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INTRODUCTION

Howard L Wright

Oxford Forestry Institute, South Parks Road, Oxford.

This workshop was organised as part of project “R7278 Humid and semi-humid
tropical forest yield regulation with minimal data” that is being carried out at the
Oxford Forestry Institute with funds provided by the UK Department for
International Development , Forestry Research Programme.

The project aims to develop a simple methodology for estimating and regulating the
potential yield from a tropical moist forest when there are only data available from
one point in time and to present this in the form of a manual.

There is a rapidly increasing need to demonstrate that rates of exploitation of tropical
moist forest (TMF) are sustainable over time and do not lead to degradation of the
forest either rapid or gradual. Current conventional methods of yield regulation and
determination of an allowable cut tend to rely on extensive data on rates of growth,
mortality and recruitment at one end of the spectrum or they may be by almost rule
of thumb methods at the other. Cut may also be determined by other factors such as
the requirements of the logging company to make a profit - a dangerous method on
its own. Extensive and well validated data on growth are obtained over time by
recurrent measurement and are frequently not available, even in situations with a
relatively long history of forest management. In many cases where there may be data
available, the expertise to make use of the information is not present and they may
not used in an efficient way. After a considerable amount of work on the Ghana PSP
data, for example, it was concluded in a recent report that “Further work is required
before a detailed yield regulation system can be devised” (Wong 1997). Vanclay said in
1993 that “Most forest services have insufficient or inadequate growth data from the natural
forest, thus growth models and simulation studies cannot be made, and we can only guess the
sustainable timber yield”. There is very little written work on the regulation of yield in
TMEF either in textbooks or in research publications; what there is usually presumes a
knowledge of growth.

With the rapid extension of participatory management to communities, the presence
of dynamic information becomes even less likely. What always tends to be available,
however, is static information, i.e. data from forest inventory (increasingly
participatory by forest communities) and volume studies. The problem is thus to try
and develop methods which can use this type of information supplemented perhaps
by other variables that can be measured at the same single point in time. At the same
time it should be an approach that can be easily refined as more data become
available enabling more confident predictions to be made.

There will be essentially three main outputs from this project:

1. Areview of the available methods for yield regulation and a compilation of
information on growth, recruitment, mortality and logging damage for TMF.
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2. Development of a simple pan-tropical yield regulation system which can be used
with minimal data.

3. Preparation of a manual/workbook for use with the yield regulation system.

The project falls into three stages corresponding to the three main outputs given
above. For the first and last stage it was proposed that a workshop would be
organised: the first workshop will be geared to defining the exact objectives of the
system - what is required and for what purpose and situation. This will be relatively
broad-based covering all the potential end users of the system. The second
workshop will be an opportunity for these end users to try out the system. This
approach should ensure that the final product is what is wanted and can be used by
relatively inexperienced people.

This publication contains the papers presented at the first workshop that was held at
CATIE in Costa Rica. A list of the participants is given in Annex 1.
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YIELD DETERMINATION IN TROPICAL MOIST FOREST
Howard L Wright*

*Oxford Forestry Institute, South Parks Road, Oxford.

Summary

This paper highlights the importance of yield regulation in the management of tropical
forests. It emphasises that one of the most important aspects of yield regulation is the
determination of the Annual Allowable Cut (AAC) or prescribed yield. It sets out to describe
a selection of the classical methods for the estimation of the AAC developed primarily for the
even and uneven-aged forests of Europe from the beginning of the last century. In all but the
simplest of systems some estimate of the rate of growth of the forest is needed.

Introduction

In writing about tropical forest management, Palmer said in 1975 “The principle
managerial difficulty is in setting the allowable yield”. This is even truer today than it
was then as the whole process of setting, justifying and controlling a sustainable
yield for a forest comes under greater and greater scrutiny. There is a rapidly
increasing need to demonstrate that rates of exploitation of tropical moist forest
(TMF) are sustainable over time and do not lead to degradation of the forest, either
rapid or gradual. Current conventional methods of yield regulation and
determination of an allowable cut tend to rely on extensive data on rates of growth,
mortality and recruitment at one end of the spectrum or, at the other end of the
spectrum, they may be over simplistic rule of thumb methods. Cut may also be
determined by the requirements of the logging company to make a profit - a
dangerous method on its own. Extensive data utilised in the more rigorous methods,
are obtained over time by recurrent measurement and are often not available, even in
situations with a relatively long history of forest management. In many cases where
there may be data available, the expertise to make use of the information is not
present and they may not be used in an efficient way. After a considerable amount
of work on the Ghana permanent sample plot (PSP) data, for example, it was
concluded in a recent report that further work was required before a detailed yield
regulation system could be devised (Wong 1997). Vanclay said in 1993 that “ Most
forest services have insufficient or inadequate growth data from the natural forest, thus
growth models and simulation studies cannot be made, and we can only guess the sustainable
timber yield”. There is very little written work on the regulation of yield in TMF
either in textbooks or in research publications; what there is usually presumes a
knowledge of growth.

With the rapid extension of participatory management with communities, the
presence of dynamic information becomes even less likely. What always tends to be
available, however, is static information, i.e. data from forest inventory (increasingly
undertaken by or with forest communities) and volume studies. The problem is thus
to try and develop methods that can use this type of information, supplemented
perhaps by other variables that can be measured at the same single point in time.
The approach developed should be one that can be easily refined as more data
become available, enabling more confident predictions to be made.

Yield regulation techniques

Yield has recently been defined as “the amount of wood that may be harvested from
a particular type of forest stand by species, site, stocking and management regime at
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various ages” (Helms, 1998). Yield regulation is the determination of this yield and
its expression in a management plan prescription, including where, when and how
the yield should be extracted (FAO, 1998). A number of other definitions are
associated with yield regulation and are given in Table 1.

Table 1 Some terms and criteria used in yield regulation. (modified from FAO, 1998)

Term: ’ ‘ Definition
Allowable Cut - “| Aclearly expressed: specification of the average
' Prescribed Cut .. .| quantity. of wood (or other product), usually in an
Prescribed Yield == approved management plan, that may be harvested
Permissible Yield = | from a forest management unit, annually or

penodncally over a specified period. Usually expressed
as quantity:per unit area.

