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PREFACE

The initiative for Division I, "Site and Silviculcure’,
of the International Union of Forestry Research Organisations
(1.U,F.R.0.) to hold one of its regular full divisional
meetings on the ecology of even-aged plantations came from Mr.
R.C. Steele, Institute of Terrestrial Ecology, in consultation
with the Division Coordinactor, Professor D, Mlinsek. Over the
past 60 vyears cthe United Kingdom has undertaken major
afforestation through plantation schemes and so was an
appropriate country in which to hold such a meeting.

The organising committee for the meeting was:

Chairman Professor F.T.last, Institute of Terrestrial Ecology
Secrecary Dr. E.D. Ford, Tnstitute of Terrestrial Fcology

Mr. J. Atterson, Forestry Commission

Dr. D.C. Malcolm, University of Edinburgh

Mr.'D.T. Seal, Forestry Commission.

The programme of lectures and discussion was held at the
Department of Forestry and Natural Resources, University of
Edinburgh and at the University’s Pollock Halls of Residence.
Visits were made to Ae, Dunkeld, Eskdalemuir and Glentress
Forests by invitation of the Forestry Commission and the
Economic Forestry Group. The programme incorporated the
interests of the constituent Working Groups of Division I and
was attended by 130 participants from 21 countries.

Further information on the activities of I.U.F.R.0. can

be obtained from:
I.U.F.R.0. Secretariat,
Sch&nbrunn,
A-1131 Vienna,
Austria.
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ON ECOLOGY OF EVEN-AGED MONOCULTURES

Introduction to the International Umion of Forestry Research
Organisations Division 1, “Site and Silviculture’ Meeting at
Edinburgh, September 1978.

D. MLINSEK

Divisional Coordinator, Biotehniska fakulteta, Krekov trg 1,
6100 Ljubljana, Jugoslavia.

At first glance the topic “ecology of monocultures’ may
appear inappropriate, particularly 1if we recall the lengthy
dcbates (e.g. Mitscherlich 1958; Wittish 1961) 1in the past
about forest monocultures  on the European continent,
Monocultures do exist there today but often represent
silvicultural formations of dubiocus value, At the 1975
Division I meeting in Ankara, Mr R.C.Steele proposed that we
should examine this toplc and particularly that our venue
should be the United Kingdom. We agreed then that this would
be appropriate for the regular divisional meeting in 1978.
Today we are realising this idea thanks to the endeavours of
Mr Steele and of the local organizing committce. On behalf of
Division I, I would like to thank them all most sincerely.
Particularly I would like to thank them for rendering possible
continuity 1in the work of the Division as practised for a
number of years, i.e. the holding of an annual divisional
meeting.

While thinking about the ‘ecology of even-aged
monocultures’ we find this topical area most appropriate., At
our meeting we have in mind conifer monocultures in
particular, yet I would like to draw your attention to the
fact that an even-aged beech or oak stand, formed by a
shelterwood system, also represents a monoculture and should
not be excluded from our discussions.

Nowadays forest monoculctures are a fact which cannot be
avoided or ignored. From the historical and long-term point of
view they frequently represent an obligatory, although often
undesirable step in the development of a forest economy. They
represent an Iimitation of agriculture by wutilizing ploneer
properties of individual tree species interesting from a
narrow, short-term economic point 1if view. In addition
monocul tures are strongly favoured by modern technclogy. The
timber-hungry countries without forests uneed wmonocultures -
primarily for their wood material - regardless of the timber
quality, 1In the given state of world economic development we
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have to accepr this fact. Equally, we have to take into
account the fact, innate to human nature, that we do not learn
anything from the experience of others, but only from our own!
Here 1 am referring to silvicultural experience with
nonocultures in Central Europe.

In the history of forestry we find that the monocul ture
concept of wuod producrtion comes in a wave-like form and
frequency which cannot be avoided. The post-war period has
been characterized by a huge wave that spread over all the
continents, though only in a minor form over Central Europe,
In many countries establishing monocultures represents a sign
of progress in forestry, a first and essential step without
which not further development, characterized by stronger
considerations of ecology, can take place. This means that
research on monoculture has to be activated, particularly as
to its future development, It is a duty of research to study
forest monocultures impartially and such impartiality will be
quaranteed by an ecological approach - the researcher’s
realization that in the case of forest formations he deals
with a typical black box system. Hence the name of the
sessional topic “ecology of monocultures’

We know a lot about establishing monocultures and there
has been much research on this subject. However, it {s now
necessary to look at the future of monocultures in forestry,
and it has to be appreciated, in order to avoid any possible
misunderstanding, that there are differences between the
ecological and economic points of view.

1 hope rthat our discussions will evaluate viewpoints
critically without digressing from the ecosystem starting
points. Here I have in mind, for example, the fact that by
means of different management methods wman keeps reducing
biomass in wvarious ecosystems which brings about the most
unfavourable consequences. Organized accumulation of blowmass
is one of the prerequisites for the functioning of a forest
ecosystem., From this point of view, establishing monocultures
with subsequent growth and organized accumulation of biomass
is partly justified. But this could not be sald about the
cases where we devastate natural forests with great quantities
of biomass and replace them with the biomass of artificial
forest monocultures.

our efforts in establishing monocultures in areas where
forests no longer exist, are positive from an ecological polint
of wview. This holds true cven more if we consider the fact
that in forming forest ecosystems nature too uses various
ways, even through the ploneer monoculture, with the basic
starting goal to create biomass, i.e. investment. In nature
this stage is followed either by a slower or faster
transformation of biomass - in some cases nature stays with
pure pioneers. In any case nature builds ecosystems that are
more and more perfect. We, too, are facing the question
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whether it is purposeful to stay, at any price, with the pure,
already established monocultures. The ecoclogy of monocultures
should draw attention to the future direction of forestry 1in
monocultures, particularly 1in the cases where monocultures
should perform new tasks of a social and protective nature.

The great accomplishments of foresters in deforested
Great Britain are admirable. They are clearly evident from the
book ‘Forest Service” (Ryle 196%), describing the first
forty-five years of Forestry Commission work, as well as froo
the paper presented by Mr George Holmes. The first step was to
establish the material base of the forest, f.e. to create
biomass. It is possible to progress only after such a base has
been created. And thus we read on p.292 of the above-mentioned
book that ‘.... the recreational need will mean a partial
breakaway from monoculture sooner or later’. This statement
is particularly attractive since we already know that
practical forest management methods should combine wood
production with other forest functions. It has to be stressed
that in such cases wood production is not diminished.

We have to ask ourselves how to shape exlsting
monocultures in the future in order to meet the new demands of
a protective and social nature. This {s a question of
conversion methods which should not be rigorous in their
nature. The better a conversion method is adapted to wnormal
forest management, the greater its value. This finding is of
the greatest importance considering the fact that the forest
ought to remain a natural counterbalance to arcificial,
agricultural ecosystems and industry on a local, regional and
global scale. Wherever we do insist on artificial
wmonocultures, the following questions of an ecological and
econooic nature arise: how and to what extent is forestry
capable of maintaining artificial monocultures and what level
of artificlality can forestry afford with regard to different
site conditions?

Forestry certainly owes mankind help in the ecological
crisis. It has been suggested that forestry will offer such
help by substituting removals in natural forests by high wood
production from planatations, I do not believe such theories,
although they may be of local value. The task of forestry in
environmental protection lies elsewhere.

The phenomencn of monocultures 1in forestry cannot be
avoided. Tt is necessary, however, to search for ways of
diminishing the impact caused by artificial monocultures. This
is an area where ecological research can make an important
contribution, although we should not search for wuniversal
prescriptions. Examples and scolutlons from one site, e.g.
specific to Great Britain, may not be suitable for ecclogical,
economic and social reasons elsewhere. Only general findings
have wuniversal value and our discussions should contibute to
such findings.
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In the changing world, artificial monocultures can be
both good and evil at the same time. Quite often the character
of the newly established forest is dependent. primarily on the
forester’s goodwill, zeal and professional qualification, and
only in the sgecond place on the money available for its
establishment., And as I am deeply convinced that goodwill
prevalls at our meeting, I have great expectations of our
Joint efforts in.cthe coming days.
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THE ECOLOCY QF EVEN-AGED PLANTATIONS:
AN INTRODUCTION TO FORESTRY IN UPLAND BRITAIN

By G.D. HOLMES

Director General, Forestry Commission, 231, Corstorphine Road,
Edinburgh, United Kingdom.

SUMMARY
The need for even—aged forests.
The present structure, productivity, and
history of upland forests in Britain.
Rural 1land wuse and the prospects for more
afforestacion.
Ecological changes affecting soil, water,
flora, fauna and the forest.
Ecological problems and” the reconciliation of
the needs of silviculture, environmental
management, and operational efficiency.
The {mportance of research on questions
including tree health, tree stabilicy,
regeneration, soil productivity and wildlife
conservation.
The need for sound knowledge of the forest
ecosystem as a basis for management decisions.
The value and scope for international debate
and cooperation in research.

RESUME
Cet expos€ traite des sujets suivants:
Besoin de for@ts composdes de  peuplements
equiens.
Structure actuelle, productivité et histoire
des foréts des Uplands de Grande Bretagne.
Utilisation de 1’ espace rural et prospectives
de plantations nouvelles.
Changements écologiques ayant une influence sur
le sol, 1"eau, la flore, la faune et la forét.
Problémes d’ordre écologique et réconciliation
entre les besoins de 1la sylviculture, de la
gestion de 1 environnement et de l'efficacité
de la mise en ceuvre.
Importance des recherches sur des questions
telles que la santé et la stabilirté des arbres,
la régénération, la productivité du sol et la
protection de la faune sauvage.
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Besoin d’une connajissance solide de
1" écosystéme de 1la forét en tant que base des
décisions de gestion forestidre.

Valeur et nécessité d'un débat & 1 échelon
international et de la collabeoration sur le
plan de la recherche.

ZUSAMMENFASSUNG
Die Arbeit behandelt folgende Themen:
Zweckmdssigkeir glelchaltriger Wialder.
Gegenwartige  Struktur, Produktivitat und
Geschichte der Wilder im britischen Hochland.
landwirtschafcliche Landnutzung und Aussichten
weiterer Aufforstung.
Veranderungen von Boden, Wasserhaushalt, Flora,
Fauna und 1ihre okologischen Auswirkungen im
Wald.
Okologische Probleme und die Abstimmung von
forstwirtschaftlichen, umweltpolitischen und
betriebswirtschaftlichen Anforderungen.
Bedeutung  der Forschung im Hinblick auf
Forstschutz, Bestandesstabilitat, Verjingung,
Bodenfruchtbarkeit und Erhal tung des
Tierbestandes,
Notwendigkeit einer grundlichen Kenntnis des

WaldSkosystems als Grundlage
forstwirtschaftlicher Entscheidungen.
Nutzen und Umfang des internationalen

Erfahrungsaustausches und der Zusammenarbeit in
der Forschung.

INTRODUCTION

My prime aim is to introduce you to forestry in Britain
by giving a very general picture of our forests, their recent
history and place in the land use scene. [ also intend to say
sonething about afforestation achievements and a selection of
what I believe are the key problems requiring research
attention at the present time.

I warmly welcome TUFRO's initiative in holding a full
Divisional mecting on the ecology of plantations because there
is clearly a nced for a better understanding of man-nade
forests as ecosystems in order to provide a sounder foundation
for future management decisions. I also welcome your meeting
in Britain as 1 am sure that our experience of large-scale
afforestation extending over a period of more than fifry years
will provide a highly relevant and helpful background to your
discussions. I am equally certain that your deliberations will
be great value to British foresters and scientists.
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THE NEED FOR EVEN-AGED PLANTATIONS

Looking for a moment at the world situation, the need for
pan-made plantations 1s {increasingly more apparent. The
current consumption of wood 1is about 2500 wmillion cubic
metres/yr which 15 obtained from about 2500 wmillion ha of
productive forest land, The world population is now about 3800
million and no matter how successful the world may be in
controlling population growth, it seems inevitable that the
population will have increased toc over 5000 million by 2000
and to some 8000 million by 2025. There will, therefore, be
ever increasing pressure on the land to produce both wood and
food. Much of the natural forest will be cleared for
agriculture or agro-forestry, and the latter is unlikely to
yield large quantities of wood.

It is possible, given sufficient inputs of capital,
wanpower and research to increase the yleld from natural
forests two or threefold but man-made plantations can yield
eight to ten times the current world average of | cubic
metre/ha. Plantations can also be developed on land which is
relatively poor, from the point of view of agricultural
production. It seems certain, therefore, that high-yielding,
even-aged plantations will provide a steadily increasing
proportion of the world’s growing demand for wood.

FORESTRY IN BRITAIN

The forest area of Britain per head of population is one
of the lowest in Europe whilec the consumption of wood products
is one of the highest. There 1is thus a very low level of
self-sufficiency in wood products at about 8 per cent of
consumption.

Although there have been intermittent attempts since the
Middle Ages to increase timber production iIn Britain, a
sustained national forest policy aimed at increasing the
production of timber to meet the nation’s needs dates only
from 1919 when the Forestry Commission was set wup as a
Government agency with the prime task of creating a reserve of
growing timber for defence reasons.

Since that time, policy has evolved by a succession of
Government Reviews and the strategic reserve policy of 1919
has given way to more commercial aims based on recognition of
the continuing importance of an indigenous supply of wood to
industry. At the same time, present policies place much
greater emphasis on the social and environmental benefits of
forestry, notably employment, recreation, conservation and
integration with agriculture.

Planting since 1919

The planting  achievements since 1919 have been
considerable. From 1919 to 1977 the area of productive forest
doubled from 800,000 to 1.7 million ha, f.e. a rise from only
3.5 per cent to nearly 8 per cent of the land area of the
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country. This expansion has consisted mainly of afforestation
with coniferous species on bare heath land, moorland and rough
pasture of low value for agriculture, particularly in the
uplands of Scotland, the north of England and Wales. It is
also noteworthy that this has been achieved by .a combined
effort of the public and private sections and that the forest
estate of today is almost equally divided between the two (see
Table 1). Thus, the planted area has increased by an average

Table 1. Area of productive forests in Great
Britain. 1977 (000" s ha)

Conifers Broadleaves Total

Public
(Forestry Commission) 791 50 841
Private 502 346 B48
Toral 1293 396 1689

L
of 15,000 ha/yr since 1919, but the greatest expansion has
taken place over the last twenty-five years when the average
rate . of new plancing has been about 29,000 ha/yr or nearly
double the 1919-1977 average figure (see Table 2.).

Table 2. hew planting - 25 years 1952-1977.
(000°s ha)
Public Private Total
(Forestry Commission)
Total arca planted 425 261 686
Annual average 18 11 29

The present species and age-class structure of forest in
Britain can be broadly represented as in Figs 1 and 2.
Future planting.

. . Today, much of the debate on forestry policy turns on the
question of new planting and how much further expansion should
take place. Looking to the future, and even allowing for the
substantial increase of forest area in recent years, we remain
a poorly forested country and it {s wunlikely that Britain,
even by the year. 2000, will be able to supply more than about
14 per cent of its needs from home sources. Such is the likely
growth of demand for wood products that the country must
increase its total forest area to wmaintain even this degree of
self-sufficiency afrer the rturn of this century. This has
special implications for the country’s balance of payments and
we have to consider rthe extent teo which we should use
resources now to create new plantations as an insurance for
the future. 1In an effort to throw some light on this issue,
we, In this country, recently set up a working group to look
into the future demand for wood on a world scale and to relate
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their findings to the British scene. The group’s report was
published as a consultative paper earlier this year and it is
suggested that the world’s forests will meet the increasing
world demand for industrial wood wuntil the cturn of the
century, without a serious rise in wood prices, but thereafter
the continuing upward demand will result in a significant rise
in the real price of wood. 1Tt is suggested that there should
be a substantial continuing programme of new planting to help
meet Britain®s future needs.

0f course, there are technical limits to the amount of
land that can be afforested in Britain. Although many soil
limitations for tree growth can be ameliorated, there still
remain areas which are Incapable of growing economic forest
crops owing to climatic conditions. Temperature, when linked
with elevation, is important. Increase in elevation results in
reduced temperature and increased exposure and the combination
of the two quickly becomes limiting to tree growth., 1In the
uplands, planting rarely takes place above 550m, and in the
more exposed parts of theé west and north the planting limit is
about 300m.

As well as the physical limitarions in the uplands, there
are also economic limitations to the extent to which forestry
can be practised in the fertile sites of the lowlands, where
agriculture and urban developments have high values.

A balance has to be struck, Forestry in this country is
really essentially an industry of the foothills and the
uplands and this is wherc we must look to see any expansion.

Excluding areas with climatic conditions unfavourable to
tree growth, . thin soils, arable and permanent grassland, it is
estimated that about 3 million ha of land in Britain could be
planted with trees to produce economic crops of timber, Just
over half of this (1.7 million ha) {s in Scotland. In England
and Wales there are some 1.3 million ha of potentially
plantable land, but constraints on the amount of new planting
in National Parks and in areas of outstanding natural beauty,
could reduce the land available there to around 650,000 ha.
Furthermore, there are considerable arcas of common land in
England and Wales which are not at present available for
planting. Overall 1in Britain the wmain constraints on new
planting are, of course, the requirements of agriculture.

Views on how wmuch of this potential area should be
planted vary from zero to over 2 million ha. There is a strong
case for more planting and how much is achieved will depend In
the long run on public attitudes to landscape, to rural
employment and lifestyle, and to the value placed on food
producticon in the uplands compared with wood production. Tt
remains govermment policy that forestry should expand and
workable procedures for consultation with agricultural and
environmental and other interests exist 1Iin order to ensure
that when land 1is proposed for afforestation, a sensible
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allocation is made between the agricultural, forestry and
other interests.

In the end, the alm is to achieve a pattern of land use
which secures the best contriburion to the welfare of the
nation. This aim is simple to express but to translate it into
terms of arcas of land by locations is extremely difficult and
could be dangerously wisleading 1f one tried to do this
precisely or by means of simplistic zoning schemes. Land can
seldom, if ever, be categorised as being suitable for one and
only one use. In practice, differences of interest and
tradition, of. aims and methods of nanagement and of other
factors play an important trole in deciding which pattern of
land use shall be adopted in a particular situation.

Wood production

Mew planting now will not affect production until the
beginning of the next century and until that time output will
be determined by the production goals and cutting plans for
the existing forest arca. Hardwood production is expected to
remain at a level of about 1 million cubic metres/yr over the
remainder of this century and although che wvalue of this
production 1is considerable, interest naturally centres on the
growth of softwood production. Our latest sofwood production
forecasts show an overall increase of 230 per cent over the
1976 value by the turn of the century (Table 3).

The Forestry Commission will produce nearly 75 per cent
of British softwoods production by the turn of the century and
the rate of increase 1is so rapid that both the public and
private sectors face a major challenge for the future if the
timber becoming available 1Is to be harvested and marketed
effectively,

Some plantations will be managed on a non-thinning regime
inposed by the risk of windthrow but the majority will be
thinned on a cycle of four to eight years and clearfelled on a
rotation of forty-five to sixty-five years, Rotations are
determined largely by yield class which, expressed as maximun
nean annual increment, ranges for conifers. from & to 24 cubic
metres/ha/yr, with a nacional average of 10 cubic
metres/ha/yr.

Table 3. Softwood production in Great Britain,

Public Private Total
(Forestry Commission)
000,000's cu.m

1976 actual cut 1.85 0.84
1991-96 forecast

{(annual average) 4,59 1.70

Increase 2.74 0.86

Factor x 2.5 x 2
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ECOLOGICAL CHANGE

British forests in the wuplands consist in the main of
pure, even-aged plantations with a preponderance of conifers
and young age classes, less than twenty-five years old.

This fact conjures up a plcture of a collection of dull,
uniform ecosystems: a picture which is not often confirmed in
practice when one examines forests on the ground. There are
nany reasons for this, In most areas, even though individual
forests are made up of a series of even-aged stands, there is
almost always a range-of age classes and species, and the
stands are broken up by roads and felling coupes. In practice,
therefore, there is much more diversity and variation of
canopy and “edge’ conditions than might at first be thought.
Such diversity increases as the forest becomes older and
regeneration fellings are carried out.

In establishing forests on bare upland {t 1{is hard to
imagine a more dramatic change in the ecological conditions
including the soil, the flora, the fauna, and not least the
introduction of trees for the flrst time in many centuries. In
general, the original site conditions were so inhospitable for
the growth of trees that drastic interventions in the form of
cultivation, drainage, weed control, fertilising and fencing
have been necessary in order to establish productive forests.

I would like to comment on the nature of some of these
ecological changes as 1 see them; - again in the hope that I
may provide some general background to your much more detatled
discussions. during the next few days. At the same time, I
would like to introduce the concept that when studying the
ecology of plantations we are dealing with two complementary
basic resources, namely:

THE PHYSICAL RESOURCE - that is the soil and its

‘ ~physical enviroment, and
THE BIOLOGICAL RESOURCE - that is the flora, fauna and
- the trees themselves,
We need to wunderstand how our mwmanagement affects these
resources and thelr interactions if we are to achieve the best
overall benefit to society and avoid harmful side effects.
The soil,

The scil and 1its physical, hydrological and chemical
properties are changed by plantation forestry, either prior to
planting {n order tc make the site more sultable for tree
growth or later during the life of the crop. Many of the solls
of upland Britain are initially too wet and have 1{nadequate
aeration for the growth of commercial species. Ploughs of
various kinds are used to provide a planting medium and to
improve the drainage either by providing channels for more
rapid run-off of water or by breaking up impeded soil layers
to allow better vertical percolation. Unfortunately, some
ploughing systems restrict the spread of surface, buttressing
roots and any gain in crop stabilicty from increased rooting
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depth may be morec than cancelled out by lateral restriction to
rooting. Windthrow is all too common in upland forests.

Some soils must be fertilised before tree growth is
possible at all, while on many others fertilisers give
worthwhile responses.-in yield. Phosphorous fertilisers are the
most frequently used; wicth additional potassium, especially on
peat soils. - Spruces have- a markedly higher need: for
fertilisers than.pines on infertile soils.

Changes induced by the growth of the tree crop itself are
beconing wmuch better understood and- in physical respects are
frequently more significant than those produced by the inirtial
ploughing. The forest canopy may intercept and evaporate up to
40 per cent of the rainfall and this important effect on water
yield from forested catchments needs to be taken into account
in land-use planning. In some soils with an initial excess of
water, much more favourable water and aeration conditions are
created. However, the wet clayey soils of the uplands are
proving to be the slowest to. respond in this way and the
shallow roocing of spruces, especially with restricted lateral
development, results in early wind damage.

The flora.

The flera has changed too. In the uplands, ploughing,
draining and fencing 1initially encouraged plants of drier
habitats and le¢ss grazing resistance, As the new forests have
aged there has been a qualitative change from heath and
grassland vegetation to more genuine woodland communities with
ferns colonising the shaded areas and native tree species,
such as rowan and birch, colonising the compartment edges. In
the lowlands, changes 1in woodland flora have often been
quantative rather than qualitative: mature .conifer crops
frequently exhibit a similar range of plants to traditional
broadleaf ones but with different quantities of each species.
In particular, the abundant spring flora of deciduous woods Is
reduced in coniferous plantations but this is offset by the
presence under older conifer crops.of a herb flora in late
sumner when broadleaf shade would exclude much-of it.

The fauna. ;

There have also been dramatic changes in the vertebrate
fauna after the afforestation of bare land and wildlife
management is a vital part of forestry in Britain to protect
the crop, to exploit animals for.recreation, sport and meat,
and to conserve a balanced -population of animals and birds.
The variety of fauna is much influenced by the diversity of
the forest, and there are marked differences between the
afforestation, thicket, pole-stage and mature forest stages of
development. In the 1940°s and 1950°s large areas of young
crops predominated iIn many forests and such a stage is
relatively sterile of fauna. However ,” as windthrow and
regeneration fellings proceeded in the 1960°s and 1970°s these
large areas have become - a patchwork of young and clder age
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classes moving closer to a balanced habitat progression where
birds and animals can find suitable alternative habitats
within & few hundred metres as the crop changes structure.

This new habitat provides for a considerable increase in
the population of the more mobile and commoner species - the
less mobile and uncommon species require more active provision
of suitable habitats, often more diverse in character than a
plantatien can provide, For example, research has shown that
at least five ha of broadleaved woodland is required to
sustain a bird population which differs in species composition
from those found in surrounding conifer plantations.

The widespread wuse of exotic tree species introduces a
major ecological change, and when we introduce genctically
original trees into new environments, we can expect recaction
from the existing inbabitants of these environments. These
recactions are often of licttle consequence or may be
favourable, Obviously also they may sometimes be damaging
either to the new plantation or to the existing inhabitants
themselves. Such potential “ecological dangers’ from and to
the new forest tend to acquire exaggerated and sinister images
because we do not fully understand them. Fven so, it is clear
that there are risks, especially to the new trees.

THE MANAGEMENT SYSTEM
Cur forecasts are created and managed for a purpose and

there are three broad aspects that have to be considered in

this process:

Silviculture: to ensure the best sustained growth
of trees at an economic level to produce wood of
industrial qualicy; this 1implies conservation of soil
productivity and of the health and stability of the
trees.

Environmental management: to ensure the sustained yield at an
econonic level of the environmental benefits of forestry,
including landscape, recrcation values and conservation
of flora and fauna.

Operation efficlency: to ensure that work 1is done in a
manner that is safe and cost-effective.

In theory, the requirements of efficiency tend rtowards
large~-scale, mechanised, simple and uniferm methods of
management and these wmay conflict with the environmental
values, which tend to be ' favoured by small, complex and
diverse methods of work.

In practise, a compromise has to be struck, by choosing a
management system appropriate to each region and ownership., I
hope and believe that in most parts of Britain we are
developing systems of forest management which are a reasonable
and sensible cowmpromise. We can measure our efficiency and
product value in producing wood for the market and can even
begin to mecasure our performance 1n terms of recreation
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values. It is much more difficult to measure and ascribe
values to the long term envirommental and ecological
implications of what we do for important questions such as
conserving soil productivity, the vulnerability of our forests
to damage by wind, pests and diseases, and the conservation of
wildlife.

ECOLOGICAL PROBLEMS

I would like to refer briefly to some of the problems
that arise and to some fields of current research which have a
special significance for forest management in Britain today.
Tree health

Diversification of species and age classes reputedly
reduces the risk of catastrophic damage from pests and
diseases. Tree breeding progranmes are beginning to take
cffect 1in practice and it is possible that the development of
cheap ways of mass-producing genetically superior individual
trees will open wup the possibility of clonal forests in the
fairly near future. The prospect is that through selection and
breeding and improved propagation methods the genetic base of
our planting stock could be rapidly reduced. The full
ecological consequences of planting programmes based on highly
bred planting stock can never be fully assessed. However, 1
think that it is so important that I hope you will find time
toc consider this question in the course of your discussions.
Tree stability

Windthrow is a persistent source of danage in British
upland forests and current research is aimed at both
prediction and reduction of 1likely damage. Studies are
proceeding on windflows in order to permit windthrow hazard
classification on species and silvicultural systems, and on
cultivation and edaphic factors that limir root growth. This
is such a crucial area for future management that I must
commend it to your attention.
Regeneration

Clearfelling of even-aged stands can present special
problems in our uplands depending on the soil and climate. On
heavier soils in high rainfall areas, surface waterlogging can
follow clearfelling and cause establishment problems and the
presence of stumps makes remedial treatments more difficult.
Basic physiological research Is being done in Britain on the
effect of seasonal waterlogging together with applied research
on remedial soil treatments. This too represents a field of
research in which international debate and sharing of
experience could be particularly relevant.
Soil productivity

In most cases our upland forests have been _ planted on
land where only very small stores of nutrients had been
accumulated by natural vegetation due to various factors
including burning or erosion, and foresters have had to
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“recharge’ the sites by manuring. Consequently forest
nutrition 1is an active and important field of study and
ferrilisers are used extensively at planting in order to
establish fast growing species. Much of the attention today in
Britain has vturned to the prospect of improving the yield of
established forests by fertiliser top-dressing regimes. The
question of biological and economic limits to growth is posed.
In some circumstances, large returns seem achievable by such
means. We need becter definiction of these circumstances and of
the implications of such treatments. We also need to know
wheLher greater emphasis should be given to research into
species and varieties capable of reasonable growth with a
minimum supply of nutrients, i.c. the whole question of “low’
input versus "high’ input forestry.
Nature conservation

Our objectives and methods of wildlife management pose
important questions and 1 am glad to see that you have devoted
a considerable part of your timetable to this subject.

CONCLUSI0ON

It has somctimes been suggested -that there 1is -a
fundamental difference 1in outlook on ecological macters
between the foresters responsible for managing traditional,
semi-natural, uneven-aged forests and those responsible for
man-made plantations. T do not believe this to be so, and any
differences there wmay be tend to reflect differences In
objectives of management rather than differences- to. awareness
or 'sensitivity on ecological questions. )

A sound knowledge of the forest ecosystem 'is obviously
important in all circumstances and especlally so for even-aged
plantations. Furthermore, it needs to be stressed that new
knowledge must be translated into terms which mean something
to forest managers. In particular, if:there are undesirable
features, the manager needs to know what these. are and why
they are undesirable in terms of productivity (e.g. site
degradation, hazards to health, etec.), and environmental
values (e.g. water, nature conservation and landscape).

In the end, the forest manager has to decide whether his
objectives or methods are satisfactory or should be changed.
The scientists in each country must help ensure his decisions
are based on knowledge and balanced judgment rather' than on
folklore or prejudice.

