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ABSTRACT

The aim was to develop a model to predict the structural composition 

of natural tropical rain forests (NTRF) and to test alternative management 

strategies, with the production of yield tables.

A first attempt was made with the 'time of passage' approach (TPA) 

using inventory data from the dipterocarp forest in Sabah. Analysis to establish 

the rotation period for the dominant species, Parashorea tomentella, was not 

successful because of insufficient large trees which have declining increments. 

Within the limitations of the data set, it was established that it would take 105 

years for P. tomentella to reach 95 inches in girth. Other analyses centred on 

extracting homogeneous species groups of similar growth rates and applying a 

polynomial method to the raw ungrouped data in contrast to the grouped data 

required for the TPA. This approach illustrated that the TPA can be developed 

along alternative lines but that a wide range of tree size is essential.

Investigations then centred on developing a life stage and size class 

transition model which could be used to follow stand structure without having 

to predict the age of trees. Two main ecologically different species groups 

were used - the primary (PSG) and the secondary (SSG) species groups. The 

population dynamics of both groups were followed throughout stand 

development by quantifying seed-rain, seed-bank, seedling pool and diameter 

size class distributions. Growth and mortality were modelled as 

density-dependent functions of leaf area, and for competition the stand was 

divided into leaf canopy layers with horizontal and vertical effects. Gaps were 

modelled at a population level also, each gap being divided into an edge and 

central area, based on light regimes, which the species groups invade 

differentially. From the sizes of these areas, their types and the ages of 

regrowth, a gap index was evaluated for the relevant life/size stage which was 

then used to modify the growth rate of the corresponding life/size stage in the 

rest of the stand. Felling and planting were also incorporated into the model. 

The method used for representing this scheme was based on the matrix model 

originally used by Usher (1966). The model is highly interactive, providing 

facilities to change types of functions and their parameter values, which enable 

variations between species groups and sites to be modelled.

This model appears to be the first of its type that can predict
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development of a stand of NTRF. Secondary succession is well represented in 

the outputs in terms of leaf area, basal area and numbers of trees with regard 

to the assumptions made. Assuming that the range of values from the 

literature were representative of late successional stands, the model's 

predictions were within these ranges for most variables. For the management 

strategies investigated, the volumes harvested were within the range of values 

from the literature for a selection system of management. Ecological reversion 

of the stand which resulted from harvesting was reduced when planting was 

carried out.
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CHAPTER 1 

INTRODUCTION

1.1. AN APPRAISAL OF THE FORESTRY RESOURCE IN THE TROPICS

1.1.1. Natural occurrence

While the tropical zone contains about 40 per cent of the earth's 

surface between 23° 27' North and 23° 27' South, tropical forests occupy about 

50 per cent of the total forested area of the world, with only 6 per cent of the 

earth's surface being covered by closed tropical forests - between 9 and 11 

million km 2 . Table 1.1 gives the respective areas of land, tropical forests and 

plantations by continents, while Fig 1.1 shows the distribution of closed forests 

globally. It can be seen that Africa with the largest land area has the least 

closed forested and plantation areas while the South and Central American 

region being smaller than Africa, has the largest total and closed forested 

areas, and about twice the area of plantations of Africa. The South East Asian 

region, on the other hand, has the smallest land area but a proportionately 

higher amount of closed forests and plantations than either of the other 

regions.

Table 1.2 summarizes the physical environmental parameters and 

associated vegetational types across the tropical zone. The amount of 

insolation increases from the equatorial belt to the outer subtropical belts with 

a corresponding trend in the variation of the annual temperature. On the other 

hand, rainfall decreases along this gradient causing both relative humidity and 

growing periods to decrease. The environment thus becomes increasingly 

unfavourable for plant life along the gradient, and this is manifested through 

the types of climatic climax formations that have evolved and persisted along 

the gradient. It can be seen that the evergreen tropical forests, as a climatic 

climax formation, have a more favourable and stable environment than the 

other formations and this probably explains the diverse and rich flora present 

in the natural tropical rain forests (NTRF).



Table 1.1. Total area, forest area and forest plantation area 

in the tropics by continental regions. (Compiled from Unesco, 

1978; Evans, 1984).

Natural forests Plantations

Continental Land 

region area 

xlOOO 
km2

Tropical 

Africa 22150

South and 

Central 

America 14890

Total Closed

xlOOO xlOOO xlOOO 

km2 km2 km2

7340 (38)* 2100 (29)** 36 (13)

8210 (43)* 5900 (72)** 79 (28)

South East

Asia 9050 3600 (19)" 3000 (83) 159 (59)

World total 46090 19150 (100)* 11000 (58) + 272 (100)'

* - percentages of respective world totals.

** - percentages of respective regional total natural forests. 

+ - percentage of world total natural forests.
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1.1.2. The rain forest community

Floristically, the rain forest community is characterized by the 

following features:

1. There is an extremely rich flora in numbers of species 

which are mixed even over small areas. There are seldom 

less than 40 species of trees of exploitable size and 

sometimes over 100 species per hectare with the same 

species occurring only once or at the most a few times per 

hectare.

2. The flora is typically woody, with woody representatives of 

almost every natural order of plants, though dominated by 

normal tree families and genera.

3. In a mature forest, there are most often three broadly 

defined strata, excluding shrub and herb layers. Trees 

average 45-55 meters in height, are frequently buttressed 

and have relatively slender boles with a high form factor. 

Stands have a wide range of size and age classes.

4. There is an abundance of thick-stemmed creepers and 

lianas, woody and herbaceous epiphytes, climbing palms 

and other unusual life-forms.

5. In the evergreen forests, the majority of leaves are dark 

green, leathery, laurel-shaped, and with entire or nearly 

entire margins. Flowers are generally inconspicuous and 

greenish or whitish.

While these features are general to the rain forest communities across 

the tropics, it should be pointed out that there are important floristic 

differences between the communities in the three continental regions. These 

are:

1. Almost all of the species and many of the genera and 

families are peculiar to each continent.

2. There is a tendency towards family and species dominance 

among the larger dominant trees. In areas from Ceylon to 

the Philippines and Burma, the Dipterocarpaceae family is 

dominant with a number of species of one or more genera



being the most abundant. This feature is less marked but 

still evident for the Meliaceae and Sterculiaceae in 'Africa, 

and the Leguminoseae in America.

3. The Malayan rain forest seems richest in species with about 

20,000 species of phanerograms, while the African forests 

have about 10,000 species and the American forests are 

intermediate. A similar trend applies to the number of trees 

per unit area (FAO, 1958).

Spatially, two types of vegetation structures are recognized - vertical 

and horizontal. Vertically, there is a complex pattern from the top of the canopy 

to the soil. Richards (1964) recognized three principal layers of tree leaves and 

branches - those of the emergent trees, main canopy and a subcanopy. Below 

these are other layers - an underbrush or shrub zone, a ground flora and 

several layers of roots. There have been various attempts to elucidate the 

nature of these strata and to present them as useful concepts. There appears 

to be four concepts of stratification:

1. Stratification of species into groups based on their mature 

heights irrespective of their frequencies of occurrence 

(Sawyer and Lindsey, 1971).

2. Stratification of individuals based on mature and immature 

individual tree heights irrespective of species (Grubb et al, 

1963).

3. Stratification of leaf masses based on grouping leaf masses 

of individuals at the same level (MacArthur and MacArthur, 

1961; Odum et al, 1963).

4. Stratification based on plant architecture arrived at by 

grouping individuals experiencing the same set of 

environmental constraints. Both the set of trees and the set 

of environmental factors at that level constitute a stratum 

(Bourgeron and Guillaumet, 1982).

Horizontally, the distribution varies from inter-regional to regional 

(Whitmore, 1984). The latter can be further subdivided into geographical or 

ecological subunits and local or micro-scale subunits. Within the ecological 

variant, there are patches of species occurring randomly - the mosaic



viewpoint (Goodall, 1970; Webb et al, 1972; Brunig, 1973; and Brunig et al, 

T979), although this type of occurrence is not fully agreed upon. Gleason 

(1926), Watt (1964), and Daubenmire (1968) discards this type of occurrence in 

favour of a fortuitous one, which cannot be predicted.

Studies of vertical and horizontal distributions of vegetation lead to 

questions about the distribution and abundance of species, i. e. diversity. The 

tropical rain forest served as the basis for the formulation of hypotheses of 

diversity during the initial stages of studies of this nature. Presently, there are 

understood to be five types of diversity in the NTRF. These are:

1. Richness diversity: the number of species in the community 

(Whittaker, 1972, 1977).

2. Heterogeneity diversity: the distribution of individuals 

among species, also called equitability (Lloyd and Ghelardi, 

1964; Peet, 1974).

3. Alpha diversity: diversity within the community, or within 

habitat (MacArthur, 1965; Whittaker, 1972, 1977).

4. Beta diversity: diversity between habitats, or the extent of 

changes in species composition, or the turnover along a 

gradient (MacArthur, 1965; Whittaker, 1972, 1977).

5. Gamma diversity: diversity in the whole landscape 

(Whittaker, 1972, 1977).

The main generalizations from studies of diversity of these and other 

forests are:

1. Alpha, beta and gamma diversity are higher in the tropics 

(especially in the humid tropics) than in temperate regions.

2. The species number generally corresponds to habitat 

complexity and the tropics are thought to be more complex 

than temperate regions.

3. Tropical species are generally distributed more patchily than 

temperate species.

4. Tropical species have a smaller niche width than temperate 

species.

Despite these generalizations, there is no hypothesis adequately



explaining tropical forest diversity- Hypotheses that have been put forward 

include the following, which cannot be examined in detail here.

1. The stability and predictability hypothesis (Connell and 

Orias, 1964; MacArthur, 1965, 1972; Pielou, 1975).

2. The environmental heterogeneity hypothesis {MacArthur, 

1964, 1965; Karr, 1968, 1975; Karr and Roth, 1971; Rickleffs, 

1977).

3. The productivity hypothesis (Connell and Orias, 1964).

4. The predation and competition hypothesis (Paine, 1966; 

Connell, 1961, 1970, 1971, 1975; Harper, 1969; Janzen, 1970; 

Dayton and Hassler, 1972; Menge and Sutherland, 1976).

All of these hypotheses are based on the assumption that 

communities tend towards competitive equilibrium - a consequence of the 

principle of exclusion proposed by Cause (1934). However, this notion has been 

disputed by a number of authors (Grubb, 1977; Wiens, 1977; Connell, 1978; 

Huston, 1979) who- argue that communities eventually reach dynamic 

equilibrium instead of a competitive one.

Dynamic equilibrium is possible in a number of ways. One way is that 

species occupying the same niche in a community may avoid exclusion by 

reduction in population sizes and growth rates. Another is that species have 

evolved mechanisms to buffer them from environmental fluctuations and permit 

the coexistence of competitors by the existence of subtle differences in the 

ecotopes (Whittaker and Levin, 1977; Whittaker and Goodman, 1979). Bourgeron 

(1983) found some evidence supporting this theory from a study in the Tai 

forest, a tropical rain forest in Ivory Coast.

The internal dynamics of the NTRF is not fully understood at present. 

The forest perpetuates itself through disturbance and regrowth. Disturbances 

are of two types. One involves the immediate environment of a single tree and 

is caused by the collapse of a large branch or a senile tree as a result of age 

or disease. The other is from natural forces such as storms and landslips. In 

either case, gaps of variable sizes are created which determine the dynamics of 

recovery processes. This is because there are temporal and spatial differences 

in the microclimatic environments of different sizes of gaps (Schulz, 1960; Liew 

and Wong, 1973; Longman and Jenfk, 1974; Hartshorn, 1978; Whitmore, 1978, 

1984), and these determine the rates of colonization by different species and/or



the rates of growth of suppressed trees.

Denslow (1980) categorized three types of colonizers in the NTRF 

although there appears to be a continuum between two extremes. The three 

types are:

1. Large-gap specialists whose seeds germinate only in the 

high temperature and light conditions of large gaps and 

whose seedlings are highly shade-intolerant.

2. Small-gap specialists whose seeds are capable of 

germination in the shade but which require the presence of 

a gap for growth into the canopy.

3. Understorey specialists that do not require gaps for either 

germination or growth to reproductive sizes.

Other workers prefer a simpler scheme involving only two categories 

of species which are ecologically different although there is a spectrum across 

these categories. These categories are the primary group of species, referred to 

as shade-bearing, shade-tolerant, dryad, late serai or climax, and the secondary 

group of species, referred to as light-demanding, light-tolerant, nomad, early 

serai or pioneer (Aubre"ville, 1938; Jones, 1950, 1955, 1956; van Steenis, 1958; 

Knight, 1975; Richards, 1981; Whitmore, 1984).

The secondary group of species is characterized by the following 

properties, although more studies are required to substantiate them more fully:

- Light seed ( < 1 mg, e. g. Musanga cecropoides and 

Anthocephalus chinensi$ with minimal food storage, 

efficiently dispersed usually by wind and/or birds.

- Good seed dormancy.

- Germination in response to light and/or temperature.

- Immediate photosynthesis following germination.

- Early onset of a logarithmic phase of growth and its 

continuation until more or less sudden death.

- A growth strategy involving the formation of many vertical or 

inclined pithy stout stems bearing large leaves in a dense 

single layered canopy. This excludes initial competitors, 

maximises temperature, transpiration and photosynthesis 

during the heat of noon.



- Leaves which change orientation daily so that the degree of 

insolation is reduced.

- High growth rates.

- Early onset of more or less continuous flowering and copious 

fruit production.

- Intolerant of shade.

- Short life-span.

The primary group of species has the following properties which can 

be seen to be different from those of the secondary group, but more studies 

are needed:

- Large seeds with high food storage; dispersal by gravity, 

mammals, rodents and birds.

- Short seed dormancy.

- Some germination in shade or darkness; most respond to 

light and/or temperature.

- Not obligate photosynthesisers after germination because of 

large food reserves in seeds.

- Slow growth until senility and death.

- Trees have many branches (more reiteration) with a low leaf 

area density of small sclerophyllous leaves to conserve 

moisture.

- Movement of individual leaflets of compound leaves help in 

regulation of leaf temperature especially in the emergents.

- Slow growth rates.

- Supra-annual production of small number of seeds.

- Tolerant of shade; can persist for long periods in shade 

without growing.

- Long life-span.

A gap is generally the scene of a secondary succession on a very 

small scale. A simplistic view is that secondary species generally invade the 

gap producing a dense undergrowth which is slowly displaced by primary 

species. The repair of the gap passes through a number of serai stages 

depending on the size of the gap and the number of species of differ ing 

requirements in the forest. Very small gaps (10 m 2 ) can be repaired through the
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growth of suppressed trees of the primary species group. Larger gaps (500 m 2) 

may first be invaded by seedlings of the secondary species group which are 

displaced by a later serai but still light-demanding species and then by the 

primary species group.

In conclusion, the NTRFs are very complex and not fully understood. 

Globally, they appear similar but regionally, they are different. Attempts to 

understand the structure and diversity of the community have led to divergent 

views. The perpetuation of the forest is understood more than the 

above-mentioned features but even so, there are differring views especially 

with regard to the role of ecologically different species.

1.1.3. Importance

1.1.3.1. Timber production

As in most other type of forests, timber production is of primary 

importance. From Reliefs (1974) average figures of stand basal area per 

hectare in moist lowland evergreen tropical forests, Sommer (1976) estimated 

the exploitable growing stocks per hectare and for respective continents as 

well as their annual growth potentials. These values are presented in Table 1.3, 

and it can be seen that there is a total exploitable stock of approximately 8 x 

10 10 m 3 with an annual growth potential of between 1.2 - 2.9 x 10 9 m 3 per 

year. This is undoubtedly a vast resource.

1.1.3.2. Secondary products

Secondary forest products include arboreal exudates in the form of 

gums, resins, balsams, latex; drugs; dyes; edible nuts; essential oils; 

oil-bearing-nuts; spices; tannins and products from insect activities (Princen, 

1979; Gottlieb and Mors, 1980; Pryde et al, 1981). They significantly contribute 

to both the internal and external economies of many tropical countries and in 

some cases are comparable with timber earnings (Robbins and Matthews, 

1974). There are, however, no global estimates of this type of production but 

the following examples demonstrate the importance of some products in the 

local economy. A rural community in the Simplipal Hills in India, the Erenga 

Kharias, used to collect 15,000 kg year" 1 of wild honey from the'forest, which 

they sold for Rs 5 kg" 1 in the forest and up to Rs 20 kg" 1 in the city. Due to
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neglect by modern foresters, this resource has now declined to under 2,000 kg 

year (Unesco, 1978). In India, the estimated internal economy involving 

secondary forest products circulates about Rs 1,000 million year' 1 (Unesco, 

1978).

Table 1.3. Stand basal area, growing stocks, exploitable growing 

stocks and growth potential by continents (Compiled from Sommer, 

1976).

Region Basal Area Exploitable 

all species growing 

>55-60 cm stock

m2/ha m3/ha

Growing Total Total annual 

stock exploitable growth

growing potential

stock 

m3 xlO 6 m3 xlO 6 m3 xlO 6 yr" 1

Tropical 

Africa 6.3-13.9 63-139 (100) 30600-39400 17500 175- 350

South and 

Central 

America 5.7-10.3 57-103 (80) 50600-75900 30400 506-1518

South

East

Asia 8.2-20.0 80-200 (140) 41300-52200 31600 508-1016

Total 122500-167400 79500 1189-2884

( ) - average values.

1.1.3.3. Local social and environmental importance

Local social objectives include provision of employment, recreation 

facilities and the protection of the human environment particularly in regard to 

health hazards.

In industrialized countries, intensive mechanization is producing an
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increase in labour productivity, whereas in developing countries, labour 

productivity is stagnating but with an increase in the number of workers in the 

forestry sector. For example, the employment index, for the northern 

industrialized countries in forestry, fell from 100 in I960 to 60 in 1968, but 

that for Madagascar and western Malaysia rose from 100 to 151 for the same 

period (FAO, 1974).

In the developing countries, wages of forest workers are usually low 

but this does not lower production costs. Productivity is low because of lack of 

training and inefficient hand-tools, and also because of high transport costs 

due to lack of transport facilities. Further, climatic conditions in some countries, 

especially the rainy seasons, prevent year-round forestry operations and lower 

productivity even more (ILO, 1973). Nevertheless, the forestry sector offers 

mass employment and if suitable wood-consuming industries are set up, they 

can generate three to four times as much employment as the timber industry 

(ILO, 1973).

At present, recreational benefits are not significant in most areas of 

the tropical forests. One example of success is the Luquillo National Forest in 

Puerto Rico which attracts over one million local people each year (Myers, 

1983). This is an exception because touristically attractive animals are difficult 

to trace in rain forests, and visitors are little interested in the abundant and 

diversified flora. However, it has been suggested that recreation and tourism 

can be combined with other types of utilization in a multiple use system. This 

is still to be explored.

Forest perturbation can increase the risk and spread of health hazards 

in the tropics. Man-made disturbances, especially clearing for agriculture and 

grazing, simplify the ecosystem. This can cause an increase in the numbers of 

vertebrate and arthropod vectors which were present there, apart from which, 

new vectors can arrive and proliferate. Outbreaks of diseases of this nature 

have been documented by McCrumb et al (1957), Bendel (1970), Ford (1970), 

Restrepo et al (1970), Taufflieb et al (1971) and PAHO (1972), and they include 

yellow fever, encephalitis, leptospirosis and trypanosomiasis.

Environmentally, there are two related aspects of importance - water 

balance and biogeochemical cycles. More than a half (and as muc-h as 80 per 

cent) of all mineral nutrients of tropical rain forests is in the biomass and the 

top layers of the soil (Unesco, 1978). Rapid recycling is a feature of these 

forests, and in cases where the soil is poor, deep roots permit tapping of 

nutrients. Disturbances, like deforestation, remove much of the nutrient
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Stores and break the main nutrient pathways. Also nutrients made available by 

litter decomposition may be lost more rapidly through run-off.

The tropical forest canopy reduces run-off, by the reduction of 

throughfall and by interception, by as much as 50 per- cent of the rainfall 

(Synnott, 1975a). Forest cover also evens out seasonal fluctuations of outflow 

by facilitating infiltration at the expense of run-off. Forest exploitation generally 

increases throughflow and erosion, the extents of which depend on the 

intensity of the exploitation, slope, and types of soils and rocks. In a study in 

the Ivory Coast, in 1956, the soil loss from a secondary forest was 2.4 t ha" 1 

but in a cassava plantation in the same area, it was 92.8 t ha' 1 . In the following 

year, the respective values were 0.03 and 28.7 t ha' 1 (Roose, 1967). The main 

dangers arising from forest exploitation are loss of topsoil, sedimentation of 

streams, canals and reservoirs, and in some cases the increased magnitude of 

flood flows.

1.1.4. Conversion rates and their implications

Tropical forests are being disrupted and degraded, if not destroyed 

outright, at a rate that may leave most of them in a severely impoverished 

state by the end of this century. Table 1.4 give various estimates of conversion 

rates which vary from 11 - 46 ha per minute. What are the implications of this 

rapid rate of conversion?

It has been estimated that there are twice as many floral and faunal 

species in the tropics as there are in the temperate regions; further, there are 

about 20 to 40 per cent of our planet's stock of species in the tropical forests, 

i. e. between 2 to 5 million species (Lowe-McConnell, 1969; Baker, 1970; 

Dobzhansky, 1970; Raven et a/, 1971; Meggers et al, 1973; Raup et al, 1973; 

Myers, 1976; Raven, 1976; Myers, 1979), of which only 300,000 or about 15 per 

cent have a Latin name (Myers, 1980). The implication is that the loss of 

genetic stock and life-forms may be significant.

Climatologists are concerned at the prospect of a rapid increase in 

carbon dioxide levels in the atmosphere, though the extent and precise nature 

of the consequences are controversial (Siegenthaler and Oeschger, 1978; Smith, 

1978). It is agreed that increased levels of carbon dioxide in the atmosphere 

would cause a "greenhouse effect" but there is also the alarming possibility 

that the subsequently higher temperature of the sea would reduce the rate of 

absorption of this gas. Table 1.5 gives estimates of carbon in various 

components of the biosphere. It can be seen that the tropical rain forest has
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the highest component of all the biomes, and that it contains about half as 

much as the atmosphere.

Table 1.4. Rates of conversion of natural tropical forests.

Area of tropical Per cent Loss per

forest converted of biome minute
km2 yr" 1 ha min" 1

Source

110000

220000

56000

245000

1.2

2.4

0.6

2.7

20

40

11

46

Sommer, 1976

Saouma, 1978

Lanly and Clement,

Myers, 1983

1979

It is claimed that the rate of release of carbon dioxide caused by 

deforestation is one of the factors contributing to an increased level of this gas 

in the atmosphere. The burning of fossil fuels releases about 5 gigatons of 

carbon per year (Stewart, 1978), but the rate of release by deforestation is 

uncertain. Hutchinson (1954) and Woodwell and Houghton (1977) estimate both 

processes are of the same order, while Stewart (1978) reports the release by 

deforestation may be between 1 to 12 million gigatons per year. Currently, 2.3 

gigatons remain in the atmosphere which is an increase of 0.80 parts per 

million in the present level of 330 parts per million. A century ago, this was 

290 parts per million (Stewart, 1978). Whatever the real rates are, it is evident 

that increased deforestation in the tropics, considering that the tropical biome 

has the highest content of carbon of all biomes, could have a significant effect.

The fragility of tropical ecosystems is well documented (May, 1976; 

Cohen, 1978; McNaughton, 1978; Wolda, 1978; May, 1979; Rejmanek and Starry, 

1979; Lawlor, 1980; Yodzis, 1980). These studies indicate that increasing 

complexity of an ecosystem makes for dynamic fragility rather than robustness. 

Tropical forests, by virtue of their complexity, are extremely fragile, and when 

disturbed, they subsequently degrade.
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Table 1.5. Carbon distribution in compartments of the biosphere 

(Poore, 1976).

Compartment Carbon (gigaton )

Atmosphere 670

Land

Living organic 

Dead organic 

Freshwater

833

700

330

Ocean

Living organic 

Dead organic 

Inorganic

1.5

1000

40000

Sediments

Fossil fuels

Diffuse carbon and inorganic

10000

20000000

Tropical rain forest 

Tropical seasonal forest 

Temperate evergreen forest 

Temperate deciduous forest 

Boreal forest 

Cultivated land 

Total continental carbon

340

120

80

95

108

7

827

1 gigaton = 10 9 metric tons.

The low fertility of tropical soils has also been documented 

(Cunningham, 1963; Klinge, 1965; Mohr et al, 1972; Young, 1976). They generally 

have a low mineral content with a weak capacity for cation adsorption. They 

are also generally acid and poor in macro-nutrients but they are well drained 

and have good aeration. The presence of the forest modifies this low fertility. 

The upper horizon is enriched with organic matter (C/N ratio of around 12) and
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bases through decomposition of plant litter. Once the forest disappears, the 

organic content of the soil decreases considerably and the soil is then very 

susceptible to leaching. Charreau and Fauck (1970) reported losses of organic 

matter to be 20 - 30 per cent during the first year of exploitation in Africa, 

while Babalola and Chheda (1972) gives values as high as 63 per cent losses 

after several years. It is evident that conversion of tropical forested areas lead 

to irreversible processes in these ecosystems.

1.1.5. Plantations as supplementary sources of timber

World consumption of wood by 1995 is forecasted at 2.3 x 10 9 m 3 of 

industrial wood and 1.7 x 109 m 3 of fuelwood (FAO, 1978). At this level of 

consumption (4 x 10 9 m 3 yr" 1 ), it would take 75 years to exhaust the world's 

resources of wood assuming no increment in growth, no regeneration and no 

planting. Apart from this, present increment of wood (1.1 m 3 ha" 1 a" 1 ) exceeds 

present demands (0.85 m 3 ha" 1 a -1 ) (King, 1975). Table 1.1 gave the distribution 

of plantation areas by continental regions. The total plantation area is 0.025 per 

cent of the total closed forests, which is a very small resource by comparison. 

With this picture in mind, one can naturally ask "Why should plantations be 

established?". Many authorities have examined this question (Bene, 1974; King, 

1975; Wood, 1975; Johnston, 1976; World Bank, 1978; Eckholm, 1979; Kemp, 

1980; Evans, 1984) and the following reasons have been put forward: (i) to 

compensate for past and continuing destruction of natural forests; (ii) to ease 

the problems of access into, and high costs of extraction from, existing forests; 

(iii) to cater for losses of NTRF due to unsatisfactory natural regeneration; (iv) 

for higher productivity and quicker economic returns; (v) for redevelopment of 

economy; and (vi) to reduce local environmental destruction in cleared areas.

On the other hand, there are equally several factors arguing against 

this rationale and which support the idea of maintaining and expanding the 

present areas of NTRF. These are: (i) floral and faunal diversity; (ii) more 

efficient use of environmental resources; (iii) habitat diversity; (iv) 

insusceptibility to pests and diseases; (v) long term productivity; (vi) natural 

gene pools with greater evolutionary potential; (vii) lower cost of management 

and production; (viii) wider range of products; (ix) standards against which 

regional/global changes can be monitored; (x) areas of scientific research in 

natural processes; (xi) living areas for indigenous peoples; and (xii) important 

asset for recreation and enjoyment.

The main reasons for establishment of plantations are to relieve the
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pressure to exploit the decreasing reserves of closed IMTRF, and to aid the 

economy of the countries concerned. There are also political reasons: 

plantations serve as evidence of development. However, it is not to be implied 

that the NTRFs should be relegated to lesser uses. The evidence is that, in 

many respects, they are superior to plantations and would continue to be so.

1.2. SYSTEMS OF MANAGEMENT OF TROPICAL RAIN FORESTS

Forest management is the science of manipulation and administration 

of forests to satisfy human needs. Because of variations both in human needs 

and the structures of forests, it is not surprising that management systems 

have developed along different lines but there are three principles on which 

management is based. These are the maintenance of a productive forest in 

terms of silvicultural, ecological and economic equilibria.

Because most tropical countries were once the colonies of various 

European powers, their present systems of forest management have developed 

along lines similar to European schools of thought.

1.2.1. Silviculture in the tropics

1.2.1.1. Principles and silvicultural factors

The silvicultural principles developed in European countries are:

1. The forest is a stable productive area which implies the 

maintenance of the forest condition, the environment and 

ecological equilibrium of the particular forest.

2. There is continuous natural regeneration of the forest, with 

man only assisting by simple operations.

3. There is regular utilization of the greatest possible amount 

of produce over a specific area, before the exploitation of 

the mature crop.

The application of these principles in the tropics revealed that they 

were inapplicable to a large extent and led to "silvicultural blunders" (Stracey, 

1959) primarily because these ecosystems are so complex and little 

understood. Faced with such a heterogeneous and multi-aged structure, the
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first reaction of foresters has been to simplify the composition of the forest by 

reducing the number of species to the most valuable ones.

The second reaction was then to convert the forest into as regular a 

stand as possible for easier treatment and management which this form 

permits. Needless to say, it was thought that both of these actions would 

simplify the problem of natural regeneration for the self-perpetuation of the 

stand.

1.2.1.2. The selection system

The first type of silvicultural system introduced was the selection 

system ("jardinage") and is in fact still the system used in the greater part of 

the tropical forests today. The system is one of selecting, felling and extracting 

the largest trees of the most valuable species from the forest.

In Asia, this form of silviculture in the early days consisted of removal 

of commercially valuable trees without attention to possible degradation of the 

stand or to regeneration. It was assumed that enough seed trees were available 

in the neighbourhood for regeneration purposes. In some cases, only a 

minimum girth limit was established for exploitation, while in other places a 

proper selection developed as foresters perceived their actions on the structure 

of the forest. Some foresters express satisfaction in the proper selection 

system (Krishnaswamy, 1952; Kadambi, 1954) while others have misgivings 

about the attention paid to natural regeneration (Ranganathan, 1951; Rosayro, 

1954) and the effect of increased mechanization (Rosayro, 1954).

In Africa, early commercial exploitation was also similar, without much 

or any concern for the condition and quality of the residual stand. Aubre*ville 

(1949) and the First Inter-African Forestry Conference (Anon, 1951) both pointed
TlUXc

out the inevitable impoverishment/can result from such a policy, in terms of 

degradation and loss of species. However, in the case of regeneration, the 

trend has been to do enrichment plantings in lines, bands, blocks, groups, etc., 

with natural regeneration being applied in some special areas and types 

(CST/CCTA, 1956). The usual practice is to cut parallel strips 5 meters wide at 

20-25 meters apart, and seedlings of the desired species are planted at 

spacings of 3-5 meters apart. However, one problem is the fierce competition 

from strong light demanders, which have to be removed by girdling or other 

means - an expensive operation.

In America, commercial cutting has also followed the selection system.
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Again, there was little or no attempt at silvicultural control or management, 

except where minimum girth limits were set.

1.2.1.3. The shelterwood system

The second main silvicultural system applied was the shelterwood 

method ("coupe d'abri") of which there are various forms. In Asia, progressive 

coupes were introduced as in Europe. It involved several seeding fellings at 

intervals of a few years, with poisoning and girdling of unwanted stems. The 

main crop was harvested when regeneration was 5-10 years old, and after one 

more clearing and girdling, the area was passed as regenerated. However there 

were quite a few serious problems. There was, firstly, an inadequate amount of 

saleable produce and, secondly, there were technical and economical problems 

of extraction. But the most serious problem was with regeneration. The

commercial species suffered from great competition with unwanted species,
r

lianas and weeds. To avoid the expense of cleanings, the canopy was kept more 

dense to reduce light in the stand. However because the majority of exploited 

species were to some extent light demanders in this region, canopy closure 

hindered the growth of these species.

In Africa, in 1944, a sequence of cutting operation was introduced 

under the title "Tropical Shelterwood System" (TSS) (Lancaster, 1961). It aimed 

at regeneration of at least 100 well-established seedlings per hectare of 

desirable species under the shade of the original forest before exploitation. In 

fact, this was another effort directed at the enrichment of the stand rather than 

securing maximum regeneration. The operations consisted of cutting climbers 

and understorey trees and shrubs, and poison-girdling undesirable lowerstorey 

trees for a period of 5-6 years before final felling. The aim was to encourage 

and release regeneration of commercial species. While it is agreed that the 

effect is one of increasing the amount of regeneration (Jones, 1950; Donis, 

1954; Foggie et al, 1952), the method does not produce genuine regeneration 

but rather only improves pre-existing regeneration. It must also be pointed out 

that whereas this method encountered problems with the light factor in Asia, 

there was no such problem in Africa because the commercial species here are 

capable of regenerating under shade, of surviving under this condition for a 

few years and of recovering rapidly after release.

The shelterwood system was introduced in tropical America around 

1930, for most areas where attention was paid to natural regeneration
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(Fanshawe, 1952). Here, as in Africa, the commercial species regenerate under 

shade and are capable of rapid recovery after release. However the lack of 

knowledge of the forests in this region has hindered a more rapid development 

of a precise silvicultural system of management.

1.2.1.4. The present systems

The present silvicultural systems have developed along different lines, 

relating to the specific conditions and structures of the forests, and to different 

policies of tropical countries since independence.

In Malaya, as a result of increased mechanization, more species 

utilization and the necessity to obtain adequate returns, the shelterwood 

system gave way to the Malayan Uniform System. This involves extracting all 

marketable species in a single felling - a monocyclic system (Whitmore, 1984). 

The canopy opening in this case favours the commercial light demanders, but it 

works well only when there is adequate seeding, and if advance growth is 

removed. However, with the prospect of exhaustion of the forest resources in 

Malaya in the mid-1970's, the Malayan Uniform System was incorporated into 

the Selective Management System (Mok, 1977). This involves a pre-felling 

inventory after which one of three paths is taken - thus the "Selective" system. 

Areas dominated by commercial adolescents trees are managed along a 

polycyclic system with one intermediate felling. Areas without this dominance 

are managed along the Malayan Uniform System, and areas lacking enough 

regeneration are assigned for enrichment by plantings or converted to 

plantations.

Elsewhere in Asia, most silvicultural systems of NTRF centre around 

selection-cum-improvement operations. However it can be argued that this is 

really an irregular shelterwood system because, while initial fellings are 

selective, the subsequent fellings/girdlings carried out to establish regeneration, 

tend to produce a uniform type of forest with groups of even-age trees.

In Africa, the TSS has been abandoned in most places and replaced by 

monoculture plantations of fast-growing indigenous and exotic species. 

However it is intended that after a complete inventory of the remaining NTRF, 

there would be a reintroduction of a modified form of the TSS.

In America, there is at present a clear-felling system in conjunction 

with a selection-cum-improvement system. However clearance is on such a 

large scale that the governments in this region are re-examining their policies.
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In many countries, there are active efforts to establish national parks and 

national reserves to conserve genetic stocks.

1.2.2. Ecological and economic implications of management

It is evident from the above review that there are important ecological 

and economic difficulties arising from these management systems. The 

selection system, if practised in its true form, is not economically viable 

despite being ecologically favourable. For example, in Africa, yields of only 5 - 

25 nv ha" 1 are obtained from selective felling but clear-felling might produce 

as much as 450 m 3 ha" 1 . The extraction of a few widely dispersed valuable 

species per unit area is therefore not economically sound. To recover costs, a 

more intensive rate of extraction is necessary but this leads to ecological 

instability. Most of the superior genetic stock is removed and the regrowth is 

of a poorer quality. Ng (1983) has observed that height reductions between 

25-50 per cent can be expected for these regrowths, which in turn means a 

vertical compression of the forest structure with less habitat diversity.

More intensive exploitation also affects natural regeneration and the 

serai stage of the forest. Felling the mature trees decreases seed-bank levels 

and natural regeneration and causesthe forest to revert to an early serai stage 

- more xerophytic and semi-deciduous in nature (Stracey, 1959). To prevent 

such a reversion, enrichment plantings are necessary but there are extra costs 

incurred in this operation. To make this economically viable, large localized 

fellings are made to facilitate plantings and to concentrate the labour force. 

But such treatment ultimately produces a uniform even-aged, few-species 

forest and in fact is more of a shelterwood type of management.

The shelterwood system of silviculture also produces a uniform type 

of forest. The problems with such a forest are similar to those of plantations - 

reduction of floral, faunal and habitat diversity; susceptibility to pests and 

diseases; small, less diverse gene pools; smaller range of products; lower 

scientific and recreational values; and reduced long term productivity. Further, 

such a system involves more intensive operations with increased 

mechanization to offset costs. Increased mechanization causes compaction of 

soils and damage to other flora. Nicholson (1958) found about 45 per cent of 

trees of the commercial species were significantly damaged in 44 hectares of 

tropical rain forests in North Borneo, which have been logged by tractor.

In comparing the two main systems of management, the community 

degrades more with the shelterwood system than with the selection system.
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There is loss of more species when typically large gaps are created for the 

shelterwood system leading to a more rapid species regression of the forest. 

Enrichment plantings of commercial species in the shelterwood system cause a 

change of the forest from natural to artificial and the ultimate result is a forest 

with extensive even-aged groups of trees of similar but few species. Inc'eased 

mechanization in this system also causes greater damage to the soil and flora. 

Other problems encountered with a uniform type of forest as created by the 

shelterwood system, have already been pointed out above as being similar to 

those in plantations. While these gaps are favourable for the somewhat more 

light-demanding species in Asia, they are not ideal for the shade tolerant 

species in Africa and tropical America. Apart from this, the dilemma with 

competition and canopy closure in Asia is still present there, so the resulting 

action being taken is conversion to plantations.

The obvious problem with the selection system is that it does not give 

adequate returns and leads to genetic erosion because only the large trees of a 

few species which occur at a low density per unit area are exploited. The 

alternative is to exploit a wider diversity of species while maintaining a 

sufficient number of seed trees of superior genetic stock per unit area both to 

supplement yields and to prevent genetic erosion. Research in Nigeria and 

southeast Asia have shown that about 65 per cent of the volume of the total 

standing crop is accounted for by lower- and middle-storey species which are 

not normally extracted (Kio, 1979). The presence of this untapped resource 

indicates that the extraction of a wider diversity of species is possible.

Another problem of both systems is that the precise level of 

regeneration cannot be determined in order to prevent degradation and 

maintain the structural composition of the forest. Thus one is tempted to ask 

"When should the manager carry out enrichment planting?", or "On what basis 

is he going to decide that there is enough regeneration?". If it were possible 

to predict the structural composition of a stand after a suitable time interval on 

the basis of a certain level of regeneration, then it would be possible to infer 

whether that level of regeneration was suitable or not. If the stand degraded, 

then one can return to the initial structure of the stand and, with a different 

level of regeneration, predict the structural composition of the stand after the 

same time period to determine the effect of this level of regeneration. 

Repeating this exercise until there is no degradation can help the manager 

decide on the level of regeneration he must maintain - either through natural 

means and/or by enrichment plantings.

23



In both types of systems, foresters have had to compromise between 

the need for perpetuation of the forest, and economic returns. Choosing a 

system in favour of perpetuation results in economic losses, while choosing a 

system for maximum returns is really "timber mining" resulting in the 

degradation of resource and the ecosystem.

As if this is not a dilemma in itself, tropical countries have to consider 

irregularities in export markets and to apply suitable measures to combat them. 

Quota systems are evident in many countries together with conditions 

regarding exploitation by multi-national companies, for improving the local 

economies and infrastructure. The trend now is for increased mechanization, 

more species utilization, conservation and research into understanding the 

processes in these forests.

1.3. THE CASE FOR A MORE FLEXIBLE MANAGEMENT SYSTEM

The prediction of market demands and opportunities for a crop is 

uncertain at the time a particular system of management is introduced. This 

implies that the system of management should be flexible both to 

accommodate changing demands and to permit any change of the premises on 

which the system is based without deleterious ecological effects on the forest. 

The more rigidly a system is designed to meet the requirements of a market, 

the fewer the options are for changes of the management objectives later in 

the rotation. This is the basis on which the arguments for a more flexible 

approach to management are presented below.

The ecological instabilities resulting from the present silvicultural 

systems being applied in NTRFs have already been pointed out in 1.2.2. The 

main source of this problem lies in maintaining suitable levels of regeneration, 

whether it be natural or supplemented by enrichment, while at the same time 

being cost-effective. The problem, therefore, is to develop an appropriate 

silvicultural system which permits the flexibility of using different types of 

regeneration techniques to prevent ecological instability. It is proposed that a 

selection system of management be used under which there can be both types 

of regeneration depending on the level of extraction to satisfy a changing 

market.

The selection system of management is chosen for a number of 

reasons. The main reason is that there is less ecological damage to the forest 

than under the shelterwood system. This has already been discussed in the 

previous section. Secondly, the market demands can be easily accommodated.
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As the market develops for different species, the extraction of these species 

can develop simultaneously. The unexploited species would not be lost as 

under the shelterwood system. And thirdly, regeneration would to a large 

extent be natural rather than artificial. This would lower costs of operations and 

prevent degradation of the forest. In cases where natural regeneration is 

lacking for some reason, then artificial plantings can be made. The question of 

levels of regeneration to be maintained has already been discussed in the 

previous section.

Marketability can be improved by having precise knowledge of wood 

characteristics of the species and requirements for each type of utilization. 

This is not to say that knowledge is entirely lacking, because there is already 

an existing store of information which is increasing daily. The kind of properties 

required are: the anatomy of the wood; chemical, physical and mechanical 

properties, and suitable technological applications. Already the Centre 

Technique Forestier Tropical (CTFT) has published 1068 technical data sheets 

corresponding to 732 different species (CTFT, 1973), while the Commonwealth 

Scientific and Industrial Research Institute Organization (CSIRO) has published 

the characteristics of 190 species from South America, and 700 species^from 

Africa (Bolza and Keating, 1972; Berni et a/, 1972). Some research is also carried 

out by the Building Research Establishment in Britain for Commonwealth 

countries (BRE, 1982).

In terms of breakthroughs in marketability, there are a number of 

prominent examples. For aesthetic purposes (i. e. furniture making) Ovangkol 

and Okwen from Nigeria which were destroyed by poisoning are now being 

used in untreated ways while Aniegre and Abura from Africa and Ramin and 

Kauri from Asia and Australia are being used after treatment (Roth-Meyer, 

1972). In recent years Brazil has become the leading producer in veneers 

(Collardet, 1976) and Africa has added Ozigo, llomba and Afara or Limba to the 

production of plywood panels, although there are about 100 species in Africa 

and a further 60 species in Asia which are suitable (FAO, 1974; Anon, 1975).

With regard to potential uses, there is a vast untapped resource still to 

be exploited. The number of potential species suitable for plywood 

manufacture was already pointed out above. There is also great scope for local 

consumption for housing where the main difficulty is making technologically 

good designs and encouraging locals to use them. As trading is expanding, 

there is more demand for packing cases for marine shipment; this represents 

another huge potential use. Scarcely used species, badly shaped trees, too
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small marketable timber and felling residue can be used for particle board 

manufacture. There is need for investment and technical assistance to set up 

mills for fibreboard manufacture, as well as for pulpwood manufacture from 

felling/milling wastes and occasional supplements of herbaceous plants, palm 

fronds, coconut fibres and straw. Further, only a limited number of secondary 

products are being extracted presently, so there is also a great potential for 

increasing their numbers and quantities since the current system is one of 

"hunter-gatherer".

From the foregoing, it is evident that other species, not being used 

presently, have a good economic potential if a suitable infrastructure is 

developed. This infrastructure can be developed through a flexible management 

system and the simultaneous establishment of wood-based industries.

1.4. POSSIBLE APPROACHES TO THE PROBLEM 

1.4.1. Objectives

TTTo develop a model for predicting the structural

composition of natural tropical rain forests and, 

2. to formulate yield tables for a selection system of

management for such forests.

The first objective involves understanding, relating and quantifying the 

dynamic processes occurring over time in the IMTRF, and developing a scheme 

to reflect these processes so that the structural composition of a forest can be 

determined at any point in time. The processes must be investigated at a 

suitable level with respect to the requirements of the model, and the types of 

processes must be then be determined for incorporation into the model.

This objective also includes the prediction of the structural 

composition of a stand of NTRF. There are two aspects here. The first is the 

structure of the stand: that is the size distribution of trees in the stand. The 

established way of reflecting this is by using frequency distributions of the 

trees in size classes, usually diameter size classes. The approach in this 

research is to use the diameter frequency distributions. The second aspect is 

the composition of the stand. By this is meant the composition by species. In 

1.1.2, the two main species groups in the NTRF were described, i. e. the primary 

and secondary species groups. In this research, the approach is to present the

26



composition of the stand in terms of these two species groups. The structural 

composition of a stand of NTRF is therefore presented as the frequency 

distribution of trees in diameter size classes for the two species groups 

present in these forests.

The second objective involves the incorporation of a selection system 

of management into the model through which yields in terms of sizes and 

species of trees are obtained. The reasons for using a selection system of 

management have already been pointed out in 1.3. Because the structural 

composition of a stand is followed by the frequency distribution of trees in 

diameter size classes for two species groups, the yields are also obtained in 

these terms.

One implication of incorporating a management system into the model 

is that the effects of different intensities of exploitation on the structural 

composition of the stand can be investigated. This is related to the levels of 

regeneration to be maintained. It is also intended that this aspect be explored 

in this research.

1.4.2. General approaches

There are two general approaches that can be used - static and 

dynamic. The static approach involves methods in which growth and yield are 

functions of age, site class and the history of stand density. The approach is 

static in the sense that the growth and yield functions do not cater for 

variation in the history of stand treatment, except into broad classes of 

alternative thinning treatments that are already present in the data. Yield is 

usually predicted in terms of volume and mean diameter.

The main feature of this approach is that time is included as a total 

elapsed time from some reference point. In a uniform forest, the reference 

point is the date of establishment/planting, and the elapsed time is the age of 

the forest. In a mixed forest, the reference point may be the last harvesting or 

inventory or some other point.

The basic growth and yield relationships in this approach are:

growth rate = f(age, site, history of stand density) -Equation 1.1 

yield = f(age, site, stand treatment) -Equation 1.2 

These functions vary depending on the yield being predicted (volume, basal
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area, mean diameter), the data available, and to some extent on the 

sophistication of the analytical tools available. Data may be from temporary or 

permanent plots, or from experiments, thus the degree of precision of the 

derived functions would vary accordingly. The.simplest type of analysis is likely 

to be multiple linear regression together with graphical analysis of the data and 

of the residuals. In cases of large amounts of data, a micro-computer can be 

an asset for these purposes, and for precision.

The static approach has a number of disadvantages. Firstly, data from 

stands of different or variable treatment histories are difficult to combine to 

produce consistent and effective functions. Secondly, once the model is 

constructed, it cannot be used for stands with other treatment histories, except 

those used in developing the model. Thirdly, unless accurate and extensive 

records are kept, the determination of thinning yields is difficult because the 

effects of thinnings on the structure of a stand should be known. Despite 

these shortcomings, the static approach is much easier in terms of 

constructing and using a model than the dynamic approach, and in appropriate 

cases, is as accurate as well.

The dynamic approach involves modelling rates of change within the 

forest, and predicting increments of diameter, basal area or volume. This 

approach has the advantage of being more realistically representative of the 

relationship between stand density and stand yield than the static approach. 

Growth is modelled by functions relating stand density (expressed in basal area 

and/or age), and site class and stand age. The latter two variables can be 

combined into one variable - dominant height. The prediction of growth is in 

terms of increments of mean diameter, basal area or volume over short time 

periods. To obtain yields, the growth function must either be integrated 

mathematically, or iteratively summed over a succession of years.

The dynamic approach has developed vastly with the advent of 

computers, and modelling by computers is referred to as computer simulation. 

There are three basic simulation approaches as shown in Table 1.6. Each is 

characterized by two dimensions - the inter-tree dependency status and the 

primary-unit parameters.
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Table 1.6. The three basic simulation approaches used in 

forestry, (after Munro, 1974).

Inter-tree status Primary-unit parameter

1. Distance dependent

2. Distance independent

3. Distance independent

Single tree 

\ Forest

Single tree - Stand 

/ Model

Stand

The first type depends on having definite inter-tree distances between 

single trees in order to incorporate a competition sphere for each tree. 

Competition is generally a function of the dbh of the tree. The main constraints 

of such an approach are: the difficulty of evaluating a meaningful biological 

measure of competition; the expense and time required to obtain tree spatial 

information (i. e. stem charts), and the excessive time for computation. Models 

of this type have been developed by Newnham (1964), Lee (1967), Opie (1968), 

Mitchell (1969), Lin (1970), Bella (1970), Arney (1972) and Mitchell (1975).

The second philosophy does not require knowledge of inter-tree 

distances. Instead trees are grown individually, but the assignment of growth 

and mortality vary with the model and modeller, from simple regression types 

(Lemmon and Schumacher, 1962) to more complicated stochastic types (Dress, 

1970). Further, there is a dichotomy of approaches in modelling the growth and 

yield functions - analytical and empirical. Analytical modellers aim at 

developing a quantitative theory and mathematical compatibility of growth and 

yield functions (Clutter, 1963; Turnbull and Pienaar, 1966, 1973; Alder, 1979; and 

Knoebel, Burkhart and Beck, 1983), while empirical modellers often use a "best" 

growth expression function based on regression analysis and lacking the 

compatibility of the former approach (Goulding, 1972; Stage, 1973; Nokoe and 

Kozak; and Yang et al, 1978). Because of the intrinsic generality of this 

approach, it cannot be used to predict the behaviour of individual trees to the 

extent of the single tree/distance dependent approach, but it is more conducive 

to rapid testing of alternative hypotheses of management and to aid in decision 

making (e. g. RAM developed by Navon (1971)).

In the third philosophy, the stand is the primary unit and it is
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described by mathematical functions with a large number of parameters, giving 

yield functions for the stand over time. It is evidently the case that even-aged 

pure stands are more easily handled than all-aged mixed stands because of the 

fewer numbers and types of parameters required for the former. Models for 

even-aged pure stands have been developed by Myers (1971), Hoyer (1972),

while those developed for uneven-aged mixed

stands include those of Nelson (1964), Botkin et al, (1972), Bruner and Moser 

(1973), Ek and Monserud (1974), Ek (1974), Alder et al, (1977) and Synnott 

(1979). The advantage of this approach lies in the ability to utilize conventional 

inventory data, fast computation and simplicity, while the disadvantages include 

the inability to predict individual tree information, inflexibility and theoretical 

basis.

Within the framework of simulation modelling, Munro (1974) concluded 

that "forest growth modellers have failed to demonstrate an effective concern 

for the interrelationships and sequences involved in the natural resource 

system of which growth modelling is a part; bluntly put, growth modelling 

suffers from a distorted perspective". Thus while the final objective may indeed 

be to provide estimates of yields of raw material of specific sizes and qualities 

under specific site conditions and a management regime, the main use should 

lie in testing alternative hypothetical/real management regimes (Munro, 1974) 

which can aid in making better and judicious decisions concerning management 

of the forest resource.

A possible approach for this research can follow any of the general 

approaches described above, depending on the level and constraints of each. 

While the static models are simpler in construction and use, they are restrictive 

in terms of the history of stand treatments and applications to other stands 

with dissimilar treatments. The dynamic models offer more scope in terms of 

stand treatments and applications to other situations, although they are more 

difficult to construct and use. In the light of the respective advantages and 

disadvantages of the two approaches, the dynamic approach is more suitable 

for this research.

1.4.3. The requirements of the model

The model must capture the dynamics occurring in any natural tropical 

rain forest stand at a suitable level without being too complex. Models relating 

detailed physical environmental conditions to the dynamics of a stand tend to 

be too bulky and complex to follow. The level at which the model should
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therefore aim is the population. Environmental relationships should be 

represented in as simple a way as possible and of a minimal number. 

Furthermore, much of the information which was thought to be produced only 

from single tree/distance dependent models can now be obtained without 

distances (Munro, 1974), so one need not have such a detailed model for 

purposes of investigating spacing, thinning and fertilization if the model is 

intended for management purposes and for predicting yield.

It must aid in management decisions. In order to do this, it must be 

computationally fast and simple. Excessive computational time would prevent 

rapid testing of alternative actions while simplicity would allow the manager to 

easily follow the processes he is interested in. Further, in order to reduce on 

run time, the number and complexity of relationships should be minimised.

It is also intended for the model to be portable so that it can be 

applied to any stand. One model cannot capture the range of site conditions 

for all stands in a forest, therefore the model should capture only the general 

relationships so that the kind of relationships and parameters values for one 

site can be selected when the model is run. To permit this flexibility the model 

should therefore be interactive.

It was established in §1.4.1 (Objectives) that the model should predict 

the structural composition of a stand of NTRF in terms of the frequency 

distribution of trees in diameter size classes for the two main ecological 

species groups in these forests. This is related in two ways to the model - the 

inputs and the outputs.

There are two aspects of inputs into the model. The first is the 

present, state of the stand being investigated, and for this, the structural 

composition of the stand should be quantified as described above. The second 

aspect is related to the dynamic processes controlling the development of the 

stand. The processes must be functionally related to site conditions and stand 

characteristics. As pointed out above, one model cannot capture the full range 

of site conditions, therefore, the parameter values controlling the particular 

processes must be selected at the input level.

There are also two aspects of outputs from the model. The first arises 

from the first objective, and involves the prediction of the structural 

composition of a stand of NTRF. This must also be the same as described 

above, but there may be additional information which may be of interest to the 

user (manager), e. g. basal areas and volumes. The second aspect arises from 

the second objective and concerns yields under a selection system of
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management. Again, this can be presented in a similar way to the previous 

aspect of the outputs, including the additional information.

To establish the performance of the model, it is necessary to validate 

the model using real data. One way of doing this is by comparing the outputs 

from the model with the real situation using suitable statistical methods. This 

requirement should be investigated at a later stage.

In terms of requirements of the model therefore, the model should 

follow the dynamics of a stand of NTRF using interactively selectable processes 

which regulate the population behaviour of the two main ecological groups of 

species in these forests. Model inputs are similar to outputs in terms of the 

structural composition of the stand, but they differ in that model inputs require 

the processes to be quantified for a site, while model outputs present yields 

from management.

1.4.4. Specific approaches

From §1.4.2 (General approaches) it was established that the dynamic 

approach offers more scope in terms of stand treatments and applications to 

other situations than the static approach. It is for these reasons that the 

dynamic approach is chosen for this research. It was also pointed out that the 

dynamic approach has given rise to a number of simulation approaches. In this 

research it is proposed to investigate two specific approaches. Both are 

dynamic in nature, but the first was originally developed before the advent of 

simulation, while the second was after. However, both approaches in this 

research are amenable to implementation on a computer.

The first is based on the curve-fitting approach introduced by Foggie 

(1945) and developed and applied further by Miller (1952), Osmaston (1956), 

Beaton (1960), Keay (1961), Webb (1964), Bell (1971), Prince (1973) and Wong 

(1973). The crucial aspects of this approach involve determining growth-curve 

relationships between periodic mean annual increment (PMAI) and age, as well 

as between mean annual increment (MAI) and age. Girth is taken as indicative 

of age which is not true in all cases in the NTRF but for want of a better index, 

it is used. From these relationships, rotation periods are obtained for the two 

species groups and subsequently, yields can then be prescribed.

The second attempt utilises the transition matrix approach (Lowe, 

1961; Usher, 1966, 1969; Men/art, 1969, 1972; Stephens and Waggoner, 1970a; 

Bruner and Moser, 1973; Peden et al, 1973; and Alder, 1980) whereby each of 

the two ecological groups of trees has a matrix whose elements represent
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proportions of trees growing into (one or more) larger diameter size classes, 

and proportions of trees remaining in a diameter size class. The dynamic 

processes however are represented by a number of relationships whereby the 

population behaviour of each species group is a function of growing space and 

rates for the respective processes. These processes include mortality, growth 

and recruitment. This method predicts the structural composition of a stand at 

discrete time intervals at which points, yields can be prescribed.

Both methods are described in more detail in Chapter 2; the attempt 

to 'develop and explore the first method is presented in Chapter 3, while the 

second method is presented in the remaining chapters.
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CHAPTER 2 

LITERATURE REVIEW AND CONCEPTUAL FRAMEWORK

2.1. MODELS OF DIAMETER DISTRIBUTION

The model being developed is for the prediction of the structural 

composition and yield of a stand of NTRF. For this purpose the dynamics of the 

diameter distributions of the two main ecologically different species are 

followed over time as the stand develops. In order to assess the type of 

diameter distributions produced by a model, it is essential to establish how the 

distributions can be mathematically defined. There are various models for this 

purpose but they all are used to describe discrete distributions; they cannot be 

used for predicting stand structures over stand development.

Models which have been developed to reflect types of diameter 

distributions include the normal, lognormal, beta, Weibull, gamma, negative 

exponential, Johnson's S B, and polynomial. Of these, only the negative 

exponential and polynomial forms have been applied with any success to the 

study of diameter distributions in irregular uneven-aged stands. The Johnson's 

S B model is however the most flexible of all of the above (Hafley and 

Schreuder, 1977), but has never been applied to irregular stands. This review is 

therefore restricted to the negative exponential and polynomial models used to 

study diameter distributions in irregular stands.

The negative exponential or de Liocourt's model was introduced by de 

Liocourt in 1898 for uneven-aged forests under a selection system of 

management in France. It is an empirical model based on actual observations 

and it basically describes the diameter distribution of trees in mixed, 

uneven-aged stands. Each diameter class has fewer stems than the adjoining, 

smaller diameter class and the ratio of the number of stems in a class to the 

number in the adjoining, smaller class is constant. This has been demonstrated 

by a number of workers notably Hough (1932) and Meyer and Stevenson (1943) 

in Pennsylvania. Mathematically, this type of distribution is represented as:

e ~a X -Equation 2.1.

where YI = number of stems in the diameter class X; per

hectare

Xj = midpoint of the diameter class
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e = 2.7183 (base of natural logarithm) 

k, a are constants.

The shape of the distribution is shown in Fig. 2.1a. The constants k 

and a vary with species and site, k is proportional to the population of 

seedlings and small stems; species such as the secondary species which are 

prolific seeders have large populations of seedlings and small stems and a 

correspondingly large k value, a reflects the rate of decrease of stems from 

smaller to large size classes; large values indicate a rapid fall in number of 

stems and vice-versa. Good sites would generally have small values of a and 

large values of * (Philip, 1983).

In practice, the manipulation and calculation of this distribution are 

done by transforming Eq. 2.1 into its logarithmic form and plotting on 

semi-logarithmic graph paper. The shape of this distribution is shown in Fig. 

2.1b, and the equation is:

log YJ = log k - a Xj(log e) -Equation 2.2. 

which can be rearranged to:

log Y, = log k- (a log e)Xj -Equation 2.3.

Equation 2.3 is a simple linear equation and it follows that log k is the 

regression constant and a log e is the regression coefficient. The dimunition 

quotient 'q' is given by:

q = Nj / NM -Equation 2.4.

where IM, = number of stems in diameter class i

N;_i = number of stems in diameter class i-1.

Alternatively, 'q' can be obtained from exp(aW) where W is the diameter class 

width (Meyer and Stevenson, 1943).
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Figure 2.1. The negative exponential distribution (a), and its 

logarithmic transformation (b). (After Philip, 1983)

y Frequency ((ems per ha

10 20 30 40 JO ta.cn

k * 10* a m 0.07

y (logarithmic scale) 

\
MOO

1000

XIO

100

\
v

10 20 30 40 X) M on

logr = log*-(aloge)Ar 

(b)

This model is generally used as a standard of comparison for 

uneven-aged, mixed stands managed on a polycyclic selection system and to 

help design cutting schedules.

There are however cases in which this model does not wholly apply. 

Rollet (1974) after analysing 30 one-hectare plots surveyed in 24 different sites 

in tropical America, Africa and Asia, observed that above 20 cm dbh, the total 

structure of the plots can be represented by this model, but when dbh's 

smaller than 20 cm are considered, this model does not apply due to a 

concavity towards the upper side of the graph. This tendency is accentuated 

with smaller and smaller dbhs with an increasing number of stems which this 

type of model cannot reflect. Further, for individual tropical species, there is 

tremendous variation in their diameter distribution. Certain species show an 

erratic diameter distribution, a flattened bell-shaped distribution or an 

exponential one, while some species lack medium diameter trees and whose 

distribution does not follow either of these types (Unesco, 1978).

If the diameter distribution of a forest can be fitted closely by the 

negative exponential model (Eq. 2.3), then the distribution is considered 

balanced (Meyer, 1952). This means that the current growth can be removed 

annually or periodically while maintaining the initial volume of the forest so 

that the forest can be considered to have a normal growing stock capable of
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producing a sustained yield. An application of the model in cases of this nature 

is not difficult, but in cases of unbalanced distributions, the model must be 

modified.

Leak (1964) in a study on the northern hardwoods in America 

suggested a modified method for unbalanced distributions. By plotting the 

dimunition quotient (q) for numbers of trees in successive 4-inch (10.2 cm) dbh 

classes against the midpoints of the classes, a straight line was obtained (Fig. 

2.2). A given diameter distribution can then be expressed by the slope b and 

the intercept a, both of which are highly correlated. The magnitude of b for 

given unbalanced distributions reflects departure from the balanced condition 

which is represented by b equal to zero.

Figure 2.2. Quotients between numbers of trees in successive 4-inch 

classes over midpoints between dbh classes for second growth, old 

growth/ all compartments (Bartlett Forest), and a hypothetical 

balanced stand [average quotient for 4-inch (10.2 cm) classes 

equals 2.25]. (From Leak, 1964).
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There are also other types of functions empirically fitted in a similar 

way as the negative exponential. For example, Men/art (1972) fitted two models 

(Eqs. 2.5 and 2.6) to classify forests in Nigeria.
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j = a b X . or In Y, = In a - Xjln b -Equation 2.5.

j = a X~b or In Y, = In a - b In Xj -Equation 2.6.

Equation 2.5 is basically the negative exponential one, but it did not fit as well 

as Eq. 2.6, and it was concluded that some stands did not follow de Liocourt's 

model.

