, it will be possible to 
gather information from them and develop systems to relate plantation produc-
tivity to the environmental circumstances of the sites on which they are growing. 
Such systems can then be used to predict plantation productivity on sites that have 
not been considered previously for planting.

From time to time and place to place around the world, many different sys-
tems of this nature have been developed. Louw and Scholes (2002) and Ryan et al. 
(2002) have reviewed a number of the approaches that have been used. They will 
be summarised in the next three subsections.

4.4.1  Site Classification Approach

The first approach involves classifying sites into those that are more productive 
and those that are less productive. These systems can be quite simple. They may 
be used initially in a region, before substantial amounts of information are avail-
able from detailed research studies of the plantations already established there.

A simple example of this approach is described by Kerr and Cahalan (2004), 
for plantations of common ash (Fraxinus excelsior) in Great Britain. Common 
ash is becoming an important plantation species in Europe and parts of Asia and 
Africa, because it grows rapidly and produces wood of high quality with a variety 
of uses. In Kerr and Cahalan’s case, the productivity of existing ash plantations in 
Great Britain was assessed as high, medium or low in relation to each of four envi-
ronmental factors. The factors were temperature (that was assessed as being in one 
of eight classes, from colder to warmer), rainfall (eight classes), soil fertility (six 
classes) and soil moisture availability (eight classes).

4.3 Site Productive Capacity
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Their system is used by determining the class, for each of the four environmen-
tal factors, to which a particular site of interest belongs. The productivity of ash 
that would be expected on the site is then predicted as that which is the lowest 
based on those classes. This assumes that ash growth is determined by whatever 
environmental factor most limits its growth on the site.

This concept of growth at a site being determined by the environmental fac-
tor that is in most limited supply derives from work with agricultural crops 
(Hackett 1991). Another forestry example, rather more sophisticated than Kerr and 
Cahalan’s, is a system developed by Laffan (1994, 2000), where the same concept 
was used to predict productivity of eucalypt plantations in Tasmania, Australia; 
Osler et al. (1996a) tested Laffan’s system and showed it was quite reliable.

There are various other examples of productivity assessment systems based on 
classification of sites (e.g. Gasana and Loewenstein 1984; Turvey et al. 1990; Ares 
1993; Andersen et al. 2005; Bravo-Oviedo and Montero 2005). Some of these sys-
tems require far more detailed measurement of the environmental characteristics, 
of the climate or soil, of a site than does Kerr and Cahalan’s (Foster and Costantini 
1991a, b; Turner et al. 1996, 2001; Wall and Westman 2006; Ross et al. 2008).

4.4.2  Regression Approach

Where more detailed information is available from a region, the regression 
approach is used commonly to develop a system to assess site productivity 
capacity. Later, it will become evident from where the term regression approach 
derives.

This approach requires the accumulation of substantial quantities of data on 
both the productivity of previously established plantations and the environmental 
characteristics of the sites on which they have been grown. The data are then used 
to develop an equation to predict productivity from the environmental character-
istics. Different researchers have used different sets of environmental characteris-
tics to do this, sets that they considered included the environmental characteristics 
that were most important in determining plantation growth in their region of 
interest. These characteristics may include climatic factors (such as rainfall 
or temperature), soil factors (such as soil depth or content of nutrient elements) 
and topographic factors (such as slope of the site or its aspect). Both Louw and 
Scholes (2002) and Ryan et al. (2002) listed a variety of environmental character-
istics that have been used by various researchers, from time to time and place to 
place, in developing regression systems.

An interesting example of the regression approach comes from Shoulders and 
Tiarks (1980), for pine plantations in Louisiana and Mississippi in the south-
ern USA. Experimental plantations of four species, loblolly (Pinus taeda), slash  
(P. elliottii), longleaf (P. palustris) and shortleaf (P. echinata) pine, had been estab-
lished at each of 87 sites over the region; these four species are native to the region 
and are important for plantation forestry there. The average height of the taller 
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trees in the experimental plots was measured at 20 years of age; these measure-
ments gave a site index measure (Sect. 4.3) of site productive capacity for each 
species at each site.

Previous experience suggested to Shoulders and Tiarks that the amount and 
seasonal distribution of water available from the soil was the most important envi-
ronmental factor determining the rate of growth of pine species in the region; 
hence, for each experimental site Shoulders and Tiarks used long-term weather 
records to determine its average warm season (April–September) and cool sea-
son (October–March) rainfalls. They measured also the water holding capacity of 
the soil that is determined principally by its depth and texture (Sect. 5.1), and the 
slope of the site, that influences how much rainfall runs off it. Using the data from 
all the experiments, they were developed a separate equation for each of the four 
species that showed how site index was related to these various environmental var-
iables. For example, the equation they developed for slash pine was:

where S is site index (metres), RW and RC are the annual average rainfalls (mm) in 
the warm and cool seasons, respectively, θ is the slope of the site (percent) and WC 
is the water holding capacity of the soil (percentage of the soil volume). The equa-
tions developed for the other three species were similar in form, although the values 
of the constants (known as the parameters of the equation) differed for each species.

It is not the place here to discuss exactly how scientists decide what form such 
an equation should take, nor how the values of its parameters are determined. 
Suffice to say that the mathematical statistical technique known as regression anal-
ysis is used; hence, we use the term regression approach. Regression analysis is 
used widely across all areas of science, wherever it is desired to determine how 
one particular variable (site index in this example) is related to others (the envi-
ronmental characteristics in this case). Standard texts are available that describe 
regression analysis and its use (e.g. Draper and Smith 1988; Fox 2008).

To use Shoulders and Tiark’s equations, the seasonal rainfall, ground slope and 
soil water holding capacity must be determined for a site where consideration is 
being given to the establishment of a plantation. Equation 4.1 can then be used to 
predict how well slash pine would grow on that site. Their other equations would 
predict how well each of the other species would grow.

I chose Shoulders and Tiarks’ example because it considered four species and 
so allows comparison between them. Figure 4.1 illustrates this. It was drawn using 
the equations for each of the four pine species. These equations indicate that slash 
pine generally grows faster than any of the other three species; wherever the cool 
season rainfall exceeded about 705 mm and the warm season rainfall exceeded 
about 660 mm it certainly does, as indicated by the region marked as slash pine in 
Fig. 4.1. However, where seasonal rainfall falls below those limits, one or other of 
the other three species may grow faster than slash pine; the regions marked in the 
figure for each of the other three species indicate where each would grow faster 
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than slash pine. Hence, this site productivity prediction system will assist growers 
to decide which species would be most productive on any particular site.

There are many other examples of the regression approach to prediction of site 
productive capacity (Corona et al. 1998; Uzoh 2001; Hökkä and Ojansuu 2004; 
Romanyà and Vallejo 2004; Stape et al. 2004; Grigal 2009; Watt et al. 2009b, 2010a; 
Grant et al. 2010; Pinno et al. 2010; Afif-Khouri et al. 2011; Farrelly et al. 2011). 
Although similar in principle to the regression approach, some different statistical 
techniques are now being applied to establish the relationship between productivity 
and environmental variables (e.g. Wang et al. 2005; Afif-Khouri et al. 2011)

4.4.3  Process-Based Model Approach

In more recent times, process-based mathematical models of forest growth are 
being developed for use as systems to estimate site productive capacity. By pro-
cess-based is meant that the models are based on knowledge of the physiological 
processes that occur in plants and how those processes are affected by the environ-
mental circumstances in which the plants are growing.

Fig. 4.1  Regions, delimited by cool season and warm season rainfall, where height growth to 
20 years of age of loblolly (_____), longleaf (___ _ ___) or shortleaf (- - - -) pines will exceed that of 
slash pine. The results derived from experimental plantations grown in Louisiana and Mississippi 
in the USA. In drawing these diagrams, it was assumed the plantations were growing on a site 
with a slope of 3° and with a potentially available soil moisture content of 10 % (derived from 
the site index prediction models of Shoulders and Tiark 1980)
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Process-based models are the most recent development in forest growth and 
yield modelling. The discipline of growth and yield modelling is very important 
in commercial forestry; mathematical models capable of predicting the amounts 
of wood that plantations will produce some time in the future are used by forestry 
organisations throughout the world as part of their planning.

In the past, growth and yield models have been empirical models. That is, 
they are developed using large amounts of data collected from plantations that 
have already been established. These data are then used to derive equations that 
relate forest growth behaviour to the environmental circumstances of the forest. 
Equation 4.1 is a good example of an empirically derived equation.

Process-based models attempt to predict directly the photosynthetic production 
by the plantation canopy, usually on a daily or monthly basis. Photosynthetic pro-
duction is determined by the specific physiological characteristics of the species 
concerned. These include:

•	 The way its leaves are arranged in the canopy to intercept sunlight.
•	 The chemical efficiency of its photosynthetic system.
•	 The way its metabolic processes are affected by air temperature.
•	 Its ability to keep its stomata open as soil water availability decreases 

seasonally.
•	 The size and distribution of its fine roots in the soil and their efficiency in taking 

up water and nutrients.

With research by specialists in these fields, these characteristics can be determined 
and described mathematically. They can then be incorporated into a process-based 
model to predict growth of the plantation as sunlight, temperature, the amount 
of water available from the soil and the availability of nutrients from the soil all 
change seasonally and from year to year as the forest grows. Whilst the develop-
ment of process-based models requires detailed study of the physiological charac-
teristics of the species concerned, their advantages over empirical models are:

•	 They require less data from previously established forest for their development.
•	 They are more likely to make reliable predictions when novel environmental 

circumstances are encountered or novel plantation management practices are 
proposed. Empirical models are notoriously unreliable if they are used to make 
predictions for new circumstances, outside the range of conditions included in 
the data used to develop them.

The development of forest growth and yield models is a highly specialised field 
of forestry science and will not be considered further here. Many works discuss 
both older and more recent approaches to forest modelling (e.g. Vanclay 1995; 
Battaglia and Sands 1998; Mäkelä et al. 2000; Peng 2000a, b; Davis et al. 2001; 
Le Roux et al. 2001; Avery and Burkhart 2002; Porté and Bartelink 2002; Mäkelä 
2003; Matala et al. 2003; Almeida et al. 2004a; Battaglia et al. 2004; Valentine and 
Mäkelä 2005; Weiskittel et al. 2011b).

A model named ProMod (Battaglia and Sands 1997; Sands et al. 2000a; Booth 
2005) is an example of a process-based system being used for prediction of site 

4.4  Predicting Site Productive Capacity
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productive capacity. ProMod predicts the maximum mean annual increment in stem 
wood volume production as its measure of site productive capacity (Sect. 4.3). It has 
been used to draw a large-scale map showing where, across the whole of Tasmania, 
Australia, sites might be found where growth rates would be appropriate for estab-
lishment of plantations of Tasmanian blue gum (Eucalyptus globulus) (Mummery 
and Battaglia 2001). The same model system has been used to produce small-scale 
maps of how productivity might vary across individual plantation areas, say of tens 
of hectares (Battaglia et al. 2002). Of course the scales at which the environmen-
tal characteristics (rainfall, temperature and soil information) of sites must be meas-
ured will vary from large scale to small scale correspondingly; obtaining suitable 
environmental data at both those scales can present difficulties in itself (Mummery  
et al. 1999; Thwaites and Slater 2000; Mummery and Battaglia 2001, 2002; 
Battaglia et al. 2002; Ryan et al. 2002; Thwaites 2002). There are other examples 
both of the development of process-based models and their use to map potential for-
est productivity over large areas (Landsberg and Waring 1997; Coops et al. 1998; 
Sands and Landsberg 2002; Landsberg et al. 2003; Almeida et al. 2004b, 2007; 
Fontes et al. 2006; Swenson et al. 2006; Rodríguez et al. 2009; Waring et al. 2010; 
Mason et al. 2011a; Weiskittel et al. 2011a).

As a concluding comment to Sect. 4.4, it is important to realise that none of the 
methods developed to predict site productive capacity will do so exactly. The predic-
tions can differ quite substantially from the eventual productivity realised on a site 
(Verbyla and Fisher 1989; Osler et al. 1996a; Battaglia and Sands 1998). Inevitably, 
there will be environmental factors that influence growth at a site and that are not 
included as part of the prediction system. It may be that such factors have simply not 
been identified, or they are so difficult to measure it would be impractical to include 
them as part of the system. As well, the silvicultural practices actually applied to 
a plantation may differ from those that were used when the productivity prediction 
system was developed; this may lead to either faster or slower growth than predicted. 
Nevertheless, systems such as those described here are used very widely around the 
world, wherever it is necessary to assess the potential productivity of land for planta-
tion growth.
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Once the land and the species have been chosen for a forest plantation, the real 
work of establishment can begin.

Initially, there will be various tasks to get the plantation area into a condi-
tion suitable for tree planting. Forest or other vegetation pre-existing on the area 
may have to be cleared and the debris stacked and burnt. The boundary may have 
to be fenced for security or to keep out larger animal pests (Sect. 10.4) or graz-
ing livestock, both of which might damage newly planted seedlings. Roads and 
tracks will have to be installed to allow vehicles to move about the plantation area. 
Minor engineering works, such as small bridges or culverts, may have to be under-
taken. Drainage works might be necessary to make parts of the area trafficable or 
to make waterlogged areas suitable for tree planting. Firebreaks may have to be 
established around the outer perimeter of the plantation.

Areas inappropriate for plantation establishment will have to be identified. 
These might be steep areas, where there are risks of erosion, or strips along stream 
edges (called riparian strips) that are left unplanted to avoid silting of streams or to 
act as refuges for wildlife. There are often government regulations that specify in 
detail these environmental protection measures. They may even include retention 
of clumps of pre-existing native vegetation or large, old trees, both of which may 
provide suitable habitats or refuges for native animals. Large, old trees retained in a 
plantation can reduce appreciably the growth of the plantation trees in their vicinity 
(Bassett and White 2001). Foster and Costantini (1991c) have given a good exam-
ple of the issues to be considered in planning the layout of a plantation area.

None of these preparations for plantation establishment will be considered in 
detail here. Rather, the chapter will concentrate on the issues involved in estab-
lishing the trees satisfactorily and ensuring their survival and rapid growth over 
the first few years, the period when they are small and most vulnerable to damage 
(Sect. 2.2). Sometimes seeds are planted directly into the ground (Camargo et al. 
2002; Jinks et al. 2006; Valkonen 2008; Wallin et al. 2009; Wang et al. 2011); this 
can be a relatively cheap way of establishing a plantation. However, it is far more 
common to plant seedlings that have been raised in a nursery; this chapter will 
concentrate on use of seedlings, rather than direct seeding. The last section of the 
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chapter will consider the important technique, known as coppice; after a planta-
tion has been harvested, this technique may sometimes be used to re-establish the 
plantation without having to plant new seedlings.

5.1  Cultivation

Before seedlings can be planted out, the final stage in site preparation is cultiva-
tion. This involves disturbing and breaking up the soil to provide the optimum 
environment for root growth and development.

A wide range of equipment is available for different types of cultivation to suit 
different soils and crops, whether they be tree or agricultural crops (Hillel 1980; 
Brady and Weil 2001; Sinnett et al. 2006; Charman and Murphy 2007; Boateng  
et al. 2010). Ploughs are used for primary cultivation, to lift, turn and break up the 
soil. Ripping (also called subsoiling) is also common. It involves pulling a large, 
vertical tine through soils that are deeply compacted or have a hard, sub-surface 
layer; these would otherwise prevent soil drainage and lead to waterlogging or 
restrict root penetration. Secondary cultivation refines the surface. It may involve 
harrowing, furrowing or the building of mounds (also called beds), depending on 
the requirements of the crop.

The type of cultivation used on a particular site depends on the properties of the 
soil and the requirements of the tree species to be planted. So varied are the prac-
tices used in different parts of the world, it is impossible to generalise as to which 
are the most appropriate for any particular site. However, it is reasonable to say 
that cultivation is often one of the largest costs involved in establishing a planta-
tion. It requires large and expensive machinery that is costly to run. This means it 
is important to evaluate whether or not the gains in crop yields achieved ultimately 
as a result of cultivation are sufficient to justify the expense.

Soil is made up of particles of mineral and organic matter (the rotting detritus 
of living organisms), between which are spaces (called pores) containing water or 
air. Different names are given to soil particles of different sizes: clay particles are 
less than 0.002 mm in diameter, silt particles are 0.002–0.02 mm, sand particles 
are 0.02–2 mm and gravel is greater than 2 mm (in different parts of the world, 
scientists vary slightly in their definitions of these particle sizes). The texture of 
soil is determined by the proportion of its particles that are of clay size: sandy 
soils have less than 10 % clay, loamy soils have 10–35 % clay and clay soils have 
more than 35 % clay.

Three physical properties of soil, its air porosity, its bulk density and its 
strength, are particularly important to the ability of tree roots to grow and develop. 
All three may be modified by cultivation. Much research remains to be done to 
determine the optimum values of these characteristics for different plantation 
species growing in different parts of the world; Morris et al. (2006) developed a 
model system to predict growth of seedlings in loblolly pine (Pinus taeda) planta-
tions in southeastern USA in essence in relation to these factors. However, it will 
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at least be explained here what these characteristics are and what is known at pre-
sent of their optimum values.

Soil air porosity is the proportion of the soil volume that consists of pores filled 
with air. It is measured in units of cubic metres of air per cubic metre of soil vol-
ume. Obviously, the wetter the soil, the more of its pores will be water-filled and 
the fewer air-filled, so the lower will be its air porosity. To function and grow, 
plant roots need at least some air in soil from which they obtain oxygen for their 
metabolism; they use oxygen when they consume the food manufactured in the 
leaves by photosynthesis. Waterlogged soils contain too much water and insuffi-
cient air for the needs of plant roots. Tree root growth and development has been 
found to slow appreciably when soil air porosity falls below about 0.15 m3/m3 
(Zou et al. 2001).

Soil bulk density is the weight of soil, after drying, expressed per unit volume it 
occupies. Sandy soils usually have a bulk density around 1.5–1.7 tonne/m3, whilst 
clay soils have a lower bulk density, around 1.1–1.3 tonne/m3. The higher the bulk 
density, the greater is the resistance to root penetration. Bulk densities above about 
1.5 tonne/m3 are likely to restrict root penetration somewhat and severely if above 
1.9 tonne/m3 (Charman and Murphy 2007). Tree seedling growth has been found 
to be reduced in soils with bulk densities exceeding 1.6 tonne/m3 (Zhao et al. 
2010b) and where it was increased by compaction from 1.4 to 1.5 tonne/m3 (Carter 
et al. 2006).

Like bulk density, soil strength also reflects the resistance offered by soil to pene-
tration by roots. It is measured as a pressure (many different units are used for pres-
sure, but mega-pascals will be used here, abbreviated as MPa1). Soil strength is 
measured as the resistance to penetration of the soil by a specially designed metal 
probe (called a penetrometer). Sandy soils have lower strength than clay soils, even 
though they tend to have higher bulk densities. Strength declines also as the soil 
porosity (the proportion of the soil volume occupied by both water and air) increases 
and as the amount of water in the soil increases, hence, air porosity declines.

Root growth is reduced progressively as soil strength increases (Bécel et al. 
2012). The critical value above which roots cannot penetrate soil varies widely 
for different plants, perhaps in the range 0.8–5 MPa (Charman and Murphy 2007). 
Growth of radiata pine (Pinus radiata) seedling roots has been found to be severely 
restricted when soil strength exceeded about 3 MPa (Sands et al. 1979; Mason et 
al. 1988; Zou et al. 2001) and). Sinnett et al. (2008) found that, after 5 years of 
growth in Britain, roots of seedlings of Italian alder (Alnus cordata), silver birch 
(Betula pendula), Corsican pine (Pinus nigra var. maritima) and Japanese larch 
(Larix kaempferi) had developed mainly in soil with strength below 2 MPa and 
to have been restricted severely in soil with strength above 3 MPa. Blouin et al. 
(2008) found that the soil strength sufficient to limit root development of lodgepole 
pine (Pinus contorta var. latifolia) seedlings was somewhat less than 2.5 MPa and 
that soil water content interacted with strength in limiting root growth.

1 The conversion factors for other units of pressure you may encounter are 1 MPa = 10 bar = 10.2 kg/
cm2 = 9.87 atmospheres = 750 cm of mercury = 145 lb/in2.

5.1 Cultivation



58 5 Establishment

Compaction by the passage of heavy machinery over the ground is one very impor-
tant way in which soil air porosity can be reduced or soil strength increased beyond 
the values that allow adequate root growth (Powers 1999). This can result from the 
use of logging machinery, when a previous tree crop is harvested, or by using heavy 
machinery to clear a site of logging debris before the next tree crop is planted.

Ilstedt et al. (2004) gave a good example of the effects of heavy machinery in 
Sabah, Malaysia. On tracks over which logging machinery had passed, soil air 
porosity was sufficiently low to restrict root growth (0.1 m3/m3), whereas it was 
adequate for roots (0.16 m3/m3) where the machinery had not passed. Growth of 
seedlings of the hardwood hickory wattle (Acacia mangium), a plantation species 
used extensively in tropical countries, was reduced appreciably when they were 
planted on the compacted tracks. In this case, simple cultivation with a power 
tiller appeared to be sufficient to remove the affects of the compaction and allow 
the seedlings to grow adequately. There are various other examples of the conse-
quences of the use of heavy machinery for logging or site clearing and their reha-
bilitation (Turnbull et al. 1997; Costantini and Doley 2001a, b, c; Blumfield et al. 
2005; Carter et al. 2006; Simcock et al. 2006; Ares et al. 2007; Campbell et al. 
2008; Ampoorter et al. 2010; du Toit et al. 2010).

It should not be assumed that soil compaction is always detrimental to subse-
quent plantation growth. Cases have been reported where it leads to seedling roots 
having improved contact with the soil and to reduced loss of water from the soil 
during periods of drought (Mósena and Dillenburg 2004).

Whatever the natural soil conditions and the past history of a site, cultivation 
prior to planting can lead to substantial gains in the subsequent growth of seed-
lings. The work of Lacey et al. (2001) illustrates this. They conducted a cultivation 
experiment on a site being prepared for a blackbutt (Eucalyptus pilularis) planta-
tion, in New South Wales, Australia. Blackbutt is a tall forest tree, native to the 
coastal region of eastern Australia; it is an important timber species in native for-
ests and is also grown in plantations in subtropical eastern Australia.

In Lacey et al.’s case, the soil was not particularly deep (just less than 1 m) and 
its strength generally exceeded 2.5 MPa, sufficient to impede root growth appreci-
ably. The experiment considered the effects of cultivation by mounding (to 0.2–0.4 m 
above ground), combined with ripping to various depths (0.8 m at most) with various 
types of ripping tine. Planting seedlings on top of mounds can aid in keeping their 
roots clear of seasonal waterlogging on a site. Mounding also accumulates nutrient 
rich topsoil from the adjacent soil into the mound; this can make more nutrients avail-
able to roots. Ripping reduces soil strength and may aid in draining waterlogged soil. 
Both practices are used widely in plantation forestry around the world (Fig. 5.1).

Table 5.1 gives some results on tree growth and development from Lacey et al.’s 
experiment, 19 months after the seedlings were planted. Cultivation increased seed-
ling survival substantially, from only 52 % without cultivation to nearly 90 % or 
more with cultivation; so poor was survival without cultivation that the plantation 
would normally be considered to have failed. The trees planted with cultivation 
were appreciably taller and larger in diameter than those planted without cultiva-
tion. These differences, at only 19 months of age, are sufficiently large that they 



59

would lead ultimately to the production of commercially useful quantities of tim-
ber a number of years earlier on cultivated than on uncultivated sites. However, 
the table shows also that the costs of cultivation were substantial. They were much 
greater with the deeper ripping that required the use of machinery that was larger, 

Fig. 5.1  A recently cultivated mound, prepared for a eucalypt plantation in northern New South 
Wales, Australia. At the same time as the mounding was done, the site was ripped to a depth of 
0.6 m along the middle of the mound line. In the background, note that ripping and mounding 
followed the land countours to minimise water run-off in storms and, hence, erosion losses of 
soil. A burnt remnant of a pile of debris left after clearing the site appears in the top right-hand 
corner. The site had been treated with weedicide to clear it of weed growth (Photo—West)

5.1 Cultivation

Table 5.1  Survival and growth to 19 months of age of blackbutt (Eucalyptus pilularis) seedlings 
established in an experiment with various cultivation treatments in New South Wales, Australia

The costs of the cultivation treatments (in Australian dollars at 2001 prices) are shown also 
(Source—Tables 2, 5, 6 of Lacey et al. 2001, for none, mounding and ripping to 0.4-m depth with 
a winged main tine, VS, and mounding and ripping to 0.8-m depth with a winged main tine and 
winged leading tines, DWW, cultivation treatments)

Cultivation treatment Tree survival
(%)

Average tree 
height
(m)

Average tree 
diameter at 
breast height
(cm)

Cost of 
cultivation
($/ha)

None 52 1.4 0.8 –
Mounding and ripping to 0.4-m 

depth with a winged main tine
87 3.5 4.4 87

Mounding and ripping to 0.8-m 
depth with a winged main tine 
and winged leading tines

95 3.2 3.9 128
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more powerful and more expensive to operate. In this example, the gains with 
deeper ripping were little different from those with the much cheaper, shallower rip-
ping. For any plantation enterprise, it will always be necessary to evaluate economi-
cally whether or not cultivation leads ultimately to worthwhile gains.

Whilst Lacey et al.’s experiment illustrates a case where cultivation was worth-
while, it must be recognised that both the need for and the type of cultivation will 
vary greatly, depending on the circumstances of any particular site. Only with 
detailed study of the properties of soils and their relation to growth of the species to 
be planted will it be possible to determine if, and what type of, cultivation is appro-
priate (Foster and Costantini 1991b; Smith et al. 2001; Sanchez et al. 2009). Morris 
et al. (2006) developed a model system to relate growth of seedlings of loblolly pine 
(Pinus taeda) in southeastern USA to soil characteristics as affected by cultivation.

There are many reported cases of substantial growth gains from cultivation and 
many others where there were no gains, either because the soil conditions were 
already appropriate for tree growth or because environmental factors other than soil 
characteristics were more limiting to growth (Flinn and Aeberli 1982; Francis et al. 
1984; Attiwill et al. 1985; Mason and Cullen 1986; Turvey and Cameron 1986b; 
Mason et al. 1988; Varelides and Kritikos 1995; Lacey et al. 2001; Stape et al. 
2001; Carter et al. 2002; Pennanen et al. 2005; Varelides et al. 2005; Boateng et al. 
2006, 2010; Fraser et al. 2006; Morris et al. 2006; Gwaze et al. 2007; Nouvellon 
et al. 2008; Tan et al. 2008; Sæbø et al. 2009; Zhao et al. 2009, 2012; du Toit et al. 
2010; Fonseca et al. 2011; Madeira et al. 2012).

There are effects of cultivation other than simply growth effects owing to 
improved root development. In an experiment with Sitka spruce (Picea sitchensis) 
plantations in Sweden, Nordborg and Nilsson (2003) found that deep soil cultivation, 
by completely inverting the soil, led to increased survival and growth of seedlings. 
This was due to much reduced weed growth on cultivated sites (Sect. 5.4), a com-
mon advantage of cultivation (Nilsson and Örlander 1995). However, it was not just 
the reduced competition from weeds that encouraged seedling growth. Voles, mam-
mal pests (Sect. 10.4) that destroy seedlings, enjoy the protection afforded by a dense 
weed cover; the lack of weed growth on cultivated sites kept them free of voles.

Another example comes from the boreal forests, that is, the great band of for-
ests that occurs across the northern hemisphere in the cold latitudes above 50ºN. 
The native forests of this region are dominated by coniferous species. Because of 
the cold and damp environment, they often accumulate thick layers of peat (partly 
decomposed plant litter) on the forest floor, a process known as ‘paludification’. 
The peat reduces soil temperature, aeration and nutrient availability, all of which 
inhibit seedling growth. Cultivation to remove the peat and expose the mineral soil 
encourages growth of planted seedlings (Lafleur et al. 2011).

Another important benefit of cultivation can be increased stability of the trees. 
When their root systems are poorly developed, trees may be uprooted by strong 
winds (Stokes et al. 1995; Moore et al. 2008). Ripping to encourage deep root 
penetration can be effective in preventing this. However, root systems can develop 
along the rip lines, so ripping should be aligned with the direction from which 
strong winds tend to blow (Somerville 1979; Mason et al. 1988; Balneaves and  
De La Mare 1989; Schaetzl et al. 1989; Papesch et al. 1997; Moore 2000).

http://dx.doi.org/10.1007/978-3-319-01827-0_10
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5.2  Seedlings

Before they can be planted out, seedlings must be raised to a suitable condition. 
Once planted, their survival will depend on the ability of their roots to start taking 
up water and nutrients from the soil. Their rapid growth will then depend on the 
amount of photosynthesis their leaves can undertake.

Seedlings are raised in nurseries (Fig. 5.2). This section considers the issues 
faced in the nursery to ensure that seedlings reach a condition that maximises their 
chances of survival and rapid growth after planting out.

5.2.1  Nurseries

The management and operation of nurseries is a specialised task and will not be 
discussed in any detail in this book. Nurseries vary enormously in size and scale; 
the largest of them are highly automated seedling factories that may grow millions 
of seedlings per year, often to strict specifications of size and quality.

Seedlings are raised in two different ways, both in use widely throughout 
the world. Firstly, in open-rooted (also called bare-stock) nurseries, seedlings 

Fig. 5.2  A forest plantation nursery in subtropical eastern Australia. The seedlings are of 
the eucalypt species spotted gum (Eucalyptus maculata). They are being raised outdoors in 
root trainer containers (Fig. 5.3) supported on metal benches to keep them above ground. 
Sprinklers for irrigation can be seen scattered amongst the seedlings. This is quite a small nurs-
ery by commercial plantation forestry standards, but can raise several million seedlings per year 
(Photo—West)

5.2  Seedlings
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are grown in nursery beds, usually in the open air. Secondly, seedlings may be 
grown individually in containers, that is, in pots of various types. Container-
grown seedlings may be raised in a greenhouse or in the open air (Fig. 5.2). 
Perhaps most commonly, seedlings are raised from seed. However, as breeding 
programmes for forest plantation species are developing, it is becoming common 
also to raise seedlings using various forms of vegetative (that is, non-sexual) 
methods, such as cuttings or through tissue culture; these methods are discussed 
in Sect. 12.3.2.

Generally, it is less expensive to raise open-rooted seedlings. However, it is 
more difficult to control their circumstances than when each seedling has is its 
own container and is grown under cover, where the environment can be controlled 
far more closely than in the open air. Furthermore, when they are to be planted 
out, open-rooted seedlings must be lifted from the nursery bed. This can cause 
damage to the root system as seedlings are removed from the soil, damage that can 
lead to problems such as rendering the seedling susceptible to disease (Jackson 
et al. 2012). As well, open-rooted seedlings must be protected from drying out, 
both as they are transported to the planting site and when there are the inevitable 
operational delays that occur from time to in any major planting programme. On 
the other hand, container-grown plants can be transported to the planting site still 
in their containers and are then carried by the planter, so the seedling is removed 
from its container only as it is planted. Many examples can be found where con-
tainer-grown seedlings have survived or grown better after planting out than open-
rooted seedlings (Burdett et al. 1984; Nilsson and Örlander 1995; Thiffault et al. 
2003; Mead 2005; South et al. 2005), although this is by no means always the case 
(Carlson et al. 1980; Neilsen and Ringrose 2001; McArthur and Appleton 2004; 
South et al. 2005; Wilson et al. 2007).

5.2.2  Factors Determining Seedling Survival and Growth

Removing seedlings from the nursery and planting them out exposes them to a 
quite new environment in the field. It takes some time for the seedlings to accli-
matise to this new environment; Close et al. (2005) reviewed the physiological 
stresses to which seedlings are subjected during their acclimatisation. Wilson and 
Jacobs (2006) and Grossnickle (2012) reviewed the characteristics that determine 
seedling survival and development over the first year or so after planting; in gen-
eral the most important are:

•	 Their size—this is measured usually as the seedling height (above the roots), 
its stem collar diameter (the diameter of the stem immediately above the point 
where the stem and roots join) or the oven-dry biomasses of its shoot (its above-
ground parts) and its roots. Larger seedlings contain larger stores of food, so 
they can grow additional leaves more readily (Close et al. 2005), as well as hav-
ing more leaves, so they are capable of more photosynthesis and faster growth.

http://dx.doi.org/10.1007/978-3-319-01827-0_12
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•	 The relative size of their roots and shoots—this is called the root-to-shoot ratio 
and is measured as the oven-dry biomass of the roots of a seedling divided by 
the oven-dry biomass of its shoot. Seedlings with a higher root-to-shoot ratio 
tend to survive better, because they have a relatively large root system to supply 
the water requirements of their relatively small shoot.

•	 Their root growth capacity—this is measured by harvesting seedlings from the 
nursery and growing them under ideal conditions (with plenty of water, light 
and nutrients and at favourable temperatures) for a few weeks and measuring 
the increase in size over that time of their root systems (Burdett 1979; Ritchie 
and Dunlap 1980; Burdett 1983). The higher the root growth capacity, the more 
rapidly can the root system develop to supply the water and nutrient require-
ments of the growing seedling.

•	 The amount of the various nutrient elements they contain—this is measured 
by chemical analysis of the root and shoot biomass. The more nutrients a seed-
ling contains, the more time is available for the root system to establish itself 
and become capable of taking up from the soil the nutrient requirements of the 
growing seedling.

•	 Their tolerance of drought and frost—there are a variety of physiological meas-
urements which can be taken to assess these.

There are many examples from around the world that illustrate how seedling growth 
and survival over the first few years after planting is related to these characteristics 
(Benson and Shepherd 1976; Burdett 1979; Albert et al. 1980; Ritchie and Dunlap 
1980; Sutton 1980; van den Driessche 1982, 1984, 1992; Bernier 1993; Munson 
and Bernier 1993; Burdett et al. 1984; Margolis and Waring 1986; Balneaves 
1988; Timmer et al. 1991; Egnell and Örlander 1993; South et al. 1993a, b, 2005; 
Krasowski 2003; Close and Beadle 2004; Rikala et al. 2004; VanderSchaaf and 
McNabb 2004; Davis and Jacobs 2005; Jacobs et al. 2005a; Weih and Nordh 2005; 
South and Enebek 2006; Cicek et al. 2007; Del Campo et al. 2007a, b; Sidhu and 
Dhillon 2007; Bayala et al. 2009; Oliet et al. 2009a; Li et al. 2011; Jacobs et al. 
2012; Tsakaldimi et al. 2013).

Sometimes these characteristics interact in complex ways, so it is difficult 
to predict exactly how seedlings will perform after planting out. An example of 
this comes from Spain, where Villar-Salvador et al. (2004a) compared the sur-
vival and growth, 2 years after planting out, of seedlings of the hardwood Holm 
oak (Quercus ilex) that had received different amounts of nitrogen fertiliser in the 
nursery. The seedlings were 15 months old when they were taken from the nursery  
and planted. At that time, the fertilisation in the nursery had increased the size of 
the seedlings (16 cm tall on average for fertilised seedlings as against 13 cm for the 
unfertilised ones), increased their root growth capacity by 3 times and increased 
their nitrogen content (9,000 mg nitrogen/kg of oven-dry biomass for fertilised 
seedlings against 7,600 mg nitrogen/kg of oven-dry biomass for unfertilised ones). 
However, because fertiliser was available so readily to them, the fertilised seedlings 
had not developed their root systems to the same extent as unfertilised ones; hence, 
fertilised seedlings had a lower root-to-shoot ratio (1.6 as against 2.1).

5.2 Seedlings
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The site where the seedlings were planted out was rather hot and dry (an aver-
age rainfall of only 490 mm/year, with a pronounced summer drought period 
3–4 months long, and with an average daily maximum temperature in the hottest 
month of 31.5 °C). About 2 years later, 19 % of the seedlings that had been ferti-
lised in the nursery had died, whilst 41 % of the unfertilised seedlings were dead. 
As well, the fertilised seedlings had grown much more; the average volume of 
their stems was 4.7 cm3, whilst that of the unfertilised trees was only 2.2 cm3. So, 
the larger size and higher nitrogen contents of the fertilised seedlings led to con-
siderable gains in their survival and growth after planting out. So large were these 
gains, they more than offset the disadvantage those seedlings might have suffered 
from their lower root-to-shoot ratio.

5.2.3  Achieving Seedling Specifications

Given the discussion in Sect. 5.2.2, it is obvious that the plantation grower will 
need to specify what characteristics are required of seedlings from the nursery 
to ensure they have the best chance of survival and rapid growth once they are 
planted out. These characteristics will vary considerably, depending on the tree 
species concerned and the characteristics of the site where they are to be planted. 
It will be the task of the nursery manager to grow and manipulate seedlings in the 
nursery to achieve the required specifications. Some of the ways in which this is 
done are discussed in this subsection.

For open-rooted seedlings, the root systems can suffer substantial damage 
as they are lifted from the ground prior to planting out (Maillard et al. 2004).  
To avoid this, it is common to prevent seedling roots growing too deeply into the 
nursery soil by undercutting the roots and by wrenching the seedlings from time to 
time. Undercutting involves dragging a horizontal blade or wire through the nurs-
ery bed, at 10–15 cm below ground, to cut off deeper roots. Wrenching involves 
dragging a blade below the seedlings to loosen the soil and roots. Mead (2013) 
summarised how these practices are applied in nurseries raising radiata pine 
(Pinus radiata) seedlings. They may render seedlings more resistant to drought 
when planted out (Rook 1971; Bacon and Hawkins 1977; Benson and Shepherd 
1977; Bacon and Bachelard 1978; Nambiar 1980; van den Driessche 1983), but 
sometimes have no effect on survival and subsequent growth (Andersen 2004).

For container-grown seedlings, the type of container can influence root devel-
opment substantially. An example was given by Annapurna et al. (2004), who 
used different types of containers to grow 6-month-old seedlings of sandalwood 
(Santalum album) in India. They compared the use of polythene bags, varying 
in volume over the range 600–1,500 ml, with 600 ml plastic pots and with vari-
ous sizes (150–600 ml) of root trainer containers. These last are in common use 
in forest nurseries (Fig. 5.3). They are tapered containers, with an open top and 
base. They have several small ridges running down their interior to train roots 
to go straight down and not coil around the inside of the container; this prevents 
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unacceptable distortion of the root system (Fig. 5.4). As well, these containers pre-
vent root systems becoming too large; as roots grow through the open end, they 
simply dry out and die (commonly referred to as air pruning). These containers are 
sufficiently small and convenient that they can be carried into the field by planters 
so that the seedling is not removed from its container until it is actually planted.

At 6 months of age, Annapurna et al. assessed the quality of the seedlings on 
the basis of their biomass (the larger the better), their sturdiness (those with a 
higher root collar diameter relative to their height were assessed as better) and 
their root-to-shoot ratio (the higher the better). They found that seedlings raised 
in 600-ml root trainer containers were of appreciably higher quality than those 
raised in the other types of containers. Polythene bags produced seedlings of par-
ticularly poor quality; problems with this type of completely closed container 
included coiling of the roots, poor aeration of the potting soil and the relatively 
large size of the containers that used excessive potting mixture and made them 
heavy to transport.

In later work, Annapurna et al. (2005) found also that the type of potting medium 
used could affect the seedling quality. They tested various combinations of sand, 
soil and organic matter (peat, compost, burnt rice husks and charcoal) and found 
that a combination of sand, soil and organic matter produced seedlings of the high-
est quality. Their best combination of these gave very favourable aeration of the pot-
ting medium, held water well and was of relatively low density, reducing the weight 
to be transported to the planting site. Interestingly, there are reports that whilst peat 

Fig. 5.3  A view from the top of a tray of root trainer containers. Note the five small ridges run-
ning vertically down the inside of each container to train roots to go straight down (Fig. 5.4). The 
open bottom allows air pruning of the base of the root system. The top opening of these contain-
ers is 4 cm in diameter and the containers are 8 cm long. Tree planters carry these trays into the 
field and remove the seedlings as they are being planted out (Photo—West)

5.2 Seedlings
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as the potting medium can produce desirable seedlings in the nursery, it may dry 
out rapidly after the seedlings have been planted out and subject them to high water 
stress (Bernier 1993). Óskarsson (2010) found that peats of different origins could 
have rather different effects on seedlings. Other works describe the effects of differ-
ent types of containers and potting media on seedling development (Dominguez-
Lerena et al. 2006; Sayer et al. 2009; Tsakaldimi et al. 2009; Vaario et al. 2009; 
Close et al. 2010c; Kostopoulou et al. 2010).

Another important nursery practice is fertilisation of seedlings. The timing and 
amounts of fertiliser applied can affect substantially the size of seedlings and their 
subsequent survival and growth after planting out (Burdett et al. 1984; Margolis 
and Waring 1986; Timmer and Armstrong 1987; Burgess 1991; Timmer et al. 1991; 
van den Driessche 1992; Hawkins et al. 2005; Haase et al. 2006; Oliet et al. 2009b; 
Grossnickle 2012); of course, if nutrients are available readily from the soil at the 
planting site, seedling fertilisation in the nursery may have little value (van den 
Driessche 1985). Advantage may be gained also by applying fertiliser to seedlings 
as they are planted out, to increase the amount of nutrients available immediately 

Fig. 5.4  The root system of a eucalypt seedling that has been grown in a root trainer container 
(Fig. 5.3). Note how the larger roots have been trained to grow vertically down by the ridges 
inside the container. This seedling was raised in a commercial potting mix (Photo—West)
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from the soil (Close et al. 2005; Jacobs et al. 2005b). However, the fertiliser can 
induce changes in soil chemical properties that may be deleterious to seedling 
growth (Jacobs and Timmer 2005).

There can be benefits for seedling nutrition and growth before and after plant-
ing by inoculating seedlings in the nursery with mycorrhizas (Sect. 2.1.4) (but 
see Rooney et al. 2011 for potential hazards), although often the mycorrhizas 
already present in the soil colonise the seedlings adequately after planting (Wilson 
et al. 1987; Bogeat-Triboulot et al. 2004; Parladé et al. 2004; Teste et al. 2004; 
Brundrett et al. 2005; Turjaman et al. 2005; Chen et al. 2006; Ghosh and Verma 
2006; Rincón et al. 2007; Núñez et al. 2008; Turjaman et al. 2008; Urgiles et al. 
2009; Diaz et al. 2009, 2010; Liang et al. 2010; Óskarsson 2010; Tata et al. 2010; 
Mead 2013).

Various other treatments can be used in nurseries to pre-condition seedlings 
to field conditions before they are planted out (Grossnickle 2012; Mead 2013). 
For example, droughting the seedlings in the nursery has proved helpful in ensur-
ing they can tolerate a relatively low availability of water after planting out (van den 
Driessche 1992; Villar-Salvador et al. 1999, 2004b; Stape et al. 2001; Helenius et al. 
2005; Carles et al. 2008). Pruning the above ground shoots of open-rooted seedlings 
before planting may render them more drought tolerant (DesRochers and Tremblay 
2009). In cold climates, seedlings grown in containers in greenhouses may be moved 
outdoors to acclimatise them to the cold before being planted out. Exposure of seed-
lings to different light periods (that is, daylengths) may also pre-condition them 
(Luoranen et al. 2006; Kohmann and Johnsen 2007; Tan 2007; Tan et al. 2008). 
Seedlings grown in nurseries at lower altitudes may have to be moved to holding 
areas at higher altitudes, to acclimatise them to the cold to avoid frost damage when 
they are planted out on higher altitude sites (Close et al. 2005). Depriving seedlings 
of the nutrient element nitrogen in the nursery can render them less attractive to ani-
mal pests (Sect. 10.4.2) that may browse them after planting out (McArthur et al. 
2003). Low nitrogen levels may also render seedlings less liable to damage to their 
leaf chemical systems that can occur in sunny but frosty conditions after planting out 
(Close et al. 1999, 2000). Of course, plants deprived of nitrogen may not grow as 
well as those well supplied, but at least they will have survived under these particu-
lar circumstances. Estes et al. (2004) showed that inoculation of loblolly pine (Pinus 
taeda) in the nursery with certain bacteria could render them less liable to damage 
after planting out from industrial ozone pollution in the atmosphere.

There are no particular rules about how long seedlings should be raised in 
the nursery or how large they should be before they are planted out. In warmer 
climates, seedlings are often only 3–9 months old before they are ready for 
planting in the field. Where growth is slow in cold climates, they may be raised 
outdoors in the nursery for 2–3 years. A convention, involving two digits, is used 
to describe seedlings, such as 1 + 0, 2 + 1 and so on. The first digit is the num-
ber of years that the seedling was raised initially in a nursery bed or a container. 
The seedling may then have been transplanted to another bed to develop further 
and the second digit is the number of years for which it was raised in the trans-
plant bed.

5.2 Seedlings
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Practical constraints limit the size to which seedlings are grown, so they can be 
handled easily by planters in the field. Mason et al. (1998) found that seedlings of 
radiata pine (Pinus radiata) averaging 39-cm tall were too large to plant conveni-
ently. As well, they suffered root distortions after planting and tended to topple over 
in the first few years after planting. Seedlings that averaged 23-cm tall suffered these 
problems to a much lesser extent. Burdett (1990) suggested that root systems should 
be usually restricted to no more than 10–25 cm in length; if the roots are any longer 
than that, the planting hole (Sect. 5.3) would have to be unreasonably deep to avoid 
any distortion of the root system. A number of authors have attempted to determine 
the optimum sizes of seedlings at planting. Table 5.2 summarises some of their con-
clusions, for a number of species being grown in various parts of the world.

An interesting example that illustrates the need for careful research to deter-
mine appropriate specifications for seedlings comes from Tasmanian blue gum 
(Eucalyptus globulus) in southern Australia (Close et al. 2003). Growers there 
specified that seedlings from the nursery should appear to be ‘hardy’, as they 
believed these would survive better after planting. Hardy seedlings had relatively 
small and thick leaves, were red to purple in colour and had relatively short inter-
nodes (the distance between the leaves on the stem). Soft seedlings had rela-
tively large and thin leaves, were green in colour and had long internodes. About 

Table 5.2  Seedling above-ground heights, root collar diameters (stem diameter at the point 
where roots and shoots join) and ages found to be appropriate for forest plantations

Species Location Height  
(cm)

Root 
collar 
diameter 
(mm)

Age  
(yr)

Reference

Softwoods
Radiata pine (Pinus radiata),  

open-rooted
Oceania 20–40 >5 1 Mead (2013)

Radiata pine (Pinus radiata),  
container grown

Oceania 15–25 3–5 1 Mead (2013)

Aleppo pine (Pinus halepensis) Southeast  
Spain

25–35 3–4 0.9 Oliet et al. 
(2009a)

Monterey cypress (Cupressus  
macrocarpa)

New  
Zealand

30–35 >6 1 Balneaves 
(1988)

Olga Bay Larch (Larix olgensis) Northeast  
China

50–55 6–7.5 2 Li et al. (2011)

Hardwoods
Eucalyptus spp Brazil 15–35 2–5 0.25 Stape et al. 

(2001)
Common ash (Fraxinus excelsior) Great Britain 20–60 5–6 2 Dobrowolska  

et al. (2011)
Cherrybark oak (Quercus pagoda),  

Nuttall oak (Quercus nuttallii), 
Sweet pecan (Carya illinoensis)

Southeastern  
USA

45–75 4.5–9 1 Jacobs et al. 
(2012)

Gliricidia (Gliricidia sepium),  
White leadtree (Leucaena 
leucocephala)

Burkino Faso,  
west  
Africa

30–45 >6 0.2 Bayala et al. 
(2009)
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6 months after planting out, Close et al. found that growth was greater in seedlings 
that had higher concentrations of nitrogen in the biomass of their leaves at the time 
of planting out. Most interestingly, they found that hardy seedlings had low nitro-
gen levels (that led to the reddish-purple coloration of their leaves), whilst soft 
seedlings had higher nitrogen levels (and hence green leaves). Thus, growers who 
believed that hardy seedlings would do well were specifying the very characteris-
tic that led to poor growth.

It has not been possible in this section to discuss in detail all the manipulations 
that are possible in nurseries to raise seedlings best suited for planting out. The 
most appropriate seedling conditions will vary considerably from species to spe-
cies and from site to site on which they are to be planted. Pinto et al. (2011b) gave 
an example of site effects for ponderosa pine (Pinus ponderosa) seedlings, over 
two growing seasons, after planting at two sites in north-western USA. Seedlings 
of different sizes had been raised by using containers of different sizes in the nurs-
ery. One of the sites had more favourable rainfall than the other and there was little 
effect ultimately of container size on seedling field development. The other site 
was much drier and there seemed to be a growth advantage from using smaller 
seedlings from smaller containers; these had more compact root systems that were 
easier to plant firmly in the soil. Close et al. (2010c) found that growth in south-
ern Tasmania, Australia, of blue gum (Eucalyptus globulus) was faster over 1 year 
from planting in seedlings raised in the nursery in larger (120 mm deep, 115 cm3 
volume) rather than smaller (73 mm deep, 85 cm3) containers. It may be possi-
ble also to undertake breeding programmes (Chap. 12) to develop seedlings with 
desirable characteristics (Carles et al. 2012).

It should be evident from the discussion above that considerable research 
work will be necessary to identify what specifications are most appropriate for 
any particular circumstances. There are many works available to discuss the 
issues involved with nursery practices in various parts of the world (e.g. Gadgil 
and Harris 1980; Burdett 1990; Knight and Nicholas 1996; Prado and Toro 
1996; Stape et al. 2001; Zwolinski and Bayley 2001; Krasowski 2003; Stowe  
et al. 2010).

5.3  Planting

When cultivation has been completed and suitable seedlings have been raised, 
planting out can proceed. Choices about the number of seedlings to be planted 
and the spacing between them have important consequences for the longer term 
growth and development of the trees; these will be discussed in Sect. 7.2.

Once it has been decided that the time for planting is right, the first practical 
problem is to ensure that seedlings are available as and when required. One of the 
advantages of seedlings grown in containers is that this problem is largely avoided; 
the seedlings are transported in their containers and may be stored safely at the 
planting site if any delays occur in their actual planting. However, open-rooted 
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seedlings must be lifted from the nursery bed and then perhaps stored for some 
time to accommodate the logistics of the planting operation. Under these circum-
stances, practices such as dipping open-rooted seedling roots in water absorbing 
gels (‘hydrogels’) may aid their survival (Apostol et al. 2009).

Mena-Petite et al. (2004) have provided an example of these storage problems. 
They considered the effects of storage after lifting on 9-month-old open-rooted 
seedlings of radiata pine (Pinus radiata) in Spain. They studied the effects of 
keeping the roots either free of soil or surrounded by soil, of the length of stor-
age (up to 15 days after lifting) and of the temperature at which seedlings were 
stored (in temperature-controlled chambers at 4 or 10 °C). The seedlings were 
then planted out in a glasshouse and a detailed study was made of their physi-
ological condition over the next 2 weeks. Lack of soil around roots, higher tem-
perature and longer storage all increased the water stress suffered by the seedlings 
after planting out, reduced their root growth capacity and increased their chance 
of dying. Mena-Petite et al. concluded that to maximise the chance of survival 
of seedlings they could be stored after lifting from the nursery bed for 1 week at 
most. Even then, storage would need to be in a cool room and with soil surround-
ing their roots. Cabral and O’Reilly (2008) discussed the sensitivity of peduncu-
late oak (Quercus robur) seedlings to storage before planting at above freezing 
temperatures.

In parts of the world with cold climates, it is common to lift open-rooted seed-
lings from the nursery just before winter and store them at near freezing tempera-
tures before they are planted out in spring (Webb and von Althen 1980). This helps 
large nurseries ease their workload in spring and meet their shipping schedules. 
Also, it can prevent losses of seedlings in the nursery over winter from animal 
browsing or extremely low temperatures. Jiang et al. (1994) examined the effects 
of this practice on 3-year-old seedlings of white spruce (Picea glauca) in Canada. 
After planting out in spring, seedlings that had been under storage over winter did 
not start to grow quite as early as seedlings that were lifted immediately before 
planting. However, after 1 year of growth, there was no difference in growth or 
survival of either group of seedlings. This showed that winter storage was quite 
appropriate for this cold-climate species that, unlike warmer-climate species, goes 
into a dormant phase over winter. Container-grown seedlings may also be stored 
over winter in freezing conditions (Helenius 2005). The timing of lifting, storing 
and defrosting seedlings needs to be considered carefully (Goodman et al. 2009). 
Martens et al. (2007) examined the problems involved with cold storage of aspen 
poplar (Populus tremuloides) seedlings that often perform poorly after planting out 
in northern Canada.

Once seedlings have been delivered to the planting site, there is nothing par-
ticularly complicated about the act of planting (Nyland 1996). Using a suitable 
tool, a hole is dug in the ground, deep and wide enough to contain the seedling 
roots without distorting them. The seedling is then inserted carefully into the hole. 
The depth at which it is planted is often of no great importance, although com-
monly seedlings are planted with root collars a few centimetres below ground 
level (Stape et al. 2001; VanderSchaaf and South 2003). Planting as deep as 15 cm 
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below ground level may still allow seedlings to develop adequately (VanderSchaaf 
and South 2003).

After planting, the soil should be firmed around each seedling, usually with 
the heel. This ensures that the roots make firm contact with the soil and that no 
air gaps are left within the hole. It is important that the roots are not bunched or 
coiled during planting. If they are, it can lead to long-term distortions that may 
persist even when the tree is some years old; this can reduce the ability of the 
roots to take up water and nutrients from the site and render seedlings more likely 
to be blown over by the wind (Carlson et al. 1980; Nambiar 1980; Mason 1985; 
Harrington et al. 1989; Burdett 1990; Plourde et al. 2009) but is not always del-
eterious to growth (VanderSchaaf and South 2003). Other factors that can lead to 
young trees being blown over include the degree of exposure of the site to wind, 
the height and overall size of the tree above ground, the depth and size of its root 
system and the degree of support offered by the soil (Moore et al. 2008).

Commonly, planting is done by hand. However, there are planting machines. 
They are towed behind a tractor and make a furrow in the ground with a blade. 
Seedlings are dropped by hand into the furrow and wheels on the machine then 
firm the soil around the seedling. Planting machines have the advantage that, in 
effect, they cultivate the soil as planting is done and allow other activities, such 
as fertilisation, to be done at the same time as planting. However, their use is 
restricted to sites with even topography, with few surface rocks and without any 
debris on the ground.

Generally, the greatest risk seedlings face immediately after planting is an ina-
bility of their root systems to take up sufficient water from the soil (Burdett 1990; 
Grossnickle 2012). Sands (1984) suggested that it is the initial lack of contact 
between the roots and the soil of the newly planted seedling that limits their ability 
to take up water, rather than any damage to the root systems suffered as the seedlings 
are raised or planted out (see also Örlander and Due 1986; Bernier 1993; Munson 
and Bernier 1993). Thus, the time for planting is usually chosen as being shortly 
after rain and at times of year when rain is likely. Once seedling root systems have 
developed sufficiently to meet their water requirements, their ability to take up suffi-
cient nutrients becomes the factor most likely to limit their growth. In cold climates, 
planting times are chosen to limit the chance of frosts (Luoranen et al. 2006).

Following planting, the two most important silvicultural treatments applied 
in commercial plantation forestry are control of weeds (Sect. 5.4) and fertilisa-
tion (Chap. 6). Under difficult conditions, practices such as the use of mulches 
to prevent water loss, spot burning in old grassland to sterilise the soil, irriga-
tion in very dry climates or tree guards to restrict animal browsing of seedlings 
(Sect. 10.4.1) or termite damage can be used (Evans and Turnbull 2004; Close  
et al. 2010b). For an arid site in India, Singh (2012) described the use of ‘rainwa-
ter harvesting structures’ that consisted of various types of trench to limit loss of 
rainwater by run-off from the site. Plastic tubes placed around seedlings have been 
found to boost survival or growth by maintaining a humid environment around 
each seedling or protecting them from severe sunlight (Applegate and Bragg 1989; 
Puértolas et al. 2010). However, these various methods are usually too expensive 
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to apply to large plantation areas. Rather, it is preferred that seedlings be produced 
in a condition that affords them the best opportunity to survive and grow without 
the need for other aids.

5.4  Weed Control

One of the most common silvicultural practices in newly established plantations is 
to keep the site free of weeds for the first few years following planting. A weed is 
defined simply as any plant that is growing where it is not wanted. Weeds may be 
herbaceous (that is, non-woody) plants, like grasses or bracken fern that grow near 
to the ground or perhaps to only 1–2 m high. Other weeds are woody plants that 
may be bushes growing to several metres tall or may be other tree species.

5.4.1  Loss of Growth due to Weeds

The long-term benefits of weed control to growth of plantation trees can be very 
substantial as several examples will illustrate. The first comes from an experi-
mental plantation of radiata pine (Pinus radiata) in New South Wales, Australia 
(Snowdon 2002), where weed growth was either controlled or not. In this experi-
ment, the weeds were herbaceous and were controlled by application of weedi-
cides (chemicals that kill weeds—they are a herbicide, which is a general term for 
chemicals that kill plants). Weedicides were applied at the time of planting and 
annually for the next 3 years. By 3 years of age, the trees, both with and with-
out weed control, would have grown large enough for their canopies to shade the 
ground sufficiently to prevent weeds growing, so further weed control was unnec-
essary. After the weed control treatments had finished, the stand basal area of 
each experimental plot was measured annually until the plantation was 16 years 
old. Stand basal area is the cross-sectional area at breast height of all the trees on 
an experimental plot, expressed per unit area of the plot (usually as square metres 
per hectare). It is a measure of tree growth used very commonly in forestry sci-
ence, both because it is easy to measure and because it correlates quite closely 
with stand stem wood volume; further details about stand basal area measurement 
and its usefulness can be found in texts on forest measurement (e.g. West 2009).

The results of the experiment are shown in Fig. 5.5. Quite clearly, the weed 
control over the first 3 years led to increased growth of the trees. Their initial 
advantage over the trees without weed control continued to be maintained for the 
next 13 years.