Your agenda for this week is very wide-ranging and it
seems to me that some aspects of research lend themselves to
international co-operation whereas -others are so related to
local conditions and to national policies and objectives that
the scope- for international co-operation is limited. 1In
general, I think it true to say that basic bilological research
and non-biological basic and applied’ research are the most
likely to benefit from international co-operation as both tend
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not to be highly dependent on local conditions. It becomes
practicable, therefore, to pool research resources and to
deploy them more effectively.

It would seem that much of the agenda for the present
Conference deals with aspects of research which are greatly
influenced by local factors and 1in which the scope for
international co-operation may be somewhat limited. The value
of the Conference in these circumstances could lie not so much
in assessing the detailed results or conclusions of research
but rather in considering the concepts and wmethodology. But
even in these areas the main speakers will suggest analogies
and stimulate ideas and rewarding discussion. There |Is,
however, a wore basic element in many of the topics to be
dealt with and suggestions for effective international
co-operation may well emerge during the course of the meeting.

I wish your discussicon every success.
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SUMMARY

1f consistent and rational silvicultural
decisions are to be made when establishing
even-aged plantations, a site classification is
essential. The classification must be readily
understood and be applicable by forest
managers. It should be based on soil and
climatic factors which are the limitations to
forest production when compared with the
requirements of species, if specles
requirements are known, then these limitations
can be ameliorated. Forecasting of yield based
on site type nnust be jmprecise where site
limitations are ameliorated.

Yield forecasting is more precise on sites with
few limitations to growth and on which crops
have been grown to a full rotation. The
ultimate objective of a site classification
must be to produce a site yield guide which
incorporates silvicultural proposals designed
for the target vyield to be achieved. Such a
guide may take a conslderable time to devise,
as the long term effects of site modification
and improvement will only be apparent over a
number of rotations.

RESUME
Si nous voulons que les décisions prises en
matidre de sylviculture soient 1logiques et
rationelles au nmoment de la création de
peuplements equiens, il est essentiel d°€tablir
d” abord une classification des stations. Cette
classification doit @&tre claire et capable
d’frre utilisde par  des gestionnaires
forestiers. Elle doit @&tre basée sur des
facteurs 11és au sol et au climat. Certains de
ces facteurs sont souvent 4 un niveau
insuf fisant, comparés  aux exigences de
différentes essences, et indiquent des stations
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marginales. Si les exigences sont connues, une
amélioration de certaines stations est
possible,

La prévision de la production basée sur les
différents types de stations ne peut &tre trds
précise dans le cas ou 1’ amélioration de la
station est possible et conduit & une meilleure
croissance., La prévision de la production sera
plus précise pour les stations ayant moins de
contraintes limitatives et pour lesquelles la
croissance a déja ¢€té suivie pendant une
révolution complate. L'objectif numére un d’une
classification des stations sera d’értablir un
guide des liailsons production - station, qui
comporteralit également des régles sylvicoles,
conformes aux objectifs de production retenus.
Le temps nécessalre a établir un tel guide sera
considérable, pulsque les effets 3 long terme
de la modification et de 1" amélioration d'un
terrain ne seront ressentls qu’aprés une ou’
plusieurs révolutions.

ZUSAMMENFASSUNG

Wenn bei Begrundung gleichaltriger Pflanzungen
konsequente und rationelle waldbaul iche
Entscheidungen Zu treffen sind, 1ist eine
Standortsklassifikation unerldsslich. Die
Klassifizierung muss flir den Forstmann leicht
verstandlich und anwendbar sein. Sie sollte auf
Boden- wund Klimaeigenschaften beruhen. Aus
ihnen kénnen sich oft Standortsbeschridnkungen
ergeben, wenn man die Bediirfnisse der Baumarten
beriicksichrige, Wenn die  Anspriiche der
Baumarten bekannt sind, kann man veridnderliche
Standortseigenschaften entsprechend verbessern.
Ertrafsvoraussagen nach dem Standortstyp sind
zwangslaufig ungenau, wo wachstumsbeschriankende
Faktoren verbessert und damit das Wachstum
gefdrdert werden kann.

Die Ertragsvoraussage wird genauer sein fiir
Standorte mit geringen Einschrankungen, und
wenn die volle Untriebszeit erreicht 1ist. Die
Standortsklassifikation sollte letzlich auf die
Erstellung standortsgebundener Ertragstafeln
abziehen, die auch waldbauliche Richtlinien zur

Erreichung des Ertragsziels geben. Zur
Ausarbeitung solcher Unterlagen ist
betrdchtliche Zeit erforderlich, da sich die
Langzeitwirkungen von Standortsverdnderung

und -verbesserung erst nach wmehreren
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Umtriebsperioden zeigen.

INTRODUCTION

The objective of this paper is to examine the requirement
for a site classification in even-aged plantations, and to
consider the site features that can be used. A nunmber of
existing classifications will be cited, but a comprehensive
comparision is mnot possible due to the extensive number of
systems in use. Indeed, site assessment {s such a broad
subject that a I.U.F.R.0. working party under Dr Burger and Dr
Kreutzer 1is examining the different methods of classification
and their various objectives.

The term 'even-aged plantation” is {mprecise. It can
cover the establishment of exotle or indigenous conifers and
broadleaved species on bare land, abandoned scrubland with
secondary regrowth, low production forest and high production
forest. It alse covers the regeneration of natural,
uneven—-aged forest, particularly where a preferred species is
favoured and the re-establishment of felled, even—aged, mature
plantations.

The most important requirement in establishing any of
these even-aged plantations is that the preferred species must
have a potential for successful growth. Where a species has a
wide tolerance and where the site is relatively homogenous,
the chance of successful growth will be high. 1If sites are
diverse and species tolerances narrow, a plantation over an
extensive area will produce a wide range of growth rates.

In early British plantation forestry, whenever even-aged
plantations were established, a site classification was
necessary, however empirical, to match the requirements of the
species with characteristics of the site. The closer the
species requirements were met, the greater was the potential
for success on the plantation. Very often in early plantations
gspecles requirements were imperfectly known and so many were
unsuccessful. A nutritional site limitation was one that
showed itself early in the life of the crop, but physical or
climatic limitations often appeared much later.

European foresters have long recognized the value of site
classification, primarily through phyto-sociological site
mapping with some pedological influence. British foresters
adopted a site classification based on vegetation communities
and related to it observed yields of various species (Anderson
1950). Wood (1955) examined the ecology of conifers in
northwest America and related observed site conditions there
to those in Britain and suggested suitable British sites based
on the conditions of natural stands of our exotic plantation
trees. Macdonald et al. (1957) reviewed the ecology of exotic
forest trees in Britain, giving indications of suitable sites,
based on site limitations.

British even-aged plantations are characterized by
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establishment on bare ground, but other European, tropical,
Austtalasian and American foresters  have frequently
established even-aged plantations on logged-over forest. Their
objective has usually been o increase the vyield of the
natural forest by selecting a preferred indigenous or exotic
species. The advantage of this type of even-aged plantation is
that, based on the natural phyto-sociological and pedological
features, the forest site type can be classified prior to
establishment,

THE NEED FOR STITE CLASSIFICATION IN EVEN-AGED PLANTATEIONS.

Because climate is the most dominant, single feature .of
site classification, as cxpressed by combinations of warmth
and cold, a measure of growing season length, precipitation
and exposure, it follows that regions of either equable or
consistent climates tend to have less wide variations in  site
types. Regions that have an inconsistent climate tend to have
wide variations of site type, which is compounded if there are
also wide ranges of lithology and physiography. The latter
description fits western, maritime land masses and is typified
by the British uplands.

Even-aged plantations have been established using one of
two broad policies. The attributes of the site were assessed,
either subjectively or objectively, and species most sulted
to, or most tolerant of these site features were planted.
Alternatively an assessment of site features which [dentified
limitations was made. The site limitations were then
ameliorated to a greater or lesser degree, depending on the
relationship between cost and forest yleld improvement and a
single preferred specles planted.

The first policy can be regarded as ‘low input’ and seeks
to stimulate the natural forest which has a moderate range of
climax species, each with its own site tolerances. This low
input, multi-species, even-aged plantation will produce trees
of uneven sizes, with different qualities and different
potential utilization., This type of production does not easily
fit current timber use requirements. Its drawback, together
with the greater yield potential of single species, high
input, even-aged plantations, has resulted in the dominance of
the single over the multi-species afforestation.

The second policy is “high 1input’, where a preferred
species, which must have moderately wide site tolerance, is
ensured of success through the major modification of site
limitations, This type of single species, even-aged plantation
also seeks to be even-sized, evenly grown and hence uniforuly
managed, to produce an wunvarying product at any particular
stage of the rotation.

However, a common feature of both policies was the need
to recognize the characteristics of the site and hence the
limitations. In some cases a species was matched to a site,
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while 1in others the site was adapted to the requirements of
the species.

Afforestation Iin the British wuplands in the past was
traditionally of the ‘low input’ type, using many species, but
in the last rthirty years it has increasingly become "high
input’, using fewer species, mainly Sitka spruce, or on the
poorest sites, lodgepole pine. A major reason for this change
in policy was that the British upland plantations prior to the
1930°s were primarily in areas with few site limitations, {.e.
sheltered valley bottoms and mid-slopes on which a wide range
of species could be planted. From the 1940°s onwards, more and
more of the land available for afforestation was at higher
elevations, which provided sites with increasing limitations
to growth. Very few species could tolerate these linitatlons
and many site features had to be anmeliorated to ensure the
silvicultural and commercial success of the plantation.

The objective of devising a site classification for
even-aged plantations must be to aid forest managers in making
rational and consistent silvicultural decisions, that will
ensure the success of a crop and, 1f possible, indicate for a
given intensity of input, what the expected ylelds or rate of
success of the crop will be. In upland plantations it is
apparent that a site classification based only on soil
parameters, although facilitating rational silvicultural
decisions, has been less successful in predicting yield. This
is due to the dominance of the climatic element.

Prior to afforestation, the objective of a site
classification i{s to optimize the choice of species and to
ensure an acceptable growth rate. As plantations develop,
crops reveal differing growth rates which can be related to
site type. Gradually yleld prediction based on site type
becomes more reliable. After one or two rotations, in which a
range of silvicultural practices has been exanined for a
number of species over all site types, a reliable site yield
guide can be evolved. A predicted yield can then be achieved
1f a specific, site-related silvicultural regime 1s followed.

where planting is carried out on previously forested land
and where the preferred species is 1indigenous, a gite
classification will give an accurate estimate of yleld,
Mowever, it 1is normal practice to improve the site by
ameliorating site !imitations and the natural forest yleld of
a species might be much lower than under even-aged plantation
conditions. Therefore, a land capability classification for
forestry based on natural forest conditions will only indicate
a base level of yleld. This will be subject to silvicultural
improvement.

FACTORS USED IN SITE CLASSIFICATION.
A forester is primarily interested in site classification
with a related yield potential as an aild to forest management.
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He is not interested in the «classification of so0il,
vegetation, or land form per se. Factors used in a site
classification which {is intended for a practical application
by forest managers, must be readily understood and should be
easy to assess. Silvicultural practices may then be related to
a site classification and this will ensure that a relatively
standard set of treatments will be applied to similar crops
over a wide area.
Site factors fall into two groups:
Soil characteristics: nutrient avaflabilicy,
water availability, aeration,
recotable depth, vegetation
type, terrain type.

2. Climatic characteristics: warmth or coldness, wetness or
dryness, exposure to wind,.

Soil characteristics

Mutrient availability - The principle elements for successful
tree growth are nitrogen, phosphorus and potassium (N, P and
K). Although values of N, P and K can be determined in a soil,
it has proved not possible to forecast either yield or the
success of a crop in relation to N, P, K concentrations,
except for extreme values. In upland Britain, on mineral and
organo-mineral soils, there is some relationship between the
soil nutrient availability and the chemical composition of the
rock: quartzose and granitic rocks tend to have the lowest
values. Special problems are found on other lithologies, such
as low phosphorus availability in soils derived from basic
igneous rocks, while high pH values are found in soils over
calcareous rocks. Soils derived from stony or coarse textured
glacio-fluvial or littoral deposits often have 1low N, P, K
availability.

In organic soils, nutrient availability has been related
to total content of K, P and K in the upper horizons, which
itself is correlated with the bare ground vegetation. On such
sltes, a nore consistent estimate can be made of yield, or
more importantly, the nutrient {nput required for a successful
crop. The current classificarion of bogs used 'in the Forestry
Commission, is based on the bare ground vegetation, and a
silvicultural policy of increasing nutrient input is applied
where the vegetation type indicates low N, P, K values
(Toleman 1973).

Water availability - Water availability is related to climate,
lithology, soil type and depth. 1In a moist, maritime climate
it is only in exceptional years that trees suffer visibly from
drought (Burdekin 1977; Fourt & Hinson 1970), and this would
usually only occur with a combination of shallow loamy soils
over permeable bedrock. In drier climates water availability
can become a limiting factor., It is evident in the Pacific
northwest that available soil moisture plays an important part
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in a yield related site classification in drier zones (Wood
1955).

Aeration - In very wet climates an excess of soil water can
lead to periodic or permanent waterlogging, resulting in poor
soil aeration, The 1intensity of anaerobic conditions in the
soil is related to the precipitation and permeability of the
soil and bedrock. Poorly drained or gley soils are extensive
in wet, mild, maritime and cold, wer, continental climates and
they frequently develop a considerable depth of surface peat.

The lack of aeration in the soil prevents deep root
penetration and where this occurs in windy climates, extensive
uprooting will occur. Shallow rooting in poorly drained soils
does not necessarily imply a lack of soil nutrients and
vigorous growth is often a feature of such sites. It has been
traditional to drain waterlogged sites, but many gley soils
are of a clayey texture with a very low permeability. There is
an insignificant inprovement in soil aeration as a result of
drainage, apart from the superficial horizons, which in any
case are affected by water removal by the tree crop. Gleys of
a loamy texture should be separated in a classification as,
with greater permeabilicty, effective drainage and improved
acration should be possible.

Organic soils are normally waterlogged but deo have
varying rates of permeability, Fibrous or relatively
undecomposed peats are more permecable than amorphous or
well-decomposed ones, and drainage may improve peat aeration
and encourage decomposition. The principle reason for
attenpting to Improve soil aeration is to encourage deeper
root penetration, so making the crop less susceptible to
uprooting.

Rootable depth - Restricted rooting can occur In shallow sovils
over impermeable hedrock, or where there is mechanical
restriction in a subsoil horizon, 1.e. on indurated layers
which are relict permafrost phenomena formed during the
periglacial climatic conditions of the late stages of an Ice
Age. Both freely drained and poorly drained soils can have a
strongly indurated layer at depths of 20-50 cm from the
surface. The layer may be discrete and 20-30 cm thick, but
commonly it exceeds 60 cm. Roots cannot penetrate the
indurated layer due to the small pore space and firmness.
Induration is greatest in loamy soils, resulting in high bulk
deensity, but decreases with increasing clay content. The
identification of indurated 1layers and their extent is
important, as the shallower, discrere type can be shattered by
deep ploughing, SO encouraging more extensive root
penetration.

Vegetation type - Certain types of ‘bare ground vegetation,
besides indicating a site characteristic, may themselves
compete with the early growth of tree crops. In upland Britain
the i{nitial competition between heather (Calluna vulgaris) and
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many tree species, especially spruce, 1is well-known. 1In
extreme cases spruce growth can be almost totally checked. The
very lush growth of weeds on fertile lowland sites is only a
limited problem, as the trees themselves are not checked and,
once established, will grow rapidly.

Vegetation has been used as a means of site

classification. This 1s based on the concept that the
vegetation present is a result of prevailing environmental
factors and consequently different plant associations
delineate different sites., MHowever, vegetation boundaries are
not permanent and in even-aged plantation forestry, natural or
semi-natural vegetation declines, until recolonization takes
place after thinning and felling.
Terrain type - Features of the terrain, such as ground bearing
capacity, ground roughness and slope, seldom affect rthe growth
rate or vyield of plantations, but do have an important
relationship to all silviculcural harvesting operations
requiring mechanization. At establishment, the type of plough
and ploughing equipment selected can be 1influenced, and at
harvesting, the type of extraction equipment.

The Forestty Comnmission’s current classification
recognizes three terrain factors, which are sub-divided into
five classes (Table 1}.

In dry climates, terrain can influence soil moisture and
wet, receiving sites may be separated from dry, shedding ones.
Climatic characteristics
Warmth and coldness - In natural forests at high altitudes a
timber line 1{s associated with increasing climatic coldness
and a reduction in growing season. Even-aged plantations are
normally established well below such a timber line, as at
these upper elevations yield is low. However, in wet, maritime
climates and within a range of elevations in which plantations
can be cstablished, there is5 a strong rtelationship between
yield and altictude (Malcolm 1971; Mayhe'ad 1973). Also, the
potential for crop response to ploughing or fertilizing |is

Ground conditions Ground roughness Slope
(Soil bearing capacity) (Presence of (gradient in %)
sur face obstacles)
1. very good very even level
2. good slightly uneven gentle
3. average uneven moderate .
4. poor rough steep
5. very poor very rough very steep

Table 1. Forestry Commission ierrain classification.
Units of these factors and their scales are described in
wore detall by Rowan (1977) and are based on Scandinavian
practice.




greater at lower elevations.
Wetness and dryness - Climatic dryness, i.e. potential
evapotranspiration (see Jarvis & Stewart, this volume), is not
a problem in wet, wmaritime regions, but it becomes
increasingly important in warmer, continental areas,
particularly those with long, dry periods. Climatic wetness is
an imporrant factor in the development of a soil from a parent
material. The soll processes of organic iIncorperation and
accumulation, c¢lay translocation, leaching of scil nutrieats,
gleying, podzolization and weathering are all related to the
amount of precipitation and 1its seasonal distribucion. In
climates of moderate rainfall with dry periods, where a soil
potential water deficit (PWD) may develop, an established
plantation can intercept and evaporate sufficient
precipitation to have a wmarked effect on soil moisture and
aeration, However, there is little effect in higher rainfall
areas that do not experience a seasonal soil PWD,

Exposure to wind ~ Maritime climates have a high average wind
speed, which at upper elevations 1s the major limiting factor
to tree growth. It has an effect through physical uprooting
and physical damage to the crown of the tree. Measurements of
wind speed are difficult to make. Anemometers are expensive
both to instal and maintain and are seldom Installed - in
isolated hill areas where afforestation has been carried out.
Other recording methods have been devised, though none have
gained wide acceptance, Tatter flags (Lines & Howell 1963)
have been used by the Forestry Commission to  aid in
determining upper planting limits and a method of relative
topographic exposure has been devised to produce wind exposure
or ‘topex’ maps (Pyatt, Harrison & Ford 1969). Recently an
indirect technique has been developed. Models constructed on a
proposed afforestation area are exposed i{n a wind tunnel and
relative air flows over different parts of the surface
measured. Although data are limited for wind flows over upland
areas the Forestry Commission has used the available data to
produce a wind zonation of Britain.

EXAMPLES OF SITE CLASSIFICATIONS WITH THEIR OBJECTIVES
Britain

It has been stated that the objective of a site
classification must be that it aids forest managers to make
rational gilvicultural decisfons. When the Forestry Commission
adopted a site classification in 1961, it was decided to base
it on soil types. Although initially this was related to Che
existing soll classification used by the Soil Survey of Great
Britain, as wmore information beceme available, so soll
attributes of silvicultural value were distinguished, e.g.
- textural class of poorly drained soils;
-~ depth of s0i1l to bedrock;
- presence and depth of indurated horizons;
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- thickness of surface organic horizons;

- presence of surface rock or boulders;

- competing vegetation types;

- depth and continuity of ironpan;

~ nutrient availability in deep peats as indicated by

vegetation type.

Conversely soil features of only pedological differences
were less important. For silvicultural considerations at a
national level, the soil types are assembled into soil groups,
e.g.

freely drained soils: brown earths

podzols

imperfectly and poorly drained soils: ironpan soils, gley
soils, bogs

other mineral soils: calcareous soils
littoral soils
skeletal soils
man-made soils,

As soil mapping extended over upland Britain, it became
evident that a higher category could be introduced into the
classification, This 1is the ‘site region’, which was defined
as having a fairly narrow range of lithologic type within
which there was a characreristic and consistent range of
climate, terrain type, soil type and tree growth rate, and
hence silvicultural practices could be expected to be fairly
consistent. Some of the more extensive "site regions’ could be
further subdivided into wetter and drier western and eastern
sub-types. Contrasting examples of the differences between
soll type distribution In two “site regions’ is shown when
comparing the Scottish border carboniferous “site regfon’ with
the northeast Scotland ‘site region’. In the former, clayey
textured gley soils and bogs account for up to 90 per cent of
the so0ils, while in the latter there is a dominance of freely
drained brown earths and podzols.

A site classification based on soil 1types 1is effective
for making silvicultural decisions when establishing a
plantation. For example, poorly drained mineral,
organo-mineral and organic soils will require adequarte
cultivation and drainage. Organic soils will require varying
inputs of fertilizer, dependent on the nutrient status of the
peat. Indurated soils and seils with an ironpan layer will
require cultivation.

To aild 1in forecasting crop yield and risk of uprooting,
additional climatic features must be superimposed on the
soll-based site classification. Since exposure to wind 1is
difficult to measure, elevation zone has been used as a
substitute. In hilly and regular terrain, e.g. mid-Wales and
the southern uplands of Scotland, the topex method of exposure
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assessment has been valuable., Pyatt, Harrison & Ford (1969)
describe this method and relate it to the windthrow hazard
that crops experience on the various site types, As crop vield
is also related to elevation, an overlay of soil map, topex
map and elevation zone map can give the following information:
l. Initial inputs of drainage, fertilizing and cultivation
to ameliorate soil type limitat{ons.
2. Relatively accurate estimates of yleld {f the inputs are
at an optimum level.
3. Relatively accurate estimate of risk.
Crops on shallow or poorly drained soils at high
altitudes have a higher probability of windthrow before they
reach their intended final height. Windthrow is precipitated
and accentuated by thinning and the Forestry Coomission
accepts that in such  exposed sites normal thinning
prescriptions (Hamilton & Christie 1971 will not be carried
out and the crops will have a shorter rotation.
The windthrow hazard classification (Booth 1977) is based
on four site features (Table 2)., A score 1s given to each
value and the sum of these is regarded as the score range.
Windthrow hazard classes | to 6 are sub-divisions of the score
range, The mean crop top height at the onset of windthrow is
given below. Windthrow is defined as over 3 per cent of the
living trees in a plantation uprooted.
Windthrow Top height of crop
hazard at onset of
class windthrow (m)

25

22

1%

16

13

10

[+ VP IR KRy

At present the Forestry Commission 1is devising a
management policy to take account of this classification.
Provisionally, normal thinning will be carried out in classes
1, 2 and 3. Selective thinning will be carried out in class 4.
Selective thinning will be restrictively carried out in class
5, while class 6 will have no thinning.

The Forestry Commission is at present using a provisional
forest site yield guide for upland Britain (Busby 1974) in
which sites are identified by elevation, wind zone and soil
group. A preferred fercilizer regime is given and a yield is
forecast. However, as many crops on the poorest sites have not
yet been grown to final rotation and as the response to
mid-rotation fertilizing has not been accurately quantified,
the forecast yields remain rough estimates.

Although forest managers require a site classification on
which to base silvicultural decislons, senior management and
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Table 2. Forestry Commission windthrow hazard classification
(Booth 1977).

Elevation FExposure,
Wind Zome above sea using Soil ctype
’ level (m) topex scale*
1.Consistently 1. 0- 60 1. 0- 9 1. Rooting
high wind 2. 61-140 2. 10- 15 unrestricted.
values. 3. 141-190 3. 16- 17 2., Rooting
2. 4. 191-225 4, 18- 19 restricted at
3. 5. 226-255 5. 20- 22 about 25-45cm.
4. 6. 256-285 6. 23~ 24 3. Rooting very
S.Consistently 7. 286-315 7. 25- 27 restricted
low wind 8. 316-360 8. 28- 40 less than 25cm.
values 9. 361-405 9. 41- 70

A map of wind 10. 406-465 10. 71-100
zones in Great 1l1. 466-540 11. above 100
Britain is i2. above 540

avalilable.

*pyatt, Harrison & Ford (1969).

research workers require to know the extent of site types, so
that their national importance for research work and financial
implications can be assessed.

A soil survey carried out on the Forestry Commission
estate in 1971 showed the following distribution of soil

groups:

- freely drained soils 28 %
- imperfectly drained soils 14 X
- poorly drained mineral and organo-mineral soils 39 %
-~ bogs 14 %
- others 5 %

A survey of ground awaiting planting In 1972 showed that
current afforestation 1s on land dominated by the poorest site
types and those at greatest risk to windthrow. Current and
future afforestation will be of sites with major limitatioms
that require a wmoderate to high cash flow for site
amelioration to maintain adequate growth rates.

Canada

In the extensively forested Pacific northwest, the
British Columbla Forest Service used a site classification
(Spilsbury & Smith 1947) based on' vegetation communities,
which were indicative of soil moisture status and related to
tree growth rates, However, In southeast Alaska where rainfall
is higher and soil woisture is not a limiting factor, the
classification was not applicable.

The Canadian Land Inventory produces a series of
{nterpretive maps, amongst which is one on ‘land capability
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for forestry’. Seven classes of land are recognised each with
a reducing productivity assessed from the natural forest
stands. It is emphasised in the classification that
productivity is based on the natural state of the land without
improvements and that with site amelioration productivity will
increase. The classes of land are described as having
increasing limitations to the growth of commercial forests and
as the limitations are identified, they can be ameliorated
when even—aged plantations are established.

Subsequently the British Columbia Forest Service modified
this system (Kesner 1970); first, to provide a classification
and inventory of the land in terms of bedrock and surface
geology, soils and vegetation and secondly, to interpret these
features for land use and forest management purposes such as
assessing potential productivity, species sufitability, natural
regeneration potential, chinning, fertilizer requirements
suitabil{ty for road construction and erosicn.

Hungary
During the last thirty years Hungary has embarked on a

extenslive afforestation and reforestation programme, A

classification of forest regions and forest types has been

devised and silvicultural operations have been related to them

(D.G. Pyatt, personal communication). Site requirements of the

major species have been determined, so not only can the

correct choice of species and silvicultural method be adopted
by site type, but a rational nationwide silvicultural policy
can be developed.

The major site factors recognised are:

1. Climate - expressed as dryness or wetness and indicated
by the mean J uly atmospheric humidity in four classes.

2. Topography - as an Influence on soil water; there are
seven classes of land, from water ehedding to water
receiving.

Soil - soil type {dentification follows accepted

pedological practice, although certain features of

silvicultural importance are emphasized. It includes nine
groups and forty-three types.

4, Soil defects, 1i.e. physical limitations - features
recognised are depth of soil over bedrock, depth to water
table, depth to salt accumulation, extreme stoniness,
high pH and subsoil compactness.

Ground vegetation - to some extent reflects soil and
wicro-climatic conditions and was used for site
identification before being replaced by the present
system.

in addition to these major site factors soll analytical data

are collected:

1. pH value.

2. Hydrolytic acidity

3. Calcium carbonate content
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4. Soda - alkalinity
5. Rydroscopic molsture content
6. Liquid limit
7. Capillary conductivity
8. Particle size
9., Humus content

For each of the forest regions, descriptions of
geography, geology, topography, distribution of tree speciles,
forest soils and forest types are prepared. Forest management
prescriptions specific to each region are devised and yileld
potential is estimated from data collected from sample plots
of all the major species on each site type. For each site type
and based on the national silvicultural policy, a manual 1list
suitable specles with an indication of yield and reotation
length,
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HOW DO PHYSICAL CLASSIFICATIONS CONTRAST WITH SITE TYPE
CLASSIFICATIONS?

By K. KREUTZER

Institur fiir Bodenkunde wund Standortslehre der Forstlichen
Forschungsanstalt Minchen, Amalienstr. 52,
8 Munchen 40, W. Germany.

SUMMARY
The different methods of site classification
can be subdivided into envirommental and
mensurational ones.
Environmental methods.
Environmental methods characterize and classify
sites primarily using the site’s  physical
conditions such as properties of the soil,
topography and climate. Vegetation is also
frequently used as a supplementary indicator,
in as much as it 1is indicating the water,
temperature and nutrient supply of the site. As
an additional aid the productivity of existing
stands can sometimes be used. A special type of
envirommental method is one that uses
vegetation as the only indicator of site
properties,
The aims of the environmental methods are
directed to provide a survey or basis for
better answers to a large varlety of questions
concerning the site, such as choice of tree
gpecies, productive capacity, threats, pathegen
attacks, erosion protection, and watershed
protection.
Mensurational methods.
Mensurational or forest site type
classification methods, however, characterize
and classify the sites primarily wusing the
productive capacity of the site, These methods
apply suitable attributes of avallable stands.
If the sites to be evaluated are not
sufficiently stocked, productive capacity can
be determined with the help of envircmmental
features being correlated with an expression
for the-productive capacity.
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RESUME
Les différentes méthodes de classification des
stations peuvent &tre divis€s en deux groupes:
celles qul sont 1lides & 1" environnement
physique et celles qui reposent sur la mesure
de la productivité de la station.
Méthodes liées & 1 environnement physique. Ces
méthodes classent et caractérisent les stations
en tenant compte tout d'abord des facteurs
physiques, c'est a dire des propriétés du sol,
de la rtopographie et du climat. On utilise
aussi souvent la végétation comnme facceur
supplémentaire, dans la mesure ol elle peut
@tre un facteur indicatif du rdgime hydrique et
thermique et de 1" apport en é€léments nutritifs
de la station, En outre, on peut aussi utiliser
la productivité des peuplements existants. Une
méthode spéciale wutilise exclusfvement la
végétation comme seul facteur indicatif des
propri€tés des stations. Les méthodes lifes i
1”environnement ont pour but d’é&tudier ces
facteurs et d°'€tablir une base solide qui
repondra Y un grand nombre de questions
concernant la station, par exemple, le choix
des essences, leur productivite, les dangers,
les attaques pathogénes, la protection contre
1" €érosion et la protection des cours d’eau.
Méthodes lides ‘A la mesure de la productivitd,
Par contre les méthodes liédes & 1" évaluation de
la productivité ou méthodes de classification
des types de stations classent er caractérisent
celles-ci tout d”abord par leur capacité de
production. Ces méthodes donnent des noms
caracteéristiques aux peuplements exlstants., Si
les terrains 4 évaluer sont nus ou
insuf fisamment boisés, leur capacité de
production peut @&tre déterminée A 1'aide de
facteurs du milieu corrélés avec une expression
de la capacité de productiocn.