Annual Allowable Cut ‘ The Allowable Cut expressed on.an annual basus :
(AAC) '

Felling Cycle - = - - The interval, in years between successive felllngs ina
Cutting Cycle: - - | polycyclic silvicultural system.

Rotation: T The planned number of years between the

| establishment of a crop (by planting or regeneration)
-["and final felling. The term'is applied where forest is
-| managed on a monocyclic silvicultural system
- | wherethe Rotation'is equal to the Felling Cycle.
Sustainable Yield .| The equilibrium level of production from the growth
o “ | rate of trees comprising a forest,-annually or
-periodically; in perpetuity: It means the continuous
- .| production with the. aim-of achieving an approximate
balance between the net growth of a forest

RN “andharvest. )
Sustainable Forest = -~ s achieved If the ‘accumulated mean annualincrement
Management : ' for uneven-aged forest having a balanced diameter

class distribution is equal to or marginally greater than

the total harvest during a planning period of not less

than:15 years. In the case of a heavily exploited forest

"where the diameter class distribution is not balanced

-+ “I-the accumulated MAI should always be less than the
~io | total harvest. 727

Time of Passage - The time, in years, foratree to -grow through one or

Transition Time. - - ... | .more diameter classes; often the time taken for a tree
B to reach merchantable size.

Early yield regulation methods used in tropical forest tended to follow the classic
techniques developed and employed in Europe during the nineteenth century for
both even-aged and uneven-aged forests. Recknagle (1917), for example, describes
eighteen distinct methods. For most of this time foresters were concerned with
attempting to achieve the so-called ‘normal’ forest and this had a major influence on
the development of methods of yield regulation. For this review, it is assumed that
the tropical forest will be managed on a selection or uniform system, implying
felling, harvesting and regeneration of large timber at set intervals on a polycyclic or
monocyclic system. The felling operation may or may not be followed by some form
of silvicultural improvement treatment such as liberation thinning.

Methods of calculating the yield depend on a number of factors such as the
constitution of the growing stock, especially its silvicultural characteristics, and on
the extent of knowledge on diameter distributions, volumes and increment. The
many methods of calculating the yield have been classified according to the variables
used. Osmaston (1968) gives the following classification:
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1. Area
a) Control by silvicultural and other felling rules.
b) Control by rotation and age-classes or periodic blocks.
c) Control by development or treatment classes.
2. Volume
a) Control by rotation or exploitable age.
3. Volume and Increment
a) Control by rotation or exploitable age.
4. Numbers of Trees
a) Control by stem size and increment (time of passage).

Control by area

Control by area is the simplest of all methods and has been used in tropical forests
that are in an early phase of management. The prescribed yield is that found on a
specified area which is removed over a limited time. The stand is then left for a
period until it is again ready for exploitation. If some estimate of the rotation or
felling cycle is made the forest can be divided into an equivalent number of equal-
sized blocks and one block exploited each year. The number of trees felled each year
is controlled by felling rules that may be based on minimum size limits for
utilisation, favoured species, silvicultural considerations and an assessment of
potential logging damage. Tropical forests that are coming under management may
vary considerably, ranging from primary forest that has not been logged previously
to forest that has had a history of exploitation. The former is often characterised by
an abundance of mature and overmature trees whilst the latter may not contain
many trees in the exploitable size classes. This will affect choice of cutting cycle and
minimum girth limits. In practice, the forest is likely to be divided into blocks such
that one block may be exploited over a period of years rather than annually. There is
little or no control of the number of trees felled and henceyields can fluctuate from
year to year or period to period depending on the variation within the forest. An
extension of this method is to alter the areas so that they become equi-productive,
basing this on the results of the forest inventory. This however, is moving towards
control by volume. The choice of the felling cycle length is not of vital concern as it
can be changed as more information is acquired. As Dawkins (1958) wrote “The first
felling cycle is no more than an introduction of planned management into natural forest.
Even if it marks the birth of sustained yield it is highly unlikely to be the birth of a sustained
system”.

Control by volume
Control by volume has a long history and can be traced back to an Austrian
government decree of 1788. The timber industry generally prefers a guarantee of

yearly volume to one of yearly area. One of the most well known of yield regulation
formulae is that of Von Mantel in which

AAC = 2,
R

Where R = the rotation (cutting cycle) for the major species.
V. = the actual volume obtained from inventory.

This formula does not consider increment, forest structure or variability in growth.
However, some estimate of rotation length has to be made. The Von Mantel formula
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is, in effect, making use of an exploitation percent; for example, given a rotation of
100 years the rate of exploitation is 2%, irrespective of species, site or the state of the
growing stock. This method of calculating the allowable cut as a percentage of actual
volume was first introduced by Hundeshagen in 1821 who used the ratio of ‘normal
yield” to ‘normal volume’ as the percentage. Von Mantel’s formula is a modification
of this. He based his method on the concept of a normal forest in which the growing
stock is equal to the mean annual increment multiplied by half the rotation. One of
the advantages of the Von Mantel formula is that it is easier to estimate a suitable
rotation for a forest rather than a certain cutting percent. The use of a constant
exploitation percentage observes the guiding principle that more should be cut when
the actual volume is in excess and vice versa.

The formula given above is theoretically correct only if V represents the whole crop
from seedlings to mature trees; by measuring down to a merchantable diameter a
serious error is introduced. There was considerable discussion of this in the pages of
the Indian Forester between 1920 and 1926 involving Howard, Blanford, Smythies,
Simmons and Chaturvedi working in India and Burma. A modification was worked
out to calculate the yield where the volume was measured above a specified
diameter. This is attributed to Blanford and Simmons in Trevor and Smythies (1923).

pi4

AAC = ——
(1-m*)R

where V = volume above a specified diameter limit,
m = the ratio of age of lowest diameter enumerated to the rotation R.

Use of this formula assumes that the condition of the stand below the diameter limit
is not abnormal.

Dawkins (1958) points out that the assumption that there is a limit to the basal area of
healthy trees that a site can develop leads to a further assumption that old primary
tropical forest has reached its limit. The significance of this is that such forests, yet to
be exploited, are likely to have a steady or slightly fluctuating total volume. He
suggested that yield calculation should therefore be based on a “half-Mantel’ formula
of V/R, at least during the first felling cycle.