The second example comes from eight separate experiments with plantations of 
loblolly pine (Pinus taeda) in southern states of the USA (Lauer et al. 1993). Loblolly 
pine is a very important species commercially in that region. It occurs naturally there 
and is planted extensively also (Allen et al. 1990). The experiments were conducted 
very similarly to Snowdon’s radiata pine experiment, except that herbaceous weed 
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control continued for only 2 years, rather than 3 years, after planting. The stand stem 
wood volumes at 9 years of age of plots with and without weed control are shown 
in Table 5.3 for each of the eight experiments. Just as in Snowdon’s case, there were 
very substantial gains in growth as a result of the 2 years of weed control. Gains in 
some of the experiments were considerably larger than in others, reflecting differ-
ences between the environmental circumstances of the different experimental sites.

The third example differs from the first two in that it concerns a plantation 
where the weed problem was with woody, rather than herbaceous, weeds (Glover 
and Zutter 1993). As in Lauer et al.’s case, the plantation species was loblolly pine 
(Pinus taeda) being grown in the southern states of the USA. The plantation was 
established on a site previously forested with a mixture of pine and hardwood spe-
cies. The large trees in this forest had been felled for timber, leaving behind many 
woody bushes and seedlings and saplings of various hardwood tree species that had 

Fig. 5.5  Growth in stand 
basal area in an experimental 
plantation of radiata pine 
(Pinus radiata) in New South 
Wales, Australia. Weeds 
were either controlled for the 
first 3 years after plantation 
establishment (O- - - -O) 
or were not controlled 
(O- - - -O) (Source—Fig. 5 of 
Snowdon 2002)
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Table 5.3  Stand stem wood volume (cubic metres per hectare) at 9 years of age in eight experi-
mental plantations of loblolly pine (Pinus taeda) in the southern USA 

Weeds were either controlled for the first 2 years after plantation establishment or were not con-
trolled (Source—Tables 1, 5 of Lauer et al. 1993, using data for check, i.e. control, plots and for 
those with 2-year broadcast application of weedicide)

Experiment location Without weed control With weed control

Chapman, Alabama 66 108
Fort Davis, Alabama 89 123
Dixie, Alabama 100 147
Cedar Bluff, Alabama 40 79
Whitesburg, Georgia 52 117
West Point, Virginia 48 81
Iuka, Mississippi 50 76
Auburn, Alabama 69 127
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formed the understorey of the original forest. The experiment involved removal of 
the understorey remnants before establishing the plantation, either by clearing the 
site thoroughly with a bulldozer or by girdling (also called ringbarking) the larger 
remnant saplings (that is, cutting away a narrow strip of bark through the phloem 
down to the wood right around the stem of the tree, so its roots can no longer 
receive any food from its leaves and it dies—Sect. 2.1.1) and simply cutting off the 
smaller saplings and bushes. The loblolly pine plantation was then established.

The difference between this experiment and the two others just described is that 
the remnant hardwood tree species are capable of resprouting after they have been 
girdled or cut off (a phenomenon known as coppicing—Sect. 5.5). Furthermore, they 
are capable of continuing to grow even when they are shaded by the canopy of the 
developing pine plantation. In native forests, these hardwood species normally grow 
slowly in the shade of taller, faster-growing species, a phenomenon known as suc-
cession in vegetation ecology (the study of the relationships between plants and their 
environment). This is quite unlike the herbaceous weeds in the two previous exam-
ples; such weeds are unable to grow in shade and disappear from the plantation site 
after the plantation trees have grown sufficiently large to shade the ground below.

Figure 5.6 shows the growth in stand basal area, measured from time to time 
until 27 years of age, of both the loblolly pine trees and the hardwood trees. In the 
experimental plots cleared with a bulldozer, some hardwoods were able to resprout 
(either from root remnants or from seeds), but their total basal area remained quite 
small whilst the plantation pines grew well.

By contrast, where hardwoods were cleared by girdling, many resprouted and 
grew substantially  leading to much reduced growth of the pines. Furthermore, the 
difference in pine growth between cleared and girdled plots continued to increase 
with age because of the continuing growth of the hardwoods in the girdled plots. 
That is to say, where hardwood weeds were allowed to develop vigorously, there 
was a large reduction in growth of the plantation pines; this continued as long as 
the hardwoods continued to develop. This problem of the development of hard-
wood weeds occurs quite commonly in plantations in the southern USA (Allen et 
al. 1990).

In commercial forestry terms in these three examples, the loss in growth of plan-
tations in which weeds were not controlled would probably have been sufficient to 
justify the cost of undertaking the weed control. That is not always the case and for 
any particular site it will be necessary to determine whether or not there are financial 
benefits from weed control. Having said that, it is perhaps difficult to understate the 
importance that has been placed on weed control in plantation forests since around 
the 1970s and the advantages that have been gained from it. Wagner et al. (2006) 
reviewed research studies from around the world that emphasis the magnitude of 
growth gains that have been achieved and there are many examples of the effects of 
weed control on plantation growth and/or the survival of seedlings (Nambiar and Zed 
1980; Sands and Nambiar 1984; Oppenheimer et al. 1989; Allen et al. 1990; Allen 
and Wentworth 1993; Clason 1993; Fredericksen et al. 1993; Lowery et al. 1993; 
McDonald and Fiddler 1993; Perry et al. 1993; South et al. 1993a, b; Richardson 
1993; Bi and Turvey 1994; Boomsma et al. 1997; Harrington and Edwards 1999; 

http://dx.doi.org/10.1007/978-3-319-01827-0_2
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Hunt et al. 1999; Tahvanainen and Rytkönen 1999; Neilsen and Ringrose 2001; Stone 
and Birk 2001; Little et al. 2003a, b; Nordborg and Nilsson 2003; Thiffault et al. 
2003; Watt et al. 2004; Westfall et al. 2004; Haywood 2005; Mercuri et al. 2005; Rose 
and Rosner 2005; Willoughby et al. 2006; Ares et al. 2007; Sæbø et al. 2009; Zhao  
et al. 2009; Garau et al. 2009; du Toit et al. 2010; Jacobs et al. 2012).

5.4.2  Causes of Growth Losses

When growth of plantation trees is reduced by the presence of weeds, it is believed 
to be a result principally of competition between the weeds and the trees for water 
and/or nutrient elements from the soil. An example will illustrate these effects. 
It comes from an experimental plantation of radiata pine (Pinus radiata) in the 
southeast region of South Australia (Nambiar and Zed 1980). This region has hot, 
dry summers, during which plantations can suffer a shortage of water from the 
soil. In this experiment, seedlings were planted in mid-winter and a detailed study 
was made of them the following summer. Herbaceous weeds develop vigorously 
on the planting sites in this region and experimental plots were established with 
varying degrees of weed control, using both weedicides and hand weeding.

Fig. 5.6  Growth in stand basal area of loblolly pine (P. taeda) in an experimental plantation in 
the southern USA where the site was cleared of hardwood weed species before planting (•______•) 
or where hardwood species were girdled only before planting (O- - -O). Also shown is the basal 
area growth in the same stands of the hardwood weed species, where they were cleared from 
the site before pine planting (∎_______∎) or where they were girdled only before pine planting 
(� − − − �) (Source—data from Table 1 of Glover and Zutter 1993)
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Figure 5.7 shows the results of measurements made of the water potential of the 
leaves of the seedlings when they were 6 months old. Water potential is a measure of 
the water stress to which the leaves are subject; in effect, it is a measure of the drop 
in water pressure between the roots of the seedling and their leaves. The less water 
available from the soil and the hotter and drier the air that is evaporating water from 
the leaves through their stomata, the greater will be the pressure drop and the more 
water stress will the leaves experience. Water potential is measured in units of pres-
sure. Conventionally, it is recorded as a negative value; the lower the value, the greater 
the water stress. To limit water loss by the plant, stomata respond to leaf water poten-
tial and start to close when it falls below a certain level. In radiata pine, stomata start 
to close when water potential falls below about −1.1 MPa and close fully when it 
reaches less than about −1.7 MPa. Once the stomata are closed completely, no photo-
synthesis can occur because carbon dioxide from the air can no longer enter the leaves.

The measurements shown in Fig. 5.7 were made at midday on one day in mid-
summer, in experimental plots that had different amounts of the ground covered by 
the foliage of weeds. It is obvious that the more weed cover there was, the more 
water stress were the seedlings suffering. This shows that the weeds were compet-
ing with the tree seedlings for water from the soil. Of course, the degree of water 
stress in the tree seedlings would have varied during the day as the air temperature 
changed. Also, stress would have been reduced on days following rain when more 
water became available from the soil. Hence, the amount of photosynthesis that the 

Fig. 5.7  Leaf water potential at midday in mid-summer of 6-month-old radiata pine (P. radiata) 
seedlings in relation to the proportion of the ground covered by herbaceous weeds, in an 
experimental plantation in southeastern South Australia. The dashed lines indicate water potential 
ranges where photosynthesis of leaves can continue normally, is reduced or ceases altogether 
because of complete closure of the stomata (Source—Fig. 1 and text of Nambiar and Zed 1980)
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seedlings could undertake would have varied from day-to-day and from time to time 
during the day. Nevertheless, the higher water stress suffered from time to time by 
seedlings in plots with more weed cover would have led to an overall reduction in 
their photosynthesis and, hence, their growth; by 9 months of age, seedlings in the 
experiment with thorough weed control averaged 52-cm tall, whilst those in plots 
without weed control averaged only 23-cm tall. Deaths were more common also in 
the plots without weed control; at one year of age none of the trees had died in the 
plots with thorough weed control, whilst 40 % were dead in the plots without.

The concentrations of nutrient elements in the leaves of these seedlings varied 
also with the level of weed control. At 11 months of age, seedlings in plots with 
thorough weed control had higher concentrations of both nitrogen and potassium 
(22,000 and 9,900 mg/kg, respectively) than plots without weed control (15,000 
and 4,500 mg/kg). Phosphorous concentrations were similar with and without 
weed control (1,400 mg/kg). The lower nitrogen and potassium concentrations 
where weeds were present may have been a result of the weeds competing with 
the trees for the nutrients; later work (Smethurst and Nambiar 1989) confirmed 
that weeds indeed compete with the trees for nutrients in these plantations. Many 
other research papers have reported on the water stress and nutrient uptake by 
tree seedlings in plantations with and without weed control (Sands and Nambiar 
1984; Elliott and Vose 1993; Fredericksen et al. 1993; Richardson 1993; Hunt and 
Beadle 1998; Harrington and Edwards 1999; Adams et al. 2003; Nordborg and 
Nilsson 2003; Thiffault et al. 2003, 2005; Watt et al. 2003, 2004; Coll et al. 2007; 
Huang et al. 2008; Dinger and Rose 2009).

Less commonly than competition for water and nutrients, it has been suggested 
(Lowery et al. 1993; Richardson 1993; Sands et al. 2000b; Nordborg and Nilsson 
2003) that growth losses due to weeds can be caused also by:

•	 Weeds reducing air temperatures near ground level and so increasing the risk of 
frost damage to seedlings.

•	 Parasitism of the trees by some weed species.
•	 The exudation from roots of some weeds of substances that inhibit the growth 

of trees (a process known as allelopathy, Morris et al. 2009).
•	 Increased concentrations of carbon dioxide in the soil resulting from the pres-

ence of weeds.
•	 Increased damage to the trees by animal pests sheltering amongst weeds.

5.4.3  Controlling Weeds

Where it is necessary, weed control is one of the major expenses incurred over 
the first few years of the life of plantations, until the trees have grown sufficiently 
large to restrict or eliminate the growth of weeds altogether.

Cultivation can be effective in restricting weed growth initially. However, pre-
emergent weedicide sprays are applied commonly following cultivation; these 
restrict germination of the seeds of weeds. Over the next few years, post-emergent 

5.4 Weed Control
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weedicides are often used; these are capable of killing weeds that have already 
grown. There is a wide range of chemicals available for weed control and they differ 
both in their capabilities of killing different weed species and in the extent to which 
they damage the trees if they are sprayed accidentally on them. Weedicides are com-
monly applied using boom-sprays carried on tractors and that are often mounted with 
protective guards to prevent the spray drifting onto the tree seedlings. Some weedi-
cides perform adequately only if they are applied at certain stages of development of 
the weeds, so care is required to spray the weeds during the appropriate season.

Of course, there must be concern also that the broad-scale spraying of chemi-
cals such as weedicides may have deleterious environmental effects. The fate of 
the weedicides in the soil and the possibility that they might be carried eventu-
ally into watercourses must be considered (Wilkins et al. 1993; Bubb et al. 2003). 
Because of the threats these chemicals may pose, governments in some parts of 
the world have restricted the use of weedicides in forest plantations.

Methods of weed control that are potentially less threatening to the environ-
ment include the use of grazing animals (provided they are allowed into the 
plantation only when the trees have grown sufficiently that the animals will not 
damage them), mulches, weedicides developed from natural chemicals, soil culti-
vation or biological agents such as insects or diseases (Markin and Gardner 1993; 
McDonald and Fiddler 1993; Green 2003; Clay et al. 2005; Thiffault et al. 2005).

Jeffries et al. (2010) gave an example where cultivation before planting was 
used in plantations of loblolly pine (Pinus taeda) in southern USA to prevent 
development of woody weed species during early years of growth of the planta-
tion. In later years, understorey species developed that were considered important 
for the maintenance of biodiversity in the region. Whilst controlling the weed 
species effectively, the cultivation did not affect ultimately the biodiversity. Little  
et al. (2007) found that clearing eucalypt plantations sites in South Africa by burn-
ing of debris encouraged earlier weed development than occurred on unburnt sites, 
especially on sites at higher altitudes.

Various authors have reviewed the techniques available for and use of weed 
control in plantations (Margolis and Brand 1990; Campbell and Howard 1993; 
Lowery et al. 1993; Markin and Gardner 1993; McDonald and Fiddler 1993; 
Richardson 1993; Teeter et al. 1993; Wagner 1993; Green 2003; Prado and Toro 
1996; Weih 2004; Mead 2005, 2013)

5.5  Coppice

The establishment of a new plantation following harvesting of the previous planta-
tion crop usually involves a sequence of events similar to those described earlier in 
this chapter. However, for many species and plantation circumstances, it is possi-
ble to simply allow the trees from the previous plantation to resprout from the cut 
stumps left after harvesting. This resprouting is known as coppice. The stem form 
and wood quality of the trees that grow eventually from coppice is often just as 
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good as trees grown from seedlings. Re-establishment of a plantation by coppice 
may be repeated a number of times, so that several coppice rotations may follow a 
rotation established initially with seedlings (Sect. 5.5.2).

Where it is possible to re-establish a plantation using coppice, a great deal 
of expense can be avoided (Rosenqvist and Dawson 2005b; Whittock et al. 2004; 
Bailey and Harjanto 2005). Coppice has been used extensively, from time to time 
and place to place around the world, although little in tropical regions. It is becom-
ing increasingly important as plantations being grown for bioenergy production 
become more common (Onyekwelu et al. 2011). Because bioenergy plantations are 
often grown on short, perhaps 3–5 year, rotations and are planted with high stock-
ing densities of seedlings, re-establishment will be a frequent event requiring large 
numbers of seedlings. Under these circumstances, it may be economically feasible 
to grow these plantations only if they can be re-established using coppice. However, 
particular circumstances may prohibit the use of coppice. For example, Piper et al. 
(2011) found that eucalypt coppice failed to grow in southern Queensland, Australia, 
due to its intolerance of the waste water from a food processing plant that had been 
used to irrigate successfully the preceding seedling plantation.

Coppice is a form of epicormic shoot development. These are shoots which 
develop from buds in the phloem. The buds may remain dormant until the tree is 
damaged in some way (often through causes such as fire, severe drought or heavy 
browsing by leaf-eating insects) or may develop in the cambium at cut surfaces 
(when they are known as callus). After the damage, the buds develop to form new 
leaves, branches or stems. Meier et al. (2012) reviewed the process of epicormic 
bud development in trees.

Not all species produce coppice readily. Generally, softwood species do not, 
although there are exceptions. Many hardwood species produce coppice read-
ily, although again there are some species that do not (Evans and Turnbull 2004). 
Variation in the environmental circumstances of different sites may affect coppice 
development of different species in different ways (Little and Gardner 2003). As 
well, the coppice from different genetic strains of the same species can develop 
rather differently (Boivon-Chabot 2004; Robinson et al. 2004; Mitsui et al. 2009).

5.5.1  Wood Production by Coppice

Apart from the cost savings in re-establishing a plantation using coppice, another 
important advantage is that the growth rate of coppice is often greater than that of 
seedlings. This productive advantage seems to occur particularly during the first 
few years after coppicing.

It is not understood fully why coppice grows faster than seedlings. Some 
research has shown that plants must have available a food reserve (usually stored 
as starch) in their roots, if coppice is to develop (Bamber and Humphreys 1965; 
Taylor et al. 1982; Tschaplinski and Blake 1994, 1995; Luostarinen and Kauppi 
2005). This can be drawn upon by the newly developing shoots until they produce 
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new leaves and can undertake photosynthesis themselves. As well, coppice has 
available the root system of the cut tree and, unlike a seedling, does not have to 
develop a new root system. Other research has found that coppice behaves as if the 
plant has been rejuvenated or reinvigorated (Bachelard 1969; Taylor et al. 1982; 
Blake 1983; Tschaplinski and Blake 1989a, b, 1995; Florence 1996, p. 155). None 
of this research is definitive and much remains to be done to explain why coppice 
often shows very high growth rates.

In practical terms, Evans and Turnbull (2004) suggested that over longer rota-
tions (say, 10–15 years or more), production by coppice often differs little from 
seedling rotations, even though coppice grows faster in its early years (see also 
Bailey and Harjanto 2005). However, after several coppice rotations its production 
eventually falls below that of a seedling rotation; perhaps the trees eventually lose 
their capability to rejuvenate or be reinvigorated. Evans and Turnbull (2004) sug-
gested that usually three or four coppice rotations can be grown before it is nec-
essary to replant with seedlings. However, this is not always so; Pawlick (1989) 
referred to Nile tulip (Markhamia lutea) in Kenya, a species that has been found to 
coppice readily and repeatedly, without loss of production, over periods as long as 
100 years.

There is a growing body of practical studies suggesting that the early, rapid 
growth of coppice may be used to advantage in the short (3–5 years, say) rota-
tions of bioenergy plantations. In their review of hardwood bioenergy plantations 
in Europe and North America, Cannell and Smith (1980) concluded that coppice 
produced 10–30 % more biomass than seedlings over 4–5 year long rotations. 
However, after several rotations the advantage seemed to be lost and a new seed-
ling rotation would need to be established. Similar effects have been observed with 
numerous hardwood species in various parts of the world (Carter 1974; Kaumi 
1983; Oliver 1991; Willebrand et al. 1993; Kopp et al. 1993, 1996; McKenzie and 
Hay 1996; Bergkvist and Ledin 1998; Pontailler et al. 1999; Liesebach et al. 1999; 
Geyer 2006; Al Afas et al. 2008; Mola-Yudego and Aronsson 2008; Zewdie et al. 
2009; Goodger and Woodrow 2010; Drake et al. 2012).

An interesting example of the potential for the use of coppice in bioenergy 
plantations comes from 15 years of experimental work, with 19 different eucalypt 
species, in the north island of New Zealand (Sims et al. 1999). Following a single 
seedling rotation of 3 years, four successive 3-year coppice rotations were estab-
lished. In terms of stem wood volume production, the best performing species was 
swamp gum (Eucalyptus ovata), a species native to southeastern Australia. It had 
mean annual increments in stem wood volume to 3 years of age of about 24, 31, 
54, 39 and 100 m3/ha/year over each of the seedling rotations and four successive 
coppice rotations, respectively.

Comparison with the information in Fig. 3.2 will show that the growth rate 
of 100 m3/ha/year over 3 years, for the fourth coppice rotation, is well above the 
highest growth rates that have been encountered usually in plantations of hard-
wood species; it is one of the highest growth rates for a plantation forest that I 
have come across ever in the scientific literature. Certainly part of the reason for it 
was that many coppice shoots had developed on each stump by the fourth coppice 

http://dx.doi.org/10.1007/978-3-319-01827-0_3
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rotation, so there was a total of about 10,000 trees per hectare in the plantation 
(that had been planted initially with about 2,200 seedlings per hectare); higher 
stocking densities produce higher wood yields (Sects. 7.1.3, 7.2.1). The differ-
ences in growth rates of coppice from rotation to rotation in Sims et al.’s results 
may reflect weather differences during each rotation period. However, there was 
certainly no evidence that coppice production was declining after several rotations.

5.5.2  Silviculture of Coppice

Given that coppice arises from buds within the bark of tree stumps, it is obviously 
important that whatever harvesting system is used to fell the trees of the previous 
rotation it should not strip the bark from the stump. In Uruguay, eucalypt stumps 
with the bark held firmly coppiced more readily (Alonso et al. 2012). Generally, 
the use of harvesting implements which leave a clean, although not necessar-
ily smooth, cut surface of the stump seem to be recommended for most coppice 
systems. Pawlick (1989) suggested that a ragged cut, or one that left bark hang-
ing loose, may allow moisture to be trapped and encourage insect or fungal attack 
(Chaps. 10, 11). It has been suggested that a rougher, sawn surface may be bet-
ter than a smooth surface (such as that from an axe cut) because callus devel-
opment to heal the stump may occur more readily on a rougher surface (Evans 
and Turnbull 2004). However, Oliver (1991) used pruning shears, that would be 
expected to leave a smooth surface, with apparent success to establish coppice 
on stumps of shining gum (Eucalyptus nitens) in New Zealand. Both chainsaws 
and bow saws have been used to establish coppice in eucalypt plantations (Kaumi 
1983; Oliver 1991; Brandenburg 1993; Evans and Turnbull 2004).

A variety of observations have suggested that the success and vigour of cop-
pice vary with the diameter of the cut stem (Luoga et al. 2004; Johansson 2008; 
Matula et al. 2012) or the height at which the stump is cut (Blake 1983; Evans and 
Turnbull 2004). There seems to have been little research done to determine the 
reasons for this, although Sakai et al. (1997) suggested that food reserves in taller 
stumps may be necessary to allow buds to develop in some species. For eucalypts, 
Evans and Turnbull (2004) suggested that stump height was not critical for cop-
pice development. However, successful coppice has resulted in various species 
when stumps were cut ‘as near to ground level as possible’ (Kaumi 1983), whilst 
others have used or recommended heights of 5 cm (Fang et al. 2011), 10–12 cm 
(Nicholas 1993; Luoga et al. 2004), 20–50 cm (Cremer et al. 1984; Oliver 1991; 
Brandenburg 1993; Hummel 2000; Luoga et al. 2004) or 50–100 cm (Wirthensohn 
and Sedgely 1998). Evans and Turnbull (2004) suggested that if the stump height 
is too high, the coppice may be more susceptible to being blown over by strong 
winds.

On the basis of observations of coppice from various species in New Zealand, 
it has been suggested also that the stump should have its cut face sloping, to allow 
rain to run-off (Nicholas 1993), at 20–45° below the horizontal and with its cut 
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surface not facing the sun (Brandenburg 1993). Experience in New Zealand has 
found also that application of a fungicide solution to the cut surface may improve 
stump survival (Nicholas 1993; Brandenburg 1993) and, presumably, the sloping 
cut assists in keeping the surface dry and reducing fungal development (or insect 
attack; Pawlick 1989).

Because the availability of food reserves is essential for coppice development 
(Sect. 5.5.1), it should be best if trees are cut at the beginning of the season of 
active growth, when food reserves have accumulated during the season of little 
growth (Cremer 1973; Clarke 1975; Blake 1983; Webley et al. 1986). An exam-
ple of the importance of the season of cutting for coppice development was given 
by Clarke (1975), for 6-year-old flooded gum (Eucalyptus grandis) plantations in 
northern New South Wales, Australia. When stumps were cut in spring (September 
or October), immediately after the period of slower growth in autumn and win-
ter (March–August), about 90 % of the stumps developed coppice. This propor-
tion declined steadily as cutting was done in later months, until less than 50 % of 
stumps produced coppice if they were cut during autumn and winter.

For willow (Salix viminalis) and hybrid poplar (Populus nigra × maximowic-
zii) coppice being grown in bioenergy plantations in Germany, Hrynkiewicz et al. 
(2010) found that both the type and number of mycorrhizal fungi associated with 
their roots changed as the rotation length varied between 3 and 6 years of age. They 
suggested that choice of rotation length for coppice plantations may be important to 
ensure their optimal nutrition (Chap. 6) through their association with mycorrhizas.

Normally more than one coppice shoot will develop from a cut stump. As 
many as 20 have been observed in eucalypts (Florence 1996, p. 154). Where a 
plantation is being grown for timber products or paper pulp, it is usually neces-
sary to thin multiple coppice stems to a single stem on each stump, or perhaps 
two stems (Little and du Toit 2003). If this is not done, the higher stem stocking 
density of the unthinned coppice plantation will produce final-crop trees with an 
average stem diameter lower than desired (Sect. 7.1). This is less of a problem 
for bioenergy plantations, where small tree sizes are of little concern. As well, 
the large number of shoots on each coppice stump may reduce the efficiency of 
the final harvesting operation. Perhaps even more importantly, if more than a few 
shoots arise, they tend to lean out from the stump and become liable to breakage 
(Florence 1996, p. 154). Removal of the multiple stems may involve loss of the 
extra growth gained by the coppice rotation over a seedling rotation (Sect. 5.5.1, 
Drake et al. 2012). However, Fang et al. (2011) found that energy production over 
3 years from a coppice plantation of sawtooth oak (Quercus acutissima) in cen-
tral eastern China was maximised if shoot numbers were reduced to two on each 
stump after one growing season.

http://dx.doi.org/10.1007/978-3-319-01827-0_6
http://dx.doi.org/10.1007/978-3-319-01827-0_7
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It is of considerable importance to ensure that sufficient of the nutrient elements 
essential to the growth of trees (Sect. 2.1.4) is available as and when they are 
required. Otherwise, tree health and growth rates will suffer. Furthermore, the 
nutrients available on a site are such a valuable resource that it is important that 
any losses from the site be minimised, both in the short term during any one plan-
tation rotation and in the long term over many rotations.

Any shortages that occur in nutrient supply can be made up by fertilisation. 
However, fertilisation is expensive and should be used only if the resulting gains 
in production can be justified economically. Furthermore, if fertiliser is to be used, 
it is important that it is of the right type and is applied at just the right time and in 
just the right amounts to match the requirements of the growing trees. If insuffi-
cient is added, growth may suffer. If too much is used, the nutrients may simply be 
lost after dissolving in the water in the soil and being washed through the soil with 
rainfall (a process known as leaching) (Bruijnzeel 1997); pollution from nutrients 
lost in this fashion may have deleterious effects on the ecosystems to which they 
are transported (e.g. Brodie et al. 2012; van Holt et al. 2012). Smethurst (2010) has 
reviewed plantation fertilisation practice as used throughout the world.

For most forest plantations, nutrient availability is the only one of the resources 
essential for the growth of plants that can realistically be managed by the plan-
tation grower. Irrigation can be used to make more water available, but it is an 
extremely expensive practice, used generally in plantations only for very special 
purposes. The availability of light and carbon dioxide cannot be controlled in any 
broad plantation programme.

It is difficult to generalise about how nutrients should be managed on any 
particular plantation site. Soils differ greatly, both in their ability to supply the 
nutrient needs of a plantation and in the extent to which they may lose nutri-
ents through leaching. Tree species differ in their nutritional requirements. This 
means that the need for fertilisation must be assessed individually for any par-
ticular site and plantation species. At present we have no simple and straightfor-
ward method of going to a site and assessing easily whether or not fertilisation 
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will be necessary; it often requires complex, long-term experiments to do so 
(Vadeboncoeur 2010). The later chapters in Attiwill and Adams (1996) illustrate 
how varied is the need for fertilisation in different parts of the world.

This chapter describes how the demand for nutrients changes during the life of 
a plantation and how fertiliser regimes can be developed to match that demand. 
As well, it considers the issues surrounding the long-term maintenance of nutrient 
supply from a site.

6.1  Early Growth in Relation to Nutrient Supply

The first few years of growth of a plantation are particularly crucial for the supply 
of nutrients. As the trees grow and their canopies and root systems expand, their 
nutrient requirements increase correspondingly until the canopy closes and fine 
roots and leaves reach a more or less constant stand biomass (Sect. 2.2).

During this period, it is possible to control the plantation growth rate by ensur-
ing that the right amounts of nutrients are available to the trees at the right times. 
Our understanding of how to do this derives from basic research carried out in the 
late 1970s and 1980s by a Swedish scientist, Torsten Ingestad, and his colleagues. 
The theory that Ingestad developed is discussed in Sect. 6.1.1. The practical conse-
quences of the theory for fertilisation practice are discussed in Sect. 6.1.2.

6.1.1  Ingestad’s Theory

Ingestad studied how the growth rate of very young tree seedlings was affected 
by altering the rate of supply of nutrient elements to their roots. He carried out 
his experiments using the apparatus shown diagrammatically in Fig. 6.1. Small 
tree seedlings were supported in holes through the lid of a bowl about the size 
of a domestic washing machine. Water containing dissolved nutrient elements was 
sprayed into the bowl, up and around the roots of the seedlings. Meters measured 
the concentration of nutrients in the water as it entered and left the bowl. A com-
puter system controlled additions of nutrients to the solution at frequent intervals 
(hourly, say), so that the amounts of nutrients being supplied in the water to the 
roots was controlled very closely. The entire apparatus was kept in a greenhouse 
or controlled environment room. More details of the apparatus and its use can be 
found in Ingestad and Ågren (1992).

Ingestad conducted experiments in which he supplied all but one nutrient ele-
ment to the seedlings at rates well in excess of the maximum that the seedlings 
could take up. The one nutrient, he supplied at a very carefully controlled rate, 
known as the relative addition rate, chosen so that the seedlings would have 
less of the nutrient element available to them than they were actually capable of 
taking up. Relative addition rate is the percentage increase, over any day of the 

http://dx.doi.org/10.1007/978-3-319-01827-0_2
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experiment, in the amount of a nutrient element in the seedlings. From the meas-
urements he made of seedling biomasses during an experiment, that would run 
usually for several weeks, Ingestad could determine their relative growth rate, 
that is, the percentage increase over any day of the experiment of the biomass of 
the seedlings.

Ingestad conducted such experiments with many different tree species and 
many different nutrient elements. He found that if the relative addition rate of a 
nutrient was kept constant over the duration of the experiment, the relative growth 
rate of the seedlings would remain also constant and be equal to the relative addi-
tion rate. Put simply, this means that the rate at which nutrients are supplied to 
seedlings will determine exactly the rate at which they grow (provided of course 
that the availability of no other factor essential to plant growth limits the seedling 
growth rate).

Results from two of Ingestad’s experiments, one with silver birch (Betula 
pendula) and one with Scots pine (Pinus sylvestris), are shown in Fig. 6.2. In 
both cases, nitrogen was the growth-limiting nutrient. It is obvious from the data 
points plotted there that at any relative addition rate of nitrogen for either spe-
cies, the corresponding relative growth rate was nearly the same. If they had 
been exactly the same, all the plotted points would have fallen on the solid line 
that has been drawn diagonally across the figure. However, the plotted points 
fall sufficiently close to the line that Ingestad could propose confidently his the-
ory that relative growth rate does equal relative addition rate. Ingestad and other 
researchers have conducted similar experiments with many other tree species 
and with other nutrient elements, always with results similar to those of Fig. 6.2 
(e.g. Ingestad 1982; Ericsson and Ingestad 1988; Cromer and Jarvis 1990; 
Ericsson and Kähr 1993; Kriedemann and Cromer 1996; McDonald et al. 1996).

Fig. 6.1  Representation of the apparatus used by Torsten Ingestad for experiments relating tree 
seedling growth rate to nutrient supply rate. A water solution of nutrient elements entered and 
left the apparatus, as indicated by the arrows, and was sprayed directly onto the roots of the 
seedlings (adapted from Ingestad and Ågren 1992)

6.1 Early Growth in Relation to Nutrient Supply
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6.1.2  Conclusions for Fertilisation Practice

From Ingestad’s theory, there are two important ramifications for fertilisation prac-
tice in the early stages of forest plantation growth:

•	 The higher the relative addition rate at which nutrients are supplied to seedling 
roots, the faster will seedlings grow. In effect, applying fertiliser to a plantation 
forest is an attempt to increase the relative addition rate of nutrients from the 
soil and, hence, the seedling growth rate.

•	 To maintain those seedling growth rates, the actual amount of nutrients that 
must be supplied from the soil daily to the seedling roots will increase progres-
sively as the seedlings grow larger and the concentration of nutrients in the plant 
will remain constant (Ingestad and Kähr 1985; Ingestad and McDonald 1989). 
Thus, an ever increasing amount of nutrients must be available daily from the 
soil to supply the needs of the seedlings.

Of course, the growth rates of seedlings in a plantation can never be controlled 
with the precision possible in an experiment using Ingestad’s apparatus. There are 
various reasons for this:

•	 The relative addition rate of nutrients to plant roots from soil is much more dif-
ficult to control than spraying a water solution of nutrients directly on the roots 
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Fig. 6.2  Results from two experiments conducted by Ingestad, where seedlings of the hardwood 
silver birch (B. pendula) (•) or the softwood Scots pine (P. sylvestris) (O) were grown at different 
relative addition rates of the nutrient element nitrogen. Seedling relative growth rates are shown plot-
ted against relative addition rates. The line shows where the points would lie if relative growth rates 
were exactly equal to relative addition rates (adapted from Ingestad and Kähr 1985 and Ingestad and 
McDonald 1989, using data for seedlings lit with a photon flux density of 22 mol/m2/day)
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as in Ingestad’s experiments; experiments attempting to emulate Ingestad’s 
results, with seedlings growing in pots or trays filled with soil, have had vary-
ing success (Timmer and Armstrong 1987; Burgess 1991; Timmer et al. 1991; 
Hawkins 1992; Zabek and Prescott 2007).

 In soil, nutrients are released into water held in the spaces between the soil par-
ticles; the nutrients are either dissolved from the soil particles themselves or are 
released from organic matter in the soil as it is broken down by microorgan-
isms (mainly bacteria and fungi). The soil chemical and physical properties will 
determine how much of and how quickly the nutrients are released into the soil 
water and, hence, what their relative addition rates will be.

 Further, as plant fine roots take up the nutrients from the soil water, they deplete 
the amount of nutrients in the water immediately adjacent to the root. More 
nutrients must then diffuse from the surrounding water to the depleted region. 
There is no ‘stirring’ of the water in soil, equivalent to the spraying of nutri-
ents in Ingestad’s apparatus. This means that the availability of nutrients at root 
surfaces will depend on the rate at which nutrients can diffuse through the soil 
water to nutrient-depleted zones immediately adjacent to the roots; the availabil-
ity of water in the soil is very important itself in determining how rapidly this 
can occur (Gonçalves et al. 1997).

 Even the way in which fertiliser is placed on the soil affects how readily avail-
able the nutrients are to the seedlings. Graciano et al. (2009) found that flooded 
gum (Eucalyptus grandis) seedling growth increased when fertilizer was 
applied in a localised patch rather than thoroughly mixed in the soil. As well, 
the fertiliser itself may modify the soil chemistry in some way that affects the 
availability of nutrients from the soil (Mitchell and Smethurst 2008).

•	 Other environmental factors, such as seasonal changes in temperature or peri-
ods of drought over a dry summer, may limit the growth rates of seedlings from 
time to time during a year. Over those periods, nutrient availability will not be 
the factor limiting seedling growth rates; the extent to which low availability 
of water will often override the importance of nutrient availability in control-
ling plantation growth has been discussed by many authors (Kimmins et al. 
1990; Nambiar 1990, 1990/91; Nambiar and Sands 1993; Gonçalves et al. 1997;  
du Toit et al. 2010).

 Even seedling condition may override nutrient availability. For example, Everett 
et al. (2007) found that Douglas fir (Pseudotsuga menziesii) seedlings supplied 
with progressively increasing fertiliser amounts in the nursery were smaller and 
had a higher root-to-shoot ratio than seedlings supplied with constant fertiliser 
amounts. Two years after planting, the seedlings that had received progressively 
increasing fertiliser amounts were no different in size from those that had not.

•	 Application of fertiliser to plantations is a costly practice and it will be possi-
ble to apply fertiliser only on two or three occasions at most during the first few 
years of the life of a plantation. Thus, it will never be possible in practice to con-
trol the relative addition rates of nutrients from soil with the precision possible in 
Ingestad’s apparatus. A field experiment in Canada with lodgepole pine (Pinus 
contorta), where annual fertilisation attempted to emulate Ingestad’s conditions by 
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maintaining foliar nutrient levels at a constant level, did not show any appreciable 
growth advantage over less frequent fertiliser additions (Brockley 2007).

Given these various considerations, it is now accepted that over the early years 
of plantation growth, until the canopy closes, fertiliser should be applied as often 
as is practicable and the amounts should increase progressively with time to keep 
pace with the ever-increasing amounts the trees require. When the trees are very 
small, if more fertiliser is applied than they require, the excess nutrients will 
simply be leached from the soil and wasted. If insufficient is applied when they 
are larger, they will be unable to maintain their growth rate. Hence, the amounts 
applied at each fertiliser application should be carefully judged to match the nutri-
ent requirements of the trees at the time.

6.2  A Fertiliser Regime for Sweetgum in North America

This section will give an example to illustrate the development of a fertiliser 
regime for the early years of plantation growth (that is, when and how much ferti-
liser should be applied), drawing on the principles of Ingestad’s theory.

6.2.1  Example Details

The example comes from experimental work with a plantation of sweetgum 
(Liquidamber styraciflua) in South Carolina, USA (Scott et al. 2004a, b). There 
is increasing interest in North America and Europe in growing plantations of 
hardwoods, on 3–20-year-long rotations, to produce wood either for bioenergy 
or paper pulp production (Rosenqvist et al. 1997; Scholes 1998; Toivonen and 
Tahvanainen 1998; Updegraff et al. 2004; Andersen et al. 2005; Rosenqvist and 
Dawson 2005a). Sweetgum is one such species.

On the sites they were considering, Scott et al. believed it was the availability 
from the soil of nitrogen that limited the growth rate of sweetgum. To explore this, 
they established an experiment on a site that had been used previously to grow a 
plantation of loblolly pine (Pinus taeda). This had been harvested shortly before 
establishing the sweetgum plantation.

Both nitrogen and phosphorus fertilisers were applied to the sweetgum planta-
tion shortly after planting. The experiment started when the plantation was 2 years 
of age. Experimental plots received either 0, 56 or 112 kg/ha of nitrogen in nitro-
gen fertiliser. The plots were fertilised again with the same amounts of nitrogen at 
4 years of age.

Scott et al. took detailed measurements, year by year as the experiment contin-
ued. They measured the growth of the trees and the amounts of nitrogen both in 
the trees and available to them from the soil.
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6.2.2  Growth Response to Fertilisation

Some results from the experiment, at 6 years of age, are given in Table 6.1. They 
show that trees in plots that had been fertilised were appreciably larger in average 
height and diameter and in the stand biomass of both stems and foliage. However, 
there was little advantage gained by applying 112 kg/ha of nitrogen at each fer-
tiliser treatment over the gain with 56 kg/ha of nitrogen. That is to say, applying 
56 kg/ha of nitrogen biannually apparently led to the maximum growth on the site; 
adding more fertiliser would simply be wasteful. By 6 years of age, the fertilised 
plots had grown to the stage where the tree canopies had closed and the stand foli-
age biomass had reached its maximum and could be expected to remain more or 
less constant thereafter.

To this point, Scott et al.’s results are typical of experiments done by many for-
est scientists, with many different tree species in many parts of the world. These 
have shown varying degrees of growth advantage from application of fertiliser at 
various stages of development of plantations on particular sites. Typical also of 
such experiments is the rather obvious conclusion that can be drawn from Scott 
et al.’s results; applying nitrogen fertiliser to sweetgum plantations on their site 
led to a tree growth advantage. However, these results do not answer certain ques-
tions about what would be the most appropriate fertiliser regime for sweetgum, 
particularly:

•	 If fertiliser had been applied more frequently, would there have been an even 
greater growth advantage?

•	 Should the amount of fertiliser applied have increased in successive applica-
tions, to keep pace with the increasing demand of the trees as they grew larger, 
consistent with Ingestad’s theory?

Because Scott et al. had measured much more in their experiment than just the tree 
sizes at 6 years of age, they were able to develop answers to these questions. This 
involved developing an annual nitrogen budget for their experimental plantation. 
This is described in Sect. 6.2.3.

6.2 A Fertiliser Regime for Sweetgum in North America

Table 6.1  Average tree and stand characteristics, at 6 years of age, in an experimental plantation 
of sweetgum (Liquidamber styraciflua) in South Carolina, USA

Nitrogen applied 
at each fertiliser 
treatment (kg/ha)

Tree average 
diameter at breast 
height (cm)

Tree average 
height (m)

Stand stem 
oven-dry biomass 
(including bark) 
(t/ha)

Stand foliage 
oven-dry biomass 
(t/ha)

0 6.3 7.0 8.4 1.8
56 7.0 8.6 13.6 2.7
112 7.0 8.5 13.7 3.5

Experimental plots received different amounts (as indicated in the first column) of nitrogen in 
fertiliser at 2 and 4 years of age (Source—Tables  2–4 of Scott et al. 2004a)
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6.2.3  Nutrient Budget

Scott et al.’s first step in developing a nitrogen budget was to determine, year by 
year, how much nitrogen was present in the foliage of the trees. From time to time 
during the experiment, they took samples of foliage from the trees in their experi-
mental plots. These samples were analysed chemically in the laboratory to deter-
mine the concentration of nitrogen in the foliage.

When Scott et al. combined all the growth and foliage nitrogen concentration data 
they had collected over 6 years, they concluded that trees with a concentration of 
17,500 mg/kg or more nitrogen in their foliage would be growing as fast as was pos-
sible on that site. This is somewhat less than the 25,000 mg/kg, shown in Table 2.1 as 
being the nitrogen concentration in foliage of normal, vigorously growing plants. This 
emphasises that the information in Table 2.1 is simply an average for plants in general 
and specific values need to be determined for any particular species of interest.

Given these results and other information Scott et al. obtained from the trees 
and soils in their experiment, they could determine what the nitrogen budget 
should be annually, if the plantation was to grow as fast as possible on the site. 
An example of this budget, for growth between 4 and 5 years of age, is shown dia-
grammatically in Fig. 6.3.

Sweetgum is a deciduous species, so loses all of its foliage annually in autumn and 
replaces it in spring. Their observations of the fastest-growing plantations on their site 
suggested to Scott et al. that, between 4 and 5 years of age, the plantation would grow 
an oven-dry biomass of foliage of 3.3 t/ha. If the concentration of nitrogen in that foli-
age was 17,500 mg/kg, the total amount of nitrogen required by the leaves would be 
58 kg/ha (the leaf oven-dry biomass multiplied by nitrogen concentration in leaves). 
This amount of nitrogen is shown in the ‘foliage’ box in Fig. 6.3.

Scott et al. were then able to determine the sources from which that 58 kg/ha of 
nitrogen would be obtained. When leaves fall from trees, the trees are able to with-
draw at least some of the nutrients from the leaves before they die and store them 
in other tissues for reuse in new leaves as they develop. This process is known as 
nutrient retranslocation; different species differ greatly in the extent to which they 
are able to do this and some nutrient elements can be retranslocated much more 
readily than others (Ericsson et al. 1992; Miller 1995; Negi and Sharma 1996). In 
the sweetgum case, Scott et al. found that 23 kg/ha of nitrogen would have been 
retranslocated when the trees lost the leaves that had grown the previous year; this 
amount would be made available to the new leaves that developed between 4 and 
5 years of age, as indicated by the ‘retranslocation’ amount in the figure.

They determined also that a total of 69 kg/ha of nitrogen was available from the 
soil, as shown in the ‘soil’ box in the figure. Some of that would not be available to be 
taken up by the tree roots, simply because roots do not reach every point in the soil. 
Also, some would have been taken up for use by newly developing fine roots. Scott  
et al. found that 19 kg/ha of it would be taken up and made available to the leaves.

Thus, Scott et al. identified that 42 kg/ha (23 + 19) of the foliage nitrogen 
requirement would have come from retranslocation and uptake from the soil. This 

http://dx.doi.org/10.1007/978-3-319-01827-0_2
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meant that a further 16 kg/ha of nitrogen would have to be made available to the 
foliage by adding it in fertiliser, so that the leaves would have the total 58 kg/ha 
of nitrogen they required. They found that 78 kg/ha of nitrogen would have to be 
added to the soil as fertiliser to supply this, the amount shown in the ‘fertiliser’ 
box in the figure; as for the nitrogen in the soil, not all of the nitrogen applied in 
fertiliser would be available to the foliage.

In general, the derivation of a nutrient budget for any particular type of site and tree 
species is an essential part of developing an appropriate fertiliser regime for a planta-
tion. Scott et al. felt they had obtained sufficient information from their budget to make 
recommendations for the fertiliser needs of their sweetgum plantation (Sect. 6.2.4). No 
doubt, their budget could be improved if they included information about root develop-
ment; a start to this for sweetgum was made by Coyle et al. (2008). Other researchers 
have developed nutrient budgets for various plantation forests and for various nutri-
ent elements, in some cases budgets rather more detailed than Scott et al’s. (Miller  
et al. 1979; Mahendrappa et al. 1986; Beets and Pollock 1987; Eckersten and Slapokas 
1990; Bargali et al. 1992; Thomas and Mead 1992a, b; Nilsson et al. 1995; Grove  

Fig. 6.3  The nitrogen budget, between 4 and 5 years of age, to achieve maximum growth of a 
sweetgum (Liquidamber styraciflua) plantation in South Carolina, USA. The values shown are 
amounts of nitrogen in a stand in kilograms per hectare. The values in the annotated boxes are 
the amounts required by the foliage, the amount available for uptake by the trees from the soil 
and the amount to be added at the start of the year in fertiliser. The values beside the dashed 
arrows indicate the amounts of nitrogen transported to the foliage from the various sources. 
The foliage oven-dry biomass was 3.3 t/ha, of which 17,500 mg/kg was nitrogen (derived using  
Eq. 10 and Fig. 3 of Scott et al. 2004b)

6.2 A Fertiliser Regime for Sweetgum in North America
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et al. 1996; Negi and Sharma 1996; Fölster and Khanna 1997; Neilsen and Lynch 
1998; Parrotta 1999; Guo et al. 2002, 2007; Laclau et al. 2003, 2005, 2010; Turner and 
Lambert 2008; Hernández et al. 2009).

6.2.4  Fertiliser Regime

From their annual nutrient budgets, Scott et al. determined that maximum growth 
of their sweetgum plantation would be achieved if 15, 70, 78 and 82 kg/ha of 
nitrogen in fertiliser was applied at 3, 4, 5 and 6 years of age, respectively. These 
fertiliser amounts increase annually, to keep pace with the increasing demand for 
nitrogen as the stand foliage biomass of the plantation increased year by year. By 
6 years of age, the canopy of the plantation would have closed and the stand foli-
age biomass would remain more or less constant thereafter.

The development of this fertiliser regime by Scott et al. is completely consist-
ent with the principles established from Ingestad’s theory (Sect. 6.1). It aims to 
maintain nutrient concentrations in tissues at a level appropriate to ensure maxi-
mum growth. As well, fertiliser is added from time to time in ever-increasing 
amounts to try to keep the relative addition rate of nutrients from the soil constant 
as the demand of the trees for nutrients increases year by year as they grow.

Of course Scott et al.’s regime is based on the biological requirements of 
the trees. In practice, it would be necessary to determine if the gains in income 
achieved from higher wood yields or improvements in wood properties from a 
fertilised plantation more than offset the costs of fertilisation. If they did not, fer-
tilisation would not be worthwhile economically. The effects on wood properties 
of silvicultural practices that affect tree growth rate were discussed in Sect. 3.4; 
changes in wood basic density and branch size and number have been observed 
in trees from fertilised plantations (Wilkins 1990; Clearwater and Meinzer 2001; 
Mäkinen et al. 2001, 2002b, c; Anttonen 2002; Amponsah et al. 2004; Jaakola  
et al. 2006; Wiseman et al. 2006; Briggs et al. 2008; Cao et al. 2008; Watt et al. 2008; 
Antony et al. 2009; Crous et al. 2009; Love-Myers et al. 2009; Russell et al. 2009).

6.3  Long-Term and Later Age Fertilisation

Whether or not close attention has been paid to the nutrient requirements of seed-
lings during their first few years of growth, the situation becomes rather different 
once the canopy of the plantation has closed and its stand foliage (and fine-root) 
biomass has reached a more or less constant level (Sect. 2.2). A process of nutrient 
cycling through the plantation system will then start. Before older leaves and fine 
roots die and are lost as surface and soil litter, some of the nutrients they contain 
will be retranslocated from them to their replacements. Then, the litter will be bro-
ken down by microorganisms and fungi and the nutrients remaining in them released 

http://dx.doi.org/10.1007/978-3-319-01827-0_3
http://dx.doi.org/10.1007/978-3-319-01827-0_2


93

back to the soil. Those nutrients will then continue to cycle through the plantation 
system as roots take them up to supply newly developing leaves and fine roots.

Nambiar (1990) and O’Connell and Sankaran (1997) have reviewed how this 
cycling operates. There will always be some retention of nutrients in non-living 
tissues of the trees (not all nutrients are retranslocated from living cells as they 
die to form wood cells); however, the amounts retained are insufficient generally, 
although not always, to prejudice the requirements of newly developing living 
tissues that are to be met through the nutrient cycling (Miller 1981; Laclau et al. 
2003). Provided nothing occurs to disrupt this cycling, the nutrients in the planta-
tion should remain more or less in a steady equilibrium (Miller 1995). If all the 
nutrient demands of the seedlings have been met, up to the point where the planta-
tion canopy closed, there should be no requirement for additional nutrients to be 
supplied to the plantation for the remainder of its life.

However, if a fertiliser regime has not supplied fully the demands of the planta-
tion during its early years, there may be benefits from applying fertiliser at later ages 
after canopy closure. The additional nutrients should then allow the foliage and fine-
root biomasses to increase, leading to increased growth of the plantation. This will 
occur only if there is sufficient water available from the site to allow these biomass 
increases to occur; if there is not, fertiliser additions at this stage would be wasted. 
Commercially speaking, it is usually found to be most profitable to ensure that 
growth increases from fertilisation are achieved as early as possible in the life of the 
plantation, rather than leaving them to a later stage of plantation development.

There are many reported cases where the nutrient cycling system at later ages 
of a plantation has been disrupted. One particularly important way this can happen 
is that nutrients are retained in the litter and not released to the soil to be taken up 
again by the trees (Miller et al. 1979; Gholz et al. 1985a, b; Dighton and Harrison 
1990; Bargali et al. 1992; Miller 1995; Bubb et al. 1998; Carlyle and Nambiar 2001; 
McMurtrie et al. 2001). An example where this appears to be the case, is the loblolly 
pine (Pinus taeda) plantations in the southeastern states of the USA. Experiments on 
many sites have shown that growth responses continue to occur with applications of 
fertiliser long after the plantation canopy has closed and reached its constant state. 
This occurs even when the plantations had a more than adequate supply of nutri-
ents during their early years of growth (Martin and Jokela 2004; Jokela et al. 2004; 
Antony et al. 2009). Similar long-term responses to fertilisation have been found in 
slash pine (Pinus elliottii) growing in similar regions in the USA (Zhao et al. 2009). 
It appears that cycling of nutrients through litter does not occur very efficiently in 
these plantations so the trees constantly need additional supplies of nutrients from 
fertiliser. Blazier et al. (2005) have shown that absence of weeds in these plantations 
can reduce the activity of microorganisms in the soil which can affect the recycling 
of nutrients; this suggests that some careful balance between weed control and fer-
tiliser application will be necessary (Vogel et al. 2011). However, it appears that to 
achieve the maximum growth potential of these plantations will require a commit-
ment to long-term fertilisation continuing from time to time throughout their life. 
The extent to which growers in the region will be willing to do this will depend on 
the balance between the gains in wood yields achieved and the costs of fertilisation.

6.3 Long-Term and Later Age Fertilisation 
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When there does appear to be a need for fertilisation at later stages of plantation 
growth, Miller (1981) suggested that plantation growth rate would increase only if 
the plantation was thinned at the same time as the fertiliser was applied. Thinning 
(Chap. 8) involves harvesting some of the trees from a plantation part way through its 
life. Over 2–3 years following a thinning, the remaining trees expand their canopies 
and increase their fine-root biomasses, until the foliage and fine-root biomasses of the 
thinned stand reach the same levels as those of the unthinned stand.

Of course, the new foliage and fine roots developing on the trees remaining 
after a thinning will require nutrients from the soil. Much of that nutrient will 
be obtained from breakdown of the leaves and fine roots of the trees that were 
removed at thinning (as long as the leaves of the thinned trees were left behind 
on the site Sect. 6.5). However, if the nutrient supply from the soil had become 
somewhat inadequate anyway, because of disruptions to the nutrient cycling sys-
tem, there might be an additional advantage in growth gained by adding fertiliser 
at the same time. So firm is the belief that later age fertilisation will not boost 
growth without thinning at the same time that Carlyle (1995) said ‘thinning, which 
returns the canopy to an aggrading [that is, increasing its biomass] phase, may be a 
prerequisite for a fertilizer response’.

However, clear evidence of the need for thinning in conjunction with later 
age fertilisation seems limited. Often, a growth response to fertilisation has been 
observed in a thinned stand in an experiment, but the experiment has failed to 
consider whether or not there would have been a growth response to fertilisation 
anyway even if the stand had been unthinned (Crane 1981; Carlyle 1995, 1998; 
Snowdon 2002; McGrath et al. 2003). In fact, experiments that have considered 
fertilisation in both thinned and unthinned stands have found there was a growth 
response to fertilisation in both (Woollons 1985; Beets and Madgwick 1988; 
Jozsa and Brix 1989; Stegemoeller and Chappell 1990; Messina 1992; Knight and 
Nicholas 1996; Devine and Harrington 2009). The question as to whether or not 
thinning is essential in conjunction with fertilisation at later ages in plantations 
remains open. Whatever is the case, research studies will be necessary to deter-
mine if the gains from later age fertiliser applications are sufficient economically 
to offset the costs involved (Donald 1987; Donald et al. 1987; Turner et al. 1996).

6.4  Assessing the Need for Fertilisation

As soil properties and other site conditions vary widely from place to place, even 
over distances of tens or hundreds of metres, the need for fertilisation can vary sim-
ilarly. At present, our ability is rather limited in assessing the need for fertilisation 
from simply measured characteristics of a particular site. Much of this difficulty 
arises because the chemical and physical properties of soils are highly complex and 
vary widely from soil type to soil type. For many soils, our understanding is lim-
ited, both of those properties and of how they affect the availability of nutrients to 
trees (Fölster and Khanna 1997; Gonçalves et al. 1997; Lal 1997).

http://dx.doi.org/10.1007/978-3-319-01827-0_8
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Because of these problems, it is usually essential to conduct fertilisation experi-
ments to determine reliably if fertiliser is necessary and what fertiliser regime is 
appropriate for any particular site. Scott et al.’s example in Sect. 6.2 is typical of 
the quite complex, time-consuming and expensive experiments that need to be car-
ried out for this purpose. Through extensive research of this nature, guidelines can 
be established as to what fertiliser regimes are appropriate from site to site over 
large plantation areas (Carter and Klinka 1992; Turner et al. 2001).

Sometimes, more immediate information about the need for fertilisation can be 
obtained by measuring the concentration of nutrient elements in the leaves of trees 
growing already on a site. As discussed in Sect. 6.2.3, Scott et al. (2004a) deter-
mined that sweetgum trees needed a nitrogen concentration in their leaves of at least 
17,500 mg/kg of their oven-dry biomass for their growth to be maximised.It has long 
been recognised that measurement of the concentration of nutrient elements in tree 
foliage might be a suitable diagnostic technique to determine if the supply of nutri-
ents to them from the site was sufficient to maximise their growth rate.

When using nutrient concentrations in foliage as a diagnostic technique, it has 
been found important to use leaves at a particular stage of development and even 
harvested at a particular time of year (Richards and Bevege 1972; Mead and Will 
1976; Evans 1979; Ward et al. 1985; Knight 1988; Lambert and Turner 1988). Often, 
newly developed leaves, near the top of tree canopies and that have just reached their 
full size are most appropriate for the purpose; such leaves are likely to be at their 
peak metabolic activity. Nutrient concentrations in older leaves, or in leaves in more 
shaded parts of the canopy, often do not reflect the nutrient requirements of the tree.

Foliage diagnosis is used also to identify when there is a gross lack of supply of 
nutrients from a site. Plants have a physiological requirement that nutrients should 
be present in their living tissues at a concentration above some minimum level, 
or else their tissues are simply unable to perform properly their chemical func-
tions. Foliage analysis can identify these gross deficiencies, but, at the same time 
plants usually display other quite obvious symptoms of the nutrient deficiency. 
These symptoms are often quite specific to deficiencies of particular nutrient ele-
ments in particular species (Dell 1996). Yellowing of leaves, blotchy marks on 
leaves and deformities of leaves, twigs or the stem are all typical symptoms of gross 
nutrient deficiencies (Fig. 6.4). Monitoring of nutrient element concentrations in 
foliage has been, and continues to be, used to diagnose a need for fertilisation in 
many plantations (Mahendrappa et al. 1986; Cromer 1996; Herbert 1996; Knight 
and Nicholas 1996; Negi and Sharma 1996; Gonçalves et al. 1997; Lambert and 
Turner 1998; Carter and Klinka 1992; Jones and Dighton 1993; Yang 1998; Turner 
et al. 2001; Merino et al. 2003; Specht and Turner 2006; Brockley 2007; Crous  
et al. 2008; Guillemette and DesRochers 2008; Lteif et al. 2008; Bakker et al. 2009); 
however, it has been found unreliable sometimes (Dighton and Harrison 1990).