ZUSAMMEKNFASSUNG

Die verschiedenen Verfahren der
Standortsklassifizierung lassen sich 1in zwei
Gruppen gliedern; die eine geht aus von der
Erfassung der Umweltfaktoren, die andere von
der Messung der Wuchsleistung.
Standortskundliche Methoden.

Hierbei werden die Standorte vor allem durch
die physischen Bedingungen, wie
Bodeneigenschaften, Relief und Klima




charakterisiert und klassifizierc. Auch die
Vegetation wird hiufig als zusatzlicher
Indikator benutzt, da sie das Wasser-, Wirme-
und Nihrstoffangebot des Standorts anzeigt. Als
zusdtzliche Hilfe kann manchmal die
Wuchsleistung vorhandener Baumbestande dienen.
Eine besondere Methode dieser Gruppe nimmt die
Vegetation als alleinigen Indikator der
Standortseigenschaften. Die Ziele der
standortskundlichen Verfahren bestehen in der
Schaffung einer Ubersicht oder Grundlage
standortskundlicher Kenntnisse zur besseren
Beantwortung von Fragen im Hinblick auf Wahl
der Baumarten, Produktionskapazitdt, drohende
Gefahren, Schidlingskalamitaten,
Erosionsverhinderung und Schutz von
Wassereinzugsgebieten,

Wachstumskundliche Methoden.

Diese Verfahren charakterisieren und
klassifizieren die Standorte vor allem an Hand
der gemessenen Produktionskapazitdt des
Standorts, Man verwendet geelignete
charakteristische Merkmale vorhandener

Baumbestinde. Wenn die zZu beurteilenden
Standorte nicht oder nicht geniigend bestockt
sind, ldsst sich die Produktionskapazitit {ber
die Bezichungen von Umweltfaktoren mit Daten
der Wuchsleistung ermitteln,

DEFINITIONS

Before we examine methods of site classification in wmore
depth, it is important to give some definitions.
Site

The term "site’ 1s applied with somewhat varying
meanings. In older literature it was understood to mean the
growing place of plants or plant communities as characterized
by certain natural provisions, but today it 1is applied more
precisely by plant ecologists. “Site” 1is the totality of
environmental conditions which have an effect on plants or
plant communities in cthelr growing place. ‘Site’ does not
include che influence of competition amongst plants or
temporary influences, such as a solitary ferrilization which
has no long-lasting effects.

In forest ecological research “forest site’ 1s similarly
defined as in plant ecology, as the totality of environmental
conditions significant for the development of forest trees and
these are principally determined by topography, climate and
soil.

Contrary to this envirommental definition
English-speaking people frequently apply the term °forest
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site” with consideration for the yield obtainable on the

growing place, e.g. "site classes’ are yield classification

units. Thus Gessel (1976) writes: "Most foresters understand
site as an expression of the ability of forest envirooment to
produce a given yield of species or a combination of species".

In land management the meaning of the term is narrowed down

even more to productivity or at. least potential preductivity.

These somewhat diverging opinions come together in the
one point that the yield of a stand is determined by a variety
of growth factors, Apart from genotype, we are Interested in
all factors exterior to the plant such as nutricnt and water
supply and temperature. In most cases we cannot make a direct,
quantitive calculation of the envirommental factors which
determine growth and so are dependent on assessing site
features indirectly.

Site factors
“Site factors’ are defined as the properties of a growing

place which are relevant to organisms living there. These are

partly interchangeable and can be divided into the following
groups:

- Climatic factors: precipitation, air temperature, solar
radiation, wind patterns, Here the seasonal distribution
as well as the total annual quantity {s important.
Topographical factors: elevation, orography position,
stecpness and form of slope, aspect.

Edaphic factors: soll <conditions which determine the

water and nutrient supply, potential root depth, and soil

temperature.

Biotic factors: activity of micro-organisms, influence of

pathogens, wildlife.

In their interplay site factors determine the supply of
water, nutrients, warmth etc., to the growing plant and so
determine the composition and growth of vegetation, the growth
relations and yield capability of the tree species and the
blotic and abiotic threats to stands. Moreover, site factors
are Trelated to nearly all forest management operations e.g.
soil preparation, regeneration, herbicide wuse, thinning and
harvesting techniques. Furthermore site factors Influence a
series of additional forestry activities which go beyond the
mere production of wood, particularly those of erosion
protection, water protection, landscape aesthetics and
recreation. Many of these operations may themselves have an
effect on “site factors’.

Site ynit )

“Site unit’ in envirommentally based methods refers to a
collection of growing places characterized by a similar
combination of ‘site factors’, and so with a similar basis for
the choice of tree species, and for assessing productive
capacity and threats to the forests, “Site units’ wmay
sometimes be subdivided into top so0il or humus form
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categories.
Productive capacity

"Productive capacity’ of a site means the potential
organic production of a distinct plant conmunity within a
distincr time span and grown over a specific rotation period.
In forestry, ‘productive capacity” is always related to
distinct stand types and treatments. For comparisons between
sites it is helpful to use the most productive stand types or,
as in the case of mensurational soil site studies, at 1least
stands of the same type and similar treatment should be used.
Site index

“Site index’ is an expression of the productive capacity
of the site and is derived from attributes of stands of given
type and treatment. There are various site indices, e.g. top
height at index age, the growth intercept, i.e. the five year
height growth above breast height, mean annual height growth
and maximum height of old trees. The most frequently used site
index is top height at index age 50 or 100.

THE PROBLEM OF RELATING SITE INDEX TO THE PRODUCTIVE CAPACITY
OF THE SITE.

This is an important problem in mensurational
classification methods, and so I would like to go into it in
more detail. The following questions arise:

a}) What stand types should be used?

b) Wwhat stand treatments should be considered?

c) What measure should be used for productive capacity and
how far is it reflected by site indices?

Even-aged or nearly even-aged pure stands of the main
economic tree species are suitable as indicator stands,
because changes in their growth behaviour and stand parameters
in relation to age are well documented and are listed in yield
tables. A site index can only be determined for one species at
a time; a site cannot be characterized by taking data from
stands of different species. Similarly errors may also occur
when there are prominent racial differences within the
indicator species which influence growth. Only stands of the
same race should be wused. Problems may also occur in
interpolating from pure to wnixed stands since synergistic
effects between tree species do exist to influence the yield
markedly.

Different methods of thinning and stand regeneration
influence the development of stand parameters-and only stands
which have had similar treatments should be used as indicators
‘for different sites. However, on occasion the same stand type
treated in the same way may react differently on different
sites. Our knowledge is not extensive enough to consider such
questions sufficiently within. the framework of site
evaluations and this may produce errors.
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Productive capacity is wusually expressed in terms of
economic timber volume and excludes other components of stands
such as branchwood, leaves, roots etc, Biological production
would be better expressed as bilomass or chemical energy
content rather than timber volume but investigations into
production of these quantities are too fragmentary for general
application. According to our present knowledge the best
measure of productive capacity is maximum mean total increment
of stem volume per hectare per year. Development of mean total
increment per hectare per year for Scots pine on a widespread
soil rype in northeastern Bavaria is shown in Fig. 1 and one
can see that the maximum could be a good measure with which to
evaluate site, However, these typical site and stand maxima
are not directly measurable and so we have to use correlated,
easily measurable attributes.
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Fig. 1. Mean total volume increment of Scots pine

(Pinus sylvestris) in northeastern Bavaria

on mapping unit ‘moist sands-Molinia.

Twe such attributes are stand age and height. We may
determine the height at distinct index ages from height growth
curves (e.g. from yleld tables)., When taking this term as site

‘Index it should be based on the dominant, or the dominant and

co-dominant trees of the stand because their heights are less
influenced by the thinning processes. Furthermore, the quality
and suitability of the height:age curve patterns should be
critically considered {Carmean 1975). In America, harmonized
yleld tables often based on insufficient data have been
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developed for 1large tracts of land and have led to serious
oistakes in site evaluation. Carmean recoamend ed the
elaboration of height:age curves better suited to individual
sites and suggested stem analyses and {nternode studies as
important alds in their construction. In Europe, we have
carried out similar deliberations which have led to regional
and local yield tables.

But even though the site index ‘top height at index age’
is well derived and close to reality, we have te ask whether
this site index accurately reflects the maxioum wmean total
increment. An answer 1is given in Fig. 2 Using the data of
the new Bavarian yield tables for spruce (Assmann & Franz
1965) the maximum mean total increment is plotted against site
index, 1{.e. ‘site class based on age 100°. Considerable
variation in maximum mean total increment appears at the same
site class and this 1is caused by differences in hasal area
growth. This in turn reflects differences in diameter growth
and/or number of rtrees per unit area and as stand treatments
are identical one can suppose that properties of the site are
mainly responsible for this,

Such variation is not restricted to differences between
regions and caused by climatic differences as  earlier
researchers suggested (Wiedemann 1939, 1941). Changes of the
specific yield level® take place within relatively small areas
because of their differing site conditions. Assmann’s students
have given very {mpressive evidence of that (Franz 1967, 1971;
Schmidt 1971, 1973}.

Two solutions are available to overcome this problem of
evaluation. One 1is based on the technique of corrected or
levelled yield rables (Fig. 2) (Assmann 1962, 1966; Assmann &
Franz 1965; Johnston & Bradley 1963; Magin 1963, 1965; Franz
1967, 1971). To evaluate the yield capability of a stand,
additional stand attributes besides stand height and age are
introduced. Assmann & Franz used stand basal area and the
diameter of the tree of mean basal area. New developments are
underway.

The other solution is by preselection and stratification
of sites. This 1is a particularly useful technique where
physiographic site maps are available which contain site units
as a wmapping basis. To estimate productive capacity, separate
yield studies based on these site units are carried out. The
accuracy of the results depends on the quality of site

*  Assmann  (1966) understands yleld level to be the total
growth achievement depending on height development. He
differentiates between the general yield level at a given
height and the specific one at a given site quality as the
height at a distinct age. We modified the latter definition by
plotting the maximun mean total increment per hectare per year
at height and age determined quality.
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classification and mapping. Subjective Influences may become
inmportant particularly when qualitative estimations of
nutrient and water regimes are uncritical and training and
education of mapping personnel is very important, as are the
development of suitable methods to deduce water and nutrient
supply. Despite these difficulties good results have been
obtained by this technique particularly for widespread site
units and this demonstrates the practical value of such yield
studies (Glnther 1955; Moosmayer 1955, 1957, 1960; Franz 1967;
Horndasch 1969).

Similar questions arise with other site indices. The
growth intercept method is particularly useful when younger
stands are important as site indicators, whercas the maximum
height of old trees is mainly applied in areas which are not
easily accessible and yield estimations are carried out using
aerial photographs. Both methods are known as substitute
techniques and their accuracy is even more problematic than
yield estimates through the direct assessment of height and
age.

THE PROBLEM OF SITE PREDICTION

One of the main practical alms of site evaluation
research is to develop suitable methods for predicting the
productive capacity of growing places where indicator stands
are missing. In this instance determining good correlations
between productive capacity and site properties is of special
importance and understanding the causal relationships does not
play a primary role,

Frequently, a first objective of environmental
classification is to divide the landscape into environmentally
defined site units which acts as a framework for detailed
yield studies. This division 1s not made on the basis of
measured first yields., 1t is postulated that all growing
places within the same site unit show the same or at least a
similar potential yield capacity for the same tree species,
whether they’are stocked with this species or not. Such yield
studies on individual site units enable comparisons of the
productive capacity to be nade between them as well as between
different stand types and ctreatments within site units. All
findings related to a site can be usefully transfered to other
locations {n the same unit.

Naturally problems arise when mappings are incorrect or
when relevant enviromnmental differences affecting tree growth
are not taken into account. This often occurs within mapping
units established purely on a vegetational basis. The reasons
are obvious since the composition and vigour of plant
communities are influenced by stand type and density. In most
cases vegetation only indicates the relationships of a
relacively shallow root zane and wmoreover it reacts
ephemerally to short-term changes in envirommental conditions,
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In southern  Germany a conbined, multi-level,
physiographic vegetational method has proved to be quirte
practical. Firstly a regional classification is made and then
within regions short distance differences between sites are
taken into account. If necessary, these site units are further
subdivided into top soil or humus type categories.

The mensurational forest site type classification methods
offer another possibility of predicting the productive
capacity of sites, Their development was mainly advanced in
the U.S. (e.g. Carmean 1975). These methods use regression
procedures in order to calculate the site index with the aid
of correlated factors of soil, topography and climate. They
are based on intensive field rescarch of site factors and
yield parameters on suitable stands from sample plots which
are cqually distributed to represent the various relationships
within a defined research area. Multiple regression equations
mostly include site index as a dependent variable, and a
series of site factors are included as independent variables,
Nowadays computer techniques provide the derivation of well
suited equations for such purposes, but equations should be
proved at a series ot test stands before they are used in
practice,

An  equation of Page (1970) for Sitka spruce in a Welsh
research area can be taken as an example:

Y = 119.82-0.042X1+4 .2BX2+3.92X3+2.62X4-0.13X5-59.83X6+27.04X7

where Y = top height at 50 years

X1 = elevation (fr)

X2 = shape of slope (numerically converted)

X3 = shape of contours {numerically converted)}

X4 = “hue’ of soil at 6°° depth (according to the Munsell
colour notation)

X5 = percentage moisture content of soil at 6°° depth
{soil at field capacity, dried for 24 h at 105°C)

X6 = bulk density of soil at 6"° depth

X7 = bulk density of soil at 12" depth.

This  equation explains a great part of the total
variation of the site index within the study area at a high
statistical significance.

Fquations of this kind are not only used for identifying
site quality and predicting yield at certain growing places,
but also serve as a basis for classification and mapping of
the landscape into units representing different site classes.
Using the above equation, site index maps were constructed for
Sitka spruce in Gwydyr forest (Fig. 3). Site factors contained
in the equation as independent variables were registered every
10 wm, site indices were caleulated, plotted and then 1sohypes
of site indices were drawn,
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If corresponding equations have been derived, maps can be
vade in the same area for different tree species, and yields
compared on the same sites. The accuracy of these maps depends
on:

I. How far the site index represents the real productive
capacity. Sometimes from a pragmatic point of view it is
sald that the time spent on a very exact estimation of
productive capacity is not worth the benefit of a very
precise yield prediction,

2. The practicability of the method is decisively determined
by how easily the Independent variables can be identified
in the field. Here there is also a pragmatic
consideration; possibly in order to have a quicker
process in the field, a less accurate estimation of the
site index is accepted using only equations which contain
easily identifiable site factors.

3. The application of yield prediction equations 1is only
sensible when certain restrictions are accepted. These
are:

- that sites should fall within the envircnmental

boundary conditions of the study area, and
that values of site properties should fall within
the ranges used in establishing the relationships.

ESTIMATION OF CAUSAL RELATIONSHIPS BETWEEN THE ENVIRONMENT AND
THE PRODUCTIVE CAPACITY OF THE SITE.

This problem is significant for both scientific research
and for practical forestry. Relevant questions are:

- What changes 1in yield are to be expected when the
supply of certain nutrients 1is {mproved, for
example by ferctilization?

What changes in productive capacity result when new
harvesting methods such as complete tree
utilisation decrease the nutrient storage?

How does lowering the ground water level, or,
conversely, irrigation affect the productive
capacity?

Strictly, neither environmental nor mensurational methods
can give cxact evidence of causal relationships. However,
these methods are suitable for developing better insights and
working hypotheses which in some cases these can even stand up
to experimental arguments.

Mensurational forest site type studles can be developed
to 1investigate causal relationships by including a wide range
of variables which can improve interpretation of variation in
yield. Amongst these may be the contents of distinct nuttrients
in the soil volume of certain horizons, the C/N ratios in the
licter or distinct humus layers and the nutrient contents in
the needles,
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The development of computer techniques has aided research
into causal factors., Besides simple correlation matrices
connected with association analysis and clustering techniques,
stepwise and full regression models and more complex
techniques such as factor and principal component analysis,
are available. The latter in particular opens new ways for
causal research, because "a large quantity of data can be
reduced to comprehensible proportions without disturbing any
of the relationships involved and by examining the vectors
that are heavily loaded on the components, it may be possible
to interpret the latter in an ecologically meaningful way"
(Malcolm 1976). Additionally, the single components can be
used as regressor variables with productivity as the dependent
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variable.

Present computer techniques make it promising to create
and validate complicated models of ecosystems, Sso that
simulation techniques can be used for causal research. Such
studies are underway for instance at the Institute of; Soil
Science and Forest MNutrition in Goettingen and at the
Institute of Forest Ecology in Stockholm.

Causal research can be aided by environmental site survey
methods too. An exanmple is given by Sclmidr (1971). He studied
the yield relationships of Scots pine in a northeast Bavarian
region, where the climatic conditions are rather uniform. His
studies were based on site maps, whose mapping wunits used
substrate type and water regime, To that a study of the pines’
nutrition conditions were added, using needle analysis and an
investigation of soil physical conditions.

"Fig. 4 shows the pattern of the height growth curves on
the ‘dry sands’ (dotted 1ine) and on the ‘moist Molinia sands’
(continucus lines) whose rooted =zone 1is Influenced by
capillary water ascending from ground water level, Each
mapping wunit 1is characterized by a particular fan of the
height age curves. The curves of the "dry sands” approach a
maximum early in the life of the stand, whereas those of the
‘moist Melinia sands’ approach a maximum later, Each single
curve, equidistant within {ts fan, represents a site quality
curve, with the height at age 100 as site index. There 1is a
recognizable variation within the same wmapping unic, the
causes of which are currently under iavestigation. Some
preliminary results are shown 1in Fig. 5. Site quality is
recorded on the abscissa and the maximum mean total 1increment
on the ordinacte. The lines represent single mapping units,
including the two extreme cxamples used in Fig. 4. For the
same value of site quality {.e. height at index age, the
maximum mean total increment of the Scots plne stands 1s
higher on the sites with a worse water supply than on those
with a better one, {.e, for the same site quality class stands
with worse water supply had a higher basal areca increment. To
a large extent the needle analyses explained this phenomena,
nitrogen nutrition conditions, were mainly responsible for
site quality class variation within rhe same mapping unit. No
influence of other nutrients was found. Those quantitative
relations between growth and nitrogen nutrition, as well as
those between growth and water supply can be considered to be
causative for volume increment within the boundary conditions
of the other factors.

Obviously water supply considerably determines the shape
of height growth curves and hence alsc determines tree form.
On sites where there 1s.a water deficit trees diminish their
height growth earlier than on sites well-supplied with water
possibly because the hydraulic gradient between root space and
crown influences the potential maximum height. Nutrient supply
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Fig. 5. Volume production of Scots pine (Pinus

sylvestris) in northeastern Bavaria
on different mapping units.

seems to have less effect on the shape of the height growth
curves, its variation mainly opens the fan.

These relationships still need to be examined further,

but the results of Franz (1971) and Moosmayer (1960) from

south German spruce stands can be explained in a similar
manner.

CONCLUS IONS

The two methods of site classification are different in

approach- but may lead to similar results with regard to yield
prediction, site mapping and suggestions as to which are the

basic

requirements for tree growth. The methods are

complementary rather than contradictory.

Environmental methods are based on extensive

pre-selections and stratifications of the landscape into site




KREUTZER

units and site phases with similar envirommental conditions.
They may be used to investigate the influence of site on
productive capacity and the relative performance of differeat
species. Environmentally based site classifications are also
of relevance in assessing erosion hazards, harvesting methods,
disease threats, etc. The main problems of environmental
classifications are:

i They must be related rto forest management and
silviculture. Though oany environmental surveys from soil
sclentists or plant sociologists produce important
subdivisions of the landscape and contain valuable
information, they are often overcharged with specific
academic objectives and do not meet the wutilitarian
requirements of foresters.

1i Their mapping units must be sufficiently precise to define
areas that comprise forest sites with similar potential
for tree growth, forest yield capabilities and
susceptibility to hazard. But 1in order to remain
practical the definitions should not be too narrow.

iii Maps wmust be constructed to a scale and based on a
sampling that enables different site types to be shown as
distiner units,

These problems may be overcome by coordinated teamwork of
soil scientists, ecologists, plant sociologists and foresters.
Environmentally based classification and mapping can be of
value to a large variety of empirical studies and comparisons
as well as permitting the extrapolation of results found at
one point to other locations of the site unit.

The problems associated with mensurationally based
classifications are:

i The site lndices used are based on data from even-aged

- pure stands. Any increase In yield in mixed stands caused
by synergistic effects between tree species are not
predictable.

i1 For even-aged pure stands site indices should reflect the
real productive capacity as timber volume and including
the yield effects of different site-typical growth
curves.

ii1i The varying effects of different stand treatments should
be excluded, for they 1introduce inaccuracies into the
yield prediction equations.

dv  The site properties must be quantified and sometimes only
numerical conversicns can be used.
v Yield prediction equations have to combine precision and

practicabilicty.

Preselections and stratifications of stands and sites
are often required to resolve these problems. This may be
considered te be an approach towards envirommental methods,
for sites are stratified with regard to distinet site features
and corresponding yield prediction equations are established.
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The main advantage of the mensurational site studies, or

so0il site studies as they frequently are called, are:
i- They show, a priori, the ecconomic value of the sites or
mapping units.
ii They point out various environmental features which are
closely related to the yleld capability of the stands.
iii They make evident the magnitude of yield potential
associated with each significant environmental feature.
Application of these methods is valuable in arcas where
site evaluation 1is focussed on the yleld of even-aged pure
stands. However, mapping units defined by site indices alone
are not satisfactory in all respects, because they are an
expression of the integration of envirommental features of the
site. The same site index can be the result of a very
different 1interplay of site factors and therefore it is unfit
for expressing the variety of silvercultural possibilities and
constraints existing of the sites of the mapping unit. We have
to consider that the ecological amplitudes of different tree
species are different with respect to the various combinations
of site factors. Furthermore, it 1is of importance to know
which growth factors within a distinct mapping unit are
limiting growth and which can be improved.

Certainly such shortcomings may be resolved by using
significant environmental features from vyield prediction
equations and introducing them into the definitions of mapping
units. However, this may also be considered as an approach
towards environmental methods.

Mensurational site trype methods are of wvalue when
attenpting an environmentally based classification:

i As a preliminary to environmental classifications, they
can provide additional information In defining mapping
units;

ii subsequent to environmental mappings they may gilve
evidence of site Index variations within and betrween
mapping units. .
Further applications of mensurational methods in forest
practice could be:

i To achieve preliminary reviews of correlations between
productivity and site conditions especially 1in remote
regions, where forest experience 1is rather limited.
Aerial photography may be used, possibly together with
preceeding geological, climatic or other environmental
stratifications if such data bases are available.

il To gain better insights into causal relations. Here many
possibilities of combinations with environmental methods
exist for forest practice as well as for forest research.
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STRATEGIES FOR AMELIORATION ON POOR SITES

By JUHANI PAIVANEN

Metsdteho, Opastinsilta 8B, 00520 Helsinki 52, Finland.

SUMMARY

Site preparation is an action taken for the
primary purpose of improving the survival and
growth rate of a new stand. It includes
prescribed burning, herbicide application, and
various mechanical treatments. Anelioraction
measures, such as cultivation in particular,
but also draingage and fertilization, can be
said to 'prepare’ the site where a new stand {s
to be established. Cultivation is the use of
equipment to loosen and mix the soil in order
to improve its structure and thus the overall
growing conditions for trees. The purpose of
drainage is to remove excess water from sites
and so enhance the survival and growth of
forest crops and fertilizers are applied to the
forest stands for the purpose of accelerating
their growth rate.

This paper deals with amelioration including
drainage, cultivation and fertilization both on
mineral and organic soils, mainly for stand
establishment. It concentrates on results
galned from research and practice in Northern
Europe and, in particular, Finland.

RESUME
La préparation d'un terrain c’est d°abord,
essayer d améliorer le taux de survie et de
croissance d’une mnouvelle plantation. Cela
comprend le br{lage contrfl€, 1’application
d’herbicides et divers traitements mécaniques,
Des wmesures d’ anélioration, tels que le labour
en particulier, mais ausst la fertilisation et
1’ assainissement, forment en quelque sorte la
préparation du terrain avant 1°‘établissement
d’une nouvelle plantation. Le labour consiste
en 1°util{sation d”un certain équipement pour
défoncer et mélanger le scl afin d’en améliorer

la structure et par la les conditions ge€nérales

pour la croissance des arbres. La raison du
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travail d’ assainissement est d’éliminer
1’excédent d’eau du terrain et, par la,
d’ amé&liorer la survie et la croissance de la
forBt. Les engrais sont utilisés afin
d’accélérer le taux de croissance d’ une

plantation.
Dans cet expos€ on traite de ces améliorations
- assainissement, labour, fertilisation - que

ce soit sur sols minéraux ou crganiques, en vue
de 1’ établissement d"une plantation. On examine
les résultats de recherches et la pratique en
Europe septentrionale et en particulier en
Finlande,

ZUSAMMENFASSUNG

Die Vorbereitung der Kulturflichen dient in
erster Linie zur Verbesserung der {lberlebens-
und Wachstumsrate des neuen Bestandes. Das
schliesst ein kontrolliertes Brennen, Anwendung
von Herbiziden und verschiedene Arten’
mechanischer Bodenbearbeitung.
Bodenbearbeitungsmassnammen, wie vor allen
Pfliigen, aber auch die Drainage und Dingung,
sind als ‘Vorbereitung® des Standorts fdr den
neuen Bestand anzusehen, Beim Pfltgen wird der
Boden durch verschiedene Ger3te gelockert wund
durchmischt, was seine Struktur und die
Wachstumsbedingungen insgesamt verbessert.
Durch die Drainierung soll {berschusswasser dem
Standort entzogen und damit die {'berlebens- und
Wachstumsrate der Biume vergrossert werden,
Dingemittel wiederum sollen das Wachstum des
Bestandes beschleunigen.

Diese Arbelr bhefasst sich wit
Standortsmeliorationsmassnahmen,
einschliesslich  Drainierung, Pfliigen und

Dilngung auf MineralbSden und organischen Biden
zur Bestandesbegriindung. Im Mittelpunkt stehen
Ergebnisse aus Forschung und Praxis, die in
Nordeuropa, insbesondere in Finnland, gewonnen
wurden.

DRATNAGE
Water relations of poorly drained soils

411 water present in the soil, at water contents between
saturation and permanent wilting point, 1is available to
plants; it is not prevented from being taken up by the plants
due to being chemically or physically bound to the soil
matrix. Superfluous water in the soil may, however, impair
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aeration to such an extent that low oxygen and high carben
dioxide concentrations inhibic growth,. In the case of
undrained peatlands and water-logged mineral soils, the ground
water table is frequently located at, or very close to, the
ground surface and in such cases the pore space of the soil is
completely filled with water. If water moves very slowly then
anaerobic conditions may prevail in the soil. Root development
may be limited by factors other than the lack of aeration,
particularly 1in the case of saturated organic soils, eg. due
to the development of toxic concentrations of ferrous ({ron,
sulphides and manganesc.

There 1is little general information available concerning
the minimum air space required by the roots of trees growing
on peat, Paavilainen (1967) found that roots of pine trees
growing on pine swamps did not penetrate to a depth greater
than that at which the air space of the peat dropped below 10
per cent and this wvalue is used as the wupper limit of
available water (P3ivanen 1973). 1t 1is of course open Lo
ad justment because of the lack of information on the minimum
air space required by the roots of other tree species growing
on peat. The water content corresponding to pF 4.2, which has
usually been considered as being the permanent wilting point,
is used as the lower limic of available water.

The quantity of water avalilable to plants growing in
peats with different bulk densities is shown in Fig. | for
different hypothetical equilibria of soill water, In
interpreting Fig. 1 1t must be kept in mind that soil water
under fleld conditions will rarely reach a static equilibrium;
there is continuous movement of water in one direction or
another.

In undecomposed peat the minimum air space Is cbtained at
a matric suction below pF 1, the corresponding value being pF
1.5 for peats at an advanced stage of decomposition. For the
latter peat and at equilibrium conditions, the ground water
table should be some 32 cm below the layer of observation. All
the water which enters this minimum air space is superfluous.

A number of studies have been carried out to solve the
question of the optimum drainsge for forestry purposes (e.g.
Heikurainen, Piivanen & Sarasto 1964). However, this probably
varies with the size and the stage of development of the tree
e.g. germinating seed, seedling, young tree, mature tree ctc.
It 1is not exactly clear how close a relationship there is
between tree growth and soil water tension but somewhat above
pF 2 can be considered to be optimum for tree growth
(Heikurainen 1967). An average drainage depth of some 45 cm
may provide the best growing conditions for tree roots.