Use of this formula for forests that have not been exploited and thus may have a
large number of over-mature trees will result in an AAC that cannot be sustained
unless there is a long cutting cycle to grow more over-mature trees. In Papua New
Guinea this realization led to a modification of the formula (Louman, 1994) where

_ (Vp "’V/)
- R

Where V, = present merchantable volume,
V¢ = future merchantable volume,
R = the length of two cutting cycles where each is 0.5R.

AAC

The problem in practice, of course, is the estimation of future merchantable volume.
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Dawkins (1958) in his classical book on the management of tropical high forest said
that “the only sound method of measuring increment - the foundation of yield - is by periodic
measurements of a sample of the stand, extending over at least ten and preferably twenty
years, and eventually through the rotation”. In the meantime he proposed methods for
initial yield calculation. Given the following figures:

Vm = volume greater than a merchantable diameter, D,

V, = volume of over-mature timber greater than diameter of D,

V, = merchantable volume below which harvesting is not economic (Dp)

Ry, = estimation of rotation for merchantable diameter

R, = estimation of rotation for overmature diameter, i.e. the age at which trees

become overmature
Ry = estimation of rotation for economic diameter limit

He distinguishes three types of stand structure:
a) A positive diameter distribution following a typical de Liocourt curve.

Provided that the number of desirable stems is greater below Dy, or D than the
number above, and provided that the stems are known to be growing, then

AAC of trees > D,, = W -7)
(R" - Rm)

w,-v,)

AAC of trees>D, =2
" (R,-R,)

b) A neutral distribution where the greater part of the diameter range has the
same frequency

C) A negative distribution where the smaller classes are deficient and frequency
increases with diameter class

When the recruitment or stand below D (or D,) is obviously inadequate to sustain
the population of merchantable trees, the desirable species may exhibit a negative
increment. A sustained yield cannot be calculated and it is only necessary to
estimate the rate of felling to remove any mature stand before it becomes
overmature. A mimimum felling diameter is chosen, Dy, such that the density of
trees smaller greatly exceeds the density of trees larger by at least a factor of two or
three. Then a permissible yield of

(Vf _Vo)
(Ro _Rj)

may be used as a guide for management.

Osmaston (1968) concludes that, owing to its simplicity, the Von Mantel formula is
very useful where yield tables are not available and where increment is not easily or
quickly determined. It is also useful as a quick and ready check on the yield
determined by other methods.

FAO (1998) gives the example of a procedure used in the Philippines dipterocarp
forests. The AAC formulae differ depending on whether the forests have an
approved management plan or not. The formula for where there is no plan is:
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n

z

AAC =0.75 f(V"AJ

where  V,=25% of volume of (70-80cm)dbh class + 55% of (60-70cm )class
+ volume > 80cm dbh
f =recovery factor ( a value of 0.7 is commonly used)
n; = felling cycle x 2

Control by volume and increment

One of the earliest of yield regulation formulae is known as the Austrian formula
which originated in a set of papers in 1811 and 1812, although essentially based on a
previous forest valuation decree issued in 1788 (Dwight, 1965). As Dwight points out
the science of forest regulation is based on a very simple principle: if there is excess
of old timber, the allowable cut should exceed the mean annual increment (MAI) of
the forest; if, on the other hand, young age classes preponderate, the cut should be
less than the increment. The Austrian formula is given by:

AAC =1, + ()
P
Where [, = actual mean annual volume increment
V. = actual volume of the growing stock
V. = the volume of the normal growing stock
P = the adjustment period for the forest to reach normality

During the next 100 years this formula was subjected to various “modifications’
which involved different estimates of increment, actual and normal volumes and
different adjustment periods. Another problem arises; a forest having an excessively
small growing stock will have a high MAI and an overmature forest will have a
comparatively low MAIL Consequently the increment will be higher when the
expression (V. - V,) is negative, and will be lower when it is positive and high. The
MALI will therefore oppose and delay the rate of adjustment of the forest to its normal
state. Additionally, the value of the increment will vary from period to period. A
modification by Gerhardt in 1900 used the average of the actual increment and the
theoretical normal increment on the assumption that the latter might be expected to
be attained by the end of the adjustment period:

AAC =0.5(1, +1,)+ Q/—;—Vl

Where I, = theoretical normal MAIL

The use of the MA], calculated by dividing the volume of each age class by its age,
does not take account of any intermediate yields or thinnings. This would apply to
even aged stands where intermediate and final yields can be separated. To apply the
formula to uneven aged selection forests, where it is not possible to separate the
yields, it is necessary to use current annual increment (CAI). The formula suggested
in the recent FAO guidelines uses the CAI (FAO, 1998).
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The drawback, of course, is the difficulty of estimating the values of the CAI and
volume for the theoretically normal forest. An alternative method that also requires
an estimate of increment but avoids the need to derive a theoretical normal forest
structure is to use Cotta’s formula. This is:

oo Wt 051)
P

Where  V,, = the average volume of commercial species above a specified
diameter for a specified area of forest,
I, = volume increment of commercial species for a specified area of
forest and for a specified number of years, known as the
regeneration period,
P = the length of the regeneration period.

This can be used for a forest being managed under an irregular shelterwood
silvicultural system where a specific area of forest, having a known volume of
exploitable timber, is to be logged over a specified number of years.

Control by numbers of trees

Regulation by number of trees has been used extensively in tropical forests. A
characteristic of these forests is that they are usually composed of many species, only
some of which are marketable and then only those above some defined merchantable
diameter limit are harvested. This method of regulation was used by Brandis when
working in the teak forests of Burma in the 1850s. It requires information on three
attributes of the forest:

a) the numbers of trees in each diameter class,

b) the time of passage, that is the time taken by trees to grow through the
various diameter classes to exploitable size, and

c) the mortality percent of each diameter class.