In some diameter distributions where there is variability in the 

diminution quotient, Pierlot (1966) found Eq. 2.7 to apply.

YJ = (Xj - Y 0 / a - b Xj) + Y 0 -Equation 2.7.

where Y = number of stems

X = diameter class 

o = initial diameter class.

The denominator in Eq. 2.7 is obtained by regression from Eq. 2.8.

a - b Xj = (Xj - X0 ) / (Yj - Y0 ) -Equation 2.8.

He successfully applied Eq. 2.7 in the Congo, where he found sigmoidal 

variations in some classes when a logarithmic transformation was applied.

Goff and West (1975) from northern Wisconsin stands found similar 

"rotated sigmoid" distributions where the slope is steepest at the extreme 

diameters and flat in the intermediate range. Fig 2.3 shows a number of 

distributions of this type. These distributions were however fitted with 

polynomial equations (Eq. 2.9) in which successive powers of the diameters (X) 

varied between 1 and 4.

Y = a + bX + cX2 + dX3 +...nXm -Equation 2.9.
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Figure 2.3. Graphs of polynomial equations for stands in Menominee 

Forest, Wisconson. Stand numbers are indicated below the curves 

and the degree of the equation above the curves. Stands are 

arranged in order of increasing mean diameter [trees 4.0 inches 

(10.2 cm) and over]. Height of each curve above the base line is 

plotted to scale. (From Goff and West, 1975).
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From the above studies, there are two main conclusions: (i) that the 

number of trees decreases with higher diameters of a stand but the extents of 

diminution between stands, as seen in the different shapes of the curves, are 

reflected by a wide range of functions developed to fit the diameter
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distributions; and (ii) none of these models examines the change of diameter 

distributions over stand development.

2.2. FOGGIE'S CURVE-FITTING APPROACH AND ITS DEVELOPMENT

Models of diameter distributions cannot be used to predict stand 

structure over time. Such models have to be incorporated into a framework 

involving growth, which in this case can be diameter increment. Foggie's (1945) 

curve-fitting approach involves the formulation of growth rates of trees of 

mean sizes for size classes using periodic mean annual increments in girth. 

This review examines this approach and its development for purposes of 

further refinements, especially for prediction purposes.

2.2.1. Foggie's approach

For sound silvicultural management of any forest, a knowledge of the 

relationship of age with a parameter or a combination of parameters of size 

(diameter, girth, height) is essential, but in NTRFs such a relationship is not 

evident primarily because there is no reliable way to age the trees because of 

the absence of distinct annual rings. It was for this reason that Foggie (1945) 

began investigating whether an average girth/age curve can be obtained from 

repeated measurements on trees.

His first aim was to determine the degree to which dominance classes 

affected diameter growth and how the average growth of the different 

dominance classes compared with the diameter increment of the tree of mean 

basal area. To investigate this, he analysed four consecutive measurements of 

an even-aged Japanese larch Sample plot (size of plot not given), 34 years old, 

sampled in 1924, '32, '35 and '42 with observations of dominant classification of 

every tree at each measurement.

His second aim was to check if trees could be classified after 

measurement purely on rate of growth in diameter or girth and to derive 

age/girth relationships. To investigate this, he analysed girth measurements of 

beech from 1923, '27, '28, '32 and '36 taken from a "Spot Line" (size of sample 

not given) through Hampden Woods, Bucks, an irregular slightly mixed forest 

under a selection system of management.

The results of the Japanese larch study are presented in Fig. 2.4 where 

the mean rate of growth for each dominant class and the progress of the tree 

of mean basal area are shown. The tree of mean basal area does not follow the 

same course as any part of the crop and is therefore not suitable for assessing
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the growth of individuals or classes of trees. Moreover, there are very distinct 

differences in growth rates between the dominant classes which means that 

they must be considered separately when deriving rotation periods.

Figure 2.4. Diameter growth in a Japanese larch Plot comparing 

the progress of a tree of mean basal area with the mean growth 

of trees of various dominant categories. (From Foggie, 1945).

Diameter 
Inches.

'tat /**!
«.«. 

D-/.J -f

For the Spot Line data, a per cent increment figure was constructed 

based on the 20-year periodic increment as a percentage of the final girth for 

each tree in classes of 3-inch girth. From a scatter diagram of final girth 

versus periodic increment and on the basis of the Japanese larch categories of 

good, moderate and poor growth corresponding to dominant, sub-dominant
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and suppressed trees, it was decided to divide the Spot Line beech data into 

these groups as well. To test if this was a reasonable division and to compare 

the relative rates of growth of the three categories, the mean growth curves 

for each category in the 42-inch class were plotted (Fig. 2.5). The lines 

converge because the classification was made on the final girth, but the 

different slopes indicate distinct growth rates. Further, the differences between 

them were of similar proportions to those in the Japanese larch dominant 

classes. Further analysis was then concentrated on the dominant class of 

beech.

Figure 2.5. Comparative rates of growth in one girth class of 

beech, Hampden Woods, comparing dominant categories of trees. 

(From Foggie, 1945).

Girth. 
Inches.
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From mean growth curves for each 3-inch final girth class (Fig. 2.6), 

the main assumption was made that the girth is indicative of age in this 

irregular forest. Using the 54-inch class curve as the base (because this curve 

had the largest number of individual measurements), the curves above were 

moved to the right and those below to the left to form a composite curve (Fig. 

2.7), through which a best fitting smooth curve was drawn by eye (Fig. 2.6). 

This is the most important curve in this approach and it can be noted that 

there is no origin and the X-axis is in years. The problem then was to 

determine how long it would take for trees to attain 12 inches girth at breast 

height (GBH), but it can be seen that it will take 120 years for trees in the 

12-inch girth class to reach the 72-inch class.

To validate if this curve was a good estimate of growth rate, stump 

analysis of six dominant and one sub-dominant beech trees were carried out. 

Of the seven stumps analysed, only one showed any erratic growth and the 

ages at which the other six trees attained a GBH of 13 inches were 25, 30, 36, 

36, 44 and 52 with a mean of 37 years. The growth curve obtained for trees of 

good growth was set to this and is shown in curve A of Fig. 2.8. Curve B in the 

same figure is for the mean girths under bark for the six dominant trees from 

the stump analysis; the similarity is evident. Curve C is for trees of moderate 

growth which is comparable to the one sub-dominant tree from the stump 

analysis (Curve D).

Thus, the average growth rate of dominant trees within each size class 

may be taken to give the average growth rate which the manager must 

consider in determining rotation periods and yields in irregular forests. Foggie 

(1945) recommended that 50 to 100 trees in the dominant category distributed 

over the size classes within an area of 30 to 40 acres (74 to 99 hectares) 

should be followed annually with respect to dbh and dominance for 8 to 10 

years. Curves similar to Fig. 2.6 can then be prepared. If buttress development 

introduces complications, then two curves are necessary, one following the 

growth at dbh until buttresses reach this height, and the other following the 

growth above the buttresses. Classification by final girth but larger size classes 

of one foot (30.5 cm) is suggested for all trees measured. This is independent 

of the area from which the measurements are taken.
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2.2.2. Further development of Foggie's approach

Miller (1952) applied this method for Baikiaea plurijuga in an irregular 

forest in northern Rhodesia. He points out that the classification of trees for 

dominance is much less straight forward in an irregular forest and there is 

bound to be a fair proportion of arbitrary decisions. Also, the size classes 

chosen to derive the composite curve must be relative to the average 

increment in the period of measurement in order to have a reasonable overlap 

between curves of adjoining classes. Thus the range in size of each class must 

be below the lowest average increment of any class, and for this reason even 

with a ten year interval between measurements, he could not use girth size 

classes larger than 3 inches (7.6 cm). The shorter the period between 

measurements, the smaller will be the mean periodic increment resulting in 

small size classes and in these cases a large number of trees would have to be 

measured to obtain good averages. In plotting the mean growth curves, he also 

points out that it is not necessary to do intermediate plots for a class provided 

that the period covered is not especially long. Since each curve is only 

required to illustrate the trend and there is smoothing when the composite 

curve is drawn, it is adequate to connect the initial and final points of each 

class by a straight line. His analysis indicated that it would take 67 years for 

trees to grow from the 10 to 45 inch girth class. In an attempt to validate this 

growth rate, he used the time of passage approach from which he obtained a 

value of 72 years.

Osmaston (1956) modified this method using the time of passage 

approach, and made it more consistent and flexible. The improvements he 

suggested were:

1. Girth classes of any convenient size can be used for 

arranging the selected trees. They may be of uniform width 

to ease calculation but if the resulting tree distribution is 

very uneven, the width can be varied either arbitrarily or by 

using successive groups of say ten trees. The latter method 

make the drawing of the mean curve easier since all classes 

have the same weight. The arithmetic mean of the initial 

and final girths of each tree serves as the basis of 

classification.

2. Determine the mean annual girth increment during the 

period of measurement for each class (PMAI).
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3. Obtain the mean time for the mean tree to progress 

through that class by dividing the width of each class by its 

PMAI.

4. Determine the cumulative totals of the times of passage of 

successive classes after setting the lower limit of the first 

class to zero. These totals represent the time for the mean 

tree to progress through the successive classes.

5. Plot the girth against these totals to obtain the girth/age 

smooth curve; the age of the smallest is (X+0) years.

If the data is scanty and irregular, another stage can be inserted 

between 2 and 3 in which the PMAI's are plotted to give an increment/girth 

graph from which values of smoothed PMAI's are obtained for each girth class 

for stage 3. However if the mean girth of a class differs from the midpoint of 

that class, then the former should be used to obtain the graph but the 

smoothed PMAI's are read off from the midpoint of the class.

Using this method, Osmaston (1956) recalculated the corresponding 

times of passage from the Spot Line beech data and for Baikiaea plurijuga. He 

obtained 120 years for the former and 63.5 years for the latter.

With this method it is possible to obtain other relationships. Girth can 

be transformed to basal area and it is possible to derive age/girth-increment or 

age/basal area-increment relationships. Also, if height measurements or volume 

information are available, then age/height, age/volume and 

age/volume-increment relationships can be derived.

In this modified approach, the construction of a composite curve is 

not necessary and there is no need to have classes of the same width. 

Selection of trees for construction of the age/girth curve is still along the 

original method and is still problematical. There need not be a long period of 

measurement since it is dependent on the rate of growth of the trees and the 

accuracy of measurements but an adequate number of trees should be 

measured.

This is the method investigated in the initial part of this research. It 

would therefore be worthwhile looking in detail at the calculations involved. 

These are presented in Table 2.1, with Figs. 2.9, 2.10 and 2.11 graphically 

displaying the relationships.

The method is in line with the modifications presented above. With 

reference to Table 2.1, girth classes of equal widths were set up using 42 trees
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(a, b, c and d). The PMAI (e) was determined from inventory data not presented, 

but the method is the same as the second modification given above. Fig. 2.10 

shows the relationship betwee'n c and e. The time (f) taken for a tree to pass 

through a girth class was then determined (b/e). The cumulative time (g) taken 

for a tree to pass from the 12-18 inches class to the 48-63 inches class was 

obtained after setting the lower value to 0. The time taken to reach the 12-18 

inches class is an unknown value, x. Fig. 2.9 shows the relationship between a 

and g as crosses. From Fig. 2.10, h was obtained, and the smoothed time 

through a class (i) was determined (b/h), as well as the smoothed age (j). Fig. 

2.9 also shows the relationship between a and j (labelled girth), and from this 

curve, the time taken for a tree to grow from 10 to 45 inches in girth can be 

read as 63.5 years. The other curve labelled B.A. in Fig. 2.9, is the j and k curve. 

The extrapolation of the two curves in Fig. 2.9 produces a starting point of 

x-23.5 years. From the B.A. curve, starting with a lower value of -10 for age 

and using increments of 20 years (I), smoothed PMAI(BA) values were read off 

(m). From this curve also, smoothed MAI(BA) values (n) were obtained at 

successive 20-year intervals (o) starting from a lower value of -10 which is 

now set to 0. Relationships I with m, and n with o, are displayed in Fig. 2.11, 

with the respective labels PMAI and MAI. From these curves, other relationships 

can then be deduced. This graph suggests a rotation of 140 years may be 

worth considering.
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Table 2.1. Osmaston's (1956) time of passage approach applied to 

Baikiaea plurijuga (Rhodesian Teak) for forty two selected 

trees over a period of ten years. (From Osmaston, 1956).

(a) Girth class limits 12 ———18———24———30 ——— 36 ——— 42 ——— 48———63*

(b) Girth class width 6 6 6 6 6 6 15

(c) Girth class midpoint 15 21 27 33 39 45 55.5

(d) Number of trees 4898553

(e) Mean PMAI (Girth) 0.64 0.56 0.56 0.625 0.38 0.44 0.31

(f) Time through class

(b / e) 9.4 10.7 10.7 9.6 15.8 13.6 48.3

(g) Age x + 0 9.4 20.1 30.8 40.4 56.2 69.8 118.1

(h) Smoothed PMAI (Girth) 0.64 0.61 0.575 0.53 0.48 0.425 0.31 

(i) Smoothed time through

class (b / h) 9.4 9.7 10.5 11.3 12.5 14.1 48.3 

(j) Smoothed age x + 0 9.4 19.1 29.6 40.9 53.4 67.5 115.8

(k) BA equivalent of

girth class 11——26 ———— 46 ——— 72 ———108 ——140 ——183 —— 316

(1) Age x + -10 +10 30 50 70 90 110 

(m) Smoothed

PMAI(BA) 0.57 1.8 2.6 2.95 3.05 2.9 2.5

(n) Age x + 0 20 40 60 80 100 120 

(o) Smoothed

MAI(BA) 0.49 1.10 1.57 1.92 2.13 2.25 2.28

* the upper limit of the top girth class was chosen so that

its midpoint was equal to the mean girth of the trees in it. 

N.B. units are in inches, square inches and years.
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Figure 2.9. Smooth age/girth and age/basal area curves for 

Baikiaea plurijuga. (From Osmaston, 1956).

-»• -io

Figure 2.10. Periodic mean annual increment in girth of 
Baikiaea plurijuga from which smoothed PMAI values (girth) 
are obtained. (From Osmaston, 1956).
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Figure 2.11. Periodic mean annual increment and mean annual 

increment in basal area curves for Baikiaea pluri/uga. 

(From Osmaston, 1956).
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Other workers who have applied Osmaston's (1956) time of passage 

method include Beaton (1960), Keay (1961), Webb (1964), Bell (1971), Prince 

(1973) and Wong (1973). There are no significant departures from the basic 

method, except in the selection of dominant trees. For example, Wong (1973) 

used a five point scale (5 is an emergent tree and 1 is a tree receiving little 

light) to classify dominance and in his calculations he used trees from all 

categories to obtain increments. Because of the large data base, selection of 

trees was computerised at the Commonwealth Forestry Institute (CFI), Oxford, 

but he only extracted the two trees with the best increments (two leading 

dominant species) for each square chain for further analysis.

Keay (1961) on the other hand did not use any dominance status nor 

did he select any particular trees for analysis. His reason was that there was no 

evidence to show that slow, suppressed, growing trees would die before 

maturity because many numbered trees in his study of several species and 

girths remained without either growing or dying over a period of 28 years, and 

there were very few casualties in some cases over a period of 5 years.

From the above review, it is apparent that Foggie's (1945) approach is 

cumbersome for obtaining girth trees across size classes. Osmaston's (1956) 

method is more refined and objective, so this method was chosen for 

investigation. Using inventory data from the CFI, the attempt will first 

concentrate on applying the method and computerising it. Based on the
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success of this, other aspects of the objectives would be considered. The 

investigations that were done are presented in chapter 3.

2.3. REVIEW OF THE DYNAMICS OF THE NATURAL TROPICAL RAIN FOREST

It was pointed out in §2.1 that the diameter distribution models 

developed so far do not reflect the development of a stand over time. The 

methods reviewed in §2.2 revealed that the construction of girth/age curves 

varied with the workers, especially with regard to selecting appropriate trees 

for deriving the curves. Even if the method can be refined, there are additional 

problems that seem difficult to resolve in the case of the natural tropical rain 

forest (NTRF). These include handling the diverse tree species, the dynamics of 

regeneration, the effects of gap formation whether natural or artificial, and the 

prescription of yields. Before looking for an alternative method, the dynamics of 

the system would be examined to guide formulation of a model, and to provide 

information against which model outputs can be tested.

2.3.1. Population dynamics and structural composition

The structural composition of a stand of NTRF can be examined in two 

ways with respect to each species group being considered in this research. 

These are the diameter distributions of each species group at discrete time 

intervals, and the population growth of each species group from initiation of 

forest growth to stability, i. e. dynamics of numbers of trees of each species 

group over stand development.

2.3.1.1. Dynamics of numbers

The trends of population growth from initiation to stability are 

illustrated in Fig. 2.12. These are based on the competitive hierarchy theory of 

succession (Horn, 1976) and the relay floristics theory (Whitmore, 1970). In the 

first, many species invade open land almost simultaneously competing for 

space, light and nutrients, but the generally long-lived species, to a large 

extent, competitively eliminate the other species. This is not meant to say that 

the other species are totally eliminated, but rather, they coexist at a lower 

profile with the longer-lived species. Opposite to the competition view, is the 

facilitation view. In relay floristics, one dominant species alters the environment 

so that it is less able to survive at the same level than another species, which
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supercedes the former and dominates the community. These two views are not 

taken to be opposites in this methodology, but as complementing each other.

At the initial stages of population growth, the light regime is more 

favourable to the secondary species group (SSG) than the primary species 

group (PSG). There is, therefore, rapid colonization and growth by the SSG. 

The vegetation cover then reduces the light levels which become suitable for 

colonization and growth by the PSG. As the population of the latter group 

enlarges, there is further reduction of the light levels, which causesa decline in 

the rate of establishment by the SSG and increases the mortality rate in this 

group. The population of the SSG therefore begin to decline. At the same time, 

the population of the PSG increases until it becomes the dominant species, and 

as trees get larger, the population size declines but not as rapidly as the SSG 

population, due to density effects and genetic differences. Eventually, both 

populations settle down to a stable state (i. e. the 'ceiling index') due to 

constraints by the environment.

Figure 2.12. Postulated trends in population growth of the two 

species groups during the development of a stand of NTRF.

— Primary species group
—— Secondary epeciee group

in i Hah ion Time  > el"obi 1 i ry

Evidence for such trends in population growth comes from one study 

in the Luquillo Experimental Forest at El Verde, Puerto Rico by the Institute of 

Tropical Forestry, and which was reported by Crow (1980). The study was to 

quantify variations in stand structure and species composition over a 33-year 

period in a 0.72 ha plot established in 1943 in a Dacryodes-Sloanea lower 

montane rain forest. Seven "indicator" species were selected covering as wide
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a spectrum of roles within the community as possible. These included the 

primary species - Dacryodes excelsa Vahl (Burseraceae), Mdnilkara bidentata 

(A. DC.) Chev. (Sapotaceae) and Sloanea berteriana Choisy (Eleacarpaceae); the 

secondary species - Cecropia peltata L (Moraceae) and Didymopanax 

morototoni (Aubl.) Decne & Planch. (Araliaceae); the understorey species - 

Croton poecilanthus Urban (Euphorbiaceae); and the palm Prestoea montana 

(R. Grah.) Nichols (Palmae) (= Euterpe globosa). The stand history included 

hurricanes in 1928, 1931, 1932, selection harvest in 1937, plot establishment in 

1943, hurricane in 1956, and timber stand improvement in 1959.

In terms of stand structure and species composition, secondary 

species were common in the 1940's which represented a stand in the early 

phase of development. There followed a rapid accumulation of biomass and 

basal area, with many new species entering the stand causing a rapid increase 

in stem density. The stand in the 1970's, according to Crow (1980), approached 

a steady-state for biomass and basal area, with fewer stems and species, and a 

dominance by primary species. This structure represented a stand approaching 

stability. Crow (1980) attributed the difference in structures at the two time 

periods to periodic disturbances caused by tropical storms. However, the trends 

between the two time periods (1940's to 1970's) are of interest in the present 

discussion, since they represent the dynamics between an immature and stable 

state in a stand of NTRF, in terms of the ecologically different species.

The progression of the "indicator" species in terms of number of 

stems from the above study from 1940 to 1970 are presented in Fig 2.13 

A-G. There is a trend of increasing dominance by the primary species (e. g. 

D. excelsa and M. bidentata) and a decline in dominance by the secondary 

species (e. g. C. peltata and D. morototoni). This therefore supports the trends 

postulated from the theory of succession. The other primary species', 

S. berteriana showed a decline after an initial increase due to a lack of recruits 

and a high mortality rate in the smaller size classes. The same trend applied to 

the understorey species C. poecilanthus. The reason for this is not known. The 

palm, P. montana, however, showed a steady increase. This species is a minor 

but integral member of the community and is apparently quite adaptable to 

both shaded and lighted conditions.
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Figure 2.13. Performance of "indicator" species as measured by the 

number of stems (x) and E basal area (.)• Data are for trees 

> 4.0 cm dbh within the 0.72 ha plot at El Verde. Primary species 

- C, D, E; secondary species - A, B; understorey shrub - F; and 

palm - G. (From Crow, 1980).
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The above trends of the dynamics of the populations of the species 

groups should be used both in the formulation of model inputs and to act as 

standards of comparison for model outputs. In terms of inputs, growth rates of 

trees should reflect higher rates of the SSG during early stand development, 

and lower rates during later stand development than that of the PSG. In terms 

of outputs, these should reflect similar trends as in Fig. 2.12 and 2.13.

2.3.1.2. Dynamics of diameter distributions

The diameter distributions of each species group at discrete time 

intervals between initiation and stability would reveal in more detail the change 

of stand structure over time. Soeharlan (1967) illustrated the change of 

diameter distribution of a secondary species, Anthocephalus chinensis, over 

time in scattered plantations in Java. This is shown in Fig. 2.14 where the 

diameter distributions for three ages are presented. As the stand gets older, 

the density declines and there is a shift towards larger diameters. This is 

expected because in a single species stand, natural competition would follow 

the self-thinning rcrie (§2.5.2.3), and there is absence of secondary succession 

in such plantations.

In the case of a multi-species stand of NTRF, the change of diameter 

distribution may be illustrated by Fig. 2.15. Some time after initiation, the SSG 

is more abundant with a broad distribution of trees in diameter size classes. 

This distribution is close to the negative exponential distribution. The primary 

species, at this time, is less abundant and with a narrow distribution of trees in 

diameter size classes. This is due to the slower growth rate of the primary 

species and a later start in establishment on the site. Towards stability, these 

distributions become reversed in that the primary species tend to have a more 

stable distribution with a broad distribution of trees in diameter size classes, 

and the SSG tend to have a more unstable structure. The latter species tend to 

lack a rapid rate of recruitment which cause a decline of trees in the smaller 

size classes. This distribution, therefore, tends to resemble that of a species in 

a plantation as in Fig. 2.14. The primary species tend to have a distribution 

resembling the negative exponential distribution.
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Figure 2.14. The range of tree diameters at three ages of 

Anthocephalus chinensis in 65 scattered plots, Java. 

(From Whitmore, 1984; after Soeharlan, 1967).
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Figure 2.15. Postulated change of diameter distribution of the two 

species groups during the development of a stand of NTRF.
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The study at El Verde by Crow (1980) provides some insight into the 

diameter distribution trends for individual species in a maturing stand of NTRF. 

The data for the primary species D. excelsa and M. bidentata, and the 

secondary species C. peltata and D. morototoni, provided by Crow (1980) are 

plotted in Fig. 2.16 A-D, without trees larger than 36 cm because the diameter 

distributions of these trees were not provided by the author. By 1976, the 

number of trees of the primary species had increased in most size classes, 

while the secondary species showed a decline in this respect. This is indicative 

of the primary species becoming more dominant than the secondary species. It 

is also evident that in all cases, the distributions for the primary species are 

closer to a negative exponential distribution, indicating a more balanced stand 

structure for these species.

The negative exponential diameter distribution reviewed in §2.1 was 

derived from empirical studies from forests in a fairly mature state. Some 

distributions of tropical stands at this state of development are given in Table 

2.2 for pantropical forests. The number of trees in the larger size classes are of 

importance here, since they are generally the trees harvested. Reliefs (1974) 

value of 14 trees > 60 cm is much smaller than Dawkins's (1958) value of 23 

trees ha" 1 . However, these values serve to indicate the range that can be 

sustained in a one hectare stand of trees and within which outputs of the 

model should be.

Table 2.2. Mean stocking densities (rounded to a whole number) per 

hectare in pantropical forests. (Modified from Phillip, 1983).

Dbh class 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99 >100 Total

Rollet 80 41 21 12 6 3 2 12 168

Dawkins 101 42 20 11 7 5 4 25 197

Brunig (1983) gives a sample of tree frequencies and basal areas from 

9 sites from Sarawak and Brunei, and 11 sites from the MAB Amazon 

Ecosystem Project near San Carlos de Rio Negro, Venezuela. The values 

illustrate a wide variation in tree frequencies between the sites. For example, in 

the 1-9 cm diameter class, the range is between 646 and 17704 ha" 1 , and for
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trees exceeding 40 cm in diameter, the range is between 0 and 99 ha"
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Figure 2.16. The trends in diameter distributions at four times of 

measurement of the primary species (A, B) and secondary species 

(C, D) in the 0.72 ha plot at El Verde. Data are for trees > 4.0 

and < 35.0 cm dbh and taken from Crow (1980).
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These data can be used to provide a check on subsequent model 
outputs, however, it is difficult to analyse the large number of frequency 
distributions that can be obtained from the model. For this reason, Eq. 2.3 is 
used to summarize each frequency distribution in terms of two parameters, a 

and k. which can then be compared on a scatter diagram. These parameters are 
presented in Fig. 2.17 for the data of Brunig (1983; Table 4.1, p. 55) for trees 
<40 cm dbh (the distribution of larger size classes were not provided by the 
author). As pointed out in §2.1, these parameters vary with species and site. In 
this case, it can be seen that the three sites are fairly distinct with respect to 
these parameters. San Carlos stands have a larger number of smaller trees and 
a more rapid decline of stem numbers with increasing size class than stands of 
Sarawak and Brunei; this is reflected in large values of k Small values of a 

indicate good sites. The stands of Sarawak and Brunei appear to be on better 
sites due to smaller values of a than those of San Carlos. In the case of the 
pantropical stands, data are not given for the smaller size classes, so these 
stands may not be fully representative.

With regard to dbh sizes typical of the largest secondary and primary 
trees. Little and Wadsworth (1964) in the neotropics, found sizes up to 0.60 m 
for the secondary species and up to 1.50 m for the primary species. In 
Malaysia, Whitmore (1984) found the secondary species Eucalyptus deglupta 

with a dbh of 2.23 m but this is very rare for secondary species, which have a 
range of 0.29 to 0.38 m. Primary species generally have a range between 0.38 
and 1.91 m (Whitmore, 1984). In Africa, Jones (1956) reported secondary 
species with dbh's up to 0.53 m and primary species up to 1.71 m. These 
findings illustrate that secondary species trees are smaller in diameter than the 
primary species, and should be reflected in a similar way in the model.
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Figure 2.17. Illustration of the wide variation in stand structures 

of humid tropical forests using constants a and k from the 

negative exponential model (Eq. 2.3). The constants a and k 

were derived from data of stand structures in Brunig (1983, Table 

4.1, p55), Rollet (1974) and Dawkins (1958).
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The above information about diameter distributions is useful for 

setting up inputs for the model and for assessing model outputs. The 

distributions can be used to establish the nature of growth across size classes 

against some index, e. g. space or light. For example, the relationships of 

ingrowth, outgrowth and mortality with an index, can be established by 

knowing the diameter distributions and the associated values of the index at 

intervals of stand development. These can be set up as functions which can 

then be used to predict diameter distributions over stand development. For 

model outputs, the diameter distributions can act as standards for comparisons.

In conclusion, the development of a stand of NTRF, in terms of 

structural composition, can be followed by the population growth of the
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ecologically different species groups as well as by their diameter distributions 

at discrete time intervals. The literature generally lacks information of this 

nature. However, successional theory provides the basis for the trends 

postulated above. These trends are supported to some extent by a 33-year 

study from Puerto Rico.

2.3.1.3. Basal area dynamics

In terms of change of basal area over time for the species groups 

being considered in this research, information is lacking as for the previous 

stand variables. The successional theories presented above are used to derive 

the trends as illustrated in Fig. 2.18. The same rationale used to derive the 

trends for population growth apply here.

Figure 2.18. Trends in basal areas of the two species groups 

during the development of a stand of NTRF.
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These trends are supported to some extent by the study of Crow 

(1980) at El Verde. The basal area trends for the "indicator" species are 

illustrated in Fig. 2.13 A-G. These trends from the 1940's to the 1970's were 

already pointed out as being illustrative of a stand approaching a steady-state. 

The primary species, D. excelsa, showed a steady and continual increase in 

basal area, while M. bidentata had a rapid increase in the number of trees in 

the larger size classes causing a rapid increase in basal area. In 1943, the
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largest trees of this species were in the 24-28 cm class but by 1976, they were 

in the 44-48 cm class. The other primary species, 5. berteriana, as pointed out 

previously, had a contrasting behaviour with a decline in basal area due to a 

lack of ingrowth and a high mortality rate in the smaller size classes. The 

secondary species, C. peltata and D. morototoni, behaved as typ-cal secondary 

species with a decline in stem numbers and basal areas. Croton poecilanthus 

behaved as a typical understorey specialist with a constant but not abundant 

supply of new individuals causing the basal area to be fairly constant. The 

palm, Prestoea montana, had a different behaviour from the other species, 

which is probably due to easy adaptation to various light regimes. It showed a 

rapid increase of basal area accompanying a steady rise in stem number.

As in the case of population sizes of a stand of NTRF, most 

measurements of basal areas have been carried out for stands in a fairly 

mature state. Brunig (1983) lists basal areas of a number of stands from 

different sites from the humid tropics. These are displayed in Fig. 2.19 to 

illustrate the wide variability of basal area between sites. Rollet (1974) and 

Dawkins (1958) estimates of basal areas for pantropical stands (Table 2.3) are 

also presented despite the lack of data for the smaller size classes. Stands of 

San Carlos generally have a large number of stems per hectare but their basal 

areas are relatively smaller than those of Sarawak and Brunei. This is due to 

the large number of trees in the smaller size classes at San Carlos which was 

brought out in Fig. 2.17. The pantropical stands, despite the omission of smaller 

trees, still have comparable basal areas to the other stands.
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Table 2.3. Mean basal areas per hectare (m2 ha' 1 in 

pantropical forests. (Modified from Phillip, 1983).

Dbh class 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99 >100 Total

Rollet 4.99 4.99 4.26 3.47 2.60 1.92 1.48 1.08 1.98 26.77

Dawkins 6.33 5.15 4.00 3.36 3.03 2.78 2.53 2.23 7.19 36.50

The basal area values in the literature can be used as standards of 

comparisons for model outputs. The trends in Fig. 2.13 are the only ones that 

can be used for stand development comparisons, while the values in Fig. 2.19 

can be used at discrete points in time for comparisons of stand basal area.

In summary, basal area, during the development of a stand of NTRF, 

has not been studied much. Successional theory provided the basis for the 

postulations presented above. Evidence from a 33-year study in Puerto Rico 

supports these postulations to some extent. Other studies of stands of NTRF 

illustrate a wide variation of basal areas with respect to different sites.
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Figure 2.19. Illustration of the wide variation in basal areas of 

humid tropical forests. Data from Brunig (1983, Table 4.1, p55); 

Rollet (1974) and Dawkins (1958).
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2.3.1.4. Leaf area dynamics

There is even less study of this stand variable in the IMTRF than the 
above stand variables. However, using the same successional theories as 
before, the changes in leaf area for the two species groups are illustrated in 
Fig. 2.20. The increasing dominance of the PSG causes the leaf area of this 
group to follow a similar trend, although initially it is slow to takeoff due to the 
shaded conditions required by trees of this group. The SSG, on the other hand, 
rapidly increases in leaf area as its population size increases but then begins to 
decline as the light regime changes and becomes less favourable for the 

establishment and growth of trees of this group.
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Figure 2.20. Trends in leaf areas of the two species groups 
during the development of a stand of NTRP.
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The main reason for the lack of studies of this stand variable is the 
difficulty in measuring leaf area extensively and the duration for such an 
exercise. One way that simplifies the approach is to establish allometric 
relationships from which leaf area can be derived. Kato et al (1978) used the 
following scheme to obtain leaf area at Pasoh.

where

» LA

D = diameter at breast height (cm)

H = height of tree (m)

Ws = dry weight of stem (kg)

W B = dry weight of branches (kg)

WL = dry weight of leaves (kg)

WT = above ground dry weight of tree (kg)

LA = leaf area of tree (m )
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Destructive sampling was carried out in two plots to establish the parameters 

for these relationships, after which the leaf area's were derived. The values 

obtained were 7.15 and 7.99 ha ha" 1 of which the leaf area of trees alone were 

respectively 6.20 and 7.10 ha ha' 1 . These values are lower than that of a 

semi-evergreen rain forest at Khao Chong in Thailand with a leaf area of 12.3 

ha ha' 1 (Ogawa et a/, 1965). The latter value seems to be an over-estimate 

since it was obtained from random leaf samples without taking into account 

the variation from the ground level to the canopy as the study at Pasoh. Some 

other values of leaf area in the tropics include: 10-12 ha ha" 1 in the Ivory 

Coast (Huttell and Bernhard-Reversat, 1975; Lemee, 1975), 10.6 ha ha" 1 in 

Panama (Golley et a/, 1975), 10.7 ha ha' 1 in Thailand (Tsutsumi et al, 1966) for 

stands in the lowland rain forests; c. 5.5 ha ha" 1 in New Guinea (Edwards and 

Grubb, 1977), 6.4 in Puerto Rico (Odum, Copeland and Zimmerman, 1963) for 

lower montane rain forests; and finally 5.5 and 5.7 ha ha" 1 for two upper 

montane rain forests in Jamacia (Tanner, 1980).

In none of the above studies was there an attempt to establish the 

distributions of leaf area amongst the species groups. Thus there are no real 

standards for comparative purposes which can be related to outputs from the 

model being developed here. However, the scheme used by Kato et al (1978) 

can be used to establish model inputs with regard to leaf area for different 

sizes of trees of the species groups. This is one possible index of stand density 

and competition that can be used to relate growth/mortality of trees during 

stand development. Outputs of the model can be compared to leaf area values 

given above for acceptability.
In summary, the leaf area dynamics of a stand of NTRF, while studied 

as a whole, does not offer any insight into the temporal and species groups 

patterns. As before, successional theory serves as the basis for postulations of 

the trends of leaf area over stand development. The few studies of leaf area in 

the tropics show wide variability for a stand of NTRF from 5.5 to 12.3 ha ha" 1 .

2.3.2. Fecundity dynamics 

2.3.2.1. Seed-rain dynamics

Fruiting phenology in the NTRF has received little attention until 

recently, consequently this aspect is little understood. Community patterns in 

leafing, flowering and fruiting have been studied in Africa by Boaler (1966) in

69



deciduous miombo woodland in Tanzania and by Burger (1974) in four forest 

types in Ethopia. In Asia, work has been carried out by Medway (1972) and Ng 

(1977) in forests in Malaysia, and Koelmeyer (1959) in Sri Lanka. In the 

neotropics, Croat (1969, 1978) and Foster (1974, 1982) looked at the 

semi-evergreen moist forest in Panama, Janzen (1967), Fournier and Salas 

(1966), Frankie et al (1974), Opler et al (1980) and Baker et al (1983) looked at 

various types of forests in Costa Rica, Nevling (1971) in Puerto Rico, and 

Jackson (1978) in Brazil. Other researchers include Enright (1978), Hall and 

Swaine (1980), Brinkmann and Vieira (1971), Uhl et al (1981), Swaine and Hall 

(1983) and Saulei (1984). All of these studies, except those of Koelmeyer (1959), 

Medway (1972) and Baker et al (1983), were short-term over about two years, 

and no detailed attempt was made to examine trends for the species groups of 

interest in this research.

The evidence, so far, suggests that water availability is a key factor in 

triggering flowering although other factors may be involved (Schulz, 1960; 

Alvim, 1964; Poore, 1968; Burgess, 1972; Fox, 1972; Mori and Kallunki, 1976). 

Further, selective forces such as pollinator traits and floral biology may 

influence flowering behaviour (Bawa and Opler, 1975; Opler et al, 1975) while 

predation can affect existing fruiting (Janzen, 1978).

The study on wet rain forests at Finca La Selva in Costa Rica by 

Frankie et al (1974) revealed that, each year, there were two flowering peaks in 

the canopy species and three in the understorey. Flowering was in the two wet 

seasons and in the lighter dry season, but were asynchronous between the two 

layers. The shrubs showed multiple flowering and were aseasonal. A substantial 

number of trees bearing mature fruits could be found each month, with a peak 

in the second dry season (August - October).

In Barro Colorado Island, Panama, the seasonally of fruiting activity (i. 

e. the proportion of forest vegetation that is fruiting) has been studied by 

Foster (1982). His findings are presented in Fig. 2.21. The canopy trees 

dominate the fruiting rhythm with two peaks at the beginning of the wet 

seasons. The understorey has two almost equally sized fruiting peaks but the 

second in November and December is at the time when the trees are at a 

minimum. Lianas fruiting follows the trees but the first peak in March and April 

is more pronounced. For the other life-forms, the ephiphytes and 

hemi-epiphytes flower mainly in the two rainy seasons, and the figs (Ficus 

spp.) fruit continuously with a weak depression between November and April, 

contributing the most "noise" to the overall pattern of fruiting.
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Figure 2.21. Schematic diagram of the seasonality of fruiting

activity in a "normal" year. "Activity" is intended to represent 

the proportion of the forest vegetation that is fruiting. (From 

Foster, 1982).
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In terms of the two species groups. Van Steenis (1941, 1958), Guevara 

Sada (1974), Moreno Casasola (1976a), Gomez-Pompa and Vazquez-Yanes 

(1976), Ewel (1980), Denslow (1980), Vazquez-Yanes (1980) and Whitmore (1984) 

all agree that the secondary species frequently, if not continuously, produce 

copious numbers of small seeds which are wind or animal dispersed. On the 

other hand, the primary species flower infrequently (Schulz, 1960; Burgess 

1972) or annually (Poore, 1968; Hartshorn, 1972) producing large seeds with a 

larger percentage being animal dispersed than wind dispersed (Hartshorn, 

1980). There appears to be some disagreement here with regards to the fruiting 

periodicity reported above. However, seed size as indicative of fruiting 

periodicity may be supported by the fact that large seeds have larger reserves 

than small seeds, and a tree would take longer to produce reserves for large

71



seeds than small seeds so inhibiting rapid flowering.
Only a few studies have been made of flowering and fruiting 

schedules during the life of tropical plants. Ng (1966) found a large number of 
Dipterocarpaceae in Malaysia flowered for the first time between 20 and 30 
years old. Kochummen (1961) found six-month old seedlings of Dipterocarpus 

oblongifolius flowering, but there was no seed setting (Ng, 1966). Euterpe 

globosa flowered for the first time at c. 50 years (Bannister, 1970) while 
Pentaclethra macroloba fruited for the first time at an approximate age of 180 
years (Hartshorn, 1972). This therefore makes it difficult to assign reproductive 
status to a particular size of trees for a species group.

Not all flowers produce seeds. One palm, Astrocaryum mexicanum, 

produced an average of 28.4 female and 8212.4 male flowers per inflorescence 
but only 60% of the female flowers became fruits of which 94% were viable 
(Sarukha"n, 1978). For various Cordia spp., seeding efficiency varied between 15 
and 30% in Costa Rica (Opler et al, 1975). Bawa (1974) found wide variations in 
seeding efficiencies: 0.1% for Enterolobium cyclocarpum, 1% for some species 
like Guazuma tomentosa, Hirtella racemosa and Pterocarpus rohrii, and between 
60 and 90% for Ardisia revoluta and Ochroma pyramidala From these findings, 
there is thus a wide variation in seeding efficiencies making it difficult to make 
useful generalizations.

Only a few workers have examined actual number of seeds produced 
by mature trees. Some values are given in Table 2.4. Sarukha'n (1980) on the 
basis of these values disagrees with Harper and White's contention (1974) that 
fecundity increases to a maximum, after a juvenile stage, and then declines 
with age. He suggests that in naturally grown trees, there are no senescence 
effects to cause a decrease in fecundity, and even if there were such effects, 
the trees would die before such effects occur.
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Table 2.4. Fecundities found for individuals of different age (size) 

classes in species of tropical trees. (Modified from Sarukhan, 

1980).

age (years) 10 

(mean seeds 

/cone) 5

Pinus caribaea

20 30 40

20 42 45

Pentaclethra macroloba

dbh (cm) 20<40 40<60 60<80 80<100 >100 

(seeds/adult) 80 121 149 225 357

Welfia gorgii

heights (m) 5.1-9.0 9.1-11.0 11.1-14.0 14.1-17.0 17.1-21.0 

(mean seeds 

/adult) 48.71 41.40 525.75 831.55 861.25

age (years) 43 

(mean seeds 

/adult) 3

Astrocaryum mexicanum

52 60 68

13 10 28

78 86 94 104

19 25 30 34

Not all seeds of the seed-rain are capable of producing a seedling. 

Seeds are affected in three ways. These are their intrinsic viability, 

pre-dispersal predation and post-dispersal predation. Not all seeds are 

intrinsically viable due to genotypic factors and/or mishaps during meiosis and 

embryonic development. Ng in Whitmore (1978) reports that the proportion of 

viable seeds produced can be very low e. g. 0.1% for Endospermum (Dalbergia) 

malaccensis and Vernonia arborea. Seed setting may not result in mature seeds 

being produced at the time of shedding (Baker and Harris, 1957; Janzen, 1978; 

and Baker et al, 1983) because maturation is known to continue after shedding 

and this can be prevented by environmental constraints (Snow, 1965; Smythe, 

1970; and Croat, 1974).
There are two stages during which damage occurs in pre-dispersal 

predation. In the first stage, there is a minimal attack on immature green fruits
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or young embryos. Agents include the moth larvae (Lepidoptera) and sucking 

bugs (Coreidae, Lygaeidae, Pentatomidae and Pyrrhocoridae) (Janzen, 1983). The 

second stage involves attack on full sized maturing seeds from two points - 

inside and outside. On the inside, moth larvae (Pyranidae) and beetle larvae 

(Bruchidae, Curculionidae and a few Cerambycidae) are responsible (Janzen, 

1983), while on the outside, squirrels, monkeys, parrots and other animals are 

responsible (Emmons, 1975; McKey, 1978; and Higgins, 1979). Janzen (1983) 

estimates 33-50% of seed crops are attacked in lowland tropical rain forests on 

normal soil, and in the case of multiple fruits, this may be higher since attack 

leads to shedding of immature seeds.

Post-dispersal predation is due mainly to vertebrates of which two 

aspects are evident - pure seed predation and seed predation as a price for 

dispersal (Janzen, 1983). Pure seed predators include various animals - tapirs, 

agoutis, oil-birds, and insects - but the extent of mortality is not clear.

Of the total number of potential seeds produced at any time, if it is 

assumed that 50% are viable, of which 40% are killed during pre-dispersal 

predation, and a further 40% are killed during post-dispersal predation, then 

only 18% of the original crop would be viable in the seed bank. ~-

Saulei (1984) measured seed-rain using traps in the Gogol Valley, 

Papua New Guinea. He found a fall rate of 696 m"2 month' 1 of which 2.4% 

were from trees, i. e. 28 m~ 2, and most were from secondary species. 

However, he claims that this value may be an underestimate because of animal 

dispersal.
In terms of animal dispersal, there is conflicting evidence. Prevost 

(1981) working in French Guiana, found that seeds of the secondary species, 

Solanum spp. were dropped randomly by birds. Hall and Swaine (1980) also 

support this view, but Fleming and Heithaus (1981) working in Costa Rica, found 

evidence of patchy dispersal under roosts of frugivorous bats.

For purposes of model formulation, the rates of seeding by trees of 

the species groups can be established at a global level for the model. It cannot 

be as detailed as above, since many of the processes are not of a precise 

quantitative nature. These include rhythm of fruiting and dispersal. The model 

outputs would have to be within the ranges given above.

In conclusion, there are different views held on the nature of fruiting 

phenology. This is due to insufficient studies directed at this problem and the 

great difficulty in coming to terms with the large array of factors influencing 

phenology. At this time, the forces influencing seed production and dispersal
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are little understood but from the few studies done in these fields, there are 

some bits of information that can be used for the model. This includes 
reproduction rates by trees and predation rates. Periodicity of flowering and 

dispersal rates are, however, much more intangible at present for quantitative 
generalizations.

2.3.2.2. Seed-bank and germination dynamics

The seed-bank constitutes the seeds in the soil which have the 
potential of germinating into seedlings. Most studies on seed-bank dynamics 

have been carried out in clear-felled areas in conjunction with artificially 
controlled environments in laboratories. Researchers include Symington (1933), 

Keay (1960), Schuiz (1960), Guevara Sada and Gomez-Pompa (1972, 1976), Liew 

(1973), Kellman (1974), Moreno Casasola (1976b), Cheke et al (1979), Lebron 

(1979, 1980), Stocker (1981), Vazquez-Yanes and Orozco-Segovia (1982a, b), 

Holthuijzen and Boerboom (1982), Garwood (1983a, b), Swaine and Hall (1983) 
and Saulei (1984).

One of the major findings is that the majority of seeds in the 

seed-bank are of secondary species with only a minor component of primary 
species seeds. Guevara-Sada and Gomez-Pompa (1972, 1976) and Moreno 

Casasola (1976b) found only a few seeds of five primary species from Los 

Tuxtlas forest soil (Mexico). Liew (1973) found that of the 1186 seedlings which 

germinated from 20.8 m 2 of topsoil in Malaysia, 730 (92.29%) were from 31 
secondary species (density: 35.1 m~2 ) and 61 (7.71%) were from 6 primary 

species (density: 2.93 m"2). In Ghana, Hall and Swaine (1980) found that 90% of 

the species and 99% of the seedlings were from secondary species. On a 

clear-felled site in the Gogol Valley, Papua New Guinea, Saulei (1984) found 

that 99% of the seedlings germinating were from secondary species, while, 
only 1% was from primary species. Also, from a seed-bank study in the same 

area, he found that of all germinated seedlings, 93% were from secondary 

species at a density of 3816 m~ 2 .
The above findings would suggest that a stand of NTRF would be 

dominated by the SSG at all phases of development. But as pointed out in 

§2.3.1.1, the PSG becomes the dominant group in the later phase of stand 

development. What is the cause of this? It seems that the factors influencing 

germination and dormancy contribute to this aspect. These factors include soil 

disturbance, light, temperature and moisture.
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Bell (1970) demonstrated at El Verde, Puerto Rico, that soil disturbance 

increased germination of Phytolaces icosandra in gaps and under the canopy. 

Quatterman (1970), working in the same forest, found Smila* coriacca 

germinated better on bare ground than on litter-covered soil. In Sabah, Liew 

(1973) found that soil disturbance stimulated germination of the secondary 

species, Anthocephalus chinensis, and the climber, Mezoneuron sumatranum 

Putz (1983), in a study on Barro Colorado Island, found that some secondary 

species are more abundant on disturbed soils, especially in large gaps where 

large uprooted trees can be found. These findings indicate that the lighter 

seeds of the secondary species require some disturbance of the litter in order 

to come into contact with the soil for germination to be successful. Litter 

accretion, as a stand develops, thus prevents the secondary species from 

maintaining a large input of seedlings into its population.

Both light and darkness have been found to be essential for the 

germination of some species. Blum (in Vaquez-Yanes, 1980b) found that light 

was essential for the germination of the secondary species Cecropia 

obtusifolia, C. peltata, Trema micranthera, and 7". orientalis. Valio and Joly (1979) 

found that Cecropia glaziovii remained dormant in darkness. Vazquez-Yanes 

and Orozco-Segovia (1982b) found the same lack of response for Piper 

hispidum, while Vazquez-Yanes and Smith (1982) found a similar response for 

Piper auritum and Cecropia obtusifolia From an unpublished study, Longman 

and JenTk (1981) reported that light was essential for the germination of 

various species - Chlorophora excelsa, C. regia, Mitragyna ciliata, Musanga 

cecropoides, and Nauclea diderrichii. Ludlow Weichers and Vazquez-Yanes 

(1976) found that of twelve Mexican Piper species, seven required light while 

five germinated in darkness. These findings illustrate that light is, to a large 

extent, necessary to initiate germination of the secondary species. Under a 

canopy, therefore, the germination rate of the seeds of secondary species 

would be lower than in lighted conditions without a canopy.
Experiments have also demonstrated that the quality of light affects 

germination. This is important in forests where sun-flecks are the main sources 

of light at the ground level. For example, Schulz (1960) found in Suriname that 

the secondary species swamped large gaps in the. forest but there was no 

increase of the primary species over the levels under the canopy. Bell (1970) 

reported a similar behaviour at El Verde. Hall and Swaine (1980), in Ghana, 

found 2028 seedlings from 90 species germinated in full light, but only 120 

seedlings of 25 species did so in shade. Thus, full light is essential for the
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secondary species to germinate, and the lack of sufficient light can inhibit their 

establishment in the forest under shade.

Temperature is another factor affecting germination. Aubre*ville (1947) 

found that the secondary west-African species, Musanga cecropoides, 

germinated in response to heating, after the canopy was removed. The 

neotropical secondary species, Ochroma lagopus (balsa) was triggered by fire 

to germinate (Vazquez-Yanes, 1974, 1975; Vazquez-Yanes and Perez-Garcia, 

1976). Fluctuating temperature was found to enhance germination of Phytolacca 

icosandraal El Verde (Edmisten, 1970). At constant temperature, there was little 

germination of Heliocarpus donelli-smithi at Los Tuxtlas, but diurnal 

fluctuations of soil temperature within a range of 15°C with a maximum of 

31 °C for a few hours gave the best germination rates. From the above, 

therefore, higher temperatures caused by opening of the canopy gives the 

secondary species a chance to germinate and establish itself, while under a 

closed canopy there is inhibition of this.

Moisture is important in causing the rupture of the testa of seeds. 

Alternate diurnal drying and soaking of seeds of Terminalia ivorensis for one 

week was found to raise the germination rate by 40% (Taylor, 1960). However, 

the role of moisture in enhancing/inhibiting germination rates of the two 

species groups is not clear.

Knowledge of dormancy and its contribution to germination is little. It 

appears that there are two kinds of seeds - recalcitrant and orthodox. 

Recalcitrant seeds have no natural dormancy, are typically large and fleshy, and 

are believed to be produced by primary species (Whitmore, 1984). Orthodox 

seeds, on the other hand, are usually small with good dormancy and are 

believed to be produced by secondary species (Van Steenis, 1941; Whitmore, 

1984). One implication of this, is that the secondary species would tend to have 

a large contribution to germination from the seed-bank, while the primary 

species would rely to a large extent on seeds arriving in the seed-rain for 

immediate germination.
One factor that probably helps in keeping the seed-bank levels at a 

low level is predation. For example, seeds of Astrocaryum mexicanum are 

attacked by bruchids and rodents which remove about 95% of seeds (Sarukha*n, 

1980). This rate is similar for another forest palm, Scheelea rostrata (Janzen, 

1971a) which experience a removal rate of 90.6%. Welfia georgii fruits have a 

wide range of removal rates by various vertebrates - between 7 and 80% 

(Vandermeer, Stout and Risch, 1979). This is similar for seeds of Dioclea
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megacarpa with a range of 0-100% (Janzen, 1971b). Synnott (1975b) found an 

average of 43% mortality of seeds of Entandrophgrama utile caused by rodents, 

but this value masks the variability which ranges from 3-10% in the forest 

edge, and up to 90-95% in areas in stable mixed forests. In a seed-bank study 

of Cordia elaeagnoides, Guevara (1977) found a reduction of seeds, at two soil 

depths, to 3% after two months, and after the fifth month to under 1% of the 

original levels in both series of seeds. The predators in this case were 

identified as two rodents - Liomys pictus and Oryzomys palustris.

From the above, therefore, the environment at the ground level, as a 

stand of NTRF develops, become less favourable for the germination of seeds 

of the secondary species. This may account for the decline of the secondary 

species despite of an abundance of seeds of this species in the seed-bank. The 

lowered light response of this species under a canopy may also cause a high 

mortality rate of both seedlings and adults, and may also contribute to a 

decline. Only in gaps can this species proliferate in a developed stand. Despite 

the continual renewal of seed-bank levels by the seed-rain, high predation 

rates probably prevent the proliferation of either species of trees which may 

lead to population explosion.

With regard to model formulation, it appears that over a time period, 

the following scheme can be used:

seed-bank = previous seed-bank + seed-rain - predation 

- loss of viability - germination

This would have to be derived for each species group, but cannot be as 

dynamic as presented above. This is due to lack of precise information of rates 

of predation and dormancy losses. Outputs of the model must conform to the 

seed densities given above. Germination of seeds can be modelled as a 

function of either light or space, in a similar manner as growth of trees, and 

must represent the differing responses of the species groups with stand 

development.

2.3.2.3. Seedling pool dynamics

In this research, the seedling pool is taken to include all seedlings and 

saplings not of a measurable dbh, i. e. seedlings and saplings below 1.3 m tall. 

There have been no studies in the NTRF directed at studying such a stand
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variable alone. Studies have been done mostly with regards to succession on 

cleared land and include those of Ross (1954), IMicholson (1965), Wyatt-Smith 

(1949, 1966), Kochummen (1966), Williams et al (1969), Webb et al (1972), Liew 

and Wong (1973), Aweto (1981a, b, c), Uhl et a/(1981), Swaine and Hall (1983), 

and Saulei (1984).

One study of particular importance was by Liew and Wong (1973) who 

studied the survival of seedlings of seven rain forest species after a heavy 

seedfall in natural dipterocarp forests in Sabah. Their data are used to 

construct Fig. 2.22 A and B. All of the species considered are of the PSG. 

After four years, seedling survival ranged from 0.80 to 16.9%. This is inclusive 

of recruitment following the heavy seedfall. The actual number of seedlings 

varied between 42 and 2152 per acre (103.78-5317.59 ha" 1 ) at this time, 

illustrating a wide variation in density (0.01-0.53 rrf2 ) and survival of seedlings.

Swaine and Hall (1973) studied early succession on a 800 m~2 transect 

of cleared forest land in the Atewa Range Forest Reserve in Ghana for five 

years. The trends in change of density with time are shown in Fig. 2.23. After 

five years, the PSG had increased from a density of 0.05 m"2 (14%) to 0.32 m"2 

(36%), while the SSG had increased from 0.30 m~2 (86%) to 0.57 m"2 (64%) 

despite a decrease in per cent composition. However, the latter group had 

peaked after 1.5 years with a density of 2.34 m~2 . These trends lend support to 

those proposed in §2.3.1.1 for population behaviour during initiation of forest 

growth.
The density of the primary species group after four years at Atewa 

was 1.33 m~2 while that at Sabah was between 0.01 and 0.53 m"2 for the seven 

primary species. In the clearance, therefore, the density was greater than in the 

natural forest. To what extent this can be regarded as a generalization is not 

clear because the study at Sabah included only seven species while that at 

Atewa involved 30 tree species.
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Figure 2.22. Recruitment and survival of seven dipterocarp species 

in Sabah in natural forests. Data from Liew and Wong (1973).
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Figure 2.23. Density of secondary and primary trees in the first 
5 years following clearance in the Atewa Range Forest Reserve, 
Ghana. (From Swaine and Hall, 1983).
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In the Atewa study after five years, 341 secondary saplings (45%) and 
54 primary saplings (7%) exceeded 2 m in height of which 167 secondary and 
10 primary saplings exceeded 5 m in height. The percentage composition of 
saplings at this time was 64% secondary and 36% primary species. This 
supports the general finding that the secondary species have a faster growth 
rate than the primary species, and also illustrates the trends that need to be 
reflected in the model.

Saulei (1984) in his study of natural regeneration following clear felling 
in the Gogol Valley, Papua New Guinea, reported that seedlings appeared three 
weeks after logging. Six months later, there was 90% areal cover by weeds, 
grasses, climbers and trees, while 10% was still bare. At this time, nearly all 
trees were between 0.5-2.0 m tall with a density of 4 m"2 comprising 60 
species. Secondary species were classified into two types - small, which are 
short-lived and are not found in the mature forest, and large, which are 
long-lived and present in the mature forest. Small secondary species had a 
density of 3.2 m"2 comprising 84% of the trees, while large secondary species 
had a density of 0.5 m"2 comprising 15% of the trees, making a total of 99%. 
The primary species with a density of 0.5 m~2 comprised only 1% of the trees. 
It must be pointed out that only 25 species originated from actual seeds in the 
soil, with 17 species from coppice and 18 from seeds, saplings or coppices, 
and those originating from seeds alone were generally taller, ranging between
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0.7 and 2.0 m.

The findings in the Gogol Valley, for the primary species, contrast with 

those at Atewa. The primary species at Atewa at no time reached a density of 

0.5 m as in the Gogol Valley. This variation is probably due to genetic and/or 

site factors. The secondary species does not offer any opportunity of 

comparison because of difference in classification by the respective workers.

In the studies of seedling dynamics, therefore, there is general 

agreement on the trends of species responses in clearances despite 

quantitative differences in rates of establishment. In the natural forest, there is 

much to be studied in these respects. However, it is possible that similar 

trends apply in the forest as in clearances and it may just be a matter of 

differential rates for the two environments.

The seedling pool dynamics can be reflected in a similar manner as 

seed-bank dynamics over a time period:

seedling pool = previous seedling pool + germination - mortality 

- outgrowth

Mortality and outgrowth would have to be established in a similar manner as 

growth of trees, i. e. as a function of a density index of the stand. Model 

outputs would have to agree with seedling densities and dynamics over stand 

development.

2.3.3. Gap-phase dynamics

The NTRF perpetuates itself through gap creation and regrowth 

resulting in a mosaic of patches of different sizes and ages (Baur, 1968; 

Oldeman, 1978; Richards, 1981; Whitmore, 1984). Management, in terms of 

harvesting, also creates gaps, generally larger in size than endogenous gaps, to 

which the forest responds in a number of ways (§1.2) depending on the 

intensity and frequency of harvesting, the sizes of trees extracted, and the 

damage incurred in the process. Apart from this, many species require gaps for 

establishment and growth, especially the secondary species (Kramer, 1933; 

Schulz, 1960; Baur, 1968; Hartshorn, 1978; Acevedo and Marquis, 1979; Denslow, 

1980; Richards, 1981; Whitmore, 1984; Brokaw, 1985). Gaps are, therefore, an 

essential component of the NTRF, so their dynamics need to be understood 

more fully.
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2.3.3.1. Definition

There is a need for a definition of gaps which can permit their 

consistent identification and measurement for understanding their differential 

effects on forest dynamics. Brokaw (1982a) offers the following definition: 'A 

gap is a "hole" in the forest extending through all levels down to an average 

height of 2 m above ground. The sides of forest openings are irregular in 

profile, but for a workable definition, the sides of that space defined as a gap 

are vertical. The side at a particular place on the perimeter is located at the 

innermost point reached by foliage, at any level, at that place on the perimeter. 

An opening can conform sufficiently to this definition despite an isolated small 

tree or very thin branch extending into the "hole". Although often termed 

"treefall gap", gaps may be created by falling trees, limbs or liana tangles.'

With this definition in mind, one can ask "Is there a definite minimum 

gap size?". Brokaw (1982a) pointed out that this parameter may vary among 

forests and that depending on its size, it can significantly affect the mean gap 

size of a forest. For example, for gaps formed in 13.4 ha of forest in Barro 

Colorado Island, Panama, between August 1975 and April 1980, with a minimum 

gap size of 20 m 2, the average gap size was 84.8 m 2, while with a minimum 

gap size of 40 m 2, the mean gap size was 110.9 m 2 (31% larger). To some 

extent, the 'minimum gap size' is a subjective concept since it does not 

consider the effect on the dynamics of a stand. It is suggested here that in a 

mature forest, over a fixed duration, once a gap causes a discernible effect 

either growth in height or girth of saplings/trees in the gap, or in the density 

of seedlings in the gap, then the size of that gap should be regarded as the 

minimum gap size. This necessitates comparing these parameters for different 

species in the gap and in the closed forest for a range of gap sizes and time 

periods, and once an increased response can be statistically established for a 

particular gap size, then that gap size can be used as the minimum gap size 

for the stand.

2.3.3.2. Size-class distribution of gaps

Studies on gap sizes and their distributions reveal a wide range of 

values which differ with the workers. Hartshorn (1978) found a range of 

0.0054±0.0043 to 0.0125+0.0120 ha for mean gap sizes in four areas in Costa 

Rica. He also estimated that a falling emergent can create a gap over 0.1 ha if

83



it brings down a neighbour. Whitmore (1984) gives a much smaller estimate of 

0.04 ha if an emergent with a crown diameter of 15-18 m falls. However, 

Richards and Williamson (1975) in an Osa Terminalia forest in Costa Rica, 

observed gap sizes between 0.089-0.098 ha caused by single trees falling, and 

between 0.031 to 0.095 ha caused by two adjacent trees falling. The mean gap 

size was 0.081 ha, with a median of 0.092. The latter values agree more with 

Hartshorn's (1978) values than with Whitmore's (1984) value. Brokaw (1985) 

reported a smaller range than those above of 0.002-0.0705 ha in Barro 

Colorado Island.