The most important task of drainage is to adjust the
water content of the soll to a level which ensures sufficient
aeration, Studies carried out in Finland have indicated that
there is no risk of overdrainage in forests grown on peatlands
(Paivinen 1973), at least not without fertilizer application
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Drainage techniques
Recommendations for ditch depth and spacing at present in
use for different sites in Finland are:
Drainage ditch
Site Spacing Density Depth Size
] wn/ ha m cu.m/m

Tree-covered peatlands
shallow peat soils

(and wet mineral soils) 50 200 0.65 0.55
deep-peat soils

of good quality 40 250 0.75 0.70
deep-peat soils of

poor quality 30 333 0.75 0.70

Open peatlands )

fens 30 333 0.80 0.75
bogs 25 400 0.80 0.75

(Hutkari & Paarlahti 1967).

On  open peatlands water furrows are also used. Drainage
ditches are spaced 25-40 m apart, and the furrows are placed
perpendicularly to them at 3-5 m spacing. The furrows are
25-50 cm deep and are made by vrotary ditchers or planting
ploughs. Water furrows shorten the duration of high ground
water and contribute to the lowering of the water table
particularly at wide drainage-ditch spacings (Paivinen 1974).
Since precipitation, the hydraulic conductivity of peat, and
the tree stands on the area, to be drained vary within wide
limits, the combinations of ditch spacing and ditch depth used
are different in different parts of the world,

Forest ditches in Finland were dug manually until 1953
when  mechanized forest drainage commenced with the
introduction of forest ditch ploughs. A standard ditch may be
ploughed into firm peat soil at the rate of 500-600 m per
hour.

The relative length of ditches made by ploughing has
decreased during the last decade and the most common machine
at present in use is a tractor digger or backhoe (Fig. 2)
which has a work output of 70-90 @ forest ditch per hour.
About 90 per cent of all forest ditches dug annually are made
with tractor diggers, and the total number of units working in
forest drainage is abour 700,

During the past few years rotary ditchers have been used
though only for furrowing and site preparation prior to
afforestation on deep peat sites. Some of these machines are
capable of making efther vertical-walled, narrow ditches or
ordinary open ditches. In open peatlands standard forest
ditches can be dug by rotary ditchers at a rate of 60-200 m
per hour..
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Effect of drainage on tree growth

Several studies have shown the response of trees to
drainage (see e.g. Helkurainen 1964). Continuation of the
post-drainage effect on growth has been studied on naturally
tree covered peatlands {Seppdld 1969; Heikuraien & Seppila
1973). CGrowth seems to Increase gradually even after the
immediate effect obtained following drainage and we can be
sure that during the first rotation drainage will be adequate.
Altogether we have enough data to calculate the sultability of
various peatlands for forest drainage (Heikurainen 1973)

Because there are numerous naturally tree-covered
peatlands in Finland, it has not been as important to study
the afforestation of peatlands, as the effect of drainage om
the growth of tree stands alrcady growing on the site at the
time of draining. MHowever, afforestation problems and the
early growth of secedlings and transplants have been studied to
some extent (Kaunisto 1972, 1975}. Tt is concluded that
afforestation of open peatlands is not a biclogical problem,
since it is quite possible for young trees to grow well on
peat, but rather a question of economics as is discussed
later. 1In other countries more has been bublished about tree
planting on peat (Zehetmayer 1954; Braekke 1974; Savill,
Dickson & Wilson 1974; Thomson 1974).

CULTLIVATION
Necessity for cultivation

Very often the main purpose of cultivation has been to
aid the work of afforestation. After cultivation the work
output in planting 1is twice as high as without site
‘preparation. The other objective of cultivation has been to
improve survival and early growth of a new stand., From the
point of view of soil improvement the ultimate aim is,
however, to reach long-term favourable effects but the factors
associated with culrivarion are numerous and complex (Fig 3.)
(Malkonen 1976).

In northern countries low soil temperature is one of the
limiting factors to the early growth of trees through its
effect 1in reducing root development and the activity of soil
organisms (S&derstrén 1975). By cultivation, the humus layer
is removed from the planting position or is mixed into the
mineral soil and the temperature of the soil can be increased.
However, extreme temperature fluctuations, ie. a high maximum
during the day and low minimum at night ought to be avoided.

The humus layer on mineral soll reduces fluctuations in
the water content of the soil, and on coarse mineral soils
lack of water is a limiting factor for the early growth of
trees, so that on such sites only a 1light scarification is
recommended .

Lack of water may also be the principal limiting factor
for transplants on other sites., During transportation from
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nursery to planting sites the roots may be damaged and the
general physiological condition of transplants may be lowered.
This, together with a dry spell, may be fatal for the newly
planted trees, The water retention capacity of the soil is
greater, the finer the texture or the poorer the structure of
the soil. Cultivarion tries to {improve soil structure by
increasing the total pore space and particularly the air space
of the soll. This is known to be favourable for root
development and to increase the growth of the established
stand later on. So there is an obvious contradiction between
the requirements for soil aeration and for soil moisture.

Climate Demands of the

substrate
-moisture
- heot
Physical properties . - nutrients
of soil - 30il strycture

Aim Phyncally ond
Cattivation bitogical optimum ¢ | (TS o0
resylt state in the soil ground vegetotion
Cultivation Noture
. conservalion
techniques

Eosy ond proper
afforestation
work

Fig. 3. Factors associated with cultivation
(after Malkdnen 1976).

This can be avoilded by developing cultivation methods
that satisfy both these needs. Mixing the humus layer and the
underlying mineral soil, and then ridging and compressing the
mixture is one such method., The organic matter increases the
water retention capacity and, when mixed with the mineral
soil, improves the structure and so the aeration. Another
method could be based on intensive culctivation where a thick
enough layer of mineral soil is ploughed over so that logging
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slash from the previous rotation will be buried underneath
However, at present, suitable cultivation equipment for this
technique is not available.
In addition to the above-mentioned, the following goals
can be considered for cultivation: ~
- to reduce competition from ground vegetation
- to prevent damage from insects, and
to increase the release of nutrients confined to the
organic matter.

1000 ho

Fig. 4. Reforestation, cultivation and prescribed burning
in Finland during the period 1955-76.

Cultivation techniques

As a site preparation technique, cultivation has
increased remarkably in Finland over the last two decades
(Fig. 4}, whilst prescribed burning has diminished and is now
almost non-existent, There are several reasons for this.
Prescribed burning is a labour-intensive operation and one
which fire laws and insurance requirements do not favour. At
the same.time, technical developments have made it possible to
mechanize site preparation work. Until the middle 1960°s,
scarification was the most commonly used technique. The action
of scarifiers 1is -confined to exposing the mineral soil
underlying the humus layer. In Sweden, scarifiers have been
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developed to cultivate and shape the scarified spot, whilst in
Finland they have been replaced by forest disc ploughs which
nake two continuous mineral soil furrows. Reforestation
ploughs are used particularly in northern Finland where,
because evapotranspiration rates are never very high, even in
summer, and are exceeded by precipitation, the so0il needs
draining. Trees are either planted in the exposed mineral soil
on both sides of the furrow or, on wetter sites, in the furrow
slice. Disc ploughs and afforestation ploughs are drawn by
wheeled tractors, though, to a small extent, afforestation
ploughs are also drawn by crawler - tractors. The work out put
of disc ploughs and afforestation ploughs is about 0.9 and 0.5
ha per hour, respectively.

On open-drained peatlands rotary ditchers are used which
are operated on the chain, disc cutter or spiral principles.
Effect of cultivation on tree growth

Cultivation costs can often be recovered at the time of
planting as a result of reduced planting costs. Also the
effect of appropriate seoil preparation on survival and early
growth of planted trees is evident {Milkénen 1972; Thomson &
Keustein 1973; Pohtila 1977). Not only does cultivation lead
to an amelioration of soil structure but nutrients available
to the trees are increcased due t6 an increase in organic
matter decomposition. Whilst there are too few experiments old
enough with which te assess the long-term effects of
cultivation, we can assume that, at least with intensive
treatments, prolonged advantageous results can be expected.

FERTILIZATION

On mineral soils, the lack of nutrients is not usually a
limiting factor for stand establishment (Leikola & Rikala
1974}, On clearfelled areas nutrients in the waste wood are
returned to the nutrient cycle, and the nutrient status of the
soll may be better than it ever was during the whole rotation
(Kubin 1977), If whole tree harvesting methods become general
the situation may change.

Open peatlands may be poor in nutrients. On a practical
scale, the drainage and afforestation of open peatlands has
been small in Finland. However, numerous experiments have been
laid out 1in order to ascertain the best method of fertilizer
application when fertilizing is carried out In connection with
stand establishment. When directly sown, seedlings of Pinus
sylvestris respond best if the topmost peat layer Is rotavated
and fertilizers are worked inte the shredded peat (Kaunisto
1972). when planting pine seedlings on poor organic soils raw
phosphate can be applied into the planting hole (Paavilainen
1966). Only small quantities of a mixed NPK fertilizer ought
to be used and the fertilizer should not be thrown very near
the transplant (Seppald 1971). Large quantities of fertilizer
broadcast at the time of planting Increase mortality
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(Helkurainen & Llaine 1976). The duration of the inicial
fertilization effect after afforestation is only 5-7 years.
Refertilization with nitrogen alone is not recommended for
Scots pine on oligotrophic peatlands (Kaunisto & Paavilainen
1977).

Afforestation experiments on open peatlands are still too
young to allow conclusions on the profitability of this kind
of activity. Compared with other amelioration techniques the
afforestation of open, nutrient poor peatland is likely to be
unprofitable even .with the help of draining and prolonged
fertilization.

DISCUSSION

A range of site preparation methods is in general use for
improving survival and growth rate of the stand te be
established. By cultivation we hope to wmaximize both
advantages at the time of planting or direct seeding, as well
as to secure a good start for the seedlings and to ameliorate
soil properties over the long-term. The aims are similar for
drainage and fertilization but wuntil now ‘'ounly short-term
advantages have been shown conclusively. However, with
drainage on naturally tree-covered peatlands long-term effects
have been demonstrated. Long-term effects of cultivation,
fertilizaction and refertilization are likely, although as yet
not proved.

REFERENCES

Braekke, F.H. (1974), The effect of fertilization and drainage
intensity on height growth of Scots pine and Norway
spruce in north Norway. Proceedings of the International
Symposium on Forest Dralnage, Jyvidskyld-Oula, Finland.
pp.207-18.

Heikurainen,L. (1964). Improvement of forest growth on poorly
drained peat soils. International Review on Forest
Research, 1, 39-113.

Helkurainen,L.(1967). On the possibilities of optimum drainage
in peat lands. Proceedings XIV Congress IUFRO Section 23,
pp.264-77.

Heikurainen,L.(1973). A method for calculation of the
suitability of peatlands for forest drainage. Acta
forestalia fennica, 131, 1-35. (In Finnish with English
SUMmMAary) .

Heikurainen,L. & Laine,J.(1976). Effect of fertilization,
drainage, and temperature conditions on the development
of planted and natural seedlings on pine swamps. Acta
forestalia fennica, 150, 1-38. (In Finnish with English
summary) .

Heikurainen,L. & Seppild, K.(1973). Reglonality and continuity
of stand growth in old forest drainage areas. Acta
forestalia fennica, 132, 1-36. (In Finnish with English



PXIVANEN

sumnary) .

Heikurainen,L., PafviSnen,J. & Sarasto,).(1964). Cround water
table and water content in peat soil. Acta forestalia
fennica, 77.1, 1-18.

Ruikari,0. & Paarlahti ,K.(1967). Results of field experiments
on the ecology of pine, spruce and birch. Communicationes
Instituti Forestalis Fenniae, 64.1, 1-1135.

Kaunisto,$.(1972}. Effect of soil preparation and
fertilization on the growth of young pine plantations on
peat. Proceedings 4th International Peat Congress, Volume
111, pp. 501-508.

Kaunisto,5.(1975). Rotavation and fertilizer placement in
connection with direct seeding of Scots pine on peat.

Greenhouse experiments, Conmunicationes Insticuti
Forestalls Fenniae, 85.4, 1-58. (In Finnish with English
sumnary) .

Kaunisto,S. & Paavilainen,E.(1977). Response of Scots pine
plants to nitrogen refertilization on oligotrophic peat.
Communicationes Instuti Forestalis Fenniae, 92.1, 1-54,

Kubin,E.(1977). The effect of clear cutting upon the nutrient
status of a spruce forest in notthern Finland (64°28° N).
Acta forestalia fennica, 155, 1-40.

Leikola,M. & Rikala R.(1974). The effect of fertilization on
the inittal development of pine and spruce on mineral
soils. Folia forestalia, 201, 1-19. (In Finnigh with
English summary}.

M3lkdnen ,E.(1972). Some aspects concerning cultivation of
forest soil. Folia forestalia, 137, I-11. {In Finnish
with English summary).

Milkénen ,E.(1976). Markberedningens ekologi och inverkan pa
planteringsresultatet. Forskningsstiftelsen Skogsarbeten,
Redogdrelse 6, 11-15.

Paavilainen ,E.(1966). Initial development of root systems of
Scots pine transplants in Eriophorum vaginatum swamp.
Communicationes Instuti Forestalis Fenniae, 61.6, 1-17.
(In Finnish with English summary).

Paavilainen,E.(1967). Relationship between the root system of
Scots plne and the air content of peat. Communicationes
Instuti Forestalia Fenniae, 63.6, 1-21. (In Finnish with
English summary).

Paivanen,J.(1973). Hydraulic conductivity and water retention
in peat spoils. Acta forestalia fennica, 129, 1-70.
Paivanen,J.(1974). The effect of ditch spacing and furrowing
on the depth of the ground water table and on the
development of a Scots pine plantation on small-sedge

bog. Silva feonica, 8, 215-224,

Pohtila,E.(1977). Reforestation of ploughed sites in Finnish

Lapland. Communicationes Instuti Forestalis Fenniae,

91.4, 1-98.




68 SITE AMELIORATION

Savill,P.S., Dickson,D.A. & Wilson,W.T.(1974). Effects of
ploughing and drainage on growth and root development of
Sitka spruce on deep peat in Northern TIreland.
Proceedings of the International Symposium on Forest
Drainage, Jyvdaskyld-Oulu, Finland. pp.241-252.

Seppdl#,K.(1969). Post-drainage growth rate of Norway spruce
and Scots pine on peat. Acta forestalia fennica, 93,
1-89, (In Finnish with English summary).

Seppdlda ,K.(1971). On the quantity of fertilizer and
application methods used in afforestation of open bogs.
Silva fennica, 5, 61-69.

Séderstrdm, V.(1975). Ecological effects of ploughing mineral
soil before planting on clearfelled areas. Sveriges
SkogsvArdsforbunds Tidskrift, 73, 443-472. (In Swedish
with English summary).

Thompson,D.A.{1974), A brief review of drainage in deep peat
in the Forestry Commission, Proceedings cf the
International Symposiun on Forest Drainage,
Jyvdskyld-Qulu, Finland. pp.253-259.

Thomson,J.H. & Neustein,S5.A.{(1973). An experiment in intensive
cultivation of an upland heath. Scottish Forestry, 27,
211-221.

Zehetmayer ,J.W.L.(1954). Experiments in tree planting on peat.
Forestry Commission Bulletin 22.



September 5, 1978
THE BIOLOGICAL RESOURCE
Chairman: L. Roche
Variation between and within
tree specles. D.A. Perry
The exploitation of genetic
variation by selection and
breeding. R. Faulkner
Biological opportunities for

genetic improvement in forest
productivity. M.G.R. Cannell






VARIATION BETWEEN AND WITHIN TREE SPECIES

By ‘David A. Perry

Department of Forest Science, School of Forestry, Oregon State
University, Corvallis, Oregon 97331, U.S.A.

SUMMARY
Genetic variation in forest trees has three
primary cowmponents: among populations, among
individuals within populationg  and among
species., Variation among populations has been
widely studied. Much variation 1is apparently
adaptive with some traits, such as phenclogy,
temperature optima for photosynthesis, seed
weight, DNA content, and drought resistance,
varying with climatic clines 1in photopericd,
temperature and rainfall. Clinal variaticn may
be environmentally correlated in quite
localized areas, 1i.e. up a single mountain
slope or from one aspect te another. Nonclinal
variation also occurs, most commonly in
response to edaphic factors. Considerable
variation among populations Iis not obviously
correlated with environmental factors. Much of
this may be due toe historical factors producing
isolation and drifc.

Recent studies have found considerable genetic
variation within populations. The indications,
but without solid evidence, are that at least a
portion of rthis may be adaptive, especially
with respect to pest resistence and competition
avoidance. On the other hand, effective pollen
dispersal is apparently highly localized,
suggesting that isolation and drift produce at
least some of this variability.

Differences among species are well known and
impossible to detail here. A major segregating
factor has been adaptive strategy as manifested
in successional status, leading to differences
in silviculturally significant traits such as
shade tolerance, efficiency of nutrient cycling
and possibly pest resistance.

Ample genetic variation exists, or mwmay be
created through newly developing technologies,
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to yleld significant genetic gains in
individual <ctree growth, Possible approaches
include selection for temperature optima,
efficiency of water and nutrient wutilization,
optimal mesophyll density, crowns that
efficiently gather light, lower light
respiration, and phenclogiles that fully utilize
the growing season,

Because foresters probably will never deal with
cultivated systems 1in the agricultural sense,
it seems prudent not to decrease the natural
buffering capacity of forests through drastic
reductions in genetic diversity. Therefore, I
suggest that genetic manipulation should focus
both on individuals and comounities. Much more
study of ecosystem dynamics 1{is needed but
perhaps communities which are properly designed
mixtures of genotypes can be both stable and
productive.

RESUME

Les variations génétiques des arbres forestiers
peuvent @tre primitivement classées en trois
composantes: variation  entre populations,
variation entre individus au sein d’une
population et variation entre espéces.
Nombreuses ont ¢€té les détudes sur les
variations entre les populations. Apparamment,
les varjations sont en grande partie du genre
adaptatif avec certains traits, tels que
phénologie, tenpérature optimale de
photosynthése, poids des graines, contenu en
DNA et résistance A la sécheresse variant avec
les gradients climatiques, la température et la
pluie. Les variations clinales peuvent &tre
corrélédes avec des facteurs du milieu dans
certaines zones limitées par ecxemple le long
d’un versant, ou d’un versant & 1" autre. Les
variations qui ne sont pas clinales sont lides,
le plus souvent, 3 des facteurs édaphiques.
Mais une grande partie des variations entre
populations n’est manifestement pas lide 3 des
facteurs du milieu. FElle serait plut8t lide 2
des facteurs historiques qui produisent soit un
isolement, soit une dérive.

Des dtudes rdcentes ont montré qu’ il y avait au
sein des ‘peuplements des variatlons génétiques
considérables. Elles ont indiqué€, mais sans
preuves solides, qu’au moins une partie de
cette variation avait un caractére adaptatif,




PERRY

surtout la résistance aux parasites et
1"aptitude & éviter la coopétition entre
espéces. D’un autre c3té, la dispersion
effective du pollen est trés localisée. Cela
suggéreralit que 1’ isolement et la dérive
seraient au moins une source partielle de cette
variation.

Les différences entre les especes sont bien
connues et il est impossible de les dnumérer
ici. Un des facteurs de différenciation les
plus importants est la stratégle d'adaptation
qui s’est manifestée dans la succession des
peuplements amenant des différences
significatives dans le comportement sylvicole,
tel que la toldrance d’ ombre, 1'efficacité du.
cycle des €lements nutritifs et peut-Ztre la
résistance aux parasites,

Il existe une vaste variation génétique, ou du
moins celle-ci  peut €tre créée par des
technologies nouvelles, qui améneraient des
apports génétiques significatifs pour la
croissance d'un individu. Les approches
possibles comporteraient une selection pour des
températures optimales spécifiques de certaines
stations, pour l'utilisation efficace de 1" eau
et des €léments nutritifs, pour une densité du
mésophylle optimale, pour des cimes qui
recueuillent avec efficacité la lumidre, pour
une photorespiration plus basse et pour des
phénologies qui utilisent pleinement la saison
de végétation.

Bien que les forestiers ne seront jamais amenés
34 traiter des systémes culturaux au sens
agricole du terme, {1 serait prudent de ne pas
diminuer la capacité de régulateur naturel des
for@ts qul est due, en large partie, & la
diversité geénétique. Par consequent, je suggére
que les manipulations génétiques portent aussi
bien sur les individus que sur les populations.
Une €tude plus approfondie de la dynamique des
écosystémes serait certes utile mais il se
pourrait aussl que les peuplements 1ssus d°un
choix efficace d essences différentes puissent
&tre 4 la fois stables et productifs.

ZUSAMMENFASSUNG

Genetische Verschiedenartigkeit bei Waldbiumen
hat drel Hauptkomponenten: die zwischen
Populationen, die zwischen Einzelexemplaren
innerhalb wvon Populationen .und, die zwischen
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Baumarten,

Die Verschiedenartigkeit zwischen Populationen
i1st griindlich erforscht worden. Haufig ist die
Verschiedenartigkeit offenbar das Resultat
elner Anpassung an bestimmte Gegebenheiten, wie
beispielsweise Phianologid, Temperaturoptimum
fiir Photosynthese, Saatgewicht, DNA-Gehalt and
Dirreresistenz, die sich oit den klimatischen
Abstufungen in der Photoperiode, der Temperatur
und dem  Niederschlag andern. Stufenweise
Unterschiede mdgen sogar in engem Raum von der
Umwelt abhinging sein, wie zum Beispilel auf
einen einzigen Berghang oder wvon einer
Exposition zur anderen, Es gibt auch
nicht-abgestufte Unterschiede, meist als
Reaktion auf edaphische Faktoren. Vieles in der
Verschiedenartigkeit innerhalb von Populationen
ist nicht offensichtlich von Umweltfaktoren
dbhanglg. Das ist zum grossen Teil auf
historische Cegebenheiten zuridckzufthren, die
Isolierung und Abwanderung verursachen.

Jiingere Studien haben eine betrichtliche
generische Verschiedenartigkeit innerhalb von
Populationen festgestellt. Auch wenn es keine
handfesten Beweise gibt, sprechen doch die
Anzeichen dafur, dass zumindest ein Teil davon
Ergebnis einer Anpassung 1ist, besonders im
Hinblick auf die Schadlingsresistenz und die
Vermeidung von Konkurrenz. Andererseits ist
eine effektive Pollenverbreitung weitgehend
raumlich begrenzt. Dies ldsst vermuten, dass
Isolierung und Abwanderung wenigstens in einem
gewissen Mass die Variabilitat erzeugen.
Unterschiede zwischen Baumarten sind
hinreichend bekannt wund es ist hier nicht
moglich, darauf im einzelnen einzugehen, Ein
wichtiger trennender Faktor isc die
Anpassungestrategle gewesen, die sich im
Sukzessionsstand wmanifestiert. Dies fihrte zu

Unterschieden in waldbaul ich bedeutenden
Eigenschaften, vie beispielsweise
Schattentoleranz, Wirksamkeit des
Nihrstoffumsatzes und ndglicherweise
Schidlingsregistenz.

Entweder ist reichlich genetische

Verschiedenartigkeit vorhanden, oder sie kann
durch neu entwickelte Techniken geschaffen
werden, um signifikante genetische Gewinne fur
dag Wachstum des Einzelbaumes zu erzielen.
Migliche Ansitze schliessen eine Selektion ein,
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die abzielt auf bestimmte standortspezifische
Temperaturoptima, wirksame Wasser- und
Mihrstoffverwertung, optimale Mesophylldichte,
Kronen mit wirksamer Lichtausnutzung, geringere
Respiration bei Tageslicht und Phinologien die
die Wachstumsperiode veoll ausnutzen.

Da man es in der Forstwirtschaft wahrscheinlich
nie mit Kultivierungssystemen im
landwirtschaftlichen Sinn zu tun hat, scheint
Vorsicht angebracht, damit die naturliche, vor
allem durch genetische  Verschiedenartigkeit
bedingte Pufferwirkung von Wildern nicht
abnimmt. Deshalb schlage ich vor, genetische
Manipulationen sowohl auf Individuen als auch
auf Gemeinschaften auszurichten. Die Dynamik
des Okosystems 1ist noch sehr viel griindlicher

zZu erforschen, aber vielleicht konnen
GCemeinschaften aus richrig zusammengestellten
Misschungen von Baumarten stabil und

gleichzeitzig auch produktiv sein.

INTRODUCTION
This brief review of genetic differences 1in trees
discusses some ways these differences might affect future
silviculture., Fifteen years ago Allard & Bradshaw (1964)
suggested that no one had the competence to review all
publ ished information on plant genotype-environment
interactions. Even narrowing the field from all plants to just
trees, 1 am quite willing to take refuge in that starement
today. The unfortunate consequence of this {s, that this
review will not mention many pertinent papérs. This 1s wmy
error, and in no way reflects on the quality of uncited work.
Any apparent blas towards North American conifers should be
considered, 1 hope charitably, as random drift introduced by
choosing a reviewer from a small, isolated population.

Perhaps I should warn of another bias. I am an ecologist,
not a plant breeder, Therefore, to me, two questions must be
asked about manipulation of forest gene pools. How much can we
change? And, more importantly, how much should we change?
Unfortunately very little research is available to guide us in
answering the latter question and discussing 1t can be
frustrating. It is a question, however, that must be
addressed. '

My arguement is developed in two phases: (i} a summary of
what 1is known about genetic variation in forest trees,
starting with differences among populationg, then moving to
within-population variability, and finally gome brief
statements about variation among species; (i1i) a discussion of
ways In which forest yleld may be improved through genetic
selection at both the organism and community level.
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VARIATION WITHIN SPECIES: AMONG POPULATIONS
Patterns of variation correlated with environment

Stern & Roche (1974) and Wright (1976) summarized
information concerning clinal variation in forest tree
species. Clines generally occur along the three primary axes
of latitude, longitude and elevation, reflecting wvarious
changes in photoperiod, thermoperiod and precipitation. The
adaptive characteristics of a single population result from a
complex combination of those factors, and other influences not
so easily measurcd.

Adaptation to climatic variation appears to be
accomplished primarily through the developmental cycle of a
plant (Heslop-Harrison 1964). One of the central problems of
provenance transfer, especially in high latitudes, is
synchronization of development with the seasonal cycle
(Langlet 1967; Campbell 1974a). Discussing British Columbia
spruces, Roche (1969) wrote:

“In so far as there is a difference in the photothermal

regime between any two reglons, the genetic constitution

of the populations occcupying those regions will differ,
and one of the most important external manifestations of
this difference 1is the time of cessation of growth and
initlation of dormancy’.
Both latitude and elevation correlate with critical daylength
for growth cessation in Norway spruce (Heide 1974).
Phenological clines have been demonstrated in a number of
other species: latitudinal 1in the genus Populus (Pauley &
Perry 1954; Hoffman 1953), Scots pine (Sarvas 196%9), Jack pine
{(Giertych & Farrar 1962; Mergen, Warren & Furnival 1967),
lodgepole pine (Cannell 1976), ponderosa pine (Madsen & Blake
1977), Sitka spruce (Falkenhagen 1977), and red oak (Kreikel
et al. 1976); elevational in western white pine (Barnes 1967)
and lodgepole pine {Hagner 1970aj; and
elevational-longitudinal 1in .Douglas fir (Irgens-MSller 1968;
Campbell & Sorensen 1978). .-~

Most, if not all, wide ranging plant specles are probably
differentiated along climatic clines {(c¢f, Hiesey & Milner
1965) but 'this is sometimes difficult to demonstrate. Local
climates may not correlate smoothly with easlly measured
variables such as latitude or elevation and other complicating
factors, which I will detail later, may come into play.

Vaartaja (1959) studied photoperiodic adaptation in
eighteen tree species from nine genera, finding latitudinal
differentiation In only eight species. Intergenetic
differences were pronounced. Three of five species of spruce,
but none of five pine specles, showed photoperiodic
differentiation. Vaartaja’s results with certain specles
conflict with findings of his own and of other researchers,
indicating the difficulties inveolved in generalizing about
these phenomena.




Between-population variation may dfffer considerably from
one part of a species range to another. Reck (1973)
investigated the phenology and growth patterns of forty-two
Douglas fir provenances. Inland sources were clearly
differentiated, whereas provenances from the Pacific coast, an
arca of relatively uniform climate, were not. Similarly,
Squillace & Silen (1962) found latitudinal clines among inland
populations of ponderosa pine, but not among coastal
populations. The correlation between the weight of ponderosa
pine seed and climatic factors differs strikingly among
regions {Wells 1964). These patterns may simply be artifacts
of low sampling intensity rather than real biclgical
phenomena.

Many traits, other than those related to phenology, show
patterns of «c¢linal variation. For yellow birch, Wearstler &
Barnes (1977) found strong south-north clines of decreasing
height, increasing seed weight, earlier Inftial germination
and increasing total germination. In other species, seed
welght seems to be negatively correlated with moisture supply
and length of growing season (e.g. Wells 1964, Perry & Lotan
1978), which probably 4s an adaptation for producing large
seedlings in a relatively short time.

Differences have been found among populations within
various species in drought resistance (Ferrell & Woodard
1966), Bilan, Hogan & Carter 1977; Eiclmelir, Adams & Lester
1975; Dijkstra 1974; Kreikel et al. 1976); frost resistance
(Illingworth 1975; Van den Driessche 1977; Langlet 1967);
optimun temperature for photosynthesis (Slatyer & Ferrar 1977)
and characteristics of bark reflectance {(Covington 1975).
Gerhold (1959) and May & Means (1977) found that chloroplast
structure differed along elevational gradients.