An alternative to foliage diagnosis is to measure nutrient availability from 
the soil and, particularly, to assess the nutrient availability to roots in the soil 
water (Smethurst 2000, 2010); in effect, this is an attempt to assess the relative 
addition rate of nutrients from the soil (Sect. 6.1.1). Much work has been done 
on this, although the results are often rather specific to a particular site and 

6.4 Assessing the Need for Fertilisation
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species (Mahendrappa et al. 1986; Dighton and Harrison 1990; Tahvanainen 
and Rytkönen 1999; Prasolova et al. 2000; Smethurst 2000; Turner et al. 2001; 
Mendham et al. 2002; Paul et al. 2002; Moroni et al. 2004; Romanyà and Vallejo 
2004; Smethurst et al. 2004; Mason et al. 2011b).

Other work has shown that laboratory measurement of the uptake rates of nutri-
ents by fine roots excavated from a plantation can be a reliable method of assess-
ing the nutrient needs of trees at the time the fine roots were excavated (Dighton 
and Harrison 1990; McDonald et al. 1991a, b; Harrison et al. 1992; Dighton and 
Jones 1992; Dighton et al. 1993; Jones and Dighton 1993).

6.5  Sustaining Nutrients on the Site

Over the life of a plantation there will be some losses of nutrients from the site, 
either through leaching or through chemical reactions in the soil by which nutri-
ents become bound permanently to soil particles. At the same time, there may be 
some additions, through weathering of the rocks under the soil to form new soil 
and by deposition of nutrients (usually in small amounts) from the atmosphere.

The biggest threat of nutrient losses occurs when the plantation is harvested 
(Kubin 1995; Fölster and Khanna 1997; Gonçalves et al. 1997; Crous et al. 2011). 
It is usually considered wise to remove only stem wood from a site at harvest and 
retain the leaves, branches and bark; the bark needs to be stripped from the stem 
wood before logs are removed. However, whilst stem wood contains relatively low 
concentrations of nutrients, it constitutes a large proportion of the forest biomass 
and its removal from the site may involve loss of substantial amounts of nutrients.

Even when leaf, branch and bark debris are left on the site, there may be ero-
sion losses of nutrients if there happen to be severe storms after harvesting; these 
may be exacerbated if harvesting machinery has disturbed the soil. Unless replant-
ing after harvest is prompt, the debris may break down quite rapidly, releasing its 
nutrients to the soil; some of those nutrients may then be leached from the site 

Fig. 6.4  View through the 
canopy of a New Zealand 
plantation of radiata pine 
(Pinus radiata) suffering 
a severe deficiency of the 
nutrient element phosphorus. 
The foliage was sparse 
and clumped, with rather 
short, yellowing needles, 
all symptoms typical of 
phosphorus deficiency in this 
species (Photo—West)
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before replacement seedlings are planted. This can be exacerbated if the site is 
cleared of debris by burning before replanting; large amounts of nutrients can be 
volatilised by the heat of the fire, lost as particles in smoke or rendered highly 
soluble and leached from the site.

An example will illustrate the magnitude of nutrient losses that can occur without 
careful management. It comes from Birk (1993) for a 21-year-old plantation of radiata 
pine (Pinus radiata) in New South Wales, Australia. At the time of harvesting, Birk 
measured the amounts of various macro-nutrient (Sect. 2.1.4) elements (nitrogen, phos-
phorus, calcium, magnesium and potassium) in the above-ground parts of the trees 
(their leaves, branches, stem wood and stem bark), as well as the amounts in the soil.

Birk’s information can be used to determine what the nutrient losses would 
be from the site, with or without bark removal from the harvested logs and with 
or without subsequent burning of the harvesting debris. The results are shown in 
Fig. 6.5. It is quite clear that failing to leave the bark on the site and burning the 
debris both increase appreciably the proportion of the various nutrient elements 
that will be lost. A number of authors have now recognised the importance of 
retaining bark on the site (Ericsson et al. 1992; Fölster and Khanna 1997; Martin 
et al. 1998; Ruark and Bockheim 1988; Ganjegunte et al. 2004; Adler et al. 2005; 
Merino et al. 2005; Ares et al. 2007; du Toit et al. 2010).
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Fig. 6.5  The proportion of nitrogen (N), phosphorus (P), calcium (Ca), magnesium (Mg) 
and potassium (K) that would be lost from the site if a 21-year-old plantation of radiata pine 
(Pinus radiata) in New South Wales, Australia, was clear-felled. Results are shown if the debris 
left on the site after harvesting was or was not burnt before planting the next tree crop and if bark 
was or was not removed from harvested logs, before they were transported away from the site. 
The total amounts of the nutrients in the plantation before clear-felling (to a depth of 38 cm in 
the soil, plus leaf and branch litter on the ground, plus the living trees) were 8.4 t/ha of N, 1.3 t/
ha of P, 4.0 t/ha of Ca, 1.0 t/ha of Mg and 1.8 t/ha of K (derived from information in Birk 1993)
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It varies greatly from site to site and tree species to tree species as to how 
great nutrient losses will be as a consequence of harvesting (Augusto et al. 2000; 
Johnson and Curtis 2001; Wall and Hytönen 2011). In the interests of harvesting 
efficiency, sometimes whole trees, or at least their above-ground parts, are removed 
from a site so that the nutrients contained in leaves, branches and bark are removed 
as well as those in the stem wood. Some studies have found that the effects of 
whole tree harvesting on the nutrient capital retained in the soil on some sites 
are not substantially greater than stem only harvesting (Wall and Hytönen 2011). 
However, Birk’s results are not unusual. They suggest there could be appreciable 
nutrient losses from a site over several plantation rotations; such losses can preju-
dice the subsequent growth of plantations (Egnell 2011). Other studies have con-
sidered the nutrient losses that can occur with various plantation species in various 
parts of the world (Flinn et al. 1979; Smethurst and Nambiar 1990; Herbert 1996; 
Judd 1996; Fölster and Khanna 1997; Gonçalves et al. 1997; Bubb et al. 2000; 
Mendham et al. 2003; Chen and Xu 2005; Merino et al. 2005; Akselsson et al. 
2007; Ares et al. 2007; Eisenbies et al. 2009; Hernández et al. 2009; Hopmans and 
Elms 2009; Madeira et al. 2010; Saarsalmi et al. 2010; Slesak et al. 2011; Turner 
and Lambert 2011; Wall and Hytönen 2011). In general, it is now considered pru-
dent to retain the leaf, branch and bark debris on site if possible.

One issue confusing the issue of retention of harvesting debris on site is an 
increasing desire to use waste wood (branches and small stem sections) for bio-
energy (Eisenbies et al. 2009; Walmsley et al. 2009). Nutrients will be removed 
in this material and their loss may also affect subsequent nutrient run-off from 
the soil (Gómez-Rey 2007; Laurén et al. 2008). The advantage gained by the 
increased use of the wood produced will need to be weighed against the loss of 
nutrient from the site this entails.

Whatever harvesting system is used, it is perhaps inevitable that there will be 
some loss of nutrients from a site between successive rotations. Everett and Palm-
Leiss (2009) showed that some additional fertilisation was required in a sec-
ond rotation of loblolly pine (Pinus taeda) in southern USA. Crous et al. (2008) 
found growth responses to additional fertiliser applications in the fourth rotation 
of Mexican weeping pine (Pinus patula) in Swaziland, Africa. However, through 
appropriate management of the site, the need for fertilisation in successive rota-
tions can be minimised. Large chopper-roller machinery is used in some places, to 
physically mulch the debris left after harvesting, rendering it liable to break down 
and release its nutrients readily. Sometimes instead, the debris is incorporated 
into the soil surface by harrowing. These activities avoid the need to clear the site 
by burning the debris to allow people and machinery to move about easily as the 
next rotation is being established. Much research has considered the advantages of 
managing properly the debris that has been retained on harvested sites (Turvey and 
Cameron 1986a; Bekunda et al. 1990; Smethurst and Nambiar 1990; Nyland 1996; 
Costantini et al. 1997b; Carlyle et al. 1998; Little et al. 2000; Johnson and Curtis 
2001; Tutua et al. 2008; Madeira et al. 2010; Zerpa et al. 2010; Abbas et al. 2011).
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Together with Chap. 8, this chapter is concerned with the way in which the stand 
density of forest plantations is managed during their lifetime. Stand density can 
be defined as the ‘degree of crowding of trees in a plantation’. It has substantial 
effects on how the trees grow and develop.

Section 7.1 discusses how density affects tree growth in a plantation in general. 
Given this, Sect. 7.2 considers the issues to be considered when choosing the ini-
tial spacing and arrangement of the trees when a plantation is established.

7.1  Stand Density

From the point of view of commercial forestry, stand density is important for sev-
eral reasons. The higher the density of a plantation:

•	 The smaller will be the average stem diameter and stem wood volume of the 
individual trees in the plantation at any age. This leads to a reduction in the 
availability of larger diameter, more commercially valuable logs from which 
timber might be sawn (Sect. 3.3).

•	 The smaller will be the average size of the crowns of the individual trees in the 
plantation. This means their branches will be smaller and less likely to lead to 
defects in sawn timber from knots (Sect. 3.3.8).

•	 The more stem wood volume or stand biomass will the plantation produce in 
total to any age, so the more wood will be available for sale.

•	 The earlier in the life of the plantation will tree deaths from competition 
between the trees occur and the greater will be the number of deaths (Sect. 2.4); 
loss of wood in dying trees represents a commercial loss to the plantation 
grower.

It will depend on the purpose for which a plantation is being grown as to which 
of these four effects of stand density will be important to the plantation owner. 

Chapter 7
Stand Density and Initial Spacing
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For example, in bioenergy plantations, the amount of wood produced is the main 
concern and the sizes of the individual trees are of little importance. However, in 
plantations being grown for high-quality sawn timber, large individual tree sizes 
are required to maximise the availability of large logs.

The ways of managing stand density during the life of a plantation are:

•	 By selecting an appropriate number and spatial arrangement of trees at the time 
of planting.

•	 By judicious removal of some trees from time to time during the life of the 
plantation, a practice known as thinning. This will be discussed in Chap. 8.

7.1.1  Maximum Density

Any site has a limited amount of space that the trees may occupy. Once the trees in 
a plantation stand have grown large enough to use all the available space, the stand 
will have reached its maximum degree of crowding, hence its maximum density. 
As the trees continue to grow, they will compete with each other (Sect. 2.4) and 
some must die to prevent excessive crowding.

In 1963, Japanese scientists (Yoda et al. 1963) proposed a theory to describe the 
condition of stands when they are at their maximum density. Their theory applies 
to plant stands in general, not just trees. It proposes that if a stand is self-thinning 
(that is, plants are steadily dying in the stand owing to competition between them), 
it will be at its maximum density and, furthermore, the average biomass of the 
plants in the stand will be directly proportional to their stocking density (that is, 
the number of plants per unit area of a stand) raised to the power of −3/2 (that is, 
−1.5). Mathematically, this theory can be expressed by the equation,

where b is the average biomass of the plants in the stand, S is their stocking den-
sity and κ is the constant of proportionality. Without describing fully here Yoda  
et al.’s reasoning, they argued that plants have a three-dimensional space availa-
ble to them in which they may grow their biomass (the ground surface and the air 
above it), but only a two-dimensional space (the ground surface) over which they 
may distribute the many plants growing in a stand; this argument led them to the 
values of 3 and 2 in the power −3/2 in Eq. 7.1.

Yoda et al. tested their theory with data from several types of plants, but 
Gorham (1979) provided an even more remarkable test of it. From the scientific 
literature, he collated data of average above-ground oven-dry biomasses and stock-
ing densities of self-thinning plant stands, for plants that ranged from large trees, 
through tree saplings to much smaller plants (different types of sedges, rushes and 
ferns) and right through to very small plants, mosses. The stocking densities varied 
enormously in his data set, from tree stands with just over 700 stems per hectare 
to mosses with over 164 million stems per hectare. Likewise, the average above 
ground biomasses of the plants varied enormously, from just over 1 tonne per plant 

(7.1)b = κS
−3/2

,
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in the trees to about 20 mg per plant in the mosses (1 mg is 1 billionth of a tonne). 
Gorham’s data are reproduced in Fig. 7.1; so great is the variation in the values in 
the data set that they have been graphed as their logarithms, or else the diagram 
would not fit reasonably on the page.

Gorham determined a best-fitting trend line through his data (done using 
regression analysis—Sect. 4.4.2) and it had the equation

where b is the average biomass of plants in a stand (milligrams) and S is the stand 
stocking density (hundreds of stems per hectare). The power to which S was raised 
in Gorham’s trend line (−1.49) was so close to −1.5 that Gorham’s results can 
be considered as confirmation of Yoda et al.’s theory. The trend line represents a 
maximum density line for plant stands; stands will not be found in nature with a 
biomass and stocking density that would position them appreciably above the line.

Yoda et al.’s theory has become known as the ‘−3/2 power law of self-thinning’. 
Since Gorham’s work, the theory has been tested more exhaustively, by many sci-
entists working with a wide range of plant species. For some species under some 
circumstances, some departures from the law have been found (Jack and Long 

(7.2)b = 9,235,000,000S
−1.49
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Fig. 7.1  A set of data points (•) of average above-ground plant biomass against stand stocking 
density, for self-thinning stands of a very wide range of plant types, from trees to mosses (as 
indicated). The continuous line represents a best-fitting trend line to the data and may be consid-
ered a maximum density line for plant stands. The broken line defines a stand relative density of 
5 % (Sect. 7.1.2) (adapted from Gorham 1979)
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1996; Pretzsch 2005a, 2006, 2010; Pretzsch and Biber 2005). However, it seems to 
hold reasonably well for many plant species under many circumstances. Different 
values of the constant of proportionality (κ in Eq. 7.1) have been found to apply 
to different species and, for any one species, its value has been found to increase 
somewhat as site productive capacity increases (Schulze et al. 2005).

The practical importance of Yoda et al.’s theory to plantation forestry is that it 
provides an upper limit to the density of plantation stands, although the maximum 
density line needs to be determined specifically for any particular plantation spe-
cies. As will be discussed in succeeding sections, this provides a framework for 
the management of plantation stand density.

7.1.2  Measuring Density

Given a maximum density line as in Fig. 7.1, it can be used to define a useful 
measure of stand density, known in forest science as relative density. In effect, rel-
ative density is a measure of how closely any particular stand is approaching its 
maximum density.

Formally, relative density is defined as the actual stocking density of a stand 
divided by the stocking density it would have if it was at maximum density and 
had the same average tree size. We will not consider here exactly how relative den-
sity is calculated; forestry texts such as Davis et al. (2001) or Avery and Burkhart 
(2002) discuss these details. Any value of relative density can be represented by a 
line drawn parallel to the maximum density line. As an example, one such line has 
been drawn in Fig. 7.1, representing a relative density of 5 %. Any plant stand that 
had an average plant biomass and stocking density that positioned it on that line 
would have that relative density. Similar lines could be drawn for any other value 
of relative density. The higher the relative density, the closer would the line be to 
the maximum density line; of course the maximum density line itself represents 
stands with a relative density of 100 %.

This measure of stand density is not the only one that has been developed for 
use in forest science. However, the others are all based on the principle of deter-
mining the degree of approach of a stand to maximum density (West 1983; Schütz 
and Zingg 2010; Zeide 2010).

7.1.3  Stand Development in Relation to Density

For much of the life of a plantation stand, it will not have grown to the point of 
maximum density. Furthermore, if a stand was allowed to ever reach its maximum 
density, trees would then be lost from it as deaths due to competition (Sect. 2.4); 
this would represent a loss to the plantation grower of wood that could otherwise 
be harvested and sold. For both these reasons, it is necessary to know how planta-
tions grow and develop before they reach maximum density.

http://dx.doi.org/10.1007/978-3-319-01827-0_2
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Figure 7.2 illustrates this for an example plantation. Its form differs from that 
of Fig. 7.1, by showing values of stand stem wood volume on the vertical axis, 
rather than values of average tree biomass; this in no way alters the principles 
established by Yoda et al.’s theory. As will be seen in Sect. 8.4, this is the form of 
the diagram used often for forestry purposes. Super-imposed on the diagram is the 
growth trajectory with time, from 2 years of age, of a plantation stand of blackbutt 
(Eucalyptus pilularis), planted with 1,000 trees per hectare and growing in sub-
tropical northern New South Wales, Australia. The solid line in Fig. 7.2 represents 
a maximum density line that the experience of the author suggests may be appro-
priate for this species.

Initially in Fig. 7.2, the blackbutt trees were small and not using fully the 
resources for growth available from the site (Sect. 2.2). With time, the stand stem 
wood volume increased until, at about 6 years of age, the trees had grown large 
enough to utilise fully the site resources; the lower relative density line drawn 
in Fig. 7.2 represents this point. As growth continued, competition between the 
trees started (Sect. 2.4). After 18 years of age, substantial mortality started to 
occur owing to the competition, at the point marked by the upper relative density 
line in Fig. 7.2; stocking density of the stand then started to decline substantially. 
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Fig. 7.2  The trajectory (O- - -O) of growth in stand stem wood volume, in relation to stand 
stocking density, of a plantation of blackbutt (Eucalyptus pilularis) growing in subtropical north-
ern New South Wales, Australia, and planted with 1,000 trees per hectare. Each plotted data point 
(○) is for a specific age of the plantation, starting at 2 years of age for the lowest point and pro-
gressing at 2-year intervals. Similar data are shown (□- - -□) for a plantation where 3,000 trees 
per hectare were planted. The continuous line is a maximum density line for blackbutt. It and the 
relative density lines (broken lines) delimit the sections of the diagram marked A, B, C and D that 
are discussed in the text. Diagrams of this nature have become known in forestry as density man-
agement diagrams (Sect. 8.4) (Source—author’s unpublished information)
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By about 40 years of age, the stand reached maximum density and thereafter its 
growth trajectory would follow the maximum density line.

Research (reviewed by Jack and Long 1996) suggests that stands reach the 
point at which they are utilising fully the resources of the site at a particular rela-
tive density, no matter what their stocking density is at the time. The same is true 
for the point at which they start to suffer substantial mortality. With this in mind, 
also shown in Fig. 7.2 is the growth trajectory for the same blackbutt plantation, if 
it had been planted at the much higher stocking density of 3,000 trees per hectare. 
Because of the many more trees present, this stand reached the point where it was 
using fully the resources of the site when it was about 4 years of age, rather earlier 
than the 6 years of age for the stand planted with 1,000 trees per hectare; however, 
the relative density at which this occurred was the same in both cases. Similarly, 
substantial mortality from competition set in at a younger age in the stand with 
the higher planting density, but at the same relative density as in the stand with the 
lower planting density.

Given this, a diagram such as Fig. 7.2 can be subdivided into four sections, 
A–D, as marked. They allow assessment of the growth stage that any stand of 
interest has reached. If a stand is found to have a stand volume and stocking den-
sity that positions it in section A, it would not yet have reached the point where it 
is using fully the resources for growth available from the site. A stand in section 
B would be using the resources fully, but would not yet be undergoing substan-
tial tree mortality as a result of competition between the trees. A stand in section 
C would be using the resources fully and also undergoing substantial mortality. 
Stands would not normally be found in section D, where their density would be 
above the maximum possible. The value of being able to identify the condition of 
stands in this way will become evident in Chap. 8.

There are several other important points of interest about growth trajectories of 
plantation stands in relation to their density:

•	 Any plantation stand will follow a growth trajectory similar to those of the 
examples in Fig. 7.2; however, the rate at which it moves along the trajectory 
will be determined by the productive capacity of the site (Sect. 4.3) on which 
the stand is growing. The higher the productive capacity, the more rapidly will a 
stand move along the trajectory and the earlier will it reach the various sections 
of the diagram.

•	 Consider any two stands with different initial stocking densities, but growing on 
sites of the same productive capacity (as in Fig. 7.2). Before each is using fully 
the resources for growth from the site (whilst each is in section A of the diagram), 
the stand with a higher stocking density will have a higher stand leaf biomass at 
any particular age (simply because it has more trees); thus, it will be able to carry 
out more photosynthesis and have a higher stand stem wood volume than the stand 
with the lower stocking density; this is apparent in the results in Fig. 7.2. This will 
apply equally to stand biomass of stems and of the whole trees.

•	 Once the same two stands are using fully the resources available from the site, 
that is, both are moving through section B of the diagram, both would have 
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the same stand leaf biomass in their canopies (determined by the level of site 
resources available—Sect. 2.2); hence, at any particular age, both would be able 
to carry out the same amount of photosynthesis and therefore would have the 
same biomass growth rates.

 However, in the stand with the higher stocking density, its biomass growth 
would be being distributed amongst more individual trees than in the stand 
with the lower stocking density. Inevitably then, the average size of the trees in 
the stand with higher stocking density would be smaller than in the stand with 
lower stocking density. This is important for plantation forestry; trees of larger 
sizes will be produced in stands with lower stocking densities than in stands 
with higher stocking densities.

•	 Whilst both these stands would have the same stand biomass growth rates at 
any particular age when both are in section B of the diagram, the stand stem 
wood volume growth rate would be higher in the stand with the higher initial 
stocking density.

 There are two reasons for this. First, there would be more space between each 
tree in the stand with lower stocking density; hence, their crowns would be 
more widespread, with longer branches, than in the stand with higher stocking 
density. This means they will need a disproportionately greater branch biomass 
to support the weight of the branches and the leaves they carry (Sect. 2.3.2). 
As well, increased wind speeds through less dense stands lead to increases 
in branch sizes so they are stronger and better able to resist breakage (Watt  
et al. 2005b); hence, trees in stands of lower stocking density will need to use 
a higher proportion of their photosynthetic production in growing their branch 
biomass, leaving less for stem wood production (Kuuluvainen 1988; Jack and 
Long 1991, 1996; Kuuluvainen and Kanninen 1992; Sterba and Amateis 1998; 
Smith and Long 1989; Harrington et al. 2009; Zhao et al. 2012). Similarly, the 
wider spread of the woody root systems of trees in less dense stands would lead 
to use of a higher proportion of their photosynthetic production in growing their 
woody root biomass.

 Second, in the stand with higher stocking density, its trees would hold a higher pro-
portion of the biomass of their leaves near their tops, because the stand has less 
space available to position its leaves to best advantage to intercept sunlight than 
in a stand with lower stocking density. Dean (2004) has shown that by distributing 
more of their crown weight towards the top of the tree, trees in denser stands will 
need to distribute a higher proportion of their photosynthetic production to their 
stems to ensure the stems maintain sufficient strength to continue to stand upright.

These considerations lead to the consequences of stand density, stated at the start 
of Sect. 7.1. At any particular age, stands established at higher stocking densi-
ties will produce more stem wood volume and biomass than stands established at 
lower stocking densities, but the individual trees will be of smaller average size 
and will have smaller crowns and branches. This may not continue after the stands 
have reached ages where mortality is well established (when they have entered 
section C of the diagram). Stands with higher stocking density would suffer 
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greater mortality at earlier ages than stands of lower stocking density; the wood 
volume or stand biomass they lose may then reduce them below those of stands of 
lower stocking density.

It is important to realise also that whilst stand stem wood volume and biomass 
growth are affected by stand density, height growth of the competitively more suc-
cessful (Sect. 2.4) taller trees in the stand is affected little, or at least only slightly 
(MacFarlane et al. 2000; Henskens et al. 2001; Antón-Fernández et al. 2011; Xue 
et al. 2011). Because of this, the average height of the taller trees in a stand at a 
particular age is used as a reliable measure of the productive capacity of a site for 
the species concerned; this and other measures of site productive capacity are dis-
cussed in forest measurement texts (e.g. West 2009).

7.2  Initial Spacing

Having discussed in Sect. 7.1 how plantation stands develop in relation to stand 
density, this section now consider the choice of the spacing of the trees at planting. 
This is the first of the two ways in which stand density can be managed in practice.

There are two issues involved in this choice. First, a decision must be made as 
to how many trees will be planted, that is, what the initial stocking density of the 
plantation will be. Consistent with the discussion of Sect. 7.1, this will be impor-
tant in determining:

•	 The amount of wood available from the plantation when it is harvested 
ultimately.

•	 The average sizes of the trees in the plantation.
•	 The sizes of the branches that develop on the tree stems.

These issues are discussed in Sects. 7.2.1 and 7.2.2.
Second, a decision must be made as to how the trees will be arranged spatially 

in the plantation. Usually, plantations are established with the seedlings planted 
in parallel rows and then arranged in a square or rectangular pattern. Biologically 
speaking, there seems no particular reason why some other pattern of planting 
should not be used; Shao and Shugart (1997) have suggested that there may be 
advantages in an equilateral triangular arrangement. However, it is easiest practi-
cally to plant in rows and it also allows machinery to move easily between the 
rows, both at the time of planting and later in the life of the plantation.

Choice of the spacing between trees both within and between the rows deter-
mines the rectangularity of the initial spacing. Rectangularity is defined simply as 
the ratio of the between-row to within-row spacing. A high level of rectangularity 
(trees planted closely in rows with wide distances between rows) can affect stand 
density and subsequent tree development. This is discussed in Sect. 7.2.3.

Having discussed the effects on stand development of both initial stocking den-
sity and rectangularity of spacing, Sect. 7.2.4 will discuss the choices for initial 
spacing that are made generally in plantations around the world.

http://dx.doi.org/10.1007/978-3-319-01827-0_2
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7.2.1  Effects on Stand Wood Yields and Tree Sizes

An example will be used to illustrate the effects of varying stocking density at 
planting on stand wood yields and tree sizes as the plantation develops. The exam-
ple comes from McKenzie and Hay (1996), who reported results from an experi-
mental plantation in New Zealand of Sydney blue gum (Eucalyptus saligna), in 
which stands were planted at a very wide range of initial stocking densities.

The experiment used one of the rather novel designs of Nelder (1962); Parrott 
et al. (2012) discussed these designs in the context of experiments examining tree 
planting density effects. Nelder’s designs allow plants to be grown at an extremely 
wide range of stocking densities, but they can be established on quite conveniently 
sized areas of land. The design used by McKenzie and Hay involves planting trees 
along many, equally spaced radii of a set of concentric circles. Figure 7.3 shows a 
typical example of the positioning of trees in such a design. In effect, trees nearer 
the centre of the experiment are planted at the highest stocking densities and the 
stocking density then declines progressively towards the outermost circle of trees. 
Any set of trees around the circumference of any one of the concentric circles 
are all planted with the same stocking density and can be considered as a stand 
with that stocking density. There are other examples of the use of this experimen-
tal design (Cole and Newton 1987; Aphalo et al. 1999; Kerr 2003; Geyer 2006; 
Douglas et al. 2010; Newton et al. 2012).

For McKenzie and Hay’s example, results will be shown for stands in the 
experiment that were planted with stocking densities that varied from 158 to 
5,827 trees per hectare and for measurements of the experiment made at each 
of 2.3, 3, 4, 5 and 6 years of age. The results for stand stem wood volume are 
shown in Fig. 7.4a. An attempt has been made to split the diagram into the 
sections A, B, C and D, as in Fig. 7.2, to denote the various stages of stand 

Fig. 7.3  Tree planting 
positions in a typical example 
of the circular experimental 
design of Nelder (1962)

7.2 Initial Spacing
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development. In this case, those divisions are rather speculative, because no 
detailed research has yet been done with Sydney blue gum to allow them to be 
determined with any certainty; they are based on some limited research with 
another eucalypt species (West 1991) and from trends apparent in the data from 
the experiment.

The divisions suggest that, by 6 years of age, stands of any initial stocking den-
sity had reached the stage where they were using fully the resources for growth 
available from the site. Stands with the highest initial stocking densities were suf-
fering appreciable tree mortality owing to competition by that age. However, the 
results show quite clearly that, at any age, stand stem wood volume increased with 
stand stocking density, consistent with the discussion in Sect. 7.1.3. Many other 

Fig. 7.4  Change with stand 
stocking density of (a) stand 
stem wood volume and 
(b) stand quadratic mean 
diameter in an experiment 
with Sydney blue gum 
(Eucalyptus saligna) in New 
Zealand. Each line drawn  
(●- - -●) shows results 
measured at a different age 
of the experiment. The ages 
were 2.3, 3, 4, 5 and 6 years, 
for the lines progressively 
from the bottom to the top.  
In (a), sections of the 
diagram A, B, C and D have 
been delimited to indicate the 
stages of stand development 
as in Fig. 7.2. Stocking 
densities shown are the actual 
stocking densities at each age 
of measurement; these will 
sometimes be less than the 
stocking density at planting, 
since tree deaths occurred 
as the experiment continued 
(Source—data reported by 
McKenzie and Hay 1996)
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studies have shown that stand stem wood volume (and stand biomass) at any age 
increases appreciably with stand stocking density and this may continue to ages 
well beyond those shown in Fig. 7.4a (Schönau and Coetzee 1989; Henskens  
et al. 2001; Geyer 2006; Sochacki et al. 2007; Harrington et al. 2009; Forrester et al. 
2010; Xue et al. 2011; Benomar et al. 2012; Liziniewicz et al. 2012; Zhao et al. 
2012). An apparently contrary result, obtained by Akhtar et al. (2008) in planta-
tions of river red gum (Eucalyptus camaldulensis) in Pakistan, failed to consider 
the effects of initial stocking density at planting on seedling survival and height 
growth and used a rather naïve method to measure tree stem wood volume; those 
issues throw into doubt their conclusion that stem volume at 5 years of age was 
higher with lower planting density.

Figure 7.4b shows the variation with stocking density of stand quadratic 
mean diameter. This is defined as the equivalent diameter of the tree of average 
stem cross-sectional area at breast height in a stand; it is a measure used quite 
commonly in forest science to describe the average size of trees in stands. The 
results show that once stands had reached ages where they were using fully the 
resources for growth available from the site, average tree size was reduced mark-
edly at higher stocking densities, consistent with the arguments in Sect. 7.1.3. 
There are myriad reports from all parts of the world of average tree size declin-
ing with increasing stocking density (Opie et al. 1984; Schönau and Coetzee 
1989; Baldwin et al. 2000; Gerrand and Neilsen 2000; Henskens et al. 2001; 
DeBell and Harrington 2002; Ares et al. 2003; Bishaw et al. 2003; Cucchi and 
Bert 2003; Plauborg 2004; Koch and Ward 2005; Kurinobu et al. 2006; Akhtar  
et al. 2008; Guan et al. 2008; Harrington et al. 2009; Forrester et al. 2010; Xue 
et al. 2011; Benomar et al. 2012; Cassidy et al. 2012; Liziniewicz et al. 2012; 
Zhao et al. 2012).

The important issues that follow from McKenzie and Hay’s example are that 
the higher the stand stocking density chosen at planting, the higher will be the 
stand wood yields at harvest. However, the higher the initial stocking density, the 
smaller will be the average stem diameter and stem wood volume of the trees and 
so the smaller will be the wood volumes available of logs of larger sizes. These 
results confirm the conclusions drawn in Sect. 7.1.

Recently, research is starting to suggest that the higher diameter growth rates 
of individual trees in stands with lower stocking densities may lead to a decline in 
their wood strength (Lassere et al. 2005, Sect. 3.4); this may become an important 
issue in the future in deciding what is the optimum stocking density at plantation 
establishment.

7.2.2  Effects on Branch Size

As discussed in Sect. 3.3.8, knots are the chief source of defect in sawn timber. 
The stocking density of a plantation is the most important factor affecting branch 
size and, hence, the size of knots that will occur ultimately in sawn wood.

7.2 Initial Spacing
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Figure 7.5 shows research results from experimental plantations of a number 
of species in various parts of the world. All these plantations had been established 
with stocking densities in the range used normally in plantations from which sawn 
timber might ultimately be produced (Sect. 7.2.4). All but one of the experiments 
consisted of a set of plots that had been established with different stocking densi-
ties. In each case, measurements had been made of the diameter, at the base of 
the branch, of the largest branch on the lower part of the stems of the trees. The 
results are the averages of those diameters for the trees established at any particu-
lar stocking density. Results for one of the experiments (Newton et al. 2012) are 
for measurements taken from individual trees selected from Nelder design experi-
ments (Sect. 7.2.1).

These results show a clear tendency for larger branches to develop on stems 
of trees planted at successively lower stocking densities, consistent with the dis-
cussion in Sect. 7.1.3. The consequences of these effects of stocking density on 
branch size will be discussed in more detail in Sect. 9.3.
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Fig. 7.5  Experimental results showing the trend in average largest branch diameter at branch 
base with changes in stocking density at planting. Results are for the lowest 6 m of the stem 
of 5-year-old shining gum (Eucalyptus nitens) in Tasmania (–––) in two different experiments 
a Neilsen and Gerrand (1999) and b Gerrand and Neilsen (2000), for the lowest 5.3 m of the 
stem of 5-year-old flooded gum (Eucalyptus grandis) (__ __ __) or blackbutt (Eucalyptus pilularis)  
(– – –) in northern New South Wales (Kearney 1999), for the lowest 3 m of the stem of 19-year-
old Pinus patula in Tanzania (O—O) (Malimbwi et al. 1992), for total tree height (that did 
not exceed about 7 m) of 14 to 17-year-old Scots pine (Pinus sylvestris) in Finland (□—□) 
(Salminen and Varmola 1993), for the three whorls nearest 1.3 m above ground of 23-year-
old lodgepole pine (Pinus contorta var latifola) in Sweden (Δ—Δ) (Liziniewicz et al. 2012) 
and for at least 5.3 m up the stem of 15 to 17-year-old individual sample trees of Douglas fir 
(Pseudotsuga menziessii) in Oregon, USA (×) (Newton et al. 2012)

http://dx.doi.org/10.1007/978-3-319-01827-0_9
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7.2.3  Effects of Rectangularity of Spacing  
on Trees and Stands

In a rectangular planting pattern, trees will be planted closer together within than 
between the rows. An extreme example of the effects of rectangularity on tree 
development is given by an experiment with slash pine (Pinus elliottii) in south-
eastern USA (Sequeira and Gholz 1991). The rectangularity of spacing in their 
experiment varied over the range 1.5–24. In the most extreme treatment, trees 
were planted 0.6 m apart within each of pairs of rows that were 2.4 m apart; the 
paired rows were then spaced 26.6 m apart. Sequeira and Gholz measured the 
experiment at 20 years of age.

With such large, open spaces between the paired rows of trees in the most 
extreme treatment of this experiment, it might be expected that the trees would 
have developed rather eccentrically. Perhaps their root systems and crowns would 
have extended further into the more open spaces between the rows than along 
the rows. However, Sequeira and Gholz found little evidence of this occurring. 
Instead, tree development seemed to be constrained by the distance to the nearest 
neighbouring tree, no matter what the rectangularity of the spacing. The closer its 
neighbouring tree, the smaller was the crown and stem diameter of any tree; height 
growth was unaffected by the spatial arrangement of the trees.

A number of other experiments, with both hardwood and softwood species in 
various parts of the world, have confirmed generally Sequeira and Gholz’s results 
(Hawke 1991; Salminen and Varmola 1993; Niemistö 1995; Bergkvist and Ledin 
1998; Gerrand and Neilsen 2000; DeBell and Harrington 2002; Sharma et al. 
2002). With rectangularities greater than about 2, competitive processes between 
the closely spaced trees in the rows can set in noticeably earlier than would oth-
erwise occur. Tree crowns and stem diameters are then smaller and some tree 
deaths, owing to competition, can occur earlier than might otherwise be expected; 
in one example (DeBell and Harrington 2002), the early mortality in markedly 
rectangularly spaced, 12-year-old loblolly pine (Pinus taeda) stands was so sub-
stantial that stand stocking density was reduced sufficiently that the average 
diameter of the stems of the trees was appreciably greater than in stands estab-
lished with square spacing.

Because of the wide spacing between trees across the rows in marked rectan-
gularly spaced stands, a delay can occur in trees growing large enough to uti-
lise fully the resources for growth from the site; this can lead to some reduction 
in stand stem wood production at any age. Some eccentricity of development 
of crowns has been observed, with the crowns extending further into the wider 
spaces between the rows, and so with some increase in branch sizes in that direc-
tion; this probably reflects the higher availability of sunlight in the more open 
spaces between the rows.

However, research results in general suggest that rectangularity of spacing 
up to about 2–3 has only limited effects on tree and stand development. So, for 
example, the development of a stand established at 1,000 trees per hectare, with 

7.2 Initial Spacing
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square spacing close to 3.2 × 3.2 m, would be expected to develop little differ-
ently from a stand with the same stocking density but with a rectangular spacing 
of about 2 × 5 m.

7.2.4  Initial Spacing in Practice

The preceding discussion has suggested that the initial spacing chosen at plant-
ing, hence, the stand stocking density, will have appreciable effects eventually on 
stand wood yields, the average diameter and average wood volume of trees in the 
stand and their branch sizes. Very marked rectangularity of planting can affect all 
of these also.

In bioenergy plantations, high initial stocking densities are preferred. This max-
imises wood production and the small average diameter of the harvested stems is 
of no importance to use of the product. As well, such plantations are grown usu-
ally for only 3–5 years, insufficient time for substantial losses to have occurred 
from tree deaths.

Around the world, quite a wide range of initial stocking densities have been 
used for bioenergy plantations. Reviews of the economic value of hardwood bio-
energy plantations in Scandinavia suggested that 10,000–20,000 trees per hectare 
was an appropriate initial stocking density to maximise profitability (Willebrand 
et al. 1993; Toivonen and Tahvanainen 1998). In North America, hardwood bio-
energy plantations have been established with densities varying over the range 
1,000–35,000 trees per hectare, although more commonly in the range 2,500–
4,000 trees per hectare (Kopp et al. 1993, 1996). However, to exploit the increase 
in wood production, even higher planting densities (40,000–440,000 trees per hec-
tare) have been considered. These very dense systems were termed woodgrass and 
were initially harvested annually, with regeneration by coppice (Sect. 5.5). Later 
work found that harvests every 3 years were more productive than annual har-
vests and that planting densities in excess of about 110,000 trees per hectare led to 
excessive losses of production through mortality (Kopp et al. 1997; Geyer 2006).

Bioenergy plantations around the world have been planted generally with 
rectangularities in the range 1–1.5. Common practice in Scandinavia has been 
to use rectangularities as high as 2 in a double-row system, where pairs of rows 
are planted at about 0.7 m apart and with a spacing of 1.3 m between the row 
pairs and 0.5 m between trees within rows (Kopp et al. 1997; Tahvanainen and 
Rytkönen 1999); this has been found convenient for machinery access.

In plantations being grown for fuelwood, pulpwood for paper production or for 
larger log sizes for sawn timber production (Sect. 3.3), stocking densities at plant-
ing in the range 800–2,500 trees per hectare have been used throughout the world. 
The data collated to draw Figs. 3.2 and 3.4 all came from plantations established 
at stocking densities within this range. For any reasonable age of harvesting, plant-
ing densities higher than this will lead to the trees having diameters that are too 
small for the requirements of the products.

http://dx.doi.org/10.1007/978-3-319-01827-0_5
http://dx.doi.org/10.1007/978-3-319-01827-0_3
http://dx.doi.org/10.1007/978-3-319-01827-0_3
http://dx.doi.org/10.1007/978-3-319-01827-0_3
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Choice of initial stocking density within the range 800–2,500 trees per hectare 
will vary with the species concerned and the products being grown. If high-quality 
sawn timber was to be produced, lower stocking densities might be favoured to 
maximise tree sizes. However, if the species concerned produces large branches 
that might lead to damaging knots, stocking densities towards the higher end of 
the range might be considered: branch pruning might then be undertaken to avoid 
this problem (Chap. 9). If thinning is to be undertaken (Chap. 8), higher stocking 
densities will minimise branch sizes and allow adequate choice of the trees to be 
retained at thinning.

If trees are to be harvested for posts or poles, higher stocking densities will 
favour development of straight stems with small branches; stocking densities as 
high as 10,000 trees per hectare have been used for plantations being grown for 
this purpose (Leslie 1991; Evans and Turnbull 2004).

To maximise production, stocking densities as high as 10,000 trees per hectare 
might be appropriate also for plantations being grown for pulpwood (Opie et al. 
1984); however, such plantations around the world seem generally to be planted 
at much lower densities, say 1,500–2,000 trees per hectare, probably because har-
vesting costs, with the logging machinery used presently, rise very rapidly if indi-
vidual tree sizes are very small (Roberts and McCormack 1991).

In general, planting densities within the range 1,000–1,500 trees per hectare 
seem to be used most commonly around the world in commercial plantations 
being grown for pulpwood or sawn wood products. Spacing between rows is often 
within the range 3.5–4 m, sufficient to allow machinery access. Spacing of trees 
within rows is often within the range 2–3 m, so rectangularity of spacing is usually 
less than about 2.

Very low stocking densities at planting are usually restricted to agroforestry 
plantations. The low stocking density allows either pasture for animal browsing or 
some other agricultural crop to be grown between the trees. The danger with very 
low stocking densities is that the trees may develop with poor stem form or very 
large branches that will render them unsuitable for timber production.

One approach to avoid these problems is to establish the plantation at a con-
ventional stocking density of, say, 1,500–2,000 trees per hectare and thin it heav-
ily after a few years to the stocking density required at tree harvest. Pasture can 
be sown after the thinning and the trees can be pruned to avoid excessive branch 
development. This approach was adopted with radiata pine (Pinus radiata) in 
agroforestry plantations in New Zealand (Hawke 1991; Knowles 1991).

Balandier and Dupraz (1999) have reviewed practices in agroforestry planta-
tions in France, where hardwood species with highly valuable timber are grown 
at very wide spacings and animals are allowed to graze pasture in between them. 
Often these plantations have been established with about 2,500 trees per hectare 
and thinned early to the final stocking density required, as done in New Zealand. 
However, more recent experience has found it is feasible to plant at stocking den-
sities as low as 100 trees per hectare, with a view to harvesting 50–80 trees per 
hectare. At these low planting densities the trees must be tended carefully because 
they are at risk of developing poor form, especially if they are browsed by animals 
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or have forked stems already as seedlings. They are particularly vulnerable to 
damage on cold and frosty sites with strong winds and initial stocking densities of 
200 trees per hectare are recommended for those sites.

Byington (1990) described similar practices in the USA with the hardwood 
black walnut (Juglans nigra) that is highly prized for both its timber and its nuts. 
Plantations are established with just over 250 trees per hectare and may be inter-
cropped with wheat or soybeans, or pasture may be grown for animal grazing. 
The trees grow relatively slowly and may take 60 years to produce valuable tim-
ber logs, but produce nuts from 20 years of age. The trees may be thinned pro-
gressively during their lifetime until their stocking density is reduced to as low as 
60–70 trees per hectare by the time of harvest for timber.

So varied are the practices of agroforestry (Sect. 1.2), it is impossible to gener-
alise further about what initial spacings are appropriate for them. Many examples 
are provided by Jarvis (1991).

http://dx.doi.org/10.1007/978-3-319-01827-0_1
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Thinning involves changing the stand density (Chap. 7) of a plantation by the 
deliberate removal of some trees from it from time to time during its life. As 
growth of the plantation continues, the stem wood produced will be distributed 
amongst the fewer trees that remain after the thinning. As a result, their stem 
diameter growth rates will accelerate and the trees will produce larger volumes of 
large-diameter logs at earlier ages than would have occurred if the plantation had 
not been thinned.

Thus, the principal reason for thinning plantations is to speed the production 
of larger, commercially more valuable logs to be used for sawn wood production. 
This means it is usually appropriate to thin only in plantations being grown to pro-
duce large logs. In plantations being grown for bioenergy production, firewood or 
pulpwood, where log size is of much less importance, thinning is usually of lit-
tle value. In agroforestry plantations, very heavy thinning (that is, removal of a 
very large number of trees) may be done to allow sunlight to reach the ground and 
encourage the growth of pasture or other crops in between the remaining trees. 
Thinning may also be used to provide other benefits, such as enhancing biodiver-
sity through opening the canopy to allow a wider variety of plants and animals to 
occupy the site (Taki et al. 2010).

Apart from accelerating the diameter growth rate of the remaining trees, it 
might be expected that the sudden removal of a large number of trees from a plan-
tation would affect its subsequent growth and overall wood production. This is 
discussed in Sect. 8.1. There are also various hazards involved with such radical 
treatment of a plantation; these are discussed in Sect. 8.2. To achieve the results 
desired from thinning, it is necessary to design an appropriate thinning regime for 
any particular plantation. This involves deciding:

•	 How many times during its life should it be thinned.
•	 At what ages the thinnings should be done.
•	 How many trees should be removed at each thinning.
•	 Which particular trees should be removed at thinning.

Chapter 8
Thinning

P. W. West, Growing Plantation Forests, DOI: 10.1007/978-3-319-01827-0_8,  
© Springer International Publishing Switzerland 2014
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These issues are discussed in Sects. 8.3 and 8.4. Finally, Sect. 8.5 gives some 
examples of thinning regimes that are used in practice around the world.

8.1  Growth Following Thinning

Thinning removes trees from a stand and with them their leaves, so a much reduced 
stand leaf biomass and leaf area index (Sects. 2.2, 2.3.1) will remain immediately 
after the thinning. Because of this, it might be expected that much less photosyn-
thesis would occur in a thinned stand immediately following the thinning so that its 
total growth would be appreciably less than if it had not been thinned.

However, experiments with many different plantation species in many parts of 
the world have found that the growth of stands immediately following thinning 
is often just the same as the growth that would have occurred if the stand had not 
been thinned (Aussenac et al. 1982; Cregg et al. 1988, 1990; West and Osler 1995; 
Cañellas et al. 2004; Connell et al. 2004; Hennessey et al. 2004; Mäkinen and 
Isomäki 2004c). Following thinning, the remaining trees seem able to adjust their 
overall photosynthetic production to just balance the loss of photosynthesis by the 
trees that have been removed (Whitehead et al. 1984; West and Osler 1995). It 
seems the principal ways in which the remaining trees do this are:

•	 Before the thinning, leaves in the lower parts of tree crowns would have been par-
tially shaded by surrounding trees. Removal of some trees opens the canopy and 
exposes those leaves on the remaining trees to more sunlight. They are then able 
to undertake more photosynthesis than before the thinning (Donner and Running 
1986; Ginn et al. 1991; Wang et al. 1995; Peterson et al. 1997; Tang et al. 1999; 
Medhurst et al. 2002; Whitehead and Beadle 2004; Medhurst and Beadle 2005; 
Gauthier and Jacobs 2009; Jimenez et al. 2011; Goudiaby et al. 2012).

•	 Water from the soil that was used previously by the trees that have been thinned 
becomes available to the remaining trees. With the extra water, they are able to keep 
the stomata on their leaves open for more of each day and undertake more photo-
synthesis (Whitehead et al. 1984; Brix and Mitchell 1986; Donner and Running 
1986; Morikawa et al. 1986; Aussenac and Granier 1988; Stogsdill et al. 1992; 
Lieffers et al. 1993; Wang et al. 1995; Carlyle 1998; Reid et al. 2006; Linares et al. 
2009; White et al. 2009; Martin-Beníto et al. 2010; Goudiaby et al. 2012).

There are some cases where growth of a thinned stand immediately following thin-
ning has been less than the growth it would have had if it had not been thinned. 
This has been observed where:

•	 Rainfall was sufficiently high that, even in unthinned stands, none of the trees 
suffered any water shortage (Wang et al. 1991)

•	 Thinning was so heavy that the remaining trees were no longer able to uti-
lise fully the resources for growth available from the site (Mead et al. 1984; 
Schönau and Coetzee 1989; Whyte and Woollons 1990; Pape 1999b; Medhurst 
et al. 2001)

http://dx.doi.org/10.1007/978-3-319-01827-0_2
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•	 Nutrient availability from the soil was so low that it limited development of the 
trees retained after thinning (Valinger 1992; Valinger et al. 2000)

•	 Opening the canopy encouraged vigorous weed growth that competed with the 
retained trees for water and nutrients from the soil (Black et al. 1980; Cregg  
et al. 1990; West and Osler 1995).

Over the growing season immediately following thinning, Wallentin and Nilsson 
(2011) observed a reduction in stand stem wood volume growth of thinned stands 
of 33-year-old Norway spruce (Picea abies) in southern Sweden when compared 
to unthinned stands, even when the intensity of thinning was moderate (removal 
of 30 % of the stand basal area at thinning). However, growth rates of the thinned 
stands recovered by the next growing season. None of the reasons listed above 
seemed to explain this reduction in growth. It may be an example where the 
increase in photosynthetic rate of the trees in the thinned stand was simply insuf-
ficient initially to maintain growth at the level of unthinned stand.

In a few cases, growth of a thinned stand immediately following thinning was 
greater than if the stand had not been thinned (Velaquez-Martinez et al. 1992; 
Carlyle 1998). This occurred on sites where thinning alleviated a deficiency of 
nutrients from the soil. It did this either by making available to the retained trees 
the nutrients from the leaves and branches of the felled trees, or by increasing the 
rate at which nitrogen was released from organic matter, owing to increases in 
water availability in the soil or increases in temperatures at ground level resulting 
from opening the canopy.

Over several years following thinning, the remaining trees add addi-
tional leaves to their crowns to replace those lost from the trees that have been 
removed. However, the leaf area index of the stand may never reach the value it 
had before the thinning (Guiterman et al. 2012). As the crowns of the remain-
ing trees add leaves, they increase in width to fill the space left by the trees that 
were removed. As the retained trees grow taller, their crowns also become deeper, 
because the opening of the canopy allows sunlight to penetrate to a greater depth 
within it (Barbour et al. 1992; West and Osler 1995; Peterson et al. 1997; Carlyle 
1998; Baldwin et al. 2000; Valinger et al. 2000; McJannett and Vertessy 2001; 
Medhurst et al. 2001; Medhurst and Beadle 2001; Mäkinen and Isomäki 2004a, d; 
Guiterman et al. 2012). Because of the increase in crown width and leaf biomass, 
each tree requires longer branches of much greater biomass, to carry the addi-
tional leaves (Medhurst and Beadle 2001; Forrester et al. 2012; Goudiaby et al. 
2012). Also, the opening of the canopy by thinning allows more wind turbulence 
within the stand, increasing the threat that trees might be uprooted (Slodičák 1995; 
Mitchell 1995a); this means that trees in thinned stands must develop a larger 
woody root system to maintain their anchorage securely in the ground (Urban  
et al. 1994; Ruel et al. 2003).

The discussion above suggests that over the entire life of a stand its total biomass 
production, inclusive of biomass lost through tree deaths or tree removals at thin-
ning, will be the same whether the stand is thinned or not. This should be the case 
as long as the thinnings are never heavy enough to prevent the stand utilising fully 
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the resources for growth available from the site for any period following thinning. 
Since trees in thinned stands must increase their branch and woody root biomasses, 
this might be done at the expense of stem biomass, hence of total stem wood volume 
over the life of a stand; long-term experiments to illustrate this are rare, but there 
are a number of reports consistent with the suggestion (Schönau and Coetzee 1989; 
Amateis et al. 1996; Curtis et al. 1997; Baldwin et al. 2000; Medhurst et al. 2001; 
Hennessey et al. 2004; Mäkinen and Isomäki 2004b, c; Rytter and Stener 2005; del 
Río et al. 2008). However, cases have been reported where total stem wood volume 
production over the life of stands was unaffected by thinning (Keim et al. 2010).

The work of Pretzsch (2005b) has added considerably to the debate about the 
long-term effects of thinning on total stand growth. Pretzsch collated data from 
experimental plots established originally in native forests of Norway spruce (Picea 
abies) and beech (Fagus sylvatica) in Germany. The experiments were established 
in the late 1800s and early 1900s and were measured every 6–7 years. Thinnings 
started when stands were 30 to 60-years-old and were done every 6–7 years. 
Thinnings varied in intensity, the heaviest involving removal of almost twice the 
stem wood volume from the stand when compared to the lightest thinnings (the 
experiments did not include unthinned stands). The dimensions of the trees removed 
and retained at each thinning were recorded. When Pretzsch analysed the results, the 
experiments ranged in age over 104–179 years; this may well be the longest-term 
forestry experiment ever conducted. Unfortunately, Pretzsch could only estimate 
total stem wood volume growth in the experiment, rather than biomass. However, he 
found that moderately heavily thinned stands grew appreciably faster in stem wood 
volume than either very lightly or very heavily thinned stands. His work emphasises 
that we do not yet appreciate fully the physiological responses of tree stands to thin-
ning and exactly how these determine their long-term growth rates.

Following thinning, height growth of the retained trees changes little (Mead  
et al. 1984; Schönau and Coetzee 1989; Whyte and Woollons 1990; Valinger 1992; 
Peterson et al. 1997; Yang 1998; Pape 1999b; Baldwin et al. 2000; Mitchell 2000; 
Medhurst et al. 2001; Mäkinen et al. 2002a; Cañellas et al. 2004; Hennessey et al. 
2004; Kanninen et al. 2004; Mäkinen and Isomäki 2004b, c; Varmola and Salminen 
2004; del Río et al. 2008; Keim et al. 2010; Wat et al. 2011). However, there are 
other important effects on the subsequent growth of the retained trees as follow:

•	 Because their photosynthesis increases, their growth rates accelerate and they 
become larger, in both stem diameter and wood volume, than they would have 
done without the thinning. There are many examples of this in both plantation 
and native forests (Hennessey et al. 2004; Cañellas et al. 2004; Connell et al. 
2004; Kanninen et al. 2004; Mäkinen and Isomäki 2004a, b, c, d; Varmola and 
Salminen 2004; Roberts and Harrington 2008; Vincent et al. 2009; Zhang et al. 
2009; Keim et al. 2010; Powers et al. 2010). This is consistent with the discus-
sion in Sect. 7.1, that lowering stand density leads to an increase in individual 
tree sizes; it is the principal growth response desired of thinning in commercial 
forestry. However, the response is not always straightforward. Tarroux et al. 
(2010) reported an example from native forests of Jack pine (Pinus banksiana) in 

http://dx.doi.org/10.1007/978-3-319-01827-0_7
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eastern Canada. Not all trees remaining in a stand after thinning responded to the 
thinning as well as others because their root systems were grafted to the root sys-
tems of some of the trees that were removed. Some of the photosynthetic produc-
tion of those retained trees was then diverted to keeping alive the root system and 
stump of the removed trees so reducing their growth response to the thinning..

•	 They usually develop more sharply tapered stems (Newnham 1965; Barbour et al. 
1992; Valinger 1992; Tasissa and Burkhart 1998; Pape 1999b; Baldwin et al. 2000; 
Karlsson 2000; Mäkinen and Isomäki 2004a, d; Watt et al. 2011; Goudiaby et al. 
2012). The opening of the canopy allows wind speeds to increase within the thinned 
stand, the weights of leaves and branches in the crowns of individual trees to 
increases and the distribution of weight of the foliage and branches along the stem 
to alter. These effects alter the levels and distribution of stresses (in an engineer-
ing sense—Sect. 2.1.1) along individual tree stems. It is believed that tree stems are 
shaped so that the stresses to which they are subjected are constant along the whole 
stem (see Dean et al. 2002 for a discussion of this theory); in thinned stands, the 
individual stems must become more tapered to maintain this constant stress along 
their length. The long-term result of this is to alter the set of logs of different size 
classes that can be cut from individual stems. In commercial plantation forestry, the 
economic advantages gained from thinning through increased stem sizes seem gen-
erally to outweigh any losses that result from increased stem taper.

8.2  Hazards of Thinning

Thinning exposes plantation stands to various hazards. Perhaps the greatest is 
posed by wind. It can damage trees either by snapping them off or by uprooting 
them. Uprooting can result either from breakage of large, woody roots that anchor 
the trees in the ground, or from simply pulling the whole root system out of the 
ground (Schaetzl et al. 1989).

Wind storms can cause disastrous damage to plantations, whether thinned or not 
(Cremer et al. 1977; Somerville 1981; Liegel 1984; Neil and Barrance 1987; Bunce 
and McLean 1990; Everham 1995; Foster and Boose 1995; Studholme 1995; Knoke 
et al. 2008; Moore et al. 2013). However, opening the canopy by thinning can ren-
der plantations more liable to damage by increasing wind turbulence within the 
plantation and allowing the trees to sway far more than when the canopy is closed 
(Moore and Maguire 2004, 2005). In some parts of the world where forests grow in 
windy regions, such as Great Britain, northern Europe and Canada, the potential for 
wind damage is of considerable concern and can discourage thinning (Quine 1995; 
Wollenweber and Wollenweber 1995; Quine and Bell 1998; Huggard et al. 1999; 
Gardiner and Quine 2000; Cameron 2002; Hale et al. 2004). Some research has even 
attempted to assess the suitability of sites for plantation forestry based on the risk of 
wind damage (Mitchell 1995b, 1998; Quine 2000).

The taller and thinner a tree, the further it can sway, rendering it more likely to 
snap off. In addition, increased swaying increases the force exerted at ground level, 
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increasing the risk of uprooting (Cameron 2002). Based on this, several researchers 
(Cremer et al. 1982; references in Wilson and Oliver 2000) have developed a simple 
index to assess the susceptibility of plantations to wind damage, at least for some 
softwood species in various parts of the world. The index is calculated as the aver-
age height of the 200 or 250 largest-diameter trees per hectare in a plantation before 
thinning, divided by their average diameter at breast height over bark (both measured 
in the same units, metres or feet say). They found that the risk of damage following 
thinning increased from a low level, when the index value was less than 60–70, to a 
high level, when the index value exceeded 90–100. However, the risk was generally 
far less before the average tree height reached 10–20 m, suggesting a first thinning 
should be done before a plantation reaches those heights. More detailed research has 
confirmed that the ratio of tree height to diameter is a reliable predictor of the risk 
of damage either by wind or by the weight of snow held in the crown (Moore 2000; 
Wilson and Oliver 2000; Wonn and O’Hara 2001). Considerably more sophisticated 
modelling systems have been developed to assess in much greater detail the suscep-
tibility of forests to wind damage (Gardiner et al. 2000; Ancelin et al. 2004; Zeng et 
al. 2004; Achim et al. 2005; Cucchi et al. 2005; Schelhaas 2008).