A number of formulae were used, the basic one was given by:
Y=(T+0.5)P

Where Y = annual yield of trees
T = number of trees over 7ft girth (exploitable Class I)
t = number of trees in the 6-7ft class (Class II)
P = length of first felling cycle or time of passage through the 6-7ft
class

This is because as the annual coupes are felled there will be zero Class II trees in the
first year, then steadily more until the full class recruitment in the last year of the
cycle. However, this formula depends on the relation between the period of the
working plan, the felling cycle and the transition period. Indeed, Troup (1912)
pointed this out and describes eight variations on the basic formula. Because of its
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simplicity this method of yield regulation was applied over wide areas of India and
Burma sometimes in inappropriate conditions. Various safeguards were introduced,
such as: (i) an allowance for trees which it did not pay to extract, (ii) where few
second and third class trees existed, some first class trees were left standing, to
provide seed for regeneration and (iii) in the immediate vicinity of streams cuttings
were made very sparingly. Schlich (1895) concluded that “It is a method to be strongly
recommended for adoption in countries where systematic forest administration is in its earlier
stages.”

Obviously, to calculate the time of passage there must be some knowledge of the
increment. This was determined originally by Brandis for Burmese teak by counting
the annual rings. This, however, is not a practical method for tropical moist forest.
Given information on increment it is possible to calculate how many trees reach
exploitable size in any specified period. The periodic yield is then the number of
trees that reach this size. However, an important condition for the utilisation of this
method is that there must be a sufficient stock of trees on the ground at the start of
the period; in other words, the diameter distribution must be ‘normal’ or balanced.

This method is essentially the classic stand projection method of forecasting future
yields in which a diameter distribution is grown over time allowing for mortality and
recruitment.

Maginnis (1994) describes the use of a simple derivative of the Brandis method in
Ghana which uses the formula:

Y =02t+0.5T

Where Y = yield - number of stems per compartment
T = number of trees above minimum diameter per compartment
t = number of trees in size class directly below per compartment

This is based on a 40 year felling cycle and an assumed mortality of 20%. The yield
amounts to approximately 60% of the trees above the minimum diameter. However,
its general use without regard to the condition of the forest can lead to problems and
therefore he suggested the use of a yield adjustment factor which is based on a
scoring of the forest condition. This factor would be a multiplier ranging from 0 to 1;
the latter applied to a forest in good to excellent condition, the former was assigned
for a highly degraded forest.

In a paper arguing for the use of senility criteria rather than minimum diameter
Seydack (1995) pointed out that the use of a minimum diameter limit for exploitation
has a number of disadvantages. He listed these as:

a) possible premature removal of fast growing trees with high value
increment;

b) this may have a dysgenic effect; (especially under a polycyclic system
with short cutting cycles);

c) aproportion of trees below the limit, but above a utilisable limit, are old,
slow growing and succumb to mortality;

d) if the minimum diameter is set high, losses under c) increase;

e) there may be a site differences effect.
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To this list might be added the danger of fixing the limit without regard to the
phenological characteristics of the species. Cases have occurred where the limit was
below the diameter at which a species commenced to produce viable seed (Tony
Simons, pers. com). Seydack’s proposed yield regulation consisted of the three stages:
selection of felling cycle; choice of senility criteria; and calibration of these criteria to
the rate of mortality.

Alder (1992) suggested a [simple] method for calculating the optimum felling
diameter for a species based on increment and mortality data from permanent
sample plots. Optimum diameter is determined by calculating the cumulative age
and volume of the survivors from a regenerating cohort, to derive a mean annual
increment per 100 seedlings. Times of passage are calculated for each diameter class
which enables an equivalent MAI to be computed for each class enabling the class
with the maximum MAI to be identified. (over what period? - what age range are
being used here? It sounds like the interaction of growth rates and diameter of
seedlings are being used to model growth rates and diameter interactions of adults -
is this what you intend to say?). Conceptually, this measure of MAI is fully
equivalent to that used in determining the optimum rotation for a plantation crop.
Diameter is treated as a function of age; it follows that expressing a felling regime in
terms of diameter limit is equivalent to using a rotation age for a crop. As Alder
points out, the principle weakness is that there are interactions of growth rate with
stand density, and of mortality with logging damage. However, this is an almost
universal weakness of any blanket prescription. The use of species dependent
diameter limits that take into account silvicultural characteristics, rate of growth,
phenology, etc. must be an improvement over single fixed limits.

Increasingly exploitation is being preceded by stock mapping of the merchantable
trees, often using a 100% sample, which allows a much greater awareness of the
spatial configuration of trees when selecting those to be cut.

The method of control or check method was first proposed in France by Gurnaud in
1878 and then developed in Switzerland by Biolley and Favre for uneven-aged
forests worked under the selection system. It is not strictly a method of yield
regulation but rather a series of repeated inventories from which detailed
information on the forest growing stock, its structure and increment by diameter
classes is accumulated. It was the forerunner of what is now called continuous forest
inventory and has been practised for decades in some of the forests of Switzerland.
Here, where the interval between successive inventories (often 100%) was six to ten
years, prescription of the yield presented no problems. The method is well described
by Knuchel (1953) who also comments that wherever the growing stock is assessed at
short intervals of not more than 10 years, the possible yield calculation loses much of
its former over-riding importance because the effect of operations on the structure
and quantityof the growing stockcan be observed directly. Thus, mistakes that might
have occurred as a result of using a yield formula can soon be corrected.

Estimation of cutting cycle

This has been discussed by Alder (1999) in his paper for this meeting and he has
suggested that for many stands there is no definite optimum length, although from
simulation studies using the Papua New Guinea PINFORM model there appears to
be a real decline in the AAC with very short cycles. This would be expected as this
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does not provide enough time for the forest to recover. Short cycles will tend to
reduce losses through natural mortality but could well increase losses from induced
mortality caused by repeated logging damage. As cutting cycle decreases then so
does the yield per hectare which is often a major factor in the choice of length.

Catinot in a recent (1998) book on the sustainable management of tropical rainforests
gives two methods for the estimation of the AAC. This book is based on many years
of experience, and hence considerable amounts of data, from West and central Africa.
Interestingly, he shows an almost perfect agreement between the diameter
distribution from the Central African Republic and the pan-tropical curve given by
Dawkins (1958). He considered that the optimum cutting cycle must meet the
following criteria:

e it must be a multiple of four years: as, for economic reasons, the logging
period for each management series was set at four years;

e it must allow trees in a given diameter category the time necessary to
move up to the next category, i.e. it must be at least equal to the transition
time, otherwise the forest will become progressively impoverished.