In a classic experiment, Thoday & Boam (1959) showed that
strong selection would maintain genetic differences between
populations of Drosophila despite intense gene flow. This
result seems to apply equally well rto trees, Non-clinal
transitions between soil types, to be discussed later, are
well known. However, populations may vary over short gradients
in elevation and abrupt changes in aspect as well. The most
striking example was given by Fryer & Ledig (1972) who found
that the coptimum temperature for photosynthesis in Balsam fir
over an elevational gradient varied closely with the adiabatic
lapse rate. Growth and phenology of Douglas fir were shown to
differ significantly among populations 150 m apart {vertical)
along an elevational transect (Hermann & Lavender 1968).
Douglas fir on south slopes are, in sowme cases, more drought
resistant than those on neighbouring north slopes (Ferrell &
Woodard 1966). Later, however, 1 will discuss findings by
Rehfeldt (1974) that urge caution in extrapolating these
results.

The adaptive benefit for some traits that vary clinally
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is obscure. For example, Douglas fir populations vary
latitudinally 1in mycorrhizal formation {Wright & Ching 1962).
DNA content and nuclear volume of cells varies latitudinally
in several coniferous species (Miksche 1967; Sziklai,
El-Lakany & De-Vescovi 1976). Wareing & Matthews (1971)
suggested that greater production of enzymes compensates for
lower rates of enzyme action at low temperatures.

Stern & Roche (1974, p.l17 ff) discuss discontinuous,
also termed ecotypic or racilal variation in plants, most of
which relates to edaphic factors. Differential ability to
extract nutrients, or tolerance of low availability has been
found between populations on granitic and ultramific solls
(Jenkinson 1974), calcareous and acidic sites (Ladiges &
Ashton 1977; Holst 1974), and swampy and upland sites
(Musselman, Lester & Adams 1975; Sannikov, Sannikov & Grishina
1976). Not surprisingly, rooting characetristics seem to play
a role In edaphic adaptation (Schmidt-vogt 1971; Ladiges &
Ashton 1977) .Provenance differences in needle nutrient
concentration (Van den Driessche & Webber 1975; Woessner et
al, 1975; Falkenhagen 1976) and fertilizer response (Bramlett
& Belanger 1976) may represent adaptation to edaphic factors
(Giertych (1969) reviewed earlier publications).

Patterns of variation without obvious environmental correlation
Much variation among populations cannot be attributed

easily to differential selection along envirommental
gradients, This often appears as ‘noise’ superimposed upon
broad environmentally related trends. For example, Wells
(1964) found that 32 per cent of progeny:eavironmment
correlations in ponderosa pine were significant when
calculated with data from an entire region, but only 3 per
cent when data from separate ecotypes within regions were
used, Small-scale stochasticity in population traits was also
noted by Rehfeldt (1974), who found patterns of
differentiation in Rocky Mountain Douglas fir to be
essentially random with respect to topography. Sampling error
may account for some of this. Other explanations include:

(1) Some phenotypic traits in a population may exist
independently of natural selection (Stern & Roche 1974).
Others may not be 1influenced by the envirommental
gradient that was studied. For example, growth rate is an
often studied trait which, in many cases, may have little
bearing on a plant’s ability to survive and reproduce,
particularly in harsh enviromments (Namkoong 1969).

(2) 1In species that pioneer disturbed sites, founder effects
(random shifts in genetic composition due to
establishment of a population by only a few parents) may
produce differences between populations.

(3) Major pericds of selection occur infrequently in ploneers
suggesting that some populations may be adapted to
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weather conditions which have since changed.

(4) Past glaciation led to large scale biological wmigration,
so many populations may now exist on sites to which they
have yet not fully adapted (Wright 1973).

(5) Historical factors may result in isolation and drift,
leading to rapid differentiation. Comparing the Rocky
Mounctain and Pacific Coast varieties of ponderosa pine,
Wells (1964) wrote

“vsess. differences between the two varieties stem
from more ancient causes that are not reflected in
.+, weather records of the past seventy years”,

For a discussion of the possible relation between

di{astrophism and episodes of evolution see Axelrod

(1967).

(6) Populations may adapt to environmental differences in
diverse, but equally effective ways (Heslop-Harrison
(1964),

{7) Adaptation occurs in response to a set of envirommental
factors, and the adaptive significance of a character may
become evident only when the full set of relevant niche
parameters is considered (Stern & Roche 1974).

{(8) Some important envirommental factors may be normally
overlooked, For example, Elliot (1974) found that
predation by squirrels living in stands of lodgepole pine
has selected for certain seed and cone characteristics.
Factors affecting squirrel populations way then be
reflected in tree phenotypes.

Some traits that seem to vary randomly have clear
selective advantage. Pest resistence differs widely within
species. TFor example, Scots pine varles Iin its resistance to
2immerman pine moth (Wright, Wilson & Bright 1975}, loblolly
pine to rust {Wells 1966), European larch to various insect
pests  (Sindelar & Hochmur 1972) and lodgepole pine to
Crumenula sororia (Hayes 1975). Provenance or <clonal
differences in resistance to pollutants have been found in
lodgepole pine (Lang, Neumann & Schutt 1971), Japanese larch
(Vogl, Schonbach & Hadicke 1968), Norway spruce {Braunn
1977a,b) and trembling agpen (Karnosky 1977).

Terpene content varies considerably among populations of
some conifers (Van Rudloff 1972; Thielges 1972; Gansel &
Squillance 1977; Faulkner et al., 1977). The adaptive value of
differing terpenes 18 not apparent and much of the variation
may be due to gene flow between species (eg. Zavarin,
Critchfield & Snajberk 1969). However, terpenes probably play
an important role in interaction with pests. Faulkner et al.
(1977) found Fomes annosus to be absent from most Sitka spruce
in which alpha-pinene formed at least 35 per cent of the root
resin. The role of chemicals as mediators of ecosystem
structure and dynamics 1 virtually wunknown, although
interesting work is in progress (eg. Meinwald er al, 1978).
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Hendry (1976) hypothesized that dietary chemicals may
substructure insect populations In ecological and evolutionary
time, although Miller et al. (1976) offered a counter
argument, Other subtle ecosystem interactions are mediated by
chemical factors as well - see the discussions by Smith (1976)
and Karimbayeva & Sizova (1977) on the role of root exudates
in rhizosphere ecology.

One of the most interesting phenomena of forest genetics
is the fact that local populations, especially those on severe
sites, are often not optimal either in growth, which may not
be a trait selected for, or other adaptive characteristics
(¥amkoong 1969; Campbell 1974a). Similarly, many populations
have superfor growth characteristics even when transferred far
from their native location {(eg. Glertych 1976; Illingworth
1975}, Height of five year old lodgepole pine at two different
planting sites, one of which was quite severe, was highly
correlated (ri = 0,88 and 0.92) with the site index of the
parent stand, even though the sampled provenances spanned
about 1500 km {Perry & Lotan 1978; Perry & Steinhoff,
unpublished data). 1In that study, height was also correlated
closely with length of the growing season at the native
location, suggesting that favourable enviromments may permit
the evolution of genotypes which are vigorous and which are
also highly buffered against envirommental change.

VARIATION WITHIN SPECIES: WITHIN POPULATIONS

One of the most critical yet least understood questions
in population genetics relates to the adaptive nature of
variability within populations {cf Simpson 19753,
Electrophoretic studies have revealed large amounts of enzyme
polymorphism within populations of most studied organisms;
whether this variability ise selectively neutral or not, is
vigorously debated (Gillespie & Langley 1974; Nel, Fuerst &
Chakrakorty 1976; Gilpin et al., 1976).

Saki & Park (1971) found {sozyme differences between
groups of trees scparated by only a few hundred meters and
with no obvious environmental gradient included, which they
atrributed to isolation and drift, {.e. pollen dispersal was
very localized, Significant variation within populations has
been found in the growth characteristics of several species
(Hagner 1970b; Clausen 1975: Wells & Snyder 1976; Dietrichson
1969; Eriksson et al, 1976; Ledig & Clark 1977; Perry & Lotan
1978). Family differences have also been shown in stress
response (Perry et al., 1978) and nutrient relations {Burdon
1971).

Variablity in growth characteristics within populations
occurs primar{ly in young seedlings, tending to disappear with
time (Namkoong, Usanis & Silen 1972; Namkoong & Conkle 1976;
Perry & Lotan 1978). Namkoong et al. (1972) suggested that
this is due to the relatively large micro-envirommental
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diversity encountered by young seedlings, with a consequent
selective premiun for differential growth strategy. As trees
grow and micro-environments become less important, diversity
in growth strategy also becomes less important. Among
lodgepole pine populations, family related phenotypic variance
correlates closely with differential family response to
changing enviromments, suggesting that variability has an
adaptive component (Perry & Lotan 1978). Families may also
follow differing growth patterns as a mechanism for dividing
resources in time (Perry 1978).

Despite wmuch speculation little is actually known about
the rtole of genetie diversity in ecosystem regulation,
Mono-specific forests are more susceptible to pest outbreaks
than diverse ones (Vouté 1964) and in an elegant laboratory
experiment, Pimentel & Bellotti (1976) demonstrated that
diversity is indeed an important pest regulator. Intraspecific
as well as interspecific diversity probably play important
regulatory roles. Shaw & Little (1977) found cthat foliar
components of dietary importance to spruce budworm varied
locally in balsam fir, Hunt & Von Rudloff (1977) showed that
leaf - o1l - terpene variation was greater within than between
populations of western white pine. Observations of this type
do not, of course, prove a regulatory function. However,
recent studies investigating both insect and tree hosts
suggest a great deal of genotype : specific interaction
(Claridge & Wilson 1978; Edmunds & Alstad 1978). Levin (1975}
concluded that pest pressures have played a large role in
maintaining open recombination systems in climax species.

Indirect evidence suggests that within-species diversity
varies inversely with between species diversity. Levins (1968)
predicted on theoretical grounds that increasingly uncertain
environments would result i{n broader niches, one component of
which could be genetic diversity within species, with
consequent decrease in between-species diversity. That species
diversity decreased with increasing site severity, within
cerctain limits, has becen demonstrated both for animals
(MacArthur 1975) and forest plants (Briinig 1973; Clenn-Lewin
1977), although this is not always the case (eg. Zobel et al.
1976). Factors such as rapid crown closure on good sites (del
Moral 1972) may confound wmatters by introducing a time
dimension,

Little work has ‘been done on within-population
variability as a function of environment, although
Heslop-Harrison (1964) felt that it should be greater at the
margin of the specles distribution because of low
inter-specific competition, May & Means (1977) reported that
the variabilicty of Englemann spruce chloroplasts increased up
an elevational gradient. Clausen & ‘Hiesey (1958) found a
similar relationship iIn the height variability of Achillea
spp. 1 have found a close correspondence between phenological
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variability within lodgepole pine populations and the
elevation of their native habitat, although these stands
spanned a considerable latitudinal gradient, with consequent
confounding effect on the elimate-elevation relation., On the
other hand, Stern & Roche (1964) concluded that the studies
they cited indicate greater variability in central rather than
marginal populations; they argue that later-specific
competition produces variability. These two viewpoints may be
compatible, Where physical factors are highly variable and
dominate the selection regime, certaln sets of adapative
trajits will be diversified. As blological factors becone
increasingly important (in relatively benign habitats),
diversifying selection acts on other sets of traits. For
example, the greatest diversity of genes for pest resistance
are usually found in the centre of the species range (Levin
1975}. Links between enzyme and phenotyplic variability are not
well established (see, however, Mitton 1978), but Tigerstedt
(1973) did find that differences in isozyme wvariability
between central and marginal populations of Norway spruce
depend on the enzyme pattern studied.

Do we then expect populations from harsh sites to be the
most highly buffered against physical factors of the
environment? This may often be the case, and prudent
management demands that, in the absence of specific evidence
to the contrary, we assume that it is (Morgenstern & Roche
1969). However, some data do not fit the model. Relative
growth of Norway spruce provenances is highly consisent across
a wide variety of environments, with non-local sources
out-performing locals on many harsh sites (Glertych 1976). 1
have seen similar trends in lodgepole pine, although the
seedlings are too young to draw conclusions, Clearly much
still must be learned- about -the population ecology, but
current evidence suggests that certain populations, often from
the center of the species range, are genetically superior not
only in growth, but also In overall buffering capacity. On the
other hand, fitness for a given site may wultimately be
determined by the ability of a genotype to survive infrequent
climatic events, and short term studies tell us little about
this.

VARIATION BETWEEN SPECIES

Rather than review the information about-differences
between tree species, I will briefly and generally discuss
broad differences in adaptive strategies as they relate to

silviculture, focussing more on what is not known that what
is.

Temperate and boreal forests have evolved under an
enviromnmental regime of periodic disturbance. Thus time has
produced a rough dichotomy in adaptive strategy, distinguished
in forestry as ploneer and climax species and in current
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ecological theory as r and K selected species (Stearns (1976)
reviewed life history tactics). Two distinguishing
characteristics of these groups are especially pertinent here:
(1) genetic systems or devicés for regulating wvariabilicy.
(Darlington 1939) and (2} a degree of adaptation to physical
factors on the one hand and biotic factors on the other.

Adaptive strategies form a continuum between the
ephemeral pioneer and climax species, with pioneer tree
species falling sonewhere in between, Thus applying
theoretical results directly to trees is misleading although
some generalizations seem possible. At least three arguments
can be made that greater genetic diversity occurs in
long-lived pioneers relative to climax species:

{1) Because of low interspecific competition, pioneers can
tolerate more genetic deaths and, therefore, can afford
te produce more variability (Grant 1963).

(2) Because of low interspecific competition, pioneers occupy
relatively broad niches, mediated by both genetic
diversity and phenotype plasticity (Levins 1968).

(3) Because major episodes of selection may occur decades
apart in ploneers, i.e. at the time of seedling
establishment, they must maintain the ability to cope
with relatively large changes in climate..

On the other hand, sound arguments support less
recombination in  pioneer species {(e.g. Pickett 1976).
Resolution of these two lines of argument may lie 1in the
organisation of wvariation within populations, with climax
specles tending toward 1individual buffering ‘and pioneers
toward populational buffering, thereby preserving homozygosity
in individuals without foregoing diversity in the population,
From a practical standpoint, these questions bear directly on
the potential for gains through selection and the degree to
which a given gene pool should be narrowed. However, I am
aware of little research to assess the validity of these
speculations.

The genetic systems of specles differ, although why Iis
not always clear. Red pine, for example, is genetically quite
uniform, which Fowler & Morris {1977} attributed to historical
factors. Wright (1976) discussed the considerable differences
among pine species in the effectiveness of mass selection
techniques. Trends within specles wmight tell us something
about differences between species. Lotan and I compared
variabilities between open- and closed-cone progeny of
lodgepole pine, which probably evolved in very different
environments, and among populaticns from relatively severe and
benign habitats (Perry & Lotan 1978). We found differences,
but they were inconsistent so we could not draw conclusions
about causal factors. Considerable work is needed before we
understand the forces that shape the genetic systems of
specles.
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Odum (1969) discussed numerous functional and structural
differences between developmental stages and mature
ecosystems, Many of these may be important to silviculture but
here 1 will mention cne in particular which I will discuss in
more detail in the next section. Ploneer species generally
occupy habitats with, at least ino the beginning, greater
resource availability (Gadgil & Bossert 1970) and less
interspecific variability, thus they Qare often poor
competitors. Some coniferous species, as a means of indirect
competrition, may in fact have evolved mechanisms for retarding
decomposition of organic material and consequent release of
nutrients (first suggested to me by Don Despain, a biologist
at Yellowstone Kational Park). In contrast, angiosperms seem
to cycle nutrients very rapidly. ULater I discuss how this
might be used to silvicultural advantage.

Pest resistence is another difference between pioneer and
climax species which may have silvicultural importance.
Pioneer specles persist because of periodic disasters, and
thus have little evolutionary incentive to develop resistance
to epidemic pest outbreaks, in fact, they may have cvolved to
encourage them. For obvious reasons climax species must
develop a greater degree of pest resistance. Grant (1963)
suggested that much diversity in cropical forests was due to
selection for pest resistance.

UTILIZATION OF GENETIC DIVERSITY
Crop breeders speak In terms of ideotypes, idealized

plant models with optimum potential for growth under a given

set of envirommental conditions (e.g. Donald 1968; Frey 1970).

Within the context of the physiological basis of yleld, this

1s a sensible approach and one which, as long as we understand

its limitations, has much to offer forest tree breeders.

Several authors have recently discussed plant factors most

amenable to genetic manipulation for increased yield (Wareing

& Matthews 1971; Gordon 1975; Nasyrov 1978). At its first

level, the model 1s very simple: yleld 1is a funtion of

photosynthesis, less respiration, 1integrated over a growing
season. Let us consider each of these separately.

(1) Photosynthesis Improving the quantum yield of
photosynthesis would have enormous payoff, but seems
rather remote at this time (Gordon 1975). However,
differing chloroplast structure among genotypes of a
species suggests that such an advance is not out of the
question. Alternatively, several indirect approaches seem
feasible to 1increase gross carbon fixation. Firset,
genetic variation for process-oriented traits, e.g.
temperature optima, efficiency of mineral or water
utilization and decreased mesophyll resistance might be
exploited within populations to narrow the range of
‘maladapted” 1individuals on a given site. Wareing &
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Mathews (1971) suggested breeding for individuals with
optimal intercellular space distribution within the
mesophyll, high rates of enzyme activity and the ability
to maintain high rates of photosynthesis at low
temperatures. Secondly, structural characteristics
determining the number and orientation of leaves could be
important targets of selection, {.e. canopies should be
designed as optical systems (Nasyrov 1978; Horn 1971;
numerous references cited by Monsi, Uchiuima & Oikawa
1973), Wareing & Matthews (1971) pointed out that species
in genera such as Ables, Thuja and Tsuga, with 1long
crowns, dense foliage and low light compensation points,
are highly productive, both as single trees and in dense
stands. For example, on the QOregon Coast a twenty-six
year old stand of western hemlock is producing dry matter
at a rate of 36 metric tomns ha/yr (Fujimori 1971).
Within-species variability in crown structure (see Stern
& Roche 1974) provides an additional source of raw
waterial, Finally, leaf senescence is important in the
loss of photosynthetic capacity and, though  poorly
understood, is amenable to genetic modification. Nasyrov
(1978) produced a mutant of cotton in which leaf
senescence was delayed with consequent increase in
productivity. Kim (1976) attributed the high productivity
of an F! hybrid of loblolly and pitch pine to {increased
photosynthetic life of needles.

(2) Respiration "Perhaps the most promising basic modification

of the photosynthetic process is the suppression of
respiration in the light* (Gordon 1975; see also Marx
1973). Differences in Cé4 and C3 plants are well known,
More relevant to forestry is the possibility of differing
rates of photorespiration among €3 genotypes. Wilson
(1972) did, in fact, find genetic wvariation 1in
photorespiration within Lolium sp, suggesting that
similar searches within, or among, tree species may be
productive.

(3) Full utilization of the growing seagon., Substantial gains

seem possible here, both by selection within populations
and by transfer across clines. In several species of
pines, genotypes moved north of their native location
outgrew local provenances (Wells & Wakely 1970a, 1970b;
Morgenstern & Teich 1969). However, experience with Scots
pine 1in Sweden has been the opposite, with greatest
volume gains made by wmoving provenances southward and
down in elevation (Eriksson et al. 1976). This |is
primarily due to increased survival, reflecting the fact
that large numbers of individuals within provenances are
apparently unfit for the climate at their home location
(Hagner 1970b). Wareing & Maththews (1971) suggested an
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actuarial approach to provenance transfer, using weather

records to balance gains in productivity against the

probability of loss due to early or late frost. Campbell

{1974b) wused predictions of timing of vegetative bud

burst to examine response of scedlings to seed transfer.

He concluded that east-west transfers were likely to be

more maladaptive than north-south transfers, The Swedish

experience suggests that intra-populational variability
should be included In analyses such as these.

Radiation and chemicals have been extensively used to
induce mutants in crop breeding (sce Frey 1970 for a review),
and powerful new techniques are being developed for genetic
manipulation (eg. Hoskins et al, 1977; Carlson & Polacco
1975). We may be standing on the threshold of a quantum leap
in our ability to shape the genetlc system of the organlisms
which serve us, a power that carries considerable risk.

At this juncture it 1is appropriate to ask 1{f, in
forestry, we wish to follow 1in the footsteps of crop
geneticists. 1 suggest that we do not and that, while the
concept of the organismic ideotype can be used advantageously,
our primary focus should be on the ideotypiec community. The
reason for this is slmple. We deal with ecological systems, of
which autecological considerations form only one component. In
tradicional agriculture, high inputs of cultural energy
maintain a simplified system state dominated by autecclogleal
factors. The system has no Internal buffering, and it is
stable only as long as the external energy source, based on
fossil fuel, lasts, Even {f high levels of cultural input
became feasible in forestry an unlikely eventualiry,
commitment to genetic “uniformity’ seems unwise to me for two
basic reasons. First, cultural treatments are poorly suited to
protect populations against unpredictable, e.g. temporal
environmental variation (Allard & Bradshaw 1964). Second, the
track record of pest control iIn forests through approaches
such as spraying, has not been good.

The relation between stability and diversity of
ecosystems is a subject of considerable debate (see Goodman
1975 for a review), wuch of which stems from an inadequate
definition of both diversity and stability. If we define
buffering capacity, like Allard & Bradshaw (1964), as
“stability in those aspects of phenotype, especially yield and
quality, that are important economically’, the role of genetic
diversity seems incontrovertible (Allard & Bradshaw 1964;
Edounds & Alstad 1978; Schaal & Levin 1976; Clausen & Hiesy
1958; Mitton 1978).

Populations may be buffered. in two ways, individually and
as a populatien. In the former, buffering is a property of
individual organisms, whereas population buffering ‘"arises in
interactions among different coexisting genotypes” (Allard &
Bradshaw 1964). To the extent that population buffering is
important, any factor which narrows the genetic base of a
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Population carries with 1t the risk of decreasing that
population”s ability to absorb envirormental change. Very
little research among tree species bears on this question.
Owino (1977) concluded that eleven sets of loblolly pine
families were average to below average in genotypic stability,
l1.e. buffering capacity. Significantly, the study showed no
difference in the buffering capacity of wide and local
crosses, suggesting that heterozygosity did not influence
genotypic stability. I found fifty lodgepole pine families
from five populations to vary considerably 1in genotypic
stability {(unpublished data) and in stress resistance {Perry
et al. 1978), suggesting that population buffering may be
important in this species.

Does a commitment to genetic diversity in forest stands
necessarily Ilmply losses in yleld? I think not, Growth in the
ideotypic community might be enhanced through three modes:
structure iIn space, structure 1in time and what I will call
"process complementation’. Gordon (1975) suggested that
‘efficient occupancy of space allocated to each individual in
a stand becomes the criterion by which genotypes should be
chosen for intensive culture’. Mixtures including at least one
shade-tolerant species hold promise, Alan B. Berg (School of
Forestry, Oregon State University, Corvallis 1978, personal
communication) planted western hemlock beneath a thinned stand
of fifty-year-old Douglas fir; the hemlock is growing rapidly
and growth of the Douglas fir has not decreased detectably,
Niche separation 1in the rooting zone has been found in
successional annualse (Parrish & Bazzaz 1976), and it may play
a role in decreasing competition among tree genotypes as well,

Resources can be partitioned in time as well as space.
This should manifest itself as a differential growth pattern
either iIn one growing season or across a span of several
years. Seasonal phenology shows considerable genetlic
variation, both between species which occupy the same site
(Marks 1976; Parrish & Bazzaz 1976) and at the family level
within populations (Kaufman 1977; Perry 1978); however, it has
not been established as representing competition avoidance,
Delayed bud set, especially at high elevations or latitudes
obviously carries risk. However, individuals native to severe
climates may have considerable frost tolerance, even during
pericds of active growth. I have seen actively growing
lodgepole pine seedlings unaffected by temperatures well below
freezing. In any event, evolution has certainly used the
actuarial approach of Wareing & Matthews (1971), balancing
risk of loss against potentifal gain, In at least some species,
families vary in long-term growth patterns {Namkoong & Conkle
1976; Perry 1978). As 1In the case of seasonal variation,
however, any selective advantage this might confer through
competition avoidance is yet to be demonstrated.

Process complementation 1is the enhancement of some rate
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limiting step or process within ecosystems. The most pertinent
example is nutrient cycling. Many ecologists believe that
nixed forests malntain a  higher soil fertility than
monocultures {(cf. Powers 1974). Conifers and other specles,
e.g. buckwheat, which exude relatively large amounts of acids,
are apparently able to obtain nutrients unavailable to other
species (Fisher & Stone 1969; Mclachlan 1976; Grausteln,
Cromack & Sollins 1977). Mutrient cycling, however, {is
generally more efficient in deciduous communities. Mixtures of
hardwoods and conifers cycle nutrients more quickly than
coniferous monocultures, thereby improving stand productivity
(Tappeiner & Alm !975; Rakhtsyeyenka & Kabashnikana 1975).
Thus, the {decotyplc comounity may develop a synergism in
nutrient relations, conifers improving the "pumping” step and
angiosperms the cycling, with benefit to both components.

Incorparating nitrogen-fixing species within forest
ecosystems will become increasingly important. In Washington,
a mixed stand of red alder and Douglas fir had twice the
biomass of adjacent Douglas fir monocultures (Miller & Murray
1977). Berg & Doerksen (1975) found that red alder that seeded
into a thinned stand of Douglas fir added from 200 to 800
kg/ha N in seventeen years. In our laboratory, we are
attempting to select nitrogen-fixing genotypes sulted for
interplanting iIn young, pre-commercially thinned conifer
stands.

The silvicul tural potential of genetically diverse
forests as opposed to monocultures will undoubtedly vary with
site conditions. That potential cannot be adequately assessed
until we have a much fuller understanding of the structure and
functions of forest communities. However, it seems likely
thar, given silviculturalists with knowledge and imagination,
the ideotypic community has much to offer forestry.
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SUMMARY
A brief historical review 1is provided of
factors leading to the plus tree concept; this
is based on observations on crown and stem-form
characters, Most breeding programmes are
concerned with wood production in which volume,
stem-form, branching and wood density are the
most important tralcs, Problems of
mutiple-trait selection and selection indices
are discussed against the background problems
of time, physical avallable resource and
breeding strategy. Methods of indirect
selection are unsuitable for plus tree
selection,

Heritability wvalues for specified traits and
species and their limitations are discussed
together with some of the main reasons why
responses to phenotypic selection have been low
in the past. Response to genotypic selectioen,
based on sexually and asexually produced
planting material is generally high for form
but not vigour.

Reliable juvenile-mature correlations in
progenies are of great potential value to the
breeder who seeks to maximize gain per unit of
time. At present there are very few progeny
tests old enough to enable the breeder to do
this and most evidence on timber volume
production is based on provenance test data.
Some of the dangers to be expected in
predicting future volume production are
highlighted and the value of data obtained from
seedling plants raised under controlled or
semi-controlled environments will be wmainly
related to factors such as -early-frost
susceptibility and the ability to develop, and
amounts of, free growth,

The value, use and problems associated with the

THE EXPLOITATION OF GENETIC VARIATION BY SELECTION AND BREEDING.

Roslin,
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production of inter- and intra-specific hybrids
are discussed in addition to a brief vreference
to the commercial production of seed from
orchards.

The value and uses of vegetatively produced
planting wmaterial are described and attention
is drawn to the problems of selecting young
plant material and predicting performance from
the aspects of plant shape and vigour.
Mixed-cloned families based on recreated
hybrids from single-pair matings with known
superior performance wvalues are likely to
provide a satisfactory way of getting genetic
improvement quickly into the forest.

RESUME

Bref historique des facteurs quli ont amené le
concept de ‘1"arbre plus’; celui-ci est basd
sur 1’ observation des caractéristiques de la
cime et de la forme du tronc, La plupart des
programmes d’ amélioration concernent la
production du bois, dont les caractdres les
plus importants sont le volume, la forme du
tronc, l'aspect des branches et la densité du
bois. Les problémes de sélection selon
plusieurs caractéristiques et les indices de
sélection sont discutés en tenant compte des
problémcs de temps, des ressources physiques
disponibles et des stratégies d amélioration,
Des méthodes -de sélection indirecte ne
conviennent pas 3 la sélection "d”arbres plus’.
L exposé traite aussi de l'heéredite de certains
caractdres et de certaines espdces et leurs
limications, ainsi que certaines des raisons
principales qui expliquent les déboires dans le
passé  d une sélection phénotyplque. Les
résultats d"une sélection génotyplque, basée
sur des individus produits de fagon sexuée et
asexuée sont, en genéral, favorables quant 3 la
forme, mals mauvais quant A la vigueur de
17 individu.

Des bonnes corrélations entre les stades
juvéniles et adultes sont d’une importance
capitale pour celui qui cherche a améliorer le
rendement par unité de temps. En ce moment il y
a encore trés peu de tests juvéniles ayant
assez de recul et qui permettraient &
1’ améliorateur d’€tablir ces relations, et la
plupart des résultats sur la production en
volume est actuellement basée sur les résultats
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des tests juvénilgs. Certains des dangers
auxquels on peut s attendre dans la prédiction
de la production sont mentionn€s. Les résultats
obrenus avec des plants cultivés en wmilieu
contr8lé ou semi-contrdle portent
essentiellement sur la résistance vis a vis des
gelées précoces et sur les facultés de
développement et gquantité de la croissance
libre.

On traite aussi de 1 usage et des problémes
associés A la production des hybrides inter- et
intra-spécifiques. On  se refére  aussi,
briévement, 4 la production commerciale de
graines provenant des vergers a graines.