Whilst the risk of wind damage is probably the greatest hazard plantations face 
after thinning, there are others. If vigorous weed growth occurs in the plantation 
following the opening of the canopy, the weeds may compete successfully with the 
remaining trees for water or nutrients from the site. This can lead to a reduction 
in tree growth, with consequent loss of the volume of wood that can be harvested 
ultimately. If this problem occurs, it can be avoided by weed control; in thinned 
stands it may be economically practical to do this only by using grazing animals.

There may be effects of thinning on the quality of the wood produced ultimately 
in the stems of the retained trees. Larger branches or epicormic shoots may develop 
along the stems following thinning, increasing the size and number of knots in the 
timber (Sects. 3.3.8, 9.2, 9.4). Given that thinning accelerates the growth rate of 
retained trees, the greatest concern is that faster-grown wood might be less dense 
and, hence, less suited for various purposes (Sects. 3.4). However, whilst some 
changes in wood density have been observed in thinned stands, they have been suf-
ficiently small generally to be of little practical concern (Gregg et al. 1988; Barbour 
et al. 1992; Malan and Hoon 1992; Pape 1999a, b; MacDonald and Hubert 2002; 
Mörling 2002; Jaakkola et al. 2005). Research with Tasmanian blue gum (Eucalyptus 
globulus) plantations in Australia (R Washusen, CSIRO, Australia, unpublished data) 
found that the additional swaying of trees in thinned plantations can increase sub-
stantially the amount of tension wood that develops in the stems of the retained trees, 
reducing the wood quality (Sect. 3.3.6). However, often the advantages in wood qual-
ity gained by selecting trees with better form to be retained at thinning (Sect. 8.3) 
may outweigh any deleterious effects on wood quality (Cameron 2002).

Damage to retained trees by being struck as other trees are felled is another 
hazard of thinning. The retained tree may simply be snapped off. However, if it is 
simply struck, the wood formed to heal abrasions on its stem may reduce the qual-
ity of the wood sawn ultimately from it (Terlesk and McConchie 1988; Sudin 
et al. 2007). Abrasions may allow also the entry into the stem of wood decay fungi 
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that can lead to substantial loss of solid wood (Kiser et al. 2011). Even slight 
abrasions, sufficient only to loosen the bark without stripping it from the stem, 
can lead to losses from wood decay (White and Kile 1991; Deflorio et al. 2007). 
Wood decay fungi and their effects are discussed in more detail in Sects. 9.4, 9.6 
and 9.7.1. These problems of stem damage can only be avoided if the harvesting 
machinery operators or tree fellers are sufficiently experienced to avoid retained 
trees being struck by other trees as they are felled.

It is quite important that harvested wood to be sold is collected promptly from 
the forest after felling. Delays can allow fungi that stain wood to enter the cut 
end of logs, leading to discolouration of the wood and loss of value (Stone and 
Simpson 1987; Huber and Peredo 1988; Manion 1991). This is equally a problem 
when clear-felling is done (Keirle et al. 1983).

A final problem with thinning is that it may affect nutrient cycling (Sects. 2.3.3, 
6.3) and through that the growth behaviour of trees following thinning. Jonard 
et al. (2006) illustrated the issue in long-term experiments with Norway spruce 
(Picea abies) in Austria. The first thinnings had been done when the plantations 
were 20–40-years old. They were thinned a number of times subsequently until 
Jonard et al. examined the experiments when they were at least 50-years old. They 
found that thinning had negative effects on the long-term nitrogen, phosphorus 
and potassium nutrition of the remaining trees, through removal of nutrients in the 
trees that were thinned and by reducing the thickness of the litter layer retained on 
the soil surface. It appeared that this long-term loss of nutrients would reduce the 
ability of the site to maintain adequately the root system. Such effects represent 
a threat to the sustainability of plantations, that is, the ability to manage them 
in such a way that their productivity can be maintained in the long term and that 
the sites on which they grow are not altered in ways that will prevent their use for 
other purposes by later generations (Chap. 14). Jonard et al. commented that little 
research has been conducted throughout the world to examine how common are 
the problems such as they identified. Blanco et al. (2006) considered also nutrient 
removal in consequence of thinning.

8.3  Tree Selection

In conducting a thinning, the aim is usually to select trees to be retained that:

•	 Have the best form to produce sawlogs of the highest quality, that is, have 
straight stems, are without multiple leaders (where a stem has split to produce 
more than one main stem) and have relatively small and well-formed branches.

•	 Will grow most vigorously following thinning to produce the largest sawlogs at 
the earliest possible time.

As mentioned in Sect. 3.3.3, the species used for major plantation forestry devel-
opments around the world are commonly those that grow rapidly and well in full 
sunlight. In such species, trees of all sizes respond readily following thinning, 
both to the availability of extra sunlight from the opening of the canopy and to 
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the additional resources for growth that become available by removing other 
trees (West and Osler 1995; Pukkala et al. 1998; Pape 1999a; Medhurst et al. 
2001; Mäkinen and Isomäki 2004c, d). However, species differ in their response 
to increased exposure to sunlight, a phenomenon sometimes referred to as their 
‘tolerance’. The eucalypts are an example of this and different eucalypt species 
respond to thinning in somewhat different ways (Smith and Brennan 2006).

Nevertheless, the larger trees in the stand have the larger canopies and root sys-
tems and so are able to produce larger amounts of new stem wood as their growth 
rates accelerate following thinning (Mäkinen and Isomäki 2004a). Also, since they 
are already the largest trees, they will inevitably be the individuals that will be the 
earliest to reach sizes to produce sawlogs. This means that thinning will usually 
favour the retention of the largest trees of the best form.

In the past, the types of thinning that have been used to favour retention of 
larger trees are:

•	 Thinning from above (also called high thinning). This involves retention of the 
largest, best-formed trees that are felt most likely to be the best final-crop trees 
(that is, the trees to be retained until clear-felling). Trees around them are removed, 
some of which may be relatively large but that might interfere with the subsequent 
crown development of the retained trees. Smaller trees are retained, as long as they 
are unlikely to interfere with the development of the large retained trees.

•	 Thinning from below. This involves removing only smaller trees from the stand. 
The only very large trees removed in this type of thinning are those with bad 
form or, occasionally, one of two larger trees that are growing close together 
and would interfere with each other in their subsequent development.

Both types of thinning reduce the level of competition (Sect. 2.4) between the 
remaining trees in the stand. However, thinning from above may encourage growth 
of the largest remaining trees in the stand relatively more than thinning from 
below, especially when thinning is light (that is, fewer trees are removed at the 
thinning) (Bradford et al. 2010). This occurs because thinning from above favours 
particularly the largest trees by removing their nearby larger competitors.

A problem with thinning from above is that it limits the choice of which trees 
are to be retained at later thinnings (Arthaud and Klemperer 1988). By and large, 
thinning from below is preferred today in commercial plantation forestry, although 
there are cases where thinning from above has been found to be more successful 
commercially (Hyytiäinen et al. 2004).

Whichever of these types of thinning is used, it is necessary usually to remove some 
rows of trees entirely to allow access to the stand by harvesting machinery. The distance 
between each of these outrows, as they are called, will be determined by how far the 
tree-felling arm of the machine can reach from the outrow into the surrounding stand.

A third type of thinning is called systematic or row thinning. It involves the 
removal of whole rows of trees only, perhaps every second or third row. It is a 
quick, easy and cheap way to conduct a thinning. However, unlike the other types 
of thinning, it does not favour retention of larger trees. It has been used suc-
cessfully in various plantations around the world (Cremer and Meredith 1976; 
Bredenkamp 1984; Baldwin et al. 1989).

http://dx.doi.org/10.1007/978-3-319-01827-0_2
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8.4  Developing Thinning Regimes

Drew and Flewelling (1977) brought to the western literature a tool that has 
proved very useful in making decisions about when and to what extent plantations 
should be thinned. Known as density management diagrams, they have the form of 
Fig. 7.2. The great value of these diagrams is that they allow the user to determine 
readily the stage of development of a stand, that is, in which section (A, B or C) of 
the diagram it is positioned. To do so requires measuring the stand stem wood vol-
ume and its stocking density; there are many ways of taking these measurements, 
as discussed in texts on forest measurement (e.g. West 2009).

Work has been done on the development of density management diagrams for 
many species, both in plantations and native forests (Drew and Flewelling 1977, 
1979; Kikuzawa 1982; McCarter and Long 1986; Hibbs 1987; Smith 1989; Dean 
and Jokela 1992; Sterba and Monserud 1993; Newton and Weetman 1993, 1994; 
Kumar et al. 1995; Jack and Long 1996; Newton 1997a, b; Anta and González 
2005; Kurinobu et al. 2006; Newton 2006a, b; Pretzsch 2006; Lynch et al. 2007; 
Stankova and Shibuya 2007; Vacchiano et al. 2008; VanderSchaaf and Burkhart 
2008; Castedo-Dorado et al. 2009; Vanclay and Sands 2009; Weiskittel et al. 2009; 
Keim et al. 2010; Schütz and, Zingg 2010; VanderSchaaf 2010). The detail and 
approach of some of these diagrams differ somewhat from Drew and Flewelling’s 
original concept, but their principle remains the same. Pretzsch (2010) reviewed 
the principles of the diagrams in the context of more recent studies relating plant 
development to the growing space available to them.

On the basis of these diagrams, the following general principles have been 
established for thinning practice:

•	 Stands should be thinned before they enter section C of the diagram. This 
ensures little wood volume is lost owing to deaths of suppressed trees.

•	 Stands should remain unthinned until they leave section A of the diagram and 
enter section B. Thereafter, they should not be thinned sufficiently heavily that 
they re-enter section A. Any thinning that positions a stand in section A will 
lead to a loss of stand stem wood volume growth, because the stand will not be 
using fully the resources available for growth from the site.

•	 If a stand is thinned to near the bottom of section B of the diagram, it will have 
the fewest possible trees retained, whilst still using fully the growth resources 
available from the site. Individual growth rates of retained trees will then be at 
their maximum and larger, commercially more valuable trees will be available 
ultimately for harvest at the earliest possible time.

•	 Stand stem wood volume production will be maximised if stands are thinned 
so they remain near the top of section B of the diagram. As discussed in 
Sect. 7.1.3, stand stem wood volume growth rates tend to be higher in stands of 
higher density.

In essence, these principles suggest that thinning should be undertaken to main-
tain stands always in section B of the diagram. If the objective of thinning is to 
produce the largest trees possible in the shortest time, stands should be thinned 
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so they remain always near the bottom of section B. If the objective is to max-
imise the volume of stem wood to be harvested, stands should be thinned so they 
remain always near the top of section B. For most commercial plantations around 
the world, the objective is to maximise tree sizes; hence, most thinning regimes 
aim to maintain stands near the bottom of section B.

The results from two thinning experiments will illustrate how a density 
management diagram can be used to assess thinning practice. The experi-
ments were conducted in plantations of Douglas fir (Pseudotsuga menziesii), 
one in Washington, USA, and the other in Kaingaroa, New Zealand (Drew and 
Flewelling 1979). Douglas fir is one of the best known forest species of North 
America. A tall, softwood species, it occurs in magnificent native forests in west-
ern parts of the continent, forests that have been logged for timber for many years. 
In some places the Douglas fir forests are allowed to regenerate naturally and in 
other places plantations of the species have been established. Some plantations 
of Douglas fir have been established in New Zealand, although it is not the most 
common plantation species there.

In both experiments, some plots were left unthinned, whilst others were thinned 
several times, either more or less heavily. Their growth was measured for many 
years. In Fig. 8.1, the growth trajectories of the unthinned, lightly thinned and 
more heavily thinned plots of both experiments have been superimposed on the 
density management diagram for Douglas fir developed by Drew and Flewelling 
(1979). The sudden declines in stocking density and stand stem wood volume 
in the thinned plots denote the removal of trees at the thinnings; the Washington 
experiment was thinned three times, first at 16 years of age, and the Kaingaroa 
experiment twice. Table 8.1 records some data measured at the end of each experi-
ment when the plantations were clear-felled, at 27 years of age in the Washington 

Fig. 8.1  A density 
management diagram for 
Douglas fir (Pseudotsuga 
menziesii). Superimposed 
are the growth trajectories 
of three experimental 
plantation plots in each of 
Washington, USA (●_____●) 
and Kaingaroa, New 
Zealand (O- - -O) that were 
unthinned, lightly thinned or 
heavily thinned as indicated. 
All data are plotted as natural 
logarithms (adapted from 
Drew and Flewelling 1979)
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experiment and at an age unspecified by Drew and Flewelling in the Kaingaroa 
experiment, but probably considerably older.

Given the thinning principles discussed before, the results suggest thinning 
started far too late in the life of the Kaingaroa plantation if its aim was to max-
imise the sizes of individual trees by the time of clear-felling. The plantation had 
reached section C of the diagram before thinning started. Whilst the result of both 
the light and heavy thinnings was to increase the average size of the retained trees 
by the end of the experiment (Table 8.1), the heavier thinning more so than the 
lighter, none of the thinnings was ever heavy enough to shift the plantation stands 
near the bottom of section B of the diagram; if they had done so, average tree sizes 
would have been much greater at the time of clear-felling.

By contrast, the heavy thinnings in Washington appear to be too heavy because the 
plantation was kept consistently within section A of the diagram. This meant there 
was a loss of stem wood volume harvested from the heavily thinned stand that is 
apparent in the stand stem wood volume information in Table 8.1. On the other hand, 
the lighter thinning regime in Washington was too light and should have involved 
thinnings that positioned the stand nearer the bottom of section B of the diagram.

A density management diagram does not give the complete answer as to when, 
how many times and with what intensity a plantation should be thinned. However, 
it does serve to put some constraints on what is a feasible thinning regime for a 
plantation. Ultimately, the thinning regime chosen for a plantation will be that 
which most suits the objectives of the plantation enterprise. Usually in commer-
cial plantation forestry, this involves finding the regime that maximises the return 
on the financial investment in the plantation. The factors that must be considered 
when settling on a thinning regime include:

•	 The number of thinnings that are to be done—thinning incurs expenses with 
logging machinery and labour. If there is a market for the logs cut from the trees 
removed at thinning, these expenses may be recouped through log sales and the 
thinning may provide a useful income part way through the plantation rotation; 
the thinning is then said to be a commercial thinning. Even if the wood removed 
at thinning cannot be sold, the acceleration of growth rate of the remaining trees 
that results may be sufficient to render the thinning economically worthwhile 
in the long term. A thinning without sale of the harvested wood is said to be 

Table 8.1  The average stem wood volume per tree at the age of clear-felling and the total stand 
stem wood volume harvested (inclusive of volume removed at thinnings) in unthinned, lightly 
thinned and heavily thinned plots in the experimental plantations illustrated in Fig. 8.1

Plot treatment Washington, USA Kaingaroa, New Zealand

Volume per  
tree (m3)

Harvested stand  
volume (m3/ha)

Volume per  
tree (m3)

Harvested stand  
volume (m3/ha)

Unthinned 0.27 291 0.84 931
Lightly thinned 0.32 263 1.49 924
Heavily thinned 0.38 187 1.72 917

(Source−Drew and Flewelling 1979)

8.4 Developing Thinning Regimes
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non-commercial or pre-commercial. In that case, it may be unnecessary to fell 
the trees being removed; it may be sufficient simply to poison them with a her-
bicide and leave them to fall naturally in due course. However, whether com-
mercial or non-commercial, the costs and/or returns involved with thinning will 
determine ultimately how many thinnings can be afforded during the plantation 
rotation.

•	 The timing of thinnings—the first thinning will not be carried out until the planta-
tion has entered section B of the density management diagram. The age at which 
this occurs will depend on the growth rate of the plantation. If the first and/or sub-
sequent thinnings are commercial, they may have to be delayed until the plantation 
has grown to an age when there is sufficient wood available for the thinning to be 
worthwhile commercially. The possibility of wind damage (Sect. 8.2) will become 
increasingly acute the longer the first thinning is delayed.

•	 The intensity of thinnings—if the objective of thinning is to maximise growth 
rates of the retained trees, the thinning will need to be sufficiently intensive to 
move the stand near the bottom of section B of the density management dia-
gram; the possibility of wind damage may limit how near the bottom of sec-
tion B the thinning may approach. The more any thinning has been delayed, the 
further will the plantation have grown through section B of the diagram and the 
more intensive will the thinning need to be. Obviously, the timing, frequency 
and intensity of previous thinnings and the growth rate of the species concerned 
will all determine how far into section B of the diagram the plantation will have 
grown by the time of the next thinning. All these factors will interact to influ-
ence the intensity of the next thinning.

•	 The relative values of the different-sized log products that are to be produced 
ultimately by the plantation—if larger-sized logs are very much more valuable 
than smaller-sized logs, it will be worthwhile thinning earlier, more frequently 
and more intensively to ensure that the largest-sized trees have developed at the 
earliest possible age to maximise the financial return from the plantation enter-
prise. The balance between the relative values of the various log products will 
be very important in determining the balance between timing, frequency and 
intensity of thinning. Cassidy et al. (2012) gave an example illustrating this.

It should be apparent from the preceding discussion that the species concerned, the 
productive capacity of the site on which it is growing, the objectives of the planta-
tion enterprise and the values of the wood products that can be sold will all inter-
act in complex ways to determine exactly what thinning regime is appropriate for 
any particular plantation. They will determine also what is the most appropriate 
age at which the plantation should be clear-felled; commercially, this will be the 
age at which the financial return from the plantation is maximised.

Obviously it is a complex task to consider together all these factors, and their 
interactions, to choose exactly what thinning regime is most appropriate for a 
particular plantation. In large commercial plantation enterprises, foresters have 
available mathematical forest growth and yield models that are capable of pre-
dicting what wood yields of various log product sizes might be obtained under 
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any thinning regime they consider appropriate. Forest growth and yield models 
were alluded to in Sect. 4.4.3. Some models include the mathematical basis of at 
least parts of density management diagrams (Smith 1986; Smith and Hann 1986; 
Seymour and Smith 1987; Tait et al. 1998; Cao et al. 2000; Mabvurira and Miina 
2002; Ogawa and Hagihara 2003; Newton et al. 2004, 2005; Ogawa 2005).

In effect, growth and yield models are used to propose a number of possi-
ble thinning regimes that might be considered for a plantation. Deciding which 
of those regimes is most appropriate is then a complex task to which there are 
various approaches (Chen et al. 1980; Kao and Brodie 1980; Bullard et al. 
1985; Paredes and Brodie 1987; Arthaud and Klemperer 1988; Betters et al. 
1991; Pukkala and Miina 1997; Wikström and Eriksson 2000; Wikström 2001; 
Hyytiäinen et al. 2005). Riitters and Brodie (1984) have given an interest-
ing example where the most appropriate thinning regimes they developed for 
Douglas fir forests were presented in a density management diagram, so the rela-
tionships between the various options they considered were obvious immediately. 
Zhao et al. (2010a) described a modelling approach based on changes over the 
lifetime of a stand of an index called ‘relative spacing’, defined as s/HD, where 
s is the average spacing between trees in a stand at any time and HD is its domi-
nant height. This index may be useful in defining how the sections of the density 
management diagram are delimited and then in suggesting what thinning regime 
might be appropriate for the species concerned.

8.5  Thinning in Practice

Thinning has a long history in forestry, extending back to the early 1800s. Zeide 
(2001) gave an interesting review of the developments that have led to our current 
view of thinning practice. There has been a trend to change from very conserva-
tive thinning practice, that is, numerous light thinnings continuing to later ages, 
to far more intensive practices. These changes have accelerated since the 1950s 
(Opie et al. 1984; Schönau and Coetzee 1989). They reflect our increased knowl-
edge of how trees respond to thinning, increases in the costs of thinning that make 
it worthwhile economically to undertake only a few, heavier thinnings during a 
rotation and the development of extremely rapidly growing plantations, especially 
in the tropics (Onyekwelu et al. 2011).

Table 8.2 is a rather arbitrary list of thinning regimes considered appropriate in 
various commercial plantation forestry species in various parts of the world. They 
are all cases where plantations were being grown for sawlog production. The list 
should give some idea of the thinning practices used in large-scale, commercial 
plantation enterprises.

The regimes involve 1–5 thinnings, with around 100–300 trees per hectare left 
after the final thinning. Generally, clear-felling occurs at around 25–30 years of 
age. The trend to undertake intensive thinnings at quite young ages is apparent in 
the regimes for the fast-growing hardwood and softwood plantations in Australia, 

8.4 Developing Thinning Regimes
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Table 8.2  Thinning regimes used for sawlog production in various plantation forest species in 
various parts of the world

Species Location Age (years) Residual  
stocking (trees/ha)

Reference

Flooded gum 
(Eucalyptus 
grandis)

South Africa 0
3–5
7–9
11–13
25–30

1,370
750*

500
300
Clear-fall

Schönau and 
Coetzee (1989)

Shining gum  
(Eucalyptus 
nitens)

Tasmania, 
Australia

0
3–4
10–12
30–40

1,000
600*

250
Clear-fall

Gerrand et al. 
(1997)

Blackbutt 
(Eucalyptus 
pilularis)

New South  
Wales, 
Australia

0
10
15
25–30

1,000
270
100
Clear-fall

Present author, 
unpublished, 
Cassidy et al. 
(2012)

Teak (Tectona 
grandis)

Costa Rica 0
4
8
12
18
24
30

1,111
556
333
200
150
120
Clear-fall

Pérez and 
Kanninen 
(2005)

Gmelina  
(Gmelina 
arborea)

Nigeria 0
5
10
15
20

1,300
400
330
280
Clear-fall

Onyekwelu et al. 
(2003)

Badi  
(Nauclea 
diderrichii)

West Central 
Africa

0
5
9
15
30–40

1,111
400–500
200–250
130–170
Clear-fall

Dupuy and Mille 
(1993)

Honduran 
Caribbean 
pine (Pinus 
caribea var. 
hondurensis)

Queensland, 
Australia

0
2–3
22
30

750
500*

300
Clear-fall

Evans and Turnbull 
(2004)

Radiata  
pine (Pinus 
radiata)

Spain 0
12
22
30

1,700
550*

325
Clear-fall

Rodríguez et al. 
(2002)

Radiata  
pine (Pinus 
radiata)

South  
Australia, 
Australia

0
10–13
17–22
24–31
32–37

1,600
700
450
250
Clear-fall

Mead (2013)

Radiata  
pine (Pinus 
radiata)

Western  
Australia, 
Australia

0
15–16
22–23
30

1,550
600
300
Clear-fall

Mead (2013)

(continued)
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Costa Rica, New Zealand and various parts of Africa (see also Kanninen et al. 
2004; Ladrach 2004). The pine (Pinus) plantations in Spain and the USA and the 
hoop pine (Araucaria cunninghamii) plantations in Australia are rather less pro-
ductive than those other plantations and their thinning regimes tend to be less 
intensive.

Also apparent is that a number of the regimes involve non-commercial thinnings 
at younger ages. In those cases, either there is little market for small logs or the 
advantage gained ultimately in sawlog production at clear-felling makes the early 
thinning worthwhile.

The age at which each thinning is done and the residual stocking density after thinning are 
shown; the stocking density at planting is shown at age 0 years. Thinnings marked with an asterisk 
are non-commercial

8.5 Thinning in Practice

Species Location Age (years) Residual  
stocking (trees/ha)

Reference

Radiata pine 
(Pinus  
radiata)

North Island,  
New Zealand

0
10–12
27–28

1,000
350
Clear-fall

Mead (2013)

Radiata pine 
(Pinus  
radiata)

South Island,  
New Zealand

0
7–9*

27–30

800–1,000
500
Clear-fall

Mead (2013)

Loblolly  
pine (Pinus 
taeda)

Southern USA 0
22
30
34

1,090
500
250
Clear-fall

Arthaud and 
Klemperer 
(1998)

Hoop pine 
(Araucaria 
cunninghamii)

Queensland, 
Australia

0
25
45–50

833
400
Clear-fall

Hogg and Nester 
(1991)

Table 8.2 (continued)
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In plantation forestry, pruning involves the removal of live or dead branches for 
some distance up the tree stem. Its purpose is quite different from that in horti-
cultural crops, where plants are pruned to train them to adopt appropriate shapes 
and sizes that open their canopy allowing the sun to penetrate and stimulate the 
production of fruit.

The reasons for pruning in plantations include:

•	 Producing knot-free wood in the stem, from which high-quality timber can be 
sawn.

•	 Maintaining smooth stems, where the plantation is being grown to produce 
posts or poles.

•	 Harvesting the leaves for animal fodder, leaf mulch or leaf products such as 
essential oils.

•	 Using branch wood as firewood.
•	 Allowing easier access for animals or for intercropping of trees with other crops 

in agroforestry.
•	 Maintaining the health of the plantation, where lack of pruning may attract 

damaging pests or diseases.
•	 Preventing fallen leaves accumulating in the lower branches of trees, to mini-

mise the chance of fire moving from the ground into the tree crowns.

If pruning is considered worthwhile in a forest plantation, decisions will have to 
be made about how it is to be done, when in the life of the plantation it should 
done, how far up the stem each tree should be pruned and how many of them 
should be pruned. This chapter will consider the issues involved in developing 
appropriate pruning regimes for plantations.

Chapter 9
Pruning

P. W. West, Growing Plantation Forests, DOI: 10.1007/978-3-319-01827-0_9,  
© Springer International Publishing Switzerland 2014
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9.1  Natural Pruning

Section 2.2 has described how, over the first few years of the life of a plantation, 
individual tree crowns grow until they meet to form a continuous canopy. The time 
it takes for this to happen varies greatly, depending on the species being grown, 
how productive the site is and the stocking density at which the plantation was 
established. It may be very rapid (1–2 years) on highly productive sites or much 
longer (10 years or more) on less productive sites. If the stocking density at plant-
ing is very low (say less than about 50–100 trees per hectare), the canopies may 
never touch, because individual tree stems are not sufficiently strong to support the 
weight of the very wide spread of the branches that would be necessary to cover 
the gaps between the trees.

Once the canopy has closed, leaves are shed continuously from its base and 
are replaced progressively by new leaves at its better-lit top (Sect. 2.3.3). Once 
leaves have been shed from the base, the branches that held them no longer 
serve any purpose. They too are then shed, eventually leaving the lower part of 
the stem clear of branches (Fig. 9.1). Branch shedding involves the develop-
ment of an abscission layer at the base of the branch, a layer of weak tissue. 
This breaks eventually and allows the branch to be ejected from the stem, usu-
ally leaving a small stub. The stem then produces new tissue that grows over this 
stub, a process known as occlusion. The final result of this self-pruning process 
is a knot left in the stem wood. The wood that grows beyond the knot is ‘clear’ 
(that is, knot-free), although there is usually distortion of the grain for 2–4 cm 
beyond the knot.

The whole process of branch death, abscission, ejection and occlusion 
often takes several years. However, different species vary greatly in the time 
it takes. Some eucalypts need only 1–2 years (Montagu et al. 2003). Other 
hardwoods take much longer; occlusion after death of branches of silver birch 
(Betula pendula) in Finland took 7–10 years (Mäkinen 2002) and was highly 

Fig. 9.1  A branch just about 
to be shed from the stem 
of a 3-year-old blackbutt 
(Eucalyptus pilularis) tree, 
growing in a plantation in 
northern New South Wales, 
Australia (Photo—West)

http://dx.doi.org/10.1007/978-3-319-01827-0_2
http://dx.doi.org/10.1007/978-3-319-01827-0_2
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variable for sycamore maple (Acer pseudoplatanus) (1–28 years) and com-
mon ash (Fraxinus excelsior) (1–26 years) in Europe (Hein and Spiecker 
2007). Softwood species often shed and occlude branches slowly, some retain-
ing branches for decades (Petruncio et al. 1997; Mäkinen 1999); Taiwania 
(Taiwania cryptomerioides) in Taiwan took at least 9 years to occlude branches 
after their death (Wang et al. 2003). Hein and Spiecker (2007) developed a 
model system to predict occlusion characteristics of branches of common ash 
and sycamore maple.

9.2  Knots and Wood Quality

As discussed in Sect. 3.3.8, knots are the chief source of defect in sawn timber. 
Australian and South African experience with eucalypts is that knots deriving from 
branches that had a diameter of 2.5–3 cm or more at their junction with the tree 
stem are likely to cause appreciable defect in sawn timber (Jacobs 1955; Schönau 
and Coetzee 1989). Even knots produced from branches smaller than this can 
cause defects. For example, Marks et al. (1986) studied timber sawn from moun-
tain ash (Eucalyptus regnans) trees and found that 85 % of knots deriving from 
branches of 2–2.5 cm diameter were sufficiently large to produce at least some 
degree of defect in the timber. However, they also found that the amount of defect 
declined rapidly as the knot size declined; only 32 % of knots deriving from 
branches of 0.5 cm diameter produced some defect. Very large knots, deriving 
from branches with a diameter in excess of 3.5 cm, may cause sufficient defect to 
weaken seriously the structural strength of eucalypt timber (Neilsen and Gerrand 
1999).

The effects of knot size on wood quality are important in species other than 
eucalypts. Larger knots may be tolerable in some species, probably because the 
occlusion process is more efficient than it is in eucalypts. MacDonald and Hubert 
(2002) suggested knots deriving from branches of 5 cm diameter are tolerable in 
timber cut from the plantations of Sitka spruce (Picea sitchensis) in Great Britain. 
Fahey and Willits (1995) have illustrated the various grades of timber that are sold 
in the USA and how the presence of knots lowers the grade. Grades vary from 
the highest-quality ‘appearance’ grades, that are used for timber to be exposed in 
use for decoration, to ‘structural’ grades, that are used in building construction and 
must be free of defects that affect their strength, to ‘factory’ grades, that are to be 
cut up subsequently for use in mouldings or window frames and so on. The high-
est-quality timber in each grade may be knot-free or may have only a few, small 
knots. Grade, hence value, declines as both the number and the size of knots in the 
sawn timber increase.

Given this, if trees are being grown to produce wood of the highest quality 
for sawn timber production, it is obviously important that their stems should 
contain a minimum of knots. At least in Australian plantation forestry, this 
has led to the view that stem pruning should be considered if the trees in the 
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plantation are going to develop branches larger than about 2.5–3 cm in diam-
eter at their base. Furthermore, the earlier in the life of any tree that branches 
are pruned from its stem, the higher will be the proportion of completely knot-
free wood it will contain when it is harvested finally. Research in Australia (see 
summary in Montagu et al. 2003) found that in unpruned eucalypt plantations 
clear-felled at 15–25 years of age, as little as 20 % of the sawn timber obtained 
from them had a clean, virtually knot-free surface and so was of the highest-
quality appearance grade. On the other hand, as much as 60 % of the sawn 
timber was of appearance grade from plantations that had been pruned early in 
their life-time.

9.3  Branch Development

As discussed in Sect. 7.2.2, the stocking density of a plantation is probably the 
most important factor that determines branch size. The results in Fig. 7.5 show that 
branches with diameters at their base in excess of 2.5–3 cm will be found often on 
trees in plantations planted at stocking densities of around 1,000 trees per hectare, 
a planting density used commonly today (Sect. 7.2.4). As discussed in Sect. 9.2, 
this is a branch size often sufficient to lead to appreciable defects from knots in 
sawn timber. All the eucalypt plantations included in the experiments shown in 
Fig. 7.5 were growing on highly productive sites and were only 5 years of age at 
the time they were measured. This emphasises how early in the life of a plantation 
branches may reach sizes that can lead to wood defect. In fact, a large propor-
tion of the branches measured in those eucalypt plantations were already dead by 
5 years of age, so had reached sizes in excess of 2.5–3 cm diameter even earlier in 
the life of the plantation.

Not only will the maximum size that branches attain in a plantation increase 
as the stocking density of the plantation decreases, but so also will the over-
all branchiness of the trees. Branchiness has been defined as the total cross-
sectional area, at their bases, of the branches on a stem, expressed as a 
proportion of the total surface area of the length of the stem along which they 
occur (Mäkelä 1997; Kellomäki et al. 1989). Thus one tree may be branch-
ier than another because it has either more or larger branches than the other. 
The branchier a tree, the more work would be necessary to prune it. Both 
Mäkelä (1997) and Kellomäki et al. (1989) used growth models to illustrate 
that branchiness of Scots pine (Pinus sylvestris) increased as stocking den-
sity decreased. Recent developments with this type of model predict not only 
tree branch development, but also the properties of the wood in the stem and 
where knots will occur in it (Kellomäki et al. 1999). Other models have been 
developed to predict branch characteristics of various species around the world 
(Mäkinen et al. 2003a, b; Mäkinen and Colin 1998; Woollons et al. 2002; Kint 
et al. 2010). These may be used to assist plantation growers to make decisions 
about if and how to prune their forests.

http://dx.doi.org/10.1007/978-3-319-01827-0_7
http://dx.doi.org/10.1007/978-3-319-01827-0_7
http://dx.doi.org/10.1007/978-3-319-01827-0_7
http://dx.doi.org/10.1007/978-3-319-01827-0_7
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9.4  Effects of Pruning

Pruning trees in a plantation may involve the removal of dead limbs only. In spe-
cies that maintain dead branches for many years (Sect. 9.1), their removal may 
limit the size of the knotty core of the stem, that is, the central part of the stem to 
which branches were attached before the tree was pruned; the smaller the knotty 
core of a log finally harvested from the forest, the greater is its value likely to be. 
Removal of dead limbs may be done also to allow easy access between the rows of 
the plantation, to remove limbs that catch falling needles and constitute a fire haz-
ard or to provide firewood from the branch material.

As discussed in Sect. 9.3, live branches may reach a size sufficient to cause 
defects in timber at early stages of development in highly productive planta-
tions (Sect. 9.3). If such plantations are pruned to avoid this, pruning will involve 
removal of live branches from the lower parts of the stem; of course this will 
involve the removal also of the leaves on those branches. If plantations are being 
grown to produce products from the leaves themselves, animal fodder or leaf oils 
for example, pruning of these plantations will involve removal of live branches also.

Removal of live branches and leaves by pruning has a variety of effects on sub-
sequent tree growth and development (Briggs 1995; Maguire and Petruncio 1995; 
Pinkard and Beadle 2000; MacDonald and Hubert 2002). The density of stem wood 
may increase (Sect. 3.3.3), there may be earlier transition from juvenile to mature 
wood (Sect. 3.3.3), there may be more heartwood produced (Sect. 3.3.5) and 
stems may become less tapered (Larson 1965; Maguire and Petruncio 1995). All 
of these responses may be a result of the need for the stem to maintain a constant 
distribution of stresses along it following removal of the weight of lower branches 
(Sect. 8.1). They may be a result also of the need to maintain a sufficient width of 
sapwood along the whole length of the stem to transport water from the roots to the 
leaves (Sect. 2.1.1). Scientific opinion remains divided as to the exact biological 
mechanism that leads to these changes in stem characteristics after pruning (Mäkelä 
2002); however, none of these changes seems generally to be sufficiently large to 
have discouraged commercial plantation growers from undertaking pruning.

Perhaps the most important effect of pruning live branches is that it may lead 
to a reduction in subsequent growth of the tree. The loss of leaves may reduce the 
total amount of photosynthesis that a tree can undertake, at least for some time 
following the pruning until the tree can replace the leaves that were removed. 
However, research results have suggested that as long as no more than about 
40–50 % of the leaves are removed from the lower parts of the tree crown of many 
hardwood species, or about 30–40 % for softwood species, the growth of the 
tree will be unaffected (Maguire and Petruncio 1995; Pinkard and Beadle 2000; 
Neilsen and Pinkard 2003; Pinkard et al. 2004; Beadle et al. 2007).

There are several reasons why trees can withstand loss of this much of their 
leaves without reducing their growth:

•	 Tree growth rate is determined by the amount of sunlight intercepted by their  
leaves; this is determined largely by the leaf area index of the plantation (Sect. 2.3.1). 
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http://dx.doi.org/10.1007/978-3-319-01827-0_3
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Highly productive plantations, with a leaf area index of 6–8 m2/m2, say, usually 
intercept more than 95 % of the sunlight falling on their canopies. Because 
many leaves in the canopy normally shade other leaves, the plantation will still 
intercept about 80 % of the sunlight even when half its leaf area is removed by 
pruning (Pinkard and Beadle 2000; Montagu et al. 2003; Alcorn et al. 2008b). 
That is, a large leaf loss does not necessarily mean a correspondingly large 
reduction in the amount of sunlight that the canopy can intercept.

•	 Normally, leaves do not function at their maximum photosynthetic capacity. 
When some of the leaves are removed from a tree, whether by pruning or by 
other forms of defoliation such as insect browsing (Sects. 10.2, 10.3; Retuerto 
et al. 2004; Quentin et al. 2011), the remaining leaves are capable of modify-
ing their physiological behaviour and increasing the amount of photosynthesis 
they undertake to make up for the loss of other leaves. As well, the lifespan of 
leaves may increase to minimise further leaf loss through normal leaf shedding, 
until the tree is able to replace the leaves lost by pruning. So large may be these 
responses, that growth may actually be greater in pruned than in unpruned trees 
for some time following the pruning (Pinkard et al. 1999, 2004; Pinkard and 
Beadle 2000; Medhurst et al. 2006).

•	 The new leaves that develop following pruning are sometimes larger in area 
than new leaves that develop in an unpruned canopy (Pinkard and Beadle 1998, 
2000). This allows them to intercept more of the sunlight falling on the canopy, 
so allowing relatively more growth to occur in pruned than in unpruned trees.

•	 As the trees respond to pruning by replacing the leaves that were removed, more 
of their growth may be assigned to leaf production rather than to stem or root 
production than is the case for unpruned trees (Reich et al. 1993; Pinkard and 
Beadle 2000). Thus, trees may respond to pruning by attempting to replace the 
lost leaves as rapidly as possible, so minimising any loss of growth.

Another important effect of pruning live branches may be the sprouting of epi-
cormic shoots along the pruned stem; these develop eventually into normal leaves 
or leaf-bearing branches (Sect. 5.5). Redevelopment of branches from epicormic 
shoots may frustrate completely the purpose for which pruning was done. As an 
example, Deal et al. (2003) studied epicormic shoot development after pruning 
and thinning stands of Sitka spruce (Picea sitchensis) in Alaska. In this case the 
trees were growing in native stands, although Sitka spruce is used extensively in 
plantations in the northern hemisphere. At 6–9 years after pruning, they found 
profuse epicormic shoot development, with an average of 9–11 shoots developing 
along each metre of pruned stem. Many of the shoots were of small diameter and 
may not have led ultimately to large knots in the timber; however, some shoots had 
developed into branches that exceeded 1.5 cm in diameter at their junction with 
the stem and so may have been large enough to lead ultimately to some defect in 
sawn timber. Other work has considered epicormic shoot development after prun-
ing North American conifers (Maguire and Petruncio 1995; O’Hara et al. 2008).

A further important effect of pruning on tree growth and development is that 
the wound produced by pruning may be a point of entry to the stem for wood 

http://dx.doi.org/10.1007/978-3-319-01827-0_10
http://dx.doi.org/10.1007/978-3-319-01827-0_10
http://dx.doi.org/10.1007/978-3-319-01827-0_5
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decay fungi (Sects. 11.1, 11.2). There are many such fungi and the decay they 
cause may render wood quite useless for any commercial purpose. Trees may 
react to wounding by producing chemicals with antifungal properties and by 
establishing a barrier zone of tissue within the stem, beyond which decay does 
not spread further towards the centre of the stem (Eyles et al. 2003) (Fig. 9.3). If 
this happens, it limits the spread of the decay, but often not before considerable 
defect has been caused, reducing substantially the quality of the timber obtained 
ultimately. The season when wounding occurs may affect the extent of decay 
and sometimes it is more extensive on sites of high fertility (Montagu et al.  
2003).

Finally, pruning may lead to a more indirect effect on tree growth and devel-
opment. If the pruned branches are simply left on the ground, they can provide 
ideal breeding sites for insects (Sect. 10.2) that damage the live trees subsequently. 
Johnson et al. (1995) describe a number of examples where this has occurred in 
northern hemisphere conifers. Others (e.g. O’Hara et al. 1995) have pointed out 
that the pruned branches may constitute an increased fire hazard if they are not 
removed from the site after pruning.

9.5  Pruning Regime

If it has been decided to prune a plantation, the decisions necessary to establish an 
appropriate pruning regime include:

•	 When and how often during the life of the plantation pruning should be done.
•	 How far up the stem should branches be removed at any pruning.
•	 How many and which trees in the plantation should be pruned.

If pruning is to involve removal of dead branches only, these decisions are fairly 
easy to make. They are rather more difficult when live branches are to be pruned, 
which is the case commonly in plantation forestry today.

Pinkard and Beadle (2000) have proposed that a general approach to devel-
oping a pruning regime for any plantation involves following its leaf area index 
development over time. As long as it has been determined for a particular species 
how much leaf removal it can stand without growth loss, knowledge of leaf area 
index should allow determination at any time in the life of the plantation of the 
height to which it is reasonable to prune the trees: as mentioned in Sect. 9.4, most 
species can withstand removal of somewhere in the range 30–50 % of their leaf 
area index without subsequent growth loss.

It is impossible in a book of this nature to specify the pruning regime appropri-
ate to any particular plantation. The reasons for which pruning is being done, the 
biological characteristics of the species concerned and the productive capacity of 
the site on which the plantation is growing will all be important in determining the 
regime. The following discussion attempts to apply Pinkard and Beadle’s princi-
ples in devising pruning regimes for plantations.

9.4 Effects of Pruning

http://dx.doi.org/10.1007/978-3-319-01827-0_11
http://dx.doi.org/10.1007/978-3-319-01827-0_11
http://dx.doi.org/10.1007/978-3-319-01827-0_10
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9.5.1  When to Prune

It is clear from the discussion in Sect. 9.3 that branches large enough to produce 
knots that cause serious defects in sawn wood can develop early in the life of a 
plantation. This may be within the first 5 years of growth of highly productive 
plantations. In less productive plantations, such as the Pinus patula and Scots pine 
plantations referred to in Fig. 7.5, it may take longer for large branches to develop.

Both Pinkard and Beadle (2000) and Montagu et al. (2003) agree that the opti-
mum time to undertake the first pruning is when leaf area index reaches a maxi-
mum, at about the time the crowns of the trees have developed sufficiently so that 
the canopy is just closed (Sect. 2.3.1). Interception of sunlight by the canopy will 
then be at a maximum, so the amount of light reaching the ground will be mini-
mised. Then, following the arguments of Sect. 9.4, the reduction in sunlight inter-
ception will be minimised if part of the canopy is removed at that time.

In rapidly growing eucalypt plantations, the canopy may reach its maximum 
leaf area index at 3–4 years of age (Beadle et al. 1995; Pinkard and Beadle 2000), 
or even as early as 2 years of age as in the example in Fig. 2.1. As long as prun-
ing at these young ages does not remove more than about 40–50 % of the lower 
part of the canopies of trees in these hardwood plantations, there should be no loss 
of growth and the size of the knotty core of the tree stems should be minimised. 
In less productive plantations, it may be some years later in their life before they 
reach their maximum leaf area index and, hence, the age at which pruning might 
first be appropriate.

If a first pruning is constrained to removing no more than a certain proportion 
of the leaf area index, the height to which stems are pruned may be less than the 
total height to which it is desired ultimately to prune (Sect. 9.5.2). This means that 
pruning will need to be done in several ‘lifts’, that is, on several different occa-
sions to successively greater heights. Each subsequent pruning would need to be 
delayed until the leaf area index of the canopy has recovered to such an extent 
that it can stand reduction again without loss of growth; this might be when it has 
regained about 75–80 % of its long-term, maximum value. Pinkard and Beadle 
(2000) refer to an example of a highly productive shining gum (Eucalyptus nitens) 
plantation in Tasmania, Australia, where the recovery period was only 13 months 
after a first pruning lift at 3 years of age. On less productive sites, it may take 
longer for the canopy to recover sufficiently for subsequent prunings.

If the objectives of pruning are other than the production of high-quality sawn 
timber, other considerations may determine the timing of pruning. Pinkard (2000) 
referred to an example where leaf oil and flowers were required from a young 
age in plantations of Tasmanian blue gum (Eucalyptus globulus), plantations that 
were intended ultimately to produce high-quality wood. She suggested that a very 
light pruning, before canopy closure at 2 years of age and that removed only about 
20 % of tree leaf area index, could be done in these plantations to provide an early 
yield of oil and flowers. A heavier pruning at that time would lead to a loss of 
growth of the plantations.

http://dx.doi.org/10.1007/978-3-319-01827-0_7
http://dx.doi.org/10.1007/978-3-319-01827-0_2
http://dx.doi.org/10.1007/978-3-319-01827-0_2
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Where the objective of pruning is for other purposes again, such as to provide 
firewood, access for agroforestry or to prevent the accumulation of fallen leaves, 
the timing of pruning will often be determined by pragmatic considerations. Thus, 
pruning might be done when the trees are sufficiently large that animals cannot 
reach the remaining leaves to browse them or otherwise damage the trees. Or, it 
might de done when an accumulation of leaves has occurred on dead branches. 
However, in other cases when pruning of live branches is being done, such as to 
provide fodder for animals, its timing will also be limited by leaf area develop-
ment to avoid excessive leaf removal and so reduce tree growth.

9.5.2  Height of Pruning

If pruning is being done to produce high-quality timber, the maximum height to 
which any tree will be pruned will be no more than the height up the stem from 
which the larger, high-quality sawlogs will be obtained when the tree is finally 
harvested. In many plantations today, this will be a height around 6–10 m above 
ground. Often, this height will be limited by the costs involved. As discussed in 
Sect. 9.6, the costs of pruning rise rapidly once it is done above a height that work-
ers can reach from the ground. An economic balance, between the cost of prun-
ing and the increased value of the wood resulting from it, will determine to what 
height it is reasonable to prune and, indeed, if pruning is worthwhile economically 
at all.

Leaves are not distributed evenly down through the canopy of trees; usu-
ally there are more leaves positioned near the middle of the canopy than near its 
top or bottom. Information in Pinkard and Beadle (2000) suggested that removal 
of 30–50 % of the leaves at any pruning lift would usually involve removing 
branches to a height of about 20–45 % of the length of the green crown (that is, 
from the lowest live branch on the stem to the tip of the tree); other work in vari-
ous species has confirmed that stem diameter growth is generally affected little 
until at least 50 % of the green crown length has been removed (Alcorn et al. 
2008a; Forrester et al. 2010; Amateis and Burkhart 2011; Springmann et al. 2011; 
Forrester and Baker 2012). Pinkard and Beadle pointed out that different tree spe-
cies distribute their leaves in rather different ways along the stem. A study would 
have to be made of the leaf distribution in the canopy of any particular species 
before it could be said with certainty how high up the stem it would be reasonable 
to prune that species at any one pruning lift.

If live branches are being pruned from a species that sheds dead branches fairly 
readily, it has been suggested there may be little point in wasting time and money 
by pruning any dead branches that are still persisting on the lower part of the stem. 
Research with eucalypts has found that the knots produced after natural shedding 
and occlusion would be little different from those produced if the dead branch 
had been pruned before it was shed naturally (Montagu et al. 2003). Furthermore, 
Pinkard (2002) reported that stubs left after pruning dead branches of eucalypts 
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may break off and be trapped in the occluding tissue leaving kino (a gum exuded 
by damaged tissues) traces that can further degrade the quality of the wood. 
However, in species for which the process of branch shedding and occlusion takes 
much longer than the few years required in many eucalypts, it may be worthwhile 
pruning dead branches to ensure the size of the knotty core of the stem is mini-
mised. O’Hara et al. (1995) and Maguire and Pentruncio (1995) reviewed experi-
mental results for some North American conifers; in those, the time to occlusion 
of pruned dead branches was appreciably longer than for pruned live branches and 
also increased appreciably as the size of the pruned branch increased.

Where the objective of pruning is for purposes other than the production of 
high-quality timber, pragmatic considerations will often determine the height of 
pruning. Thus, if animal access is required, pruning would need to be only to a 
little above the height of the animals. If pruning was being done to minimise the 
chance of fire ascending into tree crowns through dead leaves caught on dead 
branches, pruning would need to be to a height somewhat above the flame height 
of ground fires.

9.5.3  Trees to be Pruned

Usually, it is only at the time of clear-felling of a plantation that trees will have 
grown to sizes where appreciable quantities of the largest, most valuable logs can 
be harvested from them. To achieve large tree sizes in a reasonable time, a planta-
tion will usually have been thinned at various times during its lifetime (Chap. 8). 
Obviously, there is no point in spending money to prune trees that will be removed 
later at thinning. This means that the final-crop trees will need to be selected for 
pruning at the time the first pruning lift is done; as discussed in Sect. 9.5.1, this 
can be within the first few years of the life of highly productive plantations.

The trees selected for pruning will be those that are taller than average, 
hence are growing most vigorously, and those with the best form, that is, with-
out crooked stems or excessive branchiness. These will be the trees most likely 
to produce the largest quantities of high-quality timber in the shortest possible 
time (Sect. 8.3). Neilsen and Gerrand (1999) studied the availability of suitable 
trees for pruning at 5 years of age in highly productive plantations of shining gum 
(Eucalyptus nitens) in Tasmania. In their case, it was desired to prune 300 trees 
per hectare that were to be the final-crop trees. They found that unless at least 
1,000–1,100 trees per hectare had been planted, there would be insufficient trees 
of appropriate quality available to choose the desired 300 trees per hectare. That is 
to say, the availability of suitable trees for pruning may be important when decid-
ing what the original planting density of the plantation should be (cf. Sect. 7.2).

If not all trees in the plantation are to be pruned, it is important that pruning 
should not reduce the subsequent growth of the pruned trees. Apart from the pos-
sibility of economic loss if tree growth is reduced, pruned trees might be overshad-
owed eventually by faster-growing, unpruned trees. The pruned trees would then 

http://dx.doi.org/10.1007/978-3-319-01827-0_8
http://dx.doi.org/10.1007/978-3-319-01827-0_8
http://dx.doi.org/10.1007/978-3-319-01827-0_7
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lose their dominant position in the stand and their growth would be reduced even 
further (Maguire and Petruncio 1995).

When pruning for a purpose other than the production of high-quality timber, 
the number of trees to be pruned will often be determined by that purpose. If the 
purpose of pruning is to use the leaves, say for oil production or animal fodder, all 
the trees in the plantation might be pruned. Similarly, if pruning for access, to pro-
vide firewood from the branches or to reduce fire hazard, all trees would usually 
be pruned.

9.6  Pruning Method

Most commonly, pruning is carried out by hand, with shears or fine-toothed saws. 
Saws may be mounted on the end of a pole to extend their reach to about 4–5 m 
above ground. Removing branches with these tools generally leaves a neat branch 
stub, perhaps of 1–2 cm length. Smoothly cut, neat branch surfaces seem to mini-
mise defect resulting from stub occlusion and the entry of fungal decay (Petruncio 
et al. 1997; Montagu et al. 2003).

At least amongst American foresters, there seems to be considerable contro-
versy about whether the cut should be made vertically down through the branch, 
that is, parallel to the axis of the stem, or at an angle away from the vertical, per-
pendicular to the axis of the branch (O’Hara et al. 1995; Russell 1995). The differ-
ence is illustrated diagrammatically in Fig. 9.2. Vertical pruning allows the cut to 
be made as close as possible to the stem to minimise the size of the branch stub. 
An angled cut will minimise the size of the wound and so minimise the area avail-
able for entry of decay fungi; the level of incidence of decay fungi will probably 
determine what type of cut is preferred in any particular plantation. In either case, 
stripping of bark from the stem should be avoided as the cut is made, to minimise 
the area of entry for decay. Particularly with large branches, this may require that 

Fig. 9.2  Representation of 
a vertical pruning cut, made 
parallel to the axis of the 
stem, or an angled cut, made 
perpendicular to the axis of 
the branchBranch

Stem
Branch

Vertical 
cut

Angled cut
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an undercut be made first, part way through the branch. The cut is then completed 
from the top of the branch. This avoids the branch snapping off before the cut is 
completed and stripping bark from the stem as it falls.

Controversy exists also (O’Hara et al. 1995; Russell 1995) about whether the 
cut should be made through or beyond the swollen ring of tissue where the branch 
emerges from the stem, known as the branch collar. In hardwoods, the collar often 
consists only of a swollen ridge within the crotch of the branch (Russell 1995). 
Cutting beyond the collar minimises the wound size, so minimising the possibil-
ity of fungal decay entry (Russell 1995); however, some studies have shown that 
occlusion occurs more rapidly when the cut is made through the collar (O’Hara et 
al. 1995), not only because the stub is smaller but also because the tree grows the 
occluding tissue more rapidly. Montagu et al. (2003) advocated pruning beyond 
the branch collar in eucalypts to minimise the possibility of decay entry.

O’Hara (2007) reviewed these issues and concluded:

There is a considerable international body of literature on forest pruning…. The clear 
majority of this work indicates that a cut close to the stem is effective for pruning forest 
trees to enhance wood quality without detrimental infections of fungi or bacteria. This 
body of work indicates that pruning early when branches are small will minimise prob-
lems with infections. Other work recommends an outside-the-branch collar method of 
branch removal and is based on observations of wound response. One consensus that is 
apparent in this literature is that forest pruning is most likely to be successful in young, 
fast-growing trees with small branches that occlude quickly and are less likely to be 
infected by stem decay fungi. This is consistent with objectives in forest pruning of mini-
mising the [knotty] core and reducing costs of pruning…

Foresters and arborists must integrate their knowledge of branch wound response with 
the suitability of different branch removal methods rather than assuming that a single 
method is best in all situations.

If pruning is required to heights that cannot be reached from the ground, workers 
may have to climb trees, perhaps using ladders or spurs on their boots to grip the 
stem. This is obviously hazardous, slow and expensive. Damage to the stem from 
spurs may also risk the entry of decay fungi. Whether or not it is worthwhile to 
climb trees to prune them requires careful economic analysis of the value of the 
high-quality wood achieved eventually against the cost of the pruning.

Many attempts have been made to develop hand-held, powered devices for 
pruning. Wilkes and Bren (1986) reviewed a number of them. They include small 
chainsaws, circular saws and hydraulic or pneumatic shears. They may be powered 
by small engines carried by the operator or by a larger, centralised power source 
with hoses running to several devices carried by different operators. These devices 
are noisy, sometimes hazardous and often unable to make cuts neatly on larger, 
acutely angled or closely spaced branches.

Attempts have been made also to develop machines to undertake pruning auto-
matically to whatever height is required (Wilkes and Bren 1986; Petruncio and 
McFadden 1995). These are quite large, self-powered devices that are clamped 
around the stem base and move up the stem, cutting branches with a chainsaw or 
knives. As with the hand-held powered devices, they often have problems remov-
ing large, acutely angled or closely adjacent branches. Also, these machines may 
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have difficulty with stems with lumps or bumps and can cause excessive damage 
to the bark as they move up the stem. These difficulties may offset the advantages 
of the increased rate at which these machines can prune trees when compared with 
hand pruning (Petruncio and McFadden 1995). The possibility of using elevating 
platform vehicles, to carry the operator to height with a hand-held pruning device, 
has been considered also. Factors such as debris on the ground, steepness of slope 
or wetness of the site have limited their usefulness. In general, none of the pow-
ered devices seems to have gained universal acceptance. Pruning continues to be 
done most commonly by hand in plantation forestry (Reutebuch and Hartsough 
1995; Knowles 1995).

Where decay fungi commonly infect pruning wounds, paints or wound sealants 
may be applied to each pruned stub to prevent their entry (Montagu et al. 2003). 
Sometimes, decay entry is more common in warmer weather, so pruning in winter 
may be recommended (Gadgil and Bawden 1981; Petruncio et al. 1997). For some 
North American conifers, Russell (1995) suggests that accidental stripping of their 
stem bark can be minimised by pruning at the end of the dormant season (late win-
ter) or just after new needles form (midsummer).

9.7  Examples of Pruning Regimes

Many different pruning regimes have been developed over the years for different 
plantations throughout the world. This chapter will conclude with several exam-
ples to give some idea of the variety of regimes that are used under different plan-
tation circumstances.

9.7.1  Eucalypts in Australia

Detailed research conducted in Tasmania, Australia (summarised by Pinkard 
and Beadle 2000), has led to a regime used there for highly productive shining 
gum (Eucalyptus nitens) and Tasmanian blue gum (Eucalyptus globulus) planta-
tions being grown to produce high-quality timber (Gerrand et al. 1997; Pinkard 
and Battaglia 2001; Montagu et al. 2003; Pinkard, personal communication). 
Plantations are established at about 1,000 trees per hectare and are thinned once 
or twice during their lifetime to retain 250–300 trees per hectare until clear-fell-
ing. At the time of canopy closure at around 3 years of age, the best 350 trees per 
hectare are selected for pruning; this allows that some of the pruned trees may 
develop poorly and be removed subsequently at thinning.

The first pruning lift removes live branches for about one-third of the length of 
the green crown of each tree, leaving them pruned to a height of about 2.5 m; as 
discussed in Sect. 9.5.2, this degree of pruning should not lead to any reduction in 
growth rate of the pruned trees. Two further pruning lifts, each removing another 
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third of the length of the green crown, are carried out when the trees are about 
4 and 5 years of age, to heights of about 4.5 and 6.4 m, respectively. The 1-year 
delay between each lift has been found sufficient for the canopies of pruned trees 
to reestablish their leaf areas to an extent that allows subsequent pruning without 
loss of growth.

The entry of wood decay fungi through pruning scars has been found to be a 
problem in Tasmania (Barry et al. 2005; Deflorio et al. 2007) (Fig. 9.3). In shining 
gum trees, Barry et al. (2005) found decay columns, averaging 45 cm in length 
and up to 4.5 cm towards the centre of the stem, spreading in the wood above and 
below both branches pruned 5 years previously and branches that had been shed 
naturally. The decay seems to invade at any time of year, so there is no prefer-
ence in Pinkard and Beadle’s regime to prune in any particular season. The timing 
of the regime ensures that the pruned branches are generally no more than about 
2 cm in diameter at their base when pruned; it has been found that the incidence 
of wood decay increases substantially if branches larger than 2 cm in diameter are 
pruned.