In terms of frequency distribution of gap sizes in a forest, there have 

been no studies apart from that of Brokaw (1982a) for 66 gaps formed in 13.4 

ha of forest in Barro Colorado Island between August 1975 and April 1980. This 

is illustrated in Fig. 2.24. In this study, gap sizes range between 0.002-0.036 ha 

with the largest number of gaps being in the smallest size class. The author 

neither gives values of the size frequency distributions of trees causing the 

gaps, nor comments on the shape of the distribution given in Fig. 2.24. It 

would have been useful to derive a trend between these two parameters 

(probably a negative exponential?), which can then be used to construct 

appropriate model inputs for gap formation. So, the present information can 

only be used as tests of model outputs.

84



Figure 2.24. Size-class distribution of 66 gaps occurring in 13.4 

ha of forest in Barro Colorado Island between August 1975 and 

April 1980. (From Brokaw, 1982a).

30 -

15 -

u_
O 10

o: 
ui
£ 5H

20 40 60 80 100 120 140 160 ISO 200 220 240 260 280 300 320 340 360

SIZE CLASS LIMITS (m 2 ) 

2.3.3.3. Rates of formation of gaps

Rates of formation of gaps by falling trees have been little studied. 

Hartshorn (1978) monitored tree falls on three 4 ha permanent plots for six 

years at La Selva biological station. All three plots were in mature forest 

dominated by Pentaclethra macroloba on three major soil types. He found an 

average fall rate of 1 tree ha~ 1 year" 1 , but he pointed out that this was a crude 

estimate because of the irregularity of tree fall and more often there was tree 

fall during the wet seasons. Leigh (1975) estimated that tree fall rates generally 

exceed 1% per year in the lowland wet tropics, for all sizes of trees. This 

implies a more rapid tree fall rate than that of Hartshorn (1978). From 

Hartshorn's (1978) value, there should be a total gap area of at least 0.1 ha. 

This is similar to Poore's (1968) measurements of total gap area in a lowland 

evergreen dipterocarp rain forest in Central Malaya, who observed the extent of 

small gaps (size ?) as being 9.9% of his survey area of 23.04 ha. This gives the 

total gap area to be 0.099 ha ha' 1 . However, because only small gaps were 

included in this survey, the total gap area would be larger than this, lending 

support to Leigh's (1975) estimate. Lang and Knight (1983), on the other hand, 

found a much smaller total gap area of 0.038 ha ha" 1 on Barro Colorado Island
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in 1978. This suggests a much wider variation in total gap area present in a 

stand at a particular time.

Tree fall rates give an indication of mortality rates of gap-forming 

trees. Unfortunately, the above picture is incomplete, and the use of this 

information is restricted to tests of model outputs.

2.3.3.4. Tree size - gap size relationships

The main part of a falling tree that creates a gap is the crown. 

However, there is little to go on with respect to crown dimension - gap size 

relationships. Brokaw (1982b) found a significant correlation between dbh of a 

tree creating a gap and the size of gap created. However, from this study, a 

useful relationship cannot be developed because details of the data were not 

given by the author. Apart from this, no distinction was made between gap 

sizes produced by trees of the different species groups. The likely approach 

seems to be the development of dbh - crown diameter relationships and crown 

diameter - gap size relationships.

Rollet (1978) observed that the ratio of crown diameter (<J>) to dbh 

varies during the life of a tree and that it is probably different from one 

species to another. This was based on a previous work (Rollet, 1969) in which 

he examined 1500 trees >4 m high in the Venezuelan Guyana region where 

<J> : dbh ratios varied between 13 and 18. Heinsdijk (1960) found a much larger 

range of between 25 and 36 and frequently near 33, but this was for emergents 

only, comprising 27000 trees in 1200 ha south of the Amazon. This agrees 

more with Paijmans' (1951) ratio of 30 obtained from aerial photographs for 

emergents in five plots 200x300 m at a scale of 1/10000 in Indonesia.

One important study, for the present purposes, was done by Dawkins 

(1963) who examined six types of 4>-dbh relationships for 17 tropical species. In 

all but the very small and very large sizes of trees, a straight line was 

applicable (Eq. 2.10).

<J> = a + b (dbh) Equation 2.10.

where $ ~ crown diameter (m)

dbh = diameter at breast height (m) 

a, b = constants

86



However, when the whole range of age and size was included, then the 

theoretically correct relation was sigmoid. In the latter case, the <t>:dbh ratio 

fluctuated between 16 and 27, and was often near 20, but even in these cases, 

the central three-quarters of the line was unlikely to significantly differ from 
linear.

Another important study was done by Perez (1970) on 28 forest stands 

in which he compared the 4> : dbh relationship at El Verde to those from 6 rain 

forests in Puerto Rico and Dominica. He used a normalized crown diameter (a 

polygon) instead of a circle to derive diameters for irregularly shaped crowns. 

The normalized crown diameter - stem diameter relationships are shown in Fig 

2.25. There are striking similarities in all stands except for V2 which has a 

much lower slope than the others.

Figure 2.25. Regression lines for crown diameter - stem diameter 

for 7 stands of rain forests. (From Perez, 1970).
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No studies have been done relating crown size to gap size in the 

NTRF. It can be assumed that the gap diameter at its widest points would be 

the same as the crown diameter of the tree creating the gap. However, the gap 

is not completely circular in shape because of the nature of the crown of a 

tree, thus the diameter cannot be used to identify its dimension. Therefore a
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one to one relationship cannot be used. For the present purposes, it is 

assumed that a gap is circular in shape, but its diameter is only two-thirds of 

the crown diameter of the tree creating it.

2.3.3.5. Regrowth in gaps

There have been no consistent studies over any extended period of 

regrowth in gaps. Conventionally, gaps are regarded to contain plants up to 2.7 

m tall and/or up to 0.3 m girth (9.55 cm dbh) (Whitmore, 1984). However, 

because the species composition in gaps of various sizes would vary among 

themselves and from the rest of the stand due to differences in microclimate 

(Lee, 1978), it is questionable to say that if plants are larger than these sizes, 

that a gap can no longer be regarded as a gap anymore. So, species 

composition is an important aspect that must be considered apart from the 

size of the plants.

Species composition in relation to gap sizes is illustrated by the study 

of Kramer (1933) in upland rain forests of Mt. Gedeh, Java. He found that in 

artificial openings less than 0.1 ha, existing regeneration of primary dominants 

survived and made good growth. However, if the openings were between 0.2 to 

0.3 ha, then this regeneration was completely suppressed by secondary 

species. Other evidence in support of this comes from Blandford (1929) who 

found the best regeneration of dominants in evergreen forests of Malaya in 

gaps not more than 6 m across and in gaps larger than this, there was no 

regeneration of dominants in the central region. Further, Hartshorn (1978) found 

that the secondary species, Cecropia spp., occurs only in gaps of about 0.04 ha 

and larger at La Selva. The size of a gap, therefore, determines the species 

composition and spatial distribution of the species, and the latter is linked to 

the differential light regimes within gaps of different sizes.

One study of major importance with regards to gap-phase 

regeneration in the NTRF was by Brokaw (1985), who looked at the questions: 

'How do gaps of contrasting size differ in terms of recruitment, species 

composition and growth of canopy tree saplings?' and 'How do these variables 

change during the first 5-6 yr of regrowth?' in 30 gaps (0.002-0.0705 ha) on 

Barro Colorado Island. In 1975, every sapling > 1 and <4 m tall and 

representing a potential canopy tree was identified, measured and tagged in 13 

recently formed gaps and 2 one-year old gaps. In 1976, 15 recently formed 

gaps were added. Inventories were carried out at yearly intervals through 1978,
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and then in 1981, to check for mortality, growth, and recruits j> 1 m tall. His 

analyses was then done with respect to two species groups which are the 

same being used in this research - the PSG and SSG.

With respect to recruitment and species composition, the stem 

densities of both species (a total of 37 secondary and 53 primary species) 

follow trends similar at initiation of forest growth. There was a quick rise 

initially, then a levelling off or a decline from years 3 to 6 due to mortality and 

lack of recruitment. These trends are illustrated in Fig. 2.26.

One major finding was that the secondary species density was 

strongly correlated with gap area after 5-6 years (Spearman Rank Correlation. 

r = 0.62, P < 0.001, n = 30). This general pattern is supported by others 

including Schulz (1960), Baur (1964), Avecedo and Marquis (1978), Hartshorn 

(1978), Denslow (1980), Richards (1981) and Whitmore (1984). Another major 

finding was that after 5-6 years, although stem density of the primary species 

varied considerably among the 30 gaps, it was not related to gap area (r = 

0.66, IMS, n = 30). These findings support the generality that secondary species 

do better in large disturbances than in small, while the primary species can do 

no better in either sizes of disturbances when the latter were not severe 

(Connell and Slatyer, 1977). Large gaps experience higher light and 

temperature levels (Lee, 1978), stimulating light and/or heat sensitive seeds of 

the secondary species to germinate and grow. Also large gaps exhibit greater 

soil disturbance and this permits the lighter seeds of the secondary species to 

come into contact with the soil more easily, thus facilitating germination.

With respect to growth, only height analysis was carried out. 

Regressions of height on gap area were not significant for either species, but 

the growth rate, of the secondary species was significantly greater

than for the primary at 9 of the 13 largest sites (paired t 

test, P < 0.05). For the other sites, the trends were similar but not significant. 

Generally, the secondary species performed well in large gaps (> 0.015 ha) but 

not so in small gaps, while the primary species showed no difference in 

performance in small or large gaps.
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Figure 2.26. Density of individuals >_! m tall of secondary (o) and 
primary species (•) at intervals after gap formation, in the gaps 
where study began in 1975 on Barro Colorado Island. Gap area (m2 ) 
is shown in the upper left of each graph. Patterns were similar in 
gaps where study began in 1976. (From Brokaw, 1985).
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Analysis of growth performance with time, showed that the first 
cohort of both species declined significantly in height growth in some large 
gaps. This agrees with studies by Borman and Likens (1979), Brokaw (1980) and 
Uhl et al (1982). Also, in some large gaps, growth of the first cohorts of both 
species were significantly greater than later cohorts. This agrees with results of 
Chapman (1945), Brokaw (1980), Cook and Lyons (1983) and Garwood (1983b). 
As Garwood (1983b) observed, early presence in a gap offers greater scope for 
survival, growth and reproduction in that site, which seems to be the case for 
both species in this study, since there is a lower growth rate of later recruits, a 
decline of recruitment, and a heavy mortality of shorter secondary species.

Gaps, more readily colonized by the secondary species, exceed 0.015 
ha, and the rate of formation of gaps of such sizes is one every 5.3 years per 
hectare (Brokaw, 1982b). The primary species, however colonise all sizes of
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gaps within the range studied, and the rate of formation of gaps in this range 

is about once a year per hectare (Brokaw, 1982b). The faster formation rates of 

gaps suitable for the primary species apparently contribute to the continuing 

dominance of the primary species.

From the above, rates of regrowth in individual gaps can be of usa in 

setting up input relationships of the model. The trends of regrowth in the large 

gaps are similar to those given for the dynamics of numbers of trees, but in 

small gaps, the PSG does better than the SSG. These trends must be reflected 

in the input relationships of the model, and must act as standards for 

comparing model outputs.

In summary, the quantitative aspects of gap creation and regrowth 

while studied to some extent do not offer much generality for purposes of 

modelling. At this time, the answer to the question: 'What is a gap?' is not 

clear. The size-class distribution of gaps was carried out in detail in only one 

study, and in comparison to other less detailed studies, there is much variation. 

There are also controversial values about rates of gap formation and the extent 

of total gap area present at a particular time in a stand. Further, there are no 

general relationships between gap size and crown size. Study of regrowth 

illustrates general trends which are in agreement with other studies, but there 

has only been one study of this nature in the tropics with any quantitative 

meaning.

2.4. TRANSITION MATRICES IN RELATION TO FORESTRY

From the above review of the dynamics of the NTRF, the system was 

subdivided into a number of stages: seed-rain, seed-bank, seedling pool, the 

population of trees, and gaps. The population of trees was further subdivided 

into diameter size classes. The question now arises about the type of method 

that is appropriate to reflect the processes of these stages and their 

interactions. The only method with any potential is the matrix method, which 

traditionally treats processes in life/size stages of populations. This section 

now reviews the applications of matrices to the study of forestry and similar

systems.
One of the earliest applications of transition matrices in studying 

biological processes was by Bernardelli (1941), whose model was further 

developed independently by Lewis (1942) and Leslie (1945, 1948). It was a 

deterministic model for predicting the future age structure of a population of 

female animals from the present known age structure and assumed rates of
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survival and fecundity. The population was structured into n+1 equal age 
groups (i. e. 0, 1, 2, 3, ... n) such that in the final or oldest age group (i. e. n), 
there was no survival. The model was represented by the matrix equation 
shown in Table 2.5 where the matrix is represented by A, the present age 
structure of the population by P, and the future age structure by P,^.

Table 2.5. A typical transition matrix for age distributions of 
animal populations. The fj(i = 0, 1, 2,...n) represent the 
age-specific fecundity rates and the pj(i = 0, 1, 2,...n) 
represent the age-specific survival rates of the females of 
the population.
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The age structure of the population at time t+1 (i. e. P t+1 ) is obtained 
by post-multiplying the matrix A by the population structure at the present 
time t {i. e. Pt), so that:

AxP, = Pt+ i -Equation 2.11.

By iteratively post-multiplying the matrix by the derived age structure of the 
population, the age structure can be obtained after a number of periods, k. The 
age structure of the population, after k periods, can also be obtained by raising 
the matrix to the power k, then finding the product of this derived matrix and 
the initial age structure of the population as shown in Equation 2.12.

't+k = A kxP, -Equation 2.12.
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Lefkovitch (1965, 1966, 1967) modified this approach by using unequal 

stage groups with no assumption being made of the period an individual can 

survive in a particular age group. Thus, instead of using age groups, he 

structured the population into stage groups because the age of the individuals 

could not be obtained. He applied this model to insect pests, grouping the 

population into four stages - eggs, larvae, pupae, and adults. This meant 

deriving different survival rates as well as permitting transition of individuals 

from one group to another. This was therefore a more general model than the 

former.

There have been other applications, based on Lefkovitch's approach, to 

various biological processes. Among these are those of Lowe (1969) for 

population dynamics of red deer; Smith (1970) for phosphorus flow in a 

three-compartment system; Usher (1972, 1973) for blue whale and red deer 

respectively; and Beddington (1975) for exploitation of red deer in Scotland.

In forestry, Usher (1966, 1967, 1968, 1969a, 1969b, 1976) was the first 

to modify and apply the basic matrix approach to selection forests with mixed 

ages and sizes of trees, with no regeneration phase. The population is 

structured into diameter size classes (dsc) with each class having a proportion 

of trees remaining in it, and a proportion moving to the next largest dsc over a 

period of time, during which trees do not move more than one class (there in 

no growth from the final class).

Usher's (1969a) conceptual matrix is presented in Table 2.6, where in 

the main diagonal, a^i = 0, 1, ... n-1) is the probability of a tree remaining in a 

size class i; in the sub-diagonal, b|(i = 0, 1, ... n-1) is the probability of a tree 

moving up one size class; in the first row, C|(i = 0, 1, ... n) is the number of 

trees recruited in size class 0; and a n is the management decision concerning 

the number of trees harvested in the final size class. If all the trees in this 

class are harvested, a n is 0.
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Table 2.6. Conceptual transition matrix for predicting the diameter 

distribution of a forest developed by Usher (1969a).
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If trees dying naturally are removed as part of the harvest then 

a ; + bj = 1 for each of the classes 1 to n-1, while for class n, 0 <a-, < 1. If 

harvested trees are replaced by regeneration, rather than having fecundity 

dependent on the population of reproductive trees, the stable population 

structure is given by:

AxP = XxP -Equation 2.13.

where P is the size class distribution of trees at stability (also called the 

eigenvector), and X is the associated eigenvalue. Thus if there are n; trees in 

class i at time t, then at time t+1 if there is a stable population structure, then 

there should be Xn ; trees in that class, and to maintain a stable structure, 

(X - 1)n ; trees would have to be harvested to reduce Xn, to n ( . The factor X is 

thus required in the regeneration term to allow regeneration to reflect 

harvesting.
The term X is a scalar value representing the intrinsic rate of natural 

increase of the population at stability, and when the characteristic equation:

|A - Xxl| = 0 -Equation 2.14.

is satisfied for Eq. 2.13, then X can be derived (I is a unit matrix). When A is of 

order n (i. e. the number of rows or columns, both of which are equal since 

this is a square matrix), Eq. 2.14 is a polynomial of order n in X, and thus has n
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solutions X v X 2, ... X n say, and Eq. 2.13 would have n eigenvectors as well. 

Note that only if a stable state exists can Eq. 2.14 be satisfied. X can be 

positive, negative, or conjugate pairs of complex numbers. Biologically, only 

positive roots are meaningful, and the largest one is the dominant eigenvalue 

(also called the dominant latent root) (Searle, 1966; Keyfitz, 1968; Sykes, 1969).

Usher (1969a) demonstrated that there is an optimal solution of Eq. 

2.13, with a dominant latent root greater than one and with only one 

eigenvector of the forest, that is biologically meaningful. Applying the model to 

a Pinus sylvestris forest with a six-year cycle of operations, the matrix 

equation 2.15 was set up. The dominant latent root was found to be 1.204266 

and the eigenvector was (1000, 544, 372, 214, 86, 26). With a harvesting level 

of 17% every six years, the forest approximated to a stable structure after 

twelve periods (i. e. 72 years). This is shown in Fig. 2.27 where the progression 

of trees in each size class is followed over time. The dominant latent root of 

1.2 indicates that there is a rapid increase of the population at the stable state.
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Figure 2.27. The structure of a Scots pine forest estimated after an 

exploitation of 17% for the next fourteen six-year enumeration 

periods. The forest has approximated to its stable structure after 

about twelve periods (From Usher, 1966)
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Hartshorn (1972) applied the matrix model in his study of the life 
histories of Pentaclethra macroloba, a principle dominant species, and 
Stryphanodenderon excelsum, an occasional associate, in an old-growth 
lowland rain forest in Costa Rica. He introduced three main modifications. The 

first was in structuring the population, although he still used size classes for 
the trees. In his approach, he divided the population into two types of sizes. 
The first type was based on heights of saplings up to 3 m, and the other by 
dbh for taller trees. The second modification was incorporating mortality into 

the matrix. In Usher's (1969a) model, the sum of a t and bj for each class except 
class n, adds to one, but in Hartshorn's (1972) model, the sum is less than one. 

This approach is more realistic because it incorporates the notion of
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survivorship for trees in various size classes. The third modification introduced 
by Hartshorn (1972) is in reflecting fecundity. Regeneration values in the first 
row of the matrix were estimated for viable seed production by trees of 
reproductive status, rather than being a number of saplings replacing harvested 
trees as in Usher's (1969a) model. This is more in line with the original 
applications of the matrix model for animal populations, and is indeed more 
realistic.

Hartshorn (1972) collected data on a 4-hectare permanent plot over a 
12-month period, and used his model to investigate the equilibrium status of 
the population of the species he was looking at, using the transition 
probabilities derived from his data. He found the dominant latent root to be 
1.002 for P. macroloba and 1.047 for S. excelsum. These indicated that the 
populations are not changing rapidly at stability. With comparison to the 
dominant latent root found by Usher (1969a), the populations of the tropical 
species are not increasing rapidly. This is illustrated by the longer time of 236 
years that P. macroloba took to equilibrate in contrast to 72 years that Scots 
pine took.

Wadsworth (1977) applied a similar model to that of Hartshorn (1972) 
in his study of the diameter distribution of trees in a lower montane rain forest 
in Puerto Rico. Wadsworth (1977) obtained his data from a one-acre (0.4 ha) 
permanent plot established in 1946 by Beard (1949). There was no record of 
human disturbance in the plot which was useful in that it can be regarded 
as virgin forest with uneven-aged mixed species. The data covered 30 years at 
ten-year intervals with measurements of dbh by species, ingrowth, mortality 
and crown class at each interval.

Wadsworth (1977) constructed a matrix which contained elements of 
survival and transition after mortality was established, as well as fecundity 
elements. He modelled the fecundity process in more detail than the two 
previous workers because there was more information of this nature in his data 
base. Using the ingrowth data, he assumed that the contribution to ingrowth 
by a diameter class was proportional to the fraction of its trees classified as 
dominant from their crown classification. He then used the relationship:

[INGR]j = I(Wj / Fj.) -Equation 2.16.

wnere IMGR = number of saplings growing into the
smallest size class from size class i
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I = average number of ingrowth trees on the plot 

per interval

W = weighting factor based on the proportional 

occupancy of the canopy by size class i

F = frequency of trees in the diameter class i.

The weighting factor, W, for each diameter class, i, was obtained from the 

proportion of trees of size i in the dominant crown position of the canopy and 

was expressed as:

Wj = (F ii2 / FjJ / (F ir2 / FjJ x 100 -Equation 2.17.

where (i,j) refers to the i th diameter class and the j th crown class (j = 2 is 

dominant, the dot (.) refers to the sum of all classes). In this way, Wensures 

that the number of ingrowth trees in the plot is distributed among the diameter 

classes above the ingrowth size class according to the proportion occupancy 

of the canopy of these trees.

The dominant latent root was found to be 0.989 for the population 

when equilibrium was attained after 150 years. Wadsworth (1977) concluded 

that the rates of transition were relatively constant over the 30 years of 

measurement, and at equilibrium, the population would neither increase nor 

decrease because the root was close to one. He also demonstrated that the 

observed and equilibrium distributions had a similar shape and were in support 

of Goff and West's (1975) theory of rotated sigmoid diameter distributions.

It is evident from the above applications of matrix models to forestry 

that only Usher's (1969a) approach is directly applicable for management 

purposes. The models of Hartshorn (1972) and Wadsworth (1977) were 

developed to study equilibrium/stability properties of the populations they were 

investigating. The obvious difficulty is in modelling the fecundity process as is 

evident in the different approach used by each researcher. It is also clear that 

there must be a substantial data base to derive the elements for the matrix 

both in terms of the dynamics of the populations and the fecundity process.
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2.5. CONCEPTUAL MODIFICATION OF THE MATRIX APPROACH

2.5.1. Assumptions of the matrix method

The assumptions on which the previous matrix approaches are based 

for a stand of trees are:

1. The population of trees is distributed into diameter and/or 

height size classes. A square matrix is set up corresponding 

to the number of size classes for the population. The 

elements of the matrix reflect biological processes the trees 

undergo in a certain time interval, e. g. 5 years.

2. Individuals of a size class grow during the time interval. 

Some individuals may put on enough increment to move 

into a larger size class while some do not grow sufficiently 

and they therefore remain in that class. There is no growth 

from the final size class. The elements for these processes 

in the matrix are assumed to be constant as the stand 

develops to maturity.

3. Individuals of a size class succumb to natural mortality. This 

process is reflected in the matrix approach by reducing the 

elements for growth. The sum of the elements for the 

proportions of trees remaining stationary, growing and 

dying is unity for a size class. It should be noted that the 

elements for mortality are not represented in the matrix 

itself, but are stored as a separate set of values for the size 

classes. These elements are also assumed to be constant 

while the stand develops to maturity.

4. The population size increases by recruitment into the 

smallest size class. This is represented in two stages. 

Firstly, individuals of some size classes reproduce and, 

secondly, there is ingrowth into the smallest size class. In 

general, trees of the larger size classes are capable of 

reproduction and this is reflected in the matrix by elements 

representing possible sapling inputs from a single tree in 

these classes; these elements are assumed to be constant 

over time. The actual number of recruits into the population 

depends on the number of trees in the reproductive size
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classes.

One question of importance here is To what extent are these 

assumptions realistic, and can they be refined further?'. The discussion now 

looks at these assumptions.

2.5.2. Conceptual modifications of the matrix method

2.5.2.1. Stages of the system

Assumption 1 is essential for the matrix approach. The population 

should be distributed into life/size stages, and the matrix should be set up to 

enable suitable operations on each size class according to the biological 

processes occurring in that class. The life stages would correspond to the 

seed-rain, seed-bank, seedling pool and population of trees. The latter is then 

divided into size stages, namely, diameter size classes.

2.5.2.2. Growth processes in the stages

Assumption 2 is also necessary in principle. There should be elements 

in the matrix to represent growth of trees into larger size classes and trees 

remaining in a size class over a time interval. However, in the previous 

approaches, these elements are assumed to be constant during the 

development of a stand of trees. This assumption can be examined in more 

detail.
There are a number of factors affecting growth of trees. These are the 

genetic potential for growth of the tree; the environmental constraints - 

nutrients, moisture, light and temperature; and competition and density effects. 

At a particular site, all trees would be constrained by the available nutrients, 

moisture, light and temperature, therefore these factors need not be explicitly 

incorporated into the elements representing growth.

Under optimal environmental conditions and in the absence of 

competition, the genetic potential for growth of a tree would be fully 

expressed. In this case, the growth rate is logistic until senility, after which 

there is a decrement in growth leading to death. There is therefore a dynamic 

growth rate throughout the life-span of the tree, which is almost exponential in
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the initial stages of the life of the tree, and almost static at maturity. In the 

presence of competition and density effects from other trees, the growth rates 

would vary and because of this, the elements for growth in the matrix should 

be dynamic in relation to an index of competition and density during the 

development of a stand of trees, rather than static as in the previous 

approaches. Further, the elements representing trees remaining stationary in a 

size class, and mortality should be related to the elements of growth. Thus if 

the growth rate from one size class to another decreases in a time period from 

the previous time -period, then the elements for trees remaining stationary 

and/or the elements for mortality should increase for that size class. In this 

way, all the elements are dynamically changing according to the state of 

development of the stand.

Evidence from plant communities. Evidence for the dynamic response 

of individuals in terms of growth mentioned above, comes from empirical 

studies of various plant communities. Shinozaki and Kira (1956) demonstrated 

that a linear relationship exists between the reciprocal of mean plant weight 

and density during the growth of a crop. This relationship, now called The 

Reciprocal Yield Law, has been recorded for a large number of plant species 

(Harper, 1977). However, there is one main criticism of this law. Unless properly 

weighted, very small plants at high densities may affect the regression analysis 

when the equation 1/w = A d + B is being fitted. The normal procedure in 

presenting the relationship is to plot log (mean plant weight) against log 

(density) as illustrated in Fig 2.28 A-B for soya beans (Glycine sojsl\. As the 

individual grows, the yield per unit area is dependent on the density of seeds 

sown, but at some upper limit of growth, the yield per unit area becomes 

independent of density. Plants at high densities come under stress early in 

their development, while plants at lower densities encounter stress when they 

have grown larger and begin interfering with each other. Thus variations in 

sowing density are compensated by variations in growth rates of individual 

plants. Density-independence at some upper limit is caused by the availability 

of resources becoming limiting.
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Figure 2.28 A-B. The relationship between sowing density and yield of 
soya beans. The fitted curves are reciprocal yield equation 
1/w = A d + B. ((a) = data for mean yield per plant; (b) = as (a) 
but for yield m~2 ). (From Harper, 1977; after Shinozaki and 
Kira, 1956).
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Any factor affecting the growth rate can delay or hasten the onset and 
intensity of density stress on growth. The light regime is one of these factors. 
It changes in a stand depending on the density of plants and the degree of 
vegetation cover of a site, and this causes different responses by the species 
present depending on their differing light responses. The change in light 
intensity or light attenuation in developing stands has been associated with 
studies on leaf area index (LAI) and primary productivity. An example of light 
attenuation for stands of cumulative LAI is illustrated in Fig. 2.29 for various 
plant communities. With increasing LAI, the attenuation of light is greater. This 
in turn affects the growth rates and determines the 'ceiling-index' to vegetation 
cover and LAI. Some inter-relationships between LAI and growth rate (in terms 
of dry matter production, DMP) at different levels of solar radiation are 
illustrated in Fig 2.30 for Trifolium subterraneum. An incoming solar radiation of 
100 cal cm"2 day" 1 limits the optimal LAI to less than 4, while 700 cal cm"2 
day" 1 has an optimal LAI of 7. However, the growth rates in terms of DMP for 
these optimal LAIs are respectively 5 and 23 g m~ 2 day" 1 , a difference of 18 g 
m"2 day" 1 .
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Figure 2.29. The exponential decrease of light intensity in different 

stands of plants as a function of LAI. The cumulative LAI is derived 

by summation of the index values for the individual horizontal 

layers of assimilation surface in the stand. In broad-leaved 

dicotyledonous communities (D), the attenuation of light is 

considerable even with a low LAI, whereas in grass community (G) 

attenuation occurs more gradually; stands of trees (T) represent an 

intermediate position. (From Larcher, 1983; after Monsi and Saeki, 

1953, and Kira et al, 1969).
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Figure 2.30. Inter-relationships between LAI and the rate of dry 

matter production of Trifolium subterraneum at different levels 

of solar radiation. (From Blackman, 1968; after Black, 1963).
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Evidence from the forest communities. Studies of the above nature 

have not been extensively carried out for forest communities because of slow 

growth rates of trees and difficulty of measurement of canopy LAI. There are a 

few isolated studies of importance. Kato et al (1978) studied the distribution of 

leaf area in Pasoh Forest in Malaysia by destructive sampling. The vertical 

distribution of leaf area is shown in Fig 2.31 from which three maxima are 

apparent - at 30-35 m, 20-25 m, and under 1.3 m. The shrub layer between 1.3 

m and 5 m is fairly high while the layer between 5 m and 10 m is low. The 

average leaf area density is less than 0.2 m 2 m~3 (Kato et al. 1978) which is 

about ten times as small as that in ordinary crop and herbaceous communities.
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Figure 2.31. Profile structure showing the vertical distribution of 

leaf area by destructive sampling in a plot 20 x 100 m in Pasoh. 

(From Kato et al, 1978).
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Previous to the destructive sampling of the forest in the above study, 

the vertical distribution of mean relative illuminance (Rl) was measured by Yoda 

(1978). This is shown in Fig. 2.32. The linear segments indicate an exponential 

decrease of Rl which is described by the Beer-Lambert's law (Monsi and Saeki, 

1953):

-Equation 2.18.

where I, = light intensity inside the canopy at any height 

I 0 = light intensity outside the canopy 

K = extinction coefficient
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LAI = leaf area index

Figure 2.32. The vertical distribution of mean relative illuminance 
in Pasoh. (From Yoda, 1978).
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The uppermost segment corresponds to the crowns of the emergents 

between 48 m and 55 m, which intercept around 70% of the incident light. The 

second uppermost segment indicates the space between the emergent crowns 

and the upper surface of the main canopy at about 32 m. The Rl is kept almost 

constant because of a very small amount of leaves. The third segment from 

4-6 m to 32 m indicates a fairly constant distribution of leaves with decreasing 

height. The Rl is lowered from 30% to 1% by this layer. The final segment 

corresponds to the layer of palms, shrubs and tree saplings near the ground. 

The presence of a greater leaf area density here causes the slope of this 

segment to be greater that that of the former segment. The relative amount of 

LAI held by each layer is estimated by Yoda (1978) to be 22% for the emergent 

layer, 62% for the canopy layer, and 16% for the shrub layer near the ground.

In a study on a secondary, lower montane rain forest in Costa Rica, 

Stephens and Waggoner (1970b) investigated the relationship between net 

photosynthesis as an indicator of growth, and light intensity for a number of 

species. These relationships, called light curves of photosynthesis, are 

presented in Fig. 2.33. Cecropia peltata, a secondary species, has the highest 

rate of net photosynthesis indicative of a high growth rate, while the primary 

species, Geothalsia meiantha and Cord/a alliodora, have relatively moderate net
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photosynthetic rates indicative of a lower growth rate. Croton glabellus, a 

shrub from the understorey, has the lowest net photosynthetic rate indicative 

of a shade plant.

Figure 2.33. Net photosynthesis as dependent on light intensity for 

species of a secondary, lower montane rain forest (Costa Rica). 

(From Stephens and Waggoner, 1970b).
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Schroeder et a/(1982) examined canopy development and productivity 

in Eastern Washington for thirteen fully stocked stands dominated by nine 

temperate tree species. They found that LAI was more closely related to 

maximum current stemwood production than was site index or a combination 

of site index, basal area and age, but the relationship was not regionally 

independent in the two regions they considered. A ratio of annual stemwood 

production per unit of leaf area, derived from measurements of radial growth 

and sapwood thickness, within a particular forest was correlated to canopy 

density but could not be used to estimate the maximum potential LAI because 

the relationships were too asymptotic. In general, on a given site, net 

stemwood production per unit leaf area decreases with increasing leaf area. 

This is illustrated in Fig. 2.34 for seven stands with varying stocking density. 

Their conclusion was that maximum canopy leaf area is a better estimator than
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conventional forestry measures for the productive capacity of a forest site.

There are a number of implications of these isolated studies on tree 

species with reference to density variations on growth. Increasing density of 

stems per unit area would increase the leaf area density and leaf area index. 

This, in turn, increases light attenuation and cause a shift along the light curves 

for photosynthesis to lower rates. This leads to decreased growth rates for the 

species present there.

A second implication is that species with different light curves would 

respond differentially. For example, from Fig 2.18, a fall in light intensity from 

1.2 cal cm"2 min" 1 to 0.4 cal cm"2 min" 1 , would cause a decline in net 

photosynthetic rate from 22 to 16 mg dm"2 hr" 1 for Cecropia peltata, from 8 to 

6.5 for Cord/a alliodora, and from 6 to 5 for Geothalsia meiantha The relative 

decline for the secondary species is thus greater than those for the primary 

species. This further implies that the mortality rate of the secondary species 

would be greater under a closed canopy than in an open one, and the primary 

species can survive better under shade.

The influence of density on growth rates can be represented in terms 

of an interaction between LAI and light attenuation, and the effect on the light 

curves of the species. LAI is a suitable choice, therefore, as an index of 

competition and density effects in a stand. For this reason, it is chosen as one 

of the main parameters to be used in this research to represent the changing 

competitive and density effects on growth in a stand as it develops to maturity. 

No other parameter reflects such a wide range of properties.
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Figure 2.34. Relation of stemwood production per unit leaf area to 

LAI in Eastern Washington. Lines represent data from seven 

distinct stands within which the stocking density of trees varied 

considerably. (From Schroeder eta/, 1982).
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2.5.2.3. Mortality processes in the stages

Conceptually- there should also be an element representing natural 
mortality in each size class for assumption 3, although this element is not 
explicitly represented in the matrix. Of the three previous approaches, only 
those of Hartshorn (1972) and Wadsworth (1977) incorporated mortality and in
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these, mortality was assumed to be constant over time in each size class. As in 

the case for growth, this assumption can be examined in more detail.

Factors affecting natural mortality include the make-up of the 

genotype, environmental constraints, competition and density effects. 

Environmental constraints lead to mortality in a number of ways. Lack or 

absence of essential elements or moisture are some immediate causes, but the 

light factor is of greater importance. Light can either increase or reduce 

mortality especially where more than one species coexist with differing 

responses to light intensity. However, competition and density effects are the 

main causes of mortality. Mortality generally occurs at high but not low 

densities and is independent of the particular growth stage of a tree except at 

senility. As in the case for growth, it is suggested here that this interaction of 

density and mortality be reflected in the elements representing mortality in the 

matrix approach. In this way, these elements would be dynamically changing 

according to the state of development of a stand of trees rather than static as 

in the previous approaches which incorporated mortality.

Types of mortality. Influence of density on mortality is often 

disregarded in studies relating yield and density. However, two categories of 

mortality are recognized with respect to density in population studies - 

density-independent and density-dependent. The latter term was introduced by 

Smith (1935) to describe the increased risk of death with increasing density of 

animal populations. This interpretation still remains in general usage although 

Haldane (1953) identified two aspects of density-dependent population growth. 

These are negative density-dependence in which population growth is hindered 

by density effects, and positive density-dependence in which population growth 

is enhanced by density effects. In negative density-dependence, the density 

effects act as regulators of population growth and generally cause the 

population to attain a stable state at some point in time, however, the density 

effects in positive density-independence generally enhance population growth 

which may become erratic and may cause overshoots and instability of the 

population.
Evidence from plant communities. It is difficult to separate 

density-dependent and density-independent effects in nature. There are few 

studies identifying density-independence mortality. One such study was 

carried out by Harper and Gijic (1961) with Agrostemma githago. This species 

had a constant mortality risk of 77% at all densities. However, in the presence 

of a second species at a constant density (Beta vulgaris or Triticum sat/vurrt),

110



the mortality of Agrostemma was strongly density-dependent.
Positive density-dependent mortality usually occurs in the early stages 

of germination and establishment. An example of such density effects is 
illustrated by germination of Medicago sativa Individual seeds fail to germinate 
when the soil surface is hard, but a group of seeds can successfully germinate 
because of the greater density of seedlings which exert more physical pressure 
on the soil surface, breaking it. Other effects have been demonstrated by 
Harper and Chancellor (1959) for Rumex crispus and Rumex obtusifolus. 
However, Harper (1977) points out that such positive density-dependent 
mortality is very much the exception in plant communities and that most 
density responses are negative.

A number of experimental studies on various species have been 
carried out in which negative density-dependent mortality was illustrated. 
These include Papaver spp. (Harper and MclMaughton, 1962); Glycine soja, 
Sesame vulgaris. Ambrosia artemisiifolia elatior, Fagopyrum esculentum, 
Erigeron canadensis (Yoda et al, 1963), and Helianthus annus (Hiroi and Monsi, 
1966). In all these studies, the risk of mortality was greater at higher than at 
lower densities and was not associated with any particular growth stage.

Yoda et al (1963) from their results of population studies of annuals 
found that when the log of mean plant weight was plotted against the log of 
the density of the survivors, the points lie around a line of slope -1.5. This 
relationship is described as the 3/2 power law and can be written as:

~ 3/2 -Equation 2.19.w = c p

where w = mean weight of plant

p = density of plants 

c = intercept

This was particularly demonstrated by Yoda et al (1963) for Erigeron canadensis 
with a slope of -1.66, and by White and Harper (1970) for Raphanus sativus and 
Brassica napuswth a slope of -1.45.

Evidence from forest communities. The 3/2 power law holds true for 
forest trees as well. Figs 2.35 and 2.36 shows the relationship between density 
of trees and their mean volume (rather than weight) in fully stocked stands in 
Britain. The actual densities were produced by following the thinning regimes
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recommended by the British Management Tables for the different species on 

different soil types. The lines in Figs 2.20 and 2.21 are therefore thinning lines. 

The gradients for the lines in Fig 2.20 range between -1.72 and -1.82 and are 

much steeper than that expected under natural self-thinning, which is probably 

attributable to the measurement of trees in terms of volumes instead of 

weights. The gradients for the lines in Fig 2.21 range between -1.48 to -1.62 in 

the early stages of growth and are much closer to the ideal slope of -1.5, but 

in the older stages, the gradients change to -1.0. In the older stands, the total 

volume per unit area has become constant and thinning cause the remaining 

trees to increase in sizes to sufficiently compensate for the volume removed 

by thinning.

The mechanism of self-thinning is poorly understood at present. 

However, one feasible explanation is that density effects cause changes in net 

photosynthetic rates of individuals and those with very low or negative net 

rates die.

The interaction of density and LAI, and the effects on the light curves 

of different species have already been pointed out in the discussion involving 

density effects on growth. From the above review, there is a similar effect of 

density and LAI on mortality, and as in the case of growth, LAI is a suitable 

choice as an index of density and competition effects on mortality for the 

purposes of the present model. However, because the structure of the forest in 

the present research is followed by numbers of trees, the 3/2 law is not 

applicable since it involves weight measurements.

In the approaches of Hartshorn (1972) and Wadsworth (1977), the 

mortality elements and the growth elements for trees in a size class were first 

evaluated. These elements, when deducted from 1.0, gave the element for trees 

remaining in a size class. Conceptually, this is the most reasonable method to 

derive the latter element, so it is retained in the present approach. This is 

because density directly affects growth and mortality, and these should be 

evaluated before that for a tree remaining stationary in a size class.
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Figure 2.35. The relationship between the density of trees and their 

mean volume in fully stocked stands up to 100 years after planting. 

For each species two or three sets of yield class data (Y. C.) are 

given. The data for the separate Y. C. lie along common thinning 

lines, whose gradients range from -1.72 to -1.82. A slope of 

gradient -1.5 is shown on the right for comparison. (From White and 

Harper (1970), data from Bradley eta/, 1966).

western hemlock, Y.C. 260 (o), Y.G 180 (*); Sitka spruce, Y.C. 260 (°), Y.C 200 (•); 
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Figure 2.36. Relationships between density and mean volume per tree 
for beech and oak in fully stocked stands for up to 150 years of 
age. Two sets of yield classes data are given for each species. 
At points of maximum mean annual increment (indicated by arrows 
for each Y. c.j the slopes change from a gradient of -1.5 to -1. 
(From White and Harper (1970); data from Bradley eta/ (1966)).

beech, Y.C. 100 (o), Y.C. 60(»); oak, Y.C. 60 (o), Y.C 40 (•).
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2.5.2.4. Recruitment processes

Assumption 4 is also biologically true, i. e. mature trees reproduce, 
and recruits grow into the smallest size class. However, in the previous matrix 
approaches, there have been differences in the way reproduction has been 
modelled. Usher (1969a) modelled reproduction of trees by modifying the 
number of saplings from a reproductive class with the associated eigenvalue, \. 
Hartshorn (1972) estimated viable seed production by trees of reproductive 
status, while Wadsworth (1977) used available ingrowth data and crown 
classification of the reproductive trees to derive a distribution of ingrowth trees

114



among the reproductive size classes.

In the present approach, it is proposed to modify fecundity in a 

number of ways. The previous matrix approaches can be schematically 

represented by Fig. 2.37. Mature trees produce seeds from which recruits enter 

into the smallest size class. In forestry, trees are recorded by their diameter at 

breast height of 1.30 m. The previous approaches assume a one-step phase 

between seed production and recruitment into the smallest size class of 

measurable dbh.

Figure 2.37. Schematic illustration of fecundity and population 

growth used in the previous matrix approaches.
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where rp = element for reproduction

r = element for trees remaining in a size class

m = element for trees moving into a larger size 

class

d? = element for mortality of trees in a size class; 

not in all cases

This one-step phase can be represented in a biologically more 

fundamental and realistic way as illustrated in Fig. 2.38. Seed production and 

shedding form the seed-rain which is dispersed by a number of agents. Seeds 

enter the seed-bank which acts as a source for the seedling pool, and which 

has a seed decay rate depending on the type of seeds - recalcitrant or 

orthodox - and species. Seeds germinate and grow into the seedling pool
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which constitute the stage before seedlings reach a measurable dbh size and 
enter the smallest size class of the population of trees. The processes 
controlling the seedling pool are similar to those controlling the population of 
trees in that growth and mortality are functions of competition and density 
effects.

Figure 2.38. Modified scheme of fecundity and population growth 
proposed for the present approach.

seed-rain

11- 1
1 rt |

| mt —

1 dt | 

1 1

seed-

bank

1 1
1 rt |

— > mt ———

1 at 1 
1 1

seedling

pool

+ |

1 1 

1 1

1 1 1 | rpt| rpt|
| rt | rt | rt | rt | rt |

-3> mt -> mt-* mt-> mt-* mt->

| dt | dt | dt | dt | dt | 

1 1 1 I 1 1
1 2345

Diameter size classes

1 seed 

| production 

1

rpt|

rt |

1

dt | 

1
6

where rpt = element for seed production m~ of leaf area

rt = element for seeds, seedlings or trees 
remaining stationary at time, t

mt = element for seeds, seedlings or trees moving 
into a larger size class at time t

dt = element for seeds, seedlings or trees dying at 

time t

It is also proposed to modify the way seed production has been 
modelled in the previous matrix approaches. No studies have been carried out 
on quantifying the number of seeds produced by a tree over any time period, 
primarily because of the difficulty of measuring such a property. It would 
therefore not be realistic to use such a concept at present. But, is there a 
better alternative? It is suggested here that a more fundamental unit of
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production be used for seeds. This is one square metre of leaf area rather than 

the whole tree. Such a unit can be more easily quantified and conceptualised 

than the whole tree unit. One square metre of leaf area of a reproductive tree 

would produce a certain amount of net photosynthate of which a certain 

amount would be allocated to flower and seed production. The amount of 

seeds produced would vary according to their sizes, the size of the tree, 

frequency of production and the degree of pre-shedding predation. Seed size is 

a species-related attribute, while frequency of seed production is to a large 

extent environmentally controlled, and the extent of predation depends on the 

population sizes of the predators. All of these factors are measurable and can 

be more easily related to the simpler unit of seed production proposed here.

2.5.3. Other modifications

It was mentioned in §1.1.2 that the NTRF perpetuates itself through 

gap creation and regrowth, apart from recruitment per s& However, the 

previous matrix approaches did not incorporate gap creation or regrowth. Also, 

the literature is scanty with respect to these processes, so any scheme used to 

reflect them, would have to be based on underlying biological concepts which 

can be supported as investigations proceed into the nature of the internal 

dynamics of the NTRF.

There are two processes that need to be understood, and the way 

they can be incorporated into the dynamic approach being adopted for this 

approach. The first is gap creation, the types of which were already pointed out 

in §1.1.2. The present model is not intended to reflect the effects of large scale 

disturbances such as -hurricanes and landslips, but rather, of small scale 

disturbances such as those caused by falling trees either from natural mortality 

or harvesting.
When a large tree falls, it brings down other trees smaller than itself 

in its immediate neighbourhood, as well as smothering saplings and seedlings. 

Assuming that the crown of the tree does the major part of the damage, then, 

if the dimension of the crown is known, the area of the gap created can also 

be known. A gap is a vertical swathe in the stand, so the gap area, as a 

proportion of the area of the stand, is of the same dimension at all heights of 

the swathe. This proportional area of the stand represents the areal damage in 

each size class of trees and seedlings affected by a falling tree from a 

particular size class. In general, the size classes affected would be those which 

have trees shorter in height than the falling tree. The number of trees and
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seedlings killed in each size class can be derived from the proportional area of 

the stand that is gap area, and the number of trees and seedlings present in 

the affected size classes. Deducting the number of trees and seedlings killed in 

each size class from the present distribution would give the actual frequency 

distribution of the stand, after gap creation.

The second process in gap-phase dynamics is regrowth in the gaps. 

The two main types of trees in the NTRF with different ecological strategies 

were already pointed out in §1.1.2. The PSG grows better in shaded conditions, 

while the SSG favours more lighted conditions. Gap sizes vary depending on 

the size of the falling tree, but each gap would have a spatial distribution of 

light from the central to the peripheral regions. In a developed stand, a very 

small gap (10 m 2 ) would be shaded throughout, while a large gap (500 m 2) 

would have more light in the central region than in the peripheral regions. 

These regions with different light levels would either enhance or restrict the 

establishment and growth of either of the species group depending on their 

respective light responses.

The present model follows the dynamics of the population of each of 

the two species groups. Similarly, regrowth in the gaps should be centred 

around population processes. Thus under conditions favourable to the SSG, the 

response of this species group should be at a population level, rather than at 

the level of the individuals in the gaps. This implies that the nature of all gaps 

must be considered in terms of the state of regrowth and the areas in the 

gaps enhancing and/or restricting the species group concerned, before arriving 

at the effect on the population of that species group. Further, if a gap is 

followed through time, the rate of regrowth slows down, until the gap is fully 

recovered and is indistinguishable from the rest of the stand. This temporal 

property must also be reflected in the scheme. As the gap gets older, the 

process is one of trees growing from a small size class to a larger one. The 

effect on the elements for growth is one of being greater in the smaller size 

classes than in the larger, and also of being greater or smaller depending on 

the gap areas involved. A similar scheme would apply for the seed-bank and

seedling pool.
Of the previous approaches, only that of Usher (1969b) incorporated a 

management decision, i. e. harvesting of trees from the largest size class. The 

present model is intended to be more general in this respect. Harvesting 

should be done for either species group and from any size class, while 

enrichment plantings should be done for either species group to investigate
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other management decisions, apart from preventing degradation of the stand. 

As in the case of natural mortality of large trees, harvesting also creates gaps, 

therefore, gap-phase dynamics would be an integral part here as well. The 

management decisions, in terms of yield and plantings, should be stored in a 

yield table.

2.5.4. Conclusion

There are a number of modifications in the synthesis of the present 

approach. The modifications are based on more biologically fundamental 

concepts and relationships of the system. Elements for growth and mortality of 

trees and seedlings are dynamically changing with respect to density and 

competition effects rather than being static. The elements for trees remaining 

stationary are derived after growth and mortality are evaluated, and in this way 

they are also dynamic. Fecundity is presented in more detail. Seed production 

is related to a simpler unit of production than in the previous approaches. 

Seeds enter a seed-bank from which they germinate and grow into a seedling 

pool. The dynamics of the seed-bank is different with respect to the population 

of trees and seedlings. Seedlings growing into the smallest size class of trees 

drive the system. Gap-phase dynamics are introduced for the first time, and 

are based on gap creation and regrowth. The latter process operates at a 

population level as the rest of the model. Management is incorporated in a 

more general way than before. Harvesting can be done for either species group 

and from any size class, and enrichment planting is provided to prevent 

degradation of the stand and to investigate the effects of other management 

decisions. In these respects, the system is biologically more realistic and 

self-perpetuating, and is more conducive for testing management alternatives 

than in the previous versions.
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CHAPTER 3 

THE TIME OF PASSAGE APPROACH

3.1. INTRODUCTION

One useful and commonly used forest management tool is the yield 

table, which gives stand yield over time: numbers and sizes of trees, basal 

areas and volumes to be harvested. Generally, yield tables are derived from 

inventory data. As a simple example, the size class frequency distribution of a 

tree species can be established from inventory data. If this distribution deviated 

from an expected one (normal, negative exponential), then a prescription can be 

made with respect to the deviation. If there was a preponderance of large 

trees, then a suitable level of harvesting can be prescribed over time. The 

layout of this is in the form of a yield table. There are other ways of doing this, 

one of which is based on the use of the rotation period for a tree species. 

However, because trees are difficult to age in the natural tropical rain forests 

(NTRF), the assignment of a rotation period is difficult. The time of passage 

approach (Osmaston, 1956) is one method that can be used, and in this 

chapter, this method is investigated.

The attempt centres around Osmaston's (1956) modifications of the 

method proposed by Foggie (1945). As reviewed in §2.2, the procedure involves 

curve-fitting by eye and arbitrary decisions regarding the width of girth classes 

and dominance categories of trees. These are fairly subjective operations, and 

because of this, it was decided to investigate whether the procedure can be 

made more objective, and whether it can be extended to include management 

in a more dynamic way.
For these purposes, inventory data for a tropical rain forest with 

repeated measurements of the same trees was sought. Such data were obtained 

from the Commonwealth Forestry Institute, Oxford, the details of which are 

given in §3.2. However, some aspects were assembled from the literature and 

may not be precise. Further, no information was obtained of stand history, so it 

is not apparent if the stand was irregular or untouched. The attempts, using 

this data, to illustrate the time of passage approach of Osmaston (1956) are 

then presented.
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3.2. SITE AND STRUCTURE OF THE FOREST

The site from which the data originate is in The Segaliud-Lokan Forest 

Reserve, Sabah. The forest has been classified as the Lowland and Hill 

Dipterocarp Forest Type by Wood and Meijer (1964), and the climate by 

Trewartha (1954) as The Tropical Rainy Climate. The mean annual temperature 

is 27°C (80°F) and the mean annual rainfall is 2,976 mm (124 inches). The 

coolest month has a temperature above 18°C on the average and the driest 

month has a mean rainfall greater than 80 mm (2.4 inches).

The forest occurs on mudstone with a minor component of sandstone 

(Acres and Folland, 1975), and is composed of many species of trees as well as 

shrubs, herbs and woody climbers. Of the tree species, Parashorea tomentella 

and Shores leptoclados are the most typical species (Fox, 1972) occupying the 

upper canopy which is about 36-45 m tall. Eusideroxylon zwageri is present in 

the middle storey at about 20-33 m, with members of other prominent genera 

as Diospyros. Hydanocarus and Chisochetdn Smaller trees of the upper 

emergent canopy, e. g. Shorea spp., Dipterocarpus spp., and Dryobalanops 

lanceolata, occur in the middle and lower layers. Trees characteristic of the 

lower canopy are small species of Anonaceae, e. g. Meiogyne virgata-and 

Diospyros spp.. Seedlings of the more common dipterocarps are generally 

abundant on the forest floor and lianas are frequent.

There are 12 inventories in the data set, carried out between 1966 and 

1979 at yearly intervals, except for 1967 and 1974, in 10 plots of 2.5 acres (1.01 

ha) each. Each plot was divided into 25 quadrats for recording purposes, and 

the girth at breast height (GBH) of at least four leading trees (belonging to one 

of 24 species) in each quadrat were measured at each inventory. The data thus 

follow the growth of individual trees over the time period.

The species and the ranges of their girth sizes are given in Table 3.1. 

The most abundant species is Parashorea tomentella and the second most 

abundant species is Shorea leptoclados. This conforms with the forest 

classification of Wood and Meijer (1964).

The gross diameter structure of the forest per hectare is illustrated in 

Fig. 3.1 A - C for three times of measurement - at the beginning (1966), 

towards the middle (1972), and at the end (1979) of the period. There is a shift 

of structure from smaller to larger diameter classes in the terms of 

frequencies, with an accompanying decrease in the frequencies of the smaller 

classes, indicating a lack of enough recruits into the lower classes.
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Table 3.1. Species composition and the range of girth recorded

during a 13-year period at Segaliud, Lokan in a 2.5 acre 

(lO.l ha) tropical rain forest.

Species Botanical name No of Range of girth

Codes trees inches m

0 - unidentified 23 -

101 UMB Parashorea tomentella 337 0.0-111.1 0.00-2.82

102 UML Parashorea melaanonan 26 0.0-99.7 0.00-2.53

103 SMJ Shorea leptoclados 227 0.0- 92.5 0.00-2.35

104 STE Shorea leprosula 145 0.0- 74.6 0.00-1.89

105 SP Shorea parvifolia 43 4.0- 81.3 0.10-2.07

106 SKBU Shorea waltonii 46 0.0-123.4 0.00-3.13

107 STI Shorea smithiana 10 2.8- 36.8 0.07-0.93

109 AAAA All other red, white serayas 4 0.0- 12.2 0.00-0.31

113 KAB Dipterocarpus baudii 2 11.0- 48.0 0.28-1.22

115 SKP -Shorea ovalis 1 31.0- 59.8 0.79-1.52

201 KPJ Dryobalanops lanceolata 127 0.0- 59.8 0.00-2.67

203 KPU Dipterocarpus caudiferus 102 0.0-113.6 0.00-2.87

209 BBBB All other Keruing & Kapors 0 -

301 G Hopea saugal 2 26.0- 81.5 0.66-2.07

303 SKR Shorea acuminatissima 1 3.9- 4.2 0.10-0.11

305 SKG Shorea gibbosa 5 5.0-82.6 0.13-2.10

306 MEK Shorea symingtonii 8 5.6- 54.0 0.14-1.37

307 MEA Shorea agami 2 2.0-96.0 0.05-2.44

314 SXAN All other yellow serayas 0 -

501 BE Eusideroxylon zwageri 1 44.0- 54.0 1.12-1.37

602 SEP Sindora coriacea 1 3.0- 3.5 0.08-0.09

704 KOOR Koordersiodendron pinnatum 1 26.0- 36.3 0.66-0.92

851 OBNA Understorey weeds 1 24.0- 24.7 0.61-0.63

Total I 115
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Figure 3.1. Diameter distributions of the stand at three times of 

measurements. (A) - 1966; (B) - 1972; (C) - 1979. Girth data 

(inches) converted to diameter (cm).
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3.3. TIME OF PASSAGE APPROACH

3.3.1. Introduction

The time of passage approach uses inventory data to establish the 

time taken for a tree to grow from on sire to another. The object is to 

determine the age at which to harvest trees of a species (a rotation period), 

thus a wide range of sizes of trees must be included in the analysis. Further, 

because dominant trees of a species are generally the faster growing trees, 

these are the ones analysed because they represent the major part of harvests. 

From these trees, periodic mean annual girth increments (PMAGI) are 

determined over size classes which are then used to construct a PMAGI/girth 

curve. The latter is then used to produce a PMAGl/age curve from which a 

rotation period can be determined. The rotation period can then be used for 

yield prescription. However, the technique can only be applied successfully if 

data on a sufficiently large number of large trees are available. The large trees 

are at the limit of their growth, and have declining increments with respect to 

younger trees, and this is responsible for a down turn in the above curves. 

This point in the PMAGl/age curve identifies the rotation period for that 

species.

The first step was to apply the time of passage approach in its 

original form as described by Osmaston (1956) to develop an understanding of 

the approach, and to get familiar with the computerisation aspects of the 

approach. For this reason, the same units were used as in the original approach 

(i. e. inches). It was thought that once the method was understood and 

programmed, required modifications could then be incorporated.

Parashorea tomentella is the dominant species in the stand, as well as 

being the most abundant. The method requires the use of the dominant trees 

in the stand, so this species was therefore selected for this exercise.

3.3.2. Method

The method is outlined below.

1 Trees were arranged into girth classes based on

the arithmetic mean of their initial and final girths. 

Two types of girth classes were then tested for a 

regular distribution of trees. These were: (i) even 

widths of 10 inches, and (ii) uneven widths, with 10
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trees in each class. The type showing a more 

regular distribution of trees was then chosen for 

further analysis.

STEP 2 The periodic mean annual girth increment (PMAGI)

for each girth class was then calculated by 

summing the girth increment over the period 

for all trees in a girth class and dividing by the 

time interval of the period (years) and the number 

of trees in that class.

STEP 3 The PMAGI/girth distribution was then examined

for irregularity and scantiness of points, by plotting 

the PMAGI against girth, and the Iog 10 (PMAGI) 

against Iog 10 (girth). From the latter graph, values 

of smooth PMAGIs were obtained for each girth 

class using the midpoint of each girth class.

STEP 4 The mean time of passage for the mean tree to

progress through a class was then obtained by 

dividing the width of each class by the smooth 

PMAGI of that class.

STEP 5 The total time for the mean tree to progress

through successive classes was then obtained by 

cumulatively summing the time of passage of 

successive classes after setting the lower limit of 

the first class to zero.

STEP 6 The midpoint of each girth class was then plotted

against the cumulative totals to give the age/girth 

relationship. The age of the smallest class is (x + 0) 

years. An age/basal area curve was also obtained 

by plotting age against the equivalent basal area of 

the lower class interval of each girth class and the 

upper class interval of the final girth class.

STEP 7 From the age/basal area curve, the periodic mean

annual increment (PMAI) and the mean annual 

increment (MAI) in the basal area were derived.
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3.3.3. Results and discussion

Using girth classes of even width of 10 inches for step 1, the 
distribution of trees across the classes was found to be very uneven. This is 
illustrated in Table 3.2 for the two most dominant species in the stand. It was 
thought that the uneven distribution of trees of Parashorea tomentella was 
unique, hence the analysis of Shorea leptoclados. In both species distributions, 
there is an unbalanced clumping of trees in the smaller girth classes, indicating 
that the stand is as yet immature.

Table 3.2. Even girth-class distribution (10 inches) of trees of 
the two most dominant and abundant species in the stand - 
Parashorea tomentella and Shorea leptoclados.

Class Girth Interval Frequency of trees 
no (inches) P. tomentella S. leptoclados

1
2

3

4

5

6

7

8

9

10

- 0.0 -

10.1 -

20.1 -

30.1 -

40.1 -

50.1 -

60.1 -

70.1 -

80.1 -

90.1 -

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

25

103

60

11

14

2

5

0

2

1

1

25

94

47

6

0

0

1

1

0

The second way of grouping of trees, i. e. using 10 trees, was then 
decided upon, since each girth class has the same frequency of trees and is 
therefore already weighted. The resulting distribution and the PMAGIs obtained 
from step 2, are given in Table 3.3. On examining the sizes of the girth classes, 
it can be seen that the classes are very narrow at the lower end of the 
distribution and very large towards the upper end. This is expected from the 
previous finding that trees are clumped in the smaller size classes for the type 
of classes used there.
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Table 3.3. Girth class distribution using 10 trees in each class 
of Parashorea tomentella and the corresponding PMAGI of each 
class. The final class has only 3 trees.

Class Girth interval Midpoint of PMAGI 
no (inches) girth class (inches)

1
2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

4.65 -

7.75 -

9.32 -

10.62 -

12.55 -

13.50 -

14.17 -

14.70 -

16.02 -

16.82 -

17.55 -

18.10 -

19.07 -

20.37 -

21.62 -

22.52 -

24.42 -

25.80 -

28.32 -

31.00 -

40.52 -

47.50 -

75.35 -

7.75

9.32

10.62

12.55

13.50

14.17

14.70

16.02

16.82

17.55

18.10

19.07

20.37

21.62

22.52

24.42

25.80

28.32

31.00

40.52

47.50

75.35

93.55

6.20

8.54

9.97

11.59

13.02

13.84

14.44

15.36

16.42

17.19

17.82

18.59

19.72

21.00

22.07

23.47

25.11

27.06

29.66

35.76

44.01

61.42

84.45

0.19

0.42

0.52

0.55

0.78

0.79

0.88

1.13

1.06

1.08

1.13

1.27

1.06

1.13

1.26

1.18

1.63

1.65

1.90

1.76

1.30

1.93

1.73

The PMAGIs are plotted against the midpoints of the girth classes in 
Fig. 3.2, and the range of the PMAGI of each class is represented by error-bars. 
The ranges do not decrease in magnitude with increasing size of trees. This 
trend does not conform to expected biological behaviour of the growth of trees 
in which there is a decrease in growth rate with increasing size of the tree
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after a maximum growth rate is attained. It is possible that the largest trees of 
this speoies recorded here have not yet attained their maximum growth rates 
because they are still showing an increase of growth rate with increasing size. 
In fact from the same forest reserve, Meijer (1970) reported girths of this 
species up to 189 inches in unlogged areas, and up to 132 inches forty years 
after selective logging in other areas. The largest tree in the present study is 
111.1 inches in girth which tends to support the suggestion above that trees 
have not yet attained a size at which growth rate decreases.

