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Summary

Growth plots to monitor the growth and diameter increment of trees were established as early as 1901 in Peninsular Malaysia however these plots were invalidated later due to non-conformity of measurements. The first endeavour to study growth and yield in Peninsular Malaysia was only started in 1974 when the first permanent sample plots (PSP) were established.  The first PSPs in Peninsular Malaysia for this purpose were set up at Terengganu.  The study was initially conducted to investigate the economic and silviculture implications of forest management under various cutting intensities and cutting regimes.  For this purpose, about 150 ha of PSPs in hill forest were established.  Other than that, many more such study areas were established in various parts of  Peninsular Malaysia so as to cover the major different forest type of the country. 

The concept of growth and yield modelling is indeed new in Malaysian forest management. For Peninsular Malaysia, except for several isolated studies, there is no growth and yield model available that has been used in the current management system.  Several documented studies before are FORSTAM, Linear Regression, Individual Tree Distance, Log Production Models, GandY Functions, STANDPRO, DIPSIM, FORMIX and Single Tree Model.   The only growth and yield model in Malaysia is DIPSIM (A Dipterocarp Forest Growth Simulation Model for Sabah) and STANPRO (Stand Projection Model for Sarawak).  DIPSIM was developed in 1994, and purposely formed for Sabah’s mixed dipterocarp.  Currently  DIPSIM is being modified before it can be used in Peninsular Malaysia.  Problems encountered in growth and yield studies in Peninsular Malaysia can be divided into four aspects namely:  nature of the forest, management operation, permanent sample plot management and data analysis and modelling aspects.  

A case study  on growth and yield models (individual tree and plot scale) is developed for a permanent sample plot data set established and re-measured over a 15 year period.  The models predict that the next harvest will consist primarily of non-Dipterocarp species, due to high mortality of residual Dipterocarps and low recruitment.  A sensitivity analysis indicates that the mortality rate has the biggest influence on the forecasts, and obtaining more precise estimates of mortality is needed.  Because the mortality for Dipterocarps was still  high (3-4%) up to 10 years after logging, mortality models fitted using these data may be overestimating future mortality, as there is evidence that the mortality drops to 1 or 2 percent by the 15th year.  Nevertheless, the observed high levels of mortality during years 1-10 are real and result in considerable reduction in the stocking of  Dipterocarps in the stand.  This indicates that the effects of harvesting may last over longer time periods than previously thought.  

This paper reports the status of growth and yield modelling in the country, and its related problems.  A case study that presented the results from growth and yield plots managed by FRIM is also highlighted.

Introduction

Growth and yield prediction strategies are important components in the management of tropical mixed forests in Peninsular Malaysia. To manage better about 2.78 million ha of its productive forests within 4.88 million ha of permanent forest estate, accurate data and projections of the ability of forest to grow and yield is important to outline the management strategies in the efforts to achieve the state of sustainable forest management.   This is due to the fact that central to sustainable forest management is knowledge of the growth and yield of the forest over time and permanent sample plots are often the means used to collect this information.   Studies on growth and yield were initiated as early as 1901 (Revilla, 1980), however, until now the information gathered through those earlier studies has little been incorporated into forest management, especially when most of the forests are in hilly and higher elevation areas.  

As in other tropical countries,  Malaysia also is weak in this discipline even though many plots have been established and a huge amount of data have been collected.  The main reason for this is that many of the old plot  no longer exist as most of them were located in lowland forests which have been excised to other land uses.  As forest management moves to higher elevations with different forest ecosystems,  efforts have been made to establish series of permanent sample plots in newly managed areas.  Yong (1997) reported the establishment and some preliminary results of the data analysis of these plots.  Since most of the plots were established after 1973, the data are found to be limited for management application.

This paper reports the status of growth and yield studies in the country, and its related problems.  The results of a case study from growth and yield plots managed by FRIM is also highlighted.

Growth and Yield Studies Status

Even though many efforts has been initiated in the early 1900s, the first endeavour to study growth and yield in Peninsular Malaysia was only started at 1973 when the first PSPs were established under the UNDP/FAO Project.  The first PSPs in Peninsular Malaysia for this purpose were set up in the State of Terengganu.  The study was initially conducted to investigate the economic and silvicultural implications of forest management under various cutting intensities and cutting regimes.  For this purpose, about 150 ha of PSPs in hill forest were established.  Other than that, more study areas were established in various parts of Peninsular Malaysia so as to cover the major different forest type of the country. In 1982, a series of 11 growth and yield plots were established under the ITTO FD Project to test the growth behaviour of several forest stands under different harvesting intensities.  FRIM joined the bandwagon by establishing 36 plots in two forest reserves to test different harvesting methods and intensities.  On top of that the Forestry Department has established about 46 continuous forest inventory plots throughout the country to incorporate them with the National Forest Inventories carried out every 10 years .