Fig. 9.3  Vertical cross-
section through the stem 
of a 7-year-old pruned 
Tasmanian blue gum 
(Eucalyptus globulus) tree 
treated experimentally 
13 months previously with 
the wood decay fungus 
Acanthophysium sparsum. 
The fungus was introduced 
by inserting an inoculated 
wooden dowel into a hole 
drilled in a pruned branch 
stub. On the photograph X1 
marks the dowel, X2 marks 
a point where decay has 
occurred and X3 a point 
where discolouration has 
occurred prior to decay. The 
decay up and down the stem 
(A1–A2) extended 20 cm and 
the inward decay (R1–R2) 
extended slightly less than 
4 cm where a barrier to 
further decay appears to 
have been established (Photo 
reprinted from Deflorio et al. 
2007 with permission from 
Elsevier)
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The aim of pruning is to leave branch stubs of no more than 1–2 cm in length 
and it has been found that pruning shears, rather than saws, are better able to 
achieve this. Also, shears have been found to cause less damage than saws to the 
bark surrounding the pruned branch, thus helping to minimise the possibility of 
decay entry. Care is taken also to avoid damage to the bark immediately above 
the pruned branch; in these species, this has been found to speed occlusion of the 
pruned branch stub.

9.7.2  Teak in Costa Rica

Pérez et al. (2003) described a pruning regime for plantations of the tropical hard-
wood teak (Tectona grandis) in Costa Rica. Teak is native to Asia, but it is used 
extensively in many parts of the tropics to produce high-quality timber.

In Costa Rica, teak plantations are established with about 1,100 trees per hec-
tare and are thinned several times to retain, ultimately, about 120 trees per hec-
tare (Pérez and Kanninen 2005; Table 8.2). Pérez et al. recommended that the trees 
to be retained after thinning should be pruned in three lifts, first to 2–3 m above 
ground when the trees are about 4–5 m tall, then to 4–5 m when they are 9–10 m 
tall and finally to 7 m when the trees are 12 m tall.

On more productive sites in Costa Rica, the trees would be tall enough for the 
first pruning lift at 2–2.5 years of age. On less productive sites the first pruning 
would be delayed until about 1 year later. No more than 30–40 % of the leaf bio-
mass would be removed at any of these pruning lifts, the amount that Pérez et al. 
considered was appropriate to prevent any loss of growth as a result of pruning.

9.7.3  Western White Pine in Northwestern USA

Pruning to both minimise a disease problem and promote the development of clear 
wood is illustrated in an example for plantations of western white pine (Pinus 
monticola) in the USA (Hunt 1998; Bishaw et al. 2003). This species is native 
to the western regions of North America and is of interest for plantation forestry 
there.

In both native forests and plantations, western white pine is affected by the dis-
ease white pine blister rust that is caused by the fungus Cronartium ribicola. The 
disease infects needles and causes cankers on tree stems and branches, often lead-
ing to tree death; the worst infections occur within 2–3 m of the ground (O’Hara 
et al. 1995). At present, the incidence of the disease is sufficient to limit the use 
of western white pine for plantation forestry. However, if the lower branches of 
infected trees are pruned, the development of the disease can be restricted so that 
its effects on trees are minimal; the reasons for this are discussed in more detail in 
Sect. 11.3.2.

9.7 Examples of Pruning Regimes
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On the basis of experimental work in Washington, USA, Bishaw et al. (2003) 
suggested that pruning to minimise disease effects should start either at about 
3–5 years of age or when the trees averaged 0.6 to 2 m tall. Pruning should con-
tinue in several lifts over succeeding years, perhaps to 5 m above ground to pro-
vide ultimately knot-free wood to that level. They suggested pruning should not 
remove more than one-third of the length of the green crown.

It is clear from the information they provided that their plantations were rela-
tively slow growing by world standards (Sect. 3.2), no doubt reflecting the rather 
cold climate of the mountain ranges of Washington state. In this regime, pruning 
at very early ages in these plantations would be principally for disease control; if 
production of high-quality timber was the only reason for pruning, it would prob-
ably be undertaken at a somewhat later stage of development of the plantations.

9.7.4  Spanish Red Cedar in Costa Rica

Cornelius and Watt (2003) discussed the need to prune plantations of the hard-
wood Spanish red cedar (Cedrela odorata) in Costa Rica. This species is attacked 
by larvae of an insect, the mahogany shoot borer (Hypsipyla grandella). The lar-
vae bore into growing tips of trees, retard their growth and cause proliferation of 
new branches at the tips that can totally destroy the form of the tree for timber pro-
duction. Members of the insect genus Hypsipyla are serious pests of the mahog-
anies (various species in the plant family Meliaceae, including species in the 
genera Entandrophragma, Khaya and Swietenia) and cedars (species of Cedrela 
and Toona) that are important timber species of tropical and subtropical forests in 
many parts of the world (Newton et al. 1993; Cunningham et al. 2005; Ofori et al. 
2007; Opuni-Frimpong et al. 2008a; Sects. 13.2.3, 13.2.4).

Cornelius and Watt found that the form of the trees could be restored after 
insect attack during the first 2 years of the growth of the plantations. This was 
done simply by pruning off the multiple shoots, leaving a single main shoot. So 
severe was the damage caused by this insect that repeated prunings had to be car-
ried out every few months. In this example, pruning was essential to produce any 
trees with a form acceptable for later use as timber trees. Without it, Spanish red 
cedar would probably be impractical for use as a plantation species.

http://dx.doi.org/10.1007/978-3-319-01827-0_3
http://dx.doi.org/10.1007/978-3-319-01827-0_13
http://dx.doi.org/10.1007/978-3-319-01827-0_13
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The viability of a forest plantation enterprise can be threatened by pests or diseases. 
A pest can be defined as a living organism (an insect for example) that damages 
a tree (say, by eating some of its leaves) and affects its growth or development 
in some way. Whereas a pest causes damage only, a disease causes some impair-
ment to the normal functioning of the tree. Pest and disease problems may over-
lap where, for example, a pest carries a disease-causing organism from infected to 
uninfected trees; the damage to the plantation may then be caused by the disease, 
whilst the pest causes little direct damage itself.

Many of the principles of pest management in forest plantations apply equally 
to diseases. In this chapter, these principles are considered in Sect. 10.1. The 
remainder of the chapter will consider pest problems specifically. It concen-
trates on insect and mammal pests; these are the most common pest problems 
in plantations. Specific issues surrounding disease problems will be discussed  
in Chap. 11.

10.1  Principles of Pest and Disease Management

Throughout the world there is an enormous range of pests and diseases that affect 
agricultural crops in general and plantation forests in particular. Their study and 
consideration of how they may be managed are major disciplines in their own 
right and many books are devoted entirely to them. Constant surveillance to keep a 
lookout for developing pest or disease problems is an important part of plantation 
management (Australian Forestry 2008; Barton 2012).

This section will consider the general principles that have led to the approaches 
used presently to manage pest and disease problems in forest plantations.

Chapter 10
Pests

P. W. West, Growing Plantation Forests, DOI: 10.1007/978-3-319-01827-0_10,  
© Springer International Publishing Switzerland 2014
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10.1.1  Natural Occurrence of Pests and Diseases

It should be recognised at the outset that pests and diseases are a normal part of 
any natural ecosystem. For example, fungi (Sect. 11.1) and bacteria (Sect. 11.4) 
all have vital roles in breaking down leaf and fine-root litter in plantations to recy-
cle nutrients (Sects. 2.3.3, 6.3). If bacteria or fungi cause disease in the trees, that 
disease may simply kill some of the competitively less successful trees (Sect. 2.4), 
trees that have been weakened physiologically by suppression making them vul-
nerable to the disease; this can be considered a normal way in which suppressed 
trees die. The larvae (Sect. 10.2) of an insect may eat the leaves of a tree and be a 
pest, whilst the adults of the same insect may be an important part of the natural 
life cycle of the tree species by spreading pollen between its flowers.

Natural forest ecosystems have evolved to maintain a balance between 
their various living parts. From time to time, environmental conditions, such as 
the weather, might vary from the norm sufficiently to favour a pest or disease 
and allow an epidemic to occur. This can lead to substantial damage to some of 
the other organisms in the ecosystem and have effects that last for many years. 
However, the natural balance between the parts of the ecosystem will usually be 
restored to normal in the long term.

In itself, the establishment of a forest plantation constitutes a disturbance to the 
natural environment. Establishing a large area with a single tree crop creates a rather 
unnatural ecosystem. This may be even more so when an exotic species (a species 
planted in a location outside its natural range of occurrence) is planted or intensive 
silvicultural practices, such as fertilisation and weed control, are applied. This is typi-
cal of many agricultural enterprises and the lack of the normal natural balances in 
such ecosystems may encourage the outbreak of a serious pest or disease problem.

10.1.2  Control Strategies

Given that pests and diseases will occur to some extent as part of any plantation 
ecosystem, they need be of concern to the plantation grower only if their effects 
on tree growth and development are sufficiently large to frustrate the purposes for 
which the plantation was established. Formal studies may be carried out to assess 
whether or not the impact of the disease is sufficient to prejudice the economic 
viability of the plantation enterprise (e.g. Candy et al. 1992; Montague 1996; 
South and Enebak 2006).

If it is decided that it is necessary to control a pest or disease, a wide range of 
strategies can be used, including:

•	 Choosing to plant a species in a region where no pests or diseases to which it is 
susceptible occur. The success of species exotic to a particular region has often 
been attributed to a lack of pests and diseases of those species in their new envi-
ronment (Wingfield 1999; Knapp et al. 2008).

http://dx.doi.org/10.1007/978-3-319-01827-0_11
http://dx.doi.org/10.1007/978-3-319-01827-0_11
http://dx.doi.org/10.1007/978-3-319-01827-0_2
http://dx.doi.org/10.1007/978-3-319-01827-0_6
http://dx.doi.org/10.1007/978-3-319-01827-0_2
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•	 Planting a mixture of species, where one of the species limits the impact of a 
pest or disease on another (Vehviläinen et al. 2007; Sect. 13.2.4).

•	 Undertaking a breeding programme to develop varieties of the species resistant 
in some way to attack by the pest or disease (Chap. 12).

•	 Managing other organisms in the ecosystem that control naturally the pest or 
disease, particularly predators (an animal that consumes all or part of another 
organism), parasitoids (an organism that lives at the expense of another organ-
ism and eventually kills it), parasites (an organism that lives at the expense 
of another organism, but does not kill it) or pathogens (disease-causing 
organisms).

•	 Employing silvicultural practices that limit the effects of a pest or disease, 
such as thinning, pruning or soil cultivation (see the examples in Sects. 9.7.3, 
10.3.2, 10.3.3).

•	 Using mechanical devices to trap a pest or deny it access to the plant, such as a 
metal band around a tree stem to prevent a leaf-browsing mammal from climb-
ing the tree or baited traps to attract insects (e.g. Gove et al. 2007; Faccoli and 
Stergulc 2008).

•	 Chemical control using any of the wide range of chemical products available for 
pest and disease control.

Of these various strategies, it is the last that generally causes the most concern 
in society. Whilst many chemicals are highly effective in controlling pests and 
diseases, they are often expensive, they may kill organisms additional to the pest 
or disease it is desired to control, they may pollute streams or soil and they may 
persist in the environment and have long-term adverse effects on the ecosystem 
generally. However, it is recognised that there are many acute pest and disease 
problems for which there is no alternative to chemical control.

Because of their environmental problems, it is accepted generally that there 
should be minimal use of chemicals in plantation forests. Instead, it is considered 
desirable to use some or all of the other strategies listed above in concert. In par-
ticular, it is considered that control measures should:

•	 Be based as far as possible around the natural circumstances of the pest or 
disease.

•	 Aim not for a complete kill, but rather aim to maintain the pest or disease at a 
level where its effects are insufficient to prejudice the ultimate value of the crop.

•	 Aim to cause as few harmful effects as possible either to other organisms that 
are not pests or diseases or to any other parts of the environment.

The combination of natural measures, with or without chemical measures, has 
become known as integrated pest management. Whilst this has usually been con-
sidered in the context of insect pests, its principles can be applied equally to 
diseases or other pests. It involves several components that are (paraphrasing 
Thakur 2000):

•	 Understanding the ecological relationships between the pest or disease and the 
other plants and animals in the ecosystem.

10.1 Principles of Pest and Disease Management

http://dx.doi.org/10.1007/978-3-319-01827-0_13
http://dx.doi.org/10.1007/978-3-319-01827-0_�12
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•	 Identifying and using natural factors that kill the pest or disease organism. This 
requires careful monitoring of the populations of both the pest or disease and 
their enemies, to determine if the pest or disease population has reached a level 
where other forms of control are necessary.

•	 Combining and using two or more control measures to keep the pest or disease 
populations below some tolerable level.

•	 Including the pest or disease control system as an intimate part of the whole 
management system of the plantation.

•	 Undertaking specific, direct control measures only when absolutely necessary.

Because it requires a detailed understanding of the ecological relationships within 
a plantation ecosystem, development of an integrated pest or disease management 
system requires a substantial research programme. This means the system will 
not be available immediately to deal with an acute pest or disease problem when 
it first arises. Rather, the system will evolve over some years as more and more 
information becomes available about the pest or disease. Some examples of inte-
grated pest (or disease) management systems will be discussed in later sections of 
this and the next chapter (Sects. 10.3.1, 10.4.2, 11.3.2).

10.2  Insects

The entire animal kingdom is subdivided by taxonomists (people who classify living 
organisms, a discipline known as taxonomy) into about 24 major groups called phyla 
(singular phylum). Only two of these phyla contain animals that are serious pests 
of trees, the arthropods and the chordates. The arthropods are distinguished from 
other animals by having a hard, external skeleton made of a substance called chitin. 
They are by far the largest animal group on earth and include familiar types, such as 
the crabs, spiders, insects and centipedes. Of these, it is the insects that are of most 
concern in plantation forests. The chordates are characterised by having a stiff, sup-
porting rod in their back. A subgroup of them is known as the vertebrates, in which 
the supporting rod has developed into a backbone. The vertebrates include fishes, 
amphibians, reptiles, birds and mammals. Of these, mammals (vertebrates that pro-
duce milk and suckle their young) are most commonly pests in plantation forests.

Many texts discuss insect biology generally (e.g. Thakur 2000; Gullan and 
Cranston 2010). The insects are the most abundant animal life form on earth. About 
1.2 million animal species have been described to date and over 900,000 of these 
are insects. It is believed that most of the insects on earth are yet to be discovered 
and there may be more than ten million species in total. Most are terrestrial species.

Insects (like all arthropods) have a hard, external skeleton. In their adult form, 
their body is divided into three parts, a head, thorax and abdomen. They have six 
legs, sensory organs to touch, hear, see, taste and smell and most have wings. 
Each species has one of a wide range of mouthparts that can bite, chew, pierce, 
suck, rasp, lap or siphon, depending on what the species eats. The insect life cycle 

http://dx.doi.org/10.1007/978-3-319-01827-0_11
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includes several stages. Females lay eggs and juveniles hatch as larvae that have 
various forms as caterpillars or grubs. As the larvae feed and grow they moult sev-
eral times (each stage is called an instar), until eventually they form a pupa (often 
in a cocoon) that develops into the adult form. Not all species go through all these 
stages and some have their adult form when they emerge from the egg.

The characteristics that make the insects such a successful life form on earth 
include (Thakur 2000):

•	 Their hard, external skeleton that protects them and prevents them losing water 
from their bodies.

•	 Their ability to fly that allows them both to spread widely over the landscape 
and to escape their enemies.

•	 Their small body size (the largest insects are about 15 cm long, but most are 
much smaller) that limits the metabolic requirements of each individual, allows 
them to congregate in large populations and lets them live in small spaces.

•	 Their ability to breed rapidly in large numbers.
•	 Their developmental cycle through larval and adult stages that live in different cir-

cumstances and gives them the best chance to survive and evade adverse conditions.

With such varied characteristics, insects are found occupying an enormous range 
of habitats. Often their life cycles involve an intimate association with plants or 
other animals (including other insects) that may be beneficial to both the insect 
and its host or harmful to its host. They have many roles as part of plant and ani-
mal ecosystems, including (Gullan and Cranston 2010):

•	 Breaking down leaf and wood litter, soil organic matter and animal carrion and 
dung that is important as part of nutrient cycling in forests (Sects. 2.3.3, 6.3).

•	 Pollination of plants and dispersal of their seeds.
•	 Maintaining the composition of plant communities by feeding on particular 

plants and affecting their development within the community.
•	 Maintaining the composition of animal communities through transmission of 

diseases of larger animals and predation and parasitism of smaller animals.
•	 Being food for many animal predators.

Given they are ubiquitous in natural systems, insects will inevitably be part of any 
plantation forest (Sect. 10.1.1). The issues for the plantation grower are whether 
or not the insects present damage the trees and, if so, whether or not their popula-
tion size is sufficient in any year that the damage is sufficient to warrant their con-
trol. This means it is necessary to understand the ecology of insect populations to 
determine when and where they will be large enough to be of concern.

Study of the population ecology of insects is a scientific discipline in its 
own right and texts devoted to the subject are available (e.g. Price et al. 2011; 
Schowalter 2011). At present, our understanding is limited as to exactly what fac-
tors determine the size an insect population will attain in any particular year and 
how that population will move around the landscape. This means it is difficult to 
predict if any particular plantation forest is going to suffer unacceptable damage in 
any particular year.

10.2 Insects

http://dx.doi.org/10.1007/978-3-319-01827-0_2
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For plantation forestry, this means that populations of potential insect pests 
must be monitored every year; if signs are found that the population is going to 
develop sufficiently to cause damage, preventative measures can then be brought 
to bear. Inevitably, this means a substantial research programme will be necessary 
to understand in detail both the life cycle of the insect concerned and how it inter-
acts with the plantation tree species.

In general, the insect pests in forest plantations can be grouped as (Gullan and 
Cranston 2010):

•	 Leaf chewers—where larvae or adults feed directly by eating leaves (Fig. 10.1).
•	 Sap suckers—that have long, sharp-pointed mouthparts that can be inserted into 

plant tissues to withdraw fluids.
•	 Miners and borers—that reside within the plant and tunnel their way through 

tissues, feeding as they go. All parts of plants may be attacked by one or other 
insect of this type.

•	 Gall formers—where damage to the plant by the insect causes the plant to react by 
forming a gall, a lumpy structure usually on the surface of the plant. Plant galls are 
extremely varied in size, shape and complexity; their study is known as cecidology.

•	 Seed predators—that feed on plant seeds.

To this list, might be added insects that are important in the transmission of dis-
ease to trees in plantation forests. Such insects may damage trees in some way, but 
are not pests themselves because the damage is only minor. Rather, it is the disease 
they carry that causes the problem for the plantation.

10.3  Examples of Insect Pests

So varied and numerous are insect pests of plantation forests that there are entire 
books devoted to them. However, for the present, a few examples will be given, to 
attempt to illustrate at least some problems that have been encountered in planta-
tion forests and some approaches that have been used to deal with them.

Fig. 10.1  Defoliation of 
the tips of shining gum 
(Eucalyptus nitens) trees 
by the adults and larvae of 
the Tasmanian Eucalyptus 
leaf beetle (Chrysophtharta 
bimaculata) (Sect. 10.3.1) 
and the southern eucalypt 
leaf beetle (C. agricola). 
The plantation was growing 
in Tasmania, Australia 
(Photo courtesy of Forestry 
Tasmania)
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10.3.1  Leaf Beetles in Eucalypts

This example concerns the effects of a leaf chewing beetle, the Tasmanian 
Eucalyptus leaf beetle (Chrysophtharta bimaculata) on eucalypt plantations in 
Tasmania, Australia. It provides a good example of the development of an inte-
grated pest management system (Sect. 10.1.2). The insect is a problem in plan-
tations of both mountain ash (Eucalyptus regnans) and shining gum (Eucalyptus 
nitens). The economic impacts of damage by the beetle can be substantial in these 
plantations (Candy et al. 1992).

Leon (1989) has described the biology of the beetle. The adults are about 
9 mm × 7 mm in size and hibernate over winter under the bark of trees or in cracks 
in dead wood. They emerge in spring and congregate on tree foliage where they 
mate. The females lay rafts of eggs on young foliage in two batches, the first in 
late spring and the second in late summer. The grub-like larvae hatch in 8–11 days. 
They develop through four instars, each lasting 4–6 days. The larvae are very gre-
garious and form large groups that feed on leaves, favouring newly developed leaves 
(Fig. 10.2). Where feeding is heavy, the trees develop a twiggy, broom-like top 
(Fig. 10.1). Repeated, very severe attacks over several years can lead to tree death.

Most feeding is done by the last two instars that account for about 90 % of the 
total consumption by the larvae. Adults continue to feed on foliage also. Late feeding 
in the season by adults can prevent refoliation by the trees and has particularly large 
impacts on tree growth (Candy et al. 1992). After they have developed for about 
1 month, the larvae fall to the ground and pupate in the litter for 12–15 days. By mid-
autumn, all larval activity has ceased and most adults have found hibernation sites.

There is some natural control of the beetle by other insects. Ladybirds, sol-
dier beetles and some other insects are predators of both eggs and the early larval 
stages. Tachinid flies are parasitoids of the larvae and kill them when they have 
reached the fourth instar. In bad weather, many eggs or larvae may be shaken or 
washed from leaves. In many years, these natural control agents can cause as many 

Fig. 10.2  Larvae of the 
Tasmanian Eucalyptus leaf 
beetle (Chrysophtarta. 
bimaculata) feeding 
on eucalypt leaves. 
Magnification is about ×4 
(Photo courtesy of Forestry 
Tasmania)

10.3 Examples of Insect Pests
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as 95 % of the eggs and larvae to be lost; the predators are most important in this 
and usually account for about 80 % of the losses.

Elliott et al. (1992) have described the development of an integrated pest man-
agement system that is used now to deal with the problem in some Tasmanian 
plantations. When the beetle population has developed to plague proportions, the 
only method that has been found satisfactory to control them is to spray the planta-
tion aerially with insecticide (chemicals that kill insects). However, this is expen-
sive and there are concerns about its wider environmental effects (Loch 2005). It 
is done only as a last resort; the integrated pest management system is designed to 
avoid it if at all possible.

The key to the integrated system is careful monitoring of the development of 
the insect population in any year. The monitoring is carried out at about fortnightly 
intervals, starting in spring when the adults are mating and finishing in late summer 
when the larval populations have finished foliage browsing. At each inspection, the 
number of groups of eggs and the numbers and sizes of larvae on foliage samples 
are measured and the presence of any of the natural predators and parisitoids noted 
(J. Elek, Forestry Tasmania, personal communication). Based on results from ear-
lier research work, the level of defoliation that would be likely to occur in the plan-
tation can then be predicted. In turn, the long-term economic losses, that would 
occur as a result of that defoliation, can be predicted using a model system devel-
oped specifically for the problem (Candy et al. 1992). Only after this information 
is available, together with the local plantation manager’s assessment of ‘the ability 
of [plantations] of differing age and productivity to recover from defoliation’, is the 
decision made as to whether or not spraying should be done. Even then, insecti-
cides about which there is less environmental concern can be used if the larvae are 
not older than the second instar (Elek, personal communication).

Although this integrated pest management system sounds quite straightfor-
ward, it was developed only after a number of years of intensive research on the 
problem. Detailed studies were made of the beetle life cycle and its leaf-browsing 
habits, to determine at exactly what stage of its life cycle it is necessary to carry 
out the control measures. Through study of the habits of the predators and parasi-
toids of the beetle, the system aimed to ensure that their natural ability to reduce 
the pest insect populations, at their early stage of development, is exploited to the 
full. Further studies were made on the effects of leaf browsing on the growth of 
trees and their likely long-term economic consequences. In developing the system, 
it was always borne in mind that the expensive and environmentally undesirable 
chemical control measures should be used only as the last resort.

10.3.2  Pine Weevil in Coniferous Plantations

The pine weevil (Hylobius abietis) (Fig. 10.3) is a bark-boring insect that is one 
of a large number of insects involved in breaking down stumps left after deaths 
of coniferous trees in European forests (Szujecki 1987). To that extent, the pine 
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weevil is a normal part of the forest ecosystem. However, adults also browse on 
the bark of coniferous seedlings and may easily kill them. In large areas of native 
coniferous forest in northern Europe, the weevil is a serious obstacle to seedling 
regeneration (Örlander and Nordlander 2003).

Death of seedlings due to the pine weevil is proving to be a serious problem in 
plantation forests also in Europe. There seems to be no way of predicting when 
and where difficulties are likely to occur (Hansen et al. 2005). However, the prob-
lem is particularly acute where establishment of the plantation has occurred within 
3–4 years of clear-felling of native forest whilst the stumps of the felled trees 
are still being broken down; the stumps harbour high populations of the weevil 
(Örlander and Nordlander 2003). The weevils are attracted to seedlings by various 
chemicals released to the air by the trees (Szujecki 1987; Björklund et al. 2005).

Whilst research continues on the biology of the insects (Tan et al. 2011; 
Fedderwitz et al. 2012), a number of strategies to address the problems they pose 
have been considered including:

•	 Delaying planting for several years, until the stumps of felled trees have rot-
ted away sufficiently that the weevil population is reduced. However, this allows 
very vigorous weed growth to develop, exacerbating the difficulties of planta-
tion establishment (Örlander and Nordlander 2003).

•	 Retaining small groups of mature trees after clear-felling. Weevils are attracted 
to these and it may reduce the numbers travelling to newly planted seedlings 
(Pitkänen et al. 2008).

•	 Retaining some trees after clear-felling to provide a ‘nurse’ crop (Sect. 13.1) to 
the new seedlings. This may discourage weevil attack, but the nurse crop must 
not be removed until the seedlings have stems large enough to resist subsequent 
weevil attack (Wallertz et al. 2005).

•	 Scarifying the soil around each planted seedling. This involves scraping away 
all vegetation and any plant litter on the ground surface to leave a bare soil 
surface. Its effectiveness relies on the biology of the insect. The weevil walks 
from stumps to seedlings, but will do so only if the temperature at the ground 

Fig. 10.3  An adult pine 
weevil. Magnification is 
about ×6. (Photo courtesy 
of Waran, published on 
http://www.natuurfotoal
bum.eu/map/, property of 
http://www.natuurgidsen.
eu/vzw)
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surface is 13–18 °C and the relative humidity is 74–100 % (Szujecki 1987). 
Temperature and humidity at the surface of bare soil are often too extreme for 
the insects. However, any material on the surface, including weeds, mosses, leaf 
litter or even broken down organic matter, afford sufficient protection to allow 
the insects to travel through the material. As well, the weevils are more likely to 
suffer predation on the bare surface (Örlander and Nordlander 2003). Petersson 
et al. (2005) emphasised how thorough the scarification needs to be for it to be 
an effective control measure.

•	 Not over-fertilising seedlings. If they are too nutrient-rich, seedlings may be 
more susceptible to damage by the weevil (Zas et al. 2006).

•	 Spraying seedlings with insecticide to kill the weevils. This has proved to be an 
effective control measure, but it is expensive and there are environmental con-
cerns with it (Örlander and Nordlander 2003).

•	 Coating the lower 60 cm of the stem of seedlings with sand, embedded in a 
plastic adhesive. This protects most seedlings (Nordlander et al. 2009). The 
sand is applied when the seedlings leave the nursery and prevents the insects 
chewing the stem. Environmentally, this practice is preferable to the use of 
insecticides.

•	 Planting younger, rather than older seedlings. Norway spruce (Picea abies) 
seedlings raised in containers (Sect. 5.2) for only 10 weeks were less damaged 
by weevils after planting out than seedlings raised for 1 year (Danielsson et al. 
2008). The smaller, younger seedlings emitted more of chemicals known to be 
repellents to the weevils; further work is in progress to consider how and why 
younger and older seedlings show these chemical differences (Kännaste et al. 
2013).

•	 Spraying seedlings with repellents (Sect. 10.4.1). Some chemicals emitted by 
certain fungi (Sect. 11.1) that are isolated from pine weevil frass have been 
found to strongly deter weevils (Azeem et al. 2013).

•	 Spraying seedlings with certain plant hormones that stimulate production by the 
seedlings of other chemicals that increase their resistance to attack by the wee-
vil (Sampedro et al. 2011).

•	 Applying on tree stumps, in which weevil larvae are developing, some parasitic 
species of nematodes (microscopic worms, Sect. 11.4). These have been found 
to suppress the emergence of adult weevils from stumps (Dillon et al. 2006, 
2008, 2012; Ansari and Butt 2012; Harvey and Griffin 2012).

•	 Using sugar baits to attract to planted seedlings certain ant species that prey on 
or deter weevils. Manak et al. (2013) found that this led to a one third reduction 
in feeding by weevils on seedlings.

•	 Developing breeding programmes (Chap. 12) to produce seedlings resistant to 
weevil attack (Zas et al. 2005).

This list shows clearly how extensive research programmes have been to attempt 
to deal with the problem. None of these methods seems to have been adopted uni-
versally throughout the regions of Europe where the pine weevil is a problem. 
Rather, researchers in different places have developed methods that seem to be 
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effective in their region of interest and are seeking to develop integrated pest man-
agement programmes (Evans et al. 2004).

10.3.3  Transmission of Disease of Douglas Fir by Beetles

This example concerns a case where insect pests are not the primary problem for 
the plantation forest, rather, it is the disease that the insects carry. Thus, part of the 
management of the disease problem requires management of the insect pests.

The plantation tree species involved is Douglas fir (Pseudotsuga menziesii). 
The insects concerned are three bark-boring beetles (Hylastes nigrinus, Pissodes 
fasciatus and Steremnius carinatus) and the disease is black-stain root disease that 
is caused by the fungus Leptographium wageneri (formerly called Verticladiella 
wageneri).

Black-stain root disease is distributed widely throughout western North 
America and is capable of killing a variety of pine (Pinus) species and Douglas 
fir (Jacobi et al. 2008) through root infection (Witcosky et al. 1986). The fungus 
lives in the soil and normally spreads from tree to tree only slowly. It enters roots 
through wounds (Hessburg and Hansen 2000) although it may be transferred also 
from tree to tree through grafts between roots of neighbouring trees (Hessburg and 
Hansen 1986).

The bark beetles allow the disease to spread much further and more rapidly. 
Through contact with infected trees, the adult beetles pick up fungal spores on 
their bodies and, when they migrate to find egg-laying sites on the stems of new 
trees, they spread the disease. The adult beetles seem to be attracted particularly 
to trees where the bark has been damaged; it is believed that chemicals released 
into the air by damaged trees attract the adult beetles to these egg-laying sites 
(Szujecki 1987; Schowalter 2011). Spread of the disease has been noticed partic-
ularly where there has been disturbance in the forest through road construction, 
logging or thinning (Witcosky et al. 1986), all disturbances that lead to tree bark 
damage.

Witcosky et al. (1986) carried out an experiment in 12-year-old Douglas fir 
plantations in Oregon, USA. They studied the effects of thinning on the occur-
rence of adult beetles in the forest. The thinning was quite heavy, reducing the 
stocking density of the plantations from 2,000–4,000 trees per hectare to 900–
1,000 trees per hectare. At fortnightly intervals for a year or so following the 
thinning, they trapped and counted beetles moving about both the thinned and 
unthinned stands.

The adult beetles migrate during spring and, during that period, Witcosky et al. 
trapped many times more beetles in the thinned than in the unthinned stands; in 
fact they trapped very few beetles at all in the unthinned stands. After the migra-
tion period, the number of beetles trapped declined to relatively low levels, but 
was consistently slightly higher in thinned than in unthinned stands. The following 
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autumn, they excavated some stumps of trees that had been removed at thinning. 
They also felled and excavated the stumps of some standing trees in both the 
unthinned and the thinned stands. They found large numbers of larvae and adult 
insects under the bark of thinned stumps and none in the still living trees.

Witcosky et al.’s results show very clearly that the stumps left after thinning 
in these Douglas fir plantations are very attractive to the beetles; thus, thinning 
plantations has great potential to aid the spread of black-stain root disease. They 
concluded that if thinning is to be done, it should take place only in early sum-
mer, immediately after the end of the annual migration period of the beetles. This 
would give a period of at least 9 months following the thinning before the next 
beetle migration occurred; they believed this was sufficient time to reduce greatly 
the attractiveness to beetles of the stumps of thinned trees.

Just as with the pine weevil example (Sect. 10.3.2), this example illustrates a 
case where management practices can be manipulated to minimise the detrimental 
effects of a plantation pest.

10.4  Mammal Pests

Insects are probably the most common pests of plantation forests. However, 
other types of animals are pests also, the most common group being the mam-
mals. Generally, pest mammals feed on trees, usually on leaves or the fresh tissues 
immediately below the bark. Some climb larger trees to obtain their food, whilst 
others feed on newly planted seedlings and can easily destroy a newly established 
plantation. Even where trees are not destroyed, the long-term impact on growth 
and economic values can be substantial (Sullivan and Sullivan 1986; Sullivan et al. 
1993; Wilkinson and Neilsen 1995; Montague 1996). Danell et al. (2006) provided 
a review of the ecology of large mammal herbivores in forests.

Table 10.1 gives information about a number of mammals that have been found 
causing more or less serious damage in forests in various parts of the world. The list 
is a rather arbitrary collection from the literature and is by no means comprehensive; 
however, it illustrates the range of animals that have caused problems from time to time 
and place to place, the types of trees they damage and the types of damage they do.

There are various features of interest about this list:

•	 Some of the animals have been problems more commonly in native forests 
(e.g. hares, elk, moose and bears), where they often prejudice regeneration by 
destroying young seedlings. However, they would certainly pose problems for 
any plantation forest established within the animals’ ranges.

•	 Some are large, potentially dangerous animals (e.g. elk, moose or bears), whilst 
many are quite small (e.g. squirrels, voles or rats).

•	 Most are placental mammals (their young grow to a relatively large size before 
birth, because they are nurtured by a placenta), whilst the last five are marsu-
pial mammals (that lack a placenta and give birth to tiny, very immature young), 
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these five all being native to Australia. Some are exotic species in the coun-
try where they have been a problem. The common brushtailed possum was 
imported to New Zealand from Australia. Plagues of the European rabbit caused 
enormous damage to agricultural crops and grazing lands in Australia until they 
were largely controlled by the release in the 1950s of a viral disease called myx-
omatosis; however, many rabbits persist still in Australia and new control meas-
ures have been implemented. The grey squirrel has been introduced from North 
America to Britain and other parts of Europe where it causes major damage to 
hardwood and softwood species by stripping their bark.

•	 Some damage trees by eating foliage. Some strip bark from the stem to eat the 
fresh tissue below and may girdle the tree and kill it (Fig. 10.4). The south-eastern 
fox squirrel eats the seed from cones of coniferous trees; this can be a serious 
problem if it occurs in a seed orchard, where the seeds are to be collected as part 
of a tree breeding programme (Chap. 12). Some are problems principally with 
seedlings (e.g. voles or European rabbits), whilst others damage older trees to 
some distance up the stem (e.g. snowshoe hares or mountain possums).

10.4.1  Control Measures

There are a number of approaches that can be taken to control mammal pests. 
Fencing to keep them out can be effective; however, fences are expensive to install 
and maintain. Some animals climb so well (e.g. squirrels or possums) that fences 
are completely ineffective; electrification can deal with this problem, but again 
maintenance is tedious.

Fig. 10.4  Bark stripping from stems of Norway spruce (Picea abies) by red deer (Cervus ela-
phus) in Belgium. The type of stripping differs between summer (left) and winter (right). 
(Reprinted from Fig. 1 of Gheysen et al. 2011, with the kind permission of Springer Publishers)

http://dx.doi.org/10.1007/978-3-319-01827-0_�12
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Trapping and moving animals away from the plantation can be effective, just 
as bears in North America are trapped and moved away from places where they 
endanger people. For large and dangerous animals this is a specialist task. For 
large populations of smaller animals, trapping would simply be too expensive to 
countenance.

Placing protective guards around seedlings can be effective; various propri-
etary devices of this type are available. For some animals they are ineffective. For 
example, Radvanyi (1980) considered small plantations of deciduous hardwoods 
being established to rehabilitate mining sites in Alberta, Canada. A guard placed 
around each seedling was quite ineffective in preventing damage by meadow voles 
that could either dig beneath the guard or reach the top of the seedling when there 
was sufficient snow to bury the guard. Montague (1993) tested the effectiveness 
of a number of different types of guard to protect eucalypt seedlings in Australia 
from browsing by swamp wallabies. Only 1 m high, rigid plastic tubes effectively 
protected 30–40 cm high seedlings; wallabies could reach inside shorter tubes 
or through the holes in mesh tubes. However, Montague concluded that the cost 
of the effective tubes was too high for use in large plantation areas. Polythene 
tubes were found to prevent browsing of Nuttall oak (Quercus nutallii) seedlings 
by deer in Alabama, USA (Taylor et al. 2006). Miller et al. (2011b) found that 
flexible tubular netting pulled over a seedling before it left the nursery seemed 
to be a cost-effective method to reduce browsing appreciably in eucalypt planta-
tions in Tasmania, Australia. Ward and Mervosh (2008) found that mesh tubes 
protected eastern white pine (Pinus strobus) seedlings from browsing by deer in 
Connecticut, USA.

Poisoning programmes can be very effective. In the same mine rehabilitation 
sites discussed in the previous paragraph, Radvanyi (1980) found that poisoning 
reduced the animal pest population very adequately. He used specially designed 
feeding stations positioned at a number of spots around the plantation. These 
protected the poisoned bait from the weather; poisoned baits can often lose their 
effectiveness quickly if exposed to the weather. Le Mar and McArthur (2001) con-
sidered the effectiveness of a poisoning programme to control red-necked walla-
bies, red-bellied pademelons, common brushtailed possums and European rabbits 
in eucalypt plantations in Tasmania, Australia. They used a poison called 1080 
(the chemical sodium monofluoroacetate), a poison that has been used widely in 
Australia for many years to protect plantations, particularly from the European 
rabbit. To attract the animals, it is usually put on carrots and distributed around the 
plantation along furrows in the ground. In their trial, le Mar and McArthur found 
that pademelons particularly were killed by the poison, but the effects were much 
less on the other species; even though they are quite small, the pademelons were 
particularly aggressive and tended to keep the other animals away from the baits.

Poisoning of animals is considered cruel and is increasingly unacceptable to 
society. It may affect the biodiversity of the region by killing the native animals 
that are pests and also those that are not pests and are not the targets of the poison-
ing. So strong are these community pressures, many plantation growers are seek-
ing alternatives to poisoning to deal with their mammal pest problems; in some 
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places, governments have banned their use. As well, repeated use of poisons may 
lead to development of strains of the animal concerned that are resistant to the poi-
son (Radvanyi 1980). Shooting is an alternative to poisoning, but it faces similar 
community pressures and is impractical for very large pest populations.

Many different compounds have been tested from time to time for their abil-
ity to repel animals, either through bad smell or bad taste (e.g. Miller et al. 2008). 
Some are sprayed onto the surface of foliage of seedlings, often together with 
other compounds to ensure the spray adheres to the foliage. Others may be taken 
up by the tree, either through its roots or leaves, and then persist within the foliage 
rather than being simply retained on its surface; chemicals taken up by plants in 
this way are known as systemic substances.

Different repellents may be more or less effective with different plant and ani-
mal species. Montague (1994) found that a systemic repellent that had been found 
effective in America to deter browsing of Douglas fir (Pseudotsuga menziesii) 
seedlings by deer, was quite ineffective in deterring browsing of eucalypt seed-
lings by wallabies in Australia. The problem with most repellents is that their life 
span is limited. Those applied to foliage usually wash off after a few months and 
need to be reapplied and so are likely to be prohibitively expensive.

More recently, ‘physical’ repellants have shown some promise. These rely on 
applying grit of some kind to seedlings, with some sort of adhesive, to prevent the 
pest chewing the seedling. Mention was made earlier of use of sand as the grit for 
control of the pine weevil in Europe (Nordlander et al. 2009, Sect. 10.3.2). Miller 
et al. (2011b) found that using carborundum (the chemical silicon carbide) as the 
grit appreciably reduced seedling browsing by mammal pests in eucalypt plan-
tations in Tasmania, Australia; this repellant may be applied before the seedling 
leaves the nursery.

10.4.2  Integrated Pest Management Approach

Approaches involving integrated pest management systems (Sect. 10.1.2) are 
now being considered for the control of mammal pests. Work done in Tasmania, 
Australia, offers a good example of the type of research necessary to develop such 
a system.

Large areas of plantations of both Tasmanian blue gum (Eucalyptus globulus) 
and shining gum (Eucalyptus nitens) have been established in Tasmania over the 
past 10–20 years. The red-necked wallaby, red-bellied pademelon, common brush-
tailed possum and the European rabbit (Table 10.1) are all mammal pests that 
browse foliage in these plantations and may reduce the growth of, or completely 
destroy, young seedlings (le Mar and McArthur 2005; Close et al. 2010c).

Over the first year following plantation establishment, Bulinski and McArthur 
(2003) studied the browsing habits of these mammals in 32 commercial shining 
gum plantations in Tasmania, the areas of which varied from 10 to 109 ha. They 
found that browsing was very variable between the different plantations, varying 
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from less than 1 % of the seedling biomass removed over the year to more than 
90 %. The common brushtailed possum caused most damage.

All four mammals feed in the plantations at night and shelter in adjacent for-
est areas during the day. Bulinski and McArthur found that this behaviour had an 
important influence on the extent to which the plantations were browsed. Larger 
plantation blocks, that have a smaller ratio of the length of their perimeter to the 
plantation area, tended to be browsed less because the animals had further to travel 
from their daytime shelter to reach the centre of those plantations; browsing tended 
to be heavier nearer their edges than their centres (see also Barnett et al. 1977; 
Bulinski and McArthur 2000). Plantations with a higher proportion of their perim-
eter adjacent to forested areas were browsed more heavily because of the higher 
populations of animals the adjoining forest was supporting. Plantations adjacent 
to forests with more open canopies were browsed more heavily because possums 
prefer to shelter in more-open forests and, hence, their numbers were higher there.

Bulinski and McArthur found also that plantations with more weed growth 
(most commonly grasses) tended to be more heavily browsed. The animals 
ate vegetation other than tree seedlings, so the presence of weeds in plantations 
provided an additional source of food and encouraged them to remain longer in 
the plantation. Thus, weed control should reduce browsing as well as encourag-
ing tree growth (Sect. 5.4). By contrast, when one of the weeds was bracken fern 
(Pteridium esculentium), Bulinski and McArthur found that plantation browsing 
declined as the amount of bracken fern increased. Bracken fern is one weed spe-
cies on which the animals prefer not to feed and, where it forms clumps around 
tree seedlings, the animals tended to avoid the seedlings. Other work in Tasmania 
in radiata pine (Pinus radiata) plantations found that tree seedlings were browsed 
less commonly when certain weed species were present, weeds that the animals 
preferred over pine seedlings (Pietrzykowski et al. 2003).

These findings present somewhat of a quandary for the Tasmanian plantation 
grower. Controlling weeds to encourage tree growth may render some planta-
tions subject to more browsing of the tree seedlings and others to less browsing, 
depending on the tree species planted, the weed species concerned and the eating 
preferences of the animals. In fact, this quandary has meant that plantation manag-
ers have made little use of Bulinski and McArthur’s findings.

Building on that work, Walsh and Wardlaw (2011) determined that severe 
browsing damage seemed to occur in plantations with more southerly aspects, that 
were liable to be very cold at night when browsing occurred, and plantations with 
adjacent native forests that contained substantial amounts of wattle (Acacia spp.), 
an important food source for the brushtailed possum. As the first part of an inte-
grated pest management system, these findings on plantation geographical effects 
on plantation susceptibility will be useful in assessing the browsing risk faced by 
blue gum and shining gum plantations in Tasmania. Smaller, south-facing planta-
tions surrounded by Acacia dominated native forest will be at especially high risk. 
Research in other parts of the world has similarly assessed the factors which may 
render seedlings at risk to mammal browsing (Sullivan et al. 1994; Di Stefano et 
al. 2009; Sullivan and Sullivan 2010).

10.4 Mammal Pests
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A second important part of the approach being taken to deal with animal 
browsing in Tasmanian (and other Australian) plantations is consideration of the 
condition of the tree seedlings that are planted. McArthur et al. (2003) found that 
captive red-bellied pademelons and common brushtailed possums preferred least 
seedlings that had been raised under partial shade and with a relatively poor sup-
ply of the nutrient element nitrogen. The leaves of those seedlings were rather 
more fibrous, making them more difficult for the animals to chew. The leaves also 
had higher levels of certain chemical compounds (known as phenolics) that can 
interfere with food digestion by the animals. Many similar studies have suggested 
that mammals often prefer to browse seedlings more plentifully supplied with 
nutrients (Rodgers et al. 1993; Montague 1994). These results are perhaps unfor-
tunate from the point of view of browsing control in Tasmanian plantations. To 
ensure maximum growth, seedlings richly supplied with nutrients in the nursery 
are preferred generally for planting (Sect. 5.2); McArthur et al.’s results suggest 
these seedlings will be most preferred by the browsing animals. On the other hand, 
McArthur and Appleton (2004) found that Tasmanian blue gum seedlings with a 
diameter at their base in excess of about 6 mm were too large for European rabbits 
to clip off at ground level with their teeth; this means there is potential to limit rab-
bit damage by planting seedlings larger than this.

A third approach being taken to deal with mammal browsing is to consider 
genetic variation in seedling palatability. Experiments with many different mam-
mals have found that certain tree species and certain genetic strains of particu-
lar species are damaged more severely than others by the mammals (Hood and 
Libby 1980; Bergeron and Tardif 1988; Montague 1994, 1996; Rangen et al. 
1994; Hertel and Kaetzel 1999; Lawley and Foley 1999; O’Reilly and McArthur 
2000). In Tasmania, Miller et al. (2006) found red-bellied pademelons preferred 
radiata pine (Pinus radiata) seedling foliage over shining gum foliage, whilst 
common brushtailed possums ate both. O’Reilly-Wapstra et al. (2002, 2004) 
found considerable variation in feeding preference by the same two marsupial 
species amongst different genetic varieties of Tasmanian blue gum, although 
the preferences could be influenced by how well supplied seedlings were with 
 nutrients (O’Reilly-Wapstra et al. 2005). Miller et al. (2011a) found that the 
extent of browsing of blue gum seedlings in the field differed widely between 
seedlings grown from seed obtained from different geographic regions. The 
leaves of the seedlings differed widely in their content of some plant secondary 
metabolites (chemical substances that occur in plants that are not essential to nor-
mal growth and development but are essential to plant survival). Such substances 
may promote resistance to pests and diseases. This variation in susceptibility 
to browsing of different individual seedlings raises the possibility of breeding 
(Chap. 12) tree varieties that are less susceptible to browsing.

Lastly, the use of flexible tubular netting seedling guards and physical repel-
lants (Sect. 10.4.1) applied to seedlings in the nursery may reduce substantially 
browsing after planting out (Miller et al. 2011b).

This research on mammal browsing in eucalypt plantations in Tasmania has 
not yet reached the stage where a final integrated pest management strategy has 
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been developed to deal with the problem. Miller et al. (2009) suggested that use of 
netting tree guards, physical repellants and low fertilizer use in the nursery were 
the best strategies to reduce browsing appreciably, at least for the first 6 months 
after seedlings were planted out; the effects of these treatments wore off after that 
time. In the longer term, it seems likely that a combination of plantation circum-
stances, the treatments applied to seedlings in the nursery, the use of tree guards 
and repellants and the availability of trees bred for resistance to browsing will all 
be important in determining the risk mammal browsing presents in any particular 
plantation. Minimising that risk will minimise the need to poison animals, the con-
trol measure of last resort.

10.4 Mammal Pests



169

At the beginning of Chap. 10, a disease was defined as something that causes 
impairment to the normal functioning of a plant or animal. Diseases can be either 
biotic, that is, the impairment is caused by another living organism (such as a fun-
gus or bacterium), or abiotic, that is, the impairment is caused by something in the 
non-living part of the environment (such as an oversupply or undersupply of one 
or more nutrient elements). The field of diseases in trees and forests is large and 
substantial texts are available on the subject (e.g. Manion 1991; Sinclair and Lyon 
2005; Gonthier and Nicolotti 2013).

The general principles of disease management in forest plantations were estab-
lished in Sect. 10.1. This chapter will illustrate disease problems of plantations 
through a number of examples. It will concentrate on fungal disease problems, 
because these are the most common diseases that cause serious damage to planta-
tions. At the end of the chapter, brief reference will be made to other diseases.

11.1  Fungi

Fungi make up an entire kingdom of living organisms on earth. The other king-
doms are the Monera (bacteria and blue-green algae), the Protista (other algae, 
protozoa and slime moulds), the Plantae (plants) and the Animalia (animals). The 
Monera and Protista are the simpler, mainly unicellular, forms of life on earth. The 
Fungi, Plantae and Animalia are the more complex life forms, being multicellular 
and with different types of cells performing different functions. The study of fungi 
is a branch of science known as mycology. Many texts are available to provide a 
background to the subject (e.g. Carlile et al. 2001; Stephenson 2010; Kavanagh 
2011).

Fungi do not have the well-developed structure of plants, with stems, roots 
and leaves. Rather, they have a branched, filamentous growth form, with a cell 
wall surrounding the filaments (that are called hyphae). Some fungi reproduce 
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asexually only, whilst others reproduce sexually and produce microscopic spores, 
often in fruiting bodies. The common table mushroom is a typical example of a 
fungal fruiting body; many other fungi have only microscopic fruiting bodies. 
Fungi do not carry out photosynthesis. They obtain their food by breaking down 
organic matter and absorbing it.

Fungi are an extremely important part of natural ecosystems. Together with 
bacteria, their major role in forest plantations is the decomposition of leaf and 
fine-root litter from the trees. This allows recycling of nutrients through the soil 
(Sect. 6.3).

11.2  Fungal Diseases

Most fungi are free-living. However, some are parasites; that is, they live in, with 
or on another organism and derive benefit in some way from the other organism. 
Parasitic fungi often invade the tissue of plants to obtain nutrition from them; 
some are harmful to their hosts and these are the pathogens that may cause disease 
of trees in forest plantations.

There are a wide range of fungal pathogens. Different ones can cause disease 
or damage at any stage of tree development, from seed to fully mature, and to any 
part of a tree, from its fine roots to its leaves. Manion (1991) classified tree fungal 
diseases as:

•	 Foliage diseases—that cause dead spots or patches on leaves, or even complete 
shrivelling and death of leaves. They reduce the photosynthetic capacity of a 
tree and, hence, its growth. The loss of vigour by the tree may render it more 
susceptible to invasion by other pests or diseases.

•	 Rusts—that cause diseases of leaves, branches and stems. Rust fungi are all 
obligate parasites, that is, they require living hosts for their normal development 
and have particularly complex life cycles, usually involving two quite different 
plant hosts.

•	 Cankers—that cause disease in the outer layers of the wood and the thin lay-
ers of living tissues that surround the wood (Sect. 2.1.1) of branches, stems and 
woody roots.

•	 Vascular wilts—that invade wood and interrupt the flow of water from roots to 
leaves, causing the leaves to wilt.

•	 Wood decay diseases—that digest wood and render it useless.
•	 Wood stain diseases—that generally discolour wood without destroying it and 

are generally incapable of killing trees.
•	 Root diseases—that may destroy root tissues generally, or just the wood of 

roots, or they may invade the wood of roots and interrupt the flow of water 
through it.

Manion’s book may be consulted to learn about many of the fungal diseases that 
have caused problems in both native forests and plantations, particularly in North 
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America. The comprehensive work by Keane et al. (2000) describes a wide range 
of fungal diseases of eucalypts.

11.3  Examples of Fungal Disease

In this section, some specific examples will be given of various fungal diseases 
that have been major problems in plantations and how they have been managed. 
The examples include a number of the different types of fungal disease recognised 
by Manion (1991) (Sect. 11.2).

11.3.1  Pine Needle Blight in Australasia

This example concerns a disease called pine needle blight (also called 
Dothistroma needle blight) that has caused substantial losses in some conifer plan-
tations around the world. It is a foliage disease (Sect. 11.2) caused by the closely 
related fungal species Dothistroma septosporum and D. pini (Barnes et al. 2004). 
The native origin of these fungi is unknown. D. septosporum occurs widely around 
the world. The present distribution of D. pini is more restricted, but it has been 
found in north-central USA, France, Ukraine and Russia (Barnes et al. 2011).

Pine needle blight has caused major epidemics in many pine (Pinus) species 
(Welsh et al. 2009; Watt et al. 2009a; Barnes et al. 2011). It has been found affect-
ing also Douglas fir (Pseudotsuga menziesii), European larch (Larix decidua) and 
various spruce (Picea) species (Manion 1991; Bradshaw 2004; Watt et al. 2009a). 
Because of its much wider distribution, D. septosporum is more of a problem gen-
erally around the world than D. pini. Watt et al. (2009a) determined where across 
the world environmental circumstances are suitable for outbreaks of the disease to 
occur. Woods et al. (2005) considered what the effects of climate change might be 
on development of the disease in the future.

Radiata pine (Pinus radiata) is one of the pine species affected by pine nee-
dle blight in its native habitat in south-western North America. It is a species that 
has been planted widely around the world and is probably the pine species grown 
most extensively in exotic plantations. Wingfield (1991, 2003) suggested that one 
reason for species growing well when planted as exotics, outside their range of 
natural occurrence, is that they are free of the pests and diseases that occur in their 
native habitat. However, for all exotics there is a risk that those native pests or 
diseases will eventually be introduced into their exotic habitat; Waring and O’Hara 
(2005) have reviewed the problems that have been encountered around the world 
when this has occurred. It certainly happened with pine needle blight and radiata 
pine. In the 1950s, the disease was found to be causing serious damage of radiata 
pine plantations in Tanzania, Africa. By the early 1960s it was found in New 
Zealand (Fig. 11.1) and then spread to both Australia and South America. This 
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example will concentrate on how the introduction of the disease has been handled 
in Australasia (Australia and New Zealand).

Pine needle blight is spread from tree to tree by airborne spores in water drop-
lets (Neumann et al. 1993). Infection causes yellow and tan spots or bands on nee-
dles that may gradually turn brown, then red. The needles eventually die and are 
shed (Power and Dodd 1984). Repeated infections over several years may be suf-
ficient to kill trees (Neumann et al. 1993). It has even been suggested that the pres-
ence of the disease is a danger for forest workers, because D. septosporum releases 
chemicals into the atmosphere that may be hazardous to human health (Elliott 
et al. 1989; Bradshaw et al. 2000; Bradshaw 2004). The loss of needles by infected 
trees reduces the amount of photosynthesis they can carry out and, hence, their 
growth. Studies in New Zealand found that growth losses were sufficiently large 
to be of great concern to radiata pine plantation growers there (van der Pas 1981; 
Woollons and Hayward 1984).

Until they are about 20 years of age, radiata pine trees are much more suscep-
tible to infection than when they are older (Power and Dodd 1984; Neumann and 
Marks 1990). The reason is not understood, although older radiata pine trees show 
a build-up of wax within their stomata that may prevent the fungus entering the 
needle (Power and Dodd 1984). On sites that are particularly favourable for devel-
opment of the disease, much older trees have been affected severely (Simpson and 
Ades 1990).

Fig. 11.1  Pine needle blight in early summer on young radiata pine (Pinus radiata) growing in 
the central North Island of New Zealand. Note how thin are the tree crowns, reflecting the loss of 
needles caused by the disease. (Photo from Fig. 1 of Gadgil and Bulman 2008, reprinted with the 
kind permission of L.S. Bulman and Scion, New Zealand)

http://dx.doi.org/10.1007/978-3-319-01827-0_1
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Studies of the disease in Australia and New Zealand found that rainfall, 
 humidity and temperature are the most important factors determining the likeli-
hood of it occurring at any particular site (Marks et al. 1989; Watt et al. 2011). 
Spores of D. septosporum need leaves to be wet for at least 10 h for infection to 
occur; this is likely to happen on wetter and more humid sites. These studies led to 
development of a hazard index for occurrence of the disease (Marks et al. 1989). 
The index is determined as the number of months in the year with both a rain-
fall in excess of 100 mm and an average temperature in excess of 10 °C. On sites 
where the index is less than 3 months per year, there is little risk of the disease 
occurring. As the index rises above this, the risk increases progressively. However, 
the index is useful as a guide only. Even within a region that the index indicates 
is generally at low risk of the disease, there may be local spots at high risk, where 
the weather is affected by the local topography (Marks et al. 1989).

In areas that are at relatively high risk of the disease, it may be possible to 
minimise its effects by pruning and thinning (van der Pas et al. 1984; Marks and 
Smith 1987). Pruning removes heavily infected lower branches and so reduces the 
amount of infective material from which the disease may spread. Thinning opens 
the stand and may reduce humidity, so reducing the likelihood of infection. Other 
work has shown that the risk of infection is higher on soils where the availability 
of the nutrient element sulphur is low (Eldridge et al. 1981; Lambert 1986).

Where the disease has become established, it can be controlled by aerial spray-
ing of the plantation with copper oxychloride, a chemical compound that is quite 
benign in its environmental effects. Copper is very toxic to D. septosporum, pre-
venting the production and germination of its spores and inhibiting its growth 
(Franich 1988). Spraying in New Zealand was usually considered appropriate 
when the level of infection had caused more than 25 % loss of foliage from a 
plantation, although Woollons and Hayward (1984) showed that even at this level 
of infection there was appreciable loss of wood volume growth of radiata pine 
that could lead to economic losses for the industry (New 1989). In one severely 
affected region of New Zealand, it was found necessary to spray an average of five 
times during the first 16 years of the life of plantations, that is, over the ages when 
radiata pine is most susceptible to the disease (Dick 1989). Such repeated aerial 
spraying of plantations is very expensive (van der Pas et al. 1984; Dick 1989; New 
1989).