Figure 3.2. Change of PMAGI with girth using 10 trees in successive 
girth classes and the range of PMAGI of each class, together with 
two fitted polynomials.
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A second order and a third order polynomial were fitted to the 
PMAGI/girth data using a curve-fitting package, CURVEFIT, developed by 
Mooljee (1982) for the Edinburgh Regional Computing Centre (ERCC), which fits 
curves to data by the least squares method. The graphs of these equations are 
also shown in Fig. 3.2. The package indicates the closeness of fit of the 
polynomial to the data by the standard deviation (i. e. the sum of the squared 
deviations of the calculated points from the raw data points). The second order 
polynomial has a standard deviation of 0.19287, while the third order 
ploynomial has a standard deviation of 0.15928. The third order polynomial thus 
fits the data more closely than the second order. However, if the third order 
polynomial curve is used for further development of the method, the results 
would be misleading since this growth trend is not biologically real for the
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whole range of sizes of trees of any species. On the other hand, within the 
range of sizes of trees in this study, the third degree polynomial curve 
supports the suggestion above that trees are yet to attain maximum growth 
rates before a decline in growth rate sets in.

Because the second order polynomial did not give a close enough fit 
to the raw data, and also because the points at the lower end are clustered, it 
was decided to transform the PMAGI/girth values into their logarithmic (base 
10) forms, and then fit a second order polynomial before proceeding to read off 
smooth values of PMAGI as outlined in step 3. The resulting transformation is 
presented in Fig 3.3, with a second order polynomial curve (S. D. = 0.05204). A 
third order polynomial was also fitted to the logarithmic data for the purpose 
of comparison. The standard deviation in this case was 0.04982, which is very 
close to that of the second order polynomial.

Figure 3.3. Change of Iog 10 (PMAGI) with Iog 10 (girth) using
10 trees in successive girth classes together with a fitted second 
order polynomial curve.
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From the smooth PMAGIs obtained from Fig. 3.3, steps 4, 5 and 6 were 
carried out. The girth/age curve is presented in Fig. 3.4, together with the 
age/basal area curve. The age/girth curve gives the time of passage for the 
mean tree to attain 95 inches (2.41 m) girth, from the time it attains a 
measurable girth (1.3 m tall), to be 105 years.
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Figure 3.4. Smooth age/girth and age/basal area curves for 
Parashorea tomentella.
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The curve from step 7 is presented in Fig 3.5. In this case, the curves 

are not asymptotic, nor do they intersect towards the right as expected. This is 

due to the lack of trees with declining increments in the larger size classes.

Figure 3.5. Periodic mean annual increment and mean annual 

increment in basal area curves for Parashorea tomentella.
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3.3.4. Conclusion

The absence of mature trees of sizes with declining increments in this 

study restricts the assignation of a rotation period for this species. The method 

is applicable, for this purpose, only when measurements of the full range of 

sizes of trees are available. On the other hand, within a range of tree 

measurements, a knowledge is gained of the age/size relationships of the trees 

of a species, in this case it takes 105 years for a tree of Parashorea tomentella 

to grow to 95 inches in girth. Further, as the above exercise illustrates, other 

meaningful curves (e. g. PMAI or MAI in basal area) cannot be derived unless 

there is a full or almost full range of sizes of trees.

There is one aspect of the method that was not used above, and this 

was the identification and use of the dominant trees in the stand. The following 

series of investigations look at this aspect with a view to split the data set into 

more homogeneous groups.

3.4. FURTHER ATTEMPTS AT OBTAINING INCREMENT TRENDS

The previous exercise utilised all trees of the species in the stand. 

However, as pointed out in §2.2, only the dominant trees of a species can be 

used for the exercise. These trees are identified from field observations. The 

data in this study does not provide any indication of dominance categories of 

trees of any species, so it was decided to investigate possible approaches 

suitable for the identification of dominant trees, and to examine the possibility 

of applying the time of passage approach if a suitable PMAGI/girth curve was 

obtained when the dominant trees were used to construct the curve. Again, 

Parashorea tomentella is used in the following exercises.

3.4.1. Regression of individual tree increments

3.4.1.1. Introduction

First, a regression approach was used to see if there was a 

relationship between girth increment and girth. If such a relationship is found, it 

could provide a basis for categorizing trees into dominance classes. These 

classes can then be used for the construction of the PMAGI/girth curve.

3.4.1.2. Method
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The method is summarized below.

STEP 1 The annual increment from one inventory to the

next over the period was determined for each tree;

as well as the mean girth of the tree, and its

PMAGI over the whole period. 

STEP 2 A regression line was fitted through the increments

of each tree by least squares, and the slope of the

line was obtained. 

STEP 3 The slope of each tree was then examined relative

to the mean girth of the tree and its PMAGI.

3.4.1.3. Results and discussion

The variation of the slopes with the mean girths of the trees is shown 

in Fig. 3.6. The slope of successive annual increments of each tree gives an 

indication of the change of growth rate of the tree over the period. A positive 

slope indicates that the growth rate of the tree is increasing over the period, 

while a negative slope indicates that the growth rate is declining; if it is zero, it 

indicates that the growth rate is constant over the period. From Fig. 3.6, there 

is neither no apparent cluster of increased growth rates for small trees, nor any 

cluster of decreased growth rates for large trees. Thus, trees cannot be 

categorized on this basis.
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Figure 3.6. The slope of a regression line through successive 

increments of a tree against the mean girth of the tree for 
all trees of Parashorea tomentella.
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The variation of the slopes with the PMAGIs of the trees is illustrated 

in Fig 3.7. Again, there are no apparent trends of the change of growth rates of 

the trees with their PMAGIs. There is no apparent cluster for trees with large 

PMAGIs to have an increased change in growth rate, or vice versa, over the 

period.
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Figure 3.7. The slope of a regression line through successive 
increments of a tree against the PMAGI of the tree for all 
trees of Parashorea tomentella.
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3.4.1.4. Conclusion

In conclusion, there are no useful patterns in the rate of change of the 

growth rates of trees when compared either to their mean girths or mean 

periodic annual girth increments for Parashorea tomentella in the stand under 

analysis.

3.4.2. Associating quadrats and growth rates 

3.4.2.1. Introduction

In the original data set, measurements had been conducted in each of 

25 quadrats. It was decided to examine whether there were any associations of 

trees in the quadrats by considering a number of tree parameters including 

growth rates and sizes of trees of Parashorea tomentella The rationale was 

that trees of similar sizes or increments may be clumped in particular sites 

(quadrats) and that these groups could provide a basis for identifying 

homogeneous groups, which would hopefully enable clearer patterns to emerge 

that may be of use in the time of passage approach.

134



3.4.2.2. Method

STEP 1

STEP 2

The mean girth, PMAGI, and the slope of 

successive increments of each tree was obtained, 

as well as its location in terms of the quadrat in 

which it occurred.

The distribution of trees with respect to location 

was obtained for each of the above parameters 

using graphical means.

3.4.2.3. Results and discussion

The distribution of trees, by their mean girths, with location in 

individual quadrats is presented in Fig. 3.8. There are no sharply defined clumps 

of different sizes of trees with location. Qadrats with large trees also have a 

number of small trees in them. Only two sets of quadrats, those in plots 1 and 

7 (i. e. the 100's and 700's quadrats), have^trees smaller than 40 inches in girth; 

all others have a range of girths larger than this.

Figure 3.8. The distribution of trees, by their mean girths, with 

location in individual quadrats, of Parashorea tomentella.
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The distribution of trees, by their PMAGIs, with location in individual 

quadrats is presented in Fig. 3.9. As in the previous distribution, no sharply
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defined groups of trees of similar increments can be discerned with respect to 

location.

136



Figure 3.9. The distribution of trees, by their PMAGIs, with 

location in individual quadrats, of Parashorea tomentella.
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At a more detailed level of increments, the distribution of trees, by 

their slopes of successive increments, with location in individual quadrats is 

presented in Fig. 3.10. The range of the rates of change in growth rates within 

any particular quadrat is still large, and there are no distinct clumps of trees 

with similar rates of change in growth rate with location.
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Figure 3.10. The distribution of the slope of individual trees with 

location in individual quadrats, of Parashorea tomentella.
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3.4.2.4. Conclusion

In conclusion, no discrete patterns emerge when the parameters mean 

girth, PMAGI, or slope of successive increments of a tree, are associated with 

the location of a tree in individual quadrats. Therefore, no meaningful 

relationships can be derived that may be of use for the time of passage 

approach.

3.4.3. Grouping of trees by plots 

3.4.3.1. Introduction

In this investigation, groupings of trees were attempted at a plot level 

using various parameters including mean girth of trees and PMAGI. From the 

previous investigation, there was a fairly even distribution of trees in all 

quadrats whether the sizes or increments of the trees were considered. At a 

plot level, larger groupings of trees may be more evident and this would 

suggest that some plots are different to others, and they can be eliminated, 

providing a more homogeneous sample for the time of passage approach. 

Differences between plots of trees were done using statistical methods.
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3.4.3.2. Method

STEP 1 jhg following variables for each tree were

obtained.

- the mean girth

- the PMAGI

- the ratio of the mean girth to the 

PMAGI

- the ratio of the PMAGI to the 

mean girth

- the arithmetic mean of the 

squares of the first and final 

girths to serve as an index of 

basal area

- the logarithmic form (base 10) of 

all the above values.

STEP 2 Analysis of variance was then carried A between

plots for all the above variables, and the plots that 

showed significant differences in the region of the 

population F probability were obtained for each 

variable.

STEP 3 These plots were then omitted, before a

PMAGI/girth curve was derived for the rest of the 

population of trees as described in §3.3.2.

3.4.3.3. Results and discussion

The analysis of variance was carried out by the subprogram, ONEWAY, 

from the STATISTICAL PACKAGE FOR THE SOCIAL SCIENCES (SPSS) (Nie et al, 

1970). This subprogram analyses the variance of groups of data with only one 

independent variable (in this case, plots 1 to 10), while the checking of 

differences between plots was done by finding the least square differences of 

group means using "a posteriori" contrasts at specified levels of significance.

The results of these tests are presented in Appendix 1, which gives
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the analysis of variance table for each variable, and the plots which are 
different at the levels in the region of the F probability for the population. All 
the variables, except the mean girths, have significant differences at the 0.01 
per cent level. The plots showing the greatest number of common differences 
with other plots are 3, 6, 7 and 9. These plots were eliminated before further 
analysis.

The PMAGI/girth curve was then obtained following the procedure 
outlined in §3.3.2. The graph is shown in Fig. 3.11. There is a total of 134 trees 
in 14 classes, each with 10 trees except the final class with 4 trees. The curve 
was generated by the graphical package, EASYGRAPH (Stroud, 1985), which fits 
a third order polynomial for consecutive groups of three points at a time. There 
was, once more, no trend in the PMAGI being asymptotic with girth.

Figure 3.11. Change of PMAGI of trees from six plots with girth, 
using 10 trees in successive classes, with ranges of PMAGI in 
each class, for Parashorea tomentella.
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3.4.3.4. Conclusion

From the above, therefore, there are significant differences of all the 
variables examined for trees, except the mean girths, at 0.01 per cent level, 
when trees are grouped according to plots. Omitting the plots which are 
significantly different from the other plots, still does not produce a down turn 

of PMAGI with girth that is required for the time of passage approach.
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3.4.4. Grouping trees using groups of quadrats 

3.4.4.1. Introduction

The two previous investigations were at two extremes - one within a 

quadrat, and the other between plots. The present attempt is intermediate 

between these two extremes, in that it combines quadrats into groups within a 

plot, and then it compares the trees in these groups. However, the lack of 

independence between the samples may introduce some errors into the 

analysis, but this could not be avoided.

It was pointed out in §3.2 that each plot was divided into 25 quadrats. 

However, the spatial distribution of the quadrats is not supplied with the data 

set, so it is assumed that the quadrats would be arranged in a 5x5 grid. Each 

plot was 1.01 ha and assuming that this was square, then the standard practice 

would be to use square grids especially for inventory purposes. The 

arrangement used in this investigation is presented in Fig. 3.12, together with 

the groups of quadrats used. Each group has four quadrats, and there is 

overlapping of groups to avoid edge effects across quadrats. The quadrats 

comprising each group are presented in Table 3.5.

Figure 3.12. Arrangement of quadrats in a plot and the grouping 

of four quadrats each for analysis.
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Table 3.5. Sixteen groups of quadrats and the quadrat numbers 
in each group.

Group no

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

1

2

3

4

6

7

8

9

11

12

13

14

16

17

18

19

Quadrats

2

3

4

5

7

8

9

10

12

13

14

15

17

18

19

20

6

7

8

9

11

12

13

14

16

17

18

19

21

22

23

24

7

8

9

10

12

13

14

15

17

18

19

20

22

23

24

25

3.4.4.2. Method

STEP 1

STEP 2

STEP 3

The mean girth and PMAGI of each tree was 

obtained as well as its location in terms of group 

of quadrat.

Analysis of variance was carried out for the above 

variables with the quadrat group being the 

independent variable. Groups of quadrats showing 

significant differences at the 0.05 per cent level 

were identified, and the quadrats present in these 

groups were eliminated before further analysis.

The PMAGI/girth trend was then obtained as 

described in §3.3.2.
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3.4.4.3. Results and discussion

The analysis of variance was carried out by ONEWAY described in 

§3.4.3.3, and the results are presented in Appendix 2, together with the groups 

of quadrats showing significant differences at the 0.05 per cent level. These 

groups led to the following quadrats being eliminated before further analysis.

- plot 3: quadrats 4, 5, 9, 10, 14 and 15

- plot 5: quadrats 8, 9, 13, 14, 18 and 19

- plot 7: quadrats 11, 12, 16 and 17

- plot 9: quadrats 19, 20, 24 and 25

- plot 10: quadrats 7, 8, 12 and 13.

The change of PMAGI with girth is shown in Fig. 3.13. There is an 

absence of the trend required for the time of passage approach because there 

is no consistent downward trend for trees in the large size classes. The 

expected decline of increments with the larger trees is not present, thus the 

identification of a rotation period would be difficult if the time of passage 

approach was used.

143



Figure 3.13. Change of PMAGI with girth using girth classes with 
10 trees each, and the ranges of the PMAGI for each class, after 
eliminating some quadrats (see text for explanation) for 
Parashorea tomentella.
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3.4.4.4. Conclusion

The results of this investigation once more supports the previous 
findings, that, in this data set, the absence of large enough trees prevents the 
construction of the kind of PMAGI/girth curve required for the time of passage 
approach to be developed further.

3.4.5. Comparing trees with neighbours 

3.4.5.1. Introduction

This approach considers competitive aspects by comparing inter-specific 
growth rates and sizes of trees in individual quadrats in order to identify 
dominant trees. The previous approaches examined trees of a single species 
irrespective of other species. The present attempt compares trees of one 
species with all species in an individual quadrat. As in the above approaches, 
the aim is to investigate whether trees can be grouped into categories. Each 
tree of Parashorea tomentella is compared to all surrounding trees within the 

quadrat including other trees of the same species.
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3.4.5.2. Method

STEP 1 The quadrats in which trees of Parashorea

tomentella were present were identified, and the 

mean girth of every tree in these quadrats was 

obtained, as well as the average girth of all trees 

combined in each quadrat.

STEP 2 The ratio of the mean girth of each tree of

Parashorea tomentella in a quadrat to the average
otUer

girth of allAtrees in that quadrat was obtained.

STEP 3 Using various ranges of the above ratio, called the

TG:QG ratio for convenience (i. e. the tree girth to 

quadrat girth ratio), PMAG I/girth trends were 

obtained as described in §3.3.2., and examined.

3.4.5.3. Results and discussion

The range of TG:QG ratio for Parashorea tomentella was 0.17 to 2.74, 

from which six sub-ranges were selected for step 3. These sub-ranges and the 

PMAGI/girth trends associated with them are presented in Fig. 3.14 A - F. The 

curve in each graph was generated by EASYGRAPH as described in §3.4.3.3. 

Only in graph D is there a trend suitable for the further analysis, but the largest 

girth class is only 47.62 inches, and so does not cover the larger sizes of trees 

which makes it inapplicable for further analysis.
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Figure 3.14 A - F . Change of PMAGI with girth using girth classes 

with ten trees each, and the ranges of PMAGI for each class for 

Parashorea tomentella. Each graph is based on a sub-range of the 

mean girth : mean quadrat girth ratio (see text for explanation).
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3.4.5.4. Conclusion

From the above investigations, therefore, there are no useful trends 
that are applicable for the required purposes. The absence of larger trees 
prevents the use of this method to identify the dominant trees for application 
of the time of passage approach.

3.4.6. Grouping trees by plots and neighbours

3.4.6.1. Introduction

In the investigation involving groups of quadrats (§3.4.4) in a plot, only 
those without aberrant trees were considered for analysis, while in the previous 
approach, competition were used to group trees. This attempt combines these 
two methods by omitting quadrats based on significant differences at the 0.05 
per cent level between groups of quadrats in a plot (§3.4.4), and then selecting 
trees using sub-ranges of the mean tree girth to mean quadrat girth (TG:QG 
ratio) (§3.4.5). This would omit trees with aberrant growth rates in a plot so 
that competitive effects between trees of similar growth rates can be more 
pronounced.

3.4.6.2. Method

The method for each of the above mentioned operations has already 
been described in their respective sections, i. e. §3.4.4 and §3.4.5. After 
eliminating the quadrats obtained from §3.4.4, the PMAGI/girth trends were 
derived as in §3.3.2, for sub-ranges of the TG:QG ratio using the same 
sub-ranges as those in §3.4.5.3.

3.4.6.3. Results and discussion

The PMAGI/girth trends are illustrated in Fig. 3.15 A - F. Comparing 
the trends here to those in Fig. 3.14 A - F, the curves in the present 
investigation are more smooth in all cases, which is due to the removal of 
trees with significant differences from the rest of the population. The most 
striking example of this, can be seen in graph F of both figures. However, while
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the trend is more downward in Fig. 3.15 F for the larger size classes, there is 

also a decrease in the actual size of these classes from those in Fig. 3.14 F. In 

the latter case, the largest girth class is 67.80 inches but in Fig. 3.15 F, this 

has fallen to 56.79 inches. There was a similar decline of the size of the final 

girth class in graph D of both figures. Fig. 3.14 D was pointed out as the only 

curve having a downward trend in §3.4.5.3, and this is even more accentuated 

in Fig. 3.15 D. However, the decline in the size of the final girth class caused 

the range of girth classes to become narrow and unsuitable for the kind of 

analysis that it is intended for. The same reason also restricted the use of Fig. 

3.15 F for further analysis.
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Figure 3.15 A - F. PMAGI/girth trends of Parashorea tomentella 

within sub-ranges of the mean tree girth : mean quadrat girth 

ratio (see text for explanation) after elimination of quadrats 

with significant differences at the 0.05 % level (see text) 

using girth classes with 10 trees in each class and the PMAGI 

range of each class.
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3.4.6.4. Conclusion

Thus, although the combination of approaches by grouping quadrats 

and selecting trees within sub-ranges of the TG:QG ratio produced more 

smooth PMAGI/girth trends than either of the separate approaches, there is a 

lack of trees of large size classes, which can permit further analysis.

3.4.7. Polynomial approach

3.4.7.1. Introduction

In §3.3 (the time of passage approach), the approach was to generate 

a PMAGI/girth curve using 10 trees in each girth class. From this smooth curve, 

PMAGI values were read off for each class. In the present attempt, a polynomial 

approach is used to derive the smooth PMAGI/girth curve without using girth 

classes to fit the polynomial. Parashorea tomentella is used as in the previous 

approaches.

3.4.7.2. Method

STEP 1 The mean girth and PMAGI for each tree was

obtained, as well as the midpoints of each girth 

class when the trees are arranged by mean girths 

into classes using 10 trees in each class.

STEP 2 By least squares, a second order and a third order

polynomial was fitted to the ungrouped 

PMAGI/girth data. The curve that best suited the 

time of passage approach was then chosen for the 

next step.
STEP 3 Smooth PMAGI values were read off from the

chosen curve, corresponding to the midpoints of 

the girth classes generated in step 1.

Steps 4 and 5 are the same as §3.3.2.
STEP 6. By least squares, polynomials were fitted to the

age/girth and age/basal area data, and then 

examined.
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3.4.7.3. Results and discussion

A scatter-diagram showing the distribution of the PMAGIs relative to 

the mean girths is presented in Fig. 3.16. Super-imposed on it are two curves 

fitted by least square by the package, CURVEFIT (see §3.3.3). The equations for 

these curves are given in Eqs. 3.1 and 3.2.

PMAGI = 0.0085 + (0.0678 x girth) - (0.000559 x girth2 ) 

(S. D. = 0.43709)
-Equation 3.1.

PMAGI = -0.5349 + (0.1303 x girth) - (0.00241 x girth2 ) 

+ (0.00001434 x girth 3 ) 

(S. D. = 0.41914)
-Equation 3.2

While the curve for Eq. 3.2 fits the data better because of a smaller standard 

deviation, it does not decline with the largest sizesjof trees, as does the curve 

for Eq. 3.1. Despite this, the latter curve was chosen for obtaining smooth 

PMAGIs. This was primarily to test the applicability of this method assuming 

that in a data set with a sufficiently large number of large trees, such a trend 

would be present.

Figure 3.16. Change of PMAGI of individual trees with their mean 

girths, and two fitted equations to the ungrouped data, for 

Parashorea tomentella.
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From step 6, two sets of polynomials were fitted to the age/girth and 

age/basal area raw data. The age/girth polynomials are given in Eqs. 3.3 and 

3.4, while those for the age/basal area data are given in Eqs. 3.5 and 3.6.

Girth = 1.3157 + (0.5327 x age) + (0.01218 x age 2 ) 

(S. D. = 0.77402)

Girth = 5.5417 - (0.02102 x age) + (0.03212 x age 2 ) 

- (0.0001998 x age 3 ) 

(S. D. = 0.35429)

-Equation 3.3,

-Equation 3.4.

B. A. = 39.1926 - (5.0719 x age) + (0.2095 x age z ) 

(S. D. = 5.1112)

-Equation 3.5.

B. A. = 10.2415 - (1.2847 x age) + (0.07288 x age'1 ) 

+ (0.001369 x age 3 ) 

(S. D. = 1.9746)

-Equation 3.6,

The age/girth and age/basal area curves are shown in Fig. 3.17. From 

the standard deviations given for the polynomials above, the third order 

polynomials fit the raw data more closely than the second order polynomials. 

This is also brought out in Fig. 3.17, but the point of significance is that these 

curves intersect at their upper ends, while the second order curves do not. By 

extrapolation of the third order curves, the time taken for the mean tree to 

progress from a measurable girth at breast height to a girth of 123 inches, is
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124 years.

Figure 3.17. Smooth age/girth and age/basal area curves for trees

of Parashorea tomentella. Each relationship is described by 
. two curves.
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Comparing the age relationships from this method to those from the 

classical time of passage approach (§3.3), the intersection of the girth and 

basal curves in the present approach is at a greater age than those in the 

classical approach. Using the third order curves in the present approach, the 

time taken for a tree to attain 95 inches in girth can be read off as 101 years, 

in comparison to 105 years obtained from the classical approach. There is 

therefore some inconsistency in the two approaches, which can only be 

resolved from empirical evidence of sizes of trees and their ages.

No attempt was made to produce the periodic mean annual increment 

(PMAI) or the mean annual increment (MAI) curves for the basal area in the 

present approach because of the absence of large enough trees in the data set. 

Further, the second order polynomial (Eq. 3.1) fitted to the raw PMAGI/girth 

data is not the ideal curve, since it does not reflect the true rates of growth of
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trees of this species, in the absence of growth rates of the largest trees of this 

species. Any attempt, therefore, to generate the PMAI or MAI basal area would 

be misleading.

3.4.7.4. Conclusion

In conclusion, the polynomial approach using the raw PMAGI/girth 

data, must be developed with caution. Not because polynomial A fits the data 

better than polynomial .B, can polynomial A be used. This was illustrated in Fig.
Tke i~l'*K tZ-ten /» 4-tfa-(fi

3.16. A123 inches in girth is 124 years. Also, the time to attain 95 inches girth is 

101 years which disagrees with the previous time of 105 years obtained from 

the classical approach (§3.3). This inconsistency cannot be 

resolved using available information.

3.5. DISCUSSION

The time of passage approach is restricted to the prediction of the 

time taken for a tree to grow to the largest sizes of trees measured in any 

continuous inventory. This was demonstrated by the failure of the various 

attempts made to establish a PMAG I/girth trend that should follow the 

biological growth behaviour of trees. The trends obtained were restricted to the 

sizes of trees measured, and this was further illustrated when an attempt was 

made to construct the PMAI and MAI basal area curves. These curves could not 

be extrapolated to the larger sizes of trees than those measured.

If the approach is intended for the prediction of the rotation period for 

a species, then the data must cover the full range of sizes of trees that a 

species exhibits. This would ensure that the PMAGI/girth curve is a true 

representation of the biological behaviour of the trees, and in not a mis-fitted 

curve. This was illustrated in the investigations in §3.4.5.3, where graph D 

followed the general trend of the PMAGI/girth curve that is expected, but when 

the range of sizes were examined, the upper limit was only 47.62 inches. If this 

curve was used for further analysis, all other results would be misleading.

The investigations pertaining to the identification of groups of trees 

with different growth behaviours with respect to site and competition, proved 

successful in these respects, but the true value of them cannot be assessed in 

the light of the absence of the full range of sizes of trees of the species

studied.
The polynomial approach illustrated that the time of passage approach
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can be developed along alternative lines, without using curves fitted to the 

grouped data. However, subjective judgement must be exercised in choosing 

curves describing trends, since the best fitting curves may not be the most 

appropriate: these curves may not follow the expected trends despite reflecting 

more precisely the nature of the trends in the data.

3.6. CONCLUSIONS

For the given data set, the time of passage approach could not be 

developed for the purpose of formulating a methodology for yield prediction. 

This arose, not from the inability to repeat the method, but rather from limited 

data. Because of the latter reason, rotation periods for the dominant species 

investigated (Parashorea tomentella) could not be prescribed. The method is, 

however, useful for predicting the age of the largest trees in the data set. 

Some methods aimed at obtaining more homogeneous groups of trees were 

attempted, and while they were successful in their own rights, the relative 

value of them cannot be assessed with the limited data. An attempt using 

polynomials for the raw ungrouped data was successfully carried out to the 

point of prediction of age, but caution must be taken in applying the 

polynomials that are generated. From the classical time of passage approach, 

the time taken for a tree of Parashorea tomentella to attain 95 inches in girth 

was predicted as 105 years, while the polynomial approach predicted 101 years 

for the same size of trees, and 124 years for trees of 123 inches in girth.
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CHAPTER 4 

A LIFE STAGE AND SIZE CLASS TRANSITION MODEL

4.1. INTRODUCTION

This chapter presents the formulation of the model based on the 

modified matrix approach that was discussed in §2.5. As described in §2.3, 

many of the relationships that are considered essential to the community and 

must be modelled are imprecise, not fully studied or not studied at all. 

Therefore, some parts of the model are based on assumptions about the 

underlying biological processes in the community, rather than 

already-developed relationships originating from empirical studies.

The model predicts the structural composition of a one-hectare 

representative sample of a natural tropical rain forest, permits the selective 

felling of trees, and enables artificial plantings of seedlings to be made. As 

pointed out in §1.1.2, there is a continuum of types of species between two 

extremes in the NTRF (Denslow, 1980), however, two main ecologically different 

groups of trees are recognized. These are the primary species group (PSG) and 

the secondary species group (SSG), and for modelling purposes, this division is 

maintained. In accordance with the structure of the matrix method, the 

community is structured into life stages and sizes of the population of each 

species group, in order to simplify and model the system.

4.2. THE MODEL - AN INTERACTIVE TROPICAL RAIN FOREST SIMULATOR (ITRFS)

4.2.1. Population processes

In terms of life stages of the community, the term 'population' can 

apply to all life stages (seed-rain, seed-bank, seedling pool, and trees), 

however, in order to distinguish these stages in this model, the term 

'population' is restricted in meaning to the saplings/trees of each species 

group. To demarcate the seedlings and trees, height is used. In forestry, a tree 

is usually measured by its diameter at breast height (1.3 m tall). This 

convention is maintained, so that a stem shorter than 1.3 m is classified as a 

seedling and when it is taller it is included in the population of trees.

Two of the main processes in the population of trees are mortality 

and growth. For modelling purposes and in accordance with the matrix 

method, the population is divided into diameter size classes, each of which is 

followed separately with respect to the processes. It is, therefore, essential to
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establish the nature of the size classes, and how they can be represented. 
Growth and mortality of trees were pointed out in §2.5.2 as being functions of 
density and competition. It was also concluded that the leaf area index (LAI) is 
the most suitable choice as an index of density and competition. The mortality 
and growth processes are formulated as functions of growing space which is 
inversely related to LAI. For this purpose, leaf areas of trees of each species 
group must be established.

4.2.1.1. Diameter size class distributions

The population of trees of each species group is represented by six 
diameter classes each. The class numbers and their widths for each species 
group are given in Table 4.1. These ranges were decided upon after 
examination of the ranges of diameter sizes of trees typical for each species 
group in the NTRF (§2.3.1.2).

Table 4.1. Diameter size classes (cm) used in the model.

Class no

1

2

3

4

5

6

Primary species group

0-20

20 - 40

40 - 60

60 - 80

80 - 100

>100

Secondary

0 -

10 -

20 -

30 -

40 -

>50

species group

10

20

30

40

50

The model permits the changing of the number of classes and the 
respective widths of each class either interactively, or when setting up the 
input data file. The upper limit of the number of classes is ten, and both 
species must have the same number of classes. The latter constraint originates 
from the programming of the model, where the variable representing the 
number of classes of each species group, can take only one value. Further, the 
class widths must be the same for all the classes for each species group.
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4.2.1.2. Matrix representation of processes

Before formulating the relationships for the processes, it is necessary 

to examine what the processes are and how they can be represented in the 

matrix approach. There are two main processes - growth and mortality.

Fig 4.1 A illustrates the operations of a matrix to derive the growing 

stock of a stand at the end of a time period. The matrix is square with 4 rows 

and 4 columns representing 4 diameter classes. Each column has a set of 

values representing growth of trees. The values in row 1, columns 3 and 4 are 

not growth values; they are recruitment values and are not included in the total 

for a column. In column 1, 0.6 represents the proportion of trees remaining in 

class 1, 0.2 is the proportion of trees of class 1 growing into class 2 (one class 

away), 0.1 represents the proportion of trees of class 1 growing into class 3 

(two classes away). The sum of the growth values for a class is less than 1. 

The difference of this sum from 1 represents the proportion of trees dying in 

the class.

In deriving the growing stock at the end of the period (e. g. 5 years), 

the matrix is post-multiplied by the stock of trees (in diameter classes) at the 

beginning of the period, the details of which are presented in Fig. 4.1 A as well. 

Thus, for prediction purposes, only the growth and recruitment values are 

essential in the matrix. Mortality values are not needed.

However, from the point of view of the dynamics of the system, the 

active processes regulating the community size and structure are growth and 

mortality. Thus, both of these rates are required. From these, the 'passive 

process' - trees remaining in a class - can then be obtained. Because mortality 

rates must be determined from the state of the stand, these rates should be 

stored as well. However, because they are required in the matrix itself, they are 

stored outside of the matrix.

Growth depends on the widths of the size classes, the time interval 

for growth, and the ecological properties of the species groups. Assuming that 

the widths of classes are not large, then a proportion of trees in a size class 

can put on enough diameter increment so that it passes out of the present 

class. Depending on the amount of increment and the widths of the classes, 

this proportion of trees can be categorized into two groups - those that 

progress to the next larger class, and those that progress to the next-but-one 

larger class. These two groups of trees of a size class are represented by two 

values in the matrix for a size class. There is also a third value for growth in a
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size class. This represents the proportion of trees which does not put on 

enough diameter increment to progress out of a class, and thus remain in it.
There are obvious constraints of growth into larger size classes. There 

is no growth out of the final class, and growth out of the second largest class 

can only be into the final class. Thus the final class has one value for growth 
and the second largest class has only two values.

For the mortality process, a proportion of trees in a size class dies 
because of competition. This proportion varies with the time intervals being 

considered, the species groups, and the extent of competition. One value is 

used to represent this proportion of trees dying in a size class in the matrix. 
To obtain the distribution of trees that have died over a time period, this vector 

is multiplied by the distribution of trees at the beginning of the time period.

The scheme described above is illustrated in Fig. 4.1 B. A square 

matrix is set up consisting of 6 rows and 6 columns representing the 6 

diameter classes of a species group. There are, therefore, two matrices for the 

two groups of species being used. Each class, except the fifth and sixth 

classes, have three values representing growth. The fifth class has two values 
and the sixth class has only one. The values for mortality in the size classes 
are stored in a vector below the matrix. The recruitment values are also stored 

outside of the matrix in a similar manner to the mortality values. In this
fntev

approach, the number of recruits do notAthe first size class. The recruits are 

not stems but seeds which enter the seed-bank.
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Figure 4.1 A,B. Operations of a matrix (A) to obtain the growing 

stock of a stand of trees at the end of a time period (- = 0), 

and (B) a schematic matrix representation of the processes 

occurring in the population of trees.

A

Diameter class Present stock 

1234

1
2

3

4

0.6

0.2

0.1
—

-

0.5

0.2

0.1

1

0

0

.0 2.0
-

.4

.1 0 . 3_

X

150

90

50

10_

Total 0.9 0.8 0.5 0.3 300

Multiplication process

(0.6x150)+(1.0x50)+(2.0x10)

(0.2xl50)+(0.5x90)

(O.lxl50)+(0.2x90)+(0.4x50)

(0.1x90)+(0.1x50)+(0.3x10)

Stock at end 

of period

160

75

53

17

335
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Fig. 4.1 cont'd.

B

Class 123456

Seed production - ret ret ret

1

2

3

4

5

6

rt - - - - -

mlt rt

m2t mlt rt

m2t mlt rt

m2t mlt rt

_- - - m2t mlt rt_

Mortality dt dt dt dt dt dt

Total 1.0 1.0 1.0 1.0 1.0 1.0

where - = zero

In the diagonal:

rt = proportion of trees remaining in a size class in 

a time period

In the sub-diagonal:

mlt = proportion of trees moving one size class in 

a time period

In the sub-sub-diagonal:

m2t * proportion of trees moving two size classes 

in a time period

Below the matrix:

dt = proportion of trees dying in a size class in a 

time period.

Above the matrix:

ret = number of seeds produced by a reproductive
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class in a time period.

The sum of the values in a column is always 1.0, because trees in a 

size class either remain in the same class, move through one or two classes, 

or die. An alternative description of the values, apart from describing each as a 

proportion, is to describe each as a probability. Thus, the proportion of trees 

dying in a size class is the same as the probability of a tree dying in that class.

This is the general form of the matrix that is used for the model. The 

approach is not rigid because it can be both general and specific. For example, 

the m2t values can be set to 0 in both matrices to reflect no growth over two 

classes of either species groups, or they can be set to 0, for only one matrix to 

reflect no growth over two classes for a particular species group. Also, the 

number of size classes can be increased or decreased depending on the range 

of sizes of trees and the degree of precision required for the simulation.

With regard to degree of precision, for large widths of classes, 

transitions and mortality would introduce large errors in the simulation of the 

essentially continuous processes. Smaller size classes would give greater 

precision of predictions. This is important when setting up the input data file in 

terms of widths of class, and when doing field measurements. It is not 

expected, with the range of size classes used in the model, that there can be 

such rapid growth rates for trees to move through more than two size classes, 

so this aspect, while incorporated into the model, was not used as the general 

case for transitions of trees.

4.2.1.3. Leaf area regulation of processes

From §2.3.1, it was concluded that the LAI is the most suitable index 

of competition and density effects. From the LAI, growing space available to 

trees in a stand can be obtained if the present LAI and the maximum LAI of the 

stand is known. In this research, the growing space is viewed as a 

density-dependent factor affecting the rate of change of the processes. A 

one-hectare sample stand of IMTRF is assumed to have an upper limit of LAI, 

called the maximum LAI, corresponding to the upper limit of density. Values of 

LAI in some tropical forests were given in §2.3.1.4. For the purposes of this 

research, the maximum LAI is assumed to be 10 ha ha" 1 .

The variation of LAI with stand density as a stand develops has not 

been studied so the trends presented here are based on underlying biological
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principles. At low stand density, the LAI of the stand is also low, as well as the 

competition for space and light. There is, therefore a large amount of growing 

space in the stand, which is available for establishment and growth of 

seedlings and growth of trees. However, as the stand density increases, so 

does the LAI, as well as the competition for space and light. There is, 

therefore, a decrease of growing space which slows down the rate of growth. 

At some upper limit of stand density, there is a corresponding upper limit of 

LAI, at which the population stabilises itself. At this point, there is the 

maximum environmental constraint on growth, as well as the least growing 

space.

The above interpretation of the interactions of LAI and stand density 

can serve as a basis to derive an index of density and competition. This is the 

growing space which can be represented as a density-dependent function of 

LAI as in Eq. 4.1.

Growing space = 1.0 - (LAI / maximum LAI) -Equation 4.1.

Eq. 4.1 is too simplistic a representation of the density-dependent 

function. Growing space varies horizontally and vertically in a stand because 

of varying densities of sizes of trees (Yoda, 1978). Thus growing space must be 

allocated to layers of crowns in a stand. Also, there must be differential effects 

of growing space on different species. At a particular value of growing space, 

there is a corresponding value of leaf area and light intensity for a stand. The 

light intensity depends on light attenuation in the stand and is the most 

important factor affecting the distribution of leaf area and growing space in the 

stand. Also, at a particular value of light intensity, there are differing responses 

by different species in terms of photosynthetic rates. This implies that growing 

space must also have similar differential effects on the species.

A more detailed density-dependent function between growing space 

and LAI must consider the vertical distribution of crowns and, intra- and 

inter-specific effects.
Considering vertical distribution and intra-specific effects, crowns of 

the emergents, being at the top of the stand, would not be sheltered by any 

other crowns and thus would not be inhibited from further vertical growth, but 

there would be competition by neighbours for further lateral growth. Crowns in 

the canopy would be sheltered by the emergents and thus they would be 

inhibited in vertical growth. The presence of neighbours would also inhibit
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further lateral growth. Similarly, trees below the canopy would be inhibited by 

crowns of the emergents, of the canopy and of neighbours. There is, therefore, 

a cumulative effect of inhibition and competition for growing space, as crowns 

are considered towards the forest floor.

Inter-specific effects are also similarly derived. Based on the location 

of the crowns of different sizes of trees of one species group and those of the 

other species group, a similar scheme is postulated. Trees of both species, 

whose crowns are at the same height, inhibit each other, as well as being 

inhibited by crowns of both species groups that may be present above them.

In this scheme, each layer of crowns, whether with both species 

groups or only one species group, would have the potential to occupy the 

maximum LAI. This is so because if there was only one layer of crowns, this 

layer would tend to the maximum. The presence of other layers with the same 

potential reflects competition between the layers for full occupancy of the 

maximum growing space. Through this competition, the system should settle 

down with a distribution of LAI in all layers such that the total LAI 

approximates to the maximum LAI.

The growing space available for any layer of trees, i, is evaluated from 

the density-dependent function in Eq. 4.2. This equation is a more realistic way 

of reflecting the competition for growing space than Eq. 4.1 because of the 

introduction of the layering effect.

Total leaf area above 
and within layer i

Growing spacej = _________________ -Equation 4.2.
maximum LAI

From the above arguments, it is therefore necessary to establish the 

heights of crowns with respect to trees sizes, more so for evaluating 

inter-specific competition. Since the dbh is used to represent sizes of trees, it 

was decided to use allometric relationships to determine the heights of trees. 

Such a relationship was empirically obtained by Kato et al (1978) for trees 

greater than 4.5 cm dbh at Pasoh, and is presented in Eq. 4.3.

l/H = 1/2.OD + 1/61 -Equation 4.3. 

where H = height (m)
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D = diameter at breast height (cm).

From this relationship, the heights of trees in each diameter class are 
obtained and presented in Table 4.2 for each species group.

Table 4.2. Height classes of trees associated with the diameter 
size classes derived from Eq. 4.3. The upper limit of the 
final diameter classes are obtained by using the class widths 
of the other classes.

Primary species group

Dbh (cm)

0- 20

20- 40

40- 60

60- 80

80-100

100-120

Height (m)

1.30-24.15

24.15-34.60

34.60-40.43

40.43-44.15

44.15-46.73

46.73-48.62

Secondary species group

Dbh (cm)
0-10

10-20

20-30

3X1-40

40-50

50-60

Height (m)

1.30-15.06

15.06-24.15

24.15-30.02

30.02-34.60

34.60-37.88

37.88-40.43

From these heights, the vertical distribution of the heights of the 
crowns of both species can be obtained. This is illustrated in Fig. 4.2. In a stand 
of trees, the crowns are the main parts of the trees competing for light and 
growing space. For example, a crown of a PSG tree in class 2 has no effect on 
those above it, however, it competes with crowns of trees both SSG and PSG 
trees in its own height class, and shades crowns of trees of both species 
groups below it. This view of the system should be reflected in the model.
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Figure 4.2. Vertical distribution of trees of the primary and 

secondary species groups based on their diameter sizes.
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From the distribution in Fig. 4.2, the cumulative effects of inhibition 
and shading can be derived. For the purposes of the model, these effects are 
given weights: 1 for full effect of one layer on another; fractions of 1, based on 
the fraction of the height of one layer that affects another layer if both layers 
of both species are at similar heights; and 0, if there is no effect. There are 
four effects that can be distinguished:

1. The PSG trees of one layer affecting PSG trees below and 
within that layer. {PSG intra-specific competition).

2. The PSG trees of one layer affecting SSG trees below and 
within that layer. (PSG-SSG inter-specific competition).

3. The SSG trees of one layer affecting SSG trees below and 
within that layer. (SSG intra-specific competition).

4. The SSG trees of one layer affecting PSG trees below and
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within that layer. (SSG-PSG inter-specific competition).

These four effects are represented in the input data file of the model 

by four matrices. These are illustrated in Fig. 4.3 A-D. In matrix A, for example, 

diameter class 1 of the PSG is sheltered by all classes above it, and inhibited 

by trees in its own class. Thus there is a full weight of 1 for all classes. Trees 

in class 2, are sheltered by trees of classes above it, and inhibited by 

neighbours in its own class. Thus there is a full weight of 1 for classes 2 to 6. 

Class 1 does not affect class 2 and this is reflected by the value of zero for 

class 1.

The procedure to derive the matrices could be computerised but for 

this model it was not done because the computing effort did not justify it. The 

schemes used would have been derived when doing field measurements.
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Figure 4.3. Weights used to reflect the cumulative effects of 

shading, and inhibition of development/ for layers of trees 

of the primary and secondary species groups.
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The total effect on the PSG is the sum of the effects of matrix A and 

B, while the total effect on the SSG is the sum of the effects of matrix C and 
D.

The leaf area within a layer is obtained from Eq. 4.4, and the above 

matrices are post-multiplied by the leaf areas of the six diameter size class 

layers to give the resulting cumulative effects of the layers. The growing space 

is then evaluated for each layer from Eq. 4.2.

Total LAj = I (LAdscj x Fdscj ) -Equation 4.4. 
SP =j

where IA- = leaf area of layer i corresponding to each

diameter class of each species group

LAdsc = average leaf area of a tree of a species 

group in the diameter size class in layer i

F dsc = frequency of trees of a species group in the 

diameter class in layer i.

If the model is to be applied to a stand where the height relationship 

in Eq. 4.3. does not hold, then the procedure outlined to obtain the weights for 

the layers must be carried out again. This would involve setting up the input 

file with new matrices corresponding to those in Fig. 4.3. In this way, the model 

is flexible to permit different vertical distributions of crowns to be 

accommodated in order to reflect competition.

Further, if the number of diameter classes are changed from the 

default of 6 (maximum is 10), then the matrices for the weights must be 

expanded or contracted as required. The model is capable of handling such 

changes, by the provision of appropriate data files.

The maximum LAI of the stand (assumed to be 10 ha ha~ 1 ) can be 

changed interactively. The model can be run for different values of maximum 

LAI, and the results compared to actual stand structures, in order to find the 

value of the maximum LAI if it is not known for the stand.

4.2.1.4. Leaf areas of trees

In the formulation of the methodology for evaluating the growing 

space available to trees at similar heights, it is necessary to use values of the
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leaf area of the average tree of a diameter size class at these heights.

The leaf area of a tree is derived from the set of allometric 

relationships developed by Kato et al (1978) at Pasoh. These relationships are 

presented in Eqs. 4.5, 4.6 and 4.7.

WS = 0.3l3(D2H)°-9733 -Equation 4.5.

where Ws = dry weight of trunk of tree (kg)

D = diameter at breast height (cm) 

H = height of tree (m).

11 1
+ __ -Equation 4.6.

WL 0.124 WS °'794 125

where W L = dry weight of leaves of tree (kg)

Ws = dry weight of trunk of tree (kg)

LA = 11.4 wLa900 -Equation 4.7,

where LA = leaf area of tree (m 2)

WL = dry weight of leaves of tree (kg).

From Eq. 4.5, the dry weight of the trunk is obtained from the dbh of 

the tree. Eq. 4.6 gives the dry weight of leaves of the tree from the trunk dry 

weight, and Eq. 4.7 gives the leaf area of the tree from the leaf weight of the 

tree. In the study by Kato et al (1978), two destructive samples were made, and 

the relationships developed from the first sample were tested by the second 

sample. The relative error was within 9 per cent.

Using the midpoint of each diameter class as the size of the average 

tree within that class, the leaf area of the average tree in each class was 

obtained for both species groups from Eqs. 4.5, 4.6 and 4.7. These are 

presented in Table 4.3.
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Table 4.3. Leaf area of a tree of average dbh in each diameter size 

class using allometric relationships developed by Kato eta/ (1978)

Primary species group

Midpoint of

class (cm)

10

30

50

70

90

110

Leaf

area (m2 )

25.0

160.0

315.0

440.0

530.0

600.0

Secondary species group

Midpoint of

class (cm)

5

15

25

35

45

55

Leaf

area (m2 )

6.0

50.0

122.0

200.0

278.0

348.0

These are the leaf areas used in the model. However, if the allometric 

relationships used above are not applicable to another stand, then with other 

relationships, values of leaf areas can be used for the model. Changes in the 

leaf areas for the model can be done in the input data file, or interactively. In 

addition, if the number of diameter classes are changed, then leaf areas must 

be supplied for each of the new classes.

4.2.1.5. Mortality of trees

It was pointed out in §2.5.3, that the influence of density on mortality 

is often disregarded in studies relating yield and density. It is proposed, here, 

that mortality is an essential process of the community that needs to be 

understood and reflected in the model, since mortality, especially of large trees, 

is the trigger for gap-phase processes, and these latter processes are 

responsible for the internal dynamics of the community in terms of recovery or 

degradation of the community. Further, with respect to a selective system of 

management, felling of large trees is analogous to endogenous mortality, but 

on a larger scale, and the implications of such induced mortality must be 

reflected in the model.

Growing space has been chosen as the density-dependent factor
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affecting the population processes and this is obtained from the LAI of the 

stand. Mortality, therefore, must be represented as a function of growing 

space. As pointed out in §2.5.2.3, no such relationship has been developed, 

however, the interaction LAI and light attenuation, and the effect on the light 

curves of the two species groups, can serve as the basis for deriving a 

relationship between mortality and growing space. Also, since the population of 

trees is represented by diameter size classes, it is necessary to establish a 

relationship for each size class of each species group.

The main relationship between mortality and density was studied by 

Yoda et al (1963) (§2.5.2.3), who found that the risk of mortality was greater at 

higher than at lower densities and was not associated with any particular 

growth stage of the populations. The implications of these findings are that 

firstly, mortality increases with LAI, and secondly, the rate of mortality with LAI 

is different for each species group.

The first implication arises from the relationship between density and 

LAI. As density increases, so does LAI, and since mortality is higher at high 

densities, then mortality is higher at high values of LAI.

The second implication can be understood if a single layer of crown of 

trees of the same size class is examined over LAI changes, and if this analogy 

is extended to several layers of crowns corresponding to several size classes 

of trees. Similar types of mortality trends would apply to all layers and size 

classes over a range of LAI values. However, because there are differential light 

responses by the PSG and SSG, the rates of mortality would vary for the two 

species groups.
Trends based on the above two principles are presented in Fig. 4.4 

A-F for diameter classes of both species groups. As an example, at initiation of 

forest growth, saplings of the 0-20 cm class of the PSG would be at a low 

density because of the absence of an overstorey which is essential for optimal 

survival and growth of this species group. This can be represented by a high 

rate of mortality despite there being a low density and LAI. As stand 

development proceeds and an overstorey develops, density increases as well as 

LAI, but there is no increase in mortality. In fact, mortality decreases because 

the conditions are more favourable than at initiation, and there is more survival 

and growth. However, as density increases, and saplings begin to compete for 

resources, especially light, mortality increases. The trend is one of increased 

mortality rate with increasing density and LAI until stability is attained.

The SSG, on the other hand shows a different behaviour in the
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smallest size class. At initiation, light conditions are favourable for rapid growth 

of saplings. Mortality is. therefore, lower than that of the PSG. But'as density 

increases as well as LAI, and an overstorey develops, the mortality rate 

increases over and above that of the PSG due to reduced light levels.
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Figure 4.4 A-F. Postulated trends of mortality with growing space 

and LAI in the diameter classes of the primary and secondary 

species groups.
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Figure 4.4 cont'd.
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Figure 4.4 cont'd.
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Similar reasoning applies for the derivation of the mortality trends as 

functions of LAI and growing space for each of the other classes of both 

species groups.

The trends formulated in Fig. 4.4 are meant to represent one view 

about the nature of the mortality trends. Because of lack of precise knowledge 

of these trends, other views are accommodated by allowing a choice of 

functions as well as of parameter values. These different assumptions of the 

trends will be investigated in chapter 5.

Five functions of increasing order of complexity are provided for each 

class of each species group. These are presented in Eqs. 4.8 to 4.12. When Y is 

evaluated, it represents the element for mortality, dt, in the matrix approach.

Y = 0 -Equation 4.8.

Y - a. -Equation 4.9.

Y = aX -Equation 4.10.

Y = a + bX -Equation 4.11.

Y = a + bX + cX2 -Equation 4.12.

where Y = proportion of trees dying in a size class in a

time period

X = growing space at the present density, obtained 

for each size class from Eq. 4.2.

a, b and c are parameters describing the 

mortality/growing space trends.

Choosing any one of these functions causes that function to control 

mortality in all size classes for both species groups. For example, on choosing 

the function in Eq. 4.8, there would be no mortality in either species group. Eq. 

4.9 would cause constant mortality in all size classes of both species groups. 

Eq. 4.10 reflects a linear mortality trend but with no intercept, while Eq. 4.11 

reflects a similar trend but with an intercept. Eq. 4.12 reflects a curvi-linear

trend.
In the functions described by Eqs. 4.9 to 4.12, the parameters can be 

different or the same for each size class of each species group. This facility 

enables the representation of differential or same mortality rates, and offers 

more flexibilty for modelling purposes.
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Choice of a function with at least one parameter enables a 

manipulation of the parameters to give a trend described by a simpler function. 

For example, Eq. 4.11 can be manipulated to enable the functions described by 

Eqs. 4.8 to 4.10 to be generated by changing the parameters in Eq. 4.11. Thus, 

one species group can have a mortality trend described by Eq. 4.11, and the 

other species group by the function in Eq. 4.9, simply by setting the parameter 

b in Eq. 4.11 to zero. This manipulation can also be done for individual size 

classes.

It should be stressed that a choice of functions provides a mechanism 

which allows any arbitrary function to be selected, and this provision should 

not be misconstrued as a redundant feature with respect to the types of 

functions.

It should be pointed out that in the functions described by Eqs. 4.10 to 

4.12, negative values of Y can be generated. Such a value is meaningless, but 

such a facility enables mortality to start at a positive value of LAI rather than 

zero as portrayed in Fig. 4.4. The program traps any negative values and sets 

them to zero. This feature adds more flexibility in reflecting particular mortality 

rates in a stand.

The parameter values for each function are stored as a set of values 

for each size class of each species group. Thus for the parameters in Eq. 4.12, 

there are three values (a, b and c) for each of the diameter classes of the PSG 

and three values for each class of the SSG.

The model permits changing of the parameters either in the input data 

file, or interactively. Increasing the number of classes from the default of 6, 

generates zero values for the parameters of the new classes, while decreasing 

the number of classes, retains the original values for the new number of 

classes. It is therefore necessary to change the parameters when interactively 

changing the number of classes. It is best to set up the model with a number 

of classes from the outset, as well as the associated parameters for the 

classes, for the stand under investigation. Interactive changes of parameters 

can be stored for other runs of the model, while retaining the default values.

4.2.1.6. Transitions of trees

Transitions of trees is taken to mean the growth of trees from one 

size class to the adjacent larger size classes over a time period. As in the case 

of mortality, there are no developed growth and growing space/LAI
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relationships for tropical trees. However, the relationship between growth and 

LAI for some temperate stands has been discussed in §2.5.2.2, where some 

trends were presented from Schroeder et al (1982) who illustrated that 

stemwood production (or growth) showed a decline with increasing LAI. This is 

the general trend that is assumed to apply to trees of both species groups in 

this research; however, this general trend would vary according to the sizes of 

trees and the species group depending on the growing space available to them. 

With similar reasoning used to derive the mortality/growing space 

trends, growth and growing space trends can be derived. These trends are 

illustrated in Fig. 4.5 A-E for diameter classes 1 to 5 for each species group; 

there is no growth out of the final class.
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Figure 4.5 A-E. Postulated trends of growth with LAI for trees 

moving one class for the primary and secondary species groups
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Figure 4.5 cont'd.
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Figure 4.5 cont'd.
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For example, for trees moving from the 0-20 cm class of the PSG at 

initiation, the growth of trees is lower than that of the SSG in its smallest 

class. This is due to the absence of shaded conditions required for saplings of 

the PSG to attain maximal growth rates. As an overstorey develops, there is an 

increase of growth rate of saplings of the PSG, but as competition effects 

increase, the growth rate begins to decline and eventually stabilises. In 

contrast, the trees growing one size class from the 0-10 cm class of the SSG 

initially have a higher growth rate. This is partly due to the light conditions 

which favour maximal growth of this species group, and to the smaller sizes of 

classes used for this group. The growth rate then continually declines due to 

the development of an overstorey, and increased density and competition 

effects. However, the growth rate towards zero growing space is still higher 

than that of the PSG which is due wholly to the smaller size classes used for 

the SSG. For trees growing two size classes, the growth rates would be lower 

than those presented although they would have similar trends.

A similar reasoning is used to derive the growth rates for the other

classes.
As in the case of the mortality trends of trees, the growth trends in 

Fig. 4.5 represent one view of this process. There can be other views and these 

are reflected by the provision of a number of functions which enable a choice 

and permits parameter value changes. Investigations into these assumptions
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will be reported in chapter 5.

Growth trends are incorporated into the model in a similar manner to 

mortality. Growing space is modelled as a density-dependent factor, hence, the 

relationships are expressed as functions of growing space evaluated from Eq. 

4.2 for each size class of both species groups. Because of a lack of precise 

knowledge of the growth/growing space relationships and to provide a wide 

range of flexibility of the model, five functions of increasing complexity are 

provided in the model. These are presented in Eqs. 4.13 to 4.17. Y is equivalent 

to the elements mlt or m2t depending on the process being evaluated, in the 
matrix approach.

-Equation 4.13.

-Equation 4.14.

Y = aX -Equation 4.15. 
Y = a + bX -Equation 4.16. 

Y = a + bX + cX2 -Equation 4.17.

where Y = proportion of trees growing one/two size

classes in a time period

X = growing space at present density, obtained 

from Eq. 4.2 for each size class.

a, b and c are parameters describing the 

growth/growing space trends for each species 

group.

The trends described by these functions are similar to those of 

mortality, but the parameters a, b and c are different for growth. Choice of any 

one function controls the growth of both species groups. The values for 

the parameters reflect the different trends for the range of diameter size 

classes of each species group. In addition, similar manipulations as described 

for mortality, can be done on the values of the parameters to reflect required

trends.
In the input data file, each diameter class has parameters stored 

separately for each function for each species group. The file is generalized for 

six diameter classes, despite there being no growth from the final class, and no 

growth of two classes from the fifth class. The parameters in these cases are
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set to zero. In changing the number of classes, this feature must be 

remembered and set up accordingly.

4.2.1.7. Trees remaining in size classes

Trees in a size class which do not put on enough diameter increment 

in a time period to move into a larger class, remain in the same class. For this 

reason, mortality and transitions are evaluated before this process.

The evaluation of this process for a species group is given by Eq. 4.18.

rt = 1.0 - (dt + mlt + m2t) -Equation 4.18.

where rt = proportion of trees remaining in a size class in

a time period

dt = proportion of trees dying in a size class in a 

time period

m1t = proportion of trees moving one size class in 

a time period

m2t = proportion of trees moving two size classes 

in a time period.

When the density is high, the LAI is also high, and from the 

mortality/LAI and growth/LAI relationships, mortality would be high and growth 

small. Of the total growth element, transitions would be small, thus, the 

element of trees remaining in a size class would be relatively large. At low 

densities, on the other hand, mortality is small, and growth is large. Of the total 

growth element, transitions would be large, thus, the element for trees 

remaining in a size class would be relatively small. As the forest approaches 

stability, transitions are small and mortality is high and both of these processes 

are approaching a stable state as well. Thus, trees remaining in a size class 

tend to be large and also tend to stabilise.

If after evaluating growth and mortality in a size class for a species 

group the sum is greater than 1.0 (rt is negative), then this represents an 

unrealistic situation. This may arise from the theoretical nature of the functions 

used. In this case, traps are provided in the model to return more sensible
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values, based on the following assumptions. A negative value implies that 

either growth (m1t and m2t) or mortality (dt) is too large for a class. However, 

it is unlikely in the NTRF that growth rate of trees in a size class would be very 

large over a 5 year period. In fact, Keay (1961) reported that over a period of 28 

years, many numbered trees in his study of several species and girths 

remained without growing or dying, and there were only few casualties over a 

period of 5 years. This suggests that growth, then mortality to be set to zero. 

This is the procedure used. Firstly, the larger of the two growth values if used 

(m2t) is set to zero, and rt is re-evaluated. If rt is still negative, then m1t is 

set to zero, and rt is re-evaluated. Another negative value of rt leads to dt 

being set to zero. In this case, rt is 1.0 and all trees remain in the class.

Since this process is evaluated from the other processes, there is no 

direct control over this process from the user view-point. Thus there are no 

parameters that can be changed/lor is there any choice of function to describe 

the trends for this process.

4.2.1.8. Measurement and calibration of population processes

The modelling approach described above reflects afi attempt to 

achieve the right balance between realism and parsimony. Realism dictates that 

the model should include (for example) size classes, canopy layers and 

density-dependent effects, because without them model responses are unlikely 

to be appropriate. Parsimony requires that at least in the first instance, the 

model is formulated as, for example, a single-tree distance-dependent model, 

as possible gains in performance will be heavily outweighed by greatly 

increased calibration, programming and execution overheads. However, given 

the novel formulation of this model, it is still necessary to comment on the 

field measurements needed to calibrate it.

There are two simultaneous series of measurements that need to be 

carried out. The first involves mea.rw.ring a stand of trees at suitable time 

intervals throughout the development of the stand. At the outset, trees should 

be tagged, identified (both taxonomic and ecological type), located and 

measured for dbh and height. During subsequent inventories, dbh and height 

should be checked for as well as the sizes of trees that have died. Since the 

processes involve the period between initiation and stability, it is necessary to 

use stands at different states of development but with similar species climax 

types and site factors.
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From these inventories, the proportions of trees in the various size 

classes of each species group, undergoing the various processes described 
previously can be obtained.

The second series of measurements is the more difficult since it 

involves obtaining the leaf area of an average tree in each diameter class for 

each species group over the same time periods as the inventories. A series of 

measurements is necessary in order to check if there is variation of leaf area of 

the average tree over the development of a stand.

There are two approaches for obtaining this parameter. In the first, the 

total leaf area of a species group in a layer can be obtained by sampling the 

leaf areas for trees of the whole range of sizes of a class, and then an average 

leaf area per tree can be evaluated by suitable statistical means. The second 

approach is to use a number of trees of average dbh of each species group in 

each class, measure their leaf areas and obtain an average leaf area for the 

average tree.

It is difficult to perceive how the leaf area of a tree can be measured 

directly, apart from destructive sampling. The latter method, if used on the 

same stand for future measurements, would invalidate later measurements, 

since this method would involve felling trees. Indeed, the most common 

approach in such studies in the past, has been to fell trees, and derive a 

scheme as Kato et #/(1978) developed. It may be feasible to fell trees of the 

same species from other plots that are not under investigation, but at a similar 

state of development, and with similar species and site conditions, and produce 

such a scheme. In fact, in the study done by Schroeder et al (1982), allometric 

relationships derived by Brown (1978) were used to estimate leaf areas of the 

species investigated, so such a scheme is valid.

The leaf areas and inventories can then be combined to produce the 

relationships for the processes, and the model can then be calibrated. In the 

latter case, the model is run using the parameters derived from the field, and 

the outputs of the model are compared to the actual stand structures at 

discrete time intervals. Modifications, if necessary, can then be made to the 

inputs, or to the model.

4.2.2. Seed-rain processes

The seed-rain represents the seeds that are produced by trees during 

a time interval and which are viable when they reach the soil. The unit of 

production is one square metre of leaf area of a reproductive tree. The main
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processes of importance are total production of seeds and the rate of mortality 

of seeds. The importance of the seed-rain lies in the renewal of the seed-bank 

from which seeds germinate and cause the population of seedlings and trees 

to grow. The implications of felling large trees, especially the reproductive ones 

in management, are also of importance due to the reduced levels of seed 
production.