The concept of growth and yield is indeed new in Malaysian forest management.  Many of the previous efforts are only study based models. Furthermore they are confined to specific sites or forest stand.  Currently, there is no specific growth and yield model developed that has been used in the management of tropical mixed forests in the country.  The only growth and yield model in Malaysia is  DIPSIM, A Dipterocarp Forest Growth Simulation Model for Sabah (Ong and Kliene, 1997) and STANPRO -Stand Projection Model for Sarawak (Korsgard, 1988).  DIPSIM was developed in 1994, specifically for Sabah’s mixed dipterocarp forest. 

The first attempt to develop a computer simulation model was under taken by Salleh (1997) who developed  a preliminary  forest stand management model (FORSTAM) to simulate the tropical forest stand under management.  The model took consideration of the cutting regime, silvicultural system and logging system as part of management strategy and alternatives and determines their impacts on forest stand.

Borhan (1985), developed a linear regression model to predict the growth of  a selectively cut dipterocarp forests in Labis F.R. , Peninsular Malaysia.  He found that the total standing basal area and volume of trees and above, immediately after harvest, were the best independent variables to predict the standing basal area and volume yield four years after harvest.

Individual tree distance independent models were developed by Wan Razali (1986) to model the diameter increment and mortality of the mixed tropical forest of P. Malaysia.  He used linear and non-linear models in his study.

In 1990,  comprehensive growth and yield functions were developed (Yong 1990).  In this study, growth functions by species groups and diameter limits for three stand variables (number of stand, basal area and gross volume) were developed and used to predict the future yield of all trees with a  30 cm and larger diameter.

Based on a stand table projection model developed by Kofod (1982) for the state of Sarawak, Korsgard (1989, 1995) had improved and adapted the model for use in Peninsular Malaysia.  The projection is based on an initial stand table and is projected over one or more periods and the effects of harvesting damage and silvicultural treatments on growth simulated.

Currently the DIPSIM is being modified and adopted to Peninsular Malaysia based on the original DIPSIM developed for Sabah State. This individual tree based model can be used to model the annual growth in term of number of stems, basal area and volume.  The model can be used to determine stand dynamics for periods of up to 60 years and the effects of different harvesting prescriptions to provide support for decisions in yield regulation.

A case study

In 1979, 18 permanent sample plots were established in Compartment 5A, Tekam Forest reserve in the state of Pahang, Peninsular Malaysia.  The study areas were logged and immediately after logging,  eighteen one hectare plots were established. In each plot, data were collected for each tree greater than 10 cm in diameter including diameter at breast height (dbh) and species. Measurements were made each year after logging for the first five years and at 2-3 year intervals afterwards, spanning a 15 year period (1980, 1981, 1982, 1983, 1984, 1985, 1987, 1989 and 1994).  For the purpose of this paper the species level data has been aggregated into separate analyses for three tree groups; all Dipterocarps, all commercial non-Dipterocarps and the remaining non-commercial species.

Growth and Yield models are explored for data from logged over Dipterocarp forests at two scales: predicting the diameter growth, percentage mortality and number of recruits for individual trees per hectare per year and predicting the growth, mortality  and recruitment in terms of basal area per hectare.  The data for model fitting consists of all trees 10 cm dbh and above in the 18  growth and yield plots.

