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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 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

Prescribed Cut

Prescribed Yield

Permissible Yield
A clearly expressed specification of the average quantity of wood (or other product), usually in an approved management plan, that may be harvested from a forest management unit, annually or periodically over a specified period. Usually expressed as quantity per unit area.

Annual Allowable Cut (AAC)
The Allowable Cut expressed on an annual basis.

Felling Cycle

Cutting Cycle
The interval, in years, between successive fellings in a polycyclic silvicultural system.

Rotation
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 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 andharvest.

Sustainable Forest Management
Is achieved if the accumulated mean annual increment 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 the accumulated MAI should always be less than the total harvest. ???

Time of Passage

Transition Time.
The time, in years, for a tree to grow through one or more diameter classes; often the time taken for a tree 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:


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
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Where
R = the rotation (cutting cycle) for the major species.

Va = 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 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).
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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
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Where
Vp = present merchantable volume,



Vf = future merchantable volume,



R  = the length of two cutting cycles where each is 0.5R.

The problem in practice, of course, is the estimation of future merchantable volume.

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, Dm

Vo = volume of over-mature timber greater than diameter of Do

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


Rm = estimation of rotation for merchantable diameter

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


Rp = 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 Dm or Dp than the number above, and provided that the stems are known to be growing, then
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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 Dm (or Dp) 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, Df, 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
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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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where 
Vo = 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)


nz = 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:
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Where
Ia  =  actual mean annual volume increment



Va = actual volume of the growing stock



Vn = 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 MAI.  Consequently the increment will be higher when the expression (Va – Vn) is negative, and will be lower when it is positive and high.  The MAI 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:
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Where
In = theoretical normal MAI.

The use of the MAI, 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).

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:
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Where
Vm = the average volume of commercial species above a specified diameter for a specified area of forest,

Ip = 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:
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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 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 orignally 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:
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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) a proportion 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.

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 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:

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

· 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 Côte 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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