As pointed out in §4.2.1.2, the values for seed production are stored 

as a separate vector at the top of the matrix. In Fig. 4.1 A, the recruits were 

stems and these were added to the first size class of th diameter distribution. 

In this approach, recruits are seeds which cannot be added to the first size 

class of trees. Instead, they are added to the seed-bank (Fig. 2.38).

4.2.2.1 Seed production and mortality

The procedure used to determine the amount of seeds that are 

produced by one square metre of leaves of a reproductive tree, and which are 

viable when it reaches the soil, is based on the information presented in 

§2.3.2.1. In that section, it was pointed out that the periodicity of flowering and 

dispersal rates cannot be generalized at present, but that seed production and 

predation rates are more quantifiable. The latter processes are, therefore, the 

only processes that are used in deriving values for seed production in this 

model.

In terms of annual seed production, some data were presented in 

Table 2.4. Some of this data can be used to give an indication of the 

production of seeds per square metre of leaf area together with the allometric 

relationships described in §4.2.1.4. For the primary species, Pentaclethra 

macroloba, the average viable seed production per square metre of leaf area is 

2.25, using the values for leaf areas in Table 4.3, and that for the secondary 

species, Welfia gorgii, is 47.86, over a five year period. The range of sizes of 

trees for Pentaclethra macroloba agrees with the sizes of trees used for the 

model, but those of Welfia gorgii are only up to the 10-20 cm diameter class in 

the model. In the latter case, when larger sizes of trees are considered, the 

value of 47.86 may drop considerably, since the general pattern of production, 

is one of an increase to a maximum, then a decline with larger trees. It is 

assumed that this drop may be as much as 50 per cent, therefore, the expected 

value would be 23.93 seeds per square metre of leaf area for the secondary 

species.
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Considering predation, it was pointed out in §2.3.2.1, that as much as 
40 per cent of seeds can be killed during pre-dispersal predation, and a further 
40 per cent during post-dispersal predation. Thus, only 36 per cent of the 
original number of seeds that are viable in the values derived above would 
reach the seed-bank. Applying this percentage gives the value of seeds 
reaching the seed-bank of the primary species to be 0.81 per square metre of 
leaf area, and that of the secondary species to be 8.61 over a five year period. 
This is a ratio in the region of 1:10 implying that for every primary species 
seed, there are 10 seeds of the secondary species.

Based on the above derivations, the inputs into the model for the 
values of viable seed production per square metre of leaf area reaching the 
seed-bank for the PSG is assumed to be 1.0, and that for the SSG to be 10.0. 
These values apply to all reproductive trees, irrespective of size, for the 
respective species groups. It was pointed out in §2.3.2 that seed production 
also varies with tree sizes. Such a detailed scheme cannot be developed here, 
because the flowering schedules of trees are not well defined. It is assumed 
that only trees of the three largest size classes of each species group are 
capable of reproduction. This value can be changed when the model is run to 
cover other situations. A value of zero for the classes for a species group 
means that there is no reproduction for that species group.

4.2.2.2. Evaluation of seed-rain

The seed-rain is not modelled in a density-dependent manner as the 
other processes of fecundity. For this reason, the evaluation of the seed-rain is 
much simpler, and is just a function of the trees that are reproducing. For a 
species group, the seed-rain during a time period is evaluated from Eq. 4.19.

SRsp = £ (LA, x S sp x Fj) -Equation-4.19.
dsc ='\

where SRsp = seed-rain for a species group in a time
period

LA, = leaf area of a tree in a reproductive size 
class, i. e. a diameter size class, i, with 

reproductive trees

S sp = seeds produced by one square metre of leaf

190



area by a species group

FJ = frequency of trees in the reproductive size 

class at that period.

The seed-rain for a species group during a time period is added to 

the seed-bank for that species group, after the seed-bank has been modified 

by the processes occurring in the seed-bank.

In terms of model interaction, it was already pointed out that the value 

of S sp can be changed. This can be done when setting up the input file, or 

interactively. Also, when a run of the model is made, there is a prompt for the 

user to input the number of reproductive size classes for each species group. 

This value is not stored in the input file. The value that is given for a species 

group is assigned to the largest diameter classes. Thus if a value of 3 is given 

for the PSG, then reproduction occurs in the three largest diameter size 

classes.

4.2.2.3. Measurement and calibration of seed-rain processes

The measurement of seeding patterns and seed crops is very difficult 

as illustrated by the very few studies directed at this problem. This is made 

even more difficult when predation and dispersal rates are required.

Janzen (1978) gave some general directions in the methodology for 

gathering and recording data of this kind. Records for as many as hundreds of 

individuals of one species need to be recorded in a variety of circumstances. 

All individuals in the area of study should be tagged and located since it is not 

evident which individuals will flower. Individuals should be watched closely 

despite they are not fully matured, or competitively disadvantaged, or diseased. 

Records should be precise and quantitative, especially in circumstances when 

only one branch of a tree flowers. Care should be taken in distinguishing 

between flowering and fruiting, and each should be recorded separately. And 

finally, attempts should be made to relate the information to the population or 

to geographical variation.
Apart from measuring the potential seed crop, the interaction of 

predation and the size of the seed crops should be quantified. This involves 

identifying the predators, the level of damages and the sizes of their 

populations at the time of flowering and fruiting. The intensity of predation can
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then be derived for different sizes of population with respect to the size of the 

seed crop.

Leaf area measurements that have been described in §4.2.1.8 can be 

used to estimate the leaf areas of the reproductive trees. However, correction 

factors may be necessary for diseased and broken trees, since normal 

allometric relationships may not hold i.n these cases.

Dispersal is not treated as an explicit component of the seed-rain 

processes in the model. However, it may be useful for purposes of 

understanding predation, and it may be studied to the extent that it contributes 

towards understanding this aspect better, as well as understanding the 

influence it has on the spatial composition of the forest if any.

It is evident from the above suggestions, that a team of researchers is 

required for such wide areas of study. It is, therefore, difficult at this time to 

see how the values required for the model for seed-rain can be more precisely 

estimated, and calibrated.

4.2.3. Seed-bank processes

The seed-bank constitutes the viable seeds in the soil which can 

germinate. The seed-bank acts a reservoir of seeds for supplying seedlings in 

order to maintain the structural composition of a stand of trees. This is 

especially important when management operations are concentrated on 

extracting the largest trees which are generally the seed trees. In the absence 

of a fresh supply of seeds, the reservoir of seeds in the seed-bank is the only 

source of seeds. The inclusion of this aspect in the model is therefore 

essential.
The seed-bank is affected by two main processes - gain and loss of 

seeds. Gain of seeds is primarily from the seed-rain, although secondary inputs 

may be from artificial sources through management. There are a number of 

ways in which losses can happen. They can be grouped into those losses 

which do not lead to population growth and those which cause this to occur. 

The former group includes predation, dormancy and environmental constraints, 

while the latter group involves germination. For the purposes of the formulation 

of the model, these groups are respectively discussed under mortality of seeds 

and germination of seeds.

4.2.3.1. Mortality of seeds
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The effects of predation, dormancy and environmental constraints on 
the seed-bank have been reviewed in §2.3.2.2. Of these, predation is the best 
understood.

Mortality pattern of seeds is not viewed as a density-dependent 
function of LAI, since dormancy and predation, being the major factors affecting 
mortality, are independent of the LAI of the stand. Rates of predation, apart 
from being a function of population sizes of predators, is also a function of the 
level of the seed-bank itself. These two aspects are inter-dependent and are 
not treated separately. Dormancy is an inherent property of the seeds which 
needs further quantifications. The environmental constraints can be related to 
LAI, but because of the large array of factors - temperature, light intensity, 
light quality, moisture and disturbance - and their precise effects, it was 
decided not to incorporate the effects of these constraints in this aspect of the 
model.

Mortality, through predation and no recovery from dormancy, is called 
decay rate in the model. As seen in §2.3.2.2, predation can be as much as 100 
per cent, therefore, assigning a value to the decay rate is difficult. Dormancy is 
even more difficult to quantify, but in general it is higher for seeds of the SSG. 
As a result, predation rates may be higher for the SSG than the PSG, because 
of a larger amount of SSG seeds in the seed-bank than PSG seeds.

Based on the above arguments, mortality, due to no recovery from 
dormancy, is assumed to be 50 per cent of the seed-bank in a time period of 
five years for the PSG, and 25 per cent for the SSG. Predation rate of the 
seed-bank of the PSG is assumed to be 10 per cent in a time period, while that 
of the SSG is assumed to be 40 per cent. Thus the value assigned to the decay 
rate of the PSG is 60 per cent, and for the SSG 65 per cent in five years.

If these estimates are not applicable, then they can be changed either 
when setting up the input file, or interactively. The values are stored as a 
proportion of the seed-bank that is affected, i. e. 0.60 for the PSG and 0.65 for 
the SSG in a time period, and changes must be input in a similar manner.

4.2.3.2. Germination of seeds

Germination of seeds is usually triggered by microclimatic factors at 
the ground level of the stand. These factors include temperature, light intensity, 
light quality and moisture. In addition, there is the external factor, disturbance, 
which brings the seeds closer to the soil and exposes them to the
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microclimatic factors. The microclimatic factors are, to a large extent 

controlled by the vegetation cover above the ground level, except at initiation 

of forest growth. The vegetation cover is reflected by the LAI of the stand, and 

it is for this reason that germination is represented in a density-dependent 

function cf growing space.

The leaf area regulation of the processes of the population of trees 

were presented in §4.2.1.3. The same principle applies in deriving the LAI of the 

stand of trees (Eq. 4.4), but because the seeds are at the lowest level in the 

stand, the LAI of the seedlings in the seedling pools must also be incorporated 

into the LAI of the stand.

This approach is based on the assumption that the rate of germination 

of seeds is a function of the light level at the forest floor and the species 

group, since the light level is a function of LAI, germination rate can be related 

to growing space.

Using the microclimatic effects on germination created by the range of 

LAI in a stand as it develops to maturity, trends of germination with growing 

space can be postulated. These trends are presented in Fig. 4.6. During 

initiation of forest growth, the LAI of the stand is small, making the 

microclimatic conditions suitable for the germination of seeds of the SSG. 

Thus, the number of seeds of the SSG germinating is larger than that of the 

PSG. As the stand develops, the LAI increases and the microclimatic conditions 

degrade for the germination of seeds of the SSG. However, at the same time 

the conditions improve for the germination of seeds of the PSG. Thus, there is 

a gradual increase in the number of seeds germinating of the PSG and a 

decline in the number of seeds germinating of the SSG. At some value of LAI, 

the conditions degrade to such an extent that germination of seeds of the PSG 

is inhibited. This is accompanied by a decline in the numbers of seeds 

germinating of the PSG. However, the population goes through a phase of 

self-thinning and conditions improve such that the germination rates of the 

respective species groups stabilise.
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Figure 4.6. Postulated trends in the number of seeds germinating 

from the seed-banks with respect to LAI and growing space for 

the primary and secondary species groups.
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There has been no study of germination rates over a range of growing 

space or LAI, as illustrated in Fig. 4.6, hence, in modelling of these trends a 

number of functions are provided to reflect other trends; the investigations of 

these functions will be dealt with in chapter 5. The functions are presented in 

Eqs. 4.20 to 4.24, and are similar in form to those for the processes in the 

population of trees. The variable, Y, represents the number of seeds 

germinating from the seed-bank of a species group in a time period rather 

than the proportion of seeds.

Y = 0

Y = a

Y = aX

Y = a + bX

y = a + bX + cX2

-Equation 4.20.

-Equation 4.21.

-Equation 4.22,

-Equation 4.23.

-Equation 4.24,
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where Y = number of seeds germinating from the

seed-bank in a time period of a species group

X = growing space at the present density of trees 

and seedlings, evaluated from Eq. 4.2.

a, b and c are parameters describing the 

germination/growing space trends.

The parameters for each function of each species group are stored as 

a separate set. These parameters can be changed in the input file, or 

interactively, to describe required trends. The choice of one function applies to 

both species groups but similar manipulations can be done to reflect two types 

of trends by one function for the species groups as described in §4.2.1.5. 

Further, if the actual seed-bank level cannot supply the number of seeds for 

germination as predicted by the function, then all seeds in the seed-bank 

would germinate at the time period that this occurs.

4.2.3.3. Evaluation of seed-bank

The seed-bank for each species group is evaluated from Eq. 4.25.

SB; = [SB(j_i) - (SQJ + SDJ)] + SRi -Equation 4.25.

where SB, = seed-bank at the time period i

SBiJ-n = seed-bank at the previous time period 

S G j = number of seeds germinating in time period i 

S Di = number of seeds dying in time period i 

SRj = seed-rain in the time period i.

Losses from the seed-bank during a time period of a species group 

are first evaluated. These include losses by mortality and germination. The 

seed-bank is then updated with the seed-rain produced during that time period 

for that species group.

4.2.3.4. Measurement and calibration of seed-bank processes
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The measurement of actual seed-banks has been carried out by a 

number of workers (§2.3.2.2). The main approach is to sample for seeds at 

various points in the soil over a representative area of the stand. Viability of 

seeds, as well as species identification, can be -determined from germination 

experiments under conditions simulating field conditions.

However, what is more difficult is relating the seed-bank processes to 

LAI values over the range of stand development. The above experiments would 

have to be repeated for different conditions representing a range of LAI values 

for stand development. This series of experiments can be done while other 

components of the system are investigated as described for the previous 

processes.

Predation is a more difficult factor to measure. This requires the 

development of relationships involving levels of damage and sizes of predator 

populations. Usually, species-related characteristics of predators are studied in 

themselves, including rates of feeding. Such information can be helpful, 

especially if there have been a large number of case studies. It would seem, at 

the moment, that predation rates would have to be estimated crudely, until 

more information is gathered.

More quantitative information relating mortality as a result of 

dormancy of seeds for a wider range of species also need to be gathered. This 

type of study is only beginning in the tropics, and it is hoped that more precise 

relationships can be derived. Carrying out studies of this nature for this model 

would hot be possible unless a team of researchers is willing to do so.

4.2.4. Seedling pool processes

The seedling pool constitutes all seedlings/saplings not of a 

measurable dbh, i. e. below 1.3 m tall. Growth of seedlings into the population 

of trees is responsible for driving the system, in contrast to the dynamics in 

the seed-bank, seedling pool dynamics are reflected in a similar manner to 

those in the population of trees. These dynamics include mortality and growth 

of seedlings, both of which are represented in a density-dependent manner as 

for the population of trees. The number of seedlings, not showing enough 

increment over a time period to grow into the population of trees, is evaluated 

in a similar manner to that in the population, and thus remains in the seedling 

pool.

4.2.4.1. Leaf area regulation of processes
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The processes in the seedling pool are mortality and growth. Growth 

can be sufficient to permit a proportion of the seedling pool to move into the 

population of trees, or insufficient so that a certain proportion remain in the 

seedling pool over one time period. For the same reasons the processes in the 

population of trees are density-dependent functions of LAI, the processes in 

the seedling pool are also density-dependent functions of LAI.

The maximum LAI can be taken up by the seedlings in a one-hectare 

stand at forest initiation. Competition and density effects would be at their 

maximum at this point, but as self-thinning occurs and as seedlings develop 

into trees, there are changes in the dynamics of the pools, in accordance with 

the light responses of the respective species groups.

The evaluation of the growing space above and within the seedling 

pool is by Eq. 4.2. Apart from obtaining the cumulative growing space above 

the seedling layer, the growing space within this layer is also incorporated into 

the evaluation. In this way, both inter- and intra-specific competition of the 

seedlings of the species groups for growing space are incorporated into the 
model.

4.2.4.2. Leaf area of seedlings

Evaluation of the growing space available to the seedlings partly 

involves the establishment of the LAI of the seedling pools of the species 

groups at the time period under consideration. It is therefore necessary to 

know the leaf area of an average seedling of each species group. An average 

seedling, in this context, is taken as the seedling which is 0.70 m tall 

(approximately a half of the standard height used to measure the diameter of a 

tree, 1.3 m).
The literature does not provide any information on the leaf area of 

individual seedlings of tropical trees. However, in a recent study, Ramos (1987) 

did some measurements of leaf areas of seedlings in controlled environments 

to simulate natural conditions in the field of four tropical species from Mexico. 

Two primary species, Bros/mum aucastrum and Swietenia macrophylla, at 

heights between 0.30 and 0.46 m, had a range of leaf areas between 0.006 and 

0.078 m 2, while two secondary species, Cedrela odorata and Cordia alliodora, at 

heights between 0.14 and 0.28 m, had a range of leaf areas between 0.009 and 

0.096 m 2. The larger leaf areas of the secondary species are not surprising, 

since these species are known to have faster growth rates than the primary
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species.

The height ranges of the seedlings in the above study are lower than 

those used in the present model, so assumptions are made about the leaf 

areas required. The average seedling of the PSG is assumed to have a leaf area 

of 0.50 m 2, while that of the SSG is assumed to be 1.0 m 2 . If these values are 

not applicable, the model permits the changing of them either when setting up 

the input file, or interactively.

4.2.4.3. Mortality of seedlings

Mortality of seedlings has not been studied with respect to LAI and 

growing space as a stand develops. However, using similar arguments as those 

presented for the processes in the population of trees, trends of mortality with 

LAI for each species group can be derived.

These trends are presented in Fig. 4.7. They are similar to those in the 

first diameter size class of the population of trees of each species group, but 

are more accentuated since the microclimate, especially light, vary to higher 

extremes at the level of the seedlings.
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Figure 4.7. Postulated trends of mortality with LAI and growing 

space for seedlings of the primary and secondary species groups
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The seedlings of the PSG, at initiation, would have the most 

unfavourable light conditions for growth. This is reflected by a high mortality 

rate, which is greater than that of the SSG. The latter group is more adapted to 

this level of light and have a greater survival rate, thus mortality rate is low. As 

the stand 'develops and an overstorey is formed, there is a decline in the 

mortality rate of the PSG and an increase in the rate of the SSG. At some 

density, competition becomes a major force, and mortality rate increases for 

the PSG, and as self-thinning progresses, mortality approaches a steady-state. 

The mortality rate of the SSG, during this time, continually increases and 

eventually approaches a steady-state as well.

The incorporation of the above mortality/growing space trends into 

the model is done in a similar manner to the processes in the population; the 

rationale for having a number of functions is the same. Five functions of 

increasing order are provided as shown in Eqs. 4.26 to 4.30. Y is equivalent to 

the element, dt, for the seedling pool in the matrix approach.

Y = 0 -Equation 4.26.
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Y ~ a -Equation 4.27.

y = ax -Equation 4.28.

Y = a + bX -Equation 4.29.

Y = a + bX + cX2 -Equation 4.30.

where Y = proportion of seedlings dying in the seedling

pool of a species group in a time period

X = growing space at the present density of trees 

and seedlings at the time period, obtained from Eq. 
4.2.

a, b and c are parameters describing the 

mortality/growing space trends of the seedlings of 

a species group.

Choice of any one function applies to both species groups, but similar 

manipulations as described for mortality of trees, can be done. For each 

species group, a complex function can be chosen, but the parameters can be 

changed such that it can reflect a simpler function. In the input file, each 

function has its own set of parameters stored separately for each species 

group. These can be changed either when setting up the input file, or 

interactively, to reflect required trends.

4.2.4.4. Transitions of seedlings

Transitions of seedlings are reflected in a similar manner as transitions 

of trees in the population. However, there is only one transition that is provided 

by the model, and that is transition of seedlings from the seedling pool into 

the first diameter size class of a species group; seedlings cannot move into a 

class larger than this. This is because seedlings, being at the ground level, 

have the least amount of light during stand development, and it is unlikely that 

in a time period of five years, that they can grow two size classes.

The formulations of the transition/growing space trends are similar to 

those described for transitions of trees in the population. These trends of the 

seedlings are presented in Fig. 4.8. At initiation of forest growth, seedlings of 

the PSG have a low growth rate while those of the SSG have a high growth 

rate due to the respective light responses of these groups of species. As the
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stand develops, transitions of the SSG decline, while those of the PSG 

increases. While there is a continual decline of the rate of transitions of the 

SSG, there is not a continual increase in the rate of transitions of the PSG. 

This is because the light is reduced to such an extent, at some density of trees 

and seedlings, that the seedlings of the PSG cannot put on enough increment 

in a time period to maintain a high growth rate as previously. Thus, there is a 

decline in the rate of transitions in this group. Eventually, the processes attain 

a stable state.

Figure 4.8. Postulated trends of transition of seedlings with LAI 

and growing space of the primary and secondary species groups.
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These trends are incorporated in a similar manner for mortality of 

seedlings. Five functions of increasing order are provided in the model to 

reflect a range of possible trends of transitions. These are presented in Eqs. 

4.31 to 4.35. Y is equivalent to the element, m1t, in the seedling pool in the 

matrix approach.

y = 0 

Y = a

-Equation 4.31

-Equation 4.32
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Y = aX -Equation 4.33.

Y = a + bX -Equation 4.34.

Y = a + bX + cX2 -Equation 4.35.

where Y = proportion of seedlings moving into the first

diameter size class of the population of trees of a 

species group in a time period

X = growing space at the present density of trees 

and seedlings at the time period, obtained from Eq. 

4.2

a b and c are parameters describing the 

transition/growing space trends of the seedlings of 

a species group.

Choice of one function applies to both species groups but the model 

provides the facility to change the values of the parameters to reflect required 

trends. Similar manipulations as described for mortality of trees, can be carried 

out with these functions. Each function of a species group has its parameters 

stored as a separate set to permit easy modifications.

4.2.4.5. Seedlings remaining in seedling pool

This process represents the seedlings which do not put on enough 

increment in a time period to grow above the limiting height of 1.3 m, and thus 

enter the first diameter size class of a species group. After evaluation of 

mortality and transitions, this process is evaluated. The evaluation is illustrated 

in Eq. 4.36.

rt = 1.0 - (dt + mlt) -Equation 4.36.

where rt = proportion of seedlings remaining stationary in

the seedling pool of a species group in a time 

period

dt = proportion of seedlings dying in the seedling 

pool of a species group in a time period
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m1t = proportion of seedlings moving out of a 

seedling pool of a species group in a time period.

This process cannot be directly controlled as the other processes in 

the seedling pool, because there are mo functions with parameters.

4.2.4.6. Measurement and calibration of seedling pool processes

The measurement of the processes with respect to LAI as a stand 

develops to stability can be done in a similar manner to the measurement of 

the processes of the trees of the population as outlined in §4.2.8.1.

It is necessary to use stands at different states of development with 

similar climax types of species and on similar sites to obtain the relationships, 

since the time taken to observe one stand as it develops to stability would take 

hundreds of years. At the outset, seedlings should be tagged, identified for 

both ecological species group and taxonomic type, and measured for heights. 

At each inventory, new recruits should be checked for, as well as mortality, and 

transitions through height growth.

Measurement of LAI at initiation should be concentrated on the 

seedling pool itself. This would involve conducting measurements in order to 

develop an allometric relationship between height of seedling and leaf area. 

From this relationship, the LAI of the seedlings can be obtained from the 

frequency of seedlings, as well as the growing space. This allometric 

relationship can be tested by independent samples.

In older stands, this allometric relationship may be different, and it
•

would be necessary to carry out similar observations with regards to changes 

of leaf area of the average seedling over LAI changes.

It is evident from the above proposals that the kind of measurements 

required constitute a large task. Some useful results may be obtained from 

artificially controlled experiments, but even so this kind of study can only be 

earned out by a team of researchers, and until then, crude assumptions must 

be made regarding the relationships.

Calibration of the processes can be done by using the parameters for 

the relationships as inputs for the model. The model can then be run using the 

structure of a stand at an early stage of development, and the outputs can 

then be compared to inventories of the stand at discrete time periods. 

Inconsistencies in outputs with real inventories can then be examined and
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corrected.

4.2.5. Gap-phase processes

As pointed out in §2.5.3, gap formation and regrowth in gaps were not 
modelled in the previous matrix approaches that have been applied to the 
IMTRF. It was proposed there to introduce these aspects into the method, 
primarily because gaps are an integral component of the system, and without 
them, i. e. assuming spatial homogeneity, a model would be incapable of 
reflecting the true behaviour of the system.

Gap-phase processes are important in maintaining the equilibrium of 
the structural composition of the natural rain forest community. Gaps are sites 
of secondary succession which may begin at the stage of initiation of forest 
growth or later depending on the size of gaps. The main processes are gap 
formation and gap recovery. In modelling these aspects, gap formation involves 
setting up relationships describing sizes of gaps created, and the damage that 
occurs when a gap forms. Gap recovery involves setting up relationships 
defining how different sizes of gap recover with time, and the incorporation of 
this recovery into the rest of the stand. The following sections direct attention 
to these problems.

4.2.5.1. Formation of gaps

One main aspect of gap formation is establishing the sizes of gaps 
created when trees die and fall. The major component of a falling tree that is 

responsible for gap formation is the crown of the tree. It is, therefore,
•

necessary to establish relationships between the size of a tree and its crown 
size, and the crown size of a tree and the size of gap created.

The size of a tree crown as a function to tree size has been studied to 
some extent as described in §2.3.3.4. It was pointed out that there are two 
main relationships between dbh of a tree and the crown diameter of the tree: a 
linear and a sigmoid relationship (Dawkins, 1963). Perez (1970) found evidence 
of the linear relationship using a more precise method for establishing crown 

diameter.
The above relationships are reflected in the model as a choice

of between two^the functions given in Eqs. 4.37 and 4.38. Eq. 4.37 represents a
linear relationship, while Eq. 4.38 represents an approximation of the sigmoid 

form.
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Y = a + bX -Equation 4.37. 

Y = a + bX + cX2 -Equation 4.38.

where Y = crown diameter of the tree (m)

X = diameter at breast height of the tree (m) 

a, b and c are parameters describing the trends.

The choice of one of these functions applies to both species groups. 
However, manipulations of the values of the parameters in Eq. 4.38 can reflect 

a curvi-linear relationship for one species group, and a linear relationship for 

the other. The parameters of each function for each species group are stored 

separately to facilitate easy changing. This can be done when setting up the 

input file, or interactively.

As pointed out in §2.3.3.4, no studies have been done relating crown 

size to gap size. However, it was postulated that the gap shape can be 

assumed to be a circle with a diameter of two-thirds the diameter of the 

crown of a falling tree. Using this relationship, two functions of gap area - 

crown diameter were set up similar in form to those for the dbh - crown 

diameter relationships. These are presented in Eqs. 4.39 and 4.40.

Y = a + bX . -Equation 4.39. 

Y = a + bX + cX2 -Equation 4.40.

where Y = gap size (m 2 )

X = crown diameter (m)

a, b and c are parameters describing the trends.

The provision of two functions with changeable parameter values 

enable both views of the relationships to be tested as will be reported in 

chapter 5. They also readily permit a choice of any of the two types of 

functions.
Choice of one function applies to both species groups, but the more 

complex function (Eq. 4.40) can be transformed to reflect both a linear and a 

curvi-linear trend suitable for any species group. The parameters of each 

function for a species group are stored as a set of values for easy changing,
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either in the input file, or interactively.
Not all falling trees can create a gap. This is evident if the smallest 

trees in the first diameter size class of either species group are examined. 
Thus, a limit is set for the minimum-gap-creating tree. This size is assumed to 
be 30 cm dbh in the model. Thus, only trees >30 cm dbh for either species 
group can create a gap. However, if this value is not applicable to a stand, it 
can be changed either in the input file, or interactively.

4.2.5.2. Mortality during gap formation

In the IMTRF community, a large falling tree brings down other trees in 
its path, as well as trees attached to it through lianas and vines. The latter 
component of the community is difficult to quantify because of inconsistencies 
in such attachments. However, a more quantifiable scheme can be derived for 
falling-tree mortality due to crown damage.

In the scheme formulated for this effect, it is postulated that the 
fraction of one hectare that are gaps created by trees of one diameter class, is 
the same fraction of trees that are killed in other affected diameter classes. 
Thus, if 0.1 ha of gaps are formed by falling trees in the final diameter class of 
the PSG, then 0.1 or 10 per cent of trees in each of the smaller diameter 
classes are killed of each species groups.

Based on the above argument, a scheme can be worked out with 
respect to the effects of falling trees of one species group on the same 
species group and on the other species group. In accordance with the 
assumption made in the previous section that only trees >30 cm dbh of either 
species group can create a gap, mortality can be caused by these trees only. 
For these trees, the height of the average tree in a diameter class is compared 
to the heights of the average trees in other diameter classes, in order to derive 
the scheme. Based on these comparisons, the derived scheme is presented in 
Fig. 4.9. Four effects can be distinguished.

1. Trees of the PSG killed by falling PSG trees.

2. Trees of the SSG killed by falling PSG trees.

3. Trees of the SSG killed by falling SSG trees.

4. Trees of the PSG killed by falling SSG trees.

207



Figure 4.9. Weights used to reflect falling-tree mortality by trees 

of one species group on another and on itself.
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These four effects are represented by weights in matrices A-D in Fig. 

4.9. The effect of killing is represented by the weight of 1, and when there is 

no effect, the weight is zero. The total number of trees of a diameter class of 

the PSG killed is the sum of the effects of the diameter classes in matrices A 

and C, while mortality in a diameter class of the SSG is the sum of the effects 

of the same diameter classes in matrices B and D. Thus, trees of the PSG killed 

in diameter class 1 depends on the gap area created by trees falling from PSG 

diameter classes 2, 3, 4, 5 and 6 in matrix A, and the gap area created by 

falling trees of the SSG in diameter classes 3, 4, 5 and 6 in matrix C.

The procedure used to derive the above scheme could have been 

programmed into the model but because the scheme would have been derived 

during measurements of this process, there was no need for setting up in the 

model. The scheme would thus be different for various sites, and these must 

be represented in the input data file for the model.

The trees of a diameter class that are killed during gap formation are 

not deducted from the present number of trees in that size class in order to 

incorporate falling-tree mortality. This is because mortality in a class is 

represented by a probability (proportion of 1), and it is this probability that is 

affected. The procedure used is shown in Eq. 4.41. Firstly, natural mortality is 

evaluated in terms of probability and frequency for a size class. Falling-tree 

mortality for that size class is then evaluated in terms of number of trees 

killed. The trees that die from natural mortality and falling-tree mortality are 

then summed. This total is then used to derive a new value of the probability 

of trees dying in a size class, as in Eq. 4.41.

<3t m ,i = (FN>i + FGP,i) / FT<i -Equation 4.41.

where dtmi = modified probability of mortality for a size

class (i) due to natural and gap-phase mortalities 

in a time period of a species group

F Ni = number of trees in a size class (i) dying 

naturally in a time period

F Gpj = number of trees in a size class (i) dying 

from gap-phase effects

FTi = total number of trees in the size class (i) at 

that time period.
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There is a similar effect for mortality of seedlings. The total gap area, 

as a fraction of one hectare, is used as the fraction of the seedling pool of a 

species group that is killed by falling trees. Thus if the total gap area at a time 

period is 0.2 ha or 20 per cent, then 0.2 of the seedlings of the pool of each 
species group is killed.

The incorporation of seedling mortality due to gap formation is 

handled in a similar way to the population, and is shown in Eq. 4.42. The 

probability of natural mortality is obtained from which the number of seedlings 

dying naturally is obtained. Gap-phase mortality is then evaluated in terms of 

the number of seedlings dying. The sum of the two types of mortality gives the 

total number of seedlings dying in a time period. This value is then used to 

derive a new mortality probability for the seedling pool, as in Eq. 4.42.

dt m = (FN + FGP ) / FT -Equation 4.42.

where dtm = modified value of mortality of the seedling

pool in a time period for a species group

F N = number of seedlings dying naturally in a time 

period

FGP = number of seedlings dying from gap-phase 

effects in a time period

FT = total number of seedlings in the seedling pool 

at that time period for the species group.

4.2.5.3. Possible approaches for gap recovery

In the formulation of a methodology for gap recovery, three general 

lines of approach are possible. In the first, there is no change to the 

mathematical structure of the model as presented above, and the effects of 

gap formation on mortality and growth are captured simply by appropriate 

adjustments of parameter values. In the second, each gap is represented 

individually, while in the third, gaps are aggregated into age and/or size 

classes.
In the first approach involving no modification of the basic model, the 

system is allowed to recover from gap formation through the processes 

already reflected by the population of trees and seedlings. However, this
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approach is not realistic because of the spatially heterogeneous nature of the 

system caused by gaps. Applying the assumptions of the basic model would 

introduce errors in the response of the system. For example, gap formation 

reduces the LAI of the layers of the crowns and increases the growing space 

available to them. While this increase of growing space is reflected by an 

increase in the rate of the processes due to the rates/growing space 

relationships being used, this increase is much smaller than those in gaps 

since the growing space available in the gaps is much larger than in the rest of 

the stand. These differential rates for the processes must, therefore, be 

reflected in the model. Thus, this approach is not feasible.

In the second approach, the dynamics of individual gaps must be 

followed from the time they are formed. This, indeed, would be the ideal 

approach, as illustrated by the few studies reviewed in §2.3.3.5, but in terms of 

modelling, this would be very difficult, especially when predictions are intended 

for long periods (100 years or more).

The main problems with this approach are:

1. The model is not a spatial one, and the identification and 

characterization of individual gaps are impossible. The only 

information obtained in the present model is that a tree of a 

size class has formed a gap, but the spatial position of that 

gap with respect to another formed from a tree of the same 

size class at that time cannot be obtained. In some 

nonspatial model as this one, individual gaps can be 

followed but the difficulties given below apply.

2. Even if assumptions are made with respect to each gap, 

there are further problems like setting up the parameters 

for the processes occurring in different sizes of gaps, which 

determine how a gap of a particular size recovers. These 

parameters would have to be related to the responses of 

each species group as well as, for different sizes of gaps.

3. Another problem is in the modelling of each gap as it 

recovers. The variables for each gap must be followed in 

the same way as those in the rest of the stand. These 

include the seed-bank, seedling pool, and sizes of trees. 

Storing such information for a large number of gaps would
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take up enormous amounts of computer memory, and run 

time would be large.

4. At present, there is difficulty in establishing when a gap has 

fully recovered, and this would impose problems on 

determining times of recovery for different sizes of gaps, 

and integrating these gaps to the rest of the population.

The third line of approach involving cohorts of gaps would reduce the 

scale of the problems pointed out above. The major problem of obtaining 

parameters for the recovery of each size of gap would be avoided, because all 

gaps formed at a time are grouped together. The assumptions for the time 

taken for each size of gap to recover would be avoided; instead, the time taken 

for a cohort of gaps to recover would be required. The reduction of numbers of 

gaps to be followed would avoid problems with computing time and space.

However, this approach has the disadvantage that it does not 

represent in detail the biological processes that occur in individual gaps. It was 

thought that the cost of foregoing accuracy would be less than developing a 

more detailed and cumbersome model. For these reasons, this line of approach 

is preferred over the two previous lines of approach.

There are a number of possible variations on the cohort approach. 

These are illustrated in Table 4.4. The first three variations are based on 

establishing the state of development of the cohorts of gaps, and then 

modifying the processes of the other components of the system, based on the 

state of recovery of the cohorts of gaps. The second three variations are based 

on following the dynamics of each gap cohort separately from the rest of the 

stand, and integrate each cohort into the rest of the stand after full recovery.
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Table 4.4. Possible approaches for gap recovery using cohorts 

of gaps.

Approach

(1) Use an index of heterogeneity to reflect the gappiness of 

the stand created by all cohorts of gaps. Modify the stand 

processes by this index.

(2) Establish total gap area and categorize it into size

classes. Use table of weights to reflect recovery of these 

size classes over time (age of cohorts). Evaluate a gap 

index from these weights to modify the stand processes.

(3) Establish edge/central areas of a cohort of

gaps to reflect partitioning of gaps by the species groups. 

Use a range of weights to reflect the recovery of these 

areas over time. Evaluate a gap index from these weights to 

modify the stand processes.

(4) Establish total gap area in age classes. Follow each age 

class of gaps separately.

(5) Establish edge/central areas as in 3, and the age classes 

as in 4. Follow each age class for the edge and central 

areas.

(6) Establish age classes and size classes of each cohort of 

gaps. Follow each age class and each size class.

In approach 1, the rationale is to use an index to identify the extent of 

gaps in a stand based on area, and to use this index to modify the processes 

of the rest of the stand. This scheme is illustrated in Table 4.5. The derivation 

of the indices is done by answering the question: To what extent are the 

processes of the rest of the stand, e. g. growth of trees, expected to change if 

there is a certain area of gaps in a one-hectare stand of trees?'. At one 

extreme, if there are no gaps, then the processes should not be modified; an 

index of 0 indicates this. At the other extreme, if there is a total gap area of 0.1 

ha, the the processes need to be modified by a large extent. An index of 0.3 

indicates that, for example, growth of trees from one size class to another 

would be increased by a factor of 0.3.
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Table 4.5. Postulated scheme showing indices that can be used to 

modify the processes in the stand based on the extent of gaps 

present in the stand.

Area of gaps (ha) Index

0

0.01

0.02

0

0.01

0.05

0.08 0.25

0.10 0.30

Such a scheme can be represented easily in the model, since it only 

involves the identification of the index associated with the total gap area. 

However, it ignores the variation caused^by a range of gap sizes which have 

differential rates of establishment and/or growth of the species groups. Also, 

there is no indication of the age of the gaps; a newly formed gap of a 

particular size should have more effect on the processes than when that gap 

approaches full recovery. The time element during recovery is, therefore, an 

important one which is not incorporated in this scheme.

Approach 2 advances over approach 1 because it uses weights to 

reflect the recovery of different sizes of gaps over time. A possible scheme for 

this approach is illustrated in Table 4.6. Smaller gaps have less of an influence 

on the processes of the stand than larger gaps. In addition, as gaps get older, 

they have less effect on the processes of the stand. Cohorts of gaps are 

identified in terms of size class and age, and from the respective weights, one 

gap index is derived, which is then used to modify the processes of the stand.

214



Table 4.6. Postulated scheme showing weights that can be used to 
modify the processes in the stand based on the size and age 
distributions of gaps.

Age of Size class of gaps (ha)

gaps ________________
(years) 0-0.02 0.02-0.05 0.05-0..10

weights

0

10

40

50

0.100 0.200 0.300

0.080 0.150 0.250

• • •

0.010 0.012 0.015

0.005 0.007 0.009

As in the previous approach, such a scheme can be represented easily
in the model, and it seems quite suitable for the purposes of representing gap

far 
recovery. However, despite size classes being used, gaps, the approach still
does not reflect the effects of different areas within gaps with regard to 
species growth and establishment. The literature reviewed in §2.3.3.5, indicates 
that the SSG tend to occupy the central areas of gaps which have higher light 
levels than the outer peripheral areas. In the latter areas, the PSG tend to 
proliferate. The scheme presented above does not take this into consideration.

Approach 3 incorporates the above aspect of differential 
establishment/growth of the species groups in different regions of a gap. 
Because the species groups tend to partition a gap into a central and edge 
area due to the light levels, gaps are not categorized by their total sizes as in 
approach 2, but by these areas that the species groups prefer. All gaps formed 
at a time are, therefore, divided into a central sunlit area and an outer shaded 
edge area. The dynamics in these areas in any central area would be the same 
as any other central area, thus these areas can be summed to represent a 
cohort of central areas. The same can be done for the edge areas. Weights are 
provided for the recovery of these areas over time, as illustrated in Table 4.7.
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Table 4.7. Postulated scheme showing weights that can be used to 
modify the processes in the stand based on central sunlit areas 

and edge shaded areas in a cohort of gaps.

Age of

•gaps 

(years)

Gap area (ha)

Edge Centre

Weights

Primary species Secondary species 

Edge Centre Edge Centre

0.010 0.020 0.30 -0.50 0.20 0.50 

0.005 0.040 0.21 -0.26 0.07 0.41

26-30 0.004 0.020 0.02 0.09 -0.04 -0.11

46-50 0.012 0.030 0.00 0.01 0.00 0.00 
>50 0.008 0.025 0.00 0.00 0.00 0.00

From the scheme in Table 4.7, at each time period, one gap index is 
derived from the weights for the range of ages of edge and central areas, and 
this gap index is used to modify the processes of the stand. For this scheme, 
model representation is not difficult, although it tends to aggregate the effects 
of all cohorts of gaps together, and does not cater for the differential 
behaviour of individual cohorts of gaps with time.

Approaches 4 to 6 represent each gap cohort as, in effect, a separate 
patch of NTRF, with each having its own dynamics, determined by the same 
processes of growth, mortality, etc., as in the basic stand model presented 
earlier in this chapter. In approach 4, the total gap area of a cohort of gaps is 
firstly established, and at each time period, each cohort is advanced with 
respect to age classes. In contrast to the previous model representation would 
have to reflect the dynamics for each age class of gaps as well as the rest of 
the stand. While the level of dynamics of the system is more detailed than in 
approaches 1 to 3, the run time and the arrays required for storing the state of 
each cohort of gaps are much greater. For example, if there are 10 age 
classes, the model must simulate each age class (10 times) at each period to 
obtain the state of the gaps, and once more for the rest of the stand, making a 
total of 11 simulations. Also, this particular scheme does not take into 

consideration the partitioning of gaps by the species groups.
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Approach 5 advances over approach 4 because it takes into account 

gap partitioning by the species groups. As in approach 3, edge and central 

areas are established, and these are advanced at each time period to represent 

gap recovery. To determine the state of the stand, the model must simulate the 

rest of the stand, as well as each each age class of the cohorts of gaps based 

on the edge and central areas. Thus, 20 simulations are required for 10 age 

classes, each of which has two areas, to obtain the state of the gaps, and one 

simulation for the rest of the stand, making a total of 21 simulations for a time 

period. Again, the run time and arrays required would be very large.

A more detailed approach is presented in approach 6, involving age 

and size classes of gaps. To obtain the state of the stand, the model must 

simulate each size class over the full range of age classes of cohorts of gaps, 

as well as the rest of the stand. Thus, if there are 10 age classes, each with 5 

size classes, then 50 simulations are required to obtain the state of the gaps, 

and one for the rest of the stand, making a total of 51 simulations for a time 

period. The implications of this are obvious in terms of run time and arrays 

required for this approach. This approach can be extended further to 

incorporate differential species partitioning of gaps, but the implications just 

mentioned are obvious.

The above approaches are all possible but they vary in terms of 

biological reality and computing efficiency. The first three approaches all 

require less run time and array space. The latter three approaches, while going 

into more detail, have the major disadvantage of requiring large amounts of run 

time and space. Because of this, the index approach is preferred over the more 

detailed individual cohort approach. The particular approach chosen is the most 

complex of the index approaches, i. e. approach 3. The details of the 

formulation of this approach are presented in the next section.

4.2.5.4. The gap index approach for gap recovery

The processes of the stand that are affected by gap recovery are 

germination of seeds, growth of seedlings and growth of trees. These 

processes are affected as a result of an increase of growing space in the stand 

when gaps are formed. The processes of the two species groups are affected 

to different extents because these groups establish and grow in different parts 

of the gaps. The main generalization from studies that have been done in gaps 

is that the central area of a gap has a higher light level than the peripheral
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areas, and the SSG tends to occupy the central area while the PSG tends to 
occupy the peripheral areas in newly formed gaps, and as recovery proceeds, 
there is invasion of the central areas by the PSG.

According to the scheme presented here, each falling tree of a species 
group ^30 cm dbh creates a gap of a certain size. Each gap has a centra/ sunlit 
area and an edge shaded area. The basis of evaluating these areas is presented 
in Fig. 4.10. The gap is treated as a circle with a certain radius. A distal part of 
this radius of a length of 1.5 m represents the width of the peripheral shaded 
area. This length is the standard edge width used in the model, but if it is not 
applicable, then this value can be changed either when setting up the input file, 
or interactively. From this value, if a gap has a radius of 1.5 m, or area of 7 m 2, 
then there is no central sunlit area, thus there is only PSG establishment and 
growth in gaps of this size.

Figure 4.10. Representation of the central sunlit and edge shaded 
areas in a gap that the secondary species group and primary 
species group occupy at initiation of gap recovery.

Gap 
widl-h

Edge 
widl-h

Given the above method for representing the gap structure and 
dynamics of a stand, it is now necessary to consider how the gap structure of 
a stand can be used to influence the dynamics of the stand.
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The first stage is to establish the total edge shaded area and central 

sunlit area of gaps of the same ages (Table 4.8 A). These are obtained by 
establishing the individual area that a gap-forming tree creates. Each gap is 

then divided into a central and edge area depending en the width of the edge 

area given above. For all gaps formed at the same time, the total edge and 
central areas are obtained. These values for newly formed gaps are stored in 

age class 1, from where they age as the rest of the stand.

Table 4.8 A,B. Scheme showing (A) the classification of edge and 

central areas in cohorts of gaps by age classes, and (B) the 

influence of regrowth in each of these areas on the rates of 

growth for the rest of the stand (PSG = primary species group;; 

SSG = secondary species group).

A B

Age of Gap area (ha) 

gaps Edge Centre

(years)

0- 5 0.010 0.020

6-10 0.005 0.040

Weights 

Edge Centre

PSG SSG PSG SSG

0.30 -0.50 0.20 0.50

0.21 -0.26 0.07 0.41

16-20 0.004 0.020 0.14 -0.10 0.00 0.15

46-50 0.012 0.030 0.00 0.01 0.00 0.00

' >50 0.008 0.025 0.00 0.00 0.00 0.00
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Figure 4.11. Weight effect of gap recovery on the processes of 

the rest of the stand by the processes in the edge and central 

areas of a gap for the two species groups, and the diameter 

classes affected, with time.
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Time (years)

"%.0 &0 10.0 15.0 20.0 25.0 30.0 86.0 40.0 45.0 50.0
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In each of these areas (edge and central) there is differential regrowth 

of the PSG and the SSG. As pointed out in the gap index approach, the object 

is to obtain an index with respect to th/s regrowth which is then used to 

modify the the rates of growth for trees in the rest of the stand. Thus, the 

influence of regrowth is, not only on the trees around the gaps, but also on 

trees of the whole stand that are not in gaps. This scheme is described below 

with reference to Table 4.8 B and Fig. 4.11. The derivation is partly based on 

the assumption that there is a correlation for growth between age classes and 

size classes, i. e. as trees get older they also get larger in diameter and height 

up to an upper value of age.
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A detailed description will be restricted to the SSG growing in the 
central areas. In these areas, there is a high light level favouring the 
establishment and growth of this species group. In newly formed gaps, this 
species groups-would have a higher growth in the first age class than for the 
same age class of trees of this greup in the rest of the stand due to shading in 
the rest of the stand. These two situations can be interpreted as two 
populations (same age class) of the same species group in a stand, which have 
different growth rates due to different light regimes. The object is to find a 
common growth rate for these two populations. Mathematically, the lower 
growth rate should be increased by a certain level depending on the magnitude 
of the higher growth rate in the central areas and the population sizes of the 
two populations. The interactions of the population sizes would be looked at 
below. However, the general effect is still one of an increased growth rate for 
the whole stand with respect to the growth rate of the population in the rest 
of the stand. This increase is assumed to 0.5, hence this value in Table 4.8 B.

In the discussion above, only newly formed gaps were considered. 
However, as gaps get older, corresponding age classes of trees in the rest of 
the stand are affected by regrowth. There are two implications of this. The first 
is similar to that described above. As trees enter a new age class in the central 
areas, the growth rate of trees in the rest of the stand for that age class are 
modified as above. However, the modification decreases with increasing age 
classes in the central areas. The SSG trees in the oldest age class have their 
maximal growth rates (assuming no other environmental constraints) because 
of the absence of an overstorey, but SSG trees in the rest of the stand for that 
age class have a lower growth rate due to shading by the overstorey. The 
degree of shading in the rest of the stand decreases with increasing height. 
Thus, with increasing height the growth rates of the two populations (in the 
central areas and in the rest of the stand) approach the same value. This is 
reflected by a decreasing trend of the weights with older age classes in Table 
4.8 B and Fig. 4.11 for the SSG in the central areas. It is thus evident that each 
age class (size class) should have a different index.

The second implication is that as trees arrive in older age classes in 
the central areas, they shade trees in young age classes. Thus, the trees in the 
younger age classes should have a decreased growth rate as the gaps recover. 
However, such an effect is already incorporated into the competitive 
components of the model, and need not be explicitly represented. As trees 
reach an age class (size class) in the central areas, their leaf areas are
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incorporated into the leaf area for that height layer in the rest of the stand. The 

effect is one of decreased growing space for trees in the whole stand for that 

layer, and the resulting competitive effects are evaluated by the scheme 

described in §4.2.1.3.

There is an additional response in the stand caused by gap formation 

that has not been looked at above. This is the release of suppressed trees 

around the edge of gaps. These trees usually respond through increased 

growth rates. The incorporation of this effect is again not needed explicitly, 

because these trees are found in respective leaf layers of the stand, and gap 

formation decreases the leaf areas of these layers. For these layers, there is a 

decrease of growing space, and from the density-dependent evaluation of 

growth rates, this decrease is reflected by an increase in growth rates.

The above rationale is used in deriving the weights for the other areas 

and species group that are shown in Table 4.8 and in Fig. 4.11. For example, in 

the case of the PSG in the first age class in the central areas, there is the 

maximum negative effect on the rest of the stand for this species group. This 

is due to the unfavourable conditions for establishment and growth of this 

group in the central areas. This would lower the growth rate of the PSG 

population in the rest of the stand in this age class. However, as the central 

areas get older and an overstorey develops, conditions become favourable for 

the establishment and growth of this species group, which cause the weight to 

increase. This is analogous to an increasing width of the shaded edge areas of 

the gaps.
It was pointed out above that the level of change for the growth rate 

of the population in the rest of the stand depended on the population sizes in 

the rest of the stand and in the central areas. The population size in the central 

areas is an unknown variable, but the size of the area occupied by it is known. 

Competition effects would permit an upper limit to density in a particular area, 

thus the area can be used to represent this density. The influence of the areas 

of the central gaps on the level of change for the growth rate is incorporated 

into the scheme by weighting the values in Table 4.8 B by the areas occupied 

by that part of the gaps for the respective age classes. An index for the total 

effect of gaps on the rest of the stand is then obtained by cumulative 

summation of all weighted values starting from the oldest age class of gaps. 

This relationship is given in Eq. 4.43.

Isp = I I Areaage, type x Weight sp , age,type -Equation 4.43.
oge = L
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where l sp = g ap index for a species group

Area agetype = age and type of area (edge or 
central) for all cohorts of gaps

Weightspagetype = weights for the gap influence of 
each species group for all ages of both edge and 
central areas of all cohorts of gaps.

For example, for a gap between 0-5 years old, and another between 16-20 
years old, with respective central and edge areas of 0.02, 0.01 ha and 0.02 and 
0.004 ha (Table 4.8 A), the gap indices for the 0-5 age class of the PSG (I P) and 
the SSG (l s) are evaluated as follows:

Ip = [(0.02 x -0.50) + (0.01 x 0.30)]

+ [(0.02 x -0.10) + (0.004 x 0.14)]

= -0.0084 

I s = [(0.02 x 0.50) + (0.01 x 0.20)]

+ [(0.02 x 0.15) + (0.004 x 0.00)]

= 0.0123

These gap indices for the respective species group are used to modify 
the probability of growth at the present time period as illustrated in Eq. 4.44.

mt sp,m = mt sp + ( mt sp x I sp) -Equation 4.44.

where mtsp,m = modified probability for growth for a
species group in a time period - growth of seeds, 

seedlings or trees

mtsp = probability of growth of a species group in 
a time period for the same growth stage as above 

- seeds, seedlings or trees

l sp = gap index for a species group at the present 

time period obtained from Eq. 4.43.

Thus, if the probability of growth for trees moving one class from the 

first diameter class of the PSG (assuming trees of this class are 0-5 years old)
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is 0.3, then the modified probability (m1tPm) due to the gap index obtained 
from above is:

mlt P.m = 0.30 + (0.30 x -0.0084) 

= 0.2975

There is thus, a decrease in the growth of trees in this class of the PSG from 
0.30 to 0.2975. The positive gap index for the SSG obtained above would cause 
growth to increase, i. e. if the same probability of 0.30 is used for the first 
size class, this would increase to 0.3037.

The incorporation, into the model, of the weight effect of gap recovery 
on the processes in the stand from Fig. 4.11, is provided through the choice of 
a function from a set of functions that reflect the trends that have been 
postulated. A set of three functions is provided for each area in a gap for each 
species group as illustrated in Eqs. 4.45 to 4.47.

Y = 0 -Equation 4.45.

Y = a + bX -Equation 4.46.

Y = a + bX + cX2 -Equation 4.47.

where Y = weight for a species group for an area (central
or edge)

X = time (years)

a, b and c are parameters describing the 
weight/time trends.

Choice of one function for recovery in a region of the gaps (central or 
edge) applies to both species groups, but the parameters can be manipulated 
to reflect differential trends for two types of function from only one. The 
function described by Eq. 4.45 is responsible for switching off/on recovery; this 

is useful in testing the model.
It was pointed out above that there are different effects of the gap 

index on the rest of the stand based on the age class of regrowth in the gap 
areas. However, because the dynamics of the stand are followed by size 
classes, age classes must be converted to size classes. There is no firm 
evidence from the literature to enable such a conversion, so the scheme is still
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to be verified. The scheme is illustrated in Table 4.9. Each species group is 

represented over a range of 50 years at one year intervals. This is so because 

the model may be run at intervals of one or five years, and the linking of 

arrays for this dual interval is more efficient in this way.

Depending on the age of.the diameter class given in Table 4.9, the gap 

index associated with that age is used to modify the growth rate of trees in 

that diameter class. Thus the gap index for the 0-5 years age class obtained 

above can only be used to modify the growth rates of trees in diameter class 1 

of the PSG and the SSG. The gap index for the 16-20 years age class is 

independent of the processes in the 0-5 years age class, and must be 

re-evaluated. This value would then be used to modify the growth rates of 

trees in diameter class 2 of the PSG and 4 of the SSG.
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Table 4.9. Scheme showing diameter classes of each species group 

affected during gap recovery over time. 

PRIMARY SPECIES GROUP

Time (years) 
Diameter class

1 
1

2 

' 1

3

1

4

1

5

1

6

1

7 

1

8

1

9

1

10 

1

Time (years) 11 12 13 14 15 16 17 18 19 20

Diameter class 2222222222

Time (years) 21 22 23 24 25 26 27 28 29 30

Diameter class 3333333333

Time (years) 31 32 33 34 35 36 37 38 39 40

Diameter class 4444444444

Time (years) 41 42 43 44 45 46 47 48 49 50

Diameter class 5555555555

SECONDARY SPECIES GROUP

Time (years) 

Diameter class

1 

1

2

1

3 

1

4 

1

5 

1

6 

2

7 

2

8 

2

9 

2

10 

2

Time (years) 11 12 13 14 15 16 17 18 19 20

Diameter class 3333344444

Time (years) 21 - 50

Diameter class 5
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These diameter classes are stored in the input file as a separate set of 

5x10 array of values for each species group; the times are not stored. If this 

scheme is not applicable to a stand under investigation, then it can be changed 

but only in the input data file.

The growth processes of a species group in the seedling pool, and the 

germination of seeds are affected by a gap index that is evaluated from all 

cohorts of gaps, whether they are newly formed or older.

The above scheme involving the modification of the processes of the 

stand with regards to the extent of gaps in the stand, applies only when the 

LAI of the stand is >Q.5 of the maximum LAI of the stand. Thus, if the maximum 

LAI of the stand is 10 ha ha~ 1 , then gap-phase influences would occur only 

when the LAI of the stand is >5.0 ha ha~ 1 . The rationale is that if the stand has 

a lower LAI than 0.5 of the maximum, then the stand is in an early state of 

development where gap-phase processes are meaningless. At this stage of 

development, there would be extensive areas that can be regarded as gaps but 

the dynamics would be similar to a stand in the early phases of succession. 

This aspect is important in terms of management. If too many trees are felled 

and the LAI of the stand drops below 0.5 of the maximum, then there are no 

gap-phase influences. The recovery of the system can then be examined in a 

more objective way.

4.2.5.5. Measurement and calibration of gap-phase processes

Gap-phase dynamics have only recently been the subject of attention 

as illustrated by the very few studies of this nature. The proposals presented 

above can possibly help in directing attention to particular areas that require 

detailed studies.
There is need to identify gap size - crown size relationships, or gap 

size - tree size (dbh) relationships. This kind of work involves measurements of 

gaps formed by different sizes of crowns of trees, and developing relationships 

that are more general than those developed so far.
Mortality of trees and seedlings during gap formation must also be 

quantified. More detailed measurements can support or disprove the 

relationships used in this research. In observing mortality of trees, it is fairly 

easy to enumerate the larger trees that die, however, it is more difficult to 

count seedlings and small saplings that are smothered by the crown of a 

falling tree. It may be possible to remove the crown in small pieces and check
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the damage that is done.

Regrowth in gaps can be studied in a similar manner to the 
inventories in the rest of the stand that was outlined in §4.2.1.8. The ideal 
approach that can be used to relate the extent of the influence that gap-phase 
processes have on the processes of the rest of the population, would be to 
study a stand without gaps, and another similarly developed stand in which 
gaps are present. The relative influences can than be derived. However, gaps 
are an intrinsic part of the system, therefore, such an approach would be 
difficult to follow. Artificial production of gaps in natural stands may offer some 
possibilities but the stand must be somehow standardized inclusive of gaps 
already present, to prevent errors.

The general approach proposed here, is to measure rates of regrowth 
in gaps and growth in the rest of the stand separately but simultaneously. 
These two measurements can then be combined to give a rate of growth of 

-the whole stand. Weights can then be derived from these values.
For example, if the rate of growth of trees moving from the first 

diameter class to the next for the PSG in the gaps is found to be 0.5 (i. e. 10 
trees of 20 in that class), and_ that for the rest of the stand is 0.2 (i. e. 40 trees 
of 200 in that class), then the average rate of growth for the whole stand is 50 
trees out of 220 trees or 0.23. With respect to the rest of the stand, there is an 
increase in the rate of growth of 0.03 caused by the gaps, therefore, the gap 
index to be applied to the processes of the rest of the stand is 0.15 from Eq. 
4.44. This index can then be used to derive the weights as in Fig. 4.11 for the 
sizes and ages of gaps in this approach.

Further refinements of the above approach with respect to central and 
edge areas can be introduced based on dividing each gap in a standard way 
based on the partitioning of gaps by the species groups.

Calibration of the above processes would have to be based on 
comparing model outputs and actual measurements. This can help in 
identifying weaknesses in the methodologies and the model structure, and 

permit suitable modifications to be made.

4.2.6. Management incorporations

The management system chosen for the NTRF in this research is the 
selective system which can be employed for trees of either species group. This 
permits a flexibility of management in accordance with changing market 

demands.
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The main problem in this system is the slow recovery experienced 
when too large gaps are created. For this reason, artificial plantings of 
seedlings can be done, and in the model this is catered for. The model can 
thus be used to investigate the effects of plantings on the recovery rate of the 
system.

4.2.6.1. Selective fellings and yield tables

Selective felling is done interactively by the user. When the program 
prompts the user for fellings, the user specifies the species group, the diameter 
size class, and the number of trees to be felled in that class. A value of -1 for 
the number of trees to be felled causes all trees in that class to be felled.

The program continually prompts the user at each iteration regarding 
fellings. The response by the user is yes or no. If yes, then there are further 
prompts regarding species group, diameter class and number of trees. Once 
felling is initiated, a file may be generated to store all fellings, and further 
fellings are then done at the discretion of the user who then decides on the 
time periods between fellings. At the end of a run of the program, the file with 
fellings is available as a yield table which provides all the fellings made at the 
particular times as well as other variables as basal area, and the cumulative 
values.

In terms of the dynamics of the stand, fellings of trees ^30 cm dbh 
are modelled in a similar manner to natural mortality of trees in gap-phase 
dynamics. Falling-tree mortality during artificial fellings of trees is exactly the 
same as presented in §4.2.5.2 for mortality during gap formation. However, 
because this type of felling is artificial, the probability of mortality is 
unaffected. Instead, trees smothered as a result of artificial fellings, as well as 
the felled trees, are deducted from the diameter size classes affected of each 
species group. This approach is used since, in the real forest, felling occurs at 
discrete points in time, while natural mortality is occurring continuously. Also, 
there is a sharply defined effect on LAI and growing space of the stand. For 
this reason, at each felling, the growing space of each layer of trees of the 
stand is re-evaluated by Eq. 4.2 at each felling.

The gap index used when fellings are made, is based on the 
combination of gaps created by natural mortality as well as those created by 
artificial fellings. However, if the total LAI of the stand is <0.5 of the stand, 
then no gap index is used. The reason for this has already been pointed out in
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§4.2.5.4.

4.2.6.2. Artificially-aided recovery

Too many gaps created by fellings cause the stand to n_,-t to an 

early stage of secondary succession. The recovery of the stand may take too 

long depending on the stage of succession, and this is a major problem facing 

management of NTRF. In some cases, artificial plantings of seedlings are made 

to aid the recovery of the stand, and for this reason, the model developed here 

incorporates such an operation.

In the model, artificial plantings are done interactively by the user. The 

program prompts the user regarding plantings at each iteration. The response 

can either be no or yes. If yes, then there are additional prompts for the 

species group and the number of seedlings to be planted. All plantings are 

stored in the yield table file.

In terms of the dynamics of the stand, artificial plantings of seedlings 

cause an immediate increase in the LAI of the seedling pools and a 

corresponding decrease in growing space. Therefore, whenever plantings are 

made, the program re-evaluates these state variables. Also, plantings are 

assumed to be evenly distributed because the model is not a spatial one, but it 

is expected that in the field, plantings would be in the largest gaps in the 

stand.