Given the multiplicity of species, the transition times are highly variable which
means that the chosen cutting cycle tends to be a compromise. This publication lists
transition times and maturity ages for some 29 species from Céte d'Ivoire where a
cutting cycle of 32 years would suit some 60% of the species. He further states that in
many cases in Africa and America the appropriate cutting cycle approximates 28
years for the richest forests and around 36 (or perhaps 40) years for the poorest
forests and is usually around 32 years. The 40 year cutting cycle for Ghana forests,
mentioned above, was based on the average time for 14 of the most desirable
commercial species to pass from the diameter class immediately below the felling
limit, into exploitable size ref??.

Final comments

Choice of yield regulation method will depend on individual circumstances; there is
no one best method. Without a knowledge of increment or the ‘normal’ volume, the
formulae that require these estimates cannot be used. Osmaston (1968) states that
where there is a lack of quantitative and silvicultural knowledge of the growing stock
and the influence of site on species and growth, yield determination is largely a
matter of guesswork. Such a lack of knowledge is comparatively common in many
of the situations in the tropics. This may also be combined with doubts on what the
objects and policy of management should be. He ends by saying

“Repeated inventories of the growing stock, prescription of a yield (however

flexible its application may be) to suit the growing stock and the objects of

management and a constant check and record of what is cut with a

comparison of that actual cut with that which was prescribed are essential

features in any forest management.”
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SOME ISSUES IN THE YIELD REGULATION OF MOIST TROPICAL FORESTS
Denis Alder*

*9 Stansfield Close, Headington, Oxford OX3 8TH

Summary

Yield regulation is a central concept in sustainable forest management. Yield usually implies
standing volume commercial timber, but can include non-timber products. Allowable cut is
the harvest corresponding to sustainable yield. Felling damage must be allowed for in
calculating this. Mean annual increment (MALI) is often confused with current or periodic
increment, whilst different volume equations, diameter limits, and the gross or net increment
can further confuse the issue. MAI is not sustainable yield as the forest is not normal and an
allowance must be made for felling damage. Yield regulation is not sufficiently defined by
the classical concepts of felling cycle and minimum felling diameter. Felling cycle does not
have a definite optimum in mixed forest, whilst diameter limit alone is too simple a criterion
for management. Tropical forests are spatially and structurally diverse, and practically, MAI
and annual allowable cut can only be estimated by simulation or stand projection. This
should be done stand by stand, with a further calculation to then determine felling series by
cutting parts or aggregates of stands. A strategy is discussed for simplifying these steps and
applying it where only static inventory data is available, using tabulated data and simplified
modelling tools.

Introduction

The concept of yield regulation is simply conceived as the process by which the
objective of sustainable yield is translated into operational forestry practice via
planning, monitoring and control. Wright (1999) has presented some appropriate
definitions. Armitage (1998, p. 171) states that:

“Yield regulation or allocation involves making decisions that lead to
clear specifications of where and under what conditions a harvest may
be cut using AAC and technical information about a forest. Itis a
critically important part of sustainable tropical forest management”.

Whilst yield regulation as a technique can be explained with some precision in
relation to plantations, for natural tropical forests there is considerable lack of clarity
and semantic confusion. This is especially true of the phrases sustainable yield, mean
annual increment and annual allowable cut.

This paper seeks to clarify some of the issues relating to moist tropical forest (MTF)
yield regulation and to suggest strategies that will provide a basis for yield
regulation in situations where there is little direct information other than from forest
inventories and stock surveys.

Related concepts

Figure 1 shows some of the related ideas. There are five main topics that have to be
considered. The first is the definition of yield. Tropical forests tend to be managed
as multiple use systems, with a strong emphasis on non-timber products and values.
Increasingly in future, it is likely that timber production may be seen as a minor
component of the whole system. These non-timber uses will impose marked
constraints on timber operations and yield allocation.

Timber yield itself depends on the commercial definitions of acceptable species, sizes
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and stem qualities. These may vary greatly over time as markets develop and
change.

Yield regulation requires a description of the forest resource through forest inventory
and mapping. A part of this process will involve the development of volume tables
or equations.

Sustainable yield, in terms of timber production, must be analyzed through some
form of growth projection or modeling. This will use the stand table information
derived from inventories, together with growth and mortality data from permanent
sample plots, information on logging damage, and estimates of regeneration and
recruitment rates, to show the levels of production possible from typical stands in the
natural forest mosaic. This sustainable yield will depend upon the commercial
definitions of volume.

The spatial allocation of yield is the next necessary step. The forest mosaic is very
variable, and will be subject to spatial constraints arising from other aspects of the
multiple use system and from land tenure aspects. This can be a complex problem
but there are numerous algorithms and methods which can be applied to the solution
once a database of forest management units has been set up and the constraints and
objectives of management defined.

The planned regulated yield then needs to be translated into operations that can be
specified in time and space and monitored on the ground. These usually involve
general regulations covering logging practices, buffer zones, and the like, diameter
limits for species, and a general concept of a felling cycle. Area controls delimit
blocks or compartments to be felled and assign them specific dates for opening and
closure. These can be monitored by foot patrol or remote sensing depending on the
scale of operation. Tree selection methods involve numbering and marking
individual trees, and are likely to be increasingly emphasised as natural forest
management in the tropics becomes more conscientious and silviculturally based.
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Sustainable yield, allowable cut, and annual increment

Yield regulation is the means to achieving sustained yield. Sustained yield itself
implies that products removed from the forest are replaced by growth, with or
without artificial interventions such as re-planting, liberation thinning, etc.

For both plantations and naturally regenerated or mixed-age stands, the sustained
yield was classically equated to the mean annual increment (MAI) of a normal forest
(eg. Brasnett, 1953; Knuchel, 1953). This theoretical equivalence leads to the various
‘formula’ approaches to yield regulation discussed by Wright (1999). Itis also a
source of some confusion, as commonly the term MALI is used loosely and equated to
current or periodic increment of volume, as well as, very often, to periodic mean
diameter increment. By blurring these definitions and omitting the underlying
assumptions we come to the type of statement often found in the literature of natural
forest management and economic development reports (eg. Lowe 1992, 1996):

“The sustained yield is equal to the increment of the forest”

This statement is NOT true for natural tropical forests. Current increment, as
measured by permanent plots over periods of two to three years, fluctuates and
shows structural changes over time. Increment of any particular species group
depends on the diameter distribution of the species, especially when increment is
based on volume above a given diameter limit. Volume increment of the whole
stand can be calculated in at least three ways:

. Gross periodic annual increment without recruitment (GPAI). This is the volume
increment of live standing trees measured over a relatively short period, usually less
than 5 years, and averaged to an annual value.