On décrir aussi la valeur et 1l'utilite des
individus produits vegétativement et 1l'on fera
remarquer les problémes de stlection des jeunes
individus et la prédiction de leur performance
en tenant compte de la forme et de la vigueur
des plants. Des peuplements formés d'un mélange
de clones de familles basés sur des hybrides
créés A partir de croisements entre couples de
performances supérieures connues, seront
certainement a méme d'apporter A la forét wune
amélioration génétique rapide.

ZUSAMMENF ASSURG
Es soll hier, basierend auf Xronen- und
Staomformcharakteristiken, ein kurzer

historischer Abriss i{iber die Faktoren gegeben
werden, die zur "Plus-Baum’-Idee gefihrt haben.
Die meisten Zuchtprogramme befassen sich mit
der Holzproduktion, wobei Volumen, Stammform,
Astigkeit und Holzdichte die wichtigsten
Merkmale sind. Die Probleme, die in Bezug auf
die Auswahlkriterien be! der Auswahl nach
mehreren Merkmalen entstehen, sollen vor dem
Hintergrund solcher Probleme wie Zeit,
verfigbare Mictel und Anzuchtverfahren.
diskutiert werden. Methoden der indirekten
Auswahl sind fur die ‘Plus-Baum’ -Auswahl
ungeeignet.

Zur Diskussion gestellt werden
‘Vercrbungswerte’ fur verschiedene Merlmale und
Baumarten und die Crenzen ilhrer Aussage, sowie
einige der Hauptgrinde, warum die Wirkung der
Auswahl von Phanotypen bisher so gering war.
Die Wirkung der Auswahl von Genotypen, dle aus
sexuell und asexuell produziertem
Pflanzenmaterial stammen, 1ist im allgemeinen
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sehr gut, wenn es um die Bauform und weniger
gut, wenn es um die Wichsigkeit geht.
Zuverldssige Daten {iber die Jugend-Reife
Verhaltnisse bei der Nachkommenschafc sind von
grossem potentiellen Wert fiir den ZUchter, der
eine zeitliche Gewinnmaximierung anstrebt.
Gegenwdrtig gibt es nur wenige, geniigend alte
Nachkommenschaftsprifungen, die das dem Zichter
ermdglichen k&nnten. Die meisten Zahlen Ober
die Masse der Holzproduktion stiitzen sich auf
Werte, die von Provenienzprlifungen abgeleitet
werden.- Es wird auf die Gefahren hingewlesen,
dle die Voraussage =zukiinftiger Wuchsleistung
beeinhaltet. Fraglich ist vor allem, inwieweit
Daten zuverld3ssig sind, die von Simlingen aus
geschiltzter oder halbwegs geschlizter Umgebung
stammen. Dies ist problematisch vor allem im
Hinblick auf Frihfrostempfindlichkeit wund in
Bezug auf die Fihigkeit fiir “freies Wachstum’
(oder Johannistriebbildung) und dessen
GQuantitdt.

Diskutlert werden auch  Wert, Nutzen und
Probleme in Zusammenhang mit der Erzeugung von
inter- und intraspezifischen Hybriden.
Darliberhinaus wird auf die kommerzielle
Produktion von Samen aus Baumpflanzungen kurz
hingewiesen.

Der Wert und die verschiedenen
Verwendungsmdglichkeiten von vegetativ
produziertem Pflanzenmaterial wird diskutiert
unter besonderer Beriicksichtigung der Probleme,
die bei der Auswahl jungen Pflanzenmatcrials
entstehen, und wie aufgrund von Form und
Wichsigkeit der Pflanzen fhr spiteres Verhalten
vorausgesagt werden kann. Mit Hilfe
gemischt-klonischer Familiem aus neu
gezichteten Hybriden, die aus Einzelpaaren
hervorgegangen sind und die hervorragende
Verhaltenseigenschaften aufwelsen, sollte es
moglich sein, schnell eine genetische
Verbesserung des Waldes zu erreichen.

INTRODUCTICN

Selection and breeding of individual forest trees on a
sclentific basis began in 1924 and lagged behind similar work
on many other crop plants. For example, rice was in
cultivation and influenced by selection for over 5000 years
and has been systematically bred since 1905. Undoubtedly the
delay to the start of tree breeding was due to the long
breeding cycle of most tree species, physical difficulties of
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artificially pollinating flowers borne high above the ground
or, in some cases working with swmall hermaphrodite flowers,
e.g. Eucalyptus spp., and difficulties of cheaply and reliably
propagating old trces by rooting cuttings or other methods of
vegetative propagation. Where vegetative propagation s easy,
it has been exploited and used to advantage, for example
extensive clonal plantation forests were begun with
vegetatively reproduced Cryptomeria japonica in Japan over 400
years ago (Toda 1974).

THE PLUS TREE CONCEPT

Opperman (1908) published his findings that undesirable
shape in stem- and crown-form is inherited and Nicolai (1932)
suggested the selection of special seed trees 1in Pinus
sylvestris, which he termed ‘elite’, from which separate seed
collections should be wmade and later progeny performances
recorded. One year later Bornebusch (1933), writing on beech
breeding, recommended one-parent progeny-tests Lo estimate
brecding values and Larsen (1934) introduced the concept of
the clonal seed orchard thus: "I strongly urge therefore,
taking up vegetative propagation and in conjuction with
experiments on artificial pollination, the establishment of
seed plantations for the supply of seed for practical use"”.

The term ° plus_tree’ appears to have been introduced
first around 1950 by the Royal Board of Private Forestry of
Sweden (Anon.1951). Before this elite tree was used as a
synonym, a fact which has led to wmuch confusions in the
literature. Currently accepted definitions of these terms are:

Plus tree: a phenotype judged (but not proved by tests)

to be wunusually superior in some quality or qualities,

e.g. exceptional growth rate relative to site, desirable

growth habit, high wood quality, exceptional apparent

resistance to disease, insect attack or other adverse
locality factors.

Elite tree: one that has been shown by testing to be

capable of producing progeny with superior qualities and

is, therefore, of superior genotype {Anon. 1971).

In a later publication, reporting on some early progeny
test results, Larsen (1947) suggested that tree phenotypes are
more envircnmentally conditioned than those of other crop
plants, and also, because trees are cross—pollinated and are
highly heterozygous, progeny testing would be essential to
estimate the genotype for certain characters. Undoubtedly he
had been convinced from observation that some characters, for
example, crown-shape and stem-form, were highly inherited and
that grafted trees would give an indication of genotype but
not necessarily enough to form definite opinions of an
individual’s suitability for breeding. Lindquist (1948)
supported Llarsen’s proposal and recommended that mother trees
for use in elite seed plantations (seed orchards}) should be
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the "most extreme plus tree variations", which he suggested
should be trees with an acceptable type of branching and crown
and superior stem-diameter, Theight growth and flower
production. The criteria for selection were described for
several species, and for Scots pine he suggested that selected
trees should contain fifty percent more volume than their
three nearest dominant trees.

In the period 1950-1970 many countries. began tree
breeding programmes. Most had the main objective of increased
yields of high-quality wood through multiple-trait selection
as described by e.g. Stonecypher (1970) and Dorman (1976).
Others were specifically aimed at improvement in yleld or
quality of other products, for example, pine resin yields in
southeastern U,S.A. (Squillace & Dorman 1961). Plus tree
selection, which is a form of mass selection, was an important
aspect of these programmes and the criteria for selection
varied according to species, age of crop, objectives of rhe
breeding work and available resources {(Mathews & McLean 1957;
Mitchell 1956; vidakovic 1966; Squillace 1968; Morgenstern et
al., 1975). It soon was realized, that a high
selection-intensity for several traits was rarely feasible,
particularly when traits were Independently inherited, or
negatively correlated and, which was often the case,
controlled by several gene-palrs (Mergen 1959;. Campbell 1964).

PLUS TREE SELECTION CRITERIA

Problems arise in describing the characteristics of plus
trees which are wusually related to growth rate and wood
quality, and in establishing a classification system in which
points are awarded for the degree of excellence of each trait
in the plus tree. Traits are welighted according to their
economic importance ({Anderson 1966). Independent culling
levels are often chosen in which a level of wmerit for each
trait is established. Individuals falling below this level are
excluded regardless of their superiority in other traits. Cech
(1959) investigated five wmethods of selection used in the
southern U.S.A. and formed the opinion that the estimator |is
more important than the method and, as might be expected, that
numerical scoring systems are more effective than subjective,
descriptive systems. In even-aged plantations the candidate
plus tree 1s often compared with neighbouring dominants for
superiority by measurements or by scoring (Fletcher & Faulkner
1972). 1In natural forests, where age and espacement between
trees may be quite variable and where there may be family
relationships and risks of inbreeding between candidate and
ad jacent comparison trees, such comparisons are less valuable.
For this reason Ledig (1974) suggests that in wild populations
there may be more gain from individual tree selection than
from comparative methods.

In many animal and plant breeding programmes selection
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indices have been widely used to determine the economic value
of a new cultivar. The procedure entails the combination of
the economic values of each trait, their herftabilities and
correlations with other traits of econcaic importance (Stern
1964). This 1is relatively easy for those agricultural crops
about which much is known of their genetie and economic
attributes. But for the tree breeder, with limited and not
very reliable information on genetic parameters, the problem
will remain largely academic, the mere so when coupled to the
problem of giving probable economic weightings for material to
be marketed twenty-five to seventy-five years ahead. Attempts
to use selection indices for tree species have been made (van
Bui jtenen & Horne 1960; Baradat et al. 1970; Bunn 1975). The
technique may, in the course of time and in some circumstances
(Namkoong 1976), replace the method of independent culling
levels currently practised by most breeders’ but this
replacement will depend on the accuracy of estimates of
genctic variance and covariance matrices (Williams 1962).

' Tandem-selection, in which selection is practised on one trait
per generation, followed by selection of all taits over
several further generations, is impracticable for forest trees
because of the time element,

If they can be  established, strong phenotypic
correlations becween traits can be useful, particularly when
one trait is easy to assess and the other difficult. However,
phenotypic correlations are a function of genetic and
environmental correlations and the strength of narrow-sense
heritabilities obvicusly plays an important interactive role.
Since estimates of genetic correlations between characters in
older trees can only be established on the basis of growing
families of known origin toc near-rotation age, it is unlikely
to featurye in breeding programmes for all but the fastest
growing species. Of particular interest to breeders are
phenotypic correlations between stem volume and branching
characteristics, such as numbers per whorl and their diameter,
as investigated in Pseudotsuga wmenziesii by Campbell (1961,
1963).

Maximun genetic gain per unit of time 1s a primary
objective of most breeding projects. It is dependent upon the
genetic varlance, estimated breeding values as expressed by
the heritability, the selection differential i.e. the
difference between the population mean and the average of the
selected individuals (Stern 1964), and the length of breeding
cycle and time at which future progeny performances can be
reliably predicted. Burdon & Shelbourne (1972) pointed out
that for a given investment in a breeding programme, selection
differentials must be maximized in order to maximize genetic
gain. They showed that selection differential increases
curvilinearly with the ratio of individuals screened to those
selected. Thus the increase in selection differential falls
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rapidly in relation to the additional effort required. An
accurate appraisal of breeding strategies depends on detailed
calculations of rthe expected gain for varying proportions of
the population selected for traits, each of which has
different heritabilities. At present few breeders have
sufficiently accurate information on the selection intensitles
used in their programmes on which to base estimates of genetic
galn.

Selection on the basis of factors Influencing growth,
such as photosynthetic rate, particularly at low temperatures,
higher enzyme activity, leaf-area index, dormancy control
wechanisms, seascnal patterns of extension and radial growth,
and ageing is complex (Wareing 1964; Wareing & Matthews [971)
and cannot be directly practised in plus tree selection. 1In
future such criteria may play a useful role in the selecrion
of families in the seedling and juvenile stages of growth
(Richardson 1%960; Ledig 1975, 1976; Cannell, Thompson & Lines
1976).

RESPONSE TO PHENOTYPIC SELECTION.

Response to phenotyplc sclection can only be determined
from progeny or clonal tests from which estimates of the
heritabilities of the characters under selection can be
obtained., Hericability values are not constant for a given
character since they are the ratio of additive genetic
variance Vg, to total variance, i.e. environmental variance
V., , non-additive genetic variance Via and Vae itself.

[
Vag
- +
Heritability VE VNA + VAQ

For this reason heritability values may vary mainly according
to the site conditions under which a progeny test 1is
conducted, within-plot competition and abllity to cowmpete
between trees and the age of the material under ctest.

The value of phenotypic selection to .a breeder is
greatest when a trait is under the control of a single or very
few genes and when heritability of the traits to be {improved
is moderate to high and persists from youth through to the end
of the crop rotation. This has been shown to be generally the
case in numerous conifers for tree-form characters such as
srem straightness, branch angle and 1length, and wood
characters such as tracheid length, cell wall thickness and
spiral grain (Ehrenberg 1970; Faulkner 1969; Harris 1970)., In
contrast, ‘tree vigour, expressed by stem diameter and height
growth, generally has a 1low, narrow-sense heritability
indicating polygenic control of the trait  or that
environmental factors may play an over-riding role in tree
growth rate, Forest sites are intrinsically variable and
before 1945 were seldom ameliorated by treatments such as
drainage, deep cultivation and fertilization. For this reason
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plus tree selection in 'old crops, even when very high
selection intensities were practised, often proved
unrewarding. Where -difficult site conditions have been
ameliorated or where sites are inherently wmore uniform,
sclectlon for vigour offers higher prospects for success. For
these reasons it can be assumed that as improved silvicultural
techniques for the rapid establishment of plantations are
developed and put into practice, so heritability values will
be raised. ’

From 5-10% of plus trees selected in even-aged
plantations frequently show height gains of about 15X in
progeny tests. Somewhat lower height gains are reported from
plus trees selected in older crops. This may be due to the
fact that they were established on variable sites and raised
under silvicultural regimes very different from those
currently practised or, alternatively, that Inaccurate age
determinations were made on plus trees in natural stands,
perhaps compounded by microsite variation which favoured the
rapid establishment  and fast development of certain
individuals, '

A further complication affecting plus tree selection can
be the year when flowering begins and the periodicity and
amount of flowering thereafter. 1Tt is well-known that heavy
seed and pollen production adversely affects diameter growth
and that trees which grow extremely well to normal rotation
age with wmoderate flower crops, may later fail to meet
selection standards if they produce bountiful and regular seed
crops in relation to their neighbours when approaching
senescence. For this reason plus trees should only be selected
in crops up to but not beyond the expected rotation age, when
grown in plantations under current silvicultural practices.

Finally, plus trees should only be selected 1In large
plantations derived from extensive seed collections involving
many parents. This minimizes the risk of relatedness and the
undesirable consequences of inbreeding which may only become
manifest in subsequent generations.

RESPONSE TC GENOTYPIC SELECTION

The majority of welil-designed progeny tests have been
establ ished since 1960  and reliable information on
heritability values for some characters is now beginning to
emerge. Most relates to characters which are easily assessed
in young trees, such as height and diameter growth,
frost-hardiness, resistance to certain pests and diseases,
stem form and branching characters {Illy 1966; Ehrenberg 1963,
1966). Regression of parent tree/family data has  been
attempted by only a few workers, e.g. Illy (1967). Strong
correlations for vigour between parent tree and progeny are
unlikely and are rarely strictly comparable because of ageing
and local differences in competition and site treatments.
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Similarly crown-shape 1s strongly influenced by competition
and stand management treatments, but stem and branch
straightness have been strongly correlated in young progeny
material.

Several workers have established correlations between the
performances of vegetatively propagated ramets, both grafts
and rooted cuttings, of plus trees and their parents but these
are unlikely to be of much practical wvalue since age of
parent, method of raising cuttings, origins of the scionwood
or cuttings on the parent tree, precocity in flowering, case
of rooting and -grafting and speed of asserting apical
dominance in the ramet can all have a profound influence on
the shape of the propagated material and its  growth
performance, Wellendorf (1970} actempted to establish
parent/graft correlation for Pinus sylvestris and established
a relationship for height.

JUVENILE-MATURE CORRELATIONS

To mnaximize genetic gain per unit of time tree breeders
have to shorten the generation cycle and, therefore, reliable
predictions of future performances of individuals, families
and clones are essential {(Squillace & Gansell 1974},
Theoretical ways for making predictions have been suggested by
Nanson (1967, 1976).

Due to the long rotation of most forest crops there are
very few published data on Jjuvenile-adult correlations for
many commercially important characters: most information has
been gathered for trec height and wood quality characters from
provenance experiments rather than progeny tests. Western
European provenance experience shows that height 5-10 years
after planting, when trees are about 1,5 m tall and have
recovered from planting shock and are not affected by weed
competition, is strongly correlated with total wood volume
production and height at 25-60 years (Nanson 1976). Selection
of ‘super seedlings’ with very high selection intensities (I
in 200,000} is not a reliable method for predicting future
height growth in pines (Ellestein 1955; Callaham & Duffield
1962) and may be more closely linked with intial seed size and
very rapid germination. In Britain, glasshouse-grown
two-year-old Picea sitchensis seedlings provided correlations
of r=0.5 to r=0.6 with forest-grown plants, one to four years
after planting. In a typical Pinus sylvestris progeny test
consisting of sixty-one open-pollinated progenies, the
correlation coefficient matrix for height was:

lst yr
lst yr 1.000 3rd yr
3cd 0.832 1.060 6th yr
6th 0.543 0.849 1.000 10th yr
10th 0.506 0.755 0.962 1.000 15th yr

15th 0.409 0.671 0.860 0.942 1.000
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Toda (1974) struck a note of caution in predicting
longterm future performances from young plant material and
-cited a commercially used Cryptomeria clone in Japan which
grew very rapidly for only the first twenty years, after which
growth declined. He also reported that stem diameter is a
better predictor of volume performance than height growth for
pine, spruce and larch up to 30-40 years old. Namkoong &
Conkle (1976) reported good height growth correlations between
ages three and twenty-nine for seven provenances of Pinus
ponderosa in a twenty-nine year experiment. Family variances
within provenances were often smaller than environmental
variances; differences were not well correlated between
earlier and later phases of growth and sometimes correlations
were negative. Typical sigmoid curves were reported,
indicating exponential growth after planting followed by
constant growth and then declining growth towards maturity -
probably due to more intense competition or perhaps the onset
of heavy seed production. Family average growth curves were
fairly close up to twenty years, indicating that family
differences during the adolescent stage are not accumulated
and for this reason Namkoong suggested that changes in growth
rate may be better selection criteria than toral size.

Early test on which to base height growth predictions are
of course less reliable for crops grown on sites subjected to
episodic or unpredictably extreme climatic conditicons, for
example conditions favouring heavy accunulations of wet snow
leading to branch breakage, exceptional drought, frosts,
hurricanes, hailstorms, disease and insect attacks or various
combinations of these hazards. Results from early tests on
first rotation crops of exotic species and of indigenous
species with origins other than local ones, must always carry
a greater risk of unreliability than tests based on indigenous
materials of local origin.

Zobel & Rhodes (1956) working with individual trees of
Pinus taeda cstablished highly significant correlations
between wood specific gravity of the juvenile core (f{irst
eight rings around the pith core) and mature tree wood; and
between wood specific gravity of stem sections and adjacent
branch sections, This suggests that estimates of young trees
could be cobtained from a tree branch - an obvious advaantage in
progeny test work where trees cannot be sacrificed. By
predicting potential rate of cambial activity from wmean
tracheid diameters and leaf characters together with ring
widths in first year conifer seedlings, Denne (1976} suggested
that rate of wood production could be separated from length of
growing-season. Wedel, Zcobel & Shelbourne (1967} investigating

knot-wood in 7-8 vyear old Pinus taeda, reported high
uniformity 1in branch diameter, number of branches per whorl,
branch angle and knot volume percent within open-pollinated
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famil ies and also significant correlations between
branch-diameter, bole diameter and the number of branches, and
branch diameter and branch angle. Branch diameter increased
with increasing bole diameter, steeper branch angles and a
decreasing number of branches.

The use of fully or partially controlled glasshouses 1is
valuable for ralsing young plants of species which show
responses to photoperiod. Such plants can be periodically
measured to assess growth responses to varying daylengths from
which plant susceptibility to early and late frosts can be
predicted (Ekberg et al. 1976). In pines, patterns of shoot
growth and their adapative roles have been described by Lanner
(1976), who mentions that “free’ growth, the precocious
expansion of new buds or the supplementary initiation and
cmergence of foliage after the spring flush, beyond the
seedling stage 1s related to mildness of climate; for obvious
reasons flexibility in shoot growth behavicur can allow great
gains in growth rate. In young plants of some Picea specles
‘free’ growth after the spring flush contributes to total
height; it is affected by photosynthesis and temperature and
decreases with age (Pollard & Logan 1976). Different
combinations of these variables In different years and
localities could account for some of the more variable results
between years for some progeny performances and so reduce the
value of early testing for some species.

Branch angle, stem c¢ircularity, stem straightness and
branch numbers per whorl are all tedious to assess and few
research workers have made repeated assessments of these
characrers over a period of time. Fhrenberg (1970) reports
fairly good correlations of stem and branching characters in
young and older pines,

In clonal material correlations between stock plant and
ramet for stem and crown characters are normally very good, as
evidenced by the ease of early visual recognition .of some
poplar «clones and of conifer garden ’cultivars'thgn_groun on
a wide variety of sites,

Reliable early tests.for disease resistance have not been
developed on any scale, except for resistance to Cronartium
fusiforme In Pinus ellijottii and P. taeda, which can be tested
by using 3-5 year old seedlings (Griggs & Dinus 1977);
Ceratocystis ulmi on elms and resistance to Aplano bacterium
populi-in poplars. It seems probable that biochemical methods
are likely to be used to a greater extent in the future for
predicting resistance to certain insects and diseases.

THE PRODUCTION OF HYBRIDS

Most countries include a hybridization programme in their
breeding strategies. This 1s often at the inter-specific
level, for example Larix kaempferi x L. decidua and between

Populus species in many European and American countries;
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Eucalyptus species in Australia; Pinus rigida x P. taeda in
Korea: and between five-needled pines in America. Fl hybrid
vigour 18 a frequent but rarely attained objective and
resistance to diseases or climatic Injury is often a more
important reason., Other programmes are based on intra-specific
(provenance) hybridization. In Scandinavia there is wmuch
interest in the production of hybrids between Scandinavian and
eastern European sources of Picea abies and in Britain between
coastal and iInland origins of Pionus contorta in order to
develop varieties which are both vigorous and stable wunder
infertile and exposed situations. In the course of time it is
expected that outstanding hybrids derived from single pair
matings will be used commercially, as is already the case with
poplars. When vegetative propagation presents few
difficulties, the mass production of hybrids is easy. Most Fl
hybrid seed has to be obtained by artificial pollination due
to poorly matched flowering times of the parent specles. (Quite
often the seed has a low percentage germination due to a low
seed set, or physioclogical barrters associated with
fertilization, adverse effects of pollen handling and storage
methods, pollination techniques and unsuitable methods of
isolating the female flowers before and after pollination. In
conifers seed production from artificial pollinations . is
usually between ten and fifty percent of that obtained by wind
pollination under normal forest or seed orchard conditions.

SEXUALLY DERIVED PLANTING MATERIAL

In the majoriry of cases forest planting stock “is
obtained from seed. Before 1940 most forest enterpriges used
seed from unselected sources, but since then the importance of
seed origin {provenance) has been recognized and seed from
selected stands of superior phenotype has been more widely
used. As a consequence both national and international seed
and plant cerrificarion schemes have been developed for
marketing purposes (Barber 1975},

By combining performance information from progeny tests
and information on amount, periodlcity sex ratio and dates of
flowering of plus and elite parent trees, the tree breeder can
design and plan a programme of clonal or seedling orchards for
the mass production of seed of improved genetic quality for a
variety of planting regions (Weir & Zobel 1975).

VEGETATIVELY DERIVED PLANTING MATERIAL

Vegetatively produced planting stock wused elther as
single or mixed clones, offers a fast wmethod of introducing
material of the highest genetic quality into commerce. It has
been extensively used for many years for the establishment of
poplar plantations throughout the world, for Cryptomeria in
Japan (Toda 1974) and on a more limited scale for Pinus
radiata in the southern hemisphere. More recently,
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vegetatively produced planting stock has been used for Picea
abies 1in West Germany and there are plans to use vegetatively
produced, intra-specific hybrids of P, ables more extensively
in Scandinavian countries. In Britain Larix «x eurolepis
hybrids are being produced vegetatively and are likely to be
used commercially within the next five years. Grafts are too
expensive to produce for use as normal planting stock and
current and projected schemes are based on rooted cuttings.
Active research and development programmes for
micro-propagation, using cell- and tissue- cultures, are to be
found In many countries, notably in the U.S.A. and France
(Boulay 1977).

Until well-designed long-term tests have been carried out
to coopare the behaviour of clonal and seedling conifer
material,” there will always be doubt about the real value and
role of vegetatively propagated stock.

In the Pinaceae rootability of cuttings declines rapidly
on plants over five years old. Therefore, a decision to accept
a parent for clonal work must be made on evidence derived from
carly tests. As stated earlier, good correlations with future
performance on the basis of height growth are seldom
attalnable wuntil the plant i{s 5-7 years old, at a time when
rootability declines rapidly. This provides an obvious dilemma
for the breeder wishing to introduce into commerce large
stocks of wmaterial from a few, highly selected clones,
produced from selected phenotypes 1in his best families.
Furthermore, cuttings satisfactorily rooted from older and
therefore larger plants, as in the case of larch (John 19777,
will probably behave differently when taken from different
parts of the tree due to topophytic (positional and may be
irreversible) and cyclophytic (ageing) effects. Both phenomena
can result in different degrees of plagiotropic growth, the
times taken to achieve orthotropism, earlier seed production
and consequent loss of volume growth, In a five-year-old P.
radiata experiment, comparing secedlings with cuttings, Sweet &
Wells (1974) showed that seedling relative growth rate values,
corrected for co-variance on plant size, were higher than
those for cuttings. Shelbourne & Thulin (1974) have reported
poor repeatability between tests of the same c¢lonal material
at the same age.

Kleinschmidt (1974) described a commercial programme for
the propagation of Picea ables based on cuttings from a
mixture of over 1000 clones, These were derived from -selected,
open—-pollinated families from stands or clonal orchards or
from controlled crosses. His predicted gains arvre suspect,
however, on the grounds that selections are made on young
families grown in nurseries, where selection may favour trees
which are tallest on account of late growth in autumn,
original seed size and streng growth responses to favourable
nursery conditions. To avoid this problem and to obtain
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maximum gain, it is necessary to first test numerous single
pair wmatings and when satisfied as to which are the best
conbinations, repeat the crosses to provide enough plants for
adequate multiplication by vegetative means. Plant mixtures of
twenty or wmore ‘cloned families” would be genetically
heterogeneous as a mixed population and would produce a more
stable output in a range of enviromments Such variation should
enable trees of different genetic constitution to use the
agglomeration of ecological niches effectively on many sites
with a lower probability of risk from episodic harmful events.
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BIOLOGICAL OPPORTUNITIES FOR GENETIC IMPROVEMENT IN FOREST
PRODUCTIVITY.

By M.G.R. CANNELL

Institute of Terrestrial Ecology, Bush Estate, Penicuik,
Midlothian, Scotland.

SUMMARY

The genetically wvariable attributes that
influence forest productivity can be divided
into three groups.

First, there are attributes which can be, and
are being, improved, normally as the unplanned
consequence of selection for genotypes which
produce the largest, highest-quality
individuals in the shortest time. These include
.adaptive traits, enabling trees to more fully
exploit available growing secasons, and more
effectively deal with or endure adverse
features of the enviromment (especially water
stress). These adaptive tralts are becoming
understood from studles on provenances, and
could be used as early selection criteria.
Individual tree ‘vigour’ and, In a sense,
gigantism, are being favoured, by selecting for
rapid establishment, rapid individual tree
crown development, rocot regeneration and “site
capture’, possibly favouring competitive types
and enhancing early sawlog production. And,
most of all, stem quality defects are being
minimized or eliminated,

Secondly, there are attributes which could be
improved, but which are not Dbeing fully
exploited. 1t 1is often considered too costly,
too risky or potentially counterproductive to
attempt to tallor genetically more uniform
populations to particular sites or cultural
enviromments. These judgements need to be
regularly reviewed. Opportunities for genetic

improvement in  blomass ylelds may  be
particularly large wunder intensive culture,
because of lessened need for

mutually-depressing competitive traits, and
smaller lavestment of asgimilates in
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non-harvested branches and roots. More
attention might also be given to selection for
delayed ageing, avoiding early flowering
genotypes, and employing new technologies to
induce parent trees to flower,

Thirdly, there are attributes which do not seem
readily amenable to genetic improvement, even
though attempts may be made to improve them.
Foremost among these attributes may  be
fundamental changes in the potential radiant
energy conversion efficiencies of well-adapted
closed forest stands. It is pointed out that
(a) in temperate regions, natural, coniferous
forest stands are potentially already among the
most productive biomass producers of all
terrestrial crops, (b) contrary to common
belief there are few precedents in agriculture
for substantial genetic improvements in yield
resulting from selection for greater
photosynthetic efficiency of «crop stands,
including vegetative crops like grasses
(Alberda 1971), and (c) 1t may be particularly
difficult to 1improve the per hectare biomass
productivities of forest stands as long as we
need to select for rapldly growing competitive
individuals, because cowpromises have to be
made between traits desired for rapid site
capture and competitiveness, and traits desired
for maximun community productivity after full
site capture.