4.2.7. Interactive nature of the model

As with other systems model, the operation of the model has two 

phases: initialisation and dynamic iteration over time. In both of these phases, 

the model is interactive. The interactive aspect of the initialisation phase 

enables the choice of particular functions for the processes and the changing 

of the values of variables and parameters for the model. At run time, there are 

interactive prompts for management operations and returning to the 

initialisation phase when other runs can be made after changing the initial 

settings of the model. Table 4.10 gives a list of the interactive nature regarding 

the choice of processes, changing of variables and parameters, and controls 

during run time.
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Table 4.10. Interactive nature of the choice of processes and 
changing of parameters and variables when setting up the 
model, and during run time for outputs.

Population processes/variables/parameters Interactive

Function for trees moving one class Y
Changing of parameters Y

Function for trees moving two classes Y
Changing of parameters Y

Function for mortality of trees Y
Changing of parameters Y

Number of diameter size class for both species Y
Size (midpoints) of diameter classes Y
Number of trees in size classes Y
Leaf areas of trees Y
Leaf layer effects on growing space N

Seed-rain variables

Seed production per square metre of leaf area Y 
Number of diameter classes reproducing Y

Seed-bank processes/variables/parameters

Function for germination of seeds Y
Changing of parameters Y

Decay rate of seeds Y
Initial seed-bank size Y

Seedling pool processes/variables/parameters

Function for growth of seedlings Y
Changing of parameters Y

Function for mortality of seedlings Y
Changing of parameters Y

Initial seedling pool size Y
Leaf areas of seedlings Y
Leaf layer effects on growing space N

Gap-phase processes/variables/parameters

Switching on/off gap-phase processes Y
Function for crown diameter - dbh relationship Y

Changing of parameters Y 
Function for gap area - crown diameter relationship Y

Changing of parameters Y
Function for central area recovery relationship Y

Changing of parameters Y
Function for edge area recovery relationship Y

Changing of parameters Y
Falling-tree mortality effects N
Minimum gap-creating-tree dbh Y
Edge radius of gap y
Diameter classes affected during recovery N
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Table 4.10 cont'd.

Management operations Interactive

Felling of trees Y
Artificial planting of seedlings Y
Setting up files for yield Y

Running of the model

Time base used in setting up relationships Y
Time base for iteration period Y
Time base for running model - number of iterations Y
Detailed or summarized terminal displays Y
Graphical displays of outputs y
Setting up output files Y 
Storing state of stand at any point for loading later Y

From this table, the non-interactive components of the model include 
leaf area effects on growing space, falling-tree mortality effects, and diameter 
classes affected by gap recovery. Under the sections describing these effects 
and their schemes, it was already pointed out that these schemes must be 
derived before the input file is set up. These schemes are global to a stand 
and, therefore, need not be changed after their derivation for that stand. Thus, 
there is no need for them to be interactive. Also, if these schemes were 
interactive, the number of values that must be picked up by the model for each 
scheme would be very large, and the programming element of this would be 
very complicated.

In initialisation, the model presents a series of menus from which the 
user selects the appropriate processes and the types of functions describing 
these processes. Selection of a type of function leads to facilities for changing 
parameters of the function, or to the other processes. The menus also provide 
the user with facilities to change initial variables of the stand such as the 
frequency of trees, leaf areas, etc. After initialisation, the user can store the 
inputs for the model if there were any changes of the initial settings, as well as 
set up output files. The model can then be run for a variety of regimes - 
managed or unmanaged. At run time, the time bases for the model and the 
number of reproductive classes are the first prompts. There are also other 
facilities such as switching off detailed outputs on the terminal or deciding on 
management operations. After completion of a run, the program returns to the 
initialisation level, at which point, changes can be made to the processes and 

variables for other runs.
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The menu developed for the model is set up by a subroutine from a 
computer package called PRESTO developed by Muetzelfeldt (unpublished) at 
the same department that this research was carried out. This package is also 
used by the model for graphical displays of the outputs of the model.

PRESTO is a menu-based program which provides a large number of 
data handling and modelling facilities including:

- data display and analysis - histograms, graphs, maps, 3-D 
views, contour plots, means, regression, etc.,

- information retrieval from numeric or bibliographic data sets,
- and mathematical modelling of various types - analytical, 

difference/differential, and models for compartments and 
ecological systems

Moving around in PRESTO is done by selecting a number from a list of 
alternatives (a menu) presented to the user. Depending on the level of the 
menu, PRESTO may take the user to other menus until a task is completed. To 
return to higher levels, 'R' is typed; to quit at any level, 'Q' is typed; and if the 
user is stuck, 'H' is typed from which PRESTO provides information about the 
level and what choices the user have. It is thus very simple to use even to 
someone without much computing experience.

A simple example of the typical operations involved in the initialisation 
and run of the model is presented in Appendix 3.

4.3. SUMMARIZED DESCRIPTION OF THE MODEL STRUCTURE

The model is a distance-independent stand model operating at the 
level of the population processes for the two main ecologically different 
species groups of trees in the NTRF, with facilities for testing alternatives in a 

selection system of management.
In this model, the initialisation has two stages. In the first, there is a 

menu system for selecting processes and changing the parameters associated 
with them, and for changing state variables. However, before any selection or 
changes can be done, the first item of the main menu must be obeyed, this 
involves loading a data file for the stand, and setting up the time base for the 

data and for predictions. For the data file, this may be 1 or 5 years depending 
on the intervals between measurements, while for the predictions, this can be 1 
or 5 years. The model is set up with defaults for the above components so that
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it can be run immediately.
The second stage of initialisation is when the model is run. At the 

beginning of a run, the leaf area of a one-hectare stand is input, as well as the 

the total time for predictions, and the number of reproductive classes of each 

species group. With regard to the total time for prediction, this is the number 

of iterations that the model must be run for.
The main features during dynamic iteration over time are illustrated in

Fig. 4.12.
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Figure 4.12. Flow-of-information chart of the main operations 
carried out when model is run.
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The functions used for the evaluations of the processes or state 

variables are not given in the figure since this would over-complicate it. The 

components of the system are presented as cross-linked feed-back loops but 

the order of evaluation is not the same as in the figure.
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At each iteration, there is a modification of the state variables ( 

stand by the appropriate processes. These state variables are then transf 

to the next iteration period. Gap-phase dynamics only occur when the gro 

space of the stand is <0.5 of a maximum of 1. Management operations can be 
done at the discretion of the user,

After completion of a run, the model returns to the first initialisation 

stage, when adjustments can be made to the processes and their parameters, 

as well as the state variables. At any iteration, the model can be stopped. Also, 

the model can display details of the state of the stand and the values for the 

processes a state, or summaries of the state of the stand. Both of these are 
user-specific for any number of iterations.

Because the model returns to the initialisation stage at the end of a 
run, alternative testing of management strategies can be done easily. This 

requires running the model with the same set of inputs but at run time 

different, management operations can be done. The graphical displays provided 

in the model permits easy visual inspection of a number of runs superimposed 

on each other such that decisions can be made with respect to the effects of 
different management operations.

4.4. VALIDATION OF THE MODEL

There are two aspects of validation of the model. These concern the 

inputs and the outputs. Generally, the extent of validity" of inputs for a model 

depends on the precision of measurements and the use of relationships which 

define the behaviour of processes within certain statistical limits.

In this model, measurements and relationships were used from the 

literature to derive hypotheses about processes. For example, leaf areas of 

trees were derived from relationships produced by Kato et al (1978) while the 

parameters for mortality of trees as a function of growing space were obtained 

from biological concepts regarding density and competition effects.
At this stage, the degree of precision of these inputs for a particular 

stand of trees cannot be evaluated. This is because the inputs associated with 

a stand of trees may be different for another stand, and there is no way at 

present to verify this. Many of the processes presented in the model have 

never been monitored over any extended period, thus, there are no base-line 

data for comparison.
Validation of the inputs would have to be based on the behaviour of 

the model at this stage. If a certain set of inputs does not give reasonable
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outputs, then that set of inputs may be imprecise, and needs to be revised.

In terms of the outputs of the model, only general validations can be 

made at this stage. This involves comparing the stand structures from the 

model to structures that have been measured in the tropics. State variables like 

the number of trees per hectare, as well as associated variables like basal 

areas, have ranges within which they should be. These can be used as

base-line data for comparisons for outputs of the model. The reverse-J curve
be. 

of stand structures typical of mature stands can alsoAtested for.

Outputs, in terms of a particular stand, can be validated only if the 

stand history is known and if the processes of the stand are well defined by 

the inputs. In fact, this would be the ideal way of validating the outputs of the 

model. However, as pointed out in the previous sections on the methodologies 

for measuring the components of the system, there are quite a large number of 

unquantified components in the NTRF that must be first studied before precise 

inputs can be derived. This is the main drawback of the model at this stage.
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CHAPTER 5 

INVESTIGATING THE MODEL

5.1. INTRODUCTION

This chapter presents the investigations into the model to explore its 

performance. In all, there is a choice of 5 functions for each of the 10 

processes in the model. Because there are no measurements to calibrate the 

functions for the processes, the model must be investigated along theoretical 

lines by changing the type of functions and assessing the performance of the 

model based on certain criteria, in order to arrive at the most suited function 

for a process. However, if the model were to be investigated by selecting one 

function at a time for each of the 10 processes, without using the Y=0 

functions and without changes of the parameter values for the other functions, 

then 65536 runs would be necessary to completely investigate the performance 

of the model. This number of runs, which can be vastly increased with changes 

in the parameter values, demonstrates the wide flexibility of the model since 

each combination of the functions represents a possible set of conditions 

which may apply to the system. However, such an approach would be 

infeasible in terms of time and space and hence a more structured approach is 

necessary.

Even with a structured approach, there are a number of ways of 

exploring the performance of the model. One possible approach is sequential. 

This involves the investigation of the functions of one process at a time with 

standard settings for the other processes. However, the problem here is to 

decide on the order of investigating the processes, e. g. should growth of trees 

be investigated before mortality of trees or vice versa! A further problem is the 

nature of settings of the other processes, e. g. if growth of trees is being 

investigated, which of the five functions for mortality of trees should be used? 

An alternative approach is parallel. The same function for all processes is 

investigated at a time, e. g. function 2 for all processes. However, the problem 

here is that investigations of combinations of different types of functions would 

be lacking, and this would limit the possible behaviour of the system. Thus, 

even with a structured approach, there are problems in investigating the wide 

choice of functions in order to arrive at the best one for a process.

The strategy adopted is more or less sequential and is presented in 

Fig. 5.1. First, a base model (version I of the model) is set up with simple 

biological assumptions for the processes of the system excepting gap-phase

238



processes. These processes include growth/mortality of trees, 
growth/mortality of seedlings, and germination of seeds. Gap-phase dynamics 
involve the modification of these processes; thus they can be studied after 
establishing the most suited functions for these processes. Each process is 
then investigated around this bass model by varying the types of functions for 
each process. The functions are described by fixed parameter values which 
best represent the postulated trends for the processes, and which are 
equivalent as near as possible. The most suited function for a process can then 
be arrived at from examination of the outputs.

After investigation of all processes, a new version of the model 
(version II) is set up, using the most suited function for each process. This new 
version is then investigated more rigorously with respect to initial stand 
structures; growth over two classes; different parameter values; and time step 
of the model. This set of investigations may lead to changes in the values of 
model inputs, and after these have been incorporated, version II of the model is 
then used to investigate gap-phase dynamics.

Gap-phase dynamics cannot be investigated along the same lines as 
the processes in version I of the model, since the gap recovery processes are 
dependent on gap formation processes. Hence, the first stage of this 
investigation centres around gap formation, and after the most suited functions 
for this process are established, they are incorporated into version II of the 
model, then gap recovery processes are investigated. The best functions in this 
case are incorporated into version III of the model, which is then used to 

explore management.
In setting up the base model, the functions chosen for the processes 

are kept as simple as possible. This enables the model's behaviour to be 
understood more easily, and the outputs to act as a guide for comparisons 
when other types of functions are investigated.
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Figure 5.1. Scheme outlining the investigations carried out with 
the model and which are presented in this chapter under the 
sections shown.
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Each investigation is structured into three elements - choice of inputs, 
the outputs displayed by the model for the given inputs, and conclusion. 
Certain inputs are global to all investigations, except where these inputs 
themselves are under investigation, and are not described for each 
investigation. These include the initial structure of the stand, leaf areas of trees 
and seedlings, seed rain and seed decay rates. Other inputs are specific to an 
investigation, especially with regard to the functions for the processes. In 
these cases, details of the parameters and the functions are given together 
with their relationships to growing space.

Outputs, in many cases, cannot be presented in detail due to space 
constraints. Thus, detailed presentations are restricted to the main versions of 
the model. The time period over which an investigation is carried out is 
dependent on the attainment of stability of the stand. At this point there can 
be static or dynamic equilibrium. With static equilibrium there is no change in 
the system, i. e. neither growth nor mortality, while with dynamic equilibrium 
both of these processes are occurring but at an equivalent rate. In the model, 
this point is obtained from the difference between the per capita birth rate 
(number of seedlings recruited / number of trees in the population for a^ 
species group) and the per capita mortality rate (number of trees dying / 
number of trees in the population for a species group). When this difference 
reaches a value of 0.0000 for both species groups, the stand is taken to be 
stable. All outputs are presented over the time period until stability is attained 

for both species groups.
When the dynamics of the individual diameter classes are being 

investigated, only outputs for the smallest class of each species group are 
presented since the most extreme dynamics occur in this class.
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5.2. VERSION I OF MODEL

5.2.1. Inputs

In this version of the model, mortality and growth are described by 

biologically simple relationships. All growth processes - growth of trees and 

seedlings, and germination of seeds - are described by function 3 of the five 

functions available for each process, i. e. Eqs. 4.15, 4.33, and 4.22 respectively. 

For this function, growth decreases linearly to zero with decreasing growing 

space. All mortality processes - mortality of trees and seedlings - are 

described by function 4 of the five functions available for each process, i. e. 

Eqs. 4.11 and 4.29 respectively. In this case, mortality increases linearly with 

growing space.

The parameter values for these functions are given in Table 5.1, and 

their relationships with growing space are illustrated in Fig. 5.2 A-G.

It should be noted that mortality of seedlings of the primary species 

group (Fig. 5.2 F) does not increase with decreasing growing space. This is 

because of the light response behaviour of this group whereby mortality is 

high at high light intensity and vice versa (see §4.2.4.3).

Initial values for the state variables are presented in Table 5.2. The 

initial stand structure is represented by trees in the diameter size classes for 

each species group, while the seedling pools and seed-banks are represented 

by a number of seedlings and seeds respectively for each species group.

These initial values of the state variables represent a stand in an early 

serai stage of development, hence, the larger number of trees, seedlings and 

seeds of the secondary species group (SSG) than those for the primary species 

group (PSG).
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Table 5.1. Parameters for growth and mortality processes used 

in version I of the model (PSG = primary species group; 

SSG = secondary species group).
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Figure 5.2 A-G. Relationships between growing space and the shown processes 

representing inputs into version I of the model.
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Table 5.2. Inputs into the model representing the initial stand 

structure.

Primary species group Secondary species group

Diameter Trees ha" 1 Seedling Diameter Trees ha" 1 Seedling
class

midpoint

(cm)

10

30

50

70

90

110

pool ha" 1 class pool ha" 1

midpoint

(cm)

20 1000 5 30 2000

10 15 25

5 Seed-bank 25 22 Seed-bank

3 ha" 1 35 16 ha" 1

2 45 10

1 5000 55 5 25000

5.2.2. Outputs

Outputs for this version of the model are presented in Fig. 5.3 A-0.
Population dynamics. Stability of the stand is attained at iteration 60 

(300 years). Graphs A and B illustrate that stability is dynamic because the 
rates of growth and mortality for the smallest diameter classes are respectively 
0.132 and 0.245 for the PSG, and 0.154 and 0.221 for the SSG. If these values 
were 0, then the stand would be at static equilibrium.

During stand development, the leaf area (graph K) increases to a 
maximum (6.6 ha ha" 1 ) at iteration 7 (35 years), and then begins to stabilise 
until, at iteration 60 it reaches a constant value of 5.7 ha ha" 1 . The growing 
space trend (graph J) is the inverse of the leaf area trend in that it decreases 
to a minimum (0.35 ha ha" 1 ) at iteration 7, then begin to stabilise, until at 
stability it has a constant value of 0.43 ha ha" 1 . With respect to the leaf area 
trajectories of the individual species groups (graph K), they illustrate the 
successional trends postulated in Fig. 2.20. However, the asymptote for the PSG 

should be much higher in the output.
The above observations also apply to the basal area trajectories (graph 

L). While the general successional trends are illustrated, the asymptote of the 
PSG should be much higher (cf. Fig. 2.18). The actual value for the total
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population basal area at stability is 38.3 m 2 ha" 1 (number of trees is 555.3). 
This falls within the region of values presented earlier in Fig. 2.19 for other 
tropical stands.

One main feature of the frequencies of trees in the diameter classes 
'graphs M and N) is the greater increase in all classes of the SSG over those of 
the PSG during the early stage of stand development. This behaviour is 
expected since at this stage, the light regime is suitable for rapid growth of 
trees of the SSG. However, as stand development proceeds, the trees of the 
PSG maintain a higher frequency except those of classes 5 and 6. In these 
classes, trees of the SSG have a higher frequency because of their position in 
the canopy where they have a higher survival rate due to a better light regime 
at this level of the stand.

In the case of the totals of trees for each species group (graph 0), the 
general trends illustrate the dominance of the PSG over the SSG in the later 
stage of stand development, although the relative differences should be more 
acute. That is, the asymptotes should be further apart, as well as the 
differences between the population sizes towards stability.

Seedling pool dynamics. The rates of growth (graph C) and rates of 
mortality (graph D) of seedlings also illustrate dynamic stability. The lower 
growth rate of the SSG suggests that a smaller number of seedlings should be 
growing into the population than that of the PSG. However, examination of 
graph F shows that this expected behaviour only occurs as the stand is settling 
down to a stable state. The higher number of seedlings of the SSG growing in 
the earlier stage of stand development is due to the higher rates of 
germination of seeds of this species group (graph E) and consequently a larger 
seedling pool of this group (graph I) during this stage. The greater mortality of 
seedlings (graph G), as well as the decrease in germination rate of seeds, of 
the SSG, contribute to the smaller seedling pool size of this species group with 
respect to that of the PSG in the stabilization stage of the stand.

Seed-bank dynamics. The germination rates of seeds (graph E) also 
attain dynamic equilibrium after an initial decline in the rates. The initial rise in 
germination rates of seeds from iteration 0 is an anomaly in the graph. At this 
iteration, there is no germination of seeds, thus the starting value is 0. The 
rates should be examined from iteration 1.

The relative seed-bank sizes (graph H) agree with studies on this 
aspect, i. e. there are many times more seeds of the SSG than the PSG. The 
variations in relative sizes over time are due to the frequencies of reproductive
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trees in each species group at these times. Also, as in all of the other variables 
presented, the seed-banks attain stability.
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Figure 5.3 A-O. Outputs from version I of the model showing change 
processes and the state of the stand with time (1 iteration - 5 years).
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Figure 5.3 cont'd.
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5.2.3. Conclusion

The general performance of this version of the model is acceptable in 

terms of successional theory, and the attainment of dynamic equilibrium at 

stability. However, the state variables, leaf area and basal area, of the species 

groups, do not follow the postulated trends for these variables over stand 

development as closely as expected.

5.3. INVESTIGATING ASSUMPTIONS OF PROCESSES WITH VERSION I OF MODEL

5.3.1. Investigating assumptions of tree growth

In this section, the assumptions regarding growth of trees are 

investigated by varying the type of function describing the growth of trees. 

Eqs. 4.13 - 4.17 described the types of functions representing growth of trees, 

but this investigation is restricted to Eqs. 4.14, 4.16 and 4.17, since Eq. 4.13 

represents no growth and Eq. 4.15 was used in version I.

5.3.1.1. Inputs

The parameter values for Eqs. 4.14, 4.16 and 4.17 for all diameter 

classes are presented in Table 5.3, while the relationships with growing space 

for the smallest diameter class are illustrated in Fig. 5.4 A, B for each species 

group. For comparison, the relationships for version I of the model (Eq. 4.15, 

function 3) are also presented. The other inputs are the same as described in 

§5.2.1, i. e. initial values for the structure of the stand (Table 5.2), and 

parameter values for the functions of mortality of trees, growth/mortality of 

seedlings, and germination of seeds.
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Table 5.3. Parameters for Eqs. 4.14, 4.16 and 4.17 used to 

investigate growth assumptions of trees.

Primary species group

Function

Diameter classes 

123

Y=a

Y=a+bX

(a)

(a)

(b)

0

0

0

.1000

.1000

.0800

0

0

0

.0800

.0800

.0600

0.

0.

0.

0600

0600

0400

0

0

0

.0500

.0400

.0300

0.

0.

0.

0400

0200

0200

Y=a+bX+cX2 (a) 0.1000 0.0700 0.0400 0.0320 0.0270

(b) 0.4500 0.3200 -0.0604 -0.0650 -0.0793

(c) -0.3333 -0.1969 0.1800 0.1200 0.1000

Secondary species group

Function

Diameter classes 

123

Y=a

Y=a+bX

(a)

(a)

(b)

0

0

0

.1800

.1200

.3000

0

0

0

.1400

.1000

.2700

0

0

0

.1200

.0800

.2400

0.

0.

0.

1000

0600

2100

0

0

0

.0800

.0400

.1800

Y=a+bX+cX2 (a) 0.2000 0.1900 0.1800 0.1700 0.1600

(b) -0.1500 -0.0781 -0.0600 -0.0400 -0.0300

(c) 0.5530 0.3800 0.3059 0.2200 0.1500
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Figure 5.4 A,B. Relationships between growing space and the rates of growth of 

trees for class 1 of each species group representing inputs for the functions: 2: 
Y = a; 3: Y = aX; 4: Y = a+ bX; 5: Y = a + bX +• cX2 .
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5.3.1.2. Outputs

Outputs for this investigation are presented in Fig. 5.5 A-L Since the 

four growth functions have parameter values that are as equivalent as possible, 

the same criteria can be used to judge their behaviour. It is certainly the case 

that the parameter values of any of the four functions can be readjusted to 

give a better performance of the model, but this inconsistency in inputs would 

mean that the outputs for the functions cannot be compared by the same 

criteria. In fact, changing of parameter values is considered as a separate 

investigation and will be dealt with under "sensitivity investigations", once the 

choice of functions is complete.
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Figure 5.5 A-L Outputs comparing three other assumptions of growth rates of 

trees with version I of the model. Changes in the growth rates and the states 
of the stand for each assumption are shown against time (1 iteration = 5 
years).
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Figure 5.5 cont'd.
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In deriving the best growth function for the population of trees, three 
main criteria could be used. The first is on biological grounds. The postulated 
trends between growing space and the processes were formulated by 
considering fundamental biological properties of the system. Thus, the function 
that is most similar in shape and magnitude to the postulated trend for a 
process, is biologically the most acceptable of the set of functions for that 
process. The second is qualitatively comparing the trajectories of variables with 
the postulated trends over stand development, and checking for expected 
patterns in, for example, ecological succession and dynamic stability. The third 
criterion involves examining the outputs quantitatively over time.

In the case of the first criterion, function 5 is biologically the most 
acceptable, since, it is the only function with an asymptote as in the postulated 
trends (Fig. 4.5).

Considering the second criterion, the outputs for all the functions 
illustrate the features of ecological succession of the species groups, as well 
as dynamic equilibrium. No distinctions can be made with regards to which is 
the best.

With respect to the third criterion, two aspects are considered. The 
first is comparing the relative effects that each function has on the values of 
the variables over stand development, and the second is comparing the outputs 
in more detail at stability.

Considering the first aspect, the system is modelled with two 
opposing forces - growth and mortality. Growth acts in one direction, 
increasing the density of trees, leaf area and basal area, and reducing growing 
space of the stand. Mortality, on the other hand, acts in the opposite direction, 
reducing the former three variables and increasing the latter. When these 
forces balance each other, the system is stable, and the values of these 
variables are constant.

Dynamic equilibrium is an important property of the system, and to 
attain this state the two forces must balance each other. It is difficult to 
identify the functions that can achieve this state from their parameter values 
only. However by comparing the values of the variables over stand 
development, the performance of the functions can be ranked. Thus one 
function can cause the values of the variables to be at their highest levels (a 
maximizing function), and another can have an opposite effect (a minimizing 
function). The choice of a mortality function must be nearly equivalent in 
magnitude but in the opposite direction to that chosen for growth to ensure
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dynamic equilibrium, e. g. a minimizing function for each. However, if 

minimizing functions were chosen for both processes, the dynamics of the 

stand would be slow over the full range of stand development. This contradicts 

the studies of secondary succession in the early stages of stand development, 

when the dynamics are very rapid in the NTRF. For this reason, the maximizing 

functions are preferred to minimizing ones.

Examination of the variables over stand development shows that 

function 2 performs best for 3 variables (graphs J, K and L); function 3 for 1 

variable (graph G); function 4 for 3 variables (graphs B, E and H); and function 5 

for 5 variables (graphs A, C, D, F and I). On this basis, function 5 can be chosen 

as the best one. It may seem unreasonable that while function 5 performs the 

best in total leaf area dynamics (graph F), function 2 is the best for the number 

of trees (graphs J, K and L). Examination of Table 5.4 (presented below) shows 

that there are comparatively more larger trees for function 5 than for function 

2. This contributes to a larger leaf area and a smaller growing space.

The second aspect of this criterion involves comparing the outputs at 

stability since more is known about well developed stands than at earlier 

stages. These comparisons are presented in Table 5.4, together with other 

standards of comparison such as the number of emergent trees of the PSG 

(classes 4-6), the number of trees in the largest class (class 6) of the PSG, the 

number of trees of the SSG in the canopy (classes 4-6), and the number of 

trees in the largest class (class 6) of the SSG. The respective values expected 

for these variables are 25, 3, 50 and 20 respectively. They have been arrived at 

from the review in §2.3.1.2.
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Table 5.4. Values of variables at stability (iteration 60) 

used to quantitatively establish the best function for 

growth of trees; the functions are the same as in Fig. 5.4 

( (P) = primary species group; (S) = secondary species 

group; (T) = totals for both species groups). Values in 

( ) represent the best' for that variable.

Variable Function

Version 1:32 4 5

Growing space

Leaf area (P)

Leaf area (S)

Leaf area (T)

Basal area (P)

Basal area (S)

Basal area (T)

No. of trees (P)

No. of trees (S)

No. of trees (T)

0.43

4.0

1.7

5.7

(29.8)

8.5

38.3

302.7

252.6

555.3

0.47

3.2

2.0

5.2

18.2

9.5

27.7

(338.4)

(310.4)

(648.8)

0.42

3.4

(2.4)

5.8

21.5

(12.6)

34.1

285.4

250.8

536.2

(0.39)

(4.2)

1.9

(6.1)

28.2

10.2

(38.4)

262.3

209.4

471.7

No. of trees in classes 4-6 (P) 29.2 11.9 18.9 (25.7)

No. of trees in classes 4-6 (S) 35.2 39.9 57.5 (45.7)

No. of trees in class 6 (P) 8.2 1.0 1.9 (2.7)

No. of trees in class 6 (S) 14.4 9.4 23.3 (20.2)

From Table 5.4, the function that performs the best quantitatively is 

function 5, i. e. Y=a+bX+cX2

5.3.1.3. Conclusion

From the above discussion, function 5 is the most suitable function to 

represent growth of trees. This is because it is biologically the most realistic 

and it performs the best quantitatively. Qualitatively, its performance is also 

acceptable, but in this respect, the other functions are equally acceptable.
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5.3.2. Investigating assumptions of tree mortality

In this section, the assumptions regarding mortality of trees are 

investigated by varying the type of function describing this process. These 

functions are described by Eqs. 4.8 - 4.12, but the present investigation is 

restricted to Eqs. 4.9, 4.10 and 4.12, since Eq. 4.8 represents no mortality and 

Eq. 4.11 was used in version I.

5.3.2.1. Inputs

The parameter values for the functions for Eqs. 4.9, 4.10 and 4.12 for 

all diameter classes are presented in Table 5.5, and the relationships with 

growing space for the smallest diameter class are shown in Fig. 5.6 A, B for 

each species group. The other inputs are the same as in §5.2.1 for the initial 

structure of the stand, and for the parameter values of the functions not being 

investigated here.

5.3.2.2. Outputs

Outputs for this investigation are presented in Fig. 5.7 A-L As in the 

previous investigation, the same types of criteria are used to derive the most 

suitable function for mortality of trees. In terms of the quantitative criterion, 

the variables that are maintained at their lowest levels over time (except for 

growing space which would be at its highest level) can be used to assess the 

relative performance of the mortality functions, because mortality acts in 

opposition to growth.
With respect to the first criterion, function 5 is the most biologically 

acceptable, since it is the only function comparable in shape to the postulated 

trends (cf. Fig. 4.4).
For the second criterion, the outputs of all the functions agree with 

the successional theory of tropical forests. All illustrate secondary succession 

and dynamic equilibrium at stability. There is no conclusive evidence for any 

single function performing better than the others.

In the case of the trajectories of the variables over stand development, 

function 2 performs best for 2 variables (graphs E and L); function 3 for 1 

variable (graph H); function 4 for 2 variables (graphs J and K); and function 5 

for 5 variables (graphs C, D, F, G and I). Thus, function 5 performs better than
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the others on this basis.

Comparing the variables at stability (Table 5.6), function 5 can also be 
identified as giving the best performance.

Table 5.5. Parameters for Eqs. 4.9, 4.10 and 4.12 used to 

investigate mortality assumptions of trees.

Primary species group

Diameter classes 

Function 123456

Y=a (a) 0.2200 0.2000 0.1800 0.1500 0.1300 0.1100 

Y=aX (a) 0.2000 0.2200 0.2400 0.2600 0.2800 0.3000

Y=a+bX+cX2 (a) 0.2400 0.2300 0.2039 0.1900 0.1700 0.1500

(b) -0.4078 -0.2409 -0.1516 -0.0389 -0.0057 -0.0375

(c) 0.7315 0.6009 0.3521 0.0216 0.0588 0.0198

Secondary species group

Diameter classes 

Function 123456

y=a (a) 0.2300 0.2100 0.1900 0.1600 0.1400 0.1200 

Y=aX (a) 0.2400 0.2600 0.2800 0.3000 0.3200 0.3400

Y=a+bX+cX2 (a) 0.2500 0.2400 0.2200 0.2000 0.1900 0.1700

(b) 0.0700 0.0500 0.0300 -0.0111 -0.0513 -0.0622

(c) -0.2000 -0.1800 -0.1700 -0.1500 -0.1000 -0.0800
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Figure 5.6 A,B. Relationships between growing space and rates 

of mortality of trees for class 1 of each species group 

representing inputs for the functions: 2: Y = a; 3: Y = aX; 

4: Y = a + bX; 5: Y= a + bX + cX2 .
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Figure 5.7 A-L. Outputs comparing three other assumptions of mortality rates 
of trees with version I of the model. Changes in the mortality" rates and the 
states of the stand for each assumption are shown against time (1 iteration = 5 
years).
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Table 5.6. Values of variables at stability (iteration 60) 

used to quantitatively establish the best function for 

mortality of trees; the functions are the same as in Fig. 

5.6. ( (P) = primary species group; (S) = secondary species 

group; (T) = totals for both species groups. Values in ( ) 

represent the best for that variable.

Variable Function

Version 1:42 3 5

Growing space

Leaf area

Leaf area

Leaf area

Basal

Basal

Basal

No. of

No. of

No. of

area

area

area

(P)

(S)

(T)

(P)

(S )

(T)

trees

trees

trees

(P)

(S)

(T)

0

4

1

5

29

8

38

(302

252

(555

.43

.0

.7

.7

.8

.5

.3

.7)

.6

.3)

0

4

(1

5
•31

6

38

325

(235

561

.43

.3

• 4)

.7

.5

.9

.4

.4

• 6)

.0

0

5

1

6

31

(6

38

451

287

739

.32

.2

.6

.8

.8

.8)

.6

.8

.2

.0

(0.

(3.

2.

(5.

(21.

11.

(33.

316.

270.

587.

46)

3)

2

5)

2)

5

7)

7

8

5

No. of trees in classes 4-6 (P) 29.9 31.5 (25.3) 18.5

No. of trees in classes 4-6 (S) 35.2 27.7 24.3 (49.0)

No. of trees in class 6 (P) 8.2 8.0 2.3 (3.7)

No. of trees in class 6 (S) 14.4 9.9 4.1 (25.3)

5.3.2.3. Conclusion

From the above observations, function 5 is the most suitable function 

to represent mortality of trees. This is because this function is the most 

acceptable biologically and it gives a better quantitative performance than the 

other functions. Also, its performance is qualitatively acceptable, although the 

other functions perform equally well.
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5.3.3. Investigating assumptions of seedling growth

This section describes the investigations into the assumptions 

regarding growth of seedlings by varying the type of function describing this 

process. These functions are described by Eqs. 4.31 - 4.35, and of these, Eqs. 

4.32, 4.34 and 4.35 will be considered here, since Eq. 4.31 represents no growth, 

and Eq. 4.33 was used in version I.

5.3.3.1. Inputs

Table 5.7 gives the parameter values for Eqs. 4.32, 4.34 and 4.35, while 

Fig. 5.8 A, B show their relationships with growing space for each species 

group. The other inputs are the same as in §5.2.1.

Table 5.7. Parameters for Eqs. 4.32, 4.34 and 4.35 used to 

investigate growth assumptions of seedlings for each 

species group (PSG = primary species group; SSG = 

secondary species group).

Function PSG SSG

Y=a

Y=a+bX

Y=a+bX+cX2

(a)

(a)

(b)

(a)

(b)

(c)

0

0
-0

0

0
-0

.1800

.1800

.0800

.1552

.3500

.3802

0.1600

0.1500

0.1200

0.1400

-0.1500

0.7803
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Figure 5.8 A,B. Relationships between growing space and rates 

of growth of seedlings for each species group representing 

inputs for the functions: 2: Y = a; 3: Y = aX; 4; Y = a + bX;

5: Y = a + bX + cX2 
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5.3.3.2. Outputs

Outputs for this investigation are shown in Fig. 5.9 A-H. For evaluation 

of the functions, the same criteria are used as in the previous investigations. 

Since this is a growth process, it increases the density of seedlings, density of 

trees, leaf area and basal area, and reduces growing space. Thus the 

performance of the functions can be quantitatively assessed with respect to 

the variables having the largest values over time.

Biologically, function 5 is the most acceptable due to its similarity to 

the postulated trends (cf. Fig. 4.8). Qualitatively, all functions perform similarly 

with respect to ecological succession and dynamic equilibrium at stability, 

without any being better than another.

Quantitatively, the functions performing the best for particular 

variables over stand development are: function 4 for 1 variable (graph D), and 

function 5 for 5 variables (graphs C, E, F, G and H). Function 5 is thus the most 

acceptable here, and from Table 5.8 which compares the variables at stability, 

function 5 can also be identified as giving the best performance.
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Figure 5.9 A-H. Outputs comparing three other assumptions of growth of 
seedlings with version I of the model. Changes in the growth rates and the 
state of the stand for each assumption are shown against time (1 iteration = 5 
years).
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Table 5.8. Values of variables at stability (iteration 60) 

used to quantitatively establish the best function for 

growth of seedlings; the functions are the same as in Fig. 

5.8. ( (P) = primary species group; (S) = secondary species 

group; (T) = totals for both species groups). Values in 

( ) represent the best for that variable.

Variable Function

Version 1:32 4 5

Growing space 0.43 0.39 0.39 (0.37)

Leaf area (P) 4.0 4.2 3.8 (4.3)

Leaf area (S) 1.7 1.9 (2.2) 1.9

Leaf area (T) 5.7 6.1 6.0 (6.2)

Basal area (P) 29.8 30.8 28.4 (31.8)

Basal area (S) 8.5 9.4 (11.0) 9.4

Basal area (T) 38.3 40.2 39.4 (41.2)

No. of trees (P) 302.7 340.4 309.4 (366.0)

No. Of trees (S) 252.6 316.7 (366.2) 334.5

No. of trees (T) 555.3 657.1 675.6 (700.5)

No. of seedlings growing (P) 66.6 76.4 69.4 (82.9)

No. of seedlings growing (S) 50.1 65.5 (75.5) 70.4

No. of seedlings growing (T) 116.7 141.9 144.9 (153.3)

5.3.3.3. Conclusion

With regards to growth of seedlings, function 5 is the most suitable 
for this process. This function is the most acceptable in biological terms, and 
on the basis of its qualitative and quantitative performances.

5.3.4. Investigating assumptions of seedling mortality

In this section, mortality assumptions of seedlings are investigated by 
varying the types of functions describing this process (Eqs. 4.26 - 4.30). Only 
Eqs. 4.27, 4.28 and 4.30 will be considered, since Eq. 4.26 represents no
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mortality, and Eq. 4.29 was used in version I. 

5.3.4.1. Inputs

The parameter values, used for Eqs. 4.27, 4.28 and 4.30 are given in 

Table 5.9, and their relationships with growing space are presented in Fig. 5.10 

A, B. The other inputs are the same as in §5.2.1.

Table 5.9. Parameters for Eqs. 4.27, 4.28 and 4.30 used to 

investigate mortality assumptions of seedlings for each 

species group (PSG = primary species group; SSG = 

secondary species group).

Function PSG SSG

Y=a (a) 0.1000 0.3000

Y=aX (a) 0.1800 0.3500

Y=a+bX+cX2 (a)

(b)

(c)

0.3000

-0.1500

0.4500

0.4500

-0.2500

0.1200
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Figure 5.10 A,B. Relationships between growing space and rates 

of mortality of seedlings of each species group representing 

inputs for the functions: 2: Y = a; 3: Y = aX; 4: Y = a + bX; 

5: Y = a + bX + cX2 .
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5.3.4.2. Outputs

Fig. 5.11 A-H shows the outputs for this investigation. In addition to 

reducing the density of trees, leaf area and basal area, and increasing growing 

space, this process also causes mortality of seedlings, reducing their density. 

So, in terms of the quantitative evaluation of the performances of the 

functions, the variables with the lowest values over time (except growing space 

and number of seedling dying) would identify the best function.

Function 5 is the most representative function in biological terms, 

since it is the most similar to the postulated trends for this process (cf. Fig. 

4.7). Qualitatively, over stand development, all functions perform alike, with 

similar ecological behaviour and dynamic stability.

Quantitatively, function 5 performs the best in all the variables 

illustrated in Fig. 5.11, and from Table 5.10, this function can also be identified 

as giving the best performance at stability.
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Figure 5.11 A-H. Outputs comparing three other assumptions of mortality of 
seedlings with version I of the model. Changes in the mortality rates and states 
of the stand for each assumption are shown against time (1 iteration = 5 
years).
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Table 5.10. Values of variables at stability (iteration 60) 

used to quantitatively establish the best function for 

mortality of seedlings; the functions are the same as in 

Fig. 5.10. ((P) = primary species group; (S) = secondary 

species group; (T) = totals for both species groups). 

Values in ( ) represent the best for that variable.

Variable Function

Version 1:42 3 5

Growing space

Leaf area (P)

Leaf area (S)

Leaf area (T)

Basal area (P)

Basal area (5)

Basal area (T)

No. of trees (P)

No. of trees (S)

No. of trees (T)

No. of seedlings dying (P)

No. of seedlings dying (S)

No. of seedlings dying (T)

0.43

4.0

1.7

5.7

29.8

8.5

38.3

302.7

252.6

555.3

106.4

166.1

272.5

0.40

4.6

(1.4)

6.0

34.2

(6.7)

40.9

375.3

(219.5)

594.8

75.3

154.2

229.5

0.36

4.5

1.9

6.4

32.8

9.0

41.8

384.5

326.8

711.3

56.2

110.3

166.5

(0.47)

(3.4)

2.0

(5.4)

(25.9)

9.9

(35.8)

(244.9)

269.0

(513.9)

(133.3)

(181.2)

(314.5)

5.3.4.3. Conclusion

From the above, function 5 is the most suited function to represent 

mortality of seedlings due to its biological similarity to the postulated trends 

for this process, and from its qualitative and quantitative performances.

5.3.5. Investigating assumptions of seed germination

In this section, assumptions regarding germination rates of seeds are 

investigated by varying the types of function describing this process (Eqs. 4.20 

- 4.24). Only Eqs. 4.21, 4.23 and 4.24 will be considered since Eq. 4.20
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represents no germination, and Eq. 4.22 was used in version I. 

Inputs

The parameter values used for Eqs. 4.21, 4.23 and 4.24 are given in 

Table 5.11, and their relationships with growing space are illustrated in Fig. 5.12 

A, B for each species group. The other inputs are as in §5.2.1.

Table 5.11. Parameters for Eqs. 4.21, 4.23 and 4.24 used to 

investigate germination assumptions of seeds for each 

species group (PSG = primary species group; SSG = 

secondary species group).

Function PSG SSG

Y=a

Y=a+bX

Y=a+bX+cX2

(a)

(a)

(b)

(a)

(b)

(c)

200

300

100

300

700

-900

.0

.0

.0

.0

.0

.0

350

400

100

400

-800

1200

.0

.0

.0

.0

.0

.0
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Figure 5.12 A,B. Relationships between growing space and rates 

of germination of seeds for each species group representing 

inputs for the functions: 2:Y=a;3:Y=aX;4:Y=a+ bX; 

5= * = a + bX + cX2 .
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5.3.5.2. Outputs

Outputs for this investigation are shown in Fig. 5.13 A-F. This is a 

growth process and it increases the density of seedlings, density of trees, leaf 

area and basal area, and reduces growing space. Quantitatively, over stand 

development, the values for these variables should be at their highest levels 

(except for growing space) for the best function of this process.

Biologically, function 5 is the most similar to the postulated trends for 

this process (Fig. 4.6), and is, therefore, the most realistic function. 

Qualitatively, over time, all the functions perform similarly with respect to 

ecological succession and dynamic equilibrium at stability.

Quantitatively, over time, function 4 performs the best for 2 variables 

(graphs B and C), while function 5 performs best for the other 4 variables 

(graphs A, D, E and F). At stability (Table 5.12), function 5 also gives the best 

outputs.
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igure 5.13 A-F. Outputs comparing three other assumptions of germination 

rates of seeds with version I of the model. Changes in the germination rates 

and the states of the stand for each assumption are shown against time (1 
iteration = 5 years).
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Table 5.12. Values of variables at stability (iteration 60) 

used to quantitatively establish the best function for 

germination of seeds; the functions are the same as in 

Fig. 5.12. ((P) = primary species group; (S) = secondary 

species group; (T) = totals for both species groups). 

Values in ( ) represent the best for that variable.

Variable Function

Version 1:32 4 5

Growing space

Leaf area (P)

Leaf area (S)

Leaf area (T)

Basal area (P)

Basal area (S)

Basal area (T)

No. of trees (P)~~

No. of trees (S)

No. of trees (T)

0.

4.

1.

5.

29.

8.

38.

302.

252.

555.

43

0

7

7

8

5

3

7

6

3

0

4

(2

6

29

(10

39

323

(354

677

.38

.0

.2)

.2

.4

.5)

.9

.7

.0)

.7

0

5

1

6

35

8

44

465

342

808

.31

.1

.8

.9

.9

.2

.1

.6 (

.5

•1 (

(0

(6

1

(7

(41

4

(46

578

199

778

.30)

.0)

.0

.0)

.8)

.4

.2)

.7)

.7

• 4)

No. of seeds germinating (P) 173.0 200.0 331.4 (428.7)

No. of seeds germinating (S) 216.3 350.0 (431.8) 268.2

No. of seeds germinating (T) 389.3 550.0 (763.2) 696.9

5.3.5.3. Conclusion

From the above, function 5 is the most suitable function to represent 

this process. This is due to its biologically more realistic form and its 

quantitative performance. Qualitatively, its performance is also acceptable, 

although, the other functions perform in a similar manner.
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5.3.6. Conclusion

In the above series of investigations, version I of the model was 
investigated in order to arrive at the most suited function for each of the 
processes in the absence of gap-phase dynamics. This was determined after 
qualitative and quantitative comparisons of the outputs were made, without 
varying the parameter values, and by determining the most biologically realistic 
function by comparison to the postulated trends for a process. On these bases., 
function 5 was chosen as the most suited function for each process.

5.4. VERSION II OF THE MODEL

5.4.1. Introduction

In the following series of investigations, a second version of the 
model is set up with function 5 for each process (except gap-phase processes), 
and more detailed investigations are made. §5.4.2 examines the new version of 
the model; §5.4.3 examines the performance of version II of the model when 
different initial stand stuctures are used; §5.4.4 looks at the effect of different 
time steps on the performance of the model; §5.4.5 explores growth of trees 
over two diameter classes, more especially trees of the SSG; and finally §5.4.6 
investigates the effects of changing the parameter values of the functions for 
this version of the model by +JO per cent (i. e. sensitivity investigations).

5.4.2. Version II of the model 

5.4.2.1. Inputs

Each process - mortality/growth of trees and seedlings, and 
germination of seeds - is represented by function 5, i. e. Eqs. 4.12, 4.17, 4.30, 
4.35 and 4.24 respectively. The parameter values for these equations have 
already been given in Tables 5.5, 5.3, 5.7, 5.9 and 5.11 respectively. Their 
relationships with growing space are presented in Fig. 5.14 A-G. The values for 
the initial stand structure are the same as in version I of the model (Table 5.2).
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Figure 5.14 A-G. Relationships between 
processes representing inputs for function

growing space and the shown 
5 into version II of the model.

i.o
0.9

o.e
.^ 0.7

±0.6

.D 0.5 
O-8 °- 4
£ °' 3

0.2 

0.1

0.0

"-1———I———I———I———I———I———I———I———T

- (fl) Primary species - 
growfh of frees. *

class: 
12345

1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0

0.9

0.8

.^ 0.7

~ 0.6

JD 0.5
O 
-Q 0.4
O

0. 

0. 

0.

1.
0.

o.
>*0. 

_ 0.

0.

0.

0.

0.

0.

0. 

1000.

. (C) Primary species - 
morfalify oP frees.

cass:
123456

• 6
I I I I I I

I.O 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0

_O 
O

_0 
O

O_

1 I I i 1 T I I T

(E) Growfh oF seedlings.
— Primary species
— ~ Secondary species

j i t i i i i i
1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0

O 
L

C 
O

Oc
£ 
L 
0)

800.0

600.0

400.0

200.0 -

0-0

(G) Germinafion oF 
seeds. 

\ — Primary species
\— - Secondary species

1.0 0.9 O.B 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0 
Grow i ng space

-a _aa
L 
CL

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1

0.0

(B) Secondary species 
growfh oF frees.

class: 
12345

. 5

1.0
0.9 

0.8

.2s 0.7 
Z 0.6
J3 0.5 
O

•§ °' 4

i 0.3
0-2 

0.1

1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0

0.0

i i i i i i i i i
(D) Secondary species - 
morholify oF frees.

cI ass: 
123456

-O 
O

JD 
O

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0

1.0 0.9 0.8 0-7 0.6 0.5 0.4 0.3 0.2 0.1 0.0

_ (F) Morf aI i f y oF
seed I i ngs 
— Primary species 
~~ Secondary species

0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0. 1 
Growing space

o.o

277



5.4.2.2. Outputs

The outputs for this version of the model are shown in Fig. 5.15 A-O.

Population dynamics. Stability of the stand is attained at iteration 80 

(400 years). This value is different from that in version I due to A type of 

functions used here. Graphs A and B indicate that stability is dynamic, since 

the respective values for growth and mortality of trees of the first size class 

are 0.134 and 0.212 for the PSG, and 0.191 and 0.254 for the SSG. Comparing 

these graphs to those in version I of the model (Fig. 5.3), there is now an 

intersection of the rates of both processes for both species groups. This is 

biologically more realistic, since, there is now a closer similarity to the 

postulated trends for these processes (cf. Figs. 4.4 and 4.5) of this diameter 

class.

The growing space trajectory (graph J) shows that there is more full 

occupancy of the site (1 ha) than in version I of the model. The minimum 

growing space is 0.12 ha ha" 1 (0.35 in version I) at iteration 7, and stability 

occurs at 0.071 ha ha" 1 (0.43 in version I). The leaf area trajectories (graph K) 

also illustrate this property, as well as a better successional behaviour for the 

species groups than in version I. The PSG peaks much higher, more in line with 

the postulated trends (Fig. 2.20).

The basal area dynamics agree more with the postulated trends (Fig. 

2.18) than those of version I. The value for the total population at stability is 

51.6 m 2 ha" 1 (981.5 trees ha" 1 ). It falls in the upper region of other values of 

basal areas from the tropics (Fig. 2.19), however, it must be remembered that 

there are no gap-phase dynamics which should make it smaller.

With regards to the size class frequency distributions of trees over 

time (graphs M, N), the same observations that were made for version I of the 

model apply here. However, there are more trees in all classes in this case, and 

for the total population (graph O), there is a more distinct dominance of PSG 

over SSG trees than in version I.
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Figure 5.15 A-0. Outputs from version II of the model showing change of 
processes and state of the stand with time (1 iteration = 5 years).
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Figure 5.15 cont'd.
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Seedling pool dynamics. The rates of growth of seedlings (graph C) 

and the rates of mortality (graph D) illustrate dynamic equilibrium at stability. 

As in the case of the processes for the population of trees, these trajectories 

are biologically more realistic (cf. Figs. 4.7 and 4.8) than those in version I of 

the model. Graphs F and G (examined from iteration 1) show that during the 

early stage of stand development, there are more seedlings growing and dying 

than in version I of the model. Also, the relative trends for the species groups 

are more distinctive than in version I. These observations also apply to the 

seedling pools (graph I).

Seed-bank dynamics. The germination rates of seeds (graph E) also 

show dynamic equilibrium at stability. However, the relative differences in the 

numbers of seeds germinating for the species groups are less pronounced than 

in version I of the model during stability. This needs to be examined in more 

detail later, when the parameter values are changed, or during gap-phase 

investigations. During initial stand development, however, the differences are 

more pronounced than in version I, which is a better performance in this case. 

The seed-bank sizes (graph H) are much larger than those in version I, due to a 

greater number of reproductive trees.

5.4.2.3. Conclusion

This version of the model performs better than version I for almost all 

variables. This is illustrated by the successional trends of the species groups in 

terms of the variables of the stand and the processes. However, there is one 

aspect of behaviour (germination of seeds) which needs to be investigated 

further.

5.4.3. Investigating different initial stand structures

Tropical forest succession has been described as a process 

terminating at a stable state with dynamic equilibrium (§1.1.2). This section 

examines the performance of the model in this respect. Version II of the model 

is run with different initial values of stand structures, and the outputs are 

examined for similarity/dissimilarity of the trajectories and end-points.

5.4.3.1. Inputs
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The initial values of the stand structure used in this investigation are 
given in Table 5.13. Structures 2 and 3 represent a stand in an earlier serai 
stage than structure 1 (version II), while structure 4 represents a stand in a 
later stage. The other inputs are as in version II of the model.

Table 5.13. Size class frequency distributions of trees of 
each species group used to represent stand structures as 
inputs into version II of the model (PSG = primary 
species group; SSG = secondary species group).

Diameter Structure 1 Structure 2 Structure 3 Structure 4 
class PSG SSG PSG SSG PSG SSG PSG SSG

1
2

3

4

5

6

Total

20

10

5

3

2

1

41

30

25

22

16

10

5

108

20

10

5

3

2

1

41

50

40

30

20

15

8

163

15

8

3

2

1

0

29

50

40

30

20

15

8

163

25

20

15

10

5

1

76

150

120

100

70

25

8

473

5.4.3.2. Outputs

The outputs are presented in Fig. 5.16 A-H. For all of the variables of 
the stands, dynamic stability is attained at iteration 80 (400 years) with the 
same end-points as in version II of the model. The performance of the model 
is, therefore, acceptable in terms of successional theory.

Examining the trajectories of the variables over stand development, 
there are no distinctive variations between the outputs for structures 1, 2 and 
3. However, the outputs for structure 4 show differences in the early stage of 
stand development from the other other outputs. The trajectories of the 
variables of the PSG are higher, wit4i earlier peaks, than those of the other 
structures. For the SSG, the trajectories of the variables are lower, also with 
earlier peaks, than the others. Such a behaviour is acceptable because a stand 
with a more developed structure (structure 4) would attain stability earlier than
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stands which are not so developed. Hence, the earlier peaks and higher/lower 
trajectories.
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5.4.3.3. Conclusion

With respect to successional theory, the performance of the model is 
acceptable when different initial stand structures are used as inputs. For all of 
the structures, the model produced the same end-points. Variations during the 
early stages of stand development are attributed to the degree of development 
of the stand structures used as inputs.

5.4.4. Investigating time-step of the model

In all of the investigations carried out so far, the model used a 5-year 
time-step for an iteration. This is based on the assumption that an actual data 

base would be obtained from 5-yearly measurements of the processes and the 
state of a stand. In this section, the time-step is reduced to 1 year using the 
same data base although the relationships are still on a 5-year basis. This was 
to test the performance of the model in order to determine whether time-steps 
can be inter-changed with the same data base. If not, then the data must be 
assembled on the corresponding time-base required for the predictions.

5.4.4.1. Inputs

The inputs are the same as in version II of the model, but the 
time-step for an iteration is set to 1 when the model is run. Two runs of the 
model are made but over an equivalent time period. In the first, the time-step 
for an iteration is set to 5 years, and the model is run for 20 iterations, 
equivalent to 100 years. In the second, the time-step is set to 1 year, and the 

model is run for 100 iterations, i. e. 100 years.

5.4.4.2. Outputs

The outputs are presented in Fig. 5.17 A-H. The X-axis represents 100 
iterations of 1-year time-step, and overlaid on it, are the 20 iterations of 

5-year time-steps.
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From the outputs of version II of the model (Fig. 5.15), the period over 
which the dynamics are followed in the present investigation, is in the early 
stage of stand development (i. e. the first 20 iterations of the 80). During this 
stage, the most extreme dynamics occur. In the outputs, there are deviations of 
the trajectories o* the variables for the two time-steps used, especially in the 
early stages of stand development. This illustrates that the time-step must be 
the same for running the model as in the data base. However, in the later 
stages of stand development, the trajectories of the variables for the two 
time-steps converge to the same end-points. This illustrates that different 
time-steps can be used to study the dynamics of a stand in the later stages of 
development. Caution must be taken to ensure that the stand does not revert 

to an early stage of development in this case, because the results will be 
erroneous.

5.4.4.3. Conclusion

Changing the time-step of the model produces inconsistencies in the 
trajectories of some variables during early stand development, when the most 
extreme dynamics occur. This indicates that inter-changing of time-steps for a 

data base is infeasible, and that the data must be collected on a time-step 
consistent with predictions required by the model.

5.4.5. Investigating trees growing over two diameter classes

In the NTRF, trees of the SSG usually have high growth rates, 
especially in the early stages of stand development. This section investigates 
the incorporation of this property into the model. The time-step of growth for 
an iteration is 5 years, and over this period, it is assumed that only trees of the 

SSG would grow over two size classes.

5.4.5.1. Inputs

The function used for this process is the same as Eq. 4.17, but since 

trees are growing over two classes, parameter values are required for the four 
smallest classes of the SSG only. These values are presented in Table 5.14, and 
their relationships with growing space are shown in Fig. 5.18 B. It should be 

noted that only the fourth class has a growth relationship over the full range of
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growing space. This is because this class has trees whose crowns are more 

exposed than those of smaller classes, and can sustain a higher growth rate 

over the full range of growing space. The other inputs are the same as in 
version II of the model.

Table 5.14. Parameters for Eq. 4.17 for the secondary species 

group used to investigate growth of trees over two classes.

Function Diameter size classes 

234

Y = a+bX+cX2 (a) -0.0300 -0.0200 -0.0110 0.0000

(b) 0.0600 0.0500 0.0400 0.3300

(c) 0.0300 0.0200 0.0100 0.0050

Figure 5.18 A,B. Relationships between growing space and the 

rates of growth over one (A) and two (B) diameter classes by 

trees of the secondary species group for the function: 

Y = a + bX + cX2 .
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5.4.5.2. Outputs

Fig. 5.19 A-H shows the outputs for this investigation. Compared with
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one-class transitions in version II of the model, the outputs of two-class 

transitions are very similar during the later stages of stand development. For 

example, the respective values of the growing space at stability for the two 

types of transitions are 0.071 and 0.070 ha ha" 1 . However, in the early stages of 

stand development, the trajectory of the growing space for two-class 

transitions (graph A) indicates that there is more occupancy of the site. This is 

due to the faster growth rates of trees of the SSG, which rapidly take up the 

growing space. This is supported by the higher trajectory of the leaf area of 

the SSG for two-class transitions (graph C), although there is little difference in 

the trajectories of the frequency of trees of the SSG for either type of 

transitions (graph G). The greater leaf area is due to trees of larger sizes in the 

two-class transitions, which is also the reason for a higher trajectory of the 

basal area of the SSG (graph E).

During the early stage of stand development, the trajectories of the 

leaf area, basal area and frequency of trees of the PSG (graphs B, D and F) for 

two-class transitions are lower than for one-class transitions. The higher 

growth rates of trees of the SSG in two-class transitions cause the growing 

space to decrease more rapidly than in one-class transitions. This causes lower 

values for growth of trees of the PSG and lower trajectories for the above 

variables in two-class transitions.
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Figure 5.19 A-H. Outputs comparing 

secondary species group (1 iteration <

two types of transitions of trees of the 

= 5 years).
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5.4.5.3. Conclusion

Transitions of trees over two classes cause a more rapid occupancy of 

the site during early stand development by trees of the species group with this 

ability. This, in turn, lowers the rate of growth of trees of the other species 

group and results in lower trajectories of the variables of this species group. 

However, during later stand development, there are little differences in these 

aspects because most trees cease growth over two classes.

5.4.6. Sensitivity investigations

In the previous investigations, the values of all parameters were held 

constant. In this investigation, the performance of the model is examined when 

the values of parameters are changed. Because there are a large number of 

possibilities for this exercise, the possibilities are restricted to the type of 

processes and the degree of change. Thus, all of the growth processes are 

investigated in one group, and all the mortality processes in another. The 

degree of change of the parameter values is restricted to two levels (+_10%).

5.4.6.1. Inputs

The processes which cause growth in the system are: growth of trees, 

growth of seedlings and germination of seeds. For these processes, the values 

of the parameters for the functions in version II of the model, are changed by 

+ 10% and -10%. The processes which cause mortality in the system are: 

mortality of trees and. mortality of seedlings. As for the growth process, the 

values of the parameters for the mortality functions in version II of the model, 

are changed by +10% and -10%. The model is then run for each of these sets 

of parameter values, with the other parameter values being the same as in 

version II of the model, e. g. when +10% change in values of the parameters 

for growth processes is being investigated, the parameter values for the 

mortality processes are as in version II of the model. The values of the initial 

stand structure are kept the same as in version II of the model for all 

investigations.

5.4.6.2. Outputs
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The outputs for these investigations are presented in Fig. 5.20 A-H, 

and the per cent changes, at stability, of some variables for the changes in 

input parameter values are shown in Table 5.15.

Examining the effect of changes in the values of the parameters for 

growth (graphs A, C, E and G), there is a parallel behaviour in the outputs. 

Thus, for +10% change, there is a more rapid development of the stand (cf. the 

asymptotes), and there is more site occupancy than in version II of the model. 

The higher growth rates, in fact at one point, forces the system above the 

carrying capacity (iterations 5, 6 and 7).

For -10% change in the values of the parameters for the growth 

processes, there is a slower rate of development of the stand and less site 

occupancy than in version II of the model. Thus, the parameter values of 

version II of the model are still better. The per cent changes at stability in this 

case are greater than those above, which may be due to the stand exceeding 

its carrying capacity in the previous change.

Table 5.15. Per cent changes at stability in the values of 

the variables presented in Fig. 5.20, from version II for 

the shown changes in parameter values of the processes.

Changes Per cent change in variables at stability

Growing space Leaf area Basal area Tree freq.

+10% growth

-10% growth

+10% mortality

-10% mortality

76.1

88.7

78.9

85.9

5.8

6.5

6.0

6.5

5.6

7.1

6.3

6.2

7.5

7.6

6.8

8.7

In the case of the mortality processes, the above observations are 

applicable as well, though in the reverse sense: +10% change in the values of 

the parameters produces similar outputs as for -10% change and vice versa. 

The difference in per cent changes may be attributed to the stand exceeding 

its carrying capacity, resulting in different dynamics.
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Figure 5.20 A-H. Outputs comparing changes in the parameter values for the 

growth and mortality processes in version II of the model (1 iteration = 5 
years).
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5.4.6.3. Conclusion

Changes in the rates for the processes are reflected quite well by the 
model. Using the outputs of version II as the standard, increased growth rates 
lead to more rapid stand development and more site occupancy, while 
decreased growth rates cause slower stand development and less site 
occupancy. With regard to changes in the rates of the mortality processes, the 
inverse situation is found.

5.4.7. Conclusion on the behaviour of version II

From §5.4.2, version II of the model performed better than version 
I. This included better outputs for leaf area, basal area and frequency of trees. 
However, the trajectories for the number of seeds germinating over stand 
development are anomalous.

The model also performs acceptably for different initial stand 
structures, trees growing over two classes, and when values of the parameters 
for the functions are changed. However, when the time-step of the processes 
are changed, there are differences in the outputs, illustrating that the time-step 
used to collect the data must be the same when running the model.