It has been found that radiata pine can be bred for resistance to D. septosporum. 
Resistant trees are now planted in New Zealand (Carson 1989; Simpson and Ades 
1990) and the breeding programme continues (Jayawickrama and Carson 2000; 
Ganley and Bradshaw 2001; Bradshaw et al. 2002; Ivkovic et al. 2010). Methods 
have been developed to locate areas affected by the disease from light sensors 
mounted in aircraft (Coops et al. 2003; Stone et al. 2003).

Research has been investigating the possibility of developing biological control 
methods for the disease. Both bacteria and other fungi have been considered for 
this purpose (McDougall et al. 2011).

The history of pine needle blight of radiata pine is a good example of the risk 
that a fungal disease may pose to a forest plantation enterprise and the effort 
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necessary to deal with it. In the first appearance of the blight in exotic radiata pine 
plantations, in Africa in the 1950s, so severe were its effects that planting there of 
radiata pine ceased (Dick 1989). New Zealand has a climate suited generally to 
occurrence of the disease and it caused extensive damage after it appeared there 
in the 1960s. Over the next 20 years or so, it required a major research effort both 
to understand the disease and to develop methods to deal with it. At first, expen-
sive spraying programmes were used to control it, until breeding programmes 
could develop trees resistant to the disease. Australia was a little more fortunate 
when the disease arrived there in the 1970s. Most of its radiata pine plantations 
are established in regions with climates less suited to the development of the dis-
ease than New Zealand (Marks et al. 1989; Watt et al. 2009a). In Australia now, 
areas susceptible to the disease tend to be avoided when establishing plantations of 
radiata pine.

11.3.2  White Pine Blister Rust in North America

There are many rust fungi that are serious pathogens of trees and of agricultural 
crops. They usually infect foliage initially and may eventually invade the cambium 
and phloem of branches and stems. Most have a complex life cycle that involves 
two quite different plants as hosts.

White pine blister rust is a disease caused by the fungus Cronartium ribicola. 
This fungus is a serious pathogen of various native pine species in north America, 
including eastern white pine (Pinus strobus), western white pine (Pinus monticola) 
and sugar pine (Pinus lambertiana); it represents a serious threat to the native 
forests of the white pines (Pitt et al. 2006; Kearns and Jacobi 2007; Smith et al. 
2008; Tomback and Achuff 2010). Mention has been made already of this disease 
in Sect. 9.7.3, as an example where pruning in plantations may aid in its control. 
White pine blister rust has been principally a problem of native forests in America, 
but its presence has restricted opportunities to establish plantations of western 
white pine there (and in other parts of the world, Kinloch 2003).

Manion (1991) summarised the experience in North America with the disease. 
His discussion will be summarised here, as a second example of a major fungal 
disease problem to which considerable effort has been dedicated in attempts to 
control it. For more recent reviews, see Kinloch (2003) and Geils et al. (2010).

White pine blister rust is an introduced disease in American forests, deriving 
originally from its native occurrence in Asia. In America, its life cycle involves 
both the pine trees and currant or gooseberry bushes that are understory species 
of the genus Ribes; Zambino (2010) has described the biology of Ribes species 
in North America. Spores from the fungus on the Ribes infect needles of the pine 
trees. The fungus then develops in the needles and grows down into the twigs to 
which the needles are attached. It then develops in the cambium of the twig, even-
tually killing it. It may even grow down into the cambium of the stem. Cankers 
may form on the twigs or stems (Manion distinguishes between rust canker 

http://dx.doi.org/10.1007/978-3-319-01827-0_9


175

diseases and canker diseases, because rusts need two quite different hosts to 
 complete their life cycle). If the infection is sufficiently severe, the fungus may 
eventually kill the tree. Spores released from the infected pine tree infect Ribes 
and the fungal life cycle recommences. The fungus develops differently on the 
trees and on Ribes; both hosts must be present or the fungus is unable to complete 
its life cycle.

Towards the middle of the twentieth century, white pine blister rust was estab-
lished widely across the USA over the entire natural range of eastern and western 
white pines and sugar pine. So damaging were its effects that it became the subject 
of various programmes aimed at eradicating it or, at least, containing it within tol-
erable limits.

The first control programme started in the 1930s and did not cease completely 
until the 1970s. It aimed to control the disease by removing Ribes from the forests; 
quite correctly, it was argued that if one of the hosts necessary for the life cycle of 
the fungus was absent the disease would disappear. However, experience proved 
that Ribes species were very difficult to eradicate. They would resprout readily, 
if digging and pulling the bushes did not remove all the roots. Ribes seeds can lie 
dormant in the soil and sites thought to be free of Ribes may be recolonised from 
dormant seeds after many years. Removal of Ribes was found to be an effective 
control strategy only for relatively small areas that were thoroughly and repeatedly 
treated. Ultimately, the programme proved too expensive and too difficult to pro-
vide complete control of the disease.

During the 1950s and 1960s, broad-scale aerial spraying with fungicides was 
introduced; however, the fungicides proved to be only partially effective at con-
trolling the disease and it was difficult to get adequate coverage of trees with aerial 
spraying. Also, there were environmental concerns about broad-scale spraying of 
chemicals over large areas.

From the 1960s a more integrated management approach (Sect. 10.1.1) was 
adopted to control the disease. This was based on research that considered the 
environmental factors that encourage its development (for some later work, see 
Smith and Hoffman 2001). It was found that infective spores could develop on 
Ribes only if there were 2 weeks of relatively cool, late summer weather. Further, 
there had to be 2 days with temperatures below about 20°C and with 100 % rel-
ative humidity, or the spores released from the Ribes were unable to infect pine 
needles. Identifying regions where these environmental circumstances often apply 
has allowed maps to be drawn indicating where disease is most likely to occur. 
As well, it has been found that very high humidity is likely on days with heavy 
dew. Avoiding planting trees in small openings, pruning lower branches or plant-
ing trees below a ‘nurse’ crop (Sect. 13.1) with a thin crown have all been found 
to be effective in minimising the occurrence of dew and so minimising the effects 
of the disease. The pruning programme discussed in Sect. 9.7.3 arose from this 
understanding of the biology of the disease. As well, tree breeding programmes 
are developing disease-resistant strains of white pines (Hamelin et al. 2000; Kim 
et al. 2003; Kinloch 2003; Pike et al. 2003; Lu et al. 2005; Jacobs et al. 2009; 
King et al. 2010; Richardson et al. 2010; Lu and Derbowka 2012) to improve the 
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prospects for growing these species in plantations (Bishaw et al. 2003). Research 
continues to find other ways of protecting trees from the disease and developing 
further the integrated management of it (e.g. Hunt 2002; Hunt et al. 2010; Ostry 
et al. 2010; Schwandt et al. 2010; Zeglen et al. 2010).

As with pine needle blight in Australasia (Sect. 11.3.1), the story of white pine 
blister rust in America is a good example of the complexity of dealing with a seri-
ous pest or disease problem. It has required a major research effort over many 
years, a research effort that continues today, both to understand the biology of the 
rust and to develop control mechanisms for it. It illustrates also that attempts to 
eradicate a pest or disease can often be extremely expensive and ultimately inef-
fective. Finally, it shows how there was acceptance in North America that it would 
not be possible to eliminate the disease; eventually, control measures were adopted 
that at least should keep its impacts within tolerable limits.

11.3.3  Chryphonectria Canker of Eucalypts in South Africa

Canker diseases cause a spreading wound of dead tissue and can affect living tissues 
in the outer part of stems, branches and woody roots of trees. They usually infect the 
bark, phloem, cambium and the outermost layers of the xylem (Manion 1991; Old 
and Davison 2000). They may cause only small irregularities on the surface of the 
affected part of the tree, or the tree may respond by producing a very large woody 
mass around the affected area. Most commonly, canker diseases enter the tree 
through wounds, although some may enter through leaves (Manion 1991). Some 
cankers may persist in trees for many years, whilst others may kill the infected tree. 
Manion (1991) describes a number of canker diseases in North America, whilst Old 
and Davison (2000) discuss various canker diseases of eucalypts.

This example concerns the disease Chryphonectria canker that is caused by 
the fungus Cryphonectria cubensis. The disease is a serious problem in many 
eucalypt plantations around the world (Wingfield 2003; Barber 2004). It reduces 
growth rates and wood quality (Old and Davison 2000). An interesting approach 
taken to deal with the disease is described by van Staden et al. (2004) for euca-
lypt plantations in South Africa. Commercial forestry in South Africa relies largely 
on plantations of exotic species, principally eucalypts, pines and wattles (Acacia); 
Chryphonectria canker has been causing serious losses in eucalypt plantations 
there (Wingfield 2003).

The disease was first found in South African eucalypt plantations in 1988. It 
forms cankers in stems and around branch stubs. It causes death of young trees 
and may weaken the stems of older trees, making them prone to breakage by the 
wind. Its development is favoured by high rainfall and humidity and temperatures 
above 23°C. Attempts in South Africa to control the disease with fungicides have 
proved expensive and unreliable. Breeding programmes have been undertaken 
with some success and are continuing to develop tree varieties resistant to the dis-
ease (van Zyl and Wingfield 1998, 1999; van Heerden and Wingfield 2001, 2002).
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The work on the disease by van Staden et al. aimed to determine what parts 
of South Africa have a climate suited to its development. For all the locations in 
South Africa where the disease has occurred, they determined the altitude, and 
from historical weather records, the average rainfalls of the wettest and driest 
months and the average temperatures of the hottest and coldest months. Using a 
complex modelling system, they then identified what other parts of South Africa 
have a similar climate and, hence, where it is likely the disease would be a prob-
lem in eucalypt plantations.

Their results are shown as the regions shaded in black in Fig. 11.2. Eucalypt 
plantations have been established over some of that region, although there are also 
large plantation areas to the south of it that the results suggest, should be relatively 
safe from the disease.

Also shown in Fig. 11.2 are the regions of South Africa that Booth et al. (1989) 
identified as having a climate similar to those parts of Australia where flooded 
gum (Eucalyptus grandis) occurs naturally (Sect. 4.1). Flooded gum is one of 
the eucalypt species grown in plantations in South Africa. To obtain their results, 
Booth et al. used a model system similar to that used by van Staden et al. To date, 
eucalypt plantations have been established in South Africa only in more easterly 
parts of the country. The areas identified by Booth et al. as having a climate suited 
to flooded gum extend much further to the west; those more westerly regions are 
much drier than the more easterly regions and, whilst Booth et al.’s results suggest 
flooded gum might grow in the more easterly parts, its growth rate is likely to be 
too low for commercial plantation forestry.

These results illustrate the approach taken in South Africa to contend with the 
problem of Chryphonectria canker. Eucalypt trees being bred for resistance to the 
disease will have to be planted in the easterly regions of the country, where the 

Fig. 11.2  Map of South 
Africa, showing regions 
(shaded in black) that were 
predicted by van Staden et al. 
(2004) to have at least a 25 % 
chance that the canker fungus 
Cryphonectria cubensis 
would be a damaging disease 
in eucalypt plantation forests. 
The regions delimited with 
dashed lines were predicted 
by Booth et al. (1989) as 
having a climate equivalent to 
those parts of Australia where 
flooded gum (Eucalyptus 
grandis) occurs naturally 
(adapted from van Staden  
et al. 2004; Booth et al. 1989)

11.3 Examples of Fungal Disease

http://dx.doi.org/10.1007/978-3-319-01827-0_4


178 11 Diseases

disease is likely to occur. However, it appears that much less concern will have to 
be paid to the disease in southeastern parts of the country, where the climate is still 
suitable for eucalypt plantations but much less suited to the disease.

11.3.4  Damping-Off in Nurseries

There are many fungal root diseases that are major problems in both agricultural 
crops and forests. Individual diseases can be found that attack trees at any devel-
opmental stage, from seedlings right through to fully mature trees. Some affect 
live roots and some cause decay of woody roots. Some are spread by spores blown 
by the wind and some live entirely below ground. Manion (1991) has summarised 
the issues surrounding fungal root diseases generally in forests, whilst Keane et al. 
(2000) devoted several chapters of their book to root diseases of eucalypts.

One of the most common disease problems in forest nurseries is damping-off. 
It affects many different tree species and occurs in nurseries all around the world. 
It is caused by root disease fungi that invade and destroy tissues at the base of the 
stem, weakening the stem so that the seedling collapses. A number of different fungi 
cause the disease, including species of the genera Fusarium, Phytophthora, Pythium, 
Rhizoctonia and Sclerotium. There are numerous recent reports of such fungi (Lilja 
et al.; 2010; Weiland 2011; Zakeri et al. 2011; Kim et al. 2012; Stewart et al. 2012).

The circumstances of forest nurseries make them highly vulnerable to a disease like 
damping off and, indeed, to other fungal diseases. The tree seedlings are small and 
immature, making them susceptible to infection. They are planted in close proximity 
and in very large numbers allowing disease to spread easily amongst them. When they 
are grown open-rooted, the nursery beds are reused many times for successive seed-
ling crops; this may allow disease populations to build up in the soil. If seedlings are 
grown in greenhouses, they often experience warm temperatures, high humidity and 
dampness, all factors that generally favour the development of fungal disease.

A key to dealing with damping-off and other fungal diseases in nurseries is 
hygiene. This must include all parts of the nursery system, from the soil in which 
the seedlings are grown and the water with which they are irrigated, to the green-
houses in which they are raised and even to the hands and clothing of the people 
who tend them. Brown (2000) summarised methods that have been used in nurser-
ies around the world to minimise damping-off and other disease problems whilst 
South and Enebak (2006) described the integrated management programme used in 
major forest nurseries in south-eastern USA. The measures they discussed included:

•	 Undertaking sanitation measures, such as sterilisation of the soil or potting mix 
in which seedlings are being raised, use of composts that are well rotted so any 
fungi contain have been killed, avoiding reuse of the seedling growing medium, 
using sterile media such as vermiculite, filtering irrigation water, surrounding 
the nursery with wind-breaks to prevent pests and diseases being blown in and 
ensuring machinery is kept clean.
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 In the past, sterilisation of soil often used the gas methyl bromide. However, 
international agreements are limiting its use because it causes ozone depletion 
in the atmosphere; alternatives to it are being sought (Cram et al. 2007; South 
2007; Schneider et al. 2009; Schneider and Hanson 2009; Weiland et al. 2011). 
Heating soil in large ovens is another effective sterilisation technique. In open-
rooted nurseries, ‘solarisation’ is another possible method. It involves covering 
soil with plastic for several weeks and allowing the heat of the sun to raise the 
soil temperature sufficiently to sterilise it. Experiments in Argentina found that 
eucalypt seedlings grew appreciably larger in solarised nursery soil; it appeared 
that solarisation both killed damping-off fungi and promoted nitrogen release in 
the soil to give seedlings a growth advantage (Salerno et al. 2000).

•	 Encouraging rapid germination of seeds, since the more rapidly the seedlings 
attain larger sizes the less likely are they to succumb to damping-off.

•	 Growing seedlings in containers that are supported above ground (Fig. 5.2) to 
avoid contamination of the containers by water-splashed soil that may contain 
fungal pathogens.

•	 Using soil or container mixes that are lightly textured and slightly acidic 
(pH maintained below about 5.8) as this tends to inhibit fungal development. 
Application of sulphur to soil to increase acidity is common practice.

•	 Avoiding container mixtures high in nitrogen, such as certain manures, and, 
in open-rooted nurseries, avoiding fertilisation before the seedlings are large 
enough to take the fertiliser up readily.

•	 Avoiding sowing seeds when rainfall has been high or humidity is excessive, 
avoiding over-watering of seedlings and ensuring drainage is adequate to avoid 
water-logging at any stage.

•	 Avoiding excessive density of planting of seedlings. In open-rooted nurseries 
in southern USA, slash and loblolly pines (Pinus elliotii and Pinus taeda) are 
sown at 215 seeds/m2 and longleaf pine (Pinus palustris) at 50–90 seeds/m2.

•	 Adding other microorganisms, such as some other fungi, antagonistic to the dis-
ease causing fungi (e.g. Yamaji et al. 2005).

If measures such as these fail, damping-off is usually controlled readily with fun-
gicides, applied either by coating seeds with fungicide powder before sowing or 
by drenching seedlings with fungicide solution after germination.

11.4  Other Diseases

Manion (1991) defines three classes of disease of plants, biotic, abiotic and 
declines. Biotic diseases are caused by living organisms that interact with the plant 
concerned. Fungal diseases are biotic, but there are other organisms that cause 
biotic diseases, listed by Manion as:

•	 Bacteria—these are simple, microscopic, single-celled organisms that first 
developed during the early evolution of life on earth. Together with the 
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blue-green algae, they make up the kingdom Monera of living organisms 
(Sect. 11.1). Manion mentions three different bacterial groups in particular in 
his list of biotic pathogens, spiroplasmas and mycoplasmas (that are known 
jointly as phytoplasmas) and rickettsia.

•	 Viruses—these are very small (you need an electron microscope to see them), 
biologically very simple, infectious agents that can reproduce only within living 
cells of animals, plants or bacteria. They are almost considered not to be living 
organisms because they are unable to carry on metabolic processes and repro-
duce without a host cell; if they are considered living, they make up a kingdom 
of their own. The role of viruses in tree disease has not yet been studied well.

•	 Insects—these are animals and have been described in Sect. 10.2. They are 
often forest pests, but may cause disease also.

•	 Mites—these are tiny animals (0.1–6-mm long) that are a subgroup of the 
arthropods (Sect. 10.2). Mites may be pests of plants, causing damage by feed-
ing on leaves, or they may cause disease, especially by transmitting viruses.

•	 Nematodes—also called roundworms. These are microscopic worms that live in 
a wide range of terrestrial and aquatic environments and are amongst the most 
abundant animals on earth.

•	 Higher plants—a number of higher plants, such as mistletoes, are parasites of 
other plants.

None of these biotic agents causes disease in forest plantations as commonly as 
fungi. Wardlaw et al. (2000) have summarised a few known cases where viruses, 
phytoplasma other bacteria or nematodes have caused disease in eucalypts. Only 
one of the diseases they discuss has been a serious problem for plantation forests. 
This was a bacterial wilt, caused by the bacterium Ralstonia solanacearum that 
killed eucalypt seedlings in plantations in several parts of world. Manion (1991) 
mentions a number of bacterial diseases of trees, but none has been a serious prob-
lem in forest plantations. He refers also to a viral disease of poplar (Populus) that 
has caused problems in plantation forests in Europe. He discusses also a disease 
caused by the nematode Bursaphelenchus xylophilius that leads to wilting of pines 
in native forests in Asia and North America and may become a serious problem 
in plantations. Yeates (1990) examined nematode occurrence in forest nurser-
ies in New Zealand; whilst some potentially damaging nematodes were present, 
the management practices used in the nurseries seemed to be sufficient to prevent 
unacceptable damage occurring to seedlings.

As abiotic agents of plant disease, Manion (1991) lists air or soil pollution, 
high or freezing temperatures, pesticides, drought, salt, poor soil aeration, nutrient 
deficiency and mechanical damage. Some of these are discussed in more or less 
detail in other parts of this book. Some are induced by man.

An interesting example of a man-induced disease concerns stunted growth 
and yellowing of leaves of Tasmanian blue gum (Eucalyptus globulus) seedlings 
planted on sites in south-eastern Australia that had previously been used as irri-
gated pasture. It was found that the bore water used for irrigation contained high 
levels of bicarbonate salts that had lowered the soil pH and prevented the uptake of 

http://dx.doi.org/10.1007/978-3-319-01827-0_10
http://dx.doi.org/10.1007/978-3-319-01827-0_10


181

manganese by the trees; it was concluded that the disease was caused by manga-
nese deficiency (Fife and Michael 2009).

A rather controversial example of a man-induced disease is acid rain. Cars and 
some large industrial plants emit sulphur dioxide and nitrous oxide into the atmos-
phere; these combine with water vapour in the air to form sulphuric and nitric 
acids that then fall to ground in rain. The acid causes disease of tree leaves and 
there has been serious damage of forests near heavily industrialised areas in parts 
of Europe, Asia and North America. These tend to be localised effects; large areas 
of plantation forests are not generally located near industrial regions. Manion is 
of the opinion that the effects of acid rain on forests have been overstated in many 
cases. He suggests that diseases attributed to acid rain often may have been due to 
other factors; similar concerns have been expressed about forest decline observed 
in China (Wang et al. 2007b). As an interesting contrast to the acid rain issue, 
increased growth over recent times in some European forests has been attributed to 
increased availability of nitrogen, resulting from nitrogen deposition in rain from 
air pollution (Spiecker et al. 1996b; Solberg et al. 2004).

The last class of plant disease Manion recognises is termed declines. These 
are diseases with complex causes and that include both biotic and abiotic agents. 
Manion suggests that such diseases often arise from biotic and/or abiotic factors 
that put a forest under stress, factors such as old age, poor soil fertility or drought. 
These predispose the trees to attack by one or more biotic factors that lead even-
tually to the death of individual trees and even of large forest areas. Acid rain 
may well be one such predisposing factor. Most of the examples Manion gives of 
declines have occurred in native forests, but one, spruce decline, has occurred in 
plantation forests in Europe.

11.4 Other Diseases
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One of the most powerful tools available to growers of forest plantations is the 
ability to modify the characteristics of the trees through breeding. In agriculture, 
breeding has a long and very successful history in producing plants or animals 
with desirable characteristics (or traits as they are called in the terminology of 
breeding). Many different traits can be modified through breeding, such as more 
vigorous growth, resistance to pests or diseases or the quality of the product (per-
haps meat quality in animals or wood quality in trees).

In the past, plant breeding programmes have involved mating parents with 
desirable traits to produce more desirable offspring. This process can continue 
through many generations. These are known as conventional breeding pro-
grammes. In recent times, advances in techniques known as genetic engineering 
have offered new possibilities to make substantial advances in breeding.

Most major forest plantation programmes around the world have a breeding 
programme associated with them. As will become evident in this chapter, such 
programmes are large and expensive, continue over many decades and involve 
highly skilled and specialised staff.

This chapter introduces first the principles of genetics. This is the study of why 
individuals of any species vary each from the other and how traits are passed from 
parents to offspring; all breeding programmes are based on these principles. It will 
then discuss how conventional breeding programmes are conducted with forest 
plantation trees. Finally, it will discuss briefly some of the opportunities and chal-
lenges being presented to breeding programmes by genetic engineering.

12.1  Genetics

Two things determine the traits of any individual living organism, its genetic 
makeup and the environmental circumstances in which it lives. Its genetic makeup, 
known as its genotype, determines, firstly, what type of organism it is (a fungus, 
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a tree, a cow, a person, etc.) and, secondly, what individual traits an individual has 
that distinguishes it from any other individual of the same species. However, at 
least to some extent, the traits an individual displays can be modified by the envi-
ronment in which it lives. The combination of genotype and environmental effects 
produces the final living individual organism that we see; this combination is 
known as its phenotype.

This section will describe exactly what is meant by the genotype and phenotype 
of an individual and how they are important to a breeding programme.

12.1.1  Genotype and Phenotype

By genotype (or genetic makeup) is meant the set of genes that an individual has. 
All basic textbooks on biology include considerable discussion of what genes are 
and how they are transmitted between parents and offspring; only a brief account 
will be given here.

All the living cells that make up any individual plant or animal contain an iden-
tical set of chromosomes. These are located in a central part of each cell, known 
as its nucleus. Chromosomes consist of strands of a chemical substance called 
deoxyribonucleic acid, or DNA for short. By the standards of chemistry, they are 
very long strands, varying in length over the range 0.1–30 μm (1 μm, or microme-
tre, is one millionth of a metre). Each chromosome is divided into many sections 
along its length, each of which is an individual gene. DNA has a particular chemi-
cal structure allowing any one gene of an individual organism to differ in chemical 
detail from the corresponding gene of any other individual.

Living organisms have some thousands of genes arranged along their chro-
mosomes; numbers over 45,000 have been found in some plants (Sterck et al. 
2007). The number of chromosomes varies amongst species. Humans have 46. 
Tree species vary, commonly in the range 20–40; the eucalypts have 22, the 
pines have 24. Chromosomes actually come in pairs, each pair known as a chro-
matid; organisms have half as many chromatids as they have chromosomes. In 
reproduction, an individual inherits chromosomes (hence genes) from its par-
ents; one member of each chromatid is inherited from the father (through his 
sperm or pollen) and the other from the mother (through her eggs or ovules). 
Each chromosome of a chromatid contains a set of genes that have similar func-
tions. Thus, genes come also in pairs, each pair of genes being known as an 
allele. However, each member of an allele may differ slightly in its DNA struc-
ture, so each may affect somewhat differently the particular trait of the organism 
the allele controls.

It is determined by chance which chromosome of the parents’ chromatid pairs 
any offspring inherits; hence, the set of genes that any individual inherits differs 
from the set that any other individual inherits, even when they have the same par-
ents. The differences between the gene sets of any two individuals become less the 
more closely they are related. However, it is only in the case of identical twins that 
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two individuals have identical sets of genes; in that case, both individuals develop 
from the same fertilised egg.

The function of a gene is to provide the cell in which it resides with a code to 
make a chemical substance known as a protein. Proteins determine what chemi-
cal reactions occur in a cell and so, ultimately, how an organism functions; the 
proteins that do this in living organisms are known as enzymes. Slight variations 
in the chemical structure of genes lead to slight variations in the structure of the 
proteins produced from them. In turn, this leads to differences between the func-
tioning of individuals and, hence, the traits that each displays. However, the envi-
ronment in which an individual lives can influence also how its traits are displayed 
and, hence, its phenotype.

This interaction between genotype and environment is very important for 
breeding programmes. It means that a programme will need to consider the envi-
ronment in which it is intended to grow the individuals that have been bred. For 
example, if trees are to be grown in plantations on relatively dry or infertile soils, 
the breeding programme will need to produce individuals that have genotypes well 
adapted to those types of sites. These matters are discussed in Sect. 12.2.6.

12.1.2  Qualitative and Quantitative Traits

Whilst the genotype and the environment together determine the traits of an organ-
ism that can be seen and measured (its phenotype), the number of gene pairs 
(alleles) involved in determining any one trait differs from trait to trait.

Some traits are determined by a single allele only. These are known as qualita-
tive traits. The two genes of any allele may be identical, or they may differ slightly 
in the chemical structure of their DNA so that the proteins produced from them will 
differ slightly also. When the two genes differ from each other, one of them is called 
dominant and the other recessive. When both these types make up an allele, the 
dominant type will prevail and determine how the trait concerned is displayed by the 
individual. Only if both genes of an allele are of the recessive type will the trait be 
displayed as determined by the recessive type. This means that any qualitative trait 
can be displayed in only two ways, depending on which of the dominant or recessive 
gene types the individual contains. Examples of qualitative traits include offspring 
that are either normal size or dwarf or with flowers of either one colour or another. 
In such cases, none of the offspring would be of a size intermediate between normal 
and dwarf or would have flowers with a shade that is a mixture of the two colours. 
The principles of genetics were discovered in 1865 by an Austrian monk, Gregor 
Mendel, who studied the inheritance of qualitative traits of peas.

Because only one allele is involved in determining a qualitative trait, it is usu-
ally quite straightforward to breed individual offspring that have either one or 
other of the two possible types of that trait. Because they are passed from genera-
tion to generation simply and unequivocally, qualitative traits are said to be highly 
heritable.

12.1 Genetics
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There are many traits of plants and animals that are determined by many 
alleles. These may occur on the same or several different chromatids. These are 
known as quantitative traits. Because many alleles are involved, individuals show 
more or less continuous variation in the trait that those many alleles control. A trait 
such as the height of adult humans is a quantitative trait; people have heights that 
vary across a wide range from rather short to rather tall. In trees, quantitative traits 
include tree growth rate, density of the stem wood or resistance to attack by some 
pests and diseases.

Because of the many alleles involved, quantitative traits are far less heritable 
than qualitative traits. For a breeding programme that aims to influence a quantita-
tive trait, this means that the best that can be hoped for, is that the population of 
offspring will show at least some shift in the desired direction of their average of 
that trait. Most of the traits that are of importance in tree breeding programmes are 
quantitative traits. The discussion of breeding programmes that follows in Sect. 12.2  
will concentrate on breeding to influence quantitative traits.

12.2  Breeding Programme Strategy

At its outset, a breeding programme will need to set its breeding objective, that is, 
‘what the breeder seeks to maximise…’ (Greaves et al. 1997). The objective will 
be determined by the circumstances of the plantation programme and the require-
ments of the markets it aims to serve. Inevitably, it will change from time to time, 
reflecting changes in things such as:

•	 Market requirements for the products.
•	 Increased technological capabilities of the wood products industry to produce 

high-quality wood products from smaller or lower quality trees.
•	 The pest or disease problems that are affecting the programme.
•	 The range of sites on which plantations are being grown.
•	 Broad changes in environmental circumstances, such as those resulting from cli-

mate change.

To allow for all these changes, it will be important that the breeding programme 
never becomes focused too narrowly on specific traits. Rather, it will need to ensure 
there is always available to it a wide variety of tree genotypes to provide plenty of 
opportunity to breed for new traits as circumstances demand (Burley 2001).

Once a breeding objective has been chosen, the programme will then need 
a strategy to achieve it. This will include making decisions about all of the 
following:

•	 For which and how many traits the programme will aim to breed?
•	 How many trees will be selected for inclusion in the programme?
•	 How will those trees be selected?
•	 How they will be mated with each other?
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•	 How will the offspring be assessed for their desirability?

There are many examples of the specific breeding objectives and strategies used 
in various tree breeding programmes around the world (Eldridge et al. 1994; 
Jayawickrama and Carson 2000; Gapare et al. 2003; Burley and Kanowski 2005; 
Hubert and Lee 2005; Koski and Rousi 2005; Savill et al. 2005; Arnold et al. 
2005; Ivković et al. 2006a,b, 2010; Dieters et al. 2007; Henson and Smith 2007; 
Wu et al. 2007a; Hamilton et al. 2008).

This section will describe the strategies that are used commonly to achieve the 
objective of a tree breeding programme. As discussed in Sect. 12.1.2, it will be 
concerned principally with programmes for quantitative traits. In this book, there 
is sufficient space to describe these strategies only generally. Far more compre-
hensive texts are available that discuss them in detail, for plant breeding in general 
and tree breeding in particular (Allard 1960; Wright 1976; Zobel and Talbert 1984; 
Mayo 1987; Cotterill and Dean 1990; Eldridge et al. 1994; Falconer and Mackay 
1996; Lynch and Walsh 1998; Williams et al. 2002; Sleper and Poehlman 2006; 
Finkeldey and Hattemer 2007).

12.2.1  Principles

In essence, the strategy of any breeding programme involves three steps. These 
are repeated again and again, over many generations of the programme. Because 
of the time taken for trees to grow and produce offspring, it can take as long as 
10–20 years to complete each generation. The steps are:

•	 From the population of trees available to the programme, individual trees are 
selected with favourable genotypes for the traits being considered in the programme.

•	 The selected individuals are mated to produce a new generation of offspring 
that, on average, will display traits closer to those desired by the programme.

•	 The offspring are planted out, either as part of the general plantation programme 
or in experimental plantings called progeny tests. The offspring then form a new 
population with which the steps of the programme are repeated.

As successive generations of a breeding programme are completed a hierarchy 
will be developed of different populations of individual trees of the species con-
cerned. These populations are (Shelbourne et al. 1989; Eldridge et al. 1994):

•	 The base population—(also called the original variability, gene resource or exter-
nal population). This contains the entire resource of genotypes available to the 
programme. It consists generally of all the native forests and existing plantation 
areas of the species concerned and to which the breeding programme has access. 
A base population will consist of many thousands or millions of individuals.

•	 The breeding population—(also called the selection or selected population). 
This consists of the individuals with ‘superior’ genotypes that have been 

12.2 Breeding Programme Strategy
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selected from time to time in successive generations of the breeding pro-
gramme. They will be used for further selections and matings. This population 
may consist of perhaps 500 families (a family consists of the offspring from one 
individual tree) with perhaps as many as 100–200 individuals within each fam-
ily. It is the population with which tree breeders work most intensively in their 
breeding programme. As ‘superior’ trees are identified in each generation of the 
breeding programme, or even in the base population, they will be included in 
the breeding population. As ‘inferior’ trees are identified, they will be removed 
from the population.

•	 The propagation population—(also called the packaging, seed production or 
production population). This consists of the individual trees (perhaps fewer than 
100) that have been found from time to time to produce offspring best suited for 
the purposes of the general plantation programme. Large numbers of offspring 
are propagated in various ways (Sect. 12.3) from the members of this popula-
tion for planting in the general plantations. As the breeding programme devel-
ops, the members of this population change also from time to time.

At the very start of a breeding programme, the only resource of trees available is 
the base population. From this, the breeder needs to select trees to constitute an 
initial breeding population. From time to time in later generations of the breeding 
programme, especially as the breeding objective changes, it may be desired to sup-
plement the breeding population with new individuals from the base population. 
Selection of trees from the base population is known as provenance selection and 
is discussed in Sect. 12.2.2.

Once a breeding population has been established, there are a variety of ways 
of selecting the most desirable individuals from it to be mated in the next step 
of any generation of the breeding programme; selection methods are discussed 
in Sect. 12.2.3. There are then many possible choices as to which of the selected 
trees should be mated with which others; Sect. 12.2.4 discusses how those matings 
may be done. The methods of selection and mating will vary as the breeding pro-
gramme develops.

The gain (or genetic gain) achieved in each generation of the programme 
depends on how selections are made and matings done. Gain is defined as the dif-
ference between the average of a desired trait in the offspring of each generation 
of the programme and its average in the individuals in the breeding population 
from which the offspring originated. It is the role of tree breeders to adopt a strat-
egy for the breeding programme that achieves the largest gains possible, over as 
few generations of the breeding programme as possible.

An example illustrating the magnitude of the gain from a breeding programme 
comes from loblolly pine (Pinus taeda), a major plantation species grown in 
southern USA. The programme has now completed two generations and gains of 
up to 35 % in stand stem wood volume have been achieved in plantations estab-
lished using seed produced from the programme. Also, the plantations show 
improved stem form, wood quality and increased resistance to a fungal disease 
that is a problem in the region (Li et al. 1999).
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There are a number of other examples of the gains achieved in tree breeding 
programmes. Vergara et al. (2004) reported that one generation of a breeding pro-
gramme for slash pine (Pinus elliottii), another important plantation species in 
southern USA, achieved gains of 10 % in stand stem wood volume production as 
well as increased resistance to fungal disease. One generation of breeding jack 
pine (Pinus banksiana) in eastern Canada achieved gains of up to 20 % in stand 
stem wood volume by 15 years of age, together with improved stem straightness 
(Weng et al. 2008). In South African eucalypt plantations being grown on 10 year 
rotations for pulpwood production, stand stem wood volume gains averaged 8 % 
at 5 years of age, using seed from one and two generations of a breeding pro-
gramme (du Toit et al. 2010): in this case, gains were greater on more than less 
productive sites. Two generations of breeding of hybrid poplar (Populus tremula ×  
P. tremuloides) in Sweden increased stem wood production over a 25 year rotation 
period by 25 % (Tullus et al. 2012). Hannrup et al. (2007) attempted to estimate 
the financial gain possible from the breeding programme for Scots pine (Pinus syl-
vestris) in Sweden.

As a breeding programme progresses through more and more generations, tree 
breeders will accumulate more and more information about the trees in their breed-
ing population. This will allow them to make increasingly sophisticated selections 
and to employ increasingly sophisticated mating strategies to achieve increasing 
gains with each generation of the programme. As a programme develops, the dis-
tinction between separate generations may become blurred as various mating strate-
gies are attempted within and between the generations (Potts 2004). Jayawickrama 
and Carson (2000) have provided an interesting example of how the strategies of a 
breeding programme for radiata pine (Pinus radiata) in New Zealand have devel-
oped over the 50 years since the programme started: Burdon et al. (2008) described 
the historical development of that programme.

12.2.2  Provenance Selection and Testing

The place where any tree in the base population grows is known as its prov-
enance. When establishing an initial breeding population (or supplementing an 
existing breeding population), seeds are collected from individual trees of differ-
ent provenance. Seedlings are raised from the seed and are planted out in prog-
eny tests, called provenance tests, in the region where the plantation programme 
is being established. These will give some idea as to which provenances are most 
likely to provide trees best suited to the purposes of the plantation programme. 
The better performing trees will become the initial breeding population or may be 
added to the existing breeding population.

A good example of the scope and scale of provenance testing is given by 
Sierra-Lucero et al. (2002) for loblolly pine (Pinus taeda) in the southern states of 
the USA. No fewer than seven separate provenance tests were established across 
the region where loblolly pine is planted. The results suggested that loblolly pine 
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with its provenance in Florida was likely to be most appropriate for plantation pro-
grammes along the coastal plain of south-eastern USA. These provenance tests 
were aiming to find suitable trees to supplement an existing breeding population 
for loblolly pine that was in its third generation of a breeding programme (Xiang 
et al. 2003a); earlier provenance testing had not been as thorough as it might have 
been and Florida provenances of loblolly pine had been overlooked in earlier prov-
enance tests.

Another example of the value of provenance testing concerns radiata pine 
(Pinus radiata). This species has a very limited natural distribution over a total 
of only 5,000–8,000 ha on the Monterey Peninsula in California, USA and 
some small islands to the south, lying just off the Mexican coast (Ohmart 1982; 
Pederick and Eldridge 1983; Piirto and Valkonen 2005; Wu et al. 2007a; Bates  
et al. 2011). Despite this small native occurrence, there are now over 3 million ha 
of radiata pine in plantations across the world. When first planted in Australia and 
New Zealand, radiata pine seed was obtained from only two of the five native pop-
ulation patches scattered over its natural range. From this initial seed collection, an 
extensive breeding programme was conducted in both countries. In the late 1970s, 
seed collections were made from the other native population patches that had not 
before been included in the programme; progeny tests were established with the 
seed from these additional provenances. Gapare et al. (2011) found there was con-
siderable genetic variation amongst the individuals in these progeny tests and that 
the incorporation of the additional provenances in the breeding programme would 
offer benefit to the programme as a whole.

In other examples of provenance evaluation, Freeman et al. (2007) examined 
the population of Tasmanian blue gum (Eucalyptus globulus) that had been grown 
in plantations in Portugal for around 200 years and were able to determine its, pre-
viously unknown, Australian provenance. Ginwal (2009) and Cappa et al. (2010) 
examined growth behaviour of various Australian provenances of certain eucalypt 
species when grown in India and Argentina, respectively.

12.2.3  Selection

Once a breeding population has been established, the first step in each gen-
eration of the breeding programme is to select individuals from it to be mated. 
This is done by selecting those individuals with the highest breeding value (also 
called additive genotype) for the trait it is desired to influence in the breeding 
programme.

The breeding value of an individual is a measure of the extent to which its 
offspring show a gain in a trait. In effect, it is a measure of the extent to which 
that individual has a ‘superior’ genotype favouring that trait. Breeding value can 
be determined by mating the individual with many other individuals from the 
breeding population, growing the offspring from those matings in progeny tests 
and then measuring them. Those measurements will show how much larger is the 
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average of the desired trait in the offspring of the individual than was the average 
of the trait over the individuals of the breeding population; that is then the breed-
ing value of the individual.

In the first generation of a breeding programme, there is little information avail-
able about the individuals in the breeding population from which their breeding 
values can be assessed properly. Certainly no progeny tests will have been car-
ried out to allow their breeding values to have been determined. At that stage of 
the programme, it can only be assumed that the phenotype of an individual is a 
reasonable measure of its breeding value. The trees selected from the breeding 
population will then simply be those with the highest phenotypic values of the trait 
concerned.

As each generation of the breeding programme is completed, progeny tests 
from previous generations will provide information to better assess breeding val-
ues of individuals in the present breeding population. Specialist quantitative genet-
icists employ complex mathematical techniques to use this information to assess 
breeding values (White and Hodge 1989); quantitative geneticists are important 
members of the team involved in a breeding programme. Some little discussion of 
their work will be given in Sect. 12.2.5; the advanced texts, referred to in the para-
graph preceding the start of Sect. 12.2.1, will need to be consulted to learn about 
their work in more detail.

A further problem with selection arises because the objective of most breed-
ing programmes is to achieve gains in each generation in more than one trait. For 
example, it might be desired to select individual trees with high breeding values 
for all of high stem wood density, fast growth rate, small branches and a straight 
stem. Usually it is practical to consider no more than about three or four traits at 
any one time in a breeding programme, or else the number of genes involved in 
controlling all the traits is so large that the selection process ends up achieving lit-
tle gain in any of the traits.

Cotterill and Dean (1990) and Falconer and Mackay (1996) have discussed var-
ious ways in which selection to favour multiple traits can be achieved. The most 
sophisticated method is known as index selection. This considers all the desired 
traits together and, in effect, finds a compromise between them to determine which 
individuals should be selected; the details of index selection will not be discussed 
further here.

Whilst selections are generally based on the phenotypes of individuals, it would 
obviously be desirable if the genes of an individual could be ‘seen’ directly. That 
would determine unequivocally if the individual contained the particular genes 
that favoured development of a desired trait and so had a high breeding value for 
it. To assist in doing this, methods have been developed to identify what are called 
quantitative trait loci (often abbreviated as QTL). These are segments of chromo-
somes that contain, or are linked to, genes important in determining the quanti-
tative trait concerned. In turn, quantitative trait loci are identified using what are 
called molecular markers, which are segments of DNA.

There are a number of different types of molecular marker, each extracted 
from plant tissue using different and complex chemical methods; they have 
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names such as amplified fragment length polymorphism (abbreviated as AFLP), 
restricted fragment length polymorphism (RFLP), random amplified polymorphic 
DNA (RAPD) or simple sequence repeat (SSR). Research is continuing on the 
use of molecular markers to aid in selection in breeding programmes (Falconer 
and Mackay 1996; Boyle et al. 1997; Walter et al. 1998; Burley 2001; Kumar and 
Garrick 2001; van Buijtenen 2001; Potts 2004; Tani et al. 2004; Lörz and Wenzel 
2005; Srivastava and Narula 2005; Zhang et al. 2006, 2009a; Lin et al. 2007; 
Gaspar et al. 2009a; Thumma et al. 2010; Burdon and Wilcox 2011; Grattapaglia 
and Resende 2011; Ribeiro et al. 2011; Thavamanikumar et al. 2011; Grattapaglia 
et al. 2012; Ritland 2012).

Whatever method is used to select individuals from the breeding population, 
there are several issues that need to be borne in mind:

•	 A decision needs to be made as to how many individuals should be selected. 
The fewer selected, the higher will be the average breeding value of the selected 
individuals and the bigger will be the gains in the desired traits in the offspring 
of their mating. However, the fewer selected, the more restricted will be the 
range of genotypes represented amongst the offspring. This will limit oppor-
tunities for further selection, particularly as the breeding objective of the pro-
gramme changes over time; by chance, genes desirable for some traits may have 
been lost from the breeding population if the breeding programme has concen-
trated too intensively on selection of genes favouring one particular trait.

•	 Each generation of the breeding programme can take many years. This is more 
a problem for tree breeding programmes than for many other agricultural crops, 
where only 1 year is often required for each generation. It means that tree 
breeding programmes over many generations are very long-term projects.

 To minimise the time involved in each generation, it is desirable to evaluate the 
traits of offspring as early in their life as possible, so that the next generation of 
selection and mating can be started. However, when it is young, the phenotypic 
traits displayed by an individual tree may be rather different from those it will 
have when it has grown to the age at which it would normally be harvested in a 
plantation.

 To deal with this problem, tree breeders have devoted considerable effort to 
finding the earliest age at which a trait can be measured on an individual and 
still be a reliable indicator of that trait at a much later age. The identification of 
quantitative trait loci through molecular markers offers particular advantages in 
this respect; DNA can be extracted from the tissue of very young seedlings and 
superior offspring might be identified at very young ages.

 Apiolaza (2009) reviewed generally the issues and techniques involved with 
early age selection for wood properties. Raymond (2002) summarised research 
work on this matter with many eucalypt species and suggested that offspring 
must be at least 3–8 years old before a measurement of their wood traits would 
indicate reliably the values of those traits in mature trees. Her conclusion has 
been supported by others (Wu et al. 2007b; Hamilton et al. 2010; Luo et al. 
2010) and explored further by Stackpole et al. (2010). Shelbourne et al. (1989) 
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suggested that offspring of radiata pine (Pinus radiata) in New Zealand needed 
to be at least 4–5 years old before any reliable selections could be made from 
them and up to 15 years old before the most reliable selections were possible. 
By contrast, Apiolaza et al. (2011) considered the possibility of making selec-
tions for some wood properties in radiata pine seedlings only 18 months old, 
whilst Dungey et al. (2006) found selection for wood properties was feasible 
at around 8 years of age. McKeand (1988) found that offspring of loblolly 
pine (Pinus taeda) in southern USA could be selected on the basis of their 
height at 6 years of age and this would predict reliably their stem wood vol-
umes at maturity; later work suggested this age could be reduced to 3–5 years 
of age (Xiang et al. 2003b). Stener and Jansson (2005) found that selection for 
height growth of silver birch (Betula pendula) in Sweden could be done reli-
ably at 4–6 years of age. Selection for wood properties of maritime pine (Pinus  
pinaster) in France seemed feasible at 12 years of age (Bouffier et al. 2008) 
and at 9 years of age for stem wood volume of Scots pine (Pinus sylvestris) in 
Sweden (Jansson 2007). Shortleaf pine (Pinus echinata) in south-eastern USA 
does not produce viable seed until it is 9 years old; in that species selection for 
height growth was best done at that age (Gwaze 2009).

•	 Difficulties may arise when a breeding programme is considering more than one 
trait. If some or all of the genes that determine one trait are carried on the same 
chromosome as those that determine another trait, both traits will be passed 
together from one generation to the next. In such cases breeding to favour one 
trait may disadvantage the other; this can frustrate the aims of the breeding 
programme.

The solutions to the various problems raised by these issues are complex and 
beyond the scope of the present discussion.

12.2.4  Mating

Once desirable individuals have been selected from the breeding population, the 
next step is to mate those individuals with other selected individuals. This may 
provide the seed to establish the next generation of the general plantation pro-
gramme. Instead, or as well, the offspring may be planted in progeny tests; 
depending on their subsequent performance, some of the offspring may eventu-
ally become new members of the breeding population. The offspring may also 
provide information about the performance of their parents that will assist in mak-
ing decisions about which of those parents should be removed from the breeding 
population.

There are a number of ways in which mating of the trees selected in any gener-
ation of the programme may be carried out. As the generations of the programme 
advance, and more detailed information is available about the breeding population, 
the matings are undertaken in ever more complex ways (or in ever more complex 
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mating designs as they are called). The more complex mating designs aim to pro-
duce larger gains in the desired traits in the offspring than would occur with less 
complex designs.

There are two principal mating designs used in tree breeding programmes, 
mass selection and recurrent selection. Shelbourne (1969) provided a relatively 
straightforward description of their principles and his discussion will be followed 
here. The steps involved in these designs are shown diagrammatically in Fig. 12.1.

The principal difference between mass selection and recurrent selection is the 
way in which offspring are obtained from the trees selected from the breeding 
population. In mass selection, seed is collected from the selected trees and seed-
lings raised from them. Each selected tree will be the mother of the seed collected 
from it; hence, that seed will have inherited half of its genes from a selected tree. 
However, the selected trees may be scattered quite widely around the plantation 
estate; some may be in previously established progeny tests, some may be in the 
general plantation areas and some may even be in the native populations of the spe-
cies concerned. Hence, the other half of the genes in the seed from the selected 
trees will have been inherited from the pollen of fathers that are not one of the other 
selected trees. It is then said that there was open-pollination of the selected trees.

In recurrent selection, seedlings are raised from the selected trees as clones 
of them. A clone is an offspring of an individual organism that has been repro-
duced in such a way that it is genetically identical to its parent. As discussed in 
Sect. 12.3, there are various ways of raising cloned offspring from trees. Because 
genes from unselected trees will not be included amongst them, the range of geno-
types in seedlings raised in recurrent selection should, on average, better suit the 
requirements of the breeding programme than those raised in mass selection.

The subsequent steps in both mating designs can then be followed in Fig. 12.1. 
Shown there are two variations on mass selection, termed with or without progeny 
testing. Mass selection without progeny testing is the simplest and quickest way 
to achieve at least some gain in the next generation of the plantation programme, 
because there is no delay involved by conducting progeny tests. It is used com-
monly at the early stages of a breeding programme to obtain a supply of seed 
quickly for the general plantations.

The supply of seed is delayed using mass selection with progeny testing, 
because progeny tests have to be grown to sexual maturity. These progeny tests 
are called seedling seed orchards and are grown in a location isolated from any 
other trees, so that only trees in the seed orchard can pollinate others there. This 
will mean that the seed produced with progeny testing will, on average, contain a 
higher proportion of genes derived originally from the selected mother trees than 
seed produced without progeny testing. This means that the gains from mass selec-
tion with progeny testing will be higher than those from mass selection without 
progeny testing.

Gains from recurrent selection can be expected to be higher still than those 
from mass selection, because only genes from the selected trees will occur in the 
seed used eventually in the general plantation programme. As shown in Fig. 12.1, 
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there are two forms of recurrent selection, simple recurrent selection and recurrent 
selection for specific combining ability.

Select superior individuals
from breeding population

Collect their seed and raise seedlings Raise seedlings cloned from them

Use seedlings for gen- Plant seedlings in Plant cloned seedlings in

eral plantations progeny tests breeding arboreta (clonal

(seedling seed seed orchards) and grow to

Mass selection with- orchards) and sexual maturity

out progeny testing grow to sexual
maturity

Allow open- Allow open- Make

pollination in pollination in specific

seed orchard. seed orchard. Use crosses

Use seed for seed for general between

tions individu-
als

general planta- plantations selected

Mass selection Simple recurrent

with progeny selection

testing

Use seed to raise
seedlings, plant
them in progeny
tests (seedling
seed orchards)
and grow to sex-
ual maturity

Allow open-pollination
in seed orchard. Use seed
for general plantations

Recurrent selection for
specific combining
ability

Fig. 12.1.  Principals of four mating designs used in tree breeding programmes (adapted from 
the discussion in Shelbourne 1969)
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The latter involves making specific matings (or crosses as they are called) 
between particular individuals in the breeding arboretum (also referred to com-
monly as a clonal seed orchard). That is, pollen from particularly chosen individu-
als is used to fertilise flowers of other particularly chosen individuals. This is the 
mating design used most commonly today in advanced tree breeding programmes 
around the world. Quantitative geneticists decide what specific crosses should be 
carried out; they choose crosses that should lead to the largest possible gains.

Making specific crosses is rather labour intensive, hence expensive. Pollen is 
collected from individual flowers of what are to be male parent trees. To avoid 
any possibility of self-pollination, stamens are removed from the flowers of trees 
that are to be female parents. Pollen from the desired male parent is then applied 
to the flower of the desired female parent. The flower is then enclosed in a bag, to 
prevent pollen from any other nearby tree fertilising it. The techniques involved 
in making specific crosses in forest trees have been discussed by various authors 
(e.g. Wright 1976; Eldridge et al. 1994; Potts 2004; Assis et al. 2005). The seed 
produced from the specific crosses is used to establish progeny tests and/or seed-
ling seed orchards (Fig. 12.1). To allow quantitative geneticists to make best use of 
the information from these progeny tests, it is important that they be very carefully 
laid out; books such as Williams et al. (2002) are devoted entirely to discussion of 
their design and the analysis of the data obtained from them.

The time, expense and expertise necessary for these various mating designs 
increase progressively from mass selection without progeny testing through to 
recurrent selection for specific combining ability. The gains should increase in the 
same order. For any breeding programme, it requires careful analysis to find the 
most cost effective balance between the gains achieved and the expense involved 
when choosing the mating design.

12.2.5  Gains

Quantitative geneticists have available mathematical tools that allow them to pre-
dict what gains (defined in Sect. 12.2.1) are likely to be achieved from each gen-
eration of a breeding programme. An example will be used to illustrate how this is 
done. It comes from Tibbits and Hodge (1998), who were involved with a breed-
ing programme for plantations of shining gum (Eucalyptus nitens) in northern 
Tasmania, Australia. The plantations were being grown to produce pulpwood for 
paper-making.

Tibbits and Hodge’s breeding programme had been through an early genera-
tion and they had available results from progeny tests from that generation. Their 
breeding population contained about 13,000 individual trees from about 300 shin-
ing gum families. The trees in this population were growing in eight different 
experimental plantations, established across a range of sites in northern Tasmania.

The breeding programme was concerned with three traits, all important for 
pulpwood production, namely tree growth rate, wood basic density and wood pulp 
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yield. The importance of wood basic density for pulp production was mentioned 
in Sect. 3.3.3. Pulp yield is the weight of oven-dry paper pulp produced per unit 
weight of oven-dry wood. Measurements representing the three traits had been 
made at 6–9 years of age on the individuals in the breeding population; that is, 
the phenotypes for each of these traits were measured. Tree growth rate was rep-
resented by stem basal area (stem cross-sectional area at breast height, cf. stand 
basal area). It was assumed that trees with larger basal areas were faster-growing 
trees. Rather more complex methods were used to measure the average basic den-
sity of the wood of the entire stem of each individual tree and its pulp yield.

Tibbits and Hodge’s next step was to determine values for their breeding popu-
lation of what are known as genetic parameters. These are computed routinely for 
a breeding population by quantitative geneticists, using information gathered from 
progeny tests. Their calculation is mathematically complex and will not be dis-
cussed further here. In effect, they allow estimation of the breeding values of the 
individual trees in the breeding population. The genetic parameter values Tibbits 
and Hodge determined for their shining gum breeding population are shown in 
Table 12.1.

The first parameter listed in the table is simply the average over all the individ-
ual trees of the breeding population of the measured (phenotypic) values of basal 
area, basic density and pulp yield. The phenotypic standard deviation is a variable 
that measures the amount of variation, over the whole population, of each of those 
traits; influences of both genes and the environment will determine that variation.

Narrow sense heritability ‘expresses the extent to which phenotypes [of off-
spring] are determined by the genes transmitted from the parents’ (Falconer and 
Mackay 1996). It is commonly known simply as heritability. The higher the herit-
ability, the fewer generations of a breeding programme will be necessary to make 
substantial gains in the desired trait. In general, quantitative traits with a heritability 
<0.1 can be expected to produce low gains in that trait from generation to genera-
tion. Traits with heritabilities in the range 0.1–0.3 can be expected to produce mod-
erate gains, whilst traits with heritabilities above 0.3 will produce appreciable gains 
(Cotterill and Dean 1990). You will find reference in texts on quantitative genetics 
to another heritability measure, known as broad sense heritability (also known as 
degree of genetic determination). This expresses the extent to which the phenotype 

Table 12.1.  Genetic parameters for three traits, of the trees in a breeding population of shin-
ing gum (Eucalyptus nitens) in northern Tasmania, Australia (derived from information in Tibbits 
and Hodge 1998)

Trait Average Phenotypic 
standard 
deviation

Narrow sense 
heritability

Genotypic (bold face) and phenotypic 
(normal face) correlations

Basal area Basic density Pulp yield

Basal area 
(cm2)

250 23 0.15 – –0.24 0.24

Basic density 
(kg/m3)

430 13 0.34 –0.09 – 0.33

Pulp yield (%) 50 1 0.27 0.27 0.23 –
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of an individual tree is determined by its genotype (Falconer and Mackay 1996). 
Broad sense heritability will play no further part in the present discussion.

The last columns of Table 12.1 show correlations between the three traits 
in the breeding population. Correlations take values in the range −1 to +1. The 
genotypic (in bold face) correlations show, in effect, the extent to which the genes 
determining one of the traits are carried on the same chromosomes as those that 
determine another of the traits. If the correlation is positive, it shows that breeding 
to favour one of the traits will also favour the other, at least to some extent. If the 
correlation is negative, breeding to favour one trait will tend to lead to a decline 
in the value of the other. If the correlation was zero, it would indicate that all the 
genes controlling each of the two traits were carried on different chromosomes. 
Thus, the genotypic correlations in Table 12.1 suggest that breeding to favour faster 
growth (basal area) could, at the same time, lead to lower basic density and higher 
pulp yield.

The phenotypic correlations in Table 12.1 show simply the correlations between 
the phenotypic measurements of the individuals. They indicate how phenotypes of 
one trait will tend to change as phenotypes of another trait change during breeding.

With this information, Tibbits and Hodge could now estimate the gains they 
would achieve in offspring from their breeding population, for any particular 
selection method (Sect. 12.2.3) and mating design (Sect. 12.2.4). Suppose they 
decided to use an index selection method to select individuals from their breed-
ing population and chose to use the Smith–Hazel selection index; this is a quite 
sophisticated index and details of it can be found in Cotterill and Dean (1990). 
Suppose also they chose to use simple recurrent selection as their mating design. 
As well, suppose they decided to select and mate 130 trees from the 13,000 in 
their breeding population, that is, they used use a selection intensity of 1 % (Sect. 
12.2.3). Using quite complex mathematical techniques (Cotterill and Dean 1990), 
Tibbits and Hodge could then have predicted that the offspring from the mating 
would have an average stem basal area of 254 cm2, wood basic density of 438 kg/
m3 and pulp yield of 50.4 %, representing gains over the corresponding average 
values (250 cm2, 430 kg/m3 and 50 %, respectively; Table 12.1) for the original 
13,000 trees in the breeding population.

Tibbits and Hodge would then need to consider if the gains they were predict-
ing were in fact large enough to be worthwhile commercially for the breeding pro-
gramme to continue and actually carry out the recurrent selection mating. If it was 
not, they might have to consider the gains that could be achieved using different 
selection intensities or with other mating designs, or even reconsider completely 
the breeding objective of their programme. Work has continued on the breed-
ing programme for shining gum (Hamilton et al. 2008; Southerton et al. 2010; 
Thumma et al. 2010; Blackburn et al. 2011).