. Gross periodic increment including recruitment. This is the volume increment of
live standing trees, together with the additional volume of recruit trees entering
the lowest measured size class, again measured periodically and averaged to an
annual figure.

. Net periodic annual increment (NPAI) is the total change in volume over a
short period including growth and recruitment, and also deducting losses from
mortality, averaged as an annual value.

The NPAI is the most simply calculated value from direct observation, requiring only
a measurement of volume at the start and end of a period (say Vi1 and V2 over T
years), giving:

NPAI = (Vo= V /T {egn. 1}

MAL if used in the same sense as in plantation forestry, is equivalent to NPAI
measured over the period since the last logging operation up to the time of
measurement. If used strictly in this sense, then MAI can be equated to sustained
yield of a plantation managed under a clear felling regime with equal areas under each age
class.

However, in natural forests, the spatial and size class distribution of the stock is very
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variable, especially with regard to the commercial species. Further, the losses that
occur during and after harvesting from damage and mortality reduce the residual
stock substantially. In classical theory we have:

Residual stock = Growing stock - Harvest
In natural forest management we have rather:
Residual stock = Growing stock - Harvest - felling damage

Figure 2 illustrates these points for a typical natural forest logging and recovery.

Following a logging of some 30 m? ha? (the yield), the growing stock is actually

reduced by 50 m3 ha?, from 100 m? ha? to 50 m3 ha. From this point, in year 4 on

the graph, MAI and NPAI can be calculated, as shown by the thin solid and dotted

lines. Initially, net growth is slightly negative or static for some 10 years after

logging, for two reasons:

o Regeneration, although stimulated by logging, has not yet reached the
measurement limit for recruitment.

. Trees damaged or disturbed by logging, especially larger trees, show a higher
mortality for a period, declining over about 10 years back to typical levels.

During this period, MAI drops from zero at the time of felling (the base time for
calculation) to a negative value (-2 m? ha! yr!) and then gradually starts to recover.
NPAI s also negative, and fluctuates markedly from year to year. As recruitment
starts to occur, and the mortality of larger trees declines, then there is a more rapid
phase of stand development, with NPAI of the order of 2 m? ha?! over a 10 to 20 year
period. This drops away after some decades as the recruitment diminishes and
growth of the trees is inhibited by competition.

This is a typical pattern, but many variations are possible, depending on the species
mix and their response to logging, and the status of advance growth and saplings at
the time of logging.

Figure 2 : Volume, current and mean annual increment in logged natural forest
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Figure 3 : Gross and net volume increment to different diameter limits, ITTO sample plots,
Papua New Guinea
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Type of volume

Volume and increment in natural forests can be measured above different diameter
limits, from say 10 cm up to 50 cm or more. This will clearly have a major effect on
the values of GPAI, NPAI and MALI that are calculated. Figure 3 illustrates how these
statistics can vary. It is based on the increment of 72 PSPs of 1 ha measured over
intervals from 2-4 years (Alder et al., 1998). All the plots were established shortly
after logging. The bole volume increment of all trees over 10 cm dbh is 3.7 m? hal
yr1, neglecting losses from mortality (gross increment). This declines to a gross
figure of 0.3 m3 ha yr! for trees over 50 cm. The net figure, including losses from
the growing stock due to natural mortality over the increment period, is negative and
amounts to a net loss of 1.2 m? ha? yr! for trees over 30 cm dbh.

Annual allowable cut (AAC) is

commonly used as loosely as MAI,
and with a rather similar confusion
of equivalences. AAC is the i~

practical measure of the sustained Yiela Y

yield and can be used to monitor : Volume grawth

forest production and set limits for w Damage D Y
N———

timber industry supply. Itis
usually quoted as an aggregate
figure, for all commercial species,
but can be broken down by species
and localities for more detailed -

Figure 4: MALI, yield and felling damage

T

planning. It will definitely relate to
commercial yield and size limits.
Again, it should be emphasised that AAC is NOT equal to the increment of the
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forest. Current increment, as it may be measured from PSPs (as for example in
Figure 3) is almost completely irrelevant. Mean annual increment must be corrected
for logging damage in order to calculate AAC. Figure 4 clarifies some of the
definitions.

The total volume reduction at the time of harvesting is the yield Y plus the felling
damage D. Mean annual increment is calculated as the incremental volume growth
Vi over a period T from the last harvest:

MAI =V /T {eqn. 2}

The AAC can be calculated as:
AAC =(1-D%).MAI {eqgn. 3}
where:

D% =D/(Y+D)

In practical terms, AAC should be about 50-70% of the estimated commercial MAI,
depending on observed levels of logging damage. This refers purely to volumes
calculated as standing volumes, and does not consider an allowance for within tree
wastage and degrade. The latter is necessary if AAC is monitored and controlled in
terms of extracted volumes, and is likely to be an additional 50-70% reduction factor.
Thus Dawkins’ (1964) pan-tropical mean estimated of commercial MAI of 1 m3 ha-!
yr1 amounts in practice to pan-tropical AACs of around 0.25-0.5 m?® ha- yr-
measured as logs at the landing or roadside.

Basal area and volume

Figure 5 illustrates how the volume equation used can influence the tree volume
increment. Four general equations are shown, for Tapajos, Brazil (Silva, 1989),
Ghana (Wong, 1989), Costa Rica (re-parameterized average equation, Alder, 1997),
and Papua New Guinea (Romijn, 1992). For a tree of 70 cm dbh, these four equations
give volumes between approximately 3 and 5 m?. A fifth equation, for woody
biomass from a study in Subri, Ghana (Alder, 1982), is shown to illustrate how the
measurement standard may influence the volume estimate.

These comparisons show that by changing or improving a volume equation, or by
applying different definitions or measurement standards of tree volume, yield and
increment figures may change by as much as 50%. The forester’s quoted volume,
based on measurement of tree boles, will usually be at least double what can be
effectively used as logs in a sawmill or plymill. Thus when relating mill capacity or
intake requirement, in terms of round logs, to allowable cut and sustainable yield, a
factor must be introduced for defect, length and diameter constraints, and simple
operational wastage (logs felled but not transported).