5.5. INVESTIGATING GAP-PHASE PROCESSES WITH VERSION II OF THE MODEL

5.5.1. Introduction

The investigations so far have centred on the basic processes of the 
system, but it was pointed out in §1.1.2 that the NTRF perpetuates itself 
through gap formation and regrowth. This aspect is, therefore, very important 
in the performance of the model and the gap-phase processes will now be 

examined.
Gap-phase dynamics in the model are reflected by two processes - 

gap formation and gap recovery. In gap formation, trees of certain sizes when 
suffering natural mortality, fall and bring down other trees. This is a localized 
process unlike the even spread of density-dependent mortality over the whole 
of the stand. The localized mortality, however, is incorporated into natural 
mortality depending on the number of trees killed in each diameter class, as 
described in §4.2.5.2. Gap recovery is also a localized process, but depending 
on the sizes and ages of gaps, natural growth over the whole stand is modified
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as outlined in §4.2.5.4.

The basic model is still version II, but gap formation and gap recovery 

are sequentially introduced (§5.5.2 and 5.5.3 respectively) in order to arrive at 

the most suited functions for these processes. With the best functions, artificial 

gap formation (harvesting) and planting of seedlings (regrowth) are then 

investigated (§5.5.4). If the model performs acceptably, a standard version of 

the model (version III) can then be set up.

5.5.2. Investigating gap formation assumptions

In this section, the functions describing the process of gap formation 

are investigated by varying the types of functions for this process. Eqs. 4.37 

and 4.38 describe the crown diameter - dbh relationships, while Eqs. 4.39 and 

4.40 describe the gap area - crown diameter relationships. It should be recalled 

that gaps are formed by falling trees of dbh >30 cm, and that the mortality 

processes are affected by this process according to the scheme presented in 

Fig. 4.9 and Eqs. 4.41 and 4.42.

5.5.2.1. Inputs

The parameter values for crown diameter - dbh (Eqs. 4.37 and 4.38) 

and gap area - crown diameter (Eqs. 4.39 and 4.40) relationships are presented 

in Table 5.16 and displayed graphically in Fig. 5.21 A-D. It should be noted that 

in Eqs. 4.37, 4.39 and 4.40, the intercepts are negative. While this produces 

negative values in the evaluation of the relationship, these are not used by the 

model because the minimum dbh is 0.30 m. However, in the case that a smaller 

dbh is used which would produce a negative value, the evaluation is passed 

through a trap to produce zero values. The other inputs are the same as in 

version II of the model.
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Table 5.16. Parameters for Eqs. 4.37 - 4.40 used to investigate 

gap formation assumptions of the system (PSG = primary species 

group; SSG = secondary species group).

Function Crown diameter - dbh Gap area - crown diameter

relationship relationship

PSG SSG PSG SSG

Y=a+bX

Y=a+bX+cX2

(a)

(b)

(a)

(b)

(c)

1

20

-0

34

-11

.0000

.0000

.0461

.1888

.8881

2

15

2

28

-26

.0000

.0000

.0120

.9286

.1905

0.

8.

-0.

0.

0.

0000

0000

4380

1380

3460

0

4

-0

0

0

.0000

.0000

.7690

.2340

.3410
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Figure 5.21 A-D. Relationships between crown diameter and 

dbh (A, B), and gap area and crown diameter (C/ D) for the 

functions shown for each species group representing inputs 

for gap formation. 
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5.5.2.2. Outputs

The outputs for this investigation are presented in Fig. 5.22 

A-H. Graphs A-D use Eq. 4.37 for the crown diameter - dbh relationship and 

graphs E-H use Eq. 4.38: all show the result of using both Eqs. 4.39 and 4.40 

for the gap area - crown diameter relationships.

Graph A shows that there is less occupancy of the stand with gap 

formation than without. The parameter values of the functions can be changed 

to give other types of performances, but this would be investigated later.

The apparent oscillation produced for Eq. 4.39 is due to the high levels 

of mortality (natural and falling-tree) which cause the growing space of the 

stand to reach 0.5 ha ha" 1 . At this value, gap-phase dynamics are switched off.
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and the stand recovers using the relationships in version II of the model 
without any gap-phase modifications to the rates of the processes. As soon as 
the stand recovers below this value, gaps are formed and the growing space 
increases. Hence, the oscillations in the growing space trajectory and the other 
variables.

The reason for using the above value for growing space has been 
described in §4.2.5.4. At values above 0.5 ha ha" 1 , there are extensive gaps in 
the stand, corresponding to a stand in its early phase of development. 
Gap-phase processes are meaningless at this stage of development, and are 
inapplicable. It is unlikely that with a selection system of management, the 
stand can revert to such a stage, but in the case of such an occurrence, then 
the model can handle it.

Graph B shows the total edge and sunlit areas of gaps over time. The 
higher values of gap areas for Eq. 4.39 support the above-mentioned behaviour.

The mortality of trees over time (graphs C and D), include both natural 
and gap-phase mortalities. Graph C shows that trees of the PSG are affected 
more by gap formation than trees of the SSG (graph D). This is because the 
falling-tree mortality is based on the gap area, at the time of formation, as 
applied to the frequencies of trees in each diameter class. The frequencies of 
trees of the PSG are greater than those of the SSG, except for classes 5 and 6, 
during later stages of stand development when gap formation occurs.

The above observations also apply to graphs E-H, except that the 
trajectories are relatively higher or lower.

In terms of identifying the most suited functions, all of the functions 
produced the same type of outputs, namely, that there is falling-tree mortality 
which contributes to an increase in growing space. Anomalies with regards to 
the oscillations can be corrected by changing the relevant parameter values. 
The total gap areas (i. e. edge and sunlit areas) formed at stability, are 
0.258-0.269 and 0.151 ha ha" 1 for Eq. 4.37 (graph B), and 0.313-0.323 and 0.196 
ha ha" 1 for Eq. 4.38 (graph F). These values are above those from the literature 
of 0.038-0.100 ha ha" 1 (§2.3.3.2). However, the literature values do not take into 
consideration gaps of all ages, only newly formed gaps. These values should, 
therefore, be greater, more in agreement with the values obtained from the 

model.
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igure 5.22 A-H. Outputs comparing gap formation using the two functions Y = 
a + bX (A-D) and Y = a + bX + cX 2 (E-H) for crown diameter - dbh 

relationships with the shown functions for gap area - crown diameter 
relationships (1 iteration = 5 years).
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- /̂ -~~-^_^i ĉ~~^~~~i\^~./ ̂ —— -~ ~~i\ ~ — ~ — ^
-^ L - -^^~^

10 20 30 40
i i i i i i i i i

_ (D) Secondary species - 
mortal it-y oF hrees 
— version II oF model

- ~ Y = a + bX 
- 'i — Y = Q + bX + cX 2 
- I

^ ,

\V~^^ -^ r^ -^ r^ ^

\ i i i i i i i i
10 20 30 40

i i i i i i i i i
_ (F) Gap area 

— Edge area 
-~ ~ Sunl i \ area

. Y = a + bX t) 
Y = a + bX + cX 2 B)

_ A _ /\ _
f^=^~ 1 Y

- /S' J_
- y"

i i i i i i i i i
10 20 30 40

i i i i i i i i i 
(H) Secondary species -
morhalify oF hrees 
— version 1 1 oF model 

" 'i - - Y = a -i- bX 
- I —— Y = a + bX + cX 2
-\

\ , r^'V^' ^ yv^v/
10 20 30 40 

[ herah i ons

-

_

-

5C

-

•^i

5(

-

-

-

-

5(

\

~

5

299



In terms of biological reality of the functions, the function for crown 

diameter - dbh relationship should be curvi-linear (§2.3.3.4), thus, Eq. 4.38 is 

the most suited for this relationship. For gap area - crown diameter 

relationships, there are no studies for comparisons, however, considering that 

the area of a circle (a gap) has a squared relationship with its radius (a 

curvi-linear relationship), then the most reasonable function to represent this 

relationship is Eq. 4.40.

5.5.2.3. Conclusion

All of the gap formation functions produced acceptable performances. 

However, based on previous studies, Eq. 4.38 is the most suited to represent 

the crown diameter - dbh relationship. In the case of the gap area - crown 

diameter relationship, there are no studies for comparisons, but based on the 

curvi-linear relationship between the area of a circle and its radius, Eq. 4.40 is 

chosen to represent this relationship.

5.5.3. Investigating gap recovery assumptions

Using the most suited relationships for gap formation (Eqs. 4.38 and 

4.40), the gap recovery process is now investigated. This process in described 

by Eqs. 4.45 - 4.47 for both sunlit and edge areas of a gap, but Eq. 4.45 would 

not be investigated because it represents no recovery. It should be recalled 

that this process involves the evaluation of weights using Eq. 4.43, and 

modifying the growth processes according to the scheme in Table 4.9 and Eq. 

4.44.

5.5.3.1. Inputs

The parameter values for the sunlit and edge area recovery 

relationships are presented in Table 5.17, and their relationships with time are 

shown in Fig. 5.23 A-D. In the applications of these relationships, the periods 

over which recovery is applied to the PSG are 45 years for the sunlit areas and 

35 years for the edge areas, and for the SSG, these values are respectively 20 

and 15 years. The other inputs are as in version II of the model.
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Table 5.17. Parameters for Eqs. 4.46 and 4.47 for the sunlit 

and edge area relationships, used to investigate gap 

recovery assumptions.

Function Sunlit area Edge area

relationship relationship

PSG SSG PSG SSG

Y=a+bX (a) -0.5000 0.7000 0.3000 0.1500 

(b) 0.0100 -0.0280 -0.0100 -0.0100

Y=a+bX+cX (a) -0.6230 0.9000 0.3883 0.3593

(b) 0.0410 -0.0558 -0.0202 -0.0383

(c) -0.0006 0.0010 0.0003 0.0010
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Figure 5.23 A-D. Relationships showing weight effects on gap
•

recovery with time for the respective areas in a cohort of 
gaps for the functions shown for each species group 
representing inputs into the model.
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5.5.3.2. Outputs

Outputs for this investigation are presented in Fig. 5.24 A-P. Graphs 
A-H examine the performance of the model using Eq. 4.46 for sunlit area 
recovery with Eqs. 4.46 and 4.47 for the edge area recovery relationships. 
Because gap recovery involves modifications of the growth processes, graphs 
C-H examine the way these processes are affected. For trees of the smallest 
diameter class of the PSG and SSG (graphs C and D), there is a higher growth 
rate than version II of the model, and this increase is greater for the SSG than 
the PSG. This behaviour is acceptable because gap formation causesan increase 
in the light intensity at the lowest level of a gap, which in turn produces an 
increase in growth rates of trees of the SSG. Also, gap formation releases trees
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of the PSG in the lower strata which respond with higher growth rates. The 

increased growth rate of the seedlings of the SSG (graph F) is also due to the 

increased light intensity, but the relatively unchanged growth rate of the 

seedlings of the- PSG (graph E) is anomalous, as well as the germination rates 

of both species groups (graphs G and H).

The growing space trajectories (graph A) show more occupancy of the 

site with gap formation and gap recovery than without recovery (graph E in Fig. 

5.22, Y * a + bX + cX2 curve). This is supported further by the reduced leaf 

area trajectories (graph B).
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Figure 5.24 A-P. Outputs comparing gap recovery using the two functions 

Y=a+bX (A-H) and Y=a+bX+cX2 (I-P) for the sunlit areas with the shown

fun
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Figure 5.24 cont'd.
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Graphs I-P illustrate the performance of the model when Eq. 4.47 is 
used for the sunlit area recovery process with Eqs. 4.46 and 4.47 for the edge 
area recovery relationships. As in the previous combination of functions, there 
is an increased growth response of trees of both species groups (graphs K and 
L), and an increased growth response of seedlings of the SSG (graph N). In 
addition, there is now an increased response in the growth rates of seedlings 
of the PSG (graph M), and the germination rates of both species groups 
(graphs O and P). These increased responses lead to more site occupancy 
(graph I) and greater leaf areas (graph J) compared with graphs A and B.

In choosing the most suited function for the gap recovery processes, 
there are no studies to base the choice. All of the functions produce 
acceptable outputs based on the parameter values. However, because the 
curvi-linear relationships are more realistic with respect to the postulated 
trends for these processes, Eq. 4.47 is chosen to represent both sunlit and 
edge area relationships.

5.5.3.3. Conclusion

From the above investigation, both of the combinations of gap 
recovery functions for sunlit area and edge area relationships can be used to 
represent gap recovery. In the outputs, the first combination of functions did 
not perform as well as the second, due to the difference in parameter values. 
However, based on the similarity of the type of functions and the postulated 
trends, the curvi-linear functions are preferred to represent these processes, i. 
e. Eq. 4.47 for both sunlit and edge areas.

5.5.4. Investigating harvesting and planting

The main aim of developing this model is to explore the effects of 
management on the structure of a stand of NTRF. Felling of trees causes gap 
formation and regrowth, but excessive rates of felling may lead to degradation 
of the stand. Planting of seedlings may help the stand to recover more rapidly 
than only with natural regeneration. This section investigates separate fellings 
and plantings to assess the model's performance with respect to these 
activities. It should be recalled that felling of trees is a gap formation process 
involving falling-tree mortality (depending on the size of trees felled), and 
regrowth in the gaps. The localized effects of this type of mortality are 
incorporated into natural mortality in the same way as the natural gap
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formation process. The recovery process is treated in the same way as 
described in §5.5.3.

5.5.4.1. Inputs

For this investigation, the activities (i. e. harvesting and planting) are 
restricted to a stand with a well developed structure to reflect the real 
situation. For this reason, the inputs for the structure of the stand is first 
obtained from a run of the model to iteration 20 (100 years). The stand 
structure at this point is taken to represent a well developed stand.

The parameter values of the functions remain unchanged. Three runs 
of the model are made, each with different combinations of functions for 
comparative purposes. The first is as in version II of the model. The second 
(no-recovery) is as in version II together with the gap formation functions only. 
The third (recovery) is as in version II together with the gap formation and gap 
recovery functions.

Harvesting is restricted to the second and third runs, while planting is 
done only in the third run. Because there is no definite management strategy 
being investigated, felling and planting are not extensive. The frequency of 
felling is every 25 years (5 iterations). Planting is done after all fellings, also at 
25 years intervals. The intensity of planting is restricted to 500 seedlings ha" 1 

of either species group.

5.5.4.2. Outputs

The outputs are presented in Fig. 5.25 A-N. Graphs A-K show the 
trajectories of variables over time, while graphs L-N present the management 
activities. The sequence and intensity of the activities are: felling all trees in 
class 6 of the PSG at iteration 5; felling all trees in class 6 of the SSG at 
iteration 10; felling all trees in classes 5 and 6 of the PSG at iteration 15; 
felling all trees in classes 5 and 6 of the SSG at iteration 20; planting 500 
seedlings of the PSG at iteration 25; and planting 500 seedlings of the SSG at 

iteration 30. The stand was then allowed to recover naturally.
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Figure 5.25 A-N. Outputs comparing harvesting and planting with and without 
gap recovery (1 iteration = 5 years).
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Examining the trajectories of growing space (graph A), version II 
maintains a constant level (no activities) with more site occupancy than the 
other versions. The no-recovery version maintains the greatest growing space 
while the recovery version is intermediate. These relative levels are acceptable 
since gap formation increases the growing space from version II, and gap 
recovery reduces the growing space from the no-recovery version. With 
reference to the recovery curve, fellings produce immediate increases in 
growing space (iterations 5, 10, 15 and 20), while plantings decrease the 
growing space (iterations 25 and 30). For the no-recovery curve, the same 
effects occur at fellings, i. e. increases in growing space. This behaviour is 
acceptable, since fellings produce gaps which increases the growing space, and 
plantings correspond to instantaneous regrowth, decreasing the growing space.

The above behaviour is reflected in the trajectories of the other 
variables presented. However, in the trajectories of the seedling pools for the 

-PSG, SSG and total population (graphs I, J and K), the responses at fellings are 
not as sharp for the recovery curves as those in the no-recovery curves. Also, 
the types of responses are different in these sets of curves. In the recovery 
curves, there are declines jit fellings, followed by increases, while in the 
no-recovery curves, there are increases followed by declines. This difference in 
behaviour is due to the modifying effects of the gap index on the growth 
processes. In the case of the no-recovery version, the index is zero, thus the 
system uses the rates for the processes as in version II. However, for the 
recovery version, an index is evaluated for each of the growth processes based 
on the sizes and ages of the sunlit and edge areas in the gaps: this considers 
the state of the stand as a whole rather than just the seedling pool levels.

In terms of yield, no particular conclusions can be made since no 
management strategy was followed through an extended period. However, from 
graphs L and N, more trees of the PSG and less trees of the SSG can be 
harvested in the case of the recovery version than for the no-recovery version. 
Gap formation apparently releases trees of the PSG which disadvantages 

regrowth of the SSG.

5.5.4.3. Conclusion

Artificial production of gaps caused by felling produces acceptable 
responses by the model. In the case of recovery of the system there are 
immediate responses in all of the variables, more especially an increase in
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growing space and a decrease in leaf area, basal area, frequency of trees and 
seedling pool sizes. Planting also produces acceptable responses by the model, 
as seen by the immediate decrease in growing space, an increase in leaf area, 
and a delayed increase in basal area, frequency of trees and seedling pool 
sizes.

In the case of the yields obtained, no particular conclusions can be 
made at this stage because no special management strategy was followed. 
However, it appears that more larger trees of the PSG and smaller trees of the 
SSG can be harvested in the case of recovery of the system, than in the case 
of no recovery.

5.5.5. Conclusions to gap-phase investigations

The above series of investigations examined gap-phase processes in 
order to arrive at the most suited functions to represent them, and also, to 
examine the performance of the model when artificial gaps and plantings are 
made. In terms of gap formation and gap recovery, the curvi-linear functions 
are preferred for both processes, although there are no studies on which to 
base the choice except for the crown diameter - dbh relationship.

In terms of harvesting and planting, the model responds in appropriate 
ways, all of which are expected when these activities are carried out.

5.6. VERSION III OF THE MODEL

5.6.1. Introduction

From the investigations previously carried out, a standard version of 
the model (version III) can now be set up. This version is investigated in the 
following section (§5.6.2) to examine its performance and to introduce any 
modifications required. The model is then put through some sensitivity 
investigations (§5.6.3) to further test its performance. The model can then be 
used for management purposes which will be investigated in the next chapter.

5.6.2. Version III of the model 

5.6.2.1. Inputs

The relationships for the basic processes of the system are the same
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as in version II of the model, while those for gap-phase processes are those 

selected from §5.5. The relevant details of these relationships are presented in 

Table 5.18. The values of the initial stand structure are the same as in Table 
5.2.

Table 5.18. Summary of the relationships used as inputs for the 

processes of version III of the model, and where the details 

of them can be found.

Process/ 

relationship
Function Parameter values Displays 

(equation) (table) (figure)

Growth of trees

Mortality of trees

Growth of seedlings

Mortality of seedlings

Germination of seeds

Crown diameter - dbh

Gap area - crown diameter

Sunlit area recovery

Edge area recovery

4

4

4

4

4

4

4

4

4

.17

.12

.35

.30

.24

.38

.40

.47

.47

5

5

5

5

5

5

5

5

5

.3

.5

.7

.9

.11

.16

.16

.17

.17

5.

5.

5.

5.

5.

5.

5.

5.

5.

14

14

14

14

14

21

21

23

23

A,

c,
E

F

G

B

D

B

D

B

D

5.6.2.2. Outputs

The outputs for this version of the model are presented in Fig. 5.26
A-O.

Population dynamics. Stability is attained at iteration 50 (250 years). In 

comparison to the values for the two previous versions, this value is the 

smallest. This may be due to the fact that gap-phase dynamics cause the stand 

to be less occupied than for the other versions. However, this value is larger 

than those obtained by Usher (1969a), Hartshorn (1972) and Wadsworth (1977), 

i. e. respectively 72 years for a Scots pine plantation, 236 years for a tropical 

species in an old growth lowland forest, and 150 years for a lower montane 

tropical rain forest. There is little validity in any comparisons, since in both 

cases of the tropical forests studied, these forests were already well developed. 

The larger value obtained for the present version of the model, however,
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indicates that a tropical forest may take longer to attain stability when the 
early stages of forest development are considered.

Graphs A and B illustrate that stability is dynamic with the respective 
values for growth and mortality of trees of the smallest diameter class of the 
PSG being 0.254 and 0.440, and for the SSG, they are 0.351 and 0.511. These 
values are larger than those for version II of the model due to the effect of 
gap-phase dynamics.

The growing space (graph J) stabilises at an intermediate level 
between those of versions I and II. The minimum value is 0.183, and at stability, 
it is 0.243 ha ha' 1 . This supports the theory that the presence of gaps causes 
the growing space to be greater than without gaps. The leaf area trajectories 
(graph K) also conform to this observation. The respective values of the PSG, 
SSG and the total population are: 5.75, 1.82 and 7.57 ha ha" 1 . The ratio of the 
leaf area of the SSG to the PSG at stability is 1:3.16 indicating that with gaps, 
the PSG does better than without gaps (this ratio is 1:2.52 for version II of the 
model). This suggests that gap formation is more important in releasing trees 
of the PSG, which rapidly take up the growing space, than in enhancing the 
regrowth rates of seedlings and trees of the SSG. This contradicts the 
postulates that gap formation causes a reversion of the forest to an earlier 
serai stage. On the other hand, it may be that the parameter values used in the 
model need to be more precise, in order to reflect the situation more 
realistically.

The basal area trajectories (graph L) are similar to those in version II. 
For the PSG, SSG and the total population, the values at stability are 
respectively: 35.0, 8.5 and 43.5 m 2 ha' 1 . The total population value (for 785.2 
trees ha' 1 ) agrees with the literature values and is more acceptable than that 
in version II. The ratio of the values of the SSG to the PSG is 1:4.12, while that 
of for version II is 1:2.85. This supports the contradictions pointed out above.

The trajectories of the size class frequency distributions (graphs M and 
IM), and for the total population are similar to those of version II. The values for 
each size class of the species groups at stability are given in Table 5.19 for 
versions II and III of the model. The ratio for the population of the SSG to the 
PSG for version II is 1:1.72, while that for version III is 1:1.55. Thus, in the case 
of the gap-phase dynamics version (III), the PSG does not do as well as when 
there are no gaps. The SSG, in fact, does relatively better which is illustrated 
by the per cent decrease in population sizes for the species groups. The PSG 
declines by 23.1 %, while the SSG declines by 14.7 %. These findings
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contradict those suggested for the leaf area ratio and basal area ratio. The 

SSG, indeed does better when gaps are present and the forest also reverts to 

an earlier stage of succession. However, gaps do release trees of the PSG, as 

illustrated by the larger number of PSG trees in classes 4, 5 and 6 in version III 

than in version II. This contributes to the larger leaf and basal areas observed 
above.

Table 5.19. Size class frequency distributions of trees of each 

species group at stability for versions II and III of the 

model.

Diameter

class

1

2

3

4

5

6

Total

Version II

PSG

378

149

68

17

4

1

620

.4

.9

.7

.5

.6

.5

.6

SSG

184

82

38

19

11

25

360

.4

.1

.3

.3

.5

.3

.9

Version III

PSG

274

114

61

20

5

1

477

.3

.7

.3

.0

.3

.7

.3

SSG

165.

75.

33.

14.

7.

11.

307.

5

5

9

3

7

0

9

% decrease from version II 23.09 14.69

Seedling pool dynamics. The rates of growth and mortality of 

seedlings (graphs C and D) show that stability is dynamic for these processes. 

However, the levels at which they stabilise are much higher than in version II. 

This is due to the modifications of the rates caused by gap-phase dynamics. 

These observations are supported by the greater number of seedlings growing 

and dying (graphs F and G) than in version II. In the case of mortality of 

seedlings, the trajectory of the PSG stabilises above that of the SSG, which 

supports the theory that gap formation increases the light intensity which is 

detrimental to the growth of seedlings of the PSG. The seedling pool sizes 

(graph I) at stability also conform to this. The sizes are lower for the PSG and 

the total population, and higher for the SSG, than these values in version II of
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the model.
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Figure 5.26 A-O. Outputs from version III of the model showing changes of 

processes and the state of. the stand with time (1 iteration = 5 years).
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Figure 5.26 cont'd.
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Seed-bank dynamics. The germination rates of seeds (graph E) also 

attain dynamic equilibrium at stability, but the anomalous behaviour observed 

in version II of the model (graph E in Fig. 5.15) is now corrected. In fact, there 

is now a close similarity to the postulated trends for this process (Fig. 4.6). 

The seed-bank trajectories (graph H) are similar to those in version II of the 

model, but are lower for the SSG and the total population due to the smaller 

number of reproductive trees, and higher for the PSG due to more reproductive 

trees in version III of the model.

5.6.2.3. Conclusion

Version III of the model performs in a biologically more realistic way 

than version II of the model. This is because all of the processes are now fully 

incorporated into the model. Gap formation and gap recovery processes cause 

the mortality and growth processes to be more in agreement with the 

postulated trends than in version II. This is more prominent for the germination 

process The improved performance of this version is shown by the 

successional trends and the trajectories of the state variables which are now 

more in agreement with the postulated trends than in the other versions of the 

model.

5.6.3. Sensitivity investigations

This section examines the performance of the model when the values 

of the parameters for gap-phase functions are changed. In one set of 

investigations, the gap formation functions are examined, while in another set 

the gap recovery functions are tested. The levels of changes of the parameter 

values are restricted to +_10% of the original values.

5.6.3.1. Inputs

The two gap formation functions are Eqs. 4.38 and 4.40, while for gap 

recovery, Eq. 4.47 represents both functions. The parameter values of these 

equations are changed by +_10% from the original values. Two runs of the 

model are then made for gap formation processes - one with +10% changes, 

and the other with -10% changes. In both of these runs, the parameter values 

for the other processes are unchanged from the original values in version III of
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the model. This exercise is then repeated for the two gap recovery functions. 
The initial stand structure is the same for all runs, i. e. Table 5.2.

5.6.3.2. Outputs

The outputs for the changes in parameter values of gap formation 
processes are presented in Fig. 5.27 A-D, while those for changes in the 
parameter values of gap recovery processes are shown in Fig. 5.27 E-L

Examining the gap formation outputs, there is a parallel increase in 
growing space (graph A) and gap area (graph B) for the +10% change, as well 
as a parallel decrease in growing space and gap area for -10% change, with 
respect to these variables for version III. For example, for the respective 
changes above, the total gap area has increased by 17.2% and decreased by 
21.9% from version III. These values are not of equal magnitude and illustrates 
the difference in behaviour of the model dependent on the relationships used 
as inputs. The response of the model is expected, since an increase in the 
parameter values for gap formation means that larger gaps are formed, 
producing an increase in growing space of the stand and vice versa.

In the case of mortality of trees (graphs C and D), the trends of the 
PSG may appear contradictory to the above observations. During initial stages 
of stand development, the trends are similar to those above, but in later stages, 
there is a switch-over of trajectories of the PSG for the -10% and +10% 
changes. This is due to the decline in number of trees of the PSG associated 
with larger gaps for the +10% change, which reduces the growth rates of these 
trees. On the other hand, larger gaps enhance the growth rates of trees of the 
SSG, which enlarges the population of the SSG and produces higher rates of 
falling-tree mortality for this species. Thus, increasing the parameter values of 
gap formation cause an increase in gap area, which results in a smaller 
population of the PSG and a larger population of the SSG with respect to 
version III. The smaller population of the PSG causes a lower level of mortality 
for this species, and the larger population of the SSG causes a higher level of 
mortality than in version III.
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Figure 5.27 A-L Outputs comparing 10 per cent changes in the relationships 
for gap formation (A-D), and 10 per cent changes in the relationships for gap 
recovery (E-L), with version III of the model (1 iteration = 5 years).
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For changes in the parameter values of gap recovery relationships, 

there are different responses based on the changes introduced and the nature 

of stand development with these changes. The expected behaviour is that an 

increase in the parameter values would produce higher growth rates for both 

species groups, which in turn should cause more site occupancy than in 

version III. The inverse performance is expected for a decrease in the 

parameter values.

This behaviour occurs in the initial stage of the stabilization process, 

but in later stages, there is a switch-over in trajectories of the +10% and -10% 

changes.

For the +10% change, during the initial stage of the stabilization 

process, more larger trees of both species groups are produced than in version 

III, which cause more falling-tree mortality and more larger gaps. This pushes 

the growing space (graph E) to higher levels and leaf areas to lower levels 

(graph F). This situation favours the SSG, which accounts for the higher growth 

rates of trees (graph H) and seedlings (graph J) of the SSG, and lower growth
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rates of trees (graph G), seedlings (graph I) and germination rates (graph K) of 

the PSG, than in version III. The trajectory of the germination rate of seeds of 

the SSG (graph L) conforms to the expected trends during the early stage of 

stabilization, but during later stages, it is more like that of the PSG. This is due 

to the additional effects of shading caused by the seedling pools, which lower 

the light intensity and decrease the rates of germination.

For the -10% change, the trajectories are the inverse of those for 

+10% change. Regrowth during the earlier stage of stabilization, produce a 

smaller number of large trees than in version III, such that the growing space 

(graph E) is larger and the leaf area (graph F) is smaller than in version III. 

Smaller and fewer gaps are therefore produced and the growth rates of the 

PSG (graph G) are higher than in version III, while those for the SSG (graph H) 

are lower. These trends are also the same for growth of seedlings (graphs I 

and J), and germination rates of seeds of the PSG (graph K). The germination 

rates of seeds of the SSG (graph L) is different in the later stage of 

stabilization because the seedlings pools are now smaller than those in version 

III, and the shading effect of the seedling pools are less. This cause higher 

germination rates of the SSG than in version III.

The leaf area at stability for the +10% and -10% changes in gap 

recovery parameter values, have respectively decreased by 2.2% and increased 

by 14.1% from version III. Again, there is no equivalence in these values, 

illustrating the difference in behaviour caused by similar changes but in 

opposite directions.

5.6.3.3. Conclusion for sensitivity investigations

The sensitivity investigations carried out by changing the parameter 

values for gap formation and gap recovery give more insight into the behaviour 

of the system. For gap formation processes, expected responses are produced 

for growing space and gap areas. However, the mortality rate of the PSG is not 

as anticipated. This, as was explained, is due to the sizes of gaps produced.

For gap formation, the outputs agree even less with expectations. 

However, the main responses are as a result of the sizes and frequencies of 

gaps produced by the respective changes. The model, therefore, accommodates 

to the changes as the system would have done, and its performance is quite 

reasonable in this respect.
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5.6.4. Conclusion for version III

The standard version of the model (version III) performs in a 

biologically more realistic manner than the other versions due to the 

incorporation of gap-phase dynamics. In the presence of gaps, the stand 

reverts to an earlier stage of succession, but at the same time larger trees of 

the PSG are produced after trees of this species group are released by gap 

formation.

The sensitivity investigations reveal the importance of gaps even 

further. The outputs differ from the expected behaviour but on closer 

examination they are related to the sizes and frequencies of gaps produced by 

the types of changes introduced.

5.7. CONCLUSION FOR ALL VERSIONS

This chapter presented the investigations carried out with the model 

to explore its performance per se, and to arrive at a standard version of the 

model which reflected the behaviour of the system as closely as possible. From 

the first set of investigations, the best function for the basic processes of the 

system were identified. These were all curvi-linear.

The second set of investigations involved setting up version II of the 

model, and to test it more rigorously. In this case, the model performed 

acceptably, except during the early stages of stand development when the time 

step of the model was changed. Also, the seed germination process was not in 

agreement with the postulated trends for this process.

The third set of investigations introduced gap-phase processes for the 

purpose of identifying the best functions for these processes. All functions 

chosen were curvi-linear. Artificial gap formation (felling of trees) and planting 

were also investigated and the model responded reasonably well.

The final set of investigations involved setting up a standard version 

of the model (version III), which was examined for sensitivity purposes. Version 

III of the model gave by far the best outputs of all the versions. Also, the seed 

germination rates were now more acceptable. In the sensitivity investigations, 

the model responded in appropriate and acceptable ways for the changes 

introduced. The model is now ready for exploration of various management 

strategies.
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CHAPTER 6 

INVESTIGATING MANAGEMENT STRATEGIES

6.1. INTRODUCTION

The types of management systems used in the natural tropical rain 

forests (NTRF) and the problems associated with them have been reviewed in 

§1.2. Arising from this review, the case for a more flexible management 

system was presented in §1.3. In that section, it was proposed that the 

selection system of management be used with planting of seedlings to 

supplement natural regeneration. This chapter examines this proposal with the 

model.

There is, potentially, a large number of investigations that can be 

carried out based on the levels of harvesting, planting and the time schedules 

for these activities. For this reason, a structured approach is used. This is 

presented in Fig. 6.1. Two time schedules are investigated for the activities - a 

10-year cycle (§6.2) and a 20-year cycle (§6.3). Within each cycle, two levels of 

harvesting are made. These are based on the levels of natural mortality at the 

times of fellingrOne is twice the basal area of the natural mortality (2xlMMBA) 

and the other is the same (IxIMMBA). The rationale is that if the trees suffering 

natural mortality are removed, then the stand would maintain a stable structure 

over time.

For the species groups, two strategies are used. In the first, only trees 

of one species group, the primary species group, are harvested. This is the 

traditional type of harvesting done in which trees >40 cm dbh are harvested 

(Dawkins, 1958). The other strategy involves harvesting trees of both the 

primary species group (PSG) and the secondary species group (SSG). This is in 

line with the proposal presented, to cater for changes in the market for a wider 

variety of species.
In order to investigate the effects of planting on the recovery of the 

system, each of the above investigations is first carried out without planting, 

then repeated with planting. These investigations are meant to test the 

proposal presented that plantings can help the system to recover faster than 

without plantings, and provide more yields.
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Figure 6.1. Scheme illustrating the types of investigations 

carried out with two intensities of fellings for each 

management investigation (10-Y = 10-year cycle of 

activities; 20-Y = 20-year cycle of activities; PSG = 

harvesting trees of the primary species group; SSG = 

harvesting trees of the secondary species group; NP = no 

planting of seedlings; WP = planting of seedlings for 

the species group(s) being felled).

6.2.2.

10-Y PSG NP

6.2.3. 

10-Y PSG WP

6.3.2. 

20-Y PSG NP

6.2.4. 

10-Y PSG+SSG NP

6.2.5. 

10-Y PSG+SSG WP

As pointed out in §1.2, there are three principles on which 

management is based. These are the maintenance of a productive forest in 

terms of silvicultural, ecological and economic equilibria. The main criteria used 

in assessing the effects of management in this chapter, are restricted to the 

first two principles, since the economic assessment can only be made with 

known market relationships, and this is outside the scope of the present 

investigation.
The output of the model is in terms of basal area, but the figures in 

the literature are in terms of annual volume yields. Eq. 6.1 is used to convert 

basal area to volume for purposes of comparison. This relationship has been 

used for many species (Dawkins, 1961; Whittaker & Woodwell, 1968), and has 

an error of +_10% to +_20% per tree, which though systematic for a whole stand 

will be less.

Volume = height(m) x basal area(m2 ) x 0.5 -Equation 6.1.

325



For reasons of space, it is not possible to give the detailed yield table 

produced for each investigation, so only one yield table is presented. This is for 

harvesting and plantings of both species groups on a 20-year cycle (Appendix 
4).

In all cases, the model is run for 50 iterations (250 years) but the 

management activities take place between iterations 5 and 45 (i. e. for 41 

iterations). The inputs for the processes are as in version III of the model, but 

the values for the initial state of the stand are obtained from version III at 

iteration 30 (150 years). At this time, the stand is well developed (Fig. 5.26), 

and represents the situation when exploitation may begin in the NTRF.

As in chapter 5, detailed descriptions of the outputs are given for the 

first investigation only.

6.2. INVESTIGATING A 10-YEAR CYCLE OF ACTIVITIES

6.2.1. Introduction

For this series of investigations, the schedule of activities is on a 

10-year (2-iteration) basis. All activities take place during run time. For 

harvesting, the levels are as pointed out above, i. e. removing IxIMMBA and 

ZxIMMBA at each felling, while for planting, the levels are maintained at 1000 

seedlings per hectare for each species group at the time of felling. Plantings 

are assumed to be carried out in the gaps created by fellings in the field.

6.2.2. Harvesting primary species trees without planting 

6.2.2.1. Outputs

The outputs for this management strategy are presented in Fig. 6.2 

A-M.

Felling of trees mimics natural gap formation in the system, and 

causes an increase in growing space (graph A). For the other variables (graphs 

B-H), there are different behaviours depending on the activities and the 

ecological properties of the species groups. Thus, the leaf area and basal area 

trajectories of the PSG decrease, while those for the secondary species group 

(SSG) increase in comparison to version III. The trajectories of the total leaf 

area, basal area and frequency of trees also decrease. The levels of 

increase/decrease are greater for the 2xlMMBA strategy than the IxNMBA
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strategy.

The oscillations that are present in some of the curves result from 

fellings and recovery of the stand. This response was already described in 

§5.5.4, where harvesting and planting were examined in terms of the model's 

performance for these activities. The oscillations in Fig. 6.2 are more 

pronounced for the variables of the PSG and the total population than for those 

of the SSG. This is because fellings are done only for the PSG which is 

reflected in the total population. No activities are carried out for the SSG, but 

because fellings create gaps, the SSG responds to these gaps causing the less 

pronounced oscillations of the variables of this species group.

The trajectories of the variables in the initial stages of exploitation are 

different in their general shapes for 2xlMMBA with respect to those for IxIMMBA. 

The growing space increases sharply from iteration 5 after which there is a 

decline to a level below that of version III. The increase is due to the high level 

of harvesting (graph I) and the accompanying high level of falling-tree 

mortality. The decline is due to the increased growth of trees of the SSG as 

seen in the leaf area trajectory in graph C.

One of the problems faced in the selection system of management is 

the lack of sufficient natural regeneration to ensure adequate recovery of the 

stand. This has been attributed to availability of seeds in the soil, which 

reaches low levels because of fellings of seed trees. In this investigation, the 

model suggested otherwise. The seed-bank densities at iteration 45 (a 

stabilised situation) were respectively 0.2 seeds m~2 and 31.9 rrT2 for the PSG 

and the SSG with the 2xl\IMBA strategy, and 0.5 and 19.2 seeds m"2 with the 

IxIMMBA strategy. For version III, these values were 2.0 and 13.5 seeds m"2 . 

The decrease of seed densities of the PSG for both management strategies is 

due to fellings of PSG seed trees, and the increase of the seed densities of the 

SSG is due to an increased number of SSG seed trees. Despite the decrease in 

densities of the PSG seeds, this was not critical to the levels of natural 

regeneration. At a growing space corresponding to that at iteration 45 (0.35 ha 

ha" 1 ) for the 2xlMMBA strategy, the germination rates in version III are 

respectively 410 and 320 seeds ha" 1 for the PSG and the SSG. The respective 

values in the 2xNMBA strategy are 532 and 376 seeds ha" 1 for the PSG and the 

SSG. These values are greater because of the increased extent of gaps with 

management than without. There is a similar trend for the IxNMBA strategy.
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Figure 6.2 A-M. Outputs comparing version III 
management strategies ( — = felling IxNMBA; 
PSG on a 10-year basis (1 iteration = 5 years).
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Figure 6.2 cont'd.
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The number of trees felled at each of the 41 iterations (200 years) and 
the basal area of these fellings are shown in graphs I and J (Yield ha" 1 on the 
Y-axis refers to both parameters in this figure as well as the others). The main 
parameters for yields of the two strategies are given in Table 6.1. These 
indicate that more trees, and a larger total basal area are harvested in the 
2xNMBA strategy with a wider range of basal areas than the IxNMBA strategy. 
However, 191% more PSG trees >60 cm dbh are harvested with the IxNMBA 
strategy than with the 2xNMBA strategy (graph K).

Table 6.1. Summary of the yields obtained over 200 years for the 
two intensities of harvesting PSG without planting on a 
10-year cycle.

Yield parameters

Minimum dbh class (cm)

Total no of trees (trees ha" 1 )

Trees > 60 cm dbh

Range of basal area (m2 )

Total basal area (m2 ha" 1 )

Annual basal area (m2 ha" 1 yr" 1 )

Total volume (m3 ha" 1 )

Annual volume (m3 ha" 1 yr" 1 )

IxNMBA 

PSG

40-60

449.1

171.1

5.1-7.5

114.0

0.57

2269.5

11.35

2xNMBA 

PSG

20-40

1222.8

58.8

4.2-14.8

143.5

0.72

2507.4

12.54

From Eq. 6.1, the total and annual volume yields are greater for the 
2xNMBA than the IxNMBA strategy. However, the difference between the annual 
yields is small (1.1 m 3 ha" 1 ). The annual volume yields fall within the range of 
5-25 m 3 ha" 1 that can be obtained by the selection system of management of 
the NTRF (§1.1.2). Despite the larger yields obtained for the 2xNMBA strategy, 
the IxNMBA strategy is preferable because of the larger sizes of trees that are
harvested.

The reverse-J curves of the species groups and the total population at 
iterations 6, 25 and 45 are shown in graphs L and M. There is a greater change 
of the stand structure from version III for 2xNMBA than the IxNMBA strategy, 
because of the higher levels of harvesting in the 2xNMBA strategy. At iteration
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6, after the first felling, the number of trees in the smaller size classes of the 

PSG has declined more in the case of 2xlMMBA than for IxIMMBA. This is due to 

the different levels of fellings for these strategies. The same effect can be 

observed for the SSG, but in this case, the difference in decline is due to the 

greater level of falling-tree mortality of the SSG.

It would be expected that the increased extents of gaps created by 

fellings, would cause an increased growth response of trees of the SSG and 

not a decline as noted above. The reason for the above decline is that the 

system has not had enough time to respond to the increased extent of gaps, 

since the distribution is one time step after the first felling. In fact, this 

increased response is shown in the distributions at iterations 25 and 45. This is 

evident more in the smaller and larger size classes of the SSG and the smaller 

size classes of the PSG. In the latter case, this is due to the decrease in the 

light levels of the stand caused by a flush of trees of the SSG.

From iteration 6 to 45 for the curves of the total population (graph M) 

there is a shift of the harvesting curves from the left to the right of version III 

curves. These trends are due to the increased number of stems in the smaller 

size classes of both species groups caused by increased extent of gaps from 

harvestings. The distinct turning point at a dbh of 50 cm is due to the 

increased number of trees in the larger size classes of the SSG.

A comparison of the diameter distributions of the species groups at 

iteration 45 is presented in Fig. 6.3, using the values of a and k from the 

logarithmic form of the negative exponential model. These are in agreement 

with the responses described above. Both the slopes (a) and the intercepts (K) 

of the PSG for the management strategies have increased while those of the 

SSG have decreased with respect to those in version III. The higher slopes of 

the PSG management distributions indicate a more rapid fall in numbers of 

trees across size classes than in version III, caused by harvesting of this 

species group. That of the IxNMBA strategy is lower than that of the 2xlMMBA 

strategy due to more fellings in the latter strategy. This also caused the 

intercept of this strategy for the PSG to be smaller than that of the IxNMBA 

strategy. The opening of the stand caused by fellings, increases the SSG 

population. This is reflected by lower slopes and intercepts of the SSG 

management distributions than that in version III. The slope and intercept of 

the SSG 2xNMBA strategy are lower than those of the IxNMBA strategy. This is 

due to the greater extents of gaps created with the 2xNMBA strategy than the 

IxNMBA strategy, which result in a larger SSG population for the 2xNMBA
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strategy.

Figure 6.3. Comparison of the diameter distributions of the 
species groups at iteration 45, using values of 'a' and 
'k' obtained from the logarithmic form of the negative 
exponential model (Eq. 2.3) (o = version III; o = 
IxNMBA; A = 2xNMBA; P = PSG; S = SSG).
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Overall, the stand reverts to an earlier stage of succession than 
version III but the higher level of fellings in the 2xNMBA strategy forces the 
stand to an earlier stage of succession than the low level in the IxNMBA 
strategy. The system still maintains its equilibrium ecologically and does no't 
degrade to levels that it cannot recover. This is illustrated at the point where 
fellings are stopped (iteration 45). From this point, the system, within 25 years, 
has almost reached the state of development as in version III.

6.2.2.2. Conclusion

With the above strategies of fellings, the yield obtained from the 
2xNMBA strategy is greater than that of the IxNMBA strategy although this 
difference is small. The higher level of harvesting forces the system to an 
earlier stage of succession, and this restricts the number of trees of the larger 
size classes which can be harvested. Consequently, large number of small trees 
had to be harvested to maintain the level of harvesting. The low level of

332



harvesting, on the other hand, apart from giving a fairly high yield, also 

provides more trees of large sizes and is therefore preferable. Finally, for both 

strategies, natural regeneration was not limited by the availability of seeds in 
the seed-bank.

6.2.3. Harvesting primary species trees with planting 

6.2.3.1. Outputs

The outputs for these activities are shown in Fig. 6.4 A-M.

Fellings and plantings cause the growing space (graph A) to decrease 

more with respect to fellings alone (graph A in Fig. 6.2), with that of the 

IxIMMBA strategy decreasing more than that of the 2xNMBA strategy. These 

decreases are due to the plantings which cause an increased number of trees 

of the PSG. This is supported by the increase in leaf area trajectories of the 

PSG (graph D) in comparison to that without planting (graph D in Fig. 6.2). The 

increased number of PSG trees cause more shading which is unfavourable to 

SSG trees, resulting in increased mortality for this species group. This is 

demonstrated by the lower leaf area trajectories of the SSG (graph C) than 

those without planting. Shading is greater in the IxNMBA strategy than in the 

2xNMBA one because the latter has a higher level of fellings. The trajectories of 

the basal area and total population of trees (graphs E-F) also support these 

observations.
The amplitude of the oscillations are greater in these outputs than in 

the previous investigation. This is due to the increased rates of recovery of the 

stand caused by plantings. Also, as in the previous investigation, the rates of 

natural regeneration were not limited by availability of seeds in the soil.
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Figure 6.4 A-M. Outputs comparing version III of the model (——) with two 

management strategies ( — - felling IxIMMBA; —- = felling 2xlMMBA) for the 

PSG with plantings on a 10-year basis (1 iteration = 5 years).
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Figure 6.4 cont'd.
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The ranges of basal areas removed (Table 6.2) indicate that more trees 

are available for harvesting with planting than'without (Table 6.1). The number 

of trees, the total basal areas and total volumes harvested are higher for both 

strategies with planting than without. The total basal areas for the present 

strategies are respectively 60% and 40% greater than those without plantings, 

while the annual volume yields are respectively 57% and 40% greater. These 

strategies with plantings give much larger yields and are, therefore, preferable 

over those without plantings. Of the two strategies investigated, 99% more PSG 

trees >60 cm dbh are harvested with the IxNMBA strategy over the 2xlMMBA 

strategy (graph K). This, together with small difference in annual volume yields 

(3.8 m 3 ha" 1 ), make it a better strategy than the 2xl\IMBA strategy.

Table 6.2. Summary of yields obtained over 200 years for the two 

intensities of harvesting PSG with planting on a 10-year cycle.

Yield parameters

Minimum dbh class (cm)

Total no of trees (trees ha" 1 )

Trees > 60 cm dbh

Range of basal area (m2 )

Total basal area (m2 ha" 1 )

Annual basal area (m2 ha" 1 yr" 1 )

Total volume (m3 ha-1 )

Annual volume (m3 ha" 1 yr" 1 )

IxNMBA 

PSG

40-60

635.5

161.0

6.5-7.9

159.4

0.80

3165.6

15.83

2xNMBA 

PSG

20-40

2094.0

81.0

9.2-14.8

229.3

1.15

3929.1

19.65

The reverse-J curves of the species groups at iterations 6, 25 and 45 

(graph L) illustrate the improved responses caused by plantings. The curves at 

iteration 6 are different in positions with respect to version III from the other 

iterations due to the short time for the effects of regrowth to be noticed. 

Those at iterations 25 and 45 show that there are more trees of the PSG in the 

smaller size classes for both of the strategies than for version III, and this is 

more pronounced in the 2xNMBA strategy. The difference in numbers between 

the strategies is due to the availability of more gaps in the 2xl\IMBA strategy 

than in the other. In the middle size classes, these trends are reversed but they

336



are still higher than those in version III. This reversion is due to more shading 

caused by the larger number of trees in the large size classes for the IxNMBA 

strategy. In these size classes, the curves are lower than those in version III 

due to the fellings, but as pointed out above, the number of trees are greater 

for the IxNMBA strategy than the other. Ths curves of the SSG for both 

strategies are lower than those in version III except in the larger size classes. 

This, as seen in the trajectories of the leaf area of this group, is due to shading 
caused by the planting of PSG seedlings.

The reverse-J curves of the total population (graph M) also reflect the 

increase in the number of trees in the smaller and middle size classes over 

version III, and the decrease in numbers in the larger classes. In comparison to 

the curves without planting (graph M in Fig. 6.2), there is a greater shift away 

from version III which is attributed to the plantings. Also, the suggestion, that 

plantings cause the production of groups of even-aged trees is not supported 

by this model. The diameter distributions are not modified in this respect.

The effects of planting can be seen in Fig. 6.5 for the diameter 

distributions at iteration 45. The slopes of the PSG management distributions 

are similar to those in Fig. 6.3, but their intercepts are much larger This is due 

to the increased rates of recovery of the stand when plantings are done. This 

activity is also reflected in the SSG management distributions. More shading is 

produced in the IxNMBA strategy than the 2xNMBA strategy, resulting in a 

smaller SSG population with less large trees for the IxNMBA strategy. For this 

strategy, the SSG has a greater slope and intercept than those for the 2xNMBA 

strategy.
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Figure 6.5. Comparison of the diameter distributions of the 
species groups at iteration 45, using values of 'a 1 and 
'k 1 obtained from the logarithmic form of the negative 
exponential model (Eq. 2.3) (o = version III; D = 
IxNMBA; A = 2xNMBA; P = PSG; S = SSG).
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The 2xNMBA strategy causes a reversion of the stand to an earlier 
successional stage than version III, but not as early as that without planting. 
The IxNMBA strategy, on the other hand, pushes the stand to a later 
successional stage than version III. Plantings, therefore, seem to be an 
important tool for regulating the successional status of the stand. This 
supports the proposal that plantings can help the stand to recover from the 
effects of fellings more rapidly than without.

6.2.3.2. Conclusion

The above strategies provide higher yields than without plantings, and 
at the same time maintain the stand in a better silvicultural and ecological 
condition. Planting is suggested as an important tool for regulating these 
behaviours. The limiting stage of the system was at the seedling pool stage 
and not at the seed-bank stage. This is seen by the increased levels of harvest 
obtained when plantings are carried out. In terms of the strategies themselves, 
more large trees are harvested from the IxNMBA strategy than the 2xNMBA 
one This, combined with the small difference in annual volume yields, make
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the IxNMBA strategy preferable.

6.2.4. Harvesting trees of both species groups without planting

6.2.4.1. Outputs

The outputs for these strategies are presented in Fig. 6.6 A-P.
For these strategies, there is a reversion of the stand to an earlier 

successional stage compared with the felling of trees of the PSG alone. All of 
the trajectories of the variables presented in graphs A-H show this feature. The 
growing space trajectories have increased and the leaf area and basal area 
trajectories have decreased. The trees in the total population have increased 

due to larger number of trees in the smaller size classes caused by regrowth in 
the extensive gaps created by fellings of trees of both species groups. In the 
case of the PSG variables for the ZxNMBA strategy, there are more variations in 
the general shapes of the trajectories than when only PSG trees were 
harvested. The reasons for this variation have already been pointed out in 
§6.2.2.1. For these strategies, as in the previous ones, the availability of seeds 
was not limiting to the rates of natural regeneration.
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Figure 6.6 A-P. Outputs comparing version III of the model (——} with two 

management strategies ( — = felling IxNMBA; -- = felling 2xNMBA) for both 

species groups on a 10-year basis (1 iteration = 5 years).
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Figure 6.6 cont'd.
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The ranges of basal areas (Table 6.3) indicate that the natural mortality 

rates are now lower for the PSG than when only PSG trees were harvested. 

This is supported by the lower number of PSG trees harvested for both 

strategies when compared to those in Table 6.1. Further, the minimum dbh 

class for the PSG is smaller for the 2xNMBA strategy than for the same 

strategy when PSG trees were felled alone. For this strategy, the stand has 

therefore deteriorated more than when PSG trees were harvested alone. The 

annual yields for the PSG are lower for both strategies as well, supporting the 

above observations. However, the annual yields for the total stand are higher 

than those when trees of one species group were harvested. In this respect, 

the strategies in the present investigation are better but there is too much 

ecological deterioration for the ZxNMBA strategy. For the IxNMBA strategy, the
*

stand is not so retarded as in the ZxNMBA strategy, and 144% more PSG trees

>60 cm dbh are harvested over the 2xNMBA strategy. Thus, the IxNMBA 

strategy is preferable over the ZxNMBA strategy for both species groups. Apart 

from this, harvesting of both species groups may be preferable to harvestings 

of only one species group, since there is a wider range of species produced for 

a changing market.
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Table 6.3. Summary of yields obtained over 200 years for the two 

intensities of harvesting both species groups without planting
t

on a 10-year cycle.

Yield parameters IxNMBA 

PSG SSG

2xNMBA 

PSG SSG

Minimum dbh class (cm) 40-60 20-30 0-20 20-30

Total no of trees (trees ha" 1 ) 444.0 210.0 1215.5 583.5

PSG trees >_ 60 cm dbh 99.0 40.5

SSG trees >_ 30 cm dbh 201.0 377.5

Range of basal area (m2 ) 4.9-9.7 1.0-1.3 2.8-14.7 1.2-4.1

Basal area (m2 ha" 1 ) 107.4 24.1 115.7 61.0

Annual basal area (m2 ha" 1 yr~ 1 ) 0.54 0.12 0.58 0.31

Volume (m3 ha" 1 ) 2115.8 411.3 1970.4 1036.7

Annual volume (m3 ha" 1 yr~ 1 ) 10.58 2.06 9.85 5.18

Total basal area (m2 ) 131.5

Annual basal area (m2 ha~ 1 yr -1 ) 0.66

Total volume (m3 ha" 1 ) 2527.1

Annual volume (m3 ha" 1 yr" 1 ) 12.64

176.7

0.88

3007.1

15.04

The reverse-J curves of the species groups and the total population at 

iterations 6, 25 and 45 (graphs 0 and P) are similar to those for fellings of PSG 

trees alone (graphs L and M in Fig. 6.2). However, in the present distributions, 

the PSG curves are lower with respect to version III than those in Fig. 6.2, and 

the present curves of the SSG are higher with respect to version III than in Fig. 

6.2. The difference of the curves from version III are the same as pointed out in 

§6.2.2.1. However, the creation of more gaps, caused by felling trees of both 

species groups, favours the establishment and growth of trees of the SSG, 

hence the higher positions of this species group's curves with respect to 

version III than in Fig. 6.2. For the total population, from iteration 6 to 45, the 

greater number of trees in the smaller size classes due to more gaps, cause a 

greater shift of the harvesting curves from left to right of version III curves,

than in Fig. 6.2.
The greater ecological reversion caused by harvesting trees of both
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species groups than harvesting PSG trees alone is illustrated by the diameter 
distributions in Fig. 6.7. The intercepts of the SSG management distributions 

are greater than version III, and their slopes are smaller as well, indicating a 
less rapid fall in numbers of trees across size classes. Comparison with Fig. 6.3 

shows that the slopes of the PSG management distributions in Fig. 6.7 are 
similar, but the intercepts are smaller, indicating a reduction of population size 
of this species group. This further demonstrates the greater ecological 
reversion caused by harvesting trees of both species groups. The change in 
distributions is greater for the 2xNMBA strategy than the IxNMBA strategy 
illustrating the greater ecological reversion caused by a higher level of 
harvesting.

Figure 6.7. Comparison of the diameter distributions of the 

species groups at iteration 45, using values of 'a 1 and 

'k' obtained from the logarithmic form of the negative 

exponential model (Eq. 2.3) (o = version III;; D = 

IxNMBA; A = 2xNMBA; P = PSG; S = SSG).
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6.2.4.2. Conclusion

For the strategies involving harvesting trees of both species groups, 
the stand reverts to an earlier successional stage than when only PSG trees 

were harvested. Also, there is no limitation to natural regeneration from the 
seed source. The 2xNMBA strategy resulted in the most ecological deterioration 

of the stand, forcing trees of the smallest diameter size class to be harvested
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for the PSG. This is unsound silviculturally. In comparison, for the IxNMBA 
strategy, the stand maintained a better ecological structure, and more large 
trees were harvested. The yields of both strategies are comparatively higher 
than only when PSG trees were harvested. The higher yields of large trees 
combined with the better ecological structure, make the IxNMBA strategy 
preferable to the 2xNMBA strategy.

6.2.5. Harvesting trees of both species groups with planting 

6.2.5.1. Outputs

The outputs for these strategies are presented in Fig. 6.8 A-P.
Comparing graphs A-H with those in Fig. 6.4 when harvesting and 

planting were done for the PSG alone, there is an earlier stage of succession 
than in Fig. 6.4. Further, the 2xNMBA strategy causes more of a reversion than 
the IxNMBA strategy. However, for both of these strategies, there is more 
occupancy of the site than in Fig. 6.4. This is shown by the lower trajectories 
of the growing space and the higher trajectories of the total basal area and the 
total populations of trees. These responses are due to the higher trajectories of 
the leaf areas and basal areas of the SSG, which imply increases in the 
population sizes of this species group over those for Fig. 6.4. The trajectories 
of the leaf areas and basal areas of the PSG are lower than those in Fig. 6.4, 
which mean smaller population sizes of this species group. This overall 
behaviour arises from the increased extent of gaps created when trees of both 
species groups are harvested and the plantings of seedlings of both species 

groups.
In comparison to harvesting both species groups without planting (Fig. 

6.6), the stage of succession is earlier than in the present outputs. This is 
attributed to the plantings in the present strategies which increase the rate of 
recovery of the stand between fellings. Also, even-aged groups of trees are not 
produced by plantings, or is the seed-bank size limiting to the rates of natural 

regeneration.
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Figure 6.8 A-P. Outputs comparing version III of the model (——) with two 
management strategies ( --- = felling IxNMBA; -- = felling 2xNMBA) for both 
species groups with plantings on a 10-year basis (1 iteration = 5 years).
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Figure 6.8 cont'd.
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Figure 6.8 cont'd.
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Comparing the yields obtained for the PSG for both strategies (Table 

6.4) to those for harvestings and plantings of the PSG alone (Table 6.2), the 

yields are lower in Table 6.4. However, the yields for the whole stand for both 

strategies are greater than those in Table 6.2, and are towards the upper end 

of the range for the selection system of management of NTRF (5-25 m 3 ha~ 1 ). 

Thus, harvestings and plantings of both species groups appear to be a better 

strategy in terms of yield. However, further assessments with regard to 

economic returns may have to be considered, especially cost of planting. 

Comparing the strategies, 98% more PSG trees >60 cm dbh are harvested with 

the IxINMBA strategy than with the 2xNMBA strategy (graph M). However, the 

annual yields are greater in the case of the 2xNMBA strategy (36% higher in 

the case of annual total basal area, and 25% greater in the case of the annual 

total volume yields). Although the 2xNMBA strategy appears to be better in 

terms of yield, the IxNMBA strategy is preferable considering the quality of 

trees harvested.
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Table 6.4. Summary of yields obtained over 200 years for the two 

intensities of harvesting both species groups with planting on 
a 10-year cycle.

Yield parameters IxNMBA 

PSG SSG

2xNMBA 

PSG SSG

Minimum dbh class (cm) 40-60 20-30 

Total no of trees (trees ha~ 1 ) 605.5 414.0 

PSG trees >_ 60 cm dbh 156.5 

SSG trees >_ 30 cm dbh 160.0 

Range of basal area (m2 ) 6.7-7.5 1.2-1.6 

Basal area (m2 ha" 1 ) 153.7 28.9 

Annual basal area (m2 ha" 1 yr" 1 ) 0.77 0.14 

Volume (m3 ha" 1 ) 3058.3 440.6 

Annual volume (m 3 ha~ 1 yr" 1 ) 15.29 2.20

20-40 10-20 

2050.0 825.0 

79.0

239.0

.8-14.8 1.4-4.4

220.6 56.7

1.10 0.28

3766.1 880.4

18.83 4.40

Total basal area (m2 ) 182.6

Annual basal area (m2 ha" 1 yr" 1 ) 0.91

Total volume (m3 ha" 1 ) 3498.9

Annual volume (m3 ha" 1 yr" 1 ) 17.49

277.3

1.39

4646.5

23.23

The reverse-J curves of the species groups (graph 0) show the 

effects of plantings on the smaller size classes of both species groups whose 

curves are more to the right of those in version III. These responses are 

greater than in graph L in Fig. 6.4 for harvestings and plantings of the PSG 

alone. The reverse-J curves of the total populations (graph P) illustrate this 

feature as well. From iteration 6 to 45, there is a greater shift of the harvesting 

curves to the right of version III curves than those in graph M in Fig. 6.4.

The effects of plantings are also evident in Fig. 6.9 when compared to 

Fig. 6.7. In Fig. 6.9, both the slopes and intercepts are greater for the SSG 

management distributions, while only the intercepts are greater for the PSG 

management distributions. This is due to the increased rates of recovery of the 

stand when plantings are made. The greater slope and intercept of the SSG for 

the 2xNMBA than the IxNMBA strategy in Fig. 6.9 are due to less shading in the 

former resulting from a smaller population of trees.
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Figure 6.9. Comparison of the diameter distributions of the 
species groups at iteration 45, using values of 'a' and 
'k' obtained from the logarithmic form of the negative 
exponential model (Eq. 2.3), (° = version III; 0 = 
IxNMBA; 4 = 2XNMBA; P = PSG; S = SSG).
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6.2.5.2. Conclusion

Harvestings and plantings of both species groups cause more 
ecological reversion of the stand, although greater yields are obtained than 
with harvestings and plantings of one species group alone. The ecological 
reversion is not detrimental to stand recovery and because of the greater 
yields the harvesting and planting of both species groups is preferable. This 
also accommodates the changing demands in the market for trees of both 
species groups. In terms of the two strategies investigated, the IxNMBA 
strategy, despite giving lower yields than the 2xNMBA one, offers more large 
trees for harvesting, and is therefore preferable. Finally, the availability of seeds 
was not limiting to the rates of natural regeneration.