Quantitative geneticists have mathematical tools available to them to predict the 
gains that might be achieved with any selection method and mating design. In any 
major tree breeding programme, these tools are used to help make decisions about 
what traits should be considered, and what selection methods and mating designs 
should be used in each successive generation of a breeding programme.
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12.2.6  Genotype × Environment Interactions

In breeding programmes it must always be borne in mind that environmental 
effects will modify the extent to which any trait is displayed by an individual tree. 
That is to say, breeding for a particular trait will only be effective if that trait can 
be expressed satisfactorily in the environment in which the offspring of the tree 
is to be planted. In breeding programmes, the breeding population may be sub-
divided into different breeding lines that aim to produce trees suited to particular 
environmental circumstances (Sect. 12.2.1).

If trees of a particular genotype are found to perform relatively well on some 
sites and relatively poorly on others, then there is said to be a genotype × environ-
ment interaction (often abbreviated as G × E). There have been many studies of 
the performance of trees of particular genotypes on a range of sites aiming to dis-
cern if they display such an interaction. Examples of this can be found for radiata 
pine (Pinus radiata) in Australia, New Zealand and Spain where genotype × envi-
ronment interactions were examined in tree growth rate, stem form, branch form 
(Matheson and Raymond 1984; Kumar et al. 2008; Codesido and Fernández-
López 2009; Raymond 2011), rooting ability (Theodorou et al. 1991), distance 
between branch whorls (known as internode length) (Carson and Inglis 1988), sus-
ceptibility to infection by pine needle blight (Carson 1989) and wood basic density 
(Raymond 2011; Apiolaza 2012).

Examples where genotype × environment interactions have been examined 
in other species include the level of an anticancer compound in Pacific yew (Taxus 
brevifolia) in western North America (Wheeler et al. 1995), growth of mountain ash 
(Eucalyptus regnans) in south-eastern Australia (Raymond et al. 1997), height growth 
in Canada of interior spruce (Picea glauca and Picea engelmannii) (Xie 2003), black 
spruce (Picea mariana) (Johnsen and Major 1995) and lodgepole pine (Pinus con-
torta ssp. latifolia) (Xie et al. 2007), survival, growth and rooting ability of poplar in 
northern USA (Hansen et al. 1992; Zalesny et al. 2005), height growth of Scots pine 
(Pinus sylvestris) in Sweden (Hannrup et al. 2007), growth of loblolly pine (Pinus 
taeda) and slash pine (Pinus elliottii var. elliottii) in south-eastern USA (McKeand  
et al. 2006; Roth et al. 2007a), growth and resistance to leaf chewing insect pests in 
silver birch (Betula pendula) in Finland (Silfver et al. 2009), disease resistance in 
lemon scented gum (Corymbia citriodora) in eastern Australia (Brawner et al. 2011; 
Len et al. 2011) and wood properties survival, growth and tree form of blackwood 
(Acacia melanoxylon) in Tasmania, Australia (Bradbury et al. 2010, 2011).

12.2.7  Interspecific Hybrids

Discussion to this point has concerned breeding programmes for trees of one par-
ticular species. However, it is worthwhile mentioning that considerable advantages 
have been gained in some plantation programmes by planting interspecific hybrids 
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that are crosses between two different species. Biology defines a species as con-
sisting of related organisms, capable of interbreeding in natural circumstances; 
however, it is not uncommon to find that individuals of closely related species (of 
plants or animals) can interbreed when they are living in close proximity to each 
other, sometimes under natural conditions and sometimes when they are brought 
together under controlled conditions.

Various interspecific hybrids of both softwood and hardwood species have 
been used for plantation forestry (Wright 1976; Potts and Dungey 2004; Potts 
2004; Arnold et al. 2005). Hybrids between various poplar species have found use 
in North America and Europe because of their high growth rates (Heilman et al. 
1994; Yu et al. 2008; Tullus et al. 2012). Hybrids of various eucalypt species have 
shown high growth rates (Lee 2007) and extensive plantations of them have been 
established in Africa, China, Brazil and Indonesia (Potts and Dungey 2004). The 
hybrid of a canker disease resistant eucalypt species, Eucalyptus urophylla, with 
the fast-growing but canker-susceptible eucalypt, Eucalyptus grandis, has both fast 
growth and canker resistance in plantations in the Congo (Potts and Dungey 2004). 
Hybrids of a species of willow (Salix viminalis) with other willows (S. shwerinii or 
S. burjatica) are showing potential to produce high wood yields in bioenergy plan-
tations in Europe (Robinson et al. 2004). The hybrid of slash pine (Pinus elliottii) 
with Honduran Caribbean pine (Pinus caribea var. hondurensis) shows high growth 
rates and improved stem form; it is being grown in plantations in Australia and 
is being considered for use in North and South America, China and Africa (Kerr  
et al. 2004; Dieters and Brawner 2007). On the other hand, in south-eastern USA, 
the hybrid of slash pine with loblolly pine (Pinus taeda) has proved to be more 
susceptible to a rust disease than either of the parent species (Huber and Amerson 
2011). The hybrid of two species of larch, Larix occidentalis and L. lyallii, has 
traits that might make it suitable for afforestation of sites with a climate intermedi-
ate between that of sites where the two species occur naturally (Carlson 1994).

As discussed by Volker (2002) many of the interspecific hybrids used to date 
in plantation forests have derived from individual hybrid trees that were found 
occurring naturally. There certainly appears to be considerable potential for greater 
use of hybrids and to undertake breeding programmes to develop them further. 
However, there are particular problems with their breeding, many of which arise 
because individuals that would not normally be expected to interbreed are being 
forced to do so. Potts and Dungey (2004) have reviewed the potential for and 
problems associated with interspecific hybrids in plantation forestry.

12.3  Propagation

Once a breeding programme has identified individuals with desirable traits, those 
individuals become part of the propagation population. Large numbers of off-
spring are produced from this population to be planted out in the next generation 
of the general plantation programme.
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12.3.1  Seed Orchards

One of the most common ways of raising individuals from the propagation pop-
ulation is by growing seed orchards. That is, members of the propagation popu-
lation are grown together and allowed to open-pollinate amongst themselves to 
produce seed for the general plantation programme.

As discussed in Sect. 12.2.4 and shown in Fig. 12.1, progeny tests conducted as 
part of the breeding programme may double as seed orchards. Often, their life as 
a seed orchard will continue well past the time they have provided the information 
required from the progeny test.

Sometimes, seed orchards may be established specifically for seed production. 
In that case, they are established using individuals from the propagation popula-
tion. In deciding which individuals should make up this population, it must be 
remembered that some individual trees are not as profligate seed producers as oth-
ers; if seed production is the principle purpose for establishing a seed orchard, a 
balance must be drawn between including the most desirable individuals from the 
breeding population and those that produce the most seed (Lindgren et al. 2004).

For major plantation programmes, seed orchards may be quite large, occupying 
perhaps tens of hectares. Their management is a specialised task, to ensure they 
provide both the quality and quantity of seed required for the general plantation 
programme. They need to be grown in a location that is isolated from other planta-
tions, to avoid the possibility of pollination by trees outside the orchard. They are 
usually established at wide spacings, perhaps with 9–10 m between the trees. This 
ensures that low branches will remain alive, from which it is easy to collect seed, 
and so that machinery can move freely about the orchard. Seed orchards that were 
established originally as progeny tests will usually need thinning to these wider 
spacings and only the most superior individuals will be retained at the thinning.

It takes some years from the time a seed orchard is established until the trees 
become sexually mature, flower and produce seed. In some tree species, it can be as 
long as 20 years before appreciable quantities of seed become available, although 
many species will produce appreciable amounts after 5–6 years. From the point of 
view of the general plantation programme, this time should be kept to a minimum 
so that improved seed from the breeding programme is available as soon as possible.

An interesting possibility to speed production in seed orchards is treatment of 
the trees with chemical substances that promote flowering at young ages. One such 
substance, paclobutrazol, has been used to increase flowering (hence fruit pro-
duction) in horticultural crops. It has been used successfully in seed orchards of 
shining gum (Eucalyptus nitens) in Tasmania, Australia (Moncur et al. 1994) and 
Tasmanian blue gum (E. globulus) in Portugal (Araújo et al. 1995) to obtain seeds 
from trees as young as 1–2 years old. Other substances and methods, such as rais-
ing seedlings in a heated greenhouse, have been found to promote early flowering 
in some softwood species (Philipson 1995). The use of such substances and tech-
niques remains an interesting area of research for tree breeding programmes (Reid 
et al. 1995; Potts 2004).

12.3 Propagation
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If the trees in the seed orchard are allowed to grow too tall, it can be difficult 
to collect the seed from them. Elevating platform vehicles are often used to reach 
into the canopies of tall trees. Often trees are lopped and/or their branches trained 
near the ground to facilitate seed collection. Some seed orchards are used for only 
a few years and are then abandoned, so the trees never reach heights above which 
it is difficult to collect seed. Some early flowering eucalypt species have been 
grown in seed orchards for only 4–8 years and the trees have then been felled and 
allowed to regrow by coppice (Eldridge et al. 1994).

Further reading on the different types of seed orchard that are in common use 
for plantation forestry and on many of the issues involved in their management can 
be found in Shelbourne et al. (1989), Wright (1976) and Eldridge et al. (1994).

12.3.2  Clonal Propagation

The reasons why it may be desired to produce offspring that are genotypically 
identical to their parents, that is, clones of their parents, are:

•	 If recurrent selection mating designs (Sect. 12.2.4) are being used, they require 
that clonal offspring be raised from individuals selected from the breeding 
population.

•	 It may be desired to raise large numbers of clonal offspring, from a few highly 
desirable individuals, and plant those offspring out as part of the general planta-
tion programme.

The use of clonal offspring in the general plantation programme seems to be a 
very attractive idea for plantation forestry. It should lead to the largest possible 
gains over any generation of the breeding programme, because only the most 
superior individuals will be used. As well, the methods of clonal propagation pro-
duce seedlings much more rapidly than seed orchards that must wait until the trees 
have grown to sexual maturity. Thus, the results of a breeding programme may be 
exploited more rapidly when clonal propagation methods are used.

However, the establishment of large plantation areas with clonal offspring from 
only a few, highly superior individuals is a somewhat controversial issue in planta-
tion forestry. It is argued that if some unanticipated, damaging environmental dis-
turbance occurs, then one or other of the few genotypes involved might be highly 
susceptible to the damage and the whole plantation might be lost. For example, an 
insect pest that has not previously been a serious problem for the plantation pro-
gramme may find the trees of one or other clones so attractive that its population 
rises rapidly to very damaging levels for the whole plantation. On the other hand, 
if seed produced in a seed orchard is used to establish the plantation, gains may 
not be as large, but the much wider range of genotypes present in the plantation 
may prevent such massive damage occurring. To date, there do not seem to have 
been any cases of large-scale disasters of this nature resulting from clonal plant-
ings. However, current wisdom suggests that no fewer than about 20 clones should 
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be mixed in clonal plantings to minimise the risk. Robison (2002) and Coyle et al. 
(2002) have reviewed the issues surrounding this controversy (see also Zwolinski 
and Bayley 2001). Sophisticated techniques to optimise the clonal mixture have 
been suggested (Weng et al. 2012).

Dini-Papanastasi (2008) gave an example showing the growth advantage that 
might be gained from clonal planting in Greece of Black locust (Robinia pseudoa-
cacia), a fast-growing species potentially useful for production of animal forage or 
for bioenergy plantations. Sharma et al. (2008) found that a planting of a mixture 
of 10 clones of radiata pine (Pinus radiata) in New Zealand produced the same 
stand stem wood volume yield as plantings of single clones. However, variabil-
ity amongst the trees was much greater in the mixed planting and the few fastest 
growing clones were the most competitively successful and produced a dispropor-
tionately large amount of the wood volume.

Whatever the reason for producing clonal offspring, there are five principal 
methods of clonal propagation used with forest trees, namely grafting, cuttings, 
air-layering, tissue culture and somatic embryogenesis. These techniques, and 
many variations on them, are used extensively in agriculture and horticulture. 
Substantial texts are available that discuss them in detail (e.g. Hartmann et al. 
2001; Jain and Ishi 2003; Gupta and Ibaraki 2005; Jain and Häggman 2007).

Grafting involves joining two pieces of living plant tissue from different plants 
so that they grow into one complete plant. The two pieces may be of the same or 
of different species. Usually a stem or branch section, or even a single bud (called 
the scion) of one plant is joined to the stem, with root system attached, of another 
(called the rootstock). The join is usually made through a cut and the various tis-
sues of the two plants must be aligned carefully so they will grow together to 
form a complete plant. The join between the scion and the rootstock is usually 
bound with tape, to hold the two sections firmly, whilst the plants grow together to 
become one; the resulting plant is called a ramet.

Various substances, often closely guarded proprietary secrets, may be applied 
to encourage the two grafted sections to fuse. Grafted plants are usually raised in 
pots in a greenhouse, under environmental conditions that have been found most 
suited to the requirements of the species being grafted. When the grafted plant is 
fully grown, the rootstock and the scion retain their respective genotypes. Most 
of the tree species used in plantation forestry are quite amenable to grafting 
(Wright 1976; Eldridge et al. 1994; Potts 2004). It is one of the most common 
methods used to raise clonal seedlings for the establishment of breeding arboreta 
(Fig. 12.1). It is a rather labour intensive process, so is not suitable for raising very 
large numbers of clonal individuals from a single parent.

Mass production of large numbers of clonal seedlings can be done with cut-
tings, air-layering or tissue culture. These methods require that an entire, fully 
functioning individual develops from a small piece of the parent.

Cuttings are raised by taking a small piece of stem, branch, leaf or bud from 
the parent and planting it in soil, or some form of potting mix or other culture 
medium. Roots and new shoots develop on the cutting and eventually a whole 
new plant forms (Fig. 12.2). In some species, cuttings are raised quite easily 
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Fig. 12.2.  An example of the stages involved in raising clonal seedlings from cuttings. In this 
case, the seedlings were to be planted in a clonal plantation in subtropical eastern Australia. They 
were clones of a fast-growing, superior tree that was a hybrid of two eucalypt species, flooded 
gum and river red gum (Eucalyptus grandis × E. camaldulensis). (a) A 2-year-old clonal seed-
ling that had been raised from a cutting taken from the superior tree. In the background are a 
large number of similarly cloned seedlings of the same tree. These were kept permanently in a 
greenhouse at the nursery and large numbers of new cuttings were taken from them each year. 
Small branch segments, with one or two leaves attached, were snipped from them to make new 
cuttings; you can see where pieces were snipped from this seedling. (b) A tray of these new 
cuttings, 3 weeks after they were taken. They were planted in small containers containing pot-
ting mix. To encourage rooting, they were treated with plant hormones and were grown for 
4–5 weeks in the greenhouse, with very high humidity and frequent watering. In (c), they have 
been transferred to root trainer containers (Fig. 5.3) and moved outside to be raised in the open 
air (Photos—West)

http://dx.doi.org/10.1007/978-3-319-01827-0_5
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out-of-doors in a nursery bed; some hardwood species, such as poplars (Populus 
spp.), root so readily from stem cuttings that they may be planted directly in 
the field (Zalesney et al. 2005). Other species require that cuttings be raised in 
pots in well-controlled environmental conditions in a greenhouse. Various sub-
stances, such as plant hormones, can be applied to cuttings to encourage rooting. 
Generally, growth rates of cuttings seem to differ little from those of seedlings 
after planting out (Bealieu and Bernier-Cardou 2006).

Air-layering involves sharply bending, or making a small incision in, the stem 
of the parent that causes roots to form on the stem. The rooted stem section is later 
detached from the parent and raised in a culture medium to form a new plant.

Tissue culture (often also called micropropagation) involves excising a small 
piece of tissue from the parent and raising it in vitro (a term from modern Latin, 
meaning literally ‘in glass’, and used to refer to an activity that takes place in an 
artificially created environment outside a living organism). In tissue culture, the 
excised tissue is raised in a sterile culture medium contained in a small, closed 
glass or plastic container.

Cuttings, air-layering and tissue culture all require that one type of plant tissue, 
say a stem section in a cutting or a small piece of a shoot tip in tissue culture, is 
capable of developing into an entire plant. That this is possible relies on the fact 
that every cell in a plant (or animal for that matter) contains all the genes neces-
sary to control all the functions of the entire organism. Normally, the only genes 
that are active within any one cell of a plant (or animal) are those essential to the 
function of the type of tissue of which that cell is a part (a leaf cell, a root cell, a 
cambial cell, etc.). Genes unnecessary for the functioning of that type of tissue are 
‘switched off’ (that is, they are present, but remain inactive). Thus, a fine-root cell 
does not produce pollen because the genes which control the chemical reactions of 
pollen production are switched off in such cells.

Just how and when genes in a cell are switched on or off is an area of intense 
research interest. Some chemical substances, such as certain nutrient elements 
(Sect. 2.1.4) or plant hormones, and certain environmental conditions (tempera-
ture, humidity, etc.) have been found to affect the switching on and off of genes; 
exactly how they do so has yet to be determined fully.

Nevertheless, for most plant species, at least one of cuttings, air-layering or 
tissue culture can be used to induce the growth and development into complete 
plants of many clonal individuals from a single parent. However, because our 
understanding of how genes in tissues are switched on or off is inadequate, it is 
very difficult to predict which of these practices will work successfully with any 
particular plant species and what environmental conditions are necessary to raise 
entire plants of that species. At present, research on these issues is often a rather 
hit-or-miss procedure; various practices and a wide range of environmental condi-
tions are tested until some combination is found that works successfully for the 
species concerned. Often, growers will closely guard, as proprietary secrets, the 
successful results they have obtained with a particular species.

Over recent years and for a wide range of species around the world, there are exam-
ples of the techniques involved in raising clones using grafting (Dhillon et al. 2009),  
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cuttings (Singh et al. 2006; Husen and Pal 2007a,b; Husen 2008a,b; Dhillon et al. 
2009; Branislav et al. 2009; Baul et al. 2009; Muñoz-Gutiérrez et al. 2009; Amri  
et al. 2010; Snedden et al. 2010; Majada et al. 2011; Verwijst et al. 2012; Mead 2013; 
Trueman et al. 2013), air-layering (Dhillon et al. 2009) or tissue culture (Correa 
and Fett-Neto 2004; Correa et al. 2005; Fogaca and Fett-Neto 2005; Schwambach 
et al. 2005, 2008; Mendoze de Gyves et al. 2007; Cortizo et al. 2009; Goodger and 
Woodrow 2009; Mankessi et al. 2009; Hung and Trueman 2012; Mead 2013; Ruedell 
et al. 2013).

The final method of clonal propagation, somatic embryogenesis, is a form of 
micropropagation. It involves excising tissue from the parent and placing it in a 
suitable culture medium where many embryos develop that can then be split and 
raised individually. It has an advantage over other forms of clonal propagation 
that it can readily provide countless seedlings (Kellison 2007). There are various 
examples of recent work in developing methods of somatic embryogenesis for 
various species (Aronen et al. 2009; Karami et al. 2009; De Diego et al. 2011; 
Montalbán et al. 2011; Pinto et al. 2011a; Mead 2013). Seedlings produced ulti-
mately from somatic embryogenesis are known as emblings and can, when eventu-
ally planted out, show slightly different growth behaviour from seedlings raised 
from seed (Grossnickle et al. 1994; Grossnickle and Major 1994a, b).

Many of the tree species important for plantation forestry can be successfully 
raised by one form or other of clonal propagation. Research continues with those 
species for which successful techniques have yet to be developed. Work is even 
under way to incorporate ease of clonal propagation as an objective in tree breed-
ing programmes (Thumma et al. 2010).

12.4  Genetic Engineering

Genetic engineering involves artificial manipulation of the genes that an organ-
ism contains. It was developed in the 1970s and is one of the greatest revolutions 
that has ever taken place in science in general and in the biological sciences in 
particular. It has been argued that the gains from genetically engineered crops 
used in food and energy supply and for environmental or animal health will be of 
enormous importance in addressing the challenges mankind faces with continued 
human population growth and its exploitation of environmental resources (Ronald 
2011; Mannion and Morse 2012).

In essence, genetic engineering involves identifying a gene, or genes, that con-
fers a desirable trait on an organism. Those genes, that is, the sections of DNA 
molecules that constitute the genes, are then extracted from the chromosomes of 
that organism in the laboratory and transferred to the cells of another organism. 
The two types of organisms involved, the gene donor and the gene recipient, may 
be quite unrelated; it is quite possible to transfer a gene from an animal species 
to a plant species. The transferred gene then becomes part of the genotype of the 
recipient organism and confers on the recipient the trait which that gene controls. 
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The recipient organism may then grow and reproduce quite normally. The new 
gene will be transferred to its offspring and they will have the new trait also.

An example of genetic engineering of interest to forestry is the development of 
plants resistant to the weedicide glyphosate (Green 2009). Glyphosate is applied 
as a spray to the foliage of actively growing plants. Because it kills a wide range 
of plants and has little deleterious effect on the environment, glyphosate is used 
widely around the world as a weedicide in both agricultural crops and in forest 
plantations. Obviously, it is desirable that the crop species for which any weedi-
cide is being used should not itself be affected by the weedicide but that only the 
weed species should be killed by it. Thus, it would be highly desirable to develop 
crop species that are resistant to glyphosate so there is no danger of damaging the 
crop when the weedicide is used.

Glyphosate kills plants by inhibiting the function of an enzyme (named 
5-enolpyruvoyl-shikimate-3-phosphate synthetase or EPSPS for short) that is used 
by plants during the manufacture of certain amino acids within their living cell 
tissue (Sect. 12.1.1). Amino acids (of which 20 different types occur normally in 
living organisms) are small molecules, many of which may be joined together to 
make up a protein; proteins are then crucial to the subsequent metabolism of the 
plant. The DNA that makes up any gene provides a code that determines the amino 
acids that will be used to make up the protein that gene specifies and the order in 
which they will be arranged in that protein. The lack of the amino acids manu-
factured using EPSPS is fatal for plants. In the 1980s, a form of EPSPS that was 
resistant to inhibition by glyphosate was found in a strain of a bacterium that lives 
in soil, Agrobacterium tumefaciens strain CP4. Using genetic engineering tech-
niques, the gene that provided the code to make the glyphosate resistant EPSPS 
was transferred from the bacterium to the agricultural crop plant soybean to pro-
duce the first glyphosate resistant crop species.

Since this initial success, other crop species have been genetically engineered 
to be resistant to glyphosate, including cotton, corn, canola, lucerne (also called 
alfalfa), wheat, sugarbeet, and creeping bentgrass (this last is used as a forage 
crop and as turf for golf courses). Farmers who grow these genetically engineered 
crops have been able to use glyphosate in place of environmentally more damag-
ing weedicides to both economic and environmental advantage (Roland 2011). 
However, widespread use of glyphosate is leading to the evolution of weed species 
resistant to it and so crops genetically engineered for resistance to other weedi-
cides are being sought (Wright et al. 2010).

Some plantation forest tree species have been genetically engineered for 
glyphosate resistance, including poplars (Populus) (Leplé et al. 2000) and euca-
lypts (Eucalyptus) (MacRae and van Staden 2000). Research continues to geneti-
cally engineer other crops for resistance to glyphosate, including rice (Zhao et al. 
2011) and tobacco (Sun et al. 2012), to develop further the techniques to do so 
and to examine the efficacy of the results (Cerny et al. 2010; Wright et al. 2010; 
Berman et al. 2011; Tian et al. 2012).

The steps necessary to genetically engineer a plant involve identification of the 
desirable gene or genes in whatever organism or organisms they occur, isolation of 
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the genes from those donor organisms, their introduction into tissue of the recipi-
ent organism and then, through some form of tissue culture (Sect. 12.3.2), raising 
seedlings of the recipients with the new trait inferred by the genes. The techniques 
necessary to do this vary with the donor and recipient organisms and the genes 
involved. They are complex and will not be discussed further here; numerous texts 
describe them (e.g. Bajaj 2000; Curtis 2005; Primrose and Tyman 2006; Nicholl 
2008; Jain and Minocha 2010; Henry 2012; Xu 2012). Ultimately, the genetically 
engineered plants may be grown in crops as clones or they may be included in 
conventional breeding programmes.

Considerable work over the last decade or so has examined genetic engineer-
ing of tree species for use in plantation forestry. At present, most of this work is 
in the testing stage and the only large-scale deployment to date has been in China 
where poplars genetically engineered for resistance to insect attack are grown 
commercially (Ahuja 2011). Harfouche et al. (2011) have reviewed the progress 
to date of genetic engineering in trees. Traits being considered in various species 
include resistance to diseases and insect attack, branching characteristics, growth 
and flowering behaviour, sterility to prevent outbreeding, reduced lignin content of 
wood, reduced foliage digestibility to pests and tolerance to weedicides, soil pol-
lution or cold. Harfouche et al. discussed the sequence of events necessary to get a 
genetically engineered tree species to the stage where it may be deployed commer-
cially, a process that requires around 10–13 years of development, field testing, 
regulatory approval and marketing.

Examples of recent developments in genetic engineering of trees include work 
with hybrid poplar to tolerate the high levels of certain heavy metals (such as cad-
mium, zinc and lead) found in some mine tailings (Yadar et al. 2010; Shim et al. 
2013). The trees show promise for planting on these polluted sites as part of their 
remediation (Fig. 12.3). Other work with poplar includes genetic engineering for 
tolerance to high soil salinity (Du et al. 2012), for reduced lignin content of wood 
cell walls to offer advantages for paper-making where the removal of lignin is a 
major cost (Chiang 2006; Horvath et al. 2010a, b), for modified hormone metab-
olism to affect growth rate and wood characteristics (Han et al. 2011) and for 
increased tolerance to freezing air temperatures (Zhou et al. 2010). Work with other 
species includes genetic engineering for tolerance to high soil salinity in Tasmanian 
blue gum (E. globulus) (Matsunaga et al. 2012) and for reduced foliage palatability 
to browsing mammals in birch (Betula pendula) (Vihervuori et al. 2012).

The potential advantages of using genetic engineering to produce agricultural 
and tree crops with highly desirable traits are obvious. However, there are risks 
also (Walter et al. 1998; van Frankenhuyzen and Beardmore 2004) that have been 
the source of major social protest against the deployment of genetically engineered 
crops (e.g. O’Brien 2012). In particular, there is concern that the introduction of 
new genes into a species may, inadvertently, lead to the development of some dan-
gerously undesirable trait in addition to the desirable trait the genetic engineering 
aims to achieve (Malarkey 2003; Roland 2011). However, it has been argued that 
for thousands of years conventional breeding methods have involved the transfer of 
genes between individuals, sometimes between different plant genera, apparently 
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without major disasters of this type (Gepts 2002; Miller 2010). Nevertheless, it 
must be acknowledged that genetic engineering can involve gene transfer between 
quite unrelated species such as bacteria and plants. The complexity of the effects of 
genetic engineering within organisms and assessment of its consequences are con-
tinuing research issues (Commoner 2009; Batista et al. 2008).

Several risks associated with the deployment of genetically engineered trees in the 
field have been concerning researchers. One such danger is that if genetically engi-
neered trees interbreed with trees in native forests, the engineered genes will escape 
into the native populations, perhaps with unintended consequences for the native for-
ests (Bialozyt 2012; DiFazio et al. 2012). A solution to this problem is to introduce a 
gene for sterility, at the same time as other genes are being introduced, to prevent the 
genetically engineered species reproducing sexually (Harcourt et al. 1995; Burdon 
and Richardson 2000; Kellison 2007; Harfouche et al. 2011). This solution prevents 
also the risk that seed from a genetically engineered tree might spread into the native 
populations of the species concerned, where the engineered trees might have such a 
competitive advantage that they come to dominate the native forests.

Fig. 12.3.  Seedlings of 
hybrid poplar (Populus 
alba × P. tremula var. 
glandulosa) grown 
experimentally for 
60 days in mine tailing 
soil contaminated with 
arsenic, zinc, lead and 
cadmium. The control 
seedling on the left was not 
genetically engineered to 
tolerate exposure to heavy 
metals, whilst the three 
right hand seedlings were. 
The genetically engineered 
seedlings were found to 
accumulate much higher 
concentrations of cadmium 
in their leaves than control 
seedlings. (Photo reprinted 
from Fig. 3b of Shim et al. 
2013 with permission from 
Elsevier)
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Another risk is that genetically engineered trees might affect other organisms 
which occur normally in the ecosystems of the tree species concerned. For exam-
ple, Schnitzler et al. (2010) were concerned that populations of invertebrate animal 
species occurring in a New Zealand plantation of 9-year-old radiata pine (Pinus 
radiata) might be affected by the presence of genes that inhibit antibiotic action, 
genes with which the trees had been genetically engineered. In that case, they 
could find no affects of the genetic engineering on the invertebrate populations. 
In another example, Post and Parry (2011) considered leaf chewing insects (Sect. 
10.2) that are normally present in native forests of American chestnut (Castanea 
dentata) in north-eastern North America. A fungal disease of American chestnut, 
chestnut blight, has devastated those forests. Chestnut trees genetically engineered 
for resistance to the disease have been introduced into those forests in the hope 
of rehabilitating them (Jacobs et al. 2012). Post and Parry found little effect of 
the presence of the genetically engineered trees on the insect populations, except 
that one particular insect grew faster than normal on the genetically engineered 
trees. They concluded that the rapid growth of this one insect might ultimately pre-
sent a problem for the attempts to rehabilitate these forests. Various other environ-
mental risks associated with the release of genetically engineered trees have been 
reviewed by Fladung and Hoenicka (2012).

Various authors have reviewed the environmental, economic and social issues 
that surround the use of genetically engineered crops, whether agricultural or tree 
crops (Burley 2001; Murray 2003; Roland 2011; Manion and Morse 2012). It is 
perhaps worth emphasising that genetic engineering is only a tool, useful in the 
genetic manipulation of crops. In the words of Gepts (2002), genetic engineering 
is an ‘alternative to classical plant breeding. It is principally a powerful and useful 
way of generating additional genetic diversity that can then be incorporated into 
improved crop cultivars by the proven methods and techniques of plant breeding.’

http://dx.doi.org/10.1007/978-3-319-01827-0_10
http://dx.doi.org/10.1007/978-3-319-01827-0_10
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The vast majority of forest plantations around the world are monocultures. They 
grow the single species that yields the products most desired by the market and 
offers the best return on the financial investment. Also, the use of standardised 
management and silvicultural practices most suited to that species makes for the 
greatest economic efficiency of the plantation enterprise (Kelty 2006).

However, various benefits can be obtained by establishing mixed-species plan-
tations where two or more tree species are grown together (Kelty 1992, 2006; Ball 
et al. 1995; Keenan et al. 1995; Lamb et al. 2005a; Erskine et al. 2006; Knoke 
et al. 2008; Richards et al. 2010; Onyekwelu et al. 2011). In his review of the 
topic, Kelty (2006) identified the following possible advantages:

•	 Increasing the overall growth and production of the mixture, above that of the 
corresponding monoculture plantations, by using in the mixture species that 
have complementary characteristics or where one species facilitates the growth 
of another.

•	 Increasing the growth rates of individual trees or the quality of their stem form.
•	 Providing more than one product, perhaps using different rotation lengths for 

the different species.
•	 Reducing the risk of damage by pests or diseases.
•	 Rehabilitating land that has been degraded by previous activities.

To this list might be added:

•	 Providing a more diverse ecosystem to improve biodiversity in the region.
•	 Improving the aesthetic appearance of the landscape.

In the last five of these cases, the option exists for the grower to establish small 
areas of monocultures of each of the species, sometimes referred to as a ‘coarse-
grained’ mixture or a ‘mosaic’. In the other cases, it is implicit that the plantation 
should contain two or more tree species intermingled, referred to as a ‘fine-
grained’ or an ‘intimate’ mixture.

Chapter 13
Mixed-Species Plantations

P. W. West, Growing Plantation Forests, DOI: 10.1007/978-3-319-01827-0_13,  
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This chapter is concerned principally with intimate mixtures of tree species. 
Section 13.1 discusses the growth and development of species in such mixtures. 
The remainder of the chapter gives some examples where mixed-species planta-
tions have been established successfully.

13.1  Growth and Development of Mixed-Species 
Plantations

Much of our knowledge of the growth behaviour of two or more species growing 
in intimate mixture came originally from work with agricultural crops (Trenbath 
1974; Park et al. 2003). However, research over the last decade or so with mixed-
species forest plantations has expanded (Kelty 1992, 2006; Binkley et al. 1997; 
Garber and Maguire 2004; Lamb et al. 2005a; Forrester et al. 2006b; Piotto 2008; 
Lei et al. 2012) and shows that many of the principles established from agricul-
tural research apply equally to tree species.

Of the various advantages of mixed-species plantations listed in the previous 
section, one of obvious interest to plantation forestry is the possibility of the mix-
ture producing more of the product for which the plantation is being grown than 
the corresponding species monocultures. Usually this happens because the species 
in an intimate mixture are complementary to each other in some way or one facili-
tates the growth of another in some way.

There are at least two important ways in which species may be complementary 
to each other. First, their biological characteristics may be such that they differ in 
the amounts they require of one or other of the resources essential for growth (car-
bon dioxide, light, water, nutrients and equable temperature—Sect. 2.1.1). Second, 
one species may be able to obtain some of those resources from parts of its sur-
roundings that are inaccessible to another species; for example, a species with a 
deeper root system may be able to obtain water and nutrients from further down 
the soil profile than a species with a shallower root system. In such cases, it is said 
that the species are occupying different ‘niches’ within their environment. Those 
niches will usually overlap because all of the species in the mixture will obtain at 
least some of the resources they require from the same parts of their surroundings. 
However, as long as the niches do not overlap completely, the species mixture may 
be able to use more in total of the resources available from the site than any of 
the species could in monoculture; the overall growth of the mixture would then be 
greater than the corresponding monocultures.

Specific ways in which species in mixtures may be complementary to each 
other include:

•	 Differing in height, growth form or the efficiency with which their leaves are 
capable of using sunlight to produce food in photosynthesis—such a case could 
apply in a mixture containing a species with leaves capable of undertaking 
photosynthesis in shade growing beneath the canopy of a species that requires 

http://dx.doi.org/10.1007/978-3-319-01827-0_2
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relatively high sunlight intensity. This has been observed in plantations grown 
in Europe with Scots pine (Pinus sylvestris) as the upper-canopy species mixed 
with either Norway spruce (Picea abies) or beech (Fagus sylvatica) in the lower 
canopy (Kelty 1992). Similar affects have been observed in a mixed-species 
plantation of aspen poplar (Populus tremuloides) with white spruce (Picea 
glauca) in Canada (Man and Greenway 2013).

•	 Differing in phenology, that is, the timing during the year of various of their 
processes, such as the production of foliage—in forest plantations, this might 
occur where a deciduous species makes an upper canopy in mixture with an 
evergreen species. The evergreen species may have a period each year when it 
can grow fully exposed to light, before the deciduous species develops its new 
canopy (Kelty 1992).

•	 Differing in root system structure, particularly the depth of rooting—Neave 
and Florence (1994) gave an example from native forests in New South Wales, 
Australia, where the pattern of occurrence across the landscape of spotted gum 
(Eucalyptus maculata), blackbutt (Eucalyptus pilularis) and Acacia mabellae 
was determined by differences in their rooting depths and, hence, their abilities 
to access water and nutrients from different depths within the soil. Hardwood 
and softwood species, growing together in native forests in Canada developed 
their root systems in rather different ways so that each could exploit the avail-
able soil resources differently (Bauhus and Messier 1999; Brasard et al. 2011). 
Dunbabin et al. (1994) showed how plants with differently shaped root systems 
may differ in their ability to take up nutrients from the soil.

Specific ways in which species in mixtures may facilitate other species include:

•	 Effects on nutrient recycling through leaf litter—where coniferous forests 
dominate the landscape in colder regions of the northern hemisphere, leaf litter 
on the ground decomposes slowly because of the low temperatures. Thus, the 
nutrients in the litter are returned only slowly to the soil for reuse by the trees 
(Sects. 2.1.4, 2.3.3, 6.3) that may then suffer some nutrient deficiency. This is a 
problem particularly with nitrogen as it is required in larger amounts than other 
nutrients (Sect. 2.1.4). Also, conifer litter is rather higher in its ratio of the car-
bon to nitrogen it contains when compared with other forest species types; this 
too limits the activity of the microbes that decompose litter (Kelty 1992).

 Under these circumstances, a hardwood species may facilitate growth of 
a coniferous species when they grow in mixture. For example, in Germany a 
hardwood birch (Betula) species is sometimes established in mixture with the 
softwood species spruce (Picea abies). The leaves of birch are rather higher in 
their nitrogen content than those of spruce. When they fall as litter, they reduce 
the ratio of carbon to nitrogen in the litter as a whole and the litter is decom-
posed more rapidly. This ensures an adequate supply of nitrogen is available 
to newly developing spruce leaves and fine roots (Brandtberg and Lundkvist 
2004).

•	 Having a nitrogen-fixing capability—nitrogen is abundant in the environment; 
about four-fifths by volume of air is nitrogen, but gaseous nitrogen cannot be 
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taken up by plant roots. However, there is a large group of nitrogen-fixing plants 
(over 600 of which are tree species) that are capable of transforming nitrogen 
from the atmosphere into a chemical form that other plant roots can then take up 
from the soil. Most of the plants with this capability are from the legume family 
(the scientific name of which is the Fabaceae, a well-known member of which 
is the common garden pea), although species from some other plant families 
have this capability also.

 On their roots, nitrogen-fixing plants develop nodules that contain certain bac-
teria capable of carrying out this chemical transformation of nitrogen that has 
diffused into soil from the air (Franche et al. 2009). Because of this capability, 
many nitrogen-fixing plants are extremely important in agriculture generally, 
wherever nitrogen availability in soil is limited.

•	 Promotion of mycorrhizal fungi development on the root system of another 
species in the mixture—Duponnois et al. (2011) gave an example of reforesta-
tion of semi-arid sites in Morocco where a mixture of the shrub French laven-
der (Lavandula stoechas) with the tree Moroccan cypress (Cupressus atlantica) 
promoted the development of mycorrhizae on the cypress seedlings and 
improved their growth substantially.

•	 Production of exudates from their roots that advantage another species—Yang 
et al. (2010) gave an example where exudates from the roots of Dahurian larch 
(Larix gmelini), planted in mixture with Manchurian walnut (Juglans mandshu-
rica) in China, promoted soil properties that destroyed root exudates of the wal-
nut, exudates which severely restricted the growth of the walnuts themselves.

There are other advantages to be gained from mixtures (Keenan et al. 1995; Kelty 
2006). It may be that one of the species protects another from pests or disease. 
Another possibility is for a taller species to shade a smaller one, leading to less 
branching or an improved stem form of the smaller species, albeit usually with 
reduced growth rate; this may lead ultimately to an improvement in the qual-
ity of the wood harvested. Perhaps also, a taller species might protect by shad-
ing a smaller species that is unable to grow well in full sunlight in the early years 
after planting. A species in a mixture that protects another in some way is termed 
a ‘nurse’ species. Often the nurse species is removed relatively early in the life 
of the plantation, once its nursing function has been completed. In addition, there 
can be various environmental advantages of mixed species plantations in rehabili-
tation of damaged or degraded sites (Erskine et al. 2005; Specht and Turner 2006; 
Pagano et al. 2009; Oelmann et al. 2010; Piotto et al. 2010; Fujishima et al. 2011; 
Plath et al. 2011; Singh et al. 2012) or affecting biodiversity in region (Catterall  
et al. 2005; Kanowski et al. 2005a; Wardell-Johnson et al. 2005; Knoke et al. 2008; 
Zeugin et al. 2010; Plath et al. 2011; Oxbrough et al. 2012; Millett et al. 2013).

Considerable care must be taken when selecting the species to be included in a 
mixture to be sure that the mixture will be effective through the complementary, 
facilitative or protective characteristics of the species involved (Coll et al. 2008; 
Oelmann et al. 2010; Zeugin et al. 2010; Nguyen et al. 2012). It would be rare to 
include more than three or four species in a plantation mixture (Lamb et al. 2005b; 
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Kelty 2006); more than this would make it difficult to match their characteristics 
appropriately.

In intimate mixtures, the processes of symmetric and asymmetric competition 
(Sect. 2.4) continue to occur, both between trees of the same species in the mixture 
and between trees of the different species. However, unlike monocultures, com-
petition below ground for water and nutrients from the soil may be asymmetric. 
If one species is physiologically better able to take up water and nutrients from 
the soil, it will be able to obtain a disproportionately large proportion of those 
resources (Hutchings et al. 2003). Just as with asymmetric competition for light 
above ground (Sect. 2.4), that will lead eventually to trees of that species becom-
ing the larger trees in the plantation; in mixtures, competitively more successful 
species are often termed the more ‘aggressive’ species.

Lei et al. (2012) described an experiment in Germany where asymmetric 
competition below ground occurred between species in an intimate mixture. The 
experiment involved two evergreen softwood species, Douglas fir (Pseudotsuga 
menziessii) and Norway spruce (Picea abies), mixed with two deciduous hard-
wood species, beech (Fagus sylvatica) and sessile oak (Quercus petraea). At 
6 years of age, the softwood species had far greater fine root biomasses to 30 cm 
depth in the soil than the hardwoods. This gave them a substantial competitive 
advantage so that their overall growth was much greater than that of the hard-
woods. Once the softwoods became appreciably taller than the hardwoods, they 
would be expected to have a further competitive advantage by shading the hard-
woods. Lei et al. were unsure as to how or why the softwoods developed the 
below ground competitive advantage over the hardwoods; further work is neces-
sary to explore the interactions in that case (see Pretzsch 2010). However, Reyer 
et al. (2010) found that during periods of drought, beech was the more successful 
competitor when mixed with Douglas fir because it had greater fine root biomass 
below 30 cm soil depth that allowed it to access soil water to greater depth than 
Douglas fir.

13.2  Examples of Mixed-Species Plantations

A number of examples will be given in this section to illustrate a variety of ways 
in which intimate mixtures may have a role in plantation forestry and how differ-
ent mixtures grow and develop.

13.2.1  Sydney Blue Gum–Falcataria in Hawaii

One of the most striking and widely quoted examples of a successful mixed-spe-
cies plantation comes from experimental work done in Hawaii by DeBell et al. 
(1997) (see also Binkley and Giardina 1997). The experiment involved an intimate 

13.1 Growth and Development of Mixed-Species Plantations

http://dx.doi.org/10.1007/978-3-319-01827-0_2
http://dx.doi.org/10.1007/978-3-319-01827-0_2


216 13 Mixed-Species Plantations

mixture of two species, Sydney blue gum (Eucalyptus saligna) and Falcataria 
moluccana (named previously either Albizia falcataria or Paraserianthes fal-
cataria). The experimenters were investigating the possibility of producing high-
quality timber from plantations established on sites that had been degraded after 
many years of repeated cropping with sugar cane. The soils were particularly lack-
ing in nitrogen and Falcataria was of interest because it is a nitrogen-fixing spe-
cies (Sect. 13.1).

The experiment involved growing both species in experimental plots planted 
with 2,500 trees per hectare. The plots contained either each species alone or both 
species planted in intimate mixture. In the mixtures, different plots had different 
proportions of the two species. Experiments of this type are used commonly in 
studies of competition between two or more species and are known as ‘replace-
ment’ experiments (Kelty and Cameron 1995).

Figure 13.1 shows the stand oven-dry biomass of stem wood, measured at 
10 years of age, in the experimental plots with differing proportions of the two 
species. The results show that blue gum was the more aggressive competitor of the 
two, because its growth in mixture was consistently closer to its growth in mono-
culture (that is, in plots with 100 % blue gum) than was the case for Falcataria.

The results show also that the total stem wood yield of the two species in mix-
ture was consistently higher than the yield of either in monoculture, reaching a 
maximum of 230 t/ha when 34 % of the trees planted were blue gum and 66 % 
were Falcataria. DeBell et al. showed that the higher yields of the mixtures were 
due to the benefits gained by the blue gum from the nitrogen contributed to the site 
by Falcataria through fixation of nitrogen.

Because blue gum was the more aggressive competitor, in the mixtures its trees 
soon outstripped the Falcataria trees in height. The blue gum trees were then 
able to shade the Falcataria trees and reduce their growth substantially through 

Fig. 13.1  The stand stem 
wood oven-dry biomass 
of Sydney blue gum 
(Eucalyptus saligna) (●), 
Falcataria moluccana (○) 
and the total of the two 
species (∎) at 10 years 
of age in experimental 
plantations of the two 
species in mixture in Hawaii. 
The results are graphed 
against the percentage of 
Eucalyptus saligna planted 
in different plots in the 
experiment (Source—DeBell 
et al. 1997)
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asymmetric competition. At 10 years of age in the plots planted with 50 % of each 
species, the blue gum trees averaged 29 m in height, 20 cm in stem diameter at 
breast height and 0.33 m3 in stem wood volume. The Falcataria trees were much 
smaller, averaging 15 m in height, 13 cm in stem diameter and 0.12 m3 in stem 
wood volume.

The largest blue gum trees in the experiment were found in the plots where 
total wood production was the highest, that is, where only 34 % of the trees 
planted were blue gum. At 10 years of age, those trees averaged 31 m in height, 
24 cm in diameter at breast height and 0.50 m3 in stem wood volume. This was 
far more than the average 24 m in height, 15 cm in diameter and 0.16 m3 in stem 
wood volume of the blue gum trees growing in the monoculture plots. In effect, 
the low initial stocking of the blue gum in that mixture (800 trees per hectare), 
coupled with their great competitive advantage over the Falcataria trees, ensured 
their much greater average size than blue gum growing in the much more heavily 
stocked (2,500 trees per hectare) blue gum monoculture. From a timber produc-
tion point of view, the blue gum trees in that mixture would produce much higher 
quantities of more valuable, large logs than those in the blue gum monoculture. 
These results for blue gum are almost what might be expected if blue gum trees 
had been planted at a low stocking density and nitrogen fertiliser had been applied 
to them, rather than planting the Falcataria trees mixed with them to supply the 
nitrogen.

In the mixed-species plots, so competitively successful were the blue gum 
trees that DeBell et al. concluded the Falcataria trees were too small to produce 
any worthwhile amounts of timber. That did not concern them, because of the 
enormous gains they had achieved in timber production by the blue gum trees 
in the mixture. Figure 13.2 shows a photograph of a mixed-species stand in the 
experiment.

This experiment provides a classic example where a nitrogen-fixing, species 
planted in mixture with a more aggressive species can provide enormous benefits, 
both in timber production by the aggressive species and by avoiding the need to 
apply expensive nitrogen fertiliser. Other work has considered also plantations of 
eucalypts mixed with a nitrogen-fixing species (Austin et al. 1997; Khanna 1997, 
Kumar et al. 1998; Bauhus et al. 2000, 2004; Forrester et al. 2004, 2005, 2006a, 
2007a, b, 2010a, b, 2011; Bristow et al. 2006; Xiang and Bauhus 2007; Bouillet  
et al. 2008; Laclau et al. 2008; Brockwell et al. 2011; Voigtlaender et al. 2012).

13.2.2  Black Alder–Poplar in Quebec

This example involved a replacement experiment (Côté and Camiré 1987) with 
a nitrogen-fixing species black alder (Alnus glutinosa) mixed with a hybrid pop-
lar (Populus nigra × Populus trichocharpa) in plantations in Quebec, Canada. 
The experiment was established at an extraordinarily high stocking density 
(90,000 trees per hectare) and the trees were intended to be grown for only a few 
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years as a bioenergy plantation (Sects. 1.2, 7.2.4). Poplars are used for bioenergy 
plantations in Europe and North America because they grow rapidly and coppice 
(Sect. 5.5) readily. In this experiment, black alder was mixed with poplar to assess 
its contribution to nitrogen nutrition in the plantation.

Figure 13.3 shows the stand total biomass (above-ground and below-ground 
parts of the trees), after 3 years of growth, of each species and the two combined. 
The results were similar to those for the Sydney blue gum–Falcataria moluccana 
mixtures (Sect. 13.2.1). The poplar was the more aggressive competitor. Even after 

Fig. 13.2  A photograph of a mixed Sydney blue gum (Eucalyptus saligna)–Falcataria moluc-
cana stand, at 20 years of age, in experimental plantations of the two species in mixture in 
Hawaii (DeBell et al. 1997). The crowns of the Falcataria trees can be seen extending over the 
path and are well below the crowns of the much taller and larger, white-stemmed blue gums 
(Photo—J. B. Friday)

http://dx.doi.org/10.1007/978-3-319-01827-0_1
http://dx.doi.org/10.1007/978-3-319-01827-0_7
http://dx.doi.org/10.1007/978-3-319-01827-0_5
http://dx.doi.org/10.1007/978-3-319-01827-0_13
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only one year of growth, the poplar trees were more than twice as tall as the alder 
trees; a similar height difference was observed by Hansen and Dawson (1982) in 
another alder–poplar mixed planting. The biomass production was highest in the 
33 % poplar with 67 % alder mixture, indicating an advantage was gained by pop-
lar from nitrogen fixation by the alder.

The results suggest that inclusion of a nitrogen-fixing species in intimate mix-
ture in a bioenergy plantation might increase total production. DeBell and Radwan 
(1979) found a similar effect in another alder–poplar mixed planting. If it was 
allowed to continue growing, the more aggressive poplar would be expected even-
tually to dominate the mixture, just as Sydney blue gum did in the example in 
Sect. 13.2.1. In natural stands, poplar has been found as the dominant species in 
stands where it is mixed with alder (Pezeshki and Oliver 1985).

13.2.3  Cedrela–Cordia–Hyeronima in Costa Rica

Menalled et al. (1998) have provided a very interesting example of a mixed-
species plantation, where insect damage and incomplete niche overlap in all of 
canopy structure, phenology and rooting structure seemed to be determining tree 
growth behaviour in the mixture.

They considered three tropical tree species, native to Costa Rica and of inter-
est to plantation forestry there, Cedrela odorata, Cordia alliodora and Hyeronima 
alchorneoides. They established an experimental plantation (planted with 2,887 
trees per hectare) with plots containing monocultures of each species and an 

Fig. 13.3.  The stand 
oven-dry biomass yields 
(shoots plus roots), after 
3 years of growth, of 
hybrid poplar (Populus 
nigra × P. trichocharpa) 
(●), alder (Alnus glutinosa) 
(○) and the total of the 
two species (∎) in a 
replacement experiment 
in a bioenergy plantation 
in Quebec, Canada. The 
results are graphed against 
the proportion of poplar 
planted in different parts of 
the experiment (data from 
Table 3 of Côté and Camiré 
1987) 0
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intimate mixture of the three with (in effect) one-third of the trees in the mixture 
being of each species. Trees in the mixture grew rapidly and, by 4 years of age, the 
tallest trees were around 15-m tall and the canopy had closed.

Cedrela is a species susceptible to attack by larvae of an insect, the mahogany 
shoot borer (Hypsipyla grandella) that bores into the growing tips of trees and 
may damage them severely (Sect. 9.7.4). In the mixture in the experiment, dam-
age to the Cedrela trees reduced their early growth so much that, by 4 years of 
age, they formed an understorey of small trees below the other two species. So 
severe was their initial disadvantage that it appeared that Cedrela would continue 
to be suppressed by the taller trees in the mixture, through asymmetric competi-
tion for light. Even though they suffered substantial insect damage also, Cedrela 
trees growing in monoculture continued to grow better than those in the mixture; 
mahogany shoot borer ceases to damage trees once they are more than about 5-m 
tall, because the adult insects do not fly much higher than that.

Cordia was the most aggressive competitor in the mixture and, by 4 years of 
age, its trees were tallest and formed an overstorey above the Hyeronima trees 
(with the small Cedrela trees below the Hyeronima trees). However, Cordia is 
a semi-deciduous species and maintains a rather open canopy that does not cast 
heavy shade. Hyeronima is a species well adapted to carry out photosynthesis in 
partial shade; hence, the Hyeronima trees were able to form a dense canopy below 
the Cordia trees and continued to grow well in the partial shade. Because of this 
niche differentiation in canopy positions between Cordia and Hyeronima trees 
(and the small Cedrela trees) the total leaf area index (Sect. 2.3.1) of the mixed-
species plantation intercepted about the same amount of sunlight as the Hyeronima 
monoculture and appreciably more of the sunlight than the Cordia or Cedrela 
monocultures. That is to say, the mixed-species plantation is likely to show at least 
as much growth in total as any of the monocultures.

As well as this niche differentiation in canopy position, Menalled et al. argued 
that the semi-deciduous nature of Cordia would lead also to niche differentiation 
in phenology. For parts of the year when the canopy of Cordia had lost some of 
its leaves, the Hyeronima canopy would be better lit and be able to carry out more 
photosynthesis than when the Cordia canopy was fully developed.

In addition to canopy niche differentiation, it was argued there was likely to 
be niche differentiation between Cordia and Hyeronima in the ability of their root 
systems to obtain nitrogen from the soil. Cordia requires rather high amounts of 
nitrogen for its metabolic needs and Hyeronima is a rather deeper-rooting species 
than Cordia. Menalled et al. argued that in mixture, Hyeronima may be able to 
access nitrogen from deeper in the soil than Cordia. Thus, more nitrogen would 
be available to the trees in the mixture than would be available to either species in 
monoculture. This might be expected to produce greater production overall in the 
mixture than in the monoculture.

Menalled et al. were reporting results from the experiment at only 4 years of 
age, much too young to surmise how the tree sizes and wood yields would have 
developed by the time the trees were large enough to harvest for timber. However, 
their results illustrate that selection of the appropriate species to include in a 

http://dx.doi.org/10.1007/978-3-319-01827-0_9
http://dx.doi.org/10.1007/978-3-319-01827-0_2
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mixed-species plantation can lead to substantial niche differentiation between 
the species. This means that overall better use can be made by the trees of the 
resources for growth available at a site, with consequent gains in production. 
Montagnini and Piotto (2011) also gave results from intimate mixtures of vari-
ous species native to Costa Rica, where total growth in the mixtures exceeded that 
in corresponding monocultures. Bauhus et al. (2004) have described an interest-
ing case of an intimate mixture of a nitrogen-fixing species black wattle (Acacia 
mearnsii) with the eucalypt Tasmanian blue gum (Eucalyptus globulus). They 
attributed the higher above-ground biomass of the mixture than of the mono-
cultures to canopy niche differentiation rather than, or as well as, the nitrogen 
fixation.

13.2.4  Red Cedar–Silky Oak in Queensland

This example illustrates a case where a nurse species protected another species 
from damage by a pest, in this case an insect pest. It involved an experimental 
plantation of an intimate mixture of silky oak (Grevillea robusta), as the nurse spe-
cies, and red cedar (Toona ciliata) in tropical north Queensland, Australia (Keenan 
et al. 1995). Both species are native to Australia and both produce desirable tim-
ber. However, red cedar is prized particularly as a very high-quality timber for 
furniture making, both in Australia and in other parts of Asia where the species 
occurs naturally.

Red cedar is very susceptible to attack by larvae of an insect, the tip moth 
(Hypsipyla robusta) that bores into the growing tips of trees and may damage 
them severely (red cedar is a species related to Spanish red cedar that is damaged 
similarly by a related insect—Sects. 9.7.4, 13.2.3). So severe is the damage to red 
cedar by the insect, that it has largely precluded it from consideration as a species 
for plantation monoculture in Australia.

The experimental plantation was established at 2,000 trees per hectare, with 
plots of either a monoculture of red cedar or an intimate mixture of equal numbers 
of red cedar with silky oak. Also, additional plots were established at 1,000 trees 
per hectare with monocultures of silky oak. Annually over the next 5 years, red 
cedar trees were planted at 1,000 trees per hectare in the silky oak monoculture 
plots. Eventually, this gave a sequence of intimate-mixture plots, with red cedar 
planted at successively later ages below the silky oak.

The protection from insect attack afforded to the red cedar by the silky oak 
was remarkable, provided the silky oak trees were at least 1-year old when the 
red cedar trees were mixed with them. Without the protection of silky oak, only 
about 30 % of red cedar trees were still alive 10 years after planting. Also, more 
than 30 % of those survivors had poor form, with multiple leading shoots sprout-
ing from the damaged tree tips.

With protection from 1-year-old silky oak, about 75 % of the red cedar trees 
survived to 10 years of age and only 3 % of those had poor form. The proportion 
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of red cedar trees surviving rose as the age of the silky oaks below which they 
were planted rose, reaching about 95 % with protection from silky oaks that were 
5-years old when the red cedar trees were planted; the proportion of surviving red 
cedar trees with poor form remained at about 3 %.

As yet, it has not been determined exactly how the presence of the silky oak 
protects red cedar from attack by Hypsipyla. Shading, reduced temperature and 
reduced wind below the protective canopy have all been identified as factors 
reducing Hypsipyla activity (Mitchell 1971; Mo and Tanton 1996; Campbell 1998; 
Opuni-Frimpong et al. 2008b). Further work on the problem attempted to deter-
mine what red cedar properties favour attack by Hypsipyla (Bygrave and Bygrave 
1998, 2001; Cunningham and Floyd 2004).

Keenan et al. concluded that the most appropriate management regime for red 
cedar trees would be to plant them below 2-year-old silky oak trees. Competition 
from the silky oak trees would then be minimised by removing them from the 
plantation at about 10 years of age. The red cedar trees would then be thinned 
twice, to a final stocking density of 150 trees per hectare, with a view to clear-
felling for timber at about 50 years of age.