For forest management purposes, basal area and basal area increment may be less
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ambiguous than volume. Basal area and volume can be approximately converted by
using an average form height, or volume to basal area ratio. Figure 5 shows the
form-height lines for some values similar to the illustrated equations. It can be seen
that the lower equations are equivalent to a form height of about 7 m (Costa Rica,
PNG). The higher ones (Amazonia, Ghana) are close to 14 m, and a median value is
near to 10. The biomass equation illustrated is close to a form height of 20 m. Asa
rough rule of thumb, we may therefore say that in natural tropical forest, we may
expect bole volume to be about ten times basal area, whilst woody biomass is
approximately 20 times basal area. The latter is a useful figure for carbon
sequestration or wood fuel considerations.

Whilst basal area and basal area increment are not subject to the variations arising
from a given volume equation, it is necessary to define the lower limit of
measurement, and whether the statistic refers to all species or only commercial
species. Basal area increment can, like volume, be defined as a net or gross figure, the
latter including or excluding recruitment.

Figure 5: Comparison of some tree volume equations and form height equivalents
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The definition of felling cycle is often regarded as the central issue in regulated yield

management, as Wright (1999) indicates in relation to the discussion of Von Mantel’s
and similar formulae. Theoretically, once a felling cycle has been defined, the forest
can be divided into annual or periodic coupes, collectively termed a felling series (eg.

Leuschner, 1984, pp. 159-168). The coupes are mapped, and can be monitored on the

ground and by remote sensing.
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Figure 6: AAC over different felling cycles for three locations in Papua New Guinea

(based on 100 years growth using the PINFORM model)
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However, practical analysis suggests that there is no definite optimum felling cycle
for many stands. Figure 6 illustrates this point for simulations of felling cycles from
10 to 50 years at three localities in Papua New Guinea using the PINFORM model
(Alder, 1998; Alder et al., 1998). At Kui, there appears to be an optimum at about 30
years, but this is not obvious in the other stands, and could simply be due to
variations in stand structure and species composition. The decline with very short
cycles appears real however, and due to the lack of time to recover from post-felling
disturbance. The AACs in this diagram are calculated as the average actual yield
over a period of 100 years, and can be seen to be 0.6-0.7 m2 ha! yr1. This is based on
bole volumes of commercial species only over 50 cm dbh.

The felling cycle may be constrained by the need to achieve a certain economic level
of harvest at each cut, as indicated by De Kock (1999). However, where small scale
harvesting systems are involved, as in community-based projects or farmer-owned
forests, then shorter felling cycles may be indicated. Shorter felling cycles should
also be combined with concepts of silvicultural treatment and more intensive forest
monitoring and control.

The minimum diameter limit determines directly the level of yield. A higher limit
will reduce the both the available stock of timber, and the commercial productivity.
The most productive diameter can be determined by the method described in Alder
(1992) if increment and mortality rates are known. It is likely to be necessary to
reserve trees substantially above the diameter limit as seed trees if adequate
regeneration is to be assured (Plumtre, 1995), whilst the spacing of such trees needs
to respect their genetic and reproductive mechanisms (Kanashiro, 1998).

It is not necessarily a desirable management policy to always take the largest trees
and leave the smaller ones. It may be desirable to reserve large trees as seed trees,
even if, or especially if, they are deemed ‘overmature’. It may also be a very
desirable and effective policy to remove commercially competitors to higher valued
reserved trees as a liberation thinning. Thus the diameter limit alone is not a
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sufficient criterion for regulating the yield in a selection forest.

Yield estimation through stand projection

Because of the complexities of stand management in natural forests, it is probably
essential to have some form of stand projection model that will take into account
variations in stand structure from place to place, and allow mean annual increment
to be estimated, preferably over several felling cycles. Vanclay (1994, 1995) and
Alder (1995) give practical information for the techniques of modelling natural
tropical forests. Examples of empirical methods of stand projection are given in
Vanclay (1989) for North Queensland rainforests, Howard and Valerio (1992) for
Costa Rica, and Alder and Silva (1999) for Brazil, among others.

Models can be simple or elaborate, and may use extensive permanent sample plot
data or simple assumptions about growth rate and mortality. Simple models can be
quite effective. Both the SIRENA and PINFORM models developed by the author
(Alder, 1997, 1998) used only tabulated mean increments and mortality rates,
without any elaborate diameter increment functions. These are supported by stand
level functions for recruitment, for stand density effects, and logging damage. There
is enough similarity between the performance of these models, for Northern Costa
Rica and Papua New Guinea lowland tropical forest, and also the more complex
CAFOGROM model (Alder and Silva, 1999), to suggest that pan tropical tabulations
of these basic functions are possible and can be used to provide a basic and easily
parameterized model for provisional use.

Spatial allocation of yield by management units

Species in natural forest tend to be clustered and to follow environmental gradients,
both actual and historical. In addition, the forest is a mosaic of successional phases
over scales from the individual tree gap to areas of many square kilometres. Treating
a whole managed area as if it had an homogeneous average stand table will rapidly
result in an impossible conflict between a management plan and operational reality.
If a plan is to be feasible, it must reflect spatial variation. Yield regulation, which
links the plan and operations through a monitoring and regulatory process, must
reflect this spatial variation.

Essentially, there are two approaches. The first maps the forest mosaic using remote
sensing and aerial photography, and uses a stratified inventory to derive average
stand tables for each identified forest type or mosaic element.

The second uses a systematic inventory on a grid to map the forest mosaic directly
from the inventory.

In either case, the yield regulation process should relate the allowable cut calculated
for each management unit (a grid cell or map polygon) to an annual target or
requirement for timber, and to operational or conservation constraints, including
ownership units, access routes and sequences and the like. This spatial allocation of
yield can be resolved by two basic approaches:

. By a mathematical programming algorithm. Conventional linear programming
problems can be set up and solved using the standard facilities of Microsoft Excel,
for example (the Solver module). Integer or zero-one programming are variants
which would require specialised programming or packages, but are quite
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suitable for “all or nothing’ situations such as the allocation or non-allocation of a
grid cell for felling in a particular year. These methods are widely used for yield

regulation in plantations and temperate mixed forests (eg. Rorres, 1978; Clutter et
al., 1983; Leuschner, 1984).