Individual Tree Model

For the individual tree model, growth is expressed as diameter increment (cm/yr) as a function of plot basal area with separate increment functions for dark red meranti, light red meranti, white/yellow meranti, non-meranti heavy hardwoods, non-meranti medium hardwoods, non-meranti light hardwoods, non-Dipterocarp heavy hardwoods, non-Dipterocarp medium hardwoods, non-Dipterocarp light hardwoods, non-commercial species.  Separate mortality rates (percent/ha/yr) are used for Dipterocarps, non-Dipterocarps, and all non-commercial trees (Figure 1 and 2) and are modelled as a function of plot basal area. Mortality is modelled as the proportion of trees in each group that die per hectare per year as opposed to modelling the probability that each individual tree will die.  Recruitment is modelled as number of trees/ha/year entering the 10 cm dbh size class as a function of plot basal area, and group basal area, where the groups are the same as mentioned above for the diameter increment functions.  Volume is computed using volume-diameter equations for the different groups that were developed elsewhere (Anon, 1996).  The procedure for forecasting begins by computing the total basal area and basal area per group per hectare from an input stand table or from the previous years’ forecast.  These two values are then used in the prediction equations to compute growth increments, mortality rates, and recruitment counts for the year.  Then, the number of 10 cm trees that  are predicted to be recruited are appended to the list of trees, trees are removed from the list by randomly selecting trees from each group for mortality according to the specified proportions, and the diameters of the remaining trees (except for those just recruited) are increased according to the predicted growth increments.  Once the tree list has been updated in this manner, estimated volume is computed and saved, the total basal area per hectare and group basal area per hectare is re-computed and the process is repeated.

The fitted equations for diameter increment, mortality rates and recruitments are shown in Appendix I.

Simulation Results

Results of simulation are given in Figures 1 and 2 at different mortality rates. The results using these fitted equations give dismal results.  In particular the volume for Dipterocarps is predicted to decline for an additional 60 years after logging.  It is evident that the estimated mortality rate is the major cause of this model behaviour.  As an illustration, the fitted mortality rate for Dipterocarps (which ranged between 3-4 percent per year) is replaced by a fixed rate of 1 percent and the forecasts recomputed.  The result under this scenario is an increase in basal area over the same time period.  This illustrates the need for having good estimates of the long-term mortality rates for Dipterocarps.  The results of Wan Razali (1987,  1988) are based on longer term data sets.  He models the probability of mortality of individual trees over a seven year period as a function of tree and stand attributes, rather than modelling the proportion of trees that die in each species group.  For this application, the predicted mortality using his results is adjusted from a seven year mortality rate to an annual mortality by raising the mortality to the power of 1/7.  The result is an increase in Dipterocarp volume over the 25 year forecast period and a decrease in the commercial non-Dipterocarp volume.

Plot Scale Model

For the plot scale model, growth, mortality and recruitment are modelled as the gain, loss and gain in basal area per hectare per year for all Dipterocarps, non-Dipterocarps and non-commercial trees, so the entire system is governed by these nine equations.

Simulation Results

The results using the plot scale model indicate that the Dipterocarps will maintain their present level of basal area occupancy over the next period (the model actually predicts a slight rise and fall) and the commercial non-Dipterocarps and the non-commercial species will increase in basal area considerably (Figure 3).  The model predicts that the forest will become a primarily non-Dipterocarp forest, but with 40% of its basal area consisting of non-Dipterocarp trees of commercial value.
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Figure 1:  Forecasts using fixed mortality rates of  1.5% for Dipterocarps, 2% for Commercial non-Dipterocarps and 2.2% for non-commercial trees: Individual tree model.
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Figure 2:   Forecasts using fitted mortality rates for Dipterocarps, Commercial non-Dipterocarps and non-commercial trees: Individual tree model.
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Figure 3:  Forecasts using fitted mortality rates for Dipterocarps, Commercial non-Dipterocarps and non-commercial trees:  Plot scale model.

General Observations

It is clear from both of these models that the basal area and volume of Dipterocarps not predicted to increase in a significant way.  Both models predict the forest to shift from a Dipterocarp forest to a primarily non-Dipterocarp forest, the degree to which depending upon the model.  There is considerable unexplained variation in the growth, mortality and recruitment rates for these simple models.  However, the message seems to be clear that the forests will have timber of commercial value in the future if left as they are but it will consist primarily of non-Dipterocarps.

Problems related to growth and yield predictions

Some considerations regarding the Minimum data requirements for growth and yield data projections from experimental plots is as given in Appendix II.  However some major problems related to growth and yield predictions are given as below:

Nature of the forest

To model future yield for logged-over forest, one should bare in mind that it is difficult as the forests are different in stocking due to different harvesting intensities and damages.  At the moment, understanding on competition  complexity is also very limited to incorporate into growth model.  The same condition applies to soil productivity as there is no initiative taken to classify forest soil into different productivity classes.