RESUME

Les attributs varlables sur le plan génétique
qul influencent la productivité de 1la forét
peuvent se diviser en troils groupes:

Premibrement, il existe des attributs qui
peuvent tre, et sont, améliorés; en général,
ces améliorations sonts la conséquence, non
planifiée, d'une sélection de génotypes qui
produisent, dans le temps le plus court des
individus les mellleurs en qualité et en
dimension. Ces attributs comprennent les
facteurs d'adaptation, qui permettent aux
arbres d‘exploiter au maximum les salsons de
végétation et de lutter le plus efficacement
possible contre les facteurs adverses de la
nature (surtout contre le manque d’eau). La
connaissance que 1'on a des facteurs
d’adaptation provient des études des
provenances et peuvent &tre utilisés comoe
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preniers critdres de sélection., La ‘vigueur’
d’un arbre, et dans un certain sens, le
gigantisme, sont favorisés par la sélection
pour une reprise rapide, un developpement
rapide de la cime de 1"arbre, une reégénération
rapide des racines et une exploitation rapide
du potential de la station, favorisant
eventuellement le  pouvoir compétitif et
arrivant ainsi rapidement & produire des bois
de sciages. Et surtout les défauts de qualité
du tronc sont minimisés, ou méme éliminés.
Deuxiémement, 11 y a les attributs qui seraient
4 méme d’€tre améliorés mals qui n’ont pas
encore eté complétement exploitds. On a souvent
pensé qu’essayer de créer des peuplements
geéneétiquement plus uniformes pour des statlons
ou des milieux particuliers, était un procédé
trop cButeux et trop risqué, qui irait mfme A
1’encontre du résultat desire. On se doit de
réviser ce jugement regul férement. Les
possibilités permettant une amélioration
génétique du rendement en blomasse peuvent &tre
trés importantes dans le cadre d’une culture
intensive parce que la compétition entre
individus est moins grande et 1’ investissement
en produits de photosynthése dans les branches
et les racines non recoltées est plus faible.
On devralt aussi porter plus d attention 3 la
sélection portant sur un vieillissement retardé
et éliminer les génotypes qul fleurissent trop
tét et sur l'utilisation de techniques
nouvelles pour induire la floraison chez des
arbres-méres.

Troisiémement, il existe des attributs qui ne
semblent pas €tre améliorables, bien que 1 on
ait essayé. L’attribut le plus important pgrmi
ceux-cl est celul qui aménerait un changement
fondamental dans l'efficaciré de la conversion
potentielle de 1'énergle de radiation dans des
peuplements fermés et bien adaptés. Il faut
remarquer que (a) dans les régions temperées
les peuplements naturels de résineux sont déja
parmi les meilleurs producteurs de blomasse de
toutes les productions terrestres, (b)
contrairement a 1’ opinion commune, 11 y a peu
de précédents en agriculture qul montrent une
amélioration genétique importante du rendement,
qui résulterait d’une sélection basée sur une
plus grande efficacité de la photosynthése dans
les peuplements, y compris les prairies
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(Alberda 1971) et, (c) il serait
particul férement difficile d’améliorer la
productivité de biomasse par hectare dans les
peuplements forestiers si 1°on conti{nue a
cholsir des essences A croissance rapide et
compétitive, car on doit trouver un compromis
entre, d"une part, 1°utilisation plus rapide du
potentiel de la station et une certaine
compétition, et d’'autre part une productivicé
maximale de 1”"ensemble du peuplement aprs une
occupation compléte de la station.

ZUSAMMENFASSUNNG
Die genetischen Eigenschaften, welche die
Produktivitlt eines Waldes beeinflussen, lassen
sich in drei Gruppen gliedern.
Erstens gibt es Eigenschaften, die sich
verbessern lassen und die auch wirkliceh
verbessert werden. Normalerweise geschieht das
als ungeplante Folge der Selektion wvon
Genotypen, die in der kirzesten 2Z2eit die
grissten und qualitativ besten Einzelexemplare
hervorbringen. Zu diesen Eigenschaften gehdrt
auch die Fihigkeit der Anpassung, aufgrund
derer die Biume die Wachstumsperioden
intensiver nutzen und widrigen
Unweltbed ingungen {besonders Wasserknappheit)
standhalten  kdnnen. Diese Merkmale der
Anpassungsflhigkeit werden aus
Provenienzstudien klar ersichtlich und kBonten
als erste Selektionskriterien "dienen. In der
Selektion auf raschen Bestandesschluss, rasche
individuelle Entwicklung der Baumkronen,
Regencrationsfahigkeit der Wurzeln und
‘Eroberung des Standorts’ hin werden die
Wuchskraft von Baumindividuen und in gewissem
Sinn auch Riesenwuchs bevorzugt. Man versucht
nach Mdglichkeit, wettbewerbsaktive Typen
besonders zu f3rdern wund damit eine frihe
Sdgeholzproduktion zu steigern. Vor allem aber
werden QualitAtsmlBngel bei den Baumstimmen auf
ein Minimum reduziert oder sogar  ganz
verhindert.
An zwelter Stelle stehen Eigenschaften, dlie
zwar verbesserungsffhig sind, aber nicht voll
genutzt werden, Es gilt hiufig als zu
kostspielig, zu riskant oder der Produktivitit
méglicherweise abtrliglich, wenn man versucht,
genetisch gleichformigere Populationen fiir
best immte Standorte oder Umweltbedingungen zu
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schaffen. Solche Ansichten sollten in
regelmiissigen Abstdnden neu iiberdacht werden.
Bei intensiver Bewirtschaftung gibt es
besonders viele Moglichkeiten genetischer
Verbesserung der Biomasseertrige, da wenliger
Bedarf besteht fir gegenseitig wunterdriickende
und rivalisierende Eigenschaften wund somit
weniger Assimilate den nicht genutzten Zwelgen
und Wurzeln zugefiihrt werden. Man knnte auch
der Selektion im Hinblick auf eine Verzgerung
des Alterns mehr Aufmerksamkeit schenken, indem
man frihbliihende Genotypen vermeidet und neue
Methoden anwendet, um die Mutterbiume zum
Blihen zu bringen.

Drittens gibt es Eigenschaften, die nicht ohne
weiteres genetisch 2zu verbessern zu sein
scheinen. Dennoch kdnnten entsprechende
Versuche unternommen werden, Grundsdtzliche
Verdnderungen in der potentiellen Fihigkeit von
gut angepassten, geschlossenen Waldbestinden,
den Ausnutzungsgrad der Strahlungsenergie zu
steigern, kdnnen an erster Stelle in der Reihe
dieser Eigenschaften stehen,

Es wird darauf hingewiesen, dass {a) in
gemassigten Zonen natirliche Nadelwaldbest3nde
heute schon potentiell zu den produktivsten
Erzeugern von Blomasse unter allen Landpflanzen
gehdren; (b) im Cegensatz zur allgeueineﬁ
Auffassung es in der Landwirtschaft nur wenige

Beispiele fir substantielle genetische
Verbessetrungen des Ertrags gibt, die durch die
Selektion im Hinblick auf grossere
photosynthetische Effizienz von

Pflanzenbestanden, einschliesslich vegetativ
vermehrter Pflanzen, wie Gridser (Alberda 1971),
erzielt wurden; und (c) es sich als besonders
schwierig erweisen kann, den Biomasseertrag der
Waldbestdnde pro Hektar zu verbessern, so lange
wir nach rasch wachsenden resistenten
Einzelpflanzen selektieren miissen, weil
Kompromisse n&tig sind zwischen Merkmalen, die
wegen rascher Standortseroberung und Resistenz
erwinscht sind und Merkmalen, die wegen ihrer
optimalen allgemeinen Produktivitat nach der
vollen Eroberung des Standorts wiinschenswert
sind.

INTRODUCTION
The ylelds of wmedern varieties of most fileld and
horticultural crops are several-fold those of their wild
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progenitors, partly as a result of selection and breeding,

Could the growth rates and ylelds of forest plantations be

increased similarly by breeding, bearing in mind that forest

trees are only at the threshold of domestication? What are the
biological constraints and limits on forest productivity set
by their physiology and the way they are grown?

This contribution gives some persconal viewpoints on these
questions based on considerations of (a) the physlological
basis of yield of forest trees - their strengths and
weaknesses as productive systens, and (b) the
yleld-determining processes that have been 1mproved by
selection and breeding 1in field crops {Wallace, Ozburn &
Munger 1972; Ivins 1973; Evans 1975).

To provide a framework I shall examine four broad
categories of attributes which have to be improved in order to
increase forest productivities - attributes affecting
(a) adaptation,

(b) the speed of ‘site capture’ to full canopy cover after
planting and each thinning,

{c) the efficiency of “site utilization’ in terms of-dry
watter productivity per hectare per year after full site
capture, and

(d) the proportion and value of che dry matter that is
harvested.

ADAPTATION

The blological potential for improving forest ylelds by
selecting species and provenances which are better adapted for
volume growth than local populations is well-known. Many
locally native forest populations, like primitive cereals and
malze (Evans & Dunstone 1970; Mangelsdorf, MacNeish & Galinat
1964) seem to exploie envirenmental resources rather
conservatively, sacrificing rapid growth for long-term stress
tolerance, ensuring survival over an evolutionary time scale,
always in the face of competition from other specles.
Simflarly, native provenances of trees often appear to
under-utilize the growing season available ro them in thelir
localitles, or they may seem to be ‘over-sensitive’ to mild
levels of water stress. These may have been desirable
strategies during their evolutionary history, but during the
20-30 years history of provenance research they have seemed
over-cautious, There is a prodigious literature on the
benefits of provenance transfer from long-season, wet or
otherwise favourable climates, to shorter-season,
less-favourable climates (e.g. Wright 1976; Farmer 1976). The
fastest growlng provenances are often from areas with somewhat
longer seasonal periods of shoot, bud or cambial growth or, in
the case of Pinus taeda, for instance, are from areas with
nore frequent or reliable summer rainfall (Wells 1969).

But all {individuals within a forest population are not
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equally well-adapted. Progenies selected within provenances
differ in their abilities to endure or exploit particular
environmental conditions., Kleinschmit & Sauver (1976) found
more variation in shoot growth phenology among clones within
provenances of Picea ables than between provenances, and van
Bui jtenen, Bilan & Zimmerman (1976} found considerable
variation in drought resistance among families belonging to
certain provenances of Pinus taeda. Thus, during the early
generations of recurrent selection, there 1is considerable
scope to improve the adaptive traits of the best provenances.
This selection could be done most effectively, and perhaps at
an early age, if we gained and used information on the
physiological and morphological basis of provenance
differences.

Provenance differences 1in phenclogy can be traced to
particular rctemperature and photoperiodic thresholds for
budburst budset and bud development (e.g. Campbell 1974;
Ekberg et al. 1976). Desirable genotypes may have enhanced
temperature or photoperiodic sensitivities at particular
thresholds or may be indifferent to photoperiod. In fact, the
shoot apices of Picea spp. may already be indifferent to
photoperiod during bud development (Pollard & Logan 1977), in
which case temperature thresholds for growth and frost
hardiness may be all important. It 1s noteworthy that the
photoperiodic requirements of maize, soybean, potato and some
rice varieties have been relaxed during selection to enable
them to utilize the full growing seasons at temperate
latitudes. In these, and many other annual field crops,
temperature thresholds for vegetative growth seems to limit
yields (Monteith & Elston 1971),

Provenance differences in crown form can be traced to a
few rules governing the branching patterns (Cannell 1974;
Cochrane & Ford 1978). Differences in drought resistance can
be traced to particular avoidance or tolerance mechanisms, and
so on,

The biclogical potentials for forest productivity are set
not only by how well the trees are adapted to particular
natural environments, but also how well they are adapted to
the management system nder which they will be grown. Most tree
brecders select genotypes which will grow well In a range of
climates, at various nutrient levels and with current site
preparation and forest management. This may be wise, but the
history of agriculture suggests that we could be missing large
and perhaps profitable opportunities for genetic improvement
if we do not explore the potential genetic gains under
intensive culture, ignoring, for the moment, the high costs of
support energy. The outstanding feature of many field crop
improvement programmes has been the synergism between new
varieties, fertilizers, weed control and an increase in
planting density. The prime achievements of cereal breeding
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have been adaptations to fertilizers and close spacing.
Without them, genetic improvement by selection would probably
have been small. Indeed, Zohary {(1969) reported that the grain
yield from mixed stands of the wild progenitors of wheat,
barley and oats in the Middle East were similar to the yields
of wheat in England, and rice in Japan, during the Middle
Ages, that is, before the age of artificial fertilizers. A few
researchers who are examining biomass and pulp production by
trees with intensive culture, report very high yield of
particular genotypes using high rates of fertilizers and close
spacing {Schultz 1975; Anon 1976).

Unfortunately, the information on exploitable
interactions between tree genotypes and their cultural
environments is scanty. Researchers are only just beginning to
explore the responses of large single-family blocks to various
management regimes (Bridgwater & Stonecypher 1978). There 1s,
however, evidence that phosphate-responsive varieties of Pinus
taeda and Pinus elliottii could be developed for phosphate -
deficient sites, and certain specific croasses within these
specles are exceptionally responsive to nitrogen fertilizers
(Goddard, Zobel & Hollis 1976). Campbell & Wilson (1973) found
no full-sib x spacing interactions among young Pseudotsuga
menziesii, but Snyder & Allen (1971} and Adame, Roberds &
Zobel (1973) found evidence that competitive ability had a
genetic component in Pinus elliottii and Pinus taeda,
respectively.

An  important trait which could be regarded as adaptive,
is the length of the life cycle. Different species, families
and even c¢lones mature at different ages, which partly
determines the shapes of their height : age progress curves
and times of maximum current annual increment (Muckadell 1959;
Wareing & Matthews 1973). The onset of thege genetically
determined ageing processes (1inheritance studied in fruit
trees, e.g. Visser 1976) 1s usually eignalled by Increased
cone production and a loss of apical dominance. Some species
(e.g. Pinus virginiana) and some provenances f{e.g. Lulu
Island, B.C. Pinus contorta growing in  Britain) are
undesirable because of early ageing. Less obvious family
differences in ageing may not become apparent for many years,
and should, where possible, be observed on their parents.
There could be dangers in selecting heavily flowering plus
trees, particularly i{f they are not very old.

How far 1t 18 wigse to go in fine-tuning the adaptive
traits of forest trees, is a matter of judgement. Improvements
in the fitness of varieties to particular natural or
man-modified environments carry with them deteriorations in
their abilities to cope with spatial and temporal variations:
adaptation and adaptability are antagonistic (Simmonds 1962;
Tigerstedt 1974). Most tree breeders prefer to breed for
widely adapted types which are genetically heterogenecus and
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physiologically adaptabdble. These types will perform as
expected 1In a wide range of niches and .enviromments and will
exercise least selection pressure on potential pests and
pathogens. Risks and breeding costs will be modest, but there
will inevitably be sacrifices in potential genetic gailns as
long as some genotypes remain poorly adapted. The traditional
approach of foresters 1s, in wmany respects, like that of
subsistence farmers: aimed at some yleld in most years on most
sites, and satisfied with a modest overall optinum yield
rather than striving for the maximum possible. A wmodest step
towards adaptive fine-tuning, involving 1little further
breeding costs, would be to assign single families to uniform
sites and cultural treatments to which they respond
(Bridgwater & Stonecypher 1978). Further steps would be to
grow single blocks of full-sib families or clone mixtures.
These steps should not be rejected for reasonably uniform
sites, bearing in wmind that even single clones can be
‘phenotypilcally plastic (Bradshaw 1965). Thus, some tree
genotypes can acclimatize more readily than others to changes
in temperature and light intensity (Ledig 1976; Ledig, Clark &
Drew 1977). A few potato clones are highly adaptable, and
growers of tea and rubber have managed extensive areas with
genetically homogeneous perennial crops for many years. We
should also be aware, however, that many studies have shown
that cereal cultivar mixtures slightly outyleld completely
pure stands (Simmonds 1962) and that coffee {an inbreeding
specles}, which is genetically homogenecus, was wiped out of
Sri Lanka by leaf rust.

SITE CAPTURE

A coniferous forest crop may spend half the total
rotation ‘capturing’ and ‘recapturing’ the site, that (is,
exploring the soil profile and building up a full foliage
canopy after planting and after each thinning. Consequently,
forests, like annual crops, probably assimilate carbon and
accumulate dry matter at rates which are proportional to the
amount of Intercepted radiation over the life of the crop
(Monteith 1977}. 1t is lmportant, therefore, to increase the
speed of “site capture’. On fertile, lowland sites hardwoods
will restore their foliage canoples rapidly, and if they are
coppiced their soil enviroments are explored almost
continuously. With conifers, however, we wmust endure the
prolonged period of early crown development.of new saplings,
and accept that the soil profile has to be re-explored with
new roots when a tree is felled.

It is important to realize that the biological attributes
which 1limit the speed of site capture are those which limit
the growth rates of trees as individuals. Many of these
attributes are different from those 1influencing the per
hectare productivity of closed forest stands (Cannell 1978).
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It {s equally important to realize that almost all forest tree
breeders evaluate the growth of genotypes on the bas’s of the
mean sizes of individuals, normally in rows, before or after
canopy closure. They do not, and cannot, evaluate families on
a per hectare basis in blocks large cnough to allow the
spatial processes of competition to operate (Ford 1975),
because of the cost and the environmental heterogeneity of
forest sltes. Because they select for rapid individual tree
growth, tree breeders are successfully lmproving many
attributes favouring rapid site capture, Iinvolving rapid
exploration of surrounding envirommental resources, and
increased competitive ability. These improvements will be
inevitable consequences of selecting for fast-growing
individuals, and will be highly desirable for half the
rotation. During the other half, when the sites are fully
captured, intensified inter-tree competition could have two
effects. On the negative side, it could conceivably depress
per hectare productivity (Fig. 1). This is because, to
maximize volume production per hectare, a large proportion of
the trees should produce large volumes per year by using
environmental resources efficiently, and not by robbing then
from their neighbours {Donald 1968; Ford 1976; Cannell 1978).
On the positive side, intensified inter-tree competition may
spread tree size frequency distributions (producing some large
doninants) and so enhance the chances of producing some large
trees of high value early in the rotation (Fig. 1). According
to Schwanitz (1966) one of the important steps in the
evolution of crop plants has been a transition to gigantism,
often involving hybridization or an increase in pleidy. Large
cereal grains, maize cobs, beans and beets, like large trees,
are more valuable than small ones. Selection for gigantism in
trees may be a worthwhile pursuit in itself, {irrespective of
its possible negative effect on per hectare volume
productivity,

What are the biological attributes which regulate the
speed of site capture? First, they will include the size of
the embryonic capltal and other factors which influence
seedling size in the nursery and after outplanting (e.g. Sweet
& Wareing 1966; Perry 1976). The value of W in' the equation
w=uW,"® depends on the starting value W, as well as the
relative growth rate, T, and time, L. So-called
‘superseedlings’ of Pinus taeda, P. elliottii and P. echinata,
selected in the nursery, can be 20-200 per cent greater In
individual-tree volume at age ten than trees gorwn from
average-slzed seedlings (Zarger 1965), and differences in the
initial size of Pinus radiata cuttings can lead to 4-5-fold

overestimates of genetic gain at age four (Burdon & Sweet
1976). Maternal, seed size, nursery and ‘C’ effects could be
exploited to speed the rate of site capture.
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Secondly, among the factors Iinfluencing r in the above
equation, 1s the rate of leaf area expansion. In general,
plants which invest a large proporticn of their dry matter in
photosynthetic tissue and distribute that tissue over a large
surface area (often producing “thin’ leaves) to increase light
Interception, tend to succeed as individuals (Jackson 1963;
Potter & Jones 1977). Relative leaf growth rates are lmportant
determinants of the time taken to develop fully
light-intercepting crop canopies. Within conifer species there
are striking differences in branching and crown form which
influence cthe rate of build-up in photosynthetic tissue after
planting and thinning. The comp&nents ‘have  been considered
{Campbell 1963; Miller 1965; Cannell 1974) and are contained
in crown expansion factors in single-tree computer models
(Arney 1972; Mitchell 1975). Unfortunately, we cannot select
rigorously for rapid crown development because of its
undesirable impacts on stem knot size, wind stability and
resistance to snow  breakage. Very coarsely-branched,
wide-crowned trees are rejected in favour of trees with
moderately full crowns of fine branches, recognizing that
there 1s a strong relationship between bole size and crown
size (e.g. Waring et al., 1977). Also, genotypes which display
current-year needles as late sunmer flushes may be superior on
favourable sites to pgenotypes which store all their needle
primordia in buds until the following year,

Thirdly, inherent differences .ln root worpholoy and
mycorrhizal development may be important. In droughty or
competitive situations early growth after transplanting may be
limited by the speced of access to water and nutrients, rather
than the speed of radiant energy capture, In these situations,
breeders, selecting fast-growing progenies, may be selecting
for increased root growth {e.g. Pinus taeda, Cannell,
Bridgwater & Greenwood 1978). 1f so0, this seems somewhat
wasteful because trees, like land races of fleld crops
(Jennings 1976) way already invest heavily in roots as a
survival strategy in competitive habitats. Young conifers send
up to 50 per cent of their fixed carbon below ground {(Webb
1977). It would be better if some of this dry matter were
employed in shoot growth, but apparently this 18 not possible
as long as there is a need for rapid root regeneration after
transplanting. It would be interesting to know whether known
genetic differences In root : shoot relative growth rates
(Ledig & Perry 1965) could bring about interactions between
genctypes and planting techniques or enviromments. If so, this
would be another instance where genetic improvements were
conditional upon improvements in tree -culture.

So far, 1 have spoken of attributes which influence
light, nutrient and water ‘capture’. To these must be added
attributes which improve the efficiency with which 1light is
intercepted, carbon fixed and water and nutrients wused,
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remenbering that we are considering these tralts for
individuals and not for forest stands. The ideal light
interception characteristics of isolated plant canopies
(Charles-Edwards & Thornley 1963) are different from those of
crop canopies {(Duncan et al. 1967). High rates of
light-saturated photosynthesis which are desirable for
isolated plants may be less important in crop stands because
most leaves are then. shaded. And we should be aware that
light-saturated photosynthetic rates, or net assimilation
rates, have not been {mproved much during the evolution of
many field crops (Evans 1976 and see below)}, possibly because
high photosynthetic rates are associated with small mesophyll
cells, small leaves and slow leaf relative growth rates which
mean slow rates of “site capture’ {(Charles-Edwards 1978).
Nevertheless, potential genetic {mprovements in the
growth rates of individual trees, resuleting from Improvements
in rates of site capture combined with better adaptation,
appear to be considerable, Widely spaced trees of some new
poplar clones grow twice as rapidly as old ones (van Goor.&
Koster 1969). And many conifer breeders confidently predict 50
per cent genetic gains over 2-4 generations of recurrent
selection for individual-tree heights and bole volumes,
attainable without intensive culture or intensive exploitation
of genotypes x enviromment interactions. However, such figures
for gains in yield may apply in full, as gains per hectare,
only during the periods of site capture, and they are, of
course, modest compared with the several-fold genetic gains
in, for instance, wheat and rubber ylelds since their
domestication (rubber:; Ferwerda 1969).

SITE UTILIZATION

Once the site has been fully captured the productivity of
a forest depends on how effectively finite resources of light,
water and nutrients are wutilized by the community. As
mentioned above, whilst it is desirable to have some vigorous,
competitive individuals to rapidly produce some  large
high-value stems, {intense competition throughout even-aged
stands could well depress per hectare productivity of dry
matter and wood volume (Fig.l). The need to compromise between
vigorous, competitive, ploneer-like individuals, and those
which contribute to high per hectare productivities after full
site capture, could severely limit potential genetic gains in
per hectare volume production averaged over complete
rotations.

This dilemma becomes clearer when we consider the traits
that need to be compromised., First, there is the cowpromise
between reasonably wide, spreading crowns giving rapid site
capture and tall, narrow crowns which apparently intercept
light wmost effectively in closed canoples {Jahnke & Lawrence
1965) and produce the greatest stem volume per unit of c¢rown
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volume or surface area (Assman 1970: Hamilton 1969). Secondly,
there is the compromise between characteristics giving maximum
photosynthetic rates  at light-saturation, desirable on
open-grown trees, and maximum shade adaptartion, light
absorptivity and photochemical efficiency, more important for
shaded needles in conifer stands with leaf area indices often
greater than ten {see Cannell 1978). Thirdly, there could be
compromises between below-ground nutrient-capture and
drought—-avoidance nechanisms desirable for open-growm
individuals, and adaptive traits needed to wutilize, mobilize
and recycle nutrients effectively, and contend with water
stress, in forest stands. In general, the compromises are
between traits ideally expressed by what Donald & Hamblin
(1976) called ’‘isolation/competition’ ideotypes and ‘erop’
ideotypes. The "isolation/competition’ ideotype for cereals is
a lax, free-tillering, leafy plant, able to explore its
environment as extensively as possible, wheteas the ‘crop’
cereal ideotype is small, with few, erect leaves, minimum leaf
display and few tillers (Fig. 1). 1In conifers the differences
between ideotypes may be wmore subtle, but the effect on
genetic advance may be the same. That 1is, selection for
fast-growing individuals may not increase stand productivity
during the years when the site is fully captured. Selection
for yleld on the basis of spaced plant performance is believed
by some agricultural crop breeders to be an Ineffective way of
increasing yields (e.g. grasses, Lazenby & Rogers 1960-65;
cereals, Syme 1972; Fischer & Kertesz 1976; beans, Hamblin &
Evans 1976). Similarly, selection of high-yielding competitive
individuals in mixed-genotype stands can favour genotypes
which perform poorly in pure stands (Fig. 1; Hamblin & Rowell
1975).

However, we should not be complacent about genetically
improving the potential per hectare dry matter productivities
of closed forest stands. Plantations of well-adapted, but
genetically unimproved temperate-zone forests, especially
conifers, which are well-supplied with nutrlents and water,
are already physiologically capable of producing as much dry
matter as any highly-bred annual or perennial field crop
employing C3 photosynthesis at the same latitude (Fig. 2). 1In
north-temperate regions this is 10-40 Mt/ha/yr or above-ground
dry matter - equal to C4 crops in these regions. In certain
sub—tropical regilons the maximum for forests may be nearer 50
Mc/ha/yr - less than C4 tropical grasses (Dawkins 1963; Bevege
1976; Fig. 2). Reviews by Westlake (1963), Art & Marks (1971),
Loomis & Gerakis (1975), Gordon (1975}, Kira (1975), and
computer models of de Wit (1968) and Monteith (1977), all lead
to the conclusion that unimproved coniferous forest canopies
are very effective solar energy converters {Cannell 1978). An
optimistic 1interpretation of these figures would be that the
potential productivity of genetically improved coniferous
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forests may be much greater than that of other C3 crops
because of their high capacities for winter photosynthesis
(Fry & Phillips 1977), thelr high leaf area indices (e.g.
Crier & Running 1977), high energy conversion efficiencies of
shaded foliage, and large cambial sink capacities. On the
other hand, attempts to genetically improve the photosynthetic
efficiency of field crops in a fundamental sense have been
singularly unrewarding {Evans 1975). Computer nodels
constructed by Monteith (1977) and Charles-Edwards (1978) for
field crop stands indicate thar it would need about a 4- to
5-fold increase in light-saturated photosynthetic rates to
bring about a 50 per cent increase in annual dry matter
productivity. Genetic variation in photosynthetic rates per
unit leaf area within crop species has rarely been positively
correlated with productivity, and these rates, or relative
growth and/or net assimilation rates, have been negatively
corrclated with ylelds among evolutionary races or’ among
modern varieties of wheat {(Evans & Dunstone 1970), maize
(Duncan & Hesketh 1968), sorghum (Downes 1971}, sugar beet
{(Watson & Witts 1959), sugar cane (Bull 1971}, ryegrass
{Rhodes 1972), tomatoes and cotton (Evans 1975). The naximum
crop growth rates, and radiant energy conversion efficlencles,
are remarkably similar for a wide range of C3 crops in Britain
and the Netherlands {Greenwood et al. 1977; Sibma 1968;
Monteith 1977). It may be very difficult to achieve, say, a 50
per cent improvement in the potential dry matter productivity
of well-adapted forest stands in the present-day CO,

environment by selection within the natural pool of wvariation
in €3 photosynthesis.

I specify the present-day €0y environment because global
atmospheric C0y  concentrations are Increasing by about 1
vpon/yr, which, according to Monteith (1977) could produce an
11 per cent increase in crop growth rates by the end of the
century, without any credit to forest researchers! 1 also
specify the natural pool of variacion. According to
Charles-Edwards (1978) there is no compelling evidence that
crop growth rates can be increased in Britain by selection
within the existing genetic variation in leaf photosynthetic
characteristics. On the other hand, there could be fundamental
biochemical weaknesses universally limiting energy conversion
by C3 photosynthesis and existing mitochondrial respiration,
which could conceivably be overcome by genetlc or chemical
modification {Oliver & Zelitch 1977; Day 1977; Radner & Kok
1977). Lastly, 1 specify C3 photosynthesis becausese all
forest trees examined so far are €3 plants (except mangrove,
Schaedle 1975; and possibly larch, Fry & Phillips 1976), and
in tropical regions potential productivities are greatest with
C4 photosynthesis. Crops with C4 photosynthesis can make se of
high irradicances, at high temperatures (PEP carboxylase has a
temperature optimum exceeding 30°C) and have high water use
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efficiencies. Tn temperate regions, however, C4 photosynthesis
is at a premium only in summer (Monteith 1978). Over the whole
year, especlally for crops with high leaf area indices and
substantial winter photosynthesis, C3 crops are often mwmore
productive than C4 crops {Loomis & Gerakis 1975; Gifford 1974;
Moore 1974).