. By trial and error. This is involves using a combination of maps and graphs to
select management units (stands, sub-compartments, blocks, etc.) for felling in a
way that reasonably satisfies the more obvious constraints and practical aspects.
This is the more common technique in the tropics, and is most suited when many
decisions cannot be based on fully quantifiable or logical criteria. The process
can be assisted by GIS, or computer simulation. There are also a variety of
algorithms that can completely or partially automate the trial and error process,
including recursive decision tree searches and genetic algorithms.

The outcome of the process of spatial allocation will be a felling series that involves
unequal sized coupes, but producing either equal volumes of timber, or yields which
are within some limits of variation over time that can allow a stable industry to
develop or continue to operate. In some cases, the goal might be to produce a
specific balance of species; in others, it may reflect the need to provide continuous
employment in different settlements adjoining or within the forest. The constraints
on the plan will typically include a number of conservation factors.

Within a given stand, a further layer of yield regulation may be required, to respect
fine scale conservation principles and ensure that logging is properly controlled.
This will typically involve stock surveys to map and number larger trees, and the
allocation of specific trees for felling.

Monitoring and control

A system of yield regulation will at the end amount to nothing if there is no monitoring and
control, no matter how elaborate or complex the mathematical systems used, or how
beautifully detailed and coloured the maps. A part of the process of yield regulation
is to define specific targets for monitoring. In terms of areas, this involves having
definable geographical boundaries. With modern GPS systems, this is a much easier
task than formerly, and it may be less necessary nowadays to physically demarcate
boundaries, since the location of operations can be checked directly against a GPS
reading. However, a system of monitoring does need to be set up whereby the forest
is patrolled, and reports made of the locations of any forest operations.

For tree level monitoring, felled stumps need to be identified and checked against
lists of trees permitted to be felled. This requires a suitable numbering system, that
will survive on the stump, and a tree map to check for ambiguities.

The monitoring party should not be engaged directly in enforcement. The latter is a
simple recipe for corruption. Instead, monitoring data should be fed back into a
main database that contains forest areas, yield lists, and operating rights and
agreements. Where discrepancies occur which exceed those that can be tolerated as
data errors, then a separate and suitably equipped (legally and physically)
enforcement unit should be assigned to investigate.

A strategy for yield regulation with minimal data
The present workshop represents an initial step for the DFID project Humid and semi-
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humid tropical forest yield regulation with minimal data. The direction the project will
take will be informed by the conclusions for the workshop. However, the author
considers that the following are the key elements that the project will address:

. A clarification of issues and terms, especially in relation to the concepts of
yield, sustainable yield, allowable cut, and mean annual increment.

. A handbook of pan-tropical statistics, showing typical growth and mortality
rates for many species from published sources, recruitment functions, logging
damage, maxim basal area, volume and biomass, typical volume equations, and
the like. Ideally, these will be provided in database form on a CD-ROM, as well
as in a printed publication.

. A basic model for estimating allowable cut using the pan-tropical data, and
combined with suitable inventory data. To assist this a simple inventory
program will be provided, although it will also be easy to configure inventory
data from other sources. This model will be supported by a user’s guide.

. A spatial allocation model that will interface with the stand model and use a
simple recursive decision tree approach to define coupes and felling series subject
to various constraints and objectives.

Conclusion

A number of points have been discussed in this paper. Yield regulation is at the core
of sustainable forestry practice, and must be based on the real world. This means
especially taking account of some of the complexities of natural tropical forest
management, which include strong human, conservation, and marketing constraints,
a general lack of knowledge of species dynamics and ecology, and the spatial
diversity of the forest at a variety of scales.

Even the simplest yield regulation method will therefore be relatively complex if it is
to correspond to anything that can be practically implemented. However, the author
feels that the basic data exists on general growth and yield to provide a start in this
direction, and there is enough experience in empirical stand projection methods to
show how reasonable estimates of sustainable yield and allowable cut can be made.
A fundamental objective of the DFID project Humid and semi-humid tropical forest yield
regulation with minimal data will be to serve this data and systems up in a simplified,
useable format. This will hopefully help to bridge the rather large gap between the
ideal of sustainable forestry and its realization in practice in the tropics.
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Abstract

Tropenbos develops methods for sustainable forest management in its programmes in
Guyana and Cameroon. In both countries, growth and yield models are currently not
available to guide management decisions, but they are developed as part of the research
projects. In Guyana, a population model is available for Greenheart, the major commercial
species. In this contribution this model is used to show that yield prediction based on limited
data in the form of size class distribution data has limited reliability. Minor variations in
dynamic characteristics may lead to substantial differences in expected yield. It is concluded
that even in conditions of limited data availability some knowledge about population
dynamics is required, but that this requirement can be reduced by classifying species in
functional groups.

Experiences with yield regulation in Tropenbos

The Tropenbos Programme is involved in research projects supporting sustainable
forest management, including aspects of yield regulation, at several sites throughout
the Tropics. In Guyana and Cameroon projects have recently been concluded that
focused on the design of reduced impact harvesting techniques for forests producing
Greenheart (Chlorocardium rodiei) and Azobé (Lophira alata) timbers. A recent
comparative review of these two projects can be found in van der Hout and van
Leersum (1998). At both sites, periodic measurements of tree growth, survival and
recruitment have accompanied the harvesting operations.

Logging in both countries occurs in previously unlogged forest. Reliable growth,
mortality and recruitment data are not available to operators, preventing the
possibility of adapting logging strategy to the requirements dictated by future
harvesting needs. Similarly, the dynamic data generated in both projects were not
available at the time of experimental harvesting. Little is known about annual
allowable cut, both at the species and the stand level. Therefore, trees to be harvested
were selected according to a combination of legal stipulations (a minimum felling
diameter) and requirements related to the avoidance of large impacts on either forest
structure, species abundance or future crop trees according to the best professional
judgement of the responsible researcher.

In Guyana the following objectives were considered with tree selection:

1) An even distribution of small logging gaps over the area - based on research
indicating that large gaps have negative ecological and silvicultural impacts.
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