Management operation

In modelling forest growth and future yield, information on harvesting intensity and damage, and different silvicultural treatment is very important.  Stand with treatments normally yielded higher in the future than the one without any treatment. In many studies and permanent sample plots, these information/records are missing.

Permanent sample plot management

Some considerations to an ideal way to manage permanent sample plots for the purpose of yield prediction is given in Appendix II.  There is always the case where insufficient data are collected, trees are not fully identified and the number of plot replications is not correctly determined.   With the current yield prediction by incorporating competition in the model, information such as crown diameter, tree location, light illumination class and etc. are required.

Data analysis and modelling.
In many plot data analysis cases, data errors are very high.  Data cleaning sometimes took longer period than the analysis.  Beside that sufficient number of individual needed for very high output accuracy is still unknown.  In Malaysia, different person analysed the data differently and it is very difficult to compare analysis result (Yong, 1997).  Standard protocol is required and the question of what to be modelled is also needed to be clearly defined.  As of now what is the best the modelling approach is unclear and the same thing occurs in model fitting and validation.

Conclusion

Growth and yield studies and yield projection models are among the most important elements in forest management for continuing timber production. Even though many growth and yield plots have been established with frequent measurements, not many of them are properly analysed and the results are not fully used to model or project future yields.  This has resulted in  abundant data and information especially in Malaysia. However this huge amount of information is confined to dipterocarp forest only and there is little on mangrove and peat swamp forest.  Even in dipterocarp forests, which consist of many forest associations, it was found that the available plots and data are not representing all of them.  Future actions and analysis should take this in consideration too.

There have been some common problems related to growth and yield modelling for tropical mixed forests.  Beside an abundance of growth data, the lack of expertise, co-ordination and funding are a common problem shared by countries with tropical mixed forests.   There is a need for an action plan which should be operated in four major areas viz. standardisation of procedures in growth and yield studies, sharing of data collected, extensive and comprehensive analysis and modelling, and establishment of research networks on this matter in the future.  With this action plan, it is anticipated that most of the problems in modelling growth and yield in tropical mixed forests can be further reduced.

In the future, the model needed to predict growth and yield is the one  that is simple and accurate.  The model also should be able to be used in the event where there is  insufficient data. The model also must be able to incorporate the complexity of tropical mixed forest and environmental parameters such as soil and climate.
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Appendix 1
Diameter increment, mortality and ingrowth equations used in the models

Diameter increment equations:

· di=change in diameter (cm/yr) of an individual tree

· X=total basal area of all trees in the 1 hectare plot at the beginning of the forecast period

Dark Red Meranti

· di=exp(-0.15539-0.011392 x X)-0.2

Light Red Meranti

· di=exp(-0.191158-.0112268 x X)-0.2

White Yellow Meranti (insufficient sample size, so just average the increments for DRM and LRM)

· di= ((exp(-0.15539-0.011392 x X)-0.2) + (exp(-0.191158-.0112268 x X)-0.2))/2

Non-Meranti Heavy Hardwood

· di=exp(-0.107701-0.0150806 x X)-0.2

Non-Meranti Medium Hardwood:
· di=exp(-0.107701-0.0150806 x X)-0.2

Non-Dip Heavy Hardwood

· di=exp(-0.27367-0.0135317 x X)-0.2

Non-Dip Medium Hardwood

· di=exp(-0.3326-0.01265 x X)-0.2

Non-Dip Light Hardwood

· di=exp(-0.03232-0.0204071 x X)-0.2

Other non-Dip commercial species

· di=exp(-0.09459-0.0206 x X)-0.2

Non-Commercial

· di=exp(-0.269411-0.013844 x X)-0.2

Mortality equations:

Proportion dying in a 12 month period for each of the Dipterocarp groups

· a=exp(0.6417+0.008025*x); proportion={a/(1+a)}–(0.5/37)
randomly delete this proportion of trees from each of the groups (DRM, LRM,WYM, NDHHW, NDMHW)

Proportion dying in a 12 month period for each of the non-Dip commercial groups

· a=exp(1.9176-0.00222 x X);proportion={a/(1+a)}–(0.5/120) 
randomly delete this proportion of trees from each of the groups (NDHHW,NDMHW, NDLHW, other nonDip commercial species)

Proportion of non-commercial trees dying in a 12 month period

· a=exp(3.747-0.1206 x X +0.00252 x X2); proportion=a/(1+a);
randomly delete this proportion of trees from the noncommercial group

Recruitment equations:

Number of 10 cm diameter trees added to the 1 hectare plot in 12 months,

round the result to the nearest integer.