Let me make clear that most closed forest plantations are
not producing to the limits of their photosynthetic potential
(perhaps 30-40 Mt/ha/yr of above-ground dry matter, about 2.5
per cent solar energy conversion, in north-temperate regions)
and selection and hybridization can produce better-adapted
genotypes which are more likely to approach this potential
especially with inputs of support energy. My point is that we
should not be complacement about the prospects of genetically
improving this potential energy conversion efficiency of
forest stands, particularly if we need to select for big
trees,

PROPORTION AND VALUE OF THE DRY MATTER THAT IS HARVESTED.

Diversion of assimilates to the harvested sink (grain,
tuber etc.) has been a highly significant feature in field
crop improvement. Evans (1976) stated that "the evolution of
crop plants has been primarily the evolution of the sink
organs'. Donald & Hamblin (1976) concluded that "most of the
progress 1in breeding high-yielding cereal cultivars seccms to
be related to higher harvest indices (HI, the proportion of
the aboveground dry matter that is harvested) with little
change in biological yleld (total dry matter produced)". In
the early 1900°s the HI of wheat varieties was 32 per cent,
whereas for current dwarf wheats it is 49 per cent (Wallace,
Ozburn & Munger 1972), Phaseolus bean varieties have HI's
ranging from 55 to 67 per cent (Wallace, Ozburn & Munger
1972), potatoes from less than 50 per cent for wild
progenitors to 84 per cent for modern varieties (Watson 1971),
and rubber clones from 3 per cent to 11 per cent {Templeton
1968}, and oil palm progenies from 25 per cent to 55 per cent
{Corley, Hardon & Tan 1971). Thus, by changing the HI alone it
has been possible to increase crop yields by between 20 and
250 per cent!

Ovington’s {1957} study of Pinus sylvestris in England
showed that about 40 per cent of the net total dry mwmatter
(including needles) produced above-ground by a forest crop s
accumulated in the boles and somewhat less than 40 per cent
will be recovered and converted into marketable products. If
this index could be increased to 50 per cent, this could
represent a 25 per cent increase in yield without any increase
in total blomass production.

There are certainly considerable genetic differences in
dry matter distribution within tree species =~ 1In root-shoot
allometry (Ledig & Perry 1965; Cannell, Bridgwater & Greenwood
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1978) in stem-branch, and bole-crown ratios (Matthews et al.
1975; Thompson 1974) - 1large enough to increase the
above-ground harvest index of indivual trees to maybe 50-60
per cent. However, this potential cannot be fully exploited to
increase forest yields as long as these depend greatly on the
speed of site capture. As mentioned above, with current
forestry practice, it i{s important to maintain, even enhance,
the capacity for rapid crown and root development after
transplanting and thinning. Consequently, there is unlikely to
be much improvement 1iIn bole yields over entire rotations
resulting from decreased Investment in other tree parts.

One could, however, envisage carefully-planted, regularly
thinned, closely-planted plantations, where there was a lesser
need for rapid crown development, with fnputs of fossil fuels
permitting reduced investment In roots and reserves. Under
these circumstances, genetic selection for higher harvest
indices could increase stem pulpwood yields very considerably,
both directly, and maybe indirectly, because the boles require
less respiratory maintenance than do  addictional roots,
branches and leaves, It is noteworthy that stem wood
production per unit of foliage increases anyway after canopy
closure (Mitchell 1975, his p.9 and Fig. 7), either because
the trees become photosynthetically more efficient and/or
because an increased proportion of the annual dry matter
increment goes to the boles (Cannell 1978).

An obvious way to increase the harvest indices of forests
is to include the branches, stumps and even structural roots
in the harvest (Young 1973; Eskilsson 1974) or improve the
technology of harvesting and utilization (e.g. King & Smith
1974) ., These approaches need not be discussed here.

Fielding (1960) stressed that up to 16 per cent of the
above-ground dry matter produced by 7-year-old Pinus radiata
can be wused to produce strobili, seeds and pollen, and other
workers have recorded decreased stem girth jincrement in
heavy-coning years Rohmeder 1951). However, provided there is
some effort to avoid very precocious or fecund genotypes
{Gerhold 1966), it would be misleading to exaggerate the
potential for genetic gain in stem vyields by selecting for
reduced wuse of assimilates in flowering and opposed to
selection for delayed ageing. If 15 per cent of the annual dry
matter increment were taken by cones over one third of the
rotation, this would average out as a reduction in vegetative
growth of only 5 per cent, even if we assume that the cones
are non-photosynthetic and have the same respiratory losses
per unit welght as new vegetative tissues., But we know that
green frults, cereal ears, cotton bells and sexual structures
on other plants fix considerable amounts of external and
resplratory €0, , and that the presence of fruit sinks often
enhances photosynthetic rates. In wmy view, in trees, the
association between flowering and ageing is likely to be more
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important in breeding programmes than the direct {mpact of
flowering on the harvest index.

By far the most {mportant gains in harvest index
resulting from current tree improvement programmes will be
galns in the proportion of stem wood which has a high
merchantable value. Glzistone (1975) and Matthews (1975)
elaborated the dramatic gains to be made by diminishing crook,
sweep, taper, knot sizes, spiral grain and other quality
defects. There may not be wuch room for altering the
proportion of stem to bark, at least in P. taeda (Matziris &
Zobel 1973), but most other wood quality characteristics are
genetically variable and usually highly Ttheritable,
First-generation seed-orchard progenies should contain a much
smaller proportion of defective genotypes than unimproved
stock. Selection for plant form in fleld crops (e.g. 1in
brassicas) and elimination of defects (e.g. shattering cereal
inflorescences) has been very successful during their
domestication (Evans 1976) and will undoubtedly be one of the
success stories of forest tree breeding, perticularly with
pines.
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AN ECOLOGICAL BASIS FOR PREDICTING
THE GROWTH AND STABILITY OF PLANTATION FORESTS.

By E.D. FORD
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Midlothian, EH 26 0QB, U.K.

SUMMARY

The widespread establishment of even-aged
forests is one further stage in the
intensification of forest management which has
taken place 1in response to a continuous
increase in the demand for forest products. Two
problems are foreseen in the future management
of these plantations which will require further
evolution in silvicultural techniques.

(1) The growth rate of plantations must be
increased and accurate predictions made of
likely timber yleld. Where the crop cycle 1is
long this has to be acheived against a
background of continuous variation in the
conditions of growth and in the response of
trees. The variation due to (i) long and short
term cycles in the weather; {1i) the changing
response of trees with different age at
different levels of amelioration, {s discussed.
Classical yield table techniques are not
suitable as a basis for predicting plantation
growth under more intensive management systems.
The potential of individual tree models to
predict both the total yield of the forest and
the distribution of different sizes of tree
within it are examined.

(2) As plantations age, the standing yleld of
timber 1s increasingly at rtisk from such
hazarde as fire and windthrow. These are not to
be seen as inevitable ’catastrophies’. Their
incidence 18 a function of species, site and
silvicul tural system. The potential for
developing a wmodel of the ecological basis of
windthrow 1s examined. ‘

It is suggested that whilst there |is
considerable research iato the component
processes of forest growth and tree;site
interacticns, there are few investigations into
the design of new silvicultural systems for

Peniculk,
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high production or the avoidance of hazards to
production

RESUME .
La création de plus en plus &tendue de for€ts
équiennes n’est qu’ une €tape dans

1" intensification de la gestion forestidre, die
3 la demande accrue de produits forestiers. La
gestion future de ces plantations fera face %
deux problémes qui nécessiteront un
développenent plus grand des techniques
sylvicoles,

(1) Le taux de croissance des plantations dolt
€tre auguenté et la previslon des productions
doit devenir plus exacte: dans le cas d'une
longue révolution il faudra tenir compte des
variations continuelles des conditions de
croissance des arbres et de leurs réactions,
Nous traitons dans notre exposé des varlations
dGes (i) aux cycles climatiques longs et
courts, (1i) aux changements de rdactions des
arbres selon 1”"8ge et les différents niveaux
d"amélioration. Lles tables de production
classiques sont mal appropriées & la prévision
de la production d'une plantation gerée
intensivement. Nous examinons la possibilité
d’établir des mod&les-arbres permettant de
prévoir la production totale du peuplement
ainsi que les tailles des différents arbres qui
la composent.

(2) A mesure que la for&t vieillit, le bois sur
pled doit lutter de plus en plus contre les
risques d’ incendie et les chablis, qu'on ne
doit pas considérer comme des “catastrophes’.
Ces incidents sont fonction 3 la fois des
especes, des stations et des systémes
sylvicoles. Nous indiquons la possibilité de
développer un modéle basé sur le phénoméne
€cologique du chablis.

Nous  suggérons que, walgré des études
considérables sur les divers procédés de la
croissance d°'une forft et les interactions
arbre/station, i1 ¥ a un manque de recherches
dans le domaine des wmoddles de sylviculture
centrés sur une haute production ou sur les
maniéres d éviter les risques pour la
production.

ZUSAMMENFASSUNG
Als Reaktion auf die stlindige Zunahme der
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Nachfrage nach Waldprodukten ist die
verbreitete Begriindung gleichaltriger Bestinde
eine weitere Phasc in dem Entwicklungsprozess
zu einer intensiveren Waldbewirtschaftung.

In der zukiinfrigen Bewirtschaftung dieser
Bestdnde lassen sich zwei Probleme voraussehen,
def{ eine weitere Entwicklung von Technicken in
der Forstkultur erfordern:

(1) Man wmuss das Wachstum von Bestlinden
beschleunigen und genaue Voraussagen  der
wahrscheinlichen Holzertrige mwmachen. Das hat
bei langen Untriebszeiten unter
Berlicksichtigung eines stindigen Wechsels in
den Wachstumsbedingungen und des Wachstums
selbst zu geschehen, Hier wird der Wechsel
diskutiert,der bedingt ist (1) durech lang- wund
kurzfristige Witterungsperioden und (1i) durch
die mit Alter und Genotyp wechselnden

Reaktionen. Konventionelle
Ercragstafeltechniken eignen sich nicht als
Grundlage far die Prognose des
Bestandeswachstums unter intensiveren

Bewirtschaftungssystemen. Wir erfassen den
Wuchsverlauf von Einzelb3umen als Modell, um
sowohl den (esamtertrag eines Waldes als auch
die Ertragsverteilung in Abhi@ngigkeit von der
Baumhthe zu erfassen.

(2) Mit zunehmendem Alter der Bestinde ist die
nutzbare Holzmasse immer mehr Risken wie Feuer
und Windbruch ausgesetzt. Diese werden nicht
als unvermeidliche ‘Katastrophen’ betrachtet.
Ihr Auftreten ist eine Funktion der Bawumart,
des Standorts und der waldbaulichen Situation,
wir untersuchen die Mdglichkeit, auf
dkologischer Basis ein Modell fur Windbruch zu
entwickeln.

Wir behaupten, dass es nur  wenige
Untersuchungen fir die Entwicklung neuer
waldbaulicher Systeme zur Ertragsstelgerung
oder zur Vermeidung von Produktionsrisken gibc,
wihrend dle Faktoren des Wachstumsprozesses von
BestAnden und die Wechselbeziehung
Raum-Standort grindlich erforscht sind.

INTRODUCTION

Increase in the demand for timber and timber products is
not a new phenomenon, neither is the evolution of
silvicultural systems designed to wmeet this demand. Fifty
years ago silviculturalists felt the pressure for more wood
threatened the destruction of forests and sought ways of
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managing them to cope with this.

“Forestry 1s now passing through a critical stage. The
depletion of natural forests that has taken place during the
past hundred years in many parts of the world gives genuine
cause for alarm .., 1f the problem of future timber supplies
is to be solved, it is (alsc) of the utmost importance that
the reduced forest area now available should be treated in
such a way as to produce the highest possible sustained yield
of timber ..." (Troup 1928). Also, in 1928, Toumey put forward
a basic concept which he considered should be followed in
silvicultural practice. '"Forest vegetation is composed of
plant communities or units of vegetation developed and
arranged In accordance with definite biological laws and is
not an aggregation of trees and other plants brought together
by chance" (in Toumey & Korstian 1947). Toumey's view of the
forest as an ecological entity was strongly felt and he
considered cthat his text on the foundations of silviculture
"is not an outgrowth of plant ecology but rather plant ecology
is an outgrowth of it",

The silvicultural systems of Troup and Toumey have thelr
origins in tending natural forest to produce a sustained yleld
without destroying the forest itself. Their considered
"acological” basls {s that yleld is in balance with the site
without recourse te large scale amelioration of site
conditions. Since 1928 the demand for timber has continued to
increase. This, combined with the worldwide reduction in areas
of accessible natural forest, has led to the e¢stablishment of
substanrial areas of plantations in a wide variety of climates
and frequently on land not previously forested. Plantation’
forestry 1is subject to stringent demands requicing
intervention during the growth of the crop to maintain or
increase growth rates or to adjust the proportions of
different timber sizes to be produced, This requires a further
development in silvicultural systems which itself demands wore
detailed understanding of ecological processes underlying the
growth and development of forests.

PROBLEMS OF GROWTH RATE AND THE DEVELOPMENT OF FOREST
STRUCTURE IN A PLANTATION ENTERPRISE.

The culture of forest plantations involves more than just
careful management of an existing ecosystem on conservative
ecological principles - it is an extensive Investment exercise
with the following characteristics.

(1) Plantations are frequently restricted to warginal lands
with soils and climates which are poorer and more variable
than those wused for agriculture - these environments do not
automatically support high yields and may present hazards such
as windthrow, frosts etc.

(i1) Timber is a bulky product, so that a large proportion of
the cost of producing it~ is incurred in its transport to
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processing mills. The plantation enterprise should be
concentrated to wminimize transport and investment costs, but
vet wmust generate sufficient production to sustain the
development of an industrial infra-structure (Boardman, this
volume) .

In commercial plantation forests with these
characteristics there are three closely related problems of
forest growth and development,

Achieving a predictable, high growth rate

Plantations are costly to establish in terms of 1land,
roads and fencing, and so generally the higher the yleld/area
obtained, the greater the proficability. High growth rates
alsoc mean that processing plant can be supported from a
smaller area of land, again minimizing costs. However, almost
as important as achieving high growth rates, is the need to
predict the yield of timber which will be obtained in order to
develop the associated forest industry efficiently.

Protecting the forest against hazards and predicting risk

In many cases an even-aged plantation produces a forest
structure which 1is at risk to destruction by strong winds,
fire, animals (Crooke; Kdénig; Cooper & Mutch, this volume) and
pathogens (Murray, this volume). Since the incidence of such
hazards 1is related to the structure of the forest, attempts
can be made to assess risk and devise silvicultural systems to
oinimlze ic.

The development of a balanced forest structure

Conflicring requirements can arise in relation to the
optimum size and spatial distribution of stands of different
species and age within a forest. This topic is dealt with in
some detail by Malcolm and Davies in this volume. Management
options in forest design are critically affected by the
capacity to increase and secure production which themselves
are influenced by variations in site and topography.

ACHIEVING A PREDICTABLE, HIGH GROWTH RATE.

Traditional methods of predicting forest yields require
no detailed understanding of which factors control growth
rates. A “site Index’ is used to «classify the productive
capacity of each stand based on somc aspect of the growth made
up to the time of observation, most frequently height
(Kreutzer, this volume). Future growth is predicted from a set
of empirically constructed yield tables on two assumptions,
{1} the productive capacity of the stand will not change, i.e.
growth will follow a pattern established from previous stands
which have been similarly classified, and (ii) a particular,
prescribed silviculture {s followed, which determines the
frequency, severity and type of thinning during the course of
growth. This technique of yield prediction originates largely
from the work of German foresters of the ninetcenth century in
long-established forests (Assmann 1970) and is based on the
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precept that the removal of a timber harvest should be in
balance with the "site’.

Over the vyears refinements have been made in the
parameters used to measure site indices so that they relate
more closely to productive capacity, e.g. in Britain
production classes wused 1in conjunction with general yield
classes, to Incorporate a measure of stand basal area as well
as helght {Hamilton & Christie 1971). Another development has
been to stratify forest sites in relation to physiography and
various measurable site factors before constructing yield
tables. However, as Kreutzer (this volume) has pointed out,
whilst this approach has made predictions more accurate, it
has also raised many questions abour the relationships between
various environmental factors and forest growth. One needs to
know which variables to chose when making yield class
stratifications. These are exactly the questions that we must
answer to understand how to increase the growth rate of
established stands.

The stage has now been reached where we should question
the extent to which this yield table technique 1is an
appropriate model for yield prediction in plantation forestry.

Neither of the two assumptions under which yield tables
are constructed, are applicable to modern plantation
silviculture! Plantations do not grow under uniform conditions
and intervention may be required to accelerate (Davies, this
volume) or maintain (Boardman, this volume) timber production.
The removal of yield as cthinnings has now become a more
variable operation in response to the advent of new machinery
(Hamilton 1976a), fluctuations {fn the demand for timber of
different sizes, or the development of systems with
no-thinning (Godwin 1968) or pre-commercial thinning (Fenton &
Sutton 1968) silvicultures. We need to consider how these
characteristics of plantation forestry may be incorporated
into techniques for predicting yield.

Changes in "site’ conditions and tree response during
the plantation cycle

Plant growth is regulated by the amounts of radiation,
water and nutrients received or available and by conditions of
temperature and humidity. These are not constant over the
plantation cycle, neither {s the level or type of tree
response. There are three sources of variation (1) long and
short term changes 1in weather patterns, (11) continuous
developments in stand microclimate and (i11) differences 1in
responsc to environmental variation as the trees age or as the
conditions for pgrowth alter greatly. Let us conslder these
three sources of variation in turn.

(1) Changes in weather patterns. In extreme climates the width
of tree rings may be very closely related te variation in a
single environmental facrtor e.g. annual precipitation in arid
zones (Fritts 1965). In wmore temperate reglons, climatic




FORD 153

variation may not be so dramatic but still has a major
influence on tree growth. Over twenty-eight sites in Colorado,
Fritts et al. (1971) found that on average some 60-65 per cent
of the variation in tree ring widths of three species was
related to variables representing the secasonal march of
climate, Different environmental variables were important on
different sites, and whilst 20 per cent of the sites showed
less than 50 per cent of the variation related to these
variables, another 20 per cent showed more than 80 per cent of
the variation so related.

Climatic cycles can have a substantial effect on growth,
In a mature plantation of Pinus sylvestris, Miller, Miller &
Binns (1977) showed that rings had varied from 0.5 mm to 1.25
mn in a regular way between the seventy-fourth  and
eighty-ninth year. They detected three significant cyclical
patterns with periods of 42.0, 23.0 and 4.4 years
fertilization increased the amplitude of the wvariation
associated with these cycles.

The influence of short term, i.e, daily or weekly changes
in the environment on tree growth has been largely ignored.
Physiologists have tended to stress either the influence which
conditions 1in one year may have on a subsequent year’s growth
(Kozlowski, Torrie & Marshall 1973), or the importance of
trends in the development of trees during a season (Denne
1976).

“Carry over’ effects from one year to the next are
well-known 1in agricultural experimentation and mus! be taken
into account when assessing the ylelds of “crops under
different treatments over a series of years (Patterson & Lowe
1970}. In forests such evidence as exists suggests that these
effects can be small compared with the effects of current
season’s weather, Over the twenty-eight Colorado sites
investigated by Fritts et al (1971) only 15 per cent of the
variation in ring width was "explained” by correlation with
the previous year's ring width, compared to 60-65 per cent
variation “explained’ by current weather, For trees it has yet
to be proved that there is a direct physiological influence on
yield by one season’s conditions on the next year's yield. The
influence which variation in weather in one year has on growth
in the next, seems most likely to be restricted to aspects of
shoot elongation where bud development takes place a year in
advance of extension, This may determine the number of needles
which will be produced 1in the following year (Cannell,
Thompson & Lines 1976), but both the size of needles and the
total length of shoot on which they are carried are influenced
by the amount of photosynthesis made during the year of growth
itself (Little 1974).

Factors controlling the duration of the growth period are
important, particularly with regard to bud development and
shoot elongation., Variation in response to these factors is a
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major source of exploitable genetic variation in growth
{Perry, Cannell, this volume). However, within the limits set
by the seasonal period of development, growth fluctuates in
response to changes in the environment. In a plantation of
Sitka spruce in the Scottish uplands, cell producticen by the
cambium during the production of early wood varied between
zero and twelve cells per radial file of tracheids per day,
being greatest on days with high solar radiation {(Ford,
Robards & Piney 1978). In the same forest, the population of
fine roots was found to decrease by up to 50 per cent over a
fifteen-day period with no rain, but .after heavy rainfall the
population increased almost to its original size within five
days (Deans in press). The magnitude of these effects varied
between so0il horizons and depended wupon their particular
microclimates. These results suggest that fast growth requires
alternation of sunny and wet periods each with a duration of
no more than a few days. Whilst cambtal activity may respond
to individual days of high radiation, long uninterrupted
sequences will lead to the development of high moisture
tension within the tree which checks cambial activity (Little
1975). The amplitude and frequency of weather changes may be
as important to the achievement of high growth rates as the
mean conditions and may explain some of the very high growth
rates in mild, temperate climates (e.g. Tottenham & Joyce
1975).

(i1) Development of stand microclimate. The extent to which
plantation growth is sensitive to changes in the environment,
will depend upon its size and structure since this has a large
influence on the microclimate of the stand. In a young
plantation height increments were found to increase slowly
untcil the branches from neighbouring trees overlapped.
Increments then increased rapidly from year to year until
competition between trees started {Cochrane & Ford 1978) from
which time annual height increments oscillated around a wmean.
The precise environmental changes, which cause the
acceleration of height increment and those which determine the
limit of mean annual height increment are not known for this
forest. The environmental factors which determine the size a
forest canopy can attain and the size at which competition
becomes important, have been variously specified as a balance
between temperature and solar radiation (Nomoto 1964) and the
ratio between incoming rain and potential transpiration (Crier
& Running 1977). Whilst such combinations of factors may be
predominant at the extremes of wet or dry climates, some uwore
complex balance may be struck in intermediate zones between
water balance, temperature and nutrition {Waring er al, 1978).
Factors controlling maximum growth rate and the canopy slze at
which this maximum is achieved, are important areas for future
research, since microclimate, e.g. Increasing 'interception
loss’ with Increasing forest size, is strongly implicated and
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may possibly be manipulated through silvicultural techniques.
Boardman (this volume) has pointed out that little opportunity
pmay exist for rapid acceleration of growth rate once canopy
closure has occurred. Silvicultures which depend largely on
waintaining a closed canopy for long periods of time and
taking a substantial proportion of their yield as thinnings,
i.e. anticipating mortality, may not prove as flexible as
those in which the rotation is short and final yield 1is a
large proportion of total yield.

(111) Differences in <tree response. Alterations in the
physiological characteristics of trees as they age, are
well-known {Moorby & Waering 1963). Many of these are easy to
predict and can be counted as intrinsic properties of the
crop. Such ageing effects are likely to become important to
strategies of increasing and predicting yield where
differences are known to exist between and particularly within
species. In a progeny trial with Pondercsa pine, Namkoong &
Conkle (1976) found indications of trends in height growth
which differed between the phases of plantation growth,
planting site and family. More research on such differences is
required to determine whether they are directly due to
differences in genotype or indirectly due to differences in
stand structure and therefore in microclimate.

A major consequence of accelerating growth rates through
a treatment such as fertilization, i{s the production of wide
growth rings (Davies, this volume) and a possible change iIn
wood properties. Generally, sale of timber for structural
purposes is more profitable than sale for pulp and industrial
processing, but such timber must meet certain specifications
of ‘strength. This 15 determined by the properties of
knottiness, wood density, grain angle and the incidence of
compression wood. Tree spacing, thinning and pruning can all
influence these properties {Brazier 1977) but the
silvicultural technique of most interest for 1ts effects on
quality is fertilization, since this has the general effect of
increasing total growth, Litrle 18 known of the effects of
fertilizing on knottiness, grain angle and the {Incidence of
compression wood and wmore research {s required on these
aspects of growth and their importance iIn determining wood
strength (Brazier 1977).

Brazier (1977) reviewed a number of reports indicating
that fertilization decreased wood density, which, by
implication, would be expected to decrease timber strength
Exceptions to this are very slow growing trees which were
initially producing ‘starvation wood’. Fertilization increases
the proportion of early wood, the cells of which have a high
lumen area:wall thickness ratio, Smith, Wellwood & Elliot
{1977) also reported this general result but suggested that
climatic differences were important and could Interact with
fertilization to affect wood density. They also reported




i56 GROWTH AND STABILITY

differences in response to fertilization between trees.
Finally, fertillzation sometimes alters the form of trunks and
hence the 'form factor’ used In prediction (Flewelling & Yong
1976) .
This examination of “site’ conditions and tree response
leads to the following conclusions:
(1) Trees respund to variation in weather over a range of
frequencies and ameliorative treatments may amplify the
effects of such variation. ’
(ii) In temperate regions, unless irrigatien is used or
large reservoirs of soil molsture exist, the highest
growth rates are likely to be achieved iIn conditlions
where there are rapid short term fluctuations in the
weather,
(1{1) where the growth process is largely controlled by
the  supply of a necessary resource, e.g. water,
radiation, or nutrjents, then forest growth rates will
change wmarkedly with age as the stand structure
influences the microclimate. Ameliorative treatments,
such as fertllization or drainage may accelerate these
effects.
(iv) Low input silvicultural systems, may neither respond
adequately to "ameliorative’ treatments or if they do,
may not produce timber of the same quality as originally
intended.
The essential character of forest growth is that {t is
variable and {ntensification of management i{s likely to make
it more so. Current mensurational techniques for predicting
yleld assume thar the largest part of variation can be
expressed i{n terms of a growth curve, efther empirically
constructed from the growth records of previous stands
(Hamilton & Christie 1974a) or by attempting to fic varlous
types of growth curves, e.g. logarithmic (Kilpatrick 1978) or
the Richards growth function (Rawat & Franz 1974). Varlation
is treated as error. Neither approach provides a satisfactory
basis for yield predicrion of intensively managed plantation.
Rather we should consider forest growth as being produced by a
series of impulses under changing conditions and the
appropriate mathematical structure for this is multivariate
time series analysis (e.g. Box & Jenkins 1970). Growth can be
analysed by time series techniques (Ford & Robbards 1976;
Ford, Robbards & Piney 1978) and models for prediction using
such techniques are increasingly in use in economics.
Manipulating and predicting the distribution of yield
by adjusting stand structure

The distributicn of yield from a plantation, both in time
and in terms of the assortments of stem sizes, can be
Influenced by {nitial spacing (Hamilton & Christie 1974b) and
by the thinning regime adopted (Assmann 1970). When yleld
tables are constructed by an empirical site index technique,




e.g. Hamilton & Christie (1974a), it is necessary to specify
quite closely the particular thinning regime to be used and
most frequently this has been some form of selective thinning.
However, increasing interest in mechanical thinning (Hamilton
1976a), no-thinning (Godwin 1968), often combined with more
intensive forest management and a range of harvesting
techniques, have together stioulated atteopts to model the
competition process between individual trees with the object
of providing more flexible predictions of growth and yield
(Arney 1974; Munro 1974).

A number of curve fitting techniques have been applied to
provide descriptions of stem size distributions in even-aged
plantations, e.g. Baily & Dell (1973). However, a more
fundamental approach, modelling the influence that a tree’s
neighbours may have on 1its growth, has recently been quite
widely adapted. By concentrating on the growth of the
individual, this approach offers a framework whereby all the
major direct influences on growth w®may ultimately be
incorporated into one model. 1t is intended that individual
tree models which simulate the mechanisms of growth and
competition will provide flexible predictive models, beyond
the scope of conventional yield tables (Munro 1974).

Competition occurs for the resources used in growth and
can be defined as a process. "When the immediate supply of a
single factor necessary (for growth) falls below the combined
demands  of the individual plants, competition begins”
(Clements quoted in Donald 1963). These resources, viz. light,
water and nutrients, exist in finite concentrations SO0
competition is a spatial process and its onset in a plant
community depends upon the relative growth rates of the plants
themnselves. Thus, fertilizacion increases growth and
accelerates the competition process {Yoda et al, 1963). The
competition process has five characteristics which nust be
considered when a model is being constructed.

(i) Twe plants of the same size may not have the same

status in a community. If one has bigger neighbours rhan

itself, whilst the other has smaller neighbours, the two
individuals would not be expected to achieve the same
growth in future. 'Success’ 1In competition Is a matter of
probabilities - it depends upon the relative sizes of

ncighbours - so competition should be regarded as a

stochastic process.

(ii) Competition in a plant monoculture can only be

assessed by observing the distribution of relative growth

rates, RGR, e.g. for basal area, square cm/square cm/yr.

We must ask: "Has there been a change in the efficiency

at which the growth machinery of the 1individual plant

operates?” Little can be judged from the distribution of
plant size in a community. This can take many forms ( Ford
1975; Diggle & Ford, unpublished) as a community ages.
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Absolute growth rate, e.g. for basal area, square
centimeters/year, may not be a sensitive indicator of
competition since it is greatly influenced by plant size.
The necessity for observing RGR was 1illustrated by
examining growth rates and RGRs of individual trees in a
young Sitka spruce plantation in Scotland just reaching
the stage when its annual production of needles was
constant (Fig. 1). Ninety percent of the trees, i.e.
those with basal area between 53 and 240 square
centimeters, had the same relative growth rates, although
there were considerable differences between them in size
and in growth rate. Only the smallest 4 per cent and the
largest 6 per cent had substantially different RGRs and
showed the effects of competition. In an unthinned
plantation, differences in mean RGR between slze classes
accentuated as the stand grew (Ford 1975).
(1i1) The intensicty of competition changes as a stand
develops. In 1irs simplest form this can be seen in
differences found between young and old stands in
calculated competition coefficients. These coefficients
decrease with increasing age (