An interesting addition to the story of red cedar plantations comes from 
Argentina (Dordel et al. 2010, 2011a, b). The tip moth does not occur there, but 
its close relative the mahogany shoot borer (Hypsipila grandella) does so and is 
a pest of Spanish red cedar (Cedrela odorata), a species native to Argentina (see 
Sect. 9.7.4). The Australian red cedar is unaffected by the mahogany shoot borer 
and, because it has wood properties similar to those of Spanish red cedar, it is now 
being grown as an exotic plantation species in Argentina in place of Spanish red 
cedar. However, the Australian red cedar still needs to be grown in mixed-species 
plantations with a nurse species to protect it from drought and frost; silky oak has 
been found to be the most satisfactory nurse species to use for that.

http://dx.doi.org/10.1007/978-3-319-01827-0_9
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Mead (2005) published a very thoughtful review where he attempted to identify 
the silvicultural practices that have proved to be most effective, generally around 
the world, in increasing plantation productivity (in biomass or wood volume 
growth rate). Table 14.1 summarises his conclusions and shows also his assess-
ment of the relative costs incurred with various practices. On the basis of these 
results, he suggested that, in general, ‘the priorities for improving productivity 
should be:

1. First, ensure that the correct species and provenance for the site are being used.
2. Treat major nutrient deficiencies and ensure that there is good rooting depth by 

draining the site, etc. These will lead to long-term improvements in [productiv-
ity] and the results can often be spectacular.

3. Use good planting stock, planting methods, weed control, and the optimum ini-
tial stocking level/rotation length. On droughty sites, weed control is critical.

4. A longer term option is tree breeding, while using [nitrogen] fertiliser on estab-
lished stands produces rapid productivity gains.’

Irrigation is one silvicultural practice mentioned in Mead’s table that has been 
considered little in this book. On drier sites, irrigation can lead to spectacular 
increases in productivity. However, the availability of water and the costs of large-
scale irrigation generally preclude it as a silvicultural practice expect in special-
ised cases, such as plantations being used for disposal of sewage waste (Sect. 1.2). 
Baker et al. (2005) have discussed some examples of irrigated plantations in 
Australia. Mead did not include pest or disease control (Chaps. 10, 11) in his list 
of silvicultural treatments. Of course, these are protective measures to prevent 
loss of productivity, rather than to increase it; where they are necessary, failure 
to implement them can lead to disastrous losses. Nor did he include thinning or 
pruning (Chaps. 8, 9). Both of these are concerned principally with improvement 
of the quality of the wood produced, through increased sizes of logs or production 
of wood clear of knots. Nor did he consider in any detail the effects of silvicultural 
practices on the quality of the wood produced (Sect. 3.4), hence on its value.

Chapter 14
Silviculture and Sustainability

P. W. West, Growing Plantation Forests, DOI: 10.1007/978-3-319-01827-0_14,  
© Springer International Publishing Switzerland 2014
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In a practical example relating to Mead’s conclusions, du Toit et al. (2010) 
reviewed the research in South Africa on eucalypt plantations being grown for 
pulpwood over a range of sites. They suggested that, of an average gain of 46 % in 
wood volume production by the plantations over the last few decades, 13 % could 
be attributed to choice of the most appropriate species, 13 % to choice of planting 
density, 11 % to choice of silvicultural practice and 9 % to improvements through 
tree breeding.

Ultimately, the decision as to what silvicultural practices are employed in 
any particular plantation will be determined by economic factors; these include 
not only financial but also environmental and social considerations (Mead and 
Pimentel 2006; Stewart et al. 2011; Gelo and Koch 2012; Obidzinski et al. 2012; 
May et al. 2012; Nahuelhual et al. 2012; Vihervaara et al. 2012; Witters et al. 
2012). If the economic gains achieved through some silvicultural practices are 
insufficient to more than offset the costs involved, then obviously those practices 
will be avoided. Productivity, as reflected in tree growth, is often the most impor-
tant factor determining at least the financial viability of a plantation enterprise; 
Mead’s conclusions have given some useful guidelines as to what issues will gen-
erally be most important in determining productivity.

Table 14.1  A summary of the gains in wood production achieved, over a short (up to 
12–15 years) or long (more than 15 years) rotation, through the application of various 
 silvicultural practices in commercial plantation forests around the world, together with the 
 relative cost of each practice

Silvicultural practice Gains (%) in wood yields over a rotation Relative cost

Short rotation Long rotation

Selection of species or provenance 25 to > 75 25 to > 75 Low
Correction of major mineral  

nutrient deficiencies on-site
25–75 Up to > 75 Moderate to high

Provision of adequate rooting  
depth by drainage or breaking  
up compacted layers in soil

>75 25–50 Moderate to high

Site cultivation >75 10–25 High
Quality of seedlings and care in  

planting
25–50 <10 Moderate

Stocking density at planting and  
choice of appropriate rotation  
length

10–75 10–25 Moderate

Weed control 25 to > 75 <10 to > 75 Moderate
Applying fertiliser at planting 10–25 <10 or 10–25 Low to moderate
Irrigation Up to 75 Up to 50 High
Application of fertiliser after  

canopy closure
25–50 <10 or 10–25 High

Tree breeding 10–75 10–50 Very high

Adapted from Table 2 of Mead (2005)



22514 Silviculture and Sustainability

Of course, Mead’s conclusions are generalisations. Any particular plantation 
will have to be considered on its merits to decide which factors are most crucial 
to ensure its viability. Various authors have emphasised that site-specific man-
agement is essential to ensure optimum plantation growth (Turner et al. 1999; 
Fox 2000; Burger 2009; Zhao et al. 2009; du Toit et al. 2010). That is, it will be 
necessary to have ‘…detailed knowledge of soils as they occur on the landscape 
and their physical, chemical and biological properties that affect productivity… 
Understanding the processes and properties of a specific soil will enable forest-
ers to develop management regimes tailored to each soil’ (Fox 2000). From the 
discussion in this book, it should be evident how complex the development of site-
specific management practices for plantation forests can be.

Superimposed on consideration of the silvicultural technology that can be 
used today in plantation forestry must also be consideration of the sustainability 
of the plantation enterprise. From thousands of years of agricultural experience, 
it is well known that repeated cropping and manipulation of sites can lead to site 
degradation and, ultimately, crop failure. The book by Lindenmayer and Franklin 
(2003) gives much information on the developments in forestry that have occurred 
in recent times to promote sustainable management practices. Burger (2009) 
reviewed the developments in sustainable forestry practices that have occurred 
across North America over the last 100 years.

Because of its long-term nature, only rather limited information is available to 
assess whether or not plantation forestry around the world is in fact being done 
in a sustainable fashion. Zhang et al. (2004) found that above-ground biomass 
growth of China-fir (Cunninghamia lanceolata) in central China declined appre-
ciably in a second plantation rotation, apparently due to increases in soil bulk 
density and nutrient losses between rotations. However, later work in western cen-
tral China (Tian et al. 2011) found that total biomass (above- plus below-ground) 
growth of China-fir was reduced only during the first decade of a second rotation, 
following a 21-year long first rotation. By 18 years of age there was no difference 
between the first and second rotation biomasses. Tian et al. attributed the early 
growth reduction in the second rotation to the use of establishment practices in the 
second rotation that reduced nutrient availability on the site more so than practices 
used in the first rotation. This favoured the development of a higher proportion of 
root biomass in the second rotation sites. In later years, this gave second rotation 
sites an advantage in accessing soil resources for growth, allowing them to grow 
more rapidly overall in later years and make up the earlier growth disadvantage.

A well-researched and longer term example of sustainability comes from the 
radiata pine (Pinus radiata) plantations of south-eastern South Australia. Their 
productivity (as assessed by stem wood volume growth) was found to have 
declined from their first rotation, established in the early 1900s, to their second 
rotation, established 30-40 years later (Keeves 1966). It was found that silvicul-
tural practices applied in the second rotation were inferior to those used in the 
first, particularly with respect to weed control and heaping and burning of the 
debris left after harvesting the first rotation. These deficiencies were overcome in 
the third rotation that was established in the 1970s and, coupled with a breeding 
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programme that provided faster growing trees, growth in the third rotation 
exceeded that of the first (O’Hehir and Nambiar 2010).

Study of plantation yields from the same sites over several rotations in other 
parts of the world have also found productivity increases in later rotations, appar-
ently due to continued improvements in silvicultural practice (Evans 1999; Powers 
1999; Everett and Palm-Leiss 2009). In the case of radiata pine (Pinus radiata) 
plantations in New Zealand, increased productivity in the second rotation was 
ascribed to chance improvements in weather conditions between the first and 
second rotations (Woollons 2000), whilst increased atmospheric deposition of 
nitrogen due to increased industrial activity in Europe (Spiecker et al. 1996a; 
Solberg et al. 2009) may have been a contributing factor to increased yields of 
second rotation Norway spruce (Picea abies) plantations in Sweden (Eriksson and 
Johansson 1993). Much further study will be needed to determine if these produc-
tivity increases, due to improved silvicultural practice, improved genetic material 
or other factors, are hiding much longer term, deleterious effects on sites. Carter  
et al. (2006) gave an example from loblolly pine (Pinus taeda) plantations in 
south-eastern USA where growth reductions in the second rotation, due to soil 
compaction from first rotation harvesting practices, were hidden by gains due to 
improved weed control in the second rotation.

Considerable effort is being made in forestry in general, not just plantation for-
estry, to develop criteria by which long-term sustainability of forestry practices 
might be judged together with indicators (that is, specific measurements) to assess 
whether or not those criteria are being met (Grayson 1995; Hickey et al. 2005). 
Powers (1999) was of the opinion that determination of the effects of plantation 
forestry on soil air porosity and the organic matter in the soil will be two of the 
most important indicators of any long-term deleterious effects of plantation for-
estry; air porosity determines the ability of roots to grow and develop (Sect. 5.1) 
and organic matter is associated intimately with the cycling of nutrients in the 
plantation and the availability of nutrients from the soil (Sects. 2.3.3, 6.1.2, 6.3, 
8.1). Attempts have been made to consider various soil properties as indicators of 
sustainable forest management (Hopmans et al. 2005; Palmer et al. 2005; Powers  
et al. 2005; Gartzia-Bengoetxea et al. 2009).

Stupak et al. (2011) summarised the attempts that have been made around the 
world to develop such criteria and indicators. They presented a summary list of the 
issues that have been considered important by forest management and certification 
agencies in assessing the sustainability of forest management for fuel (firewood or 
bioenergy) production; the list has considerable relevance to all forms of forestry 
practice in both plantations and native forests. Quoting directly from Stupak et al. 
the issues to be considered were:

•	 ‘Decreases in productivity and soil fertility because of increased removal of 
nutrients and organic matter, and impacts of fertilisation to compensate for 
increased nutrient removals or to increase productivity.

•	 Reductions in the amount of breeding and feeding material left on-site for dead-
wood-living organisms because of increased removals of dead organic matter.

http://dx.doi.org/10.1007/978-3-319-01827-0_5
http://dx.doi.org/10.1007/978-3-319-01827-0_2
http://dx.doi.org/10.1007/978-3-319-01827-0_6
http://dx.doi.org/10.1007/978-3-319-01827-0_6
http://dx.doi.org/10.1007/978-3-319-01827-0_8
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•	 Increased risk of insect pests and of trapping and removal of rare 
 deadwood-living insects in biomass stored or seasoned on-site.

•	 Physical soil damage and reduced water quality because of intensive manage-
ment methods, such as increased machine traffic, site preparation or stump 
harvesting.

•	 Loss of or undesirable change in biodiversity or soil and water quality due to 
over-utilisation, land-use change, or use of exotic species or [genetically modi-
fied organisms].

•	 Reduced emissions of greenhouse gases due to substitution of fossil fuels for 
forest fuels, increases in energy use efficiency, or carbon storage in the forest.

•	 Potential for increasing social and economic benefits for local people and soci-
ety in general (e.g., access to fuelwood, increased employment and income pos-
sibilities), and the use of efficient and low-impact technologies in transport and 
production, such as fuelwood collection and charcoal production.

•	 Off-site impacts on, for example, biodiversity, soil and water, and land use.
•	 Efficient forest management and the existence of and adherence to relevant leg-

islation, forest management recommendations or guidelines for sustainable for-
est fuel production and harvesting’.

In conclusion, it seems fair to say that plantation forestry is being hailed today as 
a potential saviour of the remaining native forests of the world, forests that have 
been cleared and exploited ruthlessly in the past. However, it is clear that much 
work remains to be done to ensure plantation forestry is a long-term, sustain-
able supplier of wood and other social and environmental benefits and does not 
become, ultimately, an environmental problem itself.
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Appendix 1  
Glossary

Abiotic  Something that does not involve living organisms
Agroforestry  Combining forestry activities in close proxim-

ity to other agricultural activities on the one farm 
property

Allele  A pair of genes with similar functions. Each mem-
ber of the pair is carried on one of the pair of chro-
mosomes that make up a chromatid

Bacteria  A large group of primitive (in evolutionary terms), 
single-celled organisms that do not have a nucleus 
in the cell. They are round, spiral or rod-shaped and 
often either aggregate in colonies or move using fla-
gella (hair-like processes that project from a cell). 
They live in soil, water, organic matter or the bodies 
of plants and animals. They are important in break-
ing down organic matter and as disease-causing 
organisms (adapted from the dictionary of the 
Encyclopædia Britannica 2004)

Bark  A layer of mainly dead tissue that surrounds the 
stem, branches or woody roots of trees. It pro-
tects the thin layers of living tissues immediately 
beneath it

Basal area  Cross-sectional area at breast height of a tree stem 
(see also stand basal area)

Basic density  The oven-dry weight of wood per unit green 
volume

Biodiversity  The range and variety of living organisms in an 
ecosystem

Bioenergy  Biomass used to make energy, usually by conver-
sion to ethanol or burning to generate electricity
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Biomass  The weight of a living organism. It may include 
the water in the organism, when it is referred to as 
fresh biomass. Often, the oven-dry biomass is con-
sidered, where the water is removed by drying at 
60–80 °C until the dry weight becomes constant

Biotic  Something that involves living organisms
Branchiness  The total cross-sectional area, at their bases, of the 

branches on a tree stem, expressed as a proportion 
of the total surface area of the length of the stem 
along which they occur

Breast height  A height of 1.3 m (or 1.4 m in some countries and 
4′6″ in the USA) above ground from the base of a 
tree. If the tree is growing on sloping ground, it is 
measured from the highest ground level at the base 
of the tree

Breeding value  For an individual organism, it is a measure of the 
extent to which its offspring show a gain in a trait 
that a breeding programme is aiming to influence

Broad sense heritability  The extent to which the phenotype of an individ-
ual is determined by its genotype (see also narrow 
sense heritability)

Bulk density   The weight of dry soil expressed per unit volume it 
occupies

Canker  A spreading wound of dead tissue or a plant disease 
characterized by such wounds

Canopy  The foliage and branches of an individual tree or a 
forest (see also crown)

Cell  The smallest part of a living organism capable of 
functioning independently; the bodies of higher 
plants and animal are made up of many billions of 
cells of many different types. Cells are microscopic 
in size and contain both the DNA essential for 
reproduction and protoplasm (a complex solution of 
chemical substances in water in which the chemi-
cal reactions of life occur). Cells of animals are 
enclosed within a fragile membrane, whilst those 
of plants are enclosed within a much stronger wall, 
made principally of cellulose

Cellulose  A chemical substance that is a complex carbohy-
drate, consisting of many sugar molecules strung 
together in a long sequence

Chromatid  A pair of chromosomes that carry genes with simi-
lar functions

Chromosome  A body found in the nucleus of cells of living 
organisms, consisting principally of a long strand of 
DNA that carries genes
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Clone  The offspring of an individual organism that has 
been reproduced in such a way that it is genetically 
identical to, that is, has exactly the same genotype 
as, its parent

Concentration  The proportion something makes up of the whole of 
which it is part. For example, the concentration of 
a nutrient element in a plant would be the weight 
of that element in the plant as a proportion of the 
oven-dry biomass of the plant

Coppice  The resprouting of trees from their cut stump. 
Coppice is a form of epicormic shooting

Crown  The foliage and branches of an individual tree (see 
also canopy)

Current annual increment  The present growth rate of a stand at any particular 
age. It is often abbreviated as CAI

Density  Of wood, see basic density: Of tree stands, see 
stand density: Based on tree numbers, see stock-
ing density: Of soil, see bulk density

Deoxyribonucleic acid  A chemical substance, consisting of a long string of 
molecules known as nucleotides, that provides the 
genetic code to determine how an organism func-
tions. Its name is usually abbreviated as DNA. The 
structure of DNA allows it to be duplicated readily 
within the plant or animal body whenever its cells 
divide during growth or development

Disease  An impairment to the normal functioning of a plant or 
animal, caused either by another living organism or by 
something in the non-living part of the environment

DNA  See deoxyribonucleic acid
Dominant height  Average height of a prescribed number per unit area 

of the tallest or largest-diameter trees in a stand
Earlywood  The less dense, lighter-coloured portion of a tree 

ring that develops when conditions for growth are 
favourable cf. latewood. It is sometimes referred to 
as springwood

Ecology  The relationship between living organisms and their 
environment

Economics  Study of the way people use the scarce resources 
of the earth that they consider essential for their 
well-being

Ecosystem  An assemblage of plants and animals living together 
at a site

Environment  The other living or inanimate things amongst which 
a living organism grows and reproduces

Enzyme  A protein produced by living cells that facilitates a 
particular chemical reaction in the cell
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Epicormic shoots  Shoots that arise from buds in the tree stem or 
branch and develop ultimately into normal leaves, 
leaf-bearing branches or stems

Exotic  A species planted in a location outside its natural 
range of occurrence

Forestry  The use and management of forests to provide 
goods and services to people

Fungi  (sing. fungus) A group of organisms that make up 
one of the five kingdoms of living organisms on 
earth. They are multicellular organisms with a 
branched, filamentous growth form, with a cell wall 
surrounding the filaments (that are called hyphae)

Gain (in genetics)  The difference between the average of a trait in the 
offspring, bred by mating some of the individuals in 
a population of parents, and its average in the parent 
population

Gene  A specific section of the length of a DNA molecule 
that makes up a chromosome. Each gene provides 
a code for the manufacture of a protein that deter-
mines the chemical functioning of a cell. Genes are 
the functional units of inheritance and are passed 
from parents to offspring during reproduction

Genetic engineering  Artificial manipulation of the genes that an organ-
ism contains to modify the traits the organism 
displays

Genetics  The study of how traits are passed from parents to 
offspring and why individuals of any species vary 
one from the other

Genotype  The set of genes that an individual organism con-
tains and that it inherits from its parents

Hardwood  Tree species that are flowering plants in which the 
seeds develop enclosed in an ovary (cf. softwood)

Height (of a tree)  The vertical distance from ground level to the high-
est green point on the tree

Heritability  See narrow sense heritability (but note also broad 
sense heritability)

Hormone  A chemical substance produced in one part of a 
plant or animal and that moves to another part and 
produces a specific effect on cell activity there

Knotty core  The central part of a tree stem in which knots occur 
because branches had not yet fallen from, or been 
pruned from, the stem at the time the wood in that 
central part was formed

Latewood  The denser, darker-coloured portion of a tree ring 
that develops when conditions for growth are less 
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favourable, cf. earlywood. It is sometimes referred 
to also as summerwood

Leaching  The loss from soil of nutrients, dissolved in water 
in the soil, as water moves through the soil

Leaf area index  The area of the leaves of a forest canopy, 
expressed per unit area of the ground they cover. 
Leaf area is defined as the area of the shadow that 
the leaves would cast if laid flat and lit vertically 
from above

Litter  Undecomposed organic matter both on and below 
the soil surface, mainly from leaves, twigs and bark 
that have fallen and fine roots that have been shed 
from the plants growing on the site

Mean annual increment  The average rate of production (of wood, biomass, 
basal area, etc.) to any particular age of a stand. It 
is often abbreviated as MAI

Metabolism  All that occurs in the cells of living organisms 
and that constitutes life itself. It involves chemical 
changes within cells that provide the energy and the 
materials for growth, maintenance and reproduction 
of living organisms

Mixed-species plantation  A forest plantation consisting of two or more dif-
ferent tree species growing in mixture

Molecular marker  A segment of a chromosome used to identify a 
quantitative trait locus

Monoculture  A plantation consisting of a single tree species
Mycorrhizae  Fungi that form a symbiotic relationship with 

plant roots. They aid uptake of water and nutrients 
by roots and obtain food for their own metabolism 
from the plant

Narrow sense heritability  Generally known simply as heritability, it is the 
proportion of the variation in a phenotype, amongst 
the individuals of some population, that can be 
attributed to genes transmitted from parents to off-
spring (see also broad sense heritability)

Native forest  Forest that has regenerated, usually from seed,   
following disturbance of the forest (such as fire, 
storm or logging by man), and has been allowed 
to develop more or less as would happen naturally 
without intervention by man

Nutrient  Any one of 15 chemical elements that are essen-
tial for plants and that play a wide variety of roles 
in their metabolism. In land plants, they are mostly 
taken up by the roots from the soil

Organic matter  Dead tissue of or from living organisms
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Oven-dry biomass  The weight of plant tissue after drying (usually at 
60–80 °C) until its weight becomes constant

Parasite  A living organism that lives in, with or on another 
organism and derives benefit in some way from the 
other organism, without killing it

Parasitoid  A living organism that lives in association with 
another organism, derives benefit in some way from 
the other organism and eventually kills it

Pathogen  A living organism that causes a disease
Pest  A living organism that damages a tree and affects 

its growth or development in some way
Phenotype  The appearance or performance of a living indi-

vidual. It is any trait that can be seen, detected or 
measured on the individual. An individual’s pheno-
type is determined both by its genetic makeup (its 
genotype) and by the effects of the environment 
that influence its growth and development

Phloem  A thin layer of living tissue surrounding stem, 
branch or root wood and lying immediately below 
the bark

Photosynthesis  The process of chemical conversion by plants of 
carbon dioxide, taken into their leaves from the air, 
and water to sugars that provide energy to the plant 
for other metabolic processes. Light absorbed by 
the leaves from the sun provides the energy required 
in this chemical process. Oxygen is released from 
the leaves as part of it

Plantation  Forest created by man, where seeds or seedlings 
have been planted, usually at a regular spacing

Predator  An animal that consumes all or part of another liv-
ing organism

Protein  A chemical substance consisting of a long string 
of smaller chemical substances known as amino 
acids. There are a large number of different types 
of proteins in living organisms, each differing in 
the number and sequence of the amino acids it con-
tains. Each protein is folded into a particular three-
dimensional shape that determines its function. 
Proteins can be used as part of the structure of a 
living organism. They act also by facilitating chemi-
cal reactions within cells, when they are known as 
enzymes; the proteins are not changed themselves 
by the reactions

Provenance  The place where an individual organism lives in its 
natural circumstances
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Pruning  The removal of live or dead branches for some dis-
tance up the stem of a tree

Pulplogs  Small logs, cut from tree stems or branches, of a 
size appropriate for chipping to be used for making 
paper

Quadratic mean diameter  If the average of the stem cross-sectional areas 
at breast height of the trees in a stand has been 
determined, quadratic mean diameter is the diam-
eter that corresponds to this average stem cross-sec-
tional area

Qualitative trait  A characteristic of a living organism that is deter-
mined by the interaction of several of the alleles 
from its genetic makeup

Quantitative trait  A characteristic of a living organism that is deter-
mined by a single allele only from its genetic 
makeup

Relative addition rate  The proportional increase, per unit time, in the 
amount of a nutrient element in a growing plant

Relative growth rate  The proportional increase, per unit time, in the bio-
mass of a growing plant

Rotation  The period between establishment and final felling 
of a plantation

Sawlog  A log cut from a tree stem and large enough to be 
sawn into one or more of the many types of sawn 
wood used for building and many other purposes

Silviculture  The tending of trees in forests to achieve some 
desired objectives of management

Site  An area of land that can be managed homogenously 
and will produce a more or less constant wood yield 
across it from a particular plantation species

Site index  A measure of site productive capacity, defined as 
the dominant height of the trees in a stand at a 
particular, but arbitrarily chosen, age

Site productive capacity  The total stand biomass produced, up to any partic-
ular stage of development, of a plantation growing 
on a particular site, when it uses fully the resources 
necessary for tree growth that are available from the 
site

Stand  A more or less homogeneous group of trees in a 
forest in which an observer might stand and look 
about him or her

Softwood  Tree species that do not have flowers and in which 
the seeds develop without the protection of an 
ovary. Often these ‘naked’ seeds are protected by 
the scales of a cone (cf. hardwood)
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Stand basal area  Stem cross-sectional area at breast height, summed 
over all the trees in a stand and expressed per unit 
ground area

Stand density  The degree of crowding of the trees in a stand
Stocking density  The number of trees per unit area in a stand
Stomata  Specialised, microscopic structures on the surfaces 

of the leaves of land plants. They may open or close 
to allow exchange of gases between open spaces 
within the leaf and the atmosphere, most noticeably 
carbon dioxide, oxygen and water vapour. They are 
sometimes called stomates

Strain (engineering)  The change in dimensions of an object caused by a 
stress (engineering)

Stress (engineering)  The force applied per unit area of an object when it 
is stretched, compressed or twisted

Sustainability  Managing plantations so that their productiv-
ity is maintained in the long term and that the sites 
on which they grow are not altered in ways that 
will prevent their use for other purposes by later 
generations

Thinning  Deliberate removal of some trees from a plantation, 
from time to time during its life

Timber  Wood cut from tree stems into sizes appropriate for 
its final use

Trait  A characteristic of a species that might be amenable 
to modification by breeding

Transpiration  The process of transport of water from the roots to 
the leaves of plants

Tree  A woody plant with a distinct stem or stems and 
with a mature height of at least several metres

Understorey  A layer of vegetation growing beneath the main 
canopy of a forest

Virus  Any member of a large group of submicroscopic, 
primitive (in evolutionary terms) agents that can be 
considered either as very simple microorganisms or 
as extremely complex molecules. They are capable 
of growth and multiplication only in living cells. 
Some cause important diseases of plants or animals 
(adapted from the dictionary of the Encyclopædia 
Britannica 2004)

Weed  A plant growing where it is not desired
Wood  A strong material forming the greater part of the 

stem, branches and woody roots of trees. It consists 
mainly of dead tissue

Wood density  See basic wood density
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Xylem  The tissue in plants through which water is trans-
ported from roots to shoots. In trees, it is the wood

Yield  The amount of some characteristic of a plantation, 
such as plant biomass or stem wood volume, pro-
duced by the plantation. It is often expressed as an 
amount per unit area of the plantation
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Abbreviations used commonly are shown in parentheses

Metric-imperial conversion factors

1 centimetre (cm) = 0.394 inches (in.)
1 metre (m) = 3.2808 feet (ft) = 1.094 yards (yd)
1 hectare (ha) = 2.471 acres
1 kilogram (kg) = 2.205 pounds (lb)
1 tonne (t) = 0.9842 tons
1 kilometre (km) = 0.6214 miles
1 litre (l) = 0.2120 gallons (UK) = 0.2642 gallons (USA)
1 millilitre (ml) = 0.0352 fluid ounces (fl oz)

Conversions within the metric system

1 cm = 10 millimetres (mm)
1 m = 100 cm = 1,000 mm
1 km = 1,000 m
1 ha = 10,000 m2

1 t = 1,000 kg
1 kg = 1,000 grams (g)
1 g = 1,000 milligrams (mg)
1 l = 1,000 cm3 = 1,000 ml

Conversions within the imperial system

1 ft = 12 in.
1 yd = 3 ft
1 chain = 100 links = 22 yd
1 furlong = 10 chains
1 mile = 8 furlongs = 1,760 yd = 5,280 ft

Appendix 2 
Conversion Factors
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1 acre = 10 chain2 = 4,840 yd2

1 lb = 16 ounces (oz)
1 ton = 2,240 lb
1 gallon = 4 quarts = 8 pints
1 super foot = 1/12 ft3

1 cord = 128 ft3

1 cunit = 100 ft3
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Gapare WJ, Baltunis BS, Ivković M, Low CB, Jefferson P, Wu HX (2011) Performance differ-
ences among ex situ native-provenance collections of Pinus radiata D. Don. 1: potential for 
infusion into breeding populations in Australia and New Zealand. Tree Genet Genomes 
7:409–419

Gapare WJ, Barnes RD, Gwaze DP, Nyoka BI (2003) Genetic improvement of Eucalyptus 
grandis using breeding seedling orchards and the multiple population breeding strategy in 
Zimbabwe. S Afr For J 197:13–19

Garau AM, Ghersa CM, Lemcoff JH, Barañao JJ (2009) Weeds in Eucalyptus globulus subsp 
maidenii (F. Muell) establishment: effects of competition on sapling growth and survivorship. 
New For 37:251–264

Garber SM, Maguire DA (2004) Stand productivity and development in two mixed-species spac-
ing trials in the central oregon cascades. For Sci 50:92–105

Gardiner B, Leban JM, Auty D, Simpson H (2011) Models for predicting wood density of 
British-grown Sitka spruce. Forestry 84:119–132

Gardiner B, Peltola H, Kellomäki S (2000) Comparison of two models for predicting the critical 
wind speeds required to damage coniferous trees. Ecol Model 129:1–23

Gardiner BA, Quine CP (2000) Management of forests to reduce the risk of abiotic damage—a 
review with particular reference to the effects of strong winds. For Ecol Manage 135:261–267

Gartzia-Bengoetxea N, Gonzalez-Arias A, Kandeler E, Martinez de Arano I (2009) Potential 
indicators of soil quality in temperate forest ecosystems: a case study in the Basque Country. 
Ann For Sci 66:303

Gasana JK, Loewenstein H (1984) Site classification for Maiden’s gum, Eucalyptus globulus 
subsp. maidenii, in Rwanda. For Ecol Manage 8:107–116

Gaspar MJ, de-Lucas A, Alía R, Paiva JAP, Hidalgo E, Louzada J, Almeida H, González-
Martinez SC (2009a) Use of molecular markers for estimating breeding parameters: a case 
study in a Pinus pinaster Ait. progeny trial. Tree Genet Genomes 5:609–616

Gaspar MJ, Lousada JL, Rodrigues JC, Aguiar A, Almeida MH (2009b) Does selecting for 
improved growth affect wood quality of Pinus pinaster in Portugal? For Ecol Manage 
258:115–121

Gauthier MM, Jacobs DF (2009) Ecophysiological responses of black walnut (Juglans nigra) to 
plantation thinning along a vertical canopy gradient. For Ecol Manage 259:867–874

Geils BW, Hummer KE, Hunt RS (2010) White pines, Ribes, and blister rust: a review and syn-
thesis. For Pathol 40:147–185

Gelo D, Koch SF (2012) Does one size fit all? Heterogeneity in the valuation of community for-
estry programs. Ecol Econ 74:85–94



References 265

Gepts P (2002) A comparison between crop domestication, classical plant breeding, and genetic 
engineering. Crop Sci 42:1780–1790

Gerber JF (2011) Conflicts over industrial tree plantations in the South: who, how and why? 
Glob Environ Change 21:165–176

Gerendiain AZ, Peltola H, Pulkkinen P, Kellomäki S (2009) Effects of genetic entry and competi-
tion by neighbouring trees on growth and wood properties of cloned Norway spruce (Picea 
abies). Ann For Sci 66:806

Gerrand A, Keenan RJ, Kanowski P, Stanton R (2003) Australian forest plantations: an overview 
of industry, environmental and community issues and benefits. Aust For 66:1–8

Gerrand AM, Neilsen WA (2000) Comparing square and rectangular spacings in Eucalyptus 
nitens using a Scotch plaid design. For Ecol Manage 129:1–6

Gerrand AM, Neilsen WA, Medhurst JL (1997) Thinning and pruning eucalypt plantations for 
sawlog production in Tasmania. Tasforests 9:15–34

Geyer WA (2006) Biomass production in the Central Great Plains USA under various coppice 
regimes. Biomass Bioenergy 30:778–783

Gheysen T, Brostaux Y, Hebert J, Ligot G, Rondeux J, Lejeune P (2011) A regional inventory and 
monitoring setup to evaluate bark peeling damage by red deer (Cervus elaphus) in coniferous 
plantations in Southern Belgium. Environ Monit Assess 181:335–345

Gholz HL, Fisher RF, Pritchett WL (1985a) Nutrient dynamics in slash pine plantation ecosys-
tems. Ecology 66:647–659

Gholz HL, Perry CS, Cropper WP, Hendry LC (1985b) Litterfall, decomposition, and nitrogen 
and phosphorus dynamics in a chronosequence of slash pine (Pinus elliottii) plantations. For 
Sci 31:463–478

Ghosh S, Verma NK (2006) Growth and mycorrhizal dependency of Acacia mangium Willd. 
inoculated with three vescicular arbuscular mucorrhizal fungi in lateritic soil. New For 
31:75–81

Ginn SE, Seiler JR, Cazell BH, Kreh RE (1991) Physiological and growth responses of eight-
year-old loblolly pine stands to thinning. For Sci 37:1030–1040

Glover GR, Zutter BR (1993) Loblolly pine and mixed hardwood stand dynamics for 27 years 
following chemical, mechanical, and manual site preparation. Can J For Res 23:2126–2132

Gómez-Rey MX, Vasconcelos E, Madeira M (2007) Lysimetric study of eucalypt residue man-
agement effects on N leaching and mineralization. Ann For Sci 64:699–706

Gonçalves JLM, Barros NF, Nambiar EKS, Novais RF (1997) Soil and stand management for 
short-rotation plantations. In: Nambiar EKS, Brown AG (eds) Management of soil, nutrients 
and water in tropical plantation forests. Monograph no 43. Australian Centre for International 
Agricultural Research, Canberra, pp 379–417

Gonthier P, Nicolotti G (eds) (2013) Infectious forest diseases. CABI Publishing, Oxford
Gonzalez-Benecke CA, Martin TA, Clark A, Peter GF (2010) Water availability and genetic 

effects on wood properties of loblolly pine (Pinus taeda). Can J For Res 40:2265–2277
Goodger JQD, Woodrow IE (2009) The influence of ontogeny on essential oil traits when micro-

propagating Eucalyptus polybractea. For Ecol Manage 258:650–656
Goodger JQD, Woodrow IE (2010) The influence of micropropagation on growth and coppicing 

ability of Eucalyptus polybractea. Tree Physiol 30:285–296
Goodman RC, Jacobs DF, Apostol KG, Wilson BC, Gardiner ES (2009) Winter variation in phys-

iological status of cold stored and freshly lifted semi-evergreen Quercus nigra seedlings. Ann 
For Sci 66:103

Gordon M, Lockwood M, Schirmer J, Vanclay F, Hanson D (2013) Adoption of community 
engagement in the corporate culture of Australian forest plantation companies. Aust For 
76:58–68

Gorham E (1979) Shoot height, weight and standing crop in relation to density of monospecific 
stands. Nature 279:148–150

Goudiaby V, Brais S, Berninger F, Schneider R (2012) Vertical patterns in specific volume incre-
ment along stems of dominant jack pine (Pinus banksiana) and black spruce (Picea mariana) 
after thinning. Can J For Res 42:733–748



References266

Gove AD, Bashford R, Brumley CJ (2007) Pheromone and volatile lures for detecting European 
house borer (Hylotrupes bajulus) and a manual sampling method. Aust For 70:134–136

Graciano C, Tambussi EA, Castán E, Guiamet JJ (2009) Dry mass partitioning and nitrogen 
uptake by Eucalyptus grandis plants in response to localized or mixed application of phos-
phorus. Plant Soil 319:175–184

Grant JC, Nichols JD, Smith RGB, Brennan P, Vanclay JK (2010) Site index prediction of 
Eucalyptus dunnii Maiden plantations with soil and site parameters in sub-tropical eastern 
Australia. Aust For 73:234–243

Grattapaglia D, Resende MDV (2011) Genomic selection in forest tree breeding. Tree Genet 
Genomes 7:241–255

Grattapaglia D, Vaillancourt RE, Shepherd M, Thumma BR, Foley W, Kulheim C, Potts BM, 
Myburg AA (2012) Progress in Myrtaceae genetics and genomics: Eucalyptus as the pivotal 
genus. Tree Genet Genomes 8:463–508

Grayson AJ (ed) (1995) The world’s forests: international initiatives since Rio. Commonwealth 
Forestry Association, Oxford

Greaves BL, Borralho NMG, Raymond CA (1997) Breeding objectives for plantation eucalypts 
grown for production of kraft pulp. For Sci 43:265–272

Green JM (2009) Evolution of glyphosate-resistant crop technology. Weed Sci 57:108–117
Green S (2003) A review of the potential for the use of bioherbicides to control forest weeds in 

the UK. Forestry 76:285–298
Gregg BM, Dougherty PM, Hennessey TC (1988) Growth and wood quality of young loblolly 

pine trees in relation to stand density and climatic factors. Can J For Res 18:851–858
Grigal DF (2009) A soil-based aspen productivity index for Minnesota. For Ecol Manage 

257:1465–1473
Grossnickle SC (2012) Why seedlings survive: influence of plant attributes. New For 43:711–738
Grossnickle SC, Major JE (1994a) Interior spruce seedlings compared with emblings produced 

from somatic embryogenesis. II. Stock quality assessment prior to planting. Can J For Res 
24:1385–1396

Grossnickle SC, Major JE (1994b) Interior spruce seedlings compared with emblings produced 
from somatic embryogenesis. III. Physiological response and morphological development on 
a reforestation site. Can J For Res 24:1397–1407

Grossnickle SC, Major JE, Folk RS (1994) Interior spruce seedlings compared with emblings 
produced from somatic embryogenesis. I. Nursery development, fall acclimation, and over-
winter storage. Can J For Res 24:1376–1384

Grove TS, Thomson BD, Malajczuk N (1996) Nutritional physiology of eucalypts: uptake, dis-
tribution and utilization. In: Attiwill PM, Adams MA (eds) Nutrition of eucalypts. CSIRO, 
Melbourne, pp 77–108

Guan BT, Lin S-T, Lin Y-H, Wu Y-S (2008) Growth efficiency-survivorship relationship and 
effects of spacing on relative diameter growth rate of Japanese cedars. For Ecol Manage 
255:1713–1723

Guillemette T, DesRochers A (2008) Early growth and nutrition of hybrid poplars fertilized at 
planting in the boreal forest of western Quebec. For Ecol Manage 255:2981–2989

Guilley E, Hervé J-C, Nepveu G (2004) The influence of site quality, silviculture and region on 
wood density mixed model in Quercus petraea Liebl. For Ecol Manage 189:111–121

Guiterman CH, Seymour RS, Weiskittel AR (2012) Long-term thinning effects on the leaf area 
of Pinus strobus L. as estimated from litterfall and individual-tree allometric models. For Sci 
58:85–93

Gullan PJ, Cranston PS (2010) The insects: an outline of entomology, 4th edn. Wiley, West 
Sussex

Guller B, Isik K, Cetinay S (2012) Variations in the radial growth and wood density components 
in relation to cambial age in 30-year-old Pinus brutia Ten at two test sites. Trees 26:975–986

Guo D, Mou P, Jones RH, Mitchell RJ (2004) Spatio-temporal patterns of soil available nutrients 
following experimental disturbance in a pine forest. Oecologia 138:613–621



References 267

Guo LB, Sims REH, Horne DJ (2002) Biomass production and nutrient cycling in Eucalyptus 
short rotation energy forests in New Zealand. I: Biomass and nutrient accumulation. 
Bioresour Technol 85:273–283

Guo LB, Sims REH, Horne DJ (2006) Biomass production and nutrient cycling in Eucalyptus 
short rotation energy forests in New Zealand. II. Litter fall and nutrient return. Biomass 
Bioenergy 30:393–404

Gupta SD, Ibaraki Y (eds) (2005) Plant tissue culture engineering. Springer, Berlin
Gwaze D (2009) Optimum selection age for height in shortleaf pine. New For 37:9–16
Gwaze D, Johanson M, Hauser C (2007) Long-term soil and shortleaf pine response to site prep-

aration ripping. New For 34:143–152
Haase DL, Rose R, Trobaugh J (2006) Field performance of three sizes of Douglas-fir container 

seedlings grown with slow-release fertilizer in the nursery growing medium. New For 31:1–24
Hackett C (1991) Mobilising environmental information about lesser-known plants: the value of 

two neglected levels of description. Agrofor Syst 14:131–143
Hackett C, Vanclay JK (1998) Mobilizing expert knowledge of tree growth with the PLANTGRO 

and INFER systems. Ecol Model 106:233–246
Hale SE, Levy PE, Gardiner BA (2004) Trade-offs between seedling growth, thinning and stand 

stability in Sitka spruce stands: a modelling analysis. For Ecol Manage 187:105–115
Hall JE (1997) Canada’s Model Forest Program: a participatory approach to sustainable forest 

management in Canada. Commonw For Rev 76:261–267
Hamelin RC, Hunt RS, Geils BW, Jensen GD, Jacobi V, Lecours N (2000) Barrier to gene 

flow between eastern and western populations of Cronartium ribicola in North America. 
Phytopathology 90:1073–1078

Hamilton M, Joyce K, Williams D, Dutkowski G, Potts B (2008) Achievements in forest tree 
improvement in Australia and New Zealand 9. Genetic improvement of Eucalyptus nitens in 
Australia. Aust For 71:82–93

Hamilton MG, Potts BM, Greaves BL, Dutkowski GW (2010) Genetic correlations between 
pulpwood and solid-wood selection and objective traits in Eucalyptus globulus. Ann For Sci 
67:511

Han KM, Dharmawardhana P, Arias RS, Ma C, Busov V, Strauss SH (2011) Gibberellin-
associated cisgenes modify growth, stature and wood properties in Populus. Plant Biotechnol 
J 9:162–178

Hanley TA, Taber RD (1980) Selective plant species inhibition by elk and deer in three conifer 
communities in western Washington. For Sci 26:97–107

Hannrup B, Jansson G, Danell O (2007) Comparing gain and optimum test size from progeny 
testing and phenotypic selection in Pinus sylvestris. Can J For Res 37:1227–1235

Hansen E, Heilman P, Strobl S (1992) Clonal testing and selection for field plantations. In: 
Mitchell CP, Ford-Robertson JB, Hinckley T, Sennerby-Forsse L (eds) Ecophysiology of 
short rotation forest crops. Elsevier, London, pp 124–145

Hansen EA, Dawson JO (1982) Effect of Alnus glutinosa on hybrid Populus height growth in a 
short-rotation intensively cultured plantation. For Sci 28:49–59

Hansen LW, Ravn HP, Geldmann J (2005) Within- and between-stand distribution of attacks by 
pine weevil [Hylobius abietis (L.)] Scand. J For Res 20:122–129

Hansson L (1985) Damage by wildlife, especially small rodents, to North American Pinus con-
torta provenances introduced into Sweden. Can J For Res 15:1167–1171

Hara T (1986a) Growth of individuals in plant populations. Ann Bot 57:55–68
Hara T (1986b) Effects of density and extinction coefficient on size variability in plant popula-

tions. Ann Bot 57:885–892
Harcourt R, Kyozuka J, Zhu X, Southerton S, Llewellyn D, Dennis E, Peacock J (1995) Genetic 

engineering for sterility in temperate plantation eucalypts. In: Potts BM, Borralho NMG, 
Reid JB, Cromer RN, Tibbits WN, Raymond CA (eds) Eucalypt plantations: improving 
fibre yield and quality. Proceedings CRCTHF-IUFRO conference, Hobart, 19–24 February. 
Cooperative Research Centre for Temperate Hardwood Forestry, Hobart, pp 403–405



References268

Harfouche A, Meilan R, Altman A (2011) Tree genetic engineering and applications to sustain-
able forestry and biomass production. Trends Biotechnol 29:9–17

Harlow BA, Duursma RA, Marshall JD (2005) Leaf longevity of western red cedar (Thuja pli-
cata) increases with depth in the canopy. Tree Physiol 25:557–562

Harrington CA, Brissette C, Carlson WC (1989) Root system structure in planted and seeded 
loblolly and shortleaf pine. For Sci 35:469–480

Harrington TB, Edwards MB (1999) Understorey vegetation, resource availability, and litterfall 
responses to pine thinning and woody vegetation control in longleaf pine plantations. Can J 
For Res 29:1055–1064

Harrington TB, Harrington CA, DeBell DS (2009) Effects of planting spacing and site quality on 
25-year growth and mortality relationships of Douglas-fir (Pseudotsuga menziesii var. men-
ziesii). For Ecol Manage 258:18–25

Harrison AF, Dighton J, Jones HJ (1992) Application of root bioassays to detect nutrient defi-
ciencies in fast-growing trees and agroforestry crops. In: Calder IR, Hall RL, Adlard PG (eds) 
Growth and water use of forest plantations. Wiley, Chichester, pp 161–163

Hartmann HT, Kester DE, Davies FT, Geneve RL (2001) Plant propagation: principles and prac-
tices, 7th edn. Prentice Hall, Englewood Cliffs

Harvey CD, Griffin CT (2012) Host activity and wasp experience affect parasitoid wasp foraging 
behaviour and oviposition on nematode-infected larvae of the forestry pest Hylobius abietis. 
Ecol Entomol 37:269–282

Hashimoto R (1990) Analysis of the morphology and structure of crowns in a young sugi 
(Cryptomeria japonica) stand. Tree Physiol 6:119–134

Hasselgren K (1998) Use of municipal waste products in energy forestry: highlights from 15 
years of experience. Biomass Bioenergy 15:71–74

Hawke MF (1991) Pasture production and animal performance under pine agroforestry in New 
Zealand. For Ecol Manage 45:109–118

Hawkins BJ, Burgess D, Mitchell AK (2005) Growth and nutrient dynamics of western hemlock 
with conventional or exponential greenhouse fertilization and planting in different fertility 
conditions. Can J For Res 35:1002–1016

Hawkins RJ (1992) The response of Chamaecyparis nootkatensis stecklings to seven nutrient 
regimes. Can J For Res 22:647–653

Haywood JD (2005) Effects of herbaceous and woody plant control on Pinus palustris growth 
and foliar nutrients through six growing seasons. For Ecol Manage 214:384–397

Heilman PE, Ekuan G, Fogle D (1994) Above- and below-ground biomass and fine roots of 
4-year-old hybrids of Populus trichocarpa × Populus deltoides and parental species in short-
rotation culture. Can J For Res 24:1186–1192

Hein S, Spiecker H (2007) Comparative analysis of occluded branch characteristics for Fraxinus 
excelsior and Acer pseudoplatanus with natural and artificial pruning. Can J For Res 
37:1414–1426

Helenius P (2005) Effect of thawing regime on growth and mortality of frozen-stored Norway 
spruce container seedlings planted in cold and warm soil. New For 29:33–41

Helenius P, Luoranen J, Rikala R (2005) Effect of preplanting drought on survival, growth and 
xylem water potential of actively growing Picea abies container seedlings. Scand J For Res 
20:103–109

Hennessey TC, Dougherty PM, Lynch TB, Wittwer RF, Lorenzi EM (2004) Long-term growth 
and ecophysiological responses of a southeastern Oklahoma loblolly pine plantation to early 
rotation thinning. For Ecol Manage 192:97–116

Hennigar CR, MacLean DA, Amos-Binks LJ (2008) A novel approach to optimize management 
strategies for carbon stored in both forests and wood products. For Ecol Manage 256:786–797

Henry RJ (ed) (2012) Molecular markers in plants. Wiley, Oxford
Henskens FL, Battaglia M, Cherry ML, Beadle CL (2001) Physiological basis of spacing effects 

on tree growth and form in Eucalyptus globulus. Trees 15:365–377
Henson M, Smith HJ (2007) Achievements in the genetic improvement of forest trees in 

Australia and New Zealand 1: Eucalyptus pilularis Smith tree improvement in Australia. Aust 
For 70:4–10



References 269

Herbert MA (1996) Fertilizers and eucalypt plantations in South Africa. In: Attiwill PM, Adams 
MA (eds) Nutrition of eucalypts. CSIRO, Melbourne, pp 303–325

Herbohn JL, Emtage NF, Harrison SR, Smorfitt DB (2005) Attitudes of landholders to farm for-
estry in tropical eastern Australia. Aust For 68:50–58

Herbohn KF, Harrison SR, Herbohn JL (2000) Lessons from small-scale forestry initiatives 
in Australia: the effective integration of environmental and commercial values. For Ecol 
Manage 128:227–240

Hernández J, del Pino A, Salvo L, Arrarte G (2009) Nutrient export and harvest residue decom-
position patterns of a Eucalyptus dunnii Maiden plantation in temperate climate of Uruguay. 
For Ecol Manage 258:92–99

Hertel H, Kaetzel R (1999) Susceptibility of Norway spruce clones (Picea abies (L.) Karst.) to 
insects and roe deer in relation to genotype and foliar phytochemistry. Phyton Ann REI Bot 
39:65–72

Hessburg PF, Hansen EM (1986) Mechanism of intertree transmission of Ceratocystis wageneri 
in young Douglas-fir. Can J For Res 16:1250–1254

Hessburg PF, Hansen EM (2000) Infection of Douglas-fir by Leptographium wageneri. Can J Bot 
78:1254–1261

Heuze P, Schnitzler A, Klein F (2005) Consequences of increased deer browsing on silver fir and 
spruce regeneration in the southern Vosges mountains: implications for management. Ann For 
Sci 62:175–181

Hibbs DE (1987) The self-thinning rule and red alder management. For Ecol Manage 
18:273–281

Hickey GM, Innes JL, Kozak RA, Bull GQ, Vertinsky I (2005) Monitoring and reporting for 
sustainable forest management: an international multiple case study. For Ecol Manage 
209:237–259

Higgins HG (1984) Pulp and paper. In: Hillis WE, Brown AG (eds) Eucalypts for wood produc-
tion. CSIRO, Academic, New York, pp 290–316

Hijmans RJ, Graham CH (2006) The ability of climate envelope models to predict the effect of 
climate change on species distributions. Global Change Biol 12:2272–2281

Hijmans RJ, Guarino L, Mathur P (2012) DIVA-GIS Version 7.5 manual. http://www.diva-
gis.org/. Accessed 7 Oct 2013

Hillel D (1980) Applications of soil physics. Academic, New York
Hillis WE (1984) Wood quality and utilization. In: Hillis WE, Brown AG (eds) Eucalypts for 

wood production. CSIRO, Academic, New York, pp 259–289
Hinchee M, Rottmann W, Mullinax L, Zhang CS, Chang SJ, Cunningham M, Pearson L, Nehra 

N (2009) Short-rotation woody crops for bioenergy and biofuels applications. In Vitro Cell 
Dev Biol Plant 45:619–629

Hobbs R, Catling PC, Wombey JC, Clayton M, Atkins L, Reid A (2003) Faunal use of bluegum 
(Eucalyptus globulus) plantations in southwestern Australia. Agrofor Syst 58:195–212

Hodge A, Berta G, Doussan C, Merchan F, Crespi M (2009) Plant root growth, architecture and 
function. Plant Soil 321:153–187

Hogg B, Nester M (1991) Productivity of direct thinning regimes in south-east Queensland hoop 
pine plantations. Commonw For Rev 70:37–45

Hökkä H, Ojansuu R (2004) Height development of Scots pine on peatlands: describing change 
in site productivity with a site index model. Can J For Res 34:1081–1092

Hood JV, Libby WJ (1980) A clonal study of intraspecific variability in radiata pine I. Cold and 
animal damage. Aust For Res 10:9–20

Hopmans P, Bauhus J, Khanna P, Weston C (2005) Carbon and nitrogen in soils: potential indi-
cators for sustainable management of forests in south-eastern Australia. For Ecol Manage 
220:75–87

Hopmans P, Elms SR (2009) Changes in total carbon and nutrients in soil profiles and accumu-
lation in biomass after a 30-year rotation of Pinus radiata on podzolized sands: impacts of 
intensive harvesting on soil resources. For Ecol Manage 258:2183–2193

Horvath B, Peszlen I, Peralta P, Kasal B, Li LG (2010a) Effect of lignin genetic modification on 
wood anatomy of aspen trees. IAWA J 31:29–38

http://www.diva-gis.org/
http://www.diva-gis.org/


References270

Horvath B, Peszlen I, Peralta P, Kasal B, Li LG (2010b) Mechanical properties of genetically engi-
neered young aspen with modified lignin content and/or structure. Wood Fiber Sci 42:310–317

Hrynkiewicz K, Baum C, Leinweber P, Weih M, Dimitriou I (2010) The significance of rotation 
periods for mycorrhiza formation in short rotation coppice. For Ecol Manage 260:1943–1949

Hsu TN, French K, Major R (2010) Avian assemblages in eucalypt forests, plantations and pas-
tures in northern NSW, Australia. For Ecol Manage 260:1036–1046

Huang Z, Xu Z, Blumfield TJ, Bubb K (2008) Variations in relative stomatal and biochemical 
limitations to photosynthesis in a young blackbutt (Eucalyptus pilularis) plantation subjected 
to different weed control regimes. Tree Physiol 28:997–1005

Huber A, Peredo HL (1988) Stem sunscald after thinning and pruning young Pinus radiata in the 
sandy soil region of Chile. N Z J For Sci 18:9–14

Huber D, Amerson H (2011) Performance of the loblolly pine fusiform rust disease resistance 
gene (Fr1) in a slash × loblolly pine hybrid family. Tree Genet Genomes 7:535–540

Hubert J, Lee S (2005) A review of the relative roles of silviculture and tree breeding in tree 
improvement: the example of Sitka spruce in Britain and possible lessons for hardwood 
breeding. Forestry 78:109–120

Huggard DJ, Klenner W, Vyse A (1999) Windthrow following four harvest treatments in an 
Engelmann spruce-subalpine fir forest in southern interior British Columbia, Canada. Can J 
For Res 29:1547–1556

Hummel S (2000) Coppice sprouts in Cordia alliodora. J Trop For Sci 12:552–560
Hung CD, Trueman SJ (2012) Cytokinin concentrations for optimal micropropogation of 

Corymbia torelliana × C. citriodora. Aust For 75:233–237
Hunt MA, Beadle CL (1998) Whole-tree transpiration and water-use partitioning between 

Eucalyptus nitens and Acacia dealbata weeds in a short rotation plantation in northeastern 
Tasmania. Tree Physiol 18:557–563

Hunt MA, Unwin GL, Beadle CL (1999) Effects of naturally regenerated Acacia dealbata on the pro-
ductivity of a Eucalyptus nitens plantation in Tasmania, Australia. For Ecol Manage 117:75–85

Hunt RS (1998) Pruning western white pine in British Columbia to reduce white pine blister rust: 
10-year results. West J Appl For 13:60–63

Hunt RS (2002) Can solid deer protectors prevent blister rust from attacking white pines? Can J 
Plant Pathol 24:74–76

Hunt RS, Geils BW, Hummer KE (2010) White pines, Ribes, and blister rust: integration and 
action. For Pathol 40:402–417

Husen A (2008a) Clonal propagation of Dalbergia sissoo Roxb. and associated metabolic 
changes during adventitious root primordium development. New For 36:13–27

Husen A (2008b) Stock-plant etiolation causes drifts in total soluble sugars and anthroquinones, 
and promotes adventitious root formation in teak (Tectona grandis L.) coppice shoots. Plant 
Growth Regul 54:13–21

Husen A, Pal M (2007a) Effect of branch position and auxin treatment on clonal propagation of 
Tectona grandis Linn. f. New For 34:223–233

Husen A, Pal M (2007b) Metabolic changes during adventitious root primordium development in 
Tectona grandis Linn. f. (teak) cuttings as affected by age of donor plants and auxin (IBA and 
NAA) treatment. New For 33:309–23

Hutchings MJ, John EA (2004) The effects of environmental heterogeneity on root growth and 
root/shoot partitioning. Ann Bot 94:1–8

Hutchings MJ, John EA, Wijesinghe DK (2003) Toward understanding the consequences of soil 
heterogeneity for plant populations and communities. Ecology 84:2322–2334

Hutchinson G (2005) PlantGro Version 4.0 for Windows. Topoclimate Services Pty Ltd. 
http://www.cifor.org/online-library/research-tools/tropis/plantgro.html. Accessed 7 Oct 2013

Huxley P (1999) Tropical agroforestry. Blackwell, Oxford
Hyytiäinen K, Hari P, Kokkila T, Mäkelä A, Tahvonen O, Taipale J (2004) Connecting a pro-

cess-based forest growth model to stand-level economic optimization. Can J For Res 
34:2060–2073

Hyytiäinen K, Tahvonen O, Valsta L (2005) Optimum juvenile density, harvesting, and stand 
structure in even-aged Scots pine stands. For Sci 51:120–133

http://www.cifor.org/online-library/research-tools/tropis/plantgro.html


References 271

Ikonen V-P, Peltola H, Wilhelmsson L, Kilpeläinen A, Väisänen H, Nuutinen T, Kellomäki S 
(2008) Modelling the distribution of wood properties along the stems of Scots pine (Pinus 
sylvestris L) and Norway spruce (Picea abies (L) Karst) as affected by silvicultural manage-
ment. For Ecol Manage 256:1356–1371

Ilic J (1999) Shrinkage-related degrade and its association with some physical properties in 
Eucalyptus regnans F. Muell. Wood Sci Technol 33:425–437

Ilse LM, Hellgren EC (2007) Indirect interactions among dendrophages: porcupines predispose 
pinyon pines to bark beetle attack. For Ecol Manage 242:217–226

Ilstedt U, Malmer A, Nordgren A, Liau P (2004) Soil rehabilitation following tractor logging: 
early results on amendments and tilling in a second rotation Acacia mangium plantation in 
Sabah, Malaysia. For Ecol Manage 194:215–222

Ingestad T (1982) Relative addition rate and external concentration: driving variables used in 
plant nutrition research. Plant Cell Environ 5:443–453

Ingestad T, Ågren GI (1992) Theories and methods on plant nutrition and growth. Physiol Plant 
84:177–184

Ingestad T, Kähr M (1985) Nutrition and growth of coniferous seedlings at varied relative nitro-
gen addition rate. Physiol Plant 65:109–116

Ingestad T, McDonald AJS (1989) Interaction between nitrogen and photon flux density in birch 
seedlings at steady-state nutrition. Physiol Plant 77:1–11

Ive JR, Cocks KD (1988) A decision support system for land planners and managers. In: Newton 
PW, Taylor MAP, Sharpe R (eds) Desktop planning: advanced microcomputer applications 
for physical and social infrastructure planning. Hargreen, Melbourne
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