Dark Red Meranti.   note: x2d1 is the total basal area of DRM in the 1

hectare plot

· N=exp(0.34405-0.00875 x X + 0.0355 x X2d1)-1;

Light Red Meranti

· N=0 x X +exp(0.34196);  ???

White Yellow Meranti

· N=exp(0.149-0.0042 x X)-1;

Non Meranti Heavy Hardwood (insufficient sample size)

· N=1

Non Meranti Medium Hardwood

· y4=exp(0.53578-0.01274 x X)-1;

Non Dip Heavy Hardwood.  

Note x2nm2=total basal area of NDHHW in the 1

hectare plot

· y5=0 x X +exp(0.05848+0.03675 x X2 nm2)-1;

Non Dip Medium Hardwood (insufficient Sample Size)

· N=1;

Non Dip Light Hardwood

· N=exp(1.911-0.02864 x X)-1;

Other non Dip Commercial. Note x2nd4 = total basal area of these non Dip

Commercial trees in the 1 hectare plot

· N=exp(1.8898-0.05361 x X+0.2955 x X2nd4)-1;

Non Commercial

· N=exp(2.3986-0.0178434 x X)-1;

Appendix II
Minimum data requirements for growth and yield data projections:  Some considerations for growth and yield data projections from experimental plots

Plot establishment

Plot size and shape 

· size and shape of plot

· smallest sub-plot 

· problems of edge effects

Logistic consideration

· accessibility

Sampling 

· number of plots per treatment  

· basis for stratification – stand basal  area, topography, soil

· minimum number of replicates 

GPS

· future relocation

· overlays using GIS 

· mapping

Proper execution of treatments

· all marked trees for treatment should be treated

· least damage to trees marked for retention

· control of felling 

Data collection during establishment

· what variables to be collected 

· important variables for model prediction – site factors e.g. slope, elevation, aspects, site quality

· tree mapping by quadrants e.g. 10 x 10 m

· tree numbering in each sub-plot should be unique

· tree identification – what level  e.g vernacular names, species or genus, requires skilful person to identify trees

· minimum tree and plot attributes  

Treatments 

· untreated stand included 

· standard treatment included

· cover wide range of treatments

Road and skid-trail

· what percentage allowed to be included in the sample plots 

Data collection

· First measurement

· should the stand record before treatment be included 

· growth parameters, site parameters, plot and subplot attributes 

Frequency of measurement

· 1, 2, 3 or  more years, longer interval reduces potential errors especially with negative increments but might lose important information on stand dynamics depending on the objectives of the experiments – more frequent during early stage after treatment

Time/date of measurement

· effects of rainy season on stem size

· rains cause bark swelling – especially  in tree with corky bark

· if possible measure during dry season (?)

Point of measurement

· changes in point of measurements

· large buttress trees, difficult to measure, not included in the increment model but mortality model. Important plot/subplot attributes e.g. plot basal area

· large trees > 100 cm dbh with flaky barks,  increment not significant to tree size

Remeasurement

· tree mapping required

· plot location 

· pass record required

Missing tree 

· what to do – trees not found dead but missing

Data entry and screening

· Data entry and checking

· Revisiting for measurement checks 

What to screen ?

Data errors 

· measurement errors, entry errors

· errors detection

· deleting error data

· acceptable limits of data errors - -ve and +ve increments limits

Data editing

· displaying changes of tree size over time for checking 

· should we delete error data at this point  (before exploratory analysis)

Exploratory data analysis

· what  graphical displays suitable for the analysis

· histogram, density plot, scatter plot, boxplot, etc.

· outliers analysis

Model building

· growth or yield model 

· individual or stand level model 

· types of model e.g. regression techniques such as linear, non-linear,  non-linear but can be linearized  through transformation

· component of model – tree size, tree position, site factors, stand productivity etc.

Model fitting

· minimum number of sample required to develop growth model

· reasonable number of variables, stepwise regression, Cp stats etc.

· strategies for grouping of species  e.g. based on commercial timber classification, botanical, ecological, diameter increment equations  

· rare species 

· diagnostic plot

· assessment of model errors

Model validation

· data for validation

· validation technique – computing intensive method e.g Monte Carlo, boot strapping 
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