6.3. INVESTIGATING A 20-YEAR CYCLE OF ACTIVITIES
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6.3.1. Introduction

For this section, the above series of investigations was repeated with 

a 20-year (4-iteration) cycle of operations. The levels of harvesting were the 

same as described in §6.1, i. e. 2xNMBA and IxIMMBA, while plantings were 

maintained at 1000 seedlings per hectare for each species group. However, the 

responses exhibited by the system were similar to those above. The only 

differences were in terms of successional reversions or development, recovery 

of the stand between fellings, greater amplitude of the oscillations, and 

harvests. Because of the similarity, only the first of the above series of 

investigations is presented on a 20-year cycle (§6.3.2), but in §6.3.3 all of the 

results of the other investigations not presented are summarized and 
discussed.

6.3.2. Harvesting primary species trees without planting 

6.3.2.1. Outputs

The outputs for this strategy are presented irf Fig. 6.10 A-M.

In comparison to the corresponding outputs on a 10-year cycle (Fig. 

6.2), the stand reverts to an earlier stage of succession than version III, but not 

as early as that in Fig. 6.2. However, the latter difference is not so ]reat. The 

increased periods for recovery between fellings and the lower frequency of 

fellings in this strategy cause the stand to recover more than on a 10-year 

cycle of fellings. As in the case of the 10-year cycle, there are similar 

responses of the species groups to the activities in the 20-year cycle. For the 

2xNMBA strategy, the extent of gaps is greater than for the IxNMBA strategy, 

and this causes the leaf area of the PSG (graph B) to be lower and the leaf 

area of the SSG (graph C) to be greater than the respective variables of the 

IxNMBA strategy. This results in a lower basal area of the PSG (graph E) and a 

greater basal area of the SSG for the 2xNMBA strategy over those of the 

IxNMBA one.
Since the frequency of harvestings is half that of the 10-year cycle, 

this permits more trees to attain reproductive status. This in turn should 

increase the densities of seeds in the seed-bank, more than on the 10-year 

cycle. At iteration 45 for the 2xNMBA strategy, the densities are 0.7 seeds m~ 2 

for the PSG and 24.2 seeds nrT2 for the SSG. The PSG density has increased 

over that for the corresponding strategy on the 10-year cycle (0.5 seeds m~2)

351



supporting the above expectation. However, the SSG seed density has declined 

with respect to that on the 10-year cycle (31.9 seeds m"2). This because gaps 

have longer periods of recovery between fellings which results in a smaller 

SSG population on the 20-year cycle. There is a similar trend for the IxNMBA 

strategy. Thus, for the 20-year cycle, seed availabilty is of less importance to 

the rates of natural regeneration than on the 10-year cycle.
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Figure 6.10 A-M. Outputs comparing version III of the model (——) with two 

management strategies ( — = felling IxNMBA; — felling 2xNMBA) for the PSG 

on a 20-year basis (1 iteration = 5 years).

'o °- 9
•^ 0.8 
O 

-C 0.7

CJ 0 co
Q_

0? 0.3
C 
•- 0.2

j? 0. '

0 o.o
14.0 

."7 12.0'o 
•*- 10.0 
o
£ 8.0

O 
0) 6.0 
L 
O

O
® 2.0

0.0 
( 

60.0

^ 50.0 
-C 

Me 40.0

0 30.0 
Q)

° 20.0 

0
8 10.0 

on
0.0 

60.0

O 

™£ 40.0

O 30.0 

L 
° 20.0

O 
8 '0.0 

QQ

0.0 
L

• —— i —— i —— i —— i —— i —— i —— i —— r - 
- ifl) Growing spoce

_ P\ .
! i /> ,, % ;> \ * -i * -x "" 

- 1 \l\ J> A '\ ,!l ! \ ! \ 'I J\ •"' -

J ! 1 ! 1 t I 1 1

'o 
x
o 

o
Q> 
U 
O

0
0)

) 10 20 30 40 50

(C) Secondary species - 
! eaP area

,^\ ff, — ^ ^

i ' i t i i ; ! i

'o 

o

o
Q) 
C 
0

0
0}

) 10 20 30 40 50
. ! i 1 1 I i !

tE) Primary species - 
- baso 1 area

" l,'V\/'i A/1 /\/\/> 'V\/-

- l/VV'l^/i/'/l/l/l/V'

: i ] • l l ! :

'o 

"e

0 
0)

o

o 
o

CD

10 20 30 40 50
i —— i —— ; —— i —— • • r •; ; 

lG) To fa! population -
"• baso ! area

" \>'''*/'\fi<f{ti'fi>'kfi'fifi /' 1
- \ l \ / •> l/ \l \/ l; V {j ^J I/ ~

•J

• l --i ——— ! ——— 1 ——— ' ——— ' ——— ' ——— ' ———

Frequency (l"rees ho"')

10 20 30 40 50

I feral- j ons

1 1. V

12.0 

10.0 

8.0 

6.0 

4.0 

2.0

0.0 

14.0

12.0 

10.0 

8.0 

6.0 

4.0 

2.0

0.0 

60.0

50.0 

40.0 

30.0 

20.0 

10.0

0.0 

1500

1200 

900 

600 

300 

0

; i r -- T —-r——, —— , —— ; —— j —— 
iB) Primary species - 
leaf area

V „ " t

i i : i i
) 10 20

/ i/ \/ l/ V

' 1 ! I

30 40 5C

iD) Tot"al population - 
1 eoP area

III!!

) 10 20
1 t : < !
tF) Secondary 

- basa! area

^'^'^-^

v J V V I/

' i i :
30 40 5(

J ! i I

species -

.

; i l ! i '. l i i -
) 10 20 30 40 5(

1 , ! i T~ 1 f I 1

_ (H) To^al populohion - 
frequency oP frees

— 'i

- v/ V* \f \'i >" ^'/ - 1; ; l V l/ v

i i i r j
) 10 20 

Il-eral" i

* ~\'/V (// x// V''"

.1 .1 1 1
30 40 5

ons

353



Figure

140.0

120.0 

100.0'o

-£ 80.0

"Q; 60.0

"*" 40.0

20.0

0.0

1000

900 

ra 800

x 700

O 600
CD
(_ 500

— 400

3? 300

.* 200

*" 100

0

6.10 cont'd.
— •; —— : —— < —— ; —— i —— ; —— i —— i —— i —— 

(1 J Tw i ce b. a. 
^ Pr mary species Frees 
^ Pr mary spec es b.a.

_ ~ - —i - - -
-

-

r
if v 7> \ 4 Y/ 4 4 4 \4 4 4

) 10 20 30 40 5<

I ^e^a^ i ons
-,

iK) Pr mary species 
_ 2x b.a. x b.o.
-

_

k -
-
-
-

_, , .fcL.;
10 30 50 70 901 '0 1030507090110

DBH (cm) DBH (cm)

140.0

120.0

100.0

(J) Same b.a. 
Q Primary species F'rees 

. Q Primary species b.o.

80.0 - 

60.0 •- 

40.0 - 

20.0 

0.0 aotiapaag.aao'
10 20 30

I ^•era^ i ons
40 so

O_c
CO 
0) 
0)

a_c

500

450

400

350

300

250

200

150

100

50

0

750 r

_ (L) Primary (P) and secondary (S) species reverse-J 
s!"ruct"ures at" i^eraMons:

6 25 45
P P

20 40 60 80 100 120 20 40 60 80 100 120 20 40 60 80 100 120

600 -

450 -

I'M) Tohal populaMon reverse-J structures of i^eraMons: 
6 25 4 5

J_L
0 20 40 60 80 100 120

DBH (cm)
20 40 6C 80 100 120 

DBH (cm)

20 40 60 80 100 120 

DBH (cm)

354



The annual yields obtained for the two strategies (Table 6.5) show that 

they are lower than those on a 10-year cycle despite the minimum sizes of 

trees felled being the same (Table 6.1). Comparing the harvests of PSG trees 

>60 cm dbh, 21% more are harvested with the 20-year cycle 2xl\IMBA strategy 

over the same strategy on a 10-year cycle, and 7% less trees for the 20-year 

IxIMMBA strategy over the same strategy on a 10-year cycle. In terms of the 

two strategies in this investigation, the IxNMBA strategy is better than the 

2xNMBA strategy. Ecologically, their stages of succession are similar, but 53% 

more PSG trees ^60 cm dbh are harvested with the IxNMBA (graph K). It thus 

appears that in both cycles, the IxNMBA is better than the 2xNMBA strategy, 

and the 10-year IxNMBA strategy is better than that on a 20-year cycle. 

However, as mentioned previously, this is subject to economic considerations.

Table 6.5. Summary of yields obtained over 200 years for the two 

intensities of harvesting PSG without planting on a ZO-year 

cycle.

Yield parameters

Minimum dbh class (cm)

Total no of trees (trees ha" 1 )

Trees > 60 cm dbh

Range of basal area (m2 )

Total basal area (m2 ha" 1 )

Annual basal area (m2 ha" 1 yr" 1 )

Total volume (m3 ha" 1 )

Annual volume (m3 ha" 1 yr" 1 )

IxNMBA 

PSG

40-60

245.6

108.6

6.6-7.3

74.1

0.37

1525.1

7.63

2 xNMBA 

PSG

20-40

854.1

71.1

9.8-14.4

118.4

0.59

2156.9

10.78

The reverse-J curves of the species groups (graph L) and the total 

population (graph M) are very similar to those in Fig. 6.2 for the 10-year cycle. 

The slight variations are due to the smaller effects of falling-tree mortality 

caused by the reduced frequency of fellings, and the longer periods for 

recovery between fellings in the 20-year cycle.

The 20-year cycle results in less ecological reversion of the stand 

than on the 10-year cycle for the same management strategy. This is
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illustrated in Fig. 6.11 when compared to Fig. 6.3 for the same strategies. The 
SSG management distributions in Fig. 6.11 are closer to the SSG distribution 
for version III than in Fig. 6.3, although there are similar directional changes 
from version III (i. e. less change for the slopes and intercepts in Fig. 6.11). The 
PSG management distributions in Fig. 6.11 have lower slopes and greater 
intercepts than those in Fig. 6.3, with a greater change for the 2xNMBA 
strategy. These trends support the above observation of less ecological 
reversion for the 20-year than the 10-year cycle.

Figure 6.11. Comparison of the diameter distributions of the 
species groups at iteration 45, using values of 'a' and 
'k 1 obtained from the logarithmic form of the negative 
exponential model (Eq. 2.3) (o = version III; D = 
IxNMBA; A = 2xNMBA; P = PSG; S = SSG).
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6.3.2.2. Conclusion

The 20-year cycle of activities causes less reversion of the stand to 
an early successional stage than on a 10-year cycle, but the difference is not 
great. This behaviour is attributed to the lower frequency of fellings and the 
longer periods of the stand to recover between fellings on the 20-year cycle. 
The yields are nevertheless lower for the 20-year cycle, and this together with 
the small difference in ecological structures make the 10-year cycle of 
activities preferable. The reduced frequency of harvestings causes an increase 
in the density of seeds of the PSG over that on the 10-year cycle. The reduced
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extent of gaps on the 20-year cycle causes a decline in the number of SSG 
seed trees and this in turn lowers the density of SSG seeds. Availability of 
seeds on the 20-year cycle is of less importance to the rates of natural 
regeneration than on the 10-year.

6.4. SUMMARY OF YIELDS

An example of a yield table obtained from the model for the 2xNMBA 
strategy on a 20-year cycle of harvestings and plantings of both species 
groups is shown in Appendix 4. Details are given at each iteration at which 
fellings and plantings are made for each species group. These include the 
number of trees felled in each size class, the total number of trees felled and 
the basal area for a group, as well as the total number of trees felled and the 
total basal area removed for the whole population. Plantings are given as the 
number of seedlings planted for a species group, and the total for the 
population. The model also gives the cumulative values for these variables up 
to the iteration that a strategy is applied.

A summary of the yields obtained from the investigations presented 
above, as well as the others that were repeated on a 20-year cycle but not 
presented, are shown in Fig. 6.12. The main trends are listed below, but they 
should not be interpreted in isolation because the nature of the effects of 
management on the stand structure is the most important of all considerations.

- the 10-year cycle of activities generally gives larger yields 
than the 20-year cycle.

- the IxIMMBA strategy gives a better quality of yields for the 
more desired species group (more large PSG trees), although 
as expected the 2xNMBA strategy gives greater total yields.

- strategies with plantings give more yields than those without.
- strategies involving harvesting trees of both species groups 

give better yields than harvesting PSG trees alone, although 
economic factors must be taken into consideration.
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6.5. CONCLUSION

For the two sets of activities investigated (fellings and plantings), 

fellings alone always produced structures with an earlier stage of succession 

than when fellings are accompanied with plantings. Planting appears to be an 

essential tool for regulating the successional stage of the stand because it 

enhances the recovery of the stand, more so when the periods between 

fellings are longer. The effects of plantings, also demonstrated, in so far as the 

model can, that the limiting stage of stand development when harvestings are 

carried out, is the seedling pool and not the seed-bank as presented in the 

literature. Further, from the response of the model, plantings do not produce 

groups of even-aged trees as suggested in the literature. The yields obtained 

when plantings are carried out are much greater than without plantings and 

this is especially seen when only PSG trees are harvested. The yields have 

increased by over 50% for trees >60 cm dbh in most cases. On these bases, a 

strategy with plantings appear to be superior to one without.

Of the strategies involving fellings of the PSG and fellings of both 

species groups (with or without plantings), the successional stage produced by 

fellings of the PSG alone is generally later than fellings of both species groups. 

However, the yields are greater in the case of fellings of both species groups, 

although the yields of the PSG, when it is felled alone, is greater than when it 

is felled with the SSG. Because of the greater overall yields and the wider 

range of species produced for the market, the fellings of both species groups 

are preferred. Further, the earlier successional stage appears not to be a 

problem, since it may be controlled by plantings.

Of the two cycles investigated, the 10-year cycle always produced 

structures with an earlier stage of succession than the 20-year cycle. However, 

these differences are much reduced when plantings are carried out. The annual 

yields are greater in the case of the 10-year cycle than the 20-year, however, 

more PSG trees of large sizes are obtained in the 20-year cycle. Despite the

latter advantage and the later successional stage, the 20-year cycle is not
r 

recommended because the stuctures produced indicate that more trees can be

harvested. A strategy involving a greater frequency of fellings is therefore 

better on the basis of model outputs. Thus, the 10-year cycle with harvestings 

and plantings of both species groups is recommended.

With respect to the intensities of fellings, the IxNMBA intensity is 

preferable to the 2xNMBA intensity. The overall yields are greater in the 

2xNMBA strategy, but more large trees are obtained from the IxNMBA strategy.
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The stand is also ecologically better with the IxIMMBA strategy than with the 
2xlMMBA strategy.

All in all, the IxNMBA fellings with plantings on a 10-year cycle is 
recommended with regards to the strategies investigated in this chapter.
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CHAPTER 7 

GENERAL DISCUSSION

The objectives of this research were to develop a model for predicting 

the structural composition of natural tropical rain forests (NTRF), and to 

formulate yield tables for a selection system of management. Associated with 

these objectives were a number of requirements of the model. These included 

a relevant level of the relationships used in model construction; dynamism and 

interactive capacity to reflect the variability of species groups and site 

conditions, and to permit rapid testing of alternative management strategies; 

and finally portability and low computing time. This discussion examines the 

extent to which these objectives and requirements have been met. The 

conclusions regarding the investigations have already been presented in the 

relevant sections and will not be repeated here. This also applies to the 

investigations with the time of passage approach which were discussed in 

chapter 3.

7.1. DISCUSSION OF THE SYNTHESIS OF THE MODEL

For the structural composition of the system, the stand was used as 

the primary unit for the model, and the level of investigation was the 

population level. However, the ecological species diversity of the system 

precluded the use of the population of all species as the main level, rather, the 

two main ecological species groups (the primary species group - PSG, and the 

secondary species group - SSG) were treated individually and competitively. 

This approach is less detailed than individual species models (Newnham, 1964; 

Mitchell, 1969; Botkin et al, 1972; Ek and Monserud, 1974) which use 

physiological relationships as the main level of investigation. Such models 

require a larger number of relationships, and in many cases, there are more 

restrictions caused by the lack of physiological relationships required for 

modelling purposes. In the present model, the number of relationships are few 

and, although not measured before for the NTRF, can be obtained relatively 

easily in comparison to physiological relationships.

To obtain details of the structures of the two main species groups, the 

populations of these groups were subdivided into life stages and size classes. 

Diameter size classes were used for the size frequencies of the trees in the 

populations. This is one convention used by foresters, and in the case of the 

NTRF, there is little support for the choice of any other convention. However,
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this measure was insufficient from the point of view of the dynamics of the 
system, and three other life stages were introduced - the seed-rain, seed-bank 
and seedling pool. The incorporation of these stages constitutes an advance 
over the methods of modelling the IMTRF community (Hartshorn, 1972; 
Wadsworth, 1977).

The matrix model was chosen as the most suitable method to 
represent the structure of the stand as presented above. This type of model 
uses stages of a population for its construction, and associated with each 
stage are rates for the processes occurring in that stage. Because of this, 
relationships of the processes at each stage had to be established. The 
processes included growth and mortality for each diameter class, the seedling 
pool and the seed-bank. The seed-rain encompasses a number of 
relationships which were generalized to one - the net production of viable 
seeds by a square metre of leaf area by a reproductive tree. All of these 
processes applied to both species groups. Growth and mortality were set up 
as density-dependent relationships with LAI, from which an index of 
competition and density was derived - growing space. The latter was obtained 
from the competitive effects of the leaf area distributions of the trees of each 
species group at various heights of the stand for each diameter class. The 
seed-rain process and mortality in the seed-bank were independent of the 
above relationship. The relationships are thus few and simple.

The growth and mortality processes are also affected by gap-phase 
processes. The latter were modelled, not as in typical gap models in which a 
cohort of stems are followed in specific gaps (Lin, 1970; Botkin et al, 1072; 
Mitchell, 1975), but as population processes. In this respect, this approach is 
different, requiring a smaller number of relationships and is less complex. 
Apart from this, there has been only one study of any importance of gap 
recovery in the tropics (Brokaw, 1985), and this, if it were to be used, would 
impose a heavy load on computing time because each gap would have to be 
followed through time to simulate its recovery as pointed out in §4.2.5.3.

The above relationships reflect one level of variability in the 
populations, although not as fully as a completely stochastic model (Dress, 
1970; Arney, 1972; Goulding, 1972). For each species group, there are variations 
between growth and mortality for the different life stages and size classes. 
The relationships for each stage are deterministic because at a particular value 
of growing space, there are constant values for the processes for that stage. 
However, this is a restriction only for one site with its own set of relationships.
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For other sites, these relationships would vary, introducing another level of 

variability. The provision of facilities to change the parameter values of any 

relationship, as well as facilities to change the type of relationships, ensure 

that such variation can be reflected for any site.

Having set up a set of relationships for a stand at any site, the model 

can be used to predict the structural composition of the stand and to 

investigate various management strategies. The activities with regards to 

management are carried out during run time. At each iteration, the user can 

simulate desired fellings or plantings. The harvests and plantings can be stored 

in a yield table, and displayed graphically. Thus, the model can serve as a 

useful management tool.

The above set of activities, either setting up the relationships or 

investigating management, are possible because of the highly interactive nature 

of the model. A series of menus enable the model to be set up and parameter 

values or types of functions to be changed, while prompts are made during run 

time to enable fellings and plantings. Some relationships are global to the 

model for a site and are not interactively changeable. This in no way restricts 

the operation of the model, since such relationships would have to be set up 

for any site in the first case.

The model has not been investigated with regards to portability for 

micro-computers because it was entirely developed on a mainframe computer, 

and time constraints did not permit an attempt at transferal to a 

micro-computer. The total size of the model is 148K: however, it accesses 

graphical and other subroutines from 'Presto', and this inhibits the portability of 

the model unless these subroutines are developed for the model specifically. 

This is one possible future extension of the model.

The computing time for selecting the relevant input functions and 

running the model for 100 iterations with summarized outputs is 12 CPU. This 

run time varies for detailed outputs and management activities, but even so, it 

is still small.
Overall, the modelling effort has realized almost all of the aims on the 

part of the construction of the model. The main deficiency lies in portability. 

However, it is possible that the model could be mounted on a micro-computer 

in the future.
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7.2. SIMULATIONS OF THE MODEL

This section examines the performance of the model with respect to 
predictions of the structural composition of a stand of IMTRF. The approach 
used to investigate this aspect of the model was developmental, so this 
discussion will maintain the same sequence as in Chapter 5.

7.2.1. Performance of version I of the model

The investigations with version I of the model were centred on 
evaluating the outputs with respect to various combinations of relationships of 
the processes, excepting gap-phase processes, to determine the most suited 
relationships that were representative of the processes. The parameter values 
of the relationships used for a process were as equivalent as possible so that 
comparisons of the outputs can be made on the same criteria.

Of the combinations of relationships tested for the processes, all 
showed agreement with the theories of succession presented for the IMTRF, 
although the trajectories of some state variables, e. g. leaf area and basal area, 
showed some differences over stand development from the postulated trends 
for these variables. These differences arose either because of the 
'non-biological' nature of the relationships (i. e. functions 2-4) or because the 
parameter values for the relationships were not that precise. The latter reason 
for the differences cannot be verified unless relevant field measurements are 
carried out. However, the 'non-biological' nature of the relationships could 
have been investigated further. This would have involved using the parallel 
approach outlined in §5.1, which involves using the same type of function for 
all processes, e. g. function 2 for all processes.

Examining this approach, if function 2 (Y = a) was chosen for all 
processes, this implies that all rates are constant and independent of stand leaf 
area and growing space. This would be equivalent to the traditional matrix 
models in which the elements of the matrix are unchanged over stand 
development. The evidence for these elements being dynamic, as functions of 
stand density and competition, were presented in detail in §2.5. Such a 
scheme must be verified for all stages of stand development before it can be 
used, but within the framework presented in §2.4, this scheme must be 

discounted.
With function 3 (Y = aX) for all processes, stability of the system can 

be attained, but it would be static rather than dynamic. At a growing space of 
0, there would be neither growth nor mortality. This is also unrealistic and
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must be discounted.

For function 4 (Y = a + bX) for all processes, the rates of the 
processes are dependent on the leaf area of the stand, and dynamic equilibrium 

can be attained. However, stand development would not be sharply defined 

with respect to the relative differences between the two species groups. This 
was seen to some extent in §5.3.1 when function 4 was used for growth and 
mortality of trees and for mortality of seedlings. The trajectories of all variables 

of the SSG were the highest for function 4. The same effects were apparent in 

Fig. 5.9 (graph D) for growth of seedlings, and Fig. 5.13 (graph B) for 
germination of seeds for this species group. The higher trajectories of the SSG 
imply less difference over stand development between the two species groups, 

and are due to the lack of difference in shapes between the relationships used 
to represent the processes for function 4.

The conceptual modifications introduced into the matrix approach do 

not produce -any irrational behaviour of the system. The density-dependent 

evaluation of the elements of the matrices, using relationships describing the

ecological behaviour of the species groups, with respect to growing space,
+he *he

produced outputs in agreement with population dynamics of A system. The
subdivision of the recruitment process into seed-rain, seed-bank and seedling 

pool processes, is a more realistic representation of the system. The 

interactions of these stages and the population of trees over stand 
development can now be used as a means of control of the system, as seen in 

the case of the seedling pool, which was used later (in Chapter 6) for 

management purposes.
The investigations carried out to identify the best function for a 

process did not reveal sharply defined qualitative differences in the response of 
the model to the choice of function for a process. This was disappointing with 

respect to the modifications presented for the density-dependent evaluation of 

the values of the matrices for the processes. Nevertheless, such experiments 

had to be done and reported to portray the performance of these functions. 

The lack of clear-cut differences between the outputs for the functions of a 

process may be due to the uncalibrated values of model inputs, and/or to the 

nature of the density-dependent relationships used for the processes of the 

species groups. It is evident that real data is the best way to validate the 

model's behaviour, but this must await the collection of relevant data. On the 

other hand, it may be that the postulated trends for the processes of each 

species group were not realistic enough. For example, the asymptotes defining
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the decline of growth of the SSG and the dominance of the PSG in the growth 

curves should have been further apart with respect to growing space, or of 

different magnitudes than those postulated: the latter apply to their values 

towards zero growing space as well. In this way, the functions approximating 

to the postulated trends would probably bring out more clear-cut differences.

A discussion of the quantitative aspects of the outputs of. this version 

of the model is not appropriate, since the key processes were not represented 

in this version.

7.2.2. Performance of version II of the model

There were four aspects of the investigations with version II of the 

model. These were: first, to investigate the performance of the model using 

the most suited functions for the processes, except gap-phase processes; 

second, to test these relationships more rigorously; third, to derive the most 

suited relationships for the gap-phase processes; and finally, to investigate a 

discrete number of activities related to management.

The performance of version II of the model was indeed an 

improvement on version I, thus supporting the inclusion of the additional 

features of the model. The successional trends over stand development were 

much more in agreement with the postulated trends.

The second aspect reflected the consistencies in the conceptual 

synthesis of the model. Using the same relationships for the processes but 

different initial stand structures, the model produced trajectories of stand 

development relative to the successional status of the initial stand structures, 

with all trajectories terminating at the same end-points. At one site, the same 

relationships for the processes apply, and this produced the same type of 

climax community irrespective of the initial state of the stand. What differed 

were the pathways during stand development which depended on the extents 

of development exhibited by the initial stand structures. This behaviour 

supports the concept of the development of similar climax communities on the 

same types of sites in the absence of disturbance. This theory, however, is 

questionable when applied to the tropics (Ewel, 1980; Hartshorn, 1980) because 

of continual levels of disturbance. At this stage of model development, the 

question of disturbance is not considered, thus the above concept still applies. 

The question of disturbance will be considered in §7.3.

In the investigation involving increases in the growth rates of the SSG 

(§5.4.5), i- e. SSG trees growing over two diameter classes, the model predicted

366



similar end-points as above. However, the trajectories of the variables over 

stand development were different from those in version II because of more 

rapid growth of SSG trees and more rapid site occupancy. This is likened to 

variability in the population of SSG trees. In the previous investigation, there 

was no charge of variability in the trees of the stand structures, but in this 

investigation, there were trees with the ability of faster growth, hence the 

different pathways over stand development.

The sensitivity studies (§5.4.6) investigated variation in the ecological 

properties of the species groups. The variation can either be due to genetic 

differences or to site differences: the latter can be caused by the availability of 

soil nutrients or moisture. This is the reason that the input relationships must 

be derived for each type of site. The outputs for these investigations showed 

that both pathways and end-points were different from those in version II 

which used a different set of parameter values for the relationships. The 

situations where the stand attained levels above the carrying capacity of the 

site were due to increased growth rates or decreased mortality rates from 

version II. The carrying capacity of the site should not be exceeded. This is an 

artefact arising from the time-step used when running the model. In 

density-dependent growth of populations, smaller time-steps produce more 

intensive feed-back on population growth, and are thus more regulatory than 

with large time-steps. A time-step of one year should not produce the effect 

that the five year time-step produced.

Changing the time-step of the model (§5.4.4) demonstrated the 

importance of having measurements over relevant periods of time. A similar 

observation was brought out in §2.2 concerning the measurement of periodic 

mean annual increments. Unless a suitable number of measurements are 

carried out with reasonable accuracy, it is difficult to set up the input 

relationships on an annual basis. However, predictions of the model on an 

annual basis, using a data base derived from annual measurements, would be 

more precise than on a five year basis. The attempt to use a data base 

supposedly set up on a five year basis to predict the structure of the stand on 

an annual basis results in aberrant behaviour. There were differences in the 

trajectories of the variables of the two time-steps over stand development. 

Apart from this arising from the differences in time-steps between the 

prediction periods and the data base, another reason may be due to the better 

feed-back on the one year time-step than on the five-year time-step.

Investigations of the relationships for gap-phase processes (§5.5.2 and

367



§5.5.3) did not provide firm evidence for choosing one form of relationship 
over another. Empirical evidence supported the choice of only one relationship, 
i- e. the crown diameter - dbh relationship. The choice of the others were 
based on other criteria presented in the relevant sections. These relationships 
introduce two other sources of variation into the system. One is the relation of 
crown sizes, and ultimately gap sizes, to the dbh of trees of each species 
group. The other is the nature of regrowth in gaps and the effects of gap sizes 
on growth of released trees.

Introduction of gap-phase processes did not produce any erroneous 
behaviour of the model with regard to the scheme proposed for gap formation 
and regrowth. However, in the case of the linear functions used, some 
artefacts were produced by the model. In these cases, the parameter values for 

gap formation appear to be too large resulting in too large gaps being formed. 
This caused the stand to reach a growing space greater than 0.5 ha ha"\ 
around which the stand oscillated. The theory postulated of the gap-index 

approach at a population level appears to be consistent with the dynamics of 
the system. Only by testing the model with field data can this theory be 
corroborated or refuted. It should be remembered that this approach utilised all 
sizes and ages of gaps up to the point taken to represent full recovery, and 
establishment of seedlings was partitioned in newly formed gaps with respect 

to the ecological properties of the species groups. This is thus not a 
replacement model in which for a tree suffering mortality, a definite number of 
seedlings take its place. Further, gaps of different ages and sizes have different 
effects on the growth of suppressed trees, because the effects of the gaps are 
distributed differentially throughout all life stages and sizes affected in each 
population. Such a feature is generally absent from nonspatial models of this 

type (Clutter, 1963; Dress, 1970; Stephens and Waggoner, 1970a).
The final aspect of investigation with version II of the model involved 

the felling of trees and planting of seedlings at specific points in time to 
examine the precise responses of the model for these activities. The responses 
conformed with expectations for these activities. Natural mortality reduces the 

leaf area and increases the growing space of the stand. Fellings correspond to 
instantaneous mortality which produced sharply defined decreases in leaf area 
and increases in growing space. The intensity of fellings at a point in time 

determined the magnitude of the increase/decrease. The same apply to 
plantings but in the reverse sense. Plantings correspond to instantaneous 

growth which increased the leaf area and decreased the growing space. The

368



magnitude of these changes were dependent on the intensity of plantings. 
However, these responses cannot be verified unless such processes are studied 
within the framework provided in this research.

Quantitative responses of the model will be discussed in the next 
section.

7.2.3. Performance of version III of the model

The investigations with version III of the model involved testing the 
performance of the model with the most suited functions for all processes in 
the system, and examining how the performance varied with changes in the 
parameter values for gap-phase processes.

The outputs for version III of the model were the best of all versions 
of the model. There was no anomalous behaviour. The sensitivity investigations 
provided more insight into the dynamics of gap-phase processes, and 

conformed to expected behaviours with respect to the changes introduced.
The successional trends predicted by the model agree with the 

theories of succession that were used to derive the trends of the processes of 
a stand of IMTRF. However, it should be pointed out that this behaviour is linked 
to the choice of functions for the processes. In the case of the 'non-biological' 
functions (linear functions), the predicted successional trends did not agree as 
much with the postulated trends as did the predictions with the more 

biological functions (curvi-linear functions).
The theories of succession used were the competitive theory of Horn 

(1976) and relay floristics of Whitmore (1970). In Horn's (1976) theory, the 
individuals of the species groups competitively establish and maintain 
themselves in the community. Competition is for space, light 'or nutrients. In 
that of Whitmore (1970), one species alters the environment so that it is unable 
to dominate the community, and permits the establishment of another species, 
which then becomes the dominant one. It was pointed out in §2.3.1.1 that 

these theories are meant to be complimentary rather than opposing. In the 
case of Horn's (1976) theory, the SSG and the PSG are the species groups 

competing for space, while in the case of Whitmore's (1970) theory, the SSG is 
the first dominant species group which alters the environment permitting the 

establishment of the PSG. The maintenance of shaded conditions caused a 
decline in dominance of the SSG and an increased dominance of the PSG. The 

model so far predicted that these two species groups attained a definite 

equilibrium state. However, as noted above, this property is not applicable to
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the IMTRF with continual levels of disturbance. The nonequilibrium nature of 

model predictions would be considered in the next section where investigations 

with harvestings and plantings are discussed.

The predictions of this version of the model are within the range of 

values from the literature for most variables. However, the literature values 

refer to stands irrespective of species compositions and successional status in 

most cases. Thus comparison of the predicted values of the individual species 

groups to the literature values are not possible in all cases. The values of the 

total population can be compared to literature values but in most cases a 

subjective decision must be made with regards to the successional status of 

the stands that values of the literature refer to.

The model predicted 785 trees ha" 1 at stability. Most of the allometric 

relationships used in the model were obtained from research done on the 

relatively undisturbed forest at Pasoh Forest Reserve, Malaysia (Kato et al, 

1978). In 1970, there were 585 trees ha" 1 greater than 10 cm dbh in Plot 1 (no 

values for other plots were given). The predicted value is larger than this value 

but is inclusive of all sizes of trees. The number of trees smaller than 10 cm 

dbh is 200. This value is not large for such sizes of trees, so the prediction is 

quite reasonable. For pantropical stands, there are usually less trees per 

hectare than in dipterocarpaceae stands (FAO, 1958). Thus the predicted value 

should be greater than in Table 2.4 for pantropical stands. The model predicted 

270 trees ha" 1 greater than 20 cm dbh. This is larger than both estimates in 

Table 2.4, supporting this trend.
The value of a (slope) and k (intercept), obtained from the logarithmic 

transformation of the negative exponential model for diameter distributions (Eq. 

•2.3), are respectively 0.0576 and 1021.2 for the total population These values 

are acceptable considering the range of values that have been illustrated in Fig. 

2.29, although in this figure, the values were not derived from stand tables with 

the full range of sizes of trees. No useful comparisons can be made of the size 

class distributions of trees, or of the individual species compositions. From the 

prediction, there are 1.6 as many PSG trees at stability as there are SSG trees. 

This appears reasonable although there are no values from the literature for 

comparisons.
No values of basal areas were given for the plots at Pasoh, but if the 

trend is the same as above, then the prediction of basal area for trees greater 

than 20 cm dbh should be greater than those in Table 2.4 for pantropical 

stands. The predicted value is 28 m 2 ha~ 1 for trees greater than 20 cm dbh,
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which is intermediate between the values given in Table 2.4. It is not higher 

than Rollet's (1974) value because of fewer trees in the larger size classes. The 

model predicted 7 trees greater than 80 cm dbh while Rollet's (1974) value is 

11; Dawkins' (1958) value is 5. These are not major deficiencies in the 

performance of the model because they can be improved by changing the 

parameter values for the relationships used in the model for the larger size 

classes. With respect to the basal areas of the species groups, no literature 

values are available for comparisons. The model predicted that the basal area 

of the PSG is 4.1 times greater than that of the SSG at stability.

The total leaf area used in the model to control the density-dependent 

growth of the population is 10 ha ha" 1 . This value is intermediate between the 

two extremes of measured leaf area values in the IMTRF (5.5-12.3 ha ha" 1 in 

§2.5.1.3). The model predicted a leaf area of 7.6 ha ha" 1 which is higher than 

the values at Pasoh of 6.2 ha ha" 1 in plot 1 and 7.1 in plot 2 (Kato et a/, 1978). 

There were no measurements of gap sizes at Pasoh, the implications of which 

are important. From the model's prediction, 2.4 ha ha" 1 of the total leaf area is 

taken up by gaps of all ages and sizes (24% of the whole stand). The area 

associated with these gaps is 0.147 ha or 15% of the stand. The literature does 

not quote any values of leaf area occupied by gaps, but in terms of area of the 

stand, it is between 0.04 and 0.10 ha ha" 1 . The model's prediction is greater 

than this value but gaps of all ages are included rather than only newly formed 

gaps as in the literature value. For the species groups, the PSG had 3.2 times 

more leaf area than the SSG at stability. There are no values in the literature 

for comparisons.

The model predicted 0.07 PSG seedlings m"2 and 0.05 SSG seedlings 

m~2 at stability. Both of these values are lower than regrowth measurements 

after five years on cleared forest land in Africa (Swaine and Hall, 1983). This 

disagreement is due to the difference in stages of succession and possibly to 

the different types of communities. Liew and Wong (1973) obtained densities of 

0.01-0.53 seedlings m~ 2 for seven primary species in natural dipterocarp forest 

in Malaysia. The predicted value of the PSG is within this range. If this value is 

acceptable, then that of the SSG is also acceptable because there must be a 

conformity with studies of this aspect of the system. The environment at this 

level of the stand is favourable to seedlings of the PSG which should 

proliferate more than those of the SSG, hence the smaller density of the SSG.

For the seed-bank, the respective densities predicted at stability were 

2.0 seeds m"2 for the PSG and 13.5 seeds m"2 for the SSG. Liew (1973)
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obtained values of 2.9 seeds m"2 for six primary species and 35.1 seeds rrf2 

for 31 secondary species from germination experiments in Malaysia. The 

predicted value of the PSG is acceptable but that of the SSG is much lower 

than the literature value. In terms of percentage composition, there are 13% 

PSG and 87% SSG seeds in the seed-bank. The PSG value is higher and the 

SSG value is lower than those in the literature. This is probably due to 

differences in the decay rates of the seeds or to the rates of seed production 

between the species groups in the model.

The seed-rain' densities of the species groups predicted at stability 

were 1.3 seeds m"2 for the PSG, 8.8 seeds m"2 for the SSG and 10.1 seeds m"2 

for the total population. Only Saulei (1984) gave any values of seed-rain in the 

literature. This was in the Gogol Valley in Papua New Guinea, where he found a 

value of 28.0 seeds m"2, and which he claimed was an underestimate. This 

value is much larger than that predicted by the model, thus the values used as 

inputs into the model may need revision.

No revisions of the seed-rain and seed-bank inputs were attempted 

because the rates of these processes were not found to be limiting to the 

growth of the populations of the species groups. The limiting processes were 

in the seedling pool stages. However, as seen in the discussion for this stage, 

there were no real evidence to support a change in the rates of the processes 

at this stage. The PSG value was within the range of literature values, and the 

value of the SSG was acceptable relative to the value of the PSG.

Overall, the predictions of the model were acceptable for most of the 

stages of the system. Some stages had values which deviated from literature 

values, but they did not limit the system in any way. Further, these values were 

in general agreement with the ecological properties of the species groups, thus 

revision of their input values was not essential.

From the above, it may appear that the parameter values of the 

functions used for the processes are fairly representative of the real situation. 

There is little in the literature to help in the derivations of these values, so how 

were the values obtained? The procedure was partly subjective and partly trial 

and error. Looking at the values for growth of trees, a scheme was set up of 

possible diameter distributions just after forest initiation, around mid-maturity, 

and towards stability of a stand. From these, leaf area and growing space 

distributions were obtained for the height classes. Using the ecological 

properties of the species groups, answers were sought for questions: 'what is 

the rate of growth of trees in a class likely to be at these stages of stand
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development?', 'if it was that value, what is it likely to be in the next class?', 

and 'how are these rates different for each species group?'. In this comparative 

way, a scheme was worked out for these stages of stand development. Using 

the theories of succession described in §2.3.1.1, the values for a class of a 

species group were connected by a curve that was consistent with the 

ecological properties of that species group. This was done for all classes, and 

repeated for the relevant processes. These curves represented one view of the 

dynamics of the processes which may not apply. It was therefore decided to 

obtain other and less simple relationships, hence the linear forms of some 

functions. Equations were then fitted to these relationships from which the 

parameter values were obtained.

The next stage was to test these values. The number of forms of the 

relationships for a process necessitated the introduction of the interactive part 

of the model which enabled switching from one function to another, and 

switching off functions that were not being investigated. By continual tweaking 

of the parameter values and checking for expected behaviour, the final set of 

values were derived.

7.3. MANAGEMENT IMPLICATIONS

Having established the most suited functions for the processes of the 

system and verified that the effects of fellings and harvestings were well 

reflected in the performance of the model, the implications 'of various 

management strategies based on a selection system of management were 

explored.
The activities carried out in the management strategies corresponded 

to various levels of sustained disturbances over time. Depending on the 

intensities and frequencies of the activities, corresponding levels of 

successional stages of the stand were produced - either reversions to an 

earlier successional stage or development to a later stage of succession than 

version III of the model. This performance of the model is consistent with the 

theories of succession discussed in the previous section. The system attained a 

variety of nonequilibrium states depending on the intensities and frequencies of 

the activities. When the activities were stopped, the system began to recover 

to the original stage of succession as in version III, with the time to recover 

varying with the extents of degradation or development. Were the levels of 

disturbance maintained or changed to other levels, the system would have 

attained other states of nonequilibrium.
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It is difficult to establish the true relevance of the yields obtained from 

the model to the real situation. However, using a general equation (Eq. 6.1) for 

converting basal area to volumes, the volume yields obtained were within the 

range given in the literature of 5-25 m 3 ha" 1 for this type of management. 

Depending on the intensities and frequencies of the activities, there were 

corresponding levels of yields, but the nonequilibrium states produced as a 

result suggested that some sets of activities were too detrimental to the 

system, and should not be applied, e. g. harvesting trees of both species 

groups on a 10-year cycle without plantings.

With regards to the production of yield tables, as stated in the 

objectives of this research, this was successfully accomplished. The postulate 

that plantings of seedlings make the system recover more rapidly than with 

natural regeneration alone, was shown to be correct within the constraints of 

the model. In contrast to the suggestion in the literature that plantings of 

seedlings produce groups of even-aged trees, the performance of the model 

indicated that this should not occur for the levels of plantings carried out, i. e. 

1000 seedlings of each species group every five years.

It was pointed out in the previous section that the seed-rain and 

seed-bank densities of seeds were lower than the literature values. However, 

the mangement strategies revealed that that these processes were in no way 

limiting to the system. So, even if these values were increased, they would 

make no difference to the states of the stand produced. The limiting growth 

stage was at the seedling pool level, and this, as seen above, was within the 

range of the literature values for the PSG. The SSG value was acceptable 

relative to that of the PSG. The importance of the processes in the seedling 

pool stage is evident, especially since planting of seedlings is an activity that 

involves major manipulations of the seedling pool processes.

The performance of the model also supported the postulate that trees 

of both species groups can be harvested simultaneously. This is in line with 

the proposal for a more flexible selection system of management of the NTRF, 

to cater for changes in market demands for timber of different tree species. 

The best strategy of management of those explored (felling the same basal 

area of trees suffering natural mortality with plantings on a 10-year cycle) gave 

annual yields of 15.29 m 3 ha" 1 for the PSG and 2.20 m 3 ha" 1 for the SSG. It is 

not expected that greater yields of the SSG would be needed considering that 

PSG trees constitute the major demands by the market. However, if there is a 

greater demand, other strategies can be explored to suit the particular
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situation, and a suitable decision taken.

7.4. CONSTRAINTS AND FUTURE EXTENSIONS OF THE MODEL

The model predicts the development of a stand of NTRF with respect 

to the life and size stages of the two main ecologically different species 

groups. One of the constraints in modelling the NTRF is the paucity of data 

that can be incorporated into an ecosystem model. As the synthesis of this 

model showed, much of the information was derived from underlying biological
. 

concepts of the system rather from actual data.

The paucity of data is not only due to lack of sufficient studies of the 

NTRF, but also to the great complexity of the system. In this model, the 

multi-species composition of the system is reduced to two main ecological 

groups - the PSG and the SSG. As Denslow (1980) pointed out, there is a 

continuum of species types across these divisions. It is clear that the use of 

only two species groups contributes to some loss of information of the system, 

more so, since species that are not potentially important to timber production, 

are not incorporated into this model.

This constitutes one possible extension of the model, although, in its 

present form, it does not explicitly permit an increase in the number of species. 

This can be done by changing the arrays in the program that stores the 

properties of the species groups. It is obvious that the relationships presently 

used by the model for the species groups must be established for other 

species groups as well.

The structure of the stand is followed by diameter size class 

distributions of trees of the species groups. In the model, six such classes 

were used for each group. However, the greater the number of classes for the 

same range of sizes of trees, the greater is the resolution of the stand 

structure, and the more precise would be the predictions. The ability of 

changing the number of classes is provided in the model, but no investigations 

of this nature were done. This is an additional aspect that can be investigated.

One of the constraints of introducing more species groups and 

diameter classes is the complexity of the outputs. Introducing a third species 

means the setting up of a third matrix to represent the values of the processes 

for this species, while with more than six classes, the dimensions of each 

matrix would increase. To compare three elements of each size class (growth, 

mortality and trees remaining) for, let us say, ten classes from three matrices 

(three species groups), would be a daunting task, more so, since they change
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from one iteration to another before stability is attained.

The gap index approach used in the model can also be resolved i 

more detail depending on the precision required. As described in §4.2.5.3, the 

gap-index approach is intermediate between two extremes of details that the 

proposed methods reflected. The implications of using a more detailed method 

must be weighed against the extent of precision required on the one hand, and 

the effort of collecting relevant data and computing time required for running 

the model on the other hand. Apart from this, the model inputs and structure 

would have to be modified.

The model uses leaf area distributions of trees of the species groups 

to derive a competition index, growing space. The effects of other important 

site properties can also be incorporated into the model. These include 

competition for nutrients and moisture. The approach would be to set up these 

relationships at a global level, which can then be used to modify the rates of 

growth and mortality of the life and size stages of the species groups. Similar 

modifications can be carried out for seeding patterns of trees and predation 

rates of seeds, as well as pathogenic and other types of mortality of seedlings 

that have not been considered. However, these aspects depend on the 

reliability of data and suitable modifications of the model.

As the model stands, it can be applied to various other stands, not 

only the IMTRF. It can be applied to a single species stand, either natural or 

artificial, as well as to more mixed stands. The information required have been 

given in chapter 4. For plantations, gap-phase dynamics are inapplicable, and 

can be switched off.
Finally, although the model can be used to rapidly investigate 

alternative management strategies, it does not give any information of 

economic viability of the strategies. This is an important component of 

management that would have to be incorporated into the model. This would 

involve setting up price-size curves based on volume per tree, and evaluating 

the discounted income from fellings of different sizes of trees. It is also 

possible to introduce costings of operations that are carried out for a strategy, 

in which case the profitability of different strategies can be explored more 

comprehensively. The assessment of prices from volumes imply that more 

allometric relationships would have to be incorporated into the model to 

evaluate volumes of trees.

376



7.5. FINAL REMARKS

The paucity of information about the NTRF does not yet permit a 

precise formulation of models for the prediction of growth and the prescription 

of yields. The model was intended to fill this gap until more detailed 

information can be assembled. However, as seen in the synthesis of the model, 

many of the relationships used have never been studied before, and in cases 

where they have, there are wide differences between the sources. This is one 

reason for not using a more detailed level of investigation than the population 

level. Also, the critical relationships used in the model can be more easily and 

rapidly measured at this level than at the individual species level.

The methodologies proposed to measure and calibrate the 

relationships have not been formulated in detail because these depend on the 

particular vegetation community, and the availability of personnel and facilities. 

With the presently increasing attention given to the study of the NTRF, it is 

clear that the relationships used in the model should be obtained in the near 

future, even before more detailed information can be assembled for 

construction of a more detailed physiological model. It is hoped that in the 

mean time this model can provide a scientific way for understanding the 

system in more detail, for testing alternative management strategies, and help 

to prevent the degradation and eventual loss of this valuable resource.
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APPENDIX 1

Analysis of variance for 10 variables of groups of trees 

according to plot location of Parashorea tomentella, 

and the plots that are different in the region of the 

respective population F probability. (G = mean girth; 

P = PMAGI; B. G. = between groups; W. G. = within groups; 

T. = total; F = first girth; L = last girth; P. S. D. = 

plots significantly different).

Variable

G

P. S. D.

Log 10

G

P. S. D.

P

P. S. D.

Log TO

P

Source D. F. Sum of squares Mean Squares F. Ratio

B. G. 9

W. G. 213

T. 222

(0.001%) /5,9/ /6

B. G. 9

W. G. 213

T. 222

(0.01%) /3,9/ /5,

B. G. 9

W. G. 213

T. 222

(0.01%) /3,9/ /6,

B. G. 9

W. G. 213

T. 222

5329.88 592.21 3.308

38126.76 178.99

43456.64

,9/ /8,9/

1.4166 0.1574 3.164

10.5948 0.0497

12.0114

9/ /6,9/ /8,9/ /4,6/ /9,10/

8.15 0.91 2.682

71.95 0.34

80.10

9/ /9,10/ /6,8/

1.8658 0.2073 2.524

17.4920 0.0821

19.3578

F.Prob

0.0008

0.0013

0.0057

0.0091

P. S. D. (0.01%) /3,9/ /6,9/ /3,8/
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Variable Source D. F. Sum of squares Mean Squares F.Ratio F.Prob

B. G. 9 5163.84 573.76 1.662 0.0998

G/P W. G. 213 73543.79 345.28

T. 222 78707.62

P. S. D. (0.05%) /8,9/ /3,5/ /3,7/ /3,8/ /7,8/

Log 10 B. G. 9 0.9073 0.1008 2.240 0.0207

G/P W. G. 213 9.5854 0.0450

T. 222 10.4927

P. S. D. (0.05%) /2,3/ /3,5/ /3,8/ /2,7/ /5,7/ /6,7/ /7,8/

B. G. 9 0.0083 0.0009 2.116 0.0294

P/G W. G. 213 0.0924 0.0004

T. 222 0.1007

P. S. D. (0.05%) /2,3/ /~3,5/ /3,8/ /2,7/ /5,7/ /6,7/ /7,8/

Log 10 B. G. 9 0.9073 0.1008 2.240 0.0207

P/G W. G. 213 9.5854 0.0450

T. 222 10.4927

P. S. D. (0.05%) /2,3/ /3,5/ /3,8/ /2,7/ /5,7/ /6,7/ /7,8/

Mean B. G. 9 33418210.86 3713134.00 3.003 0.0022

(F2 + L2 ) W. G. 213 263344449.00 1236358.00

T. 222 296762624.86

P. S. D. (0.01%) /1,9/ /2,9/ /3,9/ /5,9/ /6,9/ /8,9/ /9,10/ /4,6/

Log 10 B. G. 9 5.6490 0.6277 3.191 0.0012

(F2 + L2 ) W. G. 213 41.8941 0.1967

T. 222 47.5431

P. S. D. (0.01%) /3,9/ /5,9/ /6,9/ /8,9/ /9,10/ /2,6/ /4,6/
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APPENDIX 2

Analysis of variance for two variables of groups of trees using four

quadrats in each plot of Parashorea tomentella, and the groups

that are different at the 0.05 % level. (G = mean girth; P = PMAGI;

B. G. = between groups; W. G. = within groups; T. = total;

G. S. D. = groups significantly differently at 0.05 % level).

Variable Source

B. G.

G W. G.

T.

G. S. D.

PLOT 1

B. G.

P W. G.

T.

G. S. D.

B. G.

G W. G.

T.

G. S. D.

PLOT 2

B. G.

P W. G.

T.

G. S. D.

B. G.

G W. G.

T.

D. F. Sum

12

7

19

no groups

12

7

19

no groups

15

90

105

no groups

15

90

105

no groups

13

42

55

of squares Mean of squares

488.24

559.16

1047.40

significantly

3.25

2.91

6.16

significantly

548.89

10824.25

11373.14

significantly

2.08

29.36

31.44

significantly

3099.75

5477.59

8577.34

40.69

79.88

different

0.27

0.42

different

36.59

120.27

different

0.14

0.33

different

238.44

130.42

F. Ratio F.Prob

0.509 0.8546

0.650 0.7558

0.304 0.9939

0.425 0.9680

1.828 0.0701

G. S. D. /4,5/ /4,9/
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PLOT 3
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Variable

P

G.

G

G.

PLOT 4

P

G.

G

G.

PLOT 5

P

G.

G

G.

PLOT 6

Source

B. G.

W. G.

T.

S. D.

B. G.

W. G.

T.

S. D.

B. G.

W. G.

T.

S. D.

B. G.

W. G.

T.

S. D.

B. G.

W. G.

T.

S. D.

B. G.

W. G.

T.

S. D.

D. F. Sum of squares Mean of squares F. Ratio

13

42

55

no groups

15

27

42

no groups

15

27

42

no groups

14

27

41

/1,7/ /2,

/7,12/ /7

/4,11/ /5

14

27

41

no groups

14

44

58

no groups

4.09

18.65

22.74

significantly

2159.51

18531.37

20690.88

significantly

3.49

21.28

24.77

significantly

1272.87

1209.18

2482.05

7/ /4,7/ /5,7/

,13/ /7,14/ /I,

,11/ /6,11/ /8, 

11, 14/ /11,15/

0.41

1.72

2.13

significantly

239.87

1529.83

1769.70

significantly

0.31 0.708

0.44

different

143.97 0.210

686.35

different

0.23 0.295

0.79

different

90.92 2.030

44.78

/6,7/ /7,8/ /7,9/ /7,

15/ /7,16/ /1,H/ /2,

ll/ /9,11/ /10,H/ /I

0.03 0.462

0.06

different

17.13 0.493

34.77

different

F.Prob

0.7445

0.9987

0.9919

0.0556

• 10/

IV

.1,12/

0.9342

0.9247
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Variable Source D. F. Sum of squares Mean of squares F.Ratio F.Prob

B. G. 14

W. G. 44

T. 58

1.39

8.96

10.35

0.09 

0.-20

G. S. D. no groups significantly different

0.489 0.9271

B. G. 15

W. G. 39

T. 54

G. S. D. /1,12/

2594.27

8919.91

11514.18

172.95

228.71

PLOT 7

G. S. D. /7,9/ /9,11/

0.756 0.7143

B. G. 15

W. G. 39

T. 54

5.23

15.99

21.22

0.35

0.41

0.851 0.6188

B. G. 15

W. G. 88

T. 103

956.12

11793.37

12758.49

64.34

134.01

G. S. D. no groups significantly different

PLOT 8

B. G. 15

W. G. 88

T. 103

1.83

36.32

38.15

0.12 

'0.41

G. S. D. no groups significantly different

0.480 0.9449

0.296 0.9947

B. G. 14

W. G. 54

T. 68

3743.62

26083.25

29826.87

267.40

483.02

G. S. D. no groups significantly different

PLOT 9

0.554 0.8883
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Variable Source

P

G.

G

G.

PLOT 10

P

B. G.

W. G.

T.

S. D.

B. G.

W. G.

T.

S. D.

B. G.

W. G.

T.

D. F.

14

54

68

/1»16/

12

17

29

/4,6/

12

17

29

Sum of squares Mean of squares F. Ratio F.Prob

4.47

26.79

31.26

/

2564.98

2267.19

4832.17

/6,8/ /6,13/ /6,:

1.14

2.54

3.68

0.32 0.643 0.8168

0.49

213.75 1.603 0.1819

133.36

L4/ /6,15/ /6,16/

0.09 0.639 0.7828

0.15

G. S. D. no groups significantly different
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APPENDIX 3

Example of a run with the model showing the initialisation stage and two types 
of outputs - detailed and summarised.

PRESTO

Interactive Tropical Rain Forest Simulator (ITRFS).

User must take branch one first to provide 
data file and set time intervals.

1 Provide input data file and set time intervals.!
2 Change current structure of forest.—>
3 Choose type of growth function tTGF) for trees.—>
4 Choose type of mortality function (TMF) for trees.—>
5 Choose type of function for recruitment.—>
6 Choose type of gap-phase functions.—>
7 Print current inputs and conditions for this run of the model.I
8 Save current inputs in a file.I
9 Save current inputs, conditions and output for this run in a file.)

10 Run the model.I
11 Print resulting variables on terminal.!
12 Plot resulting variables.

F First page H Help I Let (assignment) 
0 Options Q Quit S Select cases

Presto : 1

Provide input data file and set time intervals.I 
Input name of data file: DF

Input probabiltiy time base (years): 5 
Input iteration time interval (years): 5

Interactive Tropical Rain Forest Simulator (ITRFS).

1 Provide input data file and set time intervals.!
2 Change current structure of forest.-->
3 Choose type of growth function (TGF) for trees.—>
4 Choose type of mortality function (TMF) for trees.—>
5 Choose type of function for recruitment.—>
6 Choose type of gap-phase functions.—>
7 Print current inputs and conditions for this run of the model.!
8 Save current inputs in a file.I
9 Save current inputs, conditions and output for this run in a file.!

10 Run the model.I
11 Print resulting variables on terminal.!
12 Plot resulting variables.
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Presto : 3

Choose type of growth function (TGF) for trees.—>

1 Choose growth function (TGF) for trees moving one class.-->
2 Choose growth function (TGF) for trees moving two classes.-->

R Return to: "Interactive Tropical Rain Forest Simulator (ITRFS)." 

Presto : 1

Choose growth function (TGF) for trees moving one class.—>

1 TGF1: no growth (Y = 0).I
2 TGF2: constant growth rates (Y = a).~>
3 TGF3: linear growth rates; no intercept (Y = a.X).-->
4 TGF4: linear growth rates (Y = a + b.X).-->
5 TGFS: non-linear growth rates (Y = a + b.X + c.X.X).—>

R Return to: "Choose type of growth function (TGF) for trees.-->" 

Presto : 5

TGFS: non-linear growth rates (Y = a «• b.X + c.X.X). —> 

*** You have now selected Function: Y r a + b.X + c.X.X

1 Print current coefficient values.!
2 Display graph of function.I
3 Restore default coefficient values.I
4 Change current intercept coefficient values ONLY.—>
5 Change current first order coefficient values ONLY.-->
6 Change current second order coefficient values ONLY.—>
7 Change ALL current coefficient values.I

R Return to: "Choose growth function (TGF) for trees moving one class.—>' 

Presto : F 4

Interactive Tropical Rain Forest Simulator (ITRFS). 
Choose type of mortality function (TMF) for trees.—>

1 TMF1: no mortality effect (Y = 0).I
2 TMF2: constant mortality rates (Y = a).—>
3 TMF3: linear mortality rates; no intercept (Y = a.X).-->
4 TMF4: linear mortality rates (Y = a + b.X).-->
5 TMF5: non-linear mortality rates (Y = a + b.X + c.X.X).-->

R Return to: "Interactive Tropical Rain Forest Simulator (ITRFS)."
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Presto : 5

TMF5: non-linear mortality rates (Y = a + h.X + c.X.XI.—>

*** You have now selected Function: Y = a * b.X + c.X.X

1 Print current coefficient values.I
2 Display graph of function.I
3 Restore default coefficient values.I
*• Change current intercept coefficient values ONLY.—>
5 Change current first order coefficient values ONLY.—>
6 Change current second order coefficient values ONLY.—>
7 Change ALL current coefficient valued.I

R Return to: "Choose type of mortality function (IMF) for trees.—>" 

Presto : F 5

Interactive Tropical Rain Forest Simulator (ITRFS). 
Choose type of function for recruitment.—>

1 Choose type of growth function (SDGF) for seeds.—>
2 Choose type of growth function (SGF) for seedlings.—>
3 Choose type of mortality function (SMF) for seedlings.—>

fl Return to: "Interactive Tropical Rain Forest Simulator (ITRFS)."
F First page H Help L Let (assignment)
0 Options Q Quit S Select cases

Presto : 1

Choose type of growth function (SOGF) for seeds.—>

1 SOGF1: no growth (Y = 0).—>
2 SQGF2: constant growth rates (Y = a).—>
3 SQGF3: linear growth rates; no intercept (Y = a.X).—>
4 SOGF4: linear growth rates (Y = a + b.X).-->
5 SOGF5: non-linear growth rates (Y = a + b.X * c.X.X).-->

R Return to: "Choose type of function for recruitment.—>"
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Presto : 5

SOGF5: non-linear growth rates (Y = a + b.X «• c.X.X).-->

*** You have now selected Function: Y = a -f b.X + c.X.X

1 Print current seed-bank levels, seed decay rate, growth coefficients.
2 Restore default seed-bank levels.I
3 Change current seed-bank levels.!
4 Restore default decay rate of seeds.I
5 Change current decay rate of seeds.I
6 Display graph of function.I
7 Restore default coefficient values.)
8 Change current intercept coefficient values ONLY.—>
9 Change current first order coefficient values ONLY.-->
10 Change current second order coefficient values ONLY.-->
11 Change ALL current coefficient values.1

R Return to: "Choose type of growth function (SDGF) for seeds.—>" 

Presto : R R 2

Choose type of growth function (SDGF) for seeds.—>
Choose type of function for recruitment.—>
Choose type of growth function 1SGF) for seedlings.—>

1 SGF1: no growth (Y = 0).—>
2 SGF2: constant growth rates (Y = a).-->
3 SGF3: linear growth rates; no intercept (Y = a.X).—>
4 SGF4: linear growth rates (Y = a * b.X).~>
5 SGF5: non-linear growth rates (Y = a *• b.X + c.X.X).—>

R Return to: "Choose type of function for recruitment.—>" 

Presto : 5 

SGF5: non-linear growth rates (Y = a + b.X + c.X.X).-->

*** You have now selected Function: Y = a + b.X + c.X.X

1 Print current seed-rain levels and growth coefficient values.I

2 Restore default seed-rain levels.!
3 Change current seed-rain levels.!
4 Display graph of function.I
5 Restore default coefficient values.!
6 Change current intercept coefficient values ONLY.—>
7 Change current first order coefficient values ONLY.—>
8 Change current second order coefficient values ONLY.—>
9 Change ALL current coefficient values.I

R Return to: "Choose type of growth function (SGF) for seedlings.—>"
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Presto -. R R 3

Choose type of growth function tSGF) for seedlings.—>
Choose type of function for recruitment.—>
Choose type of mortality function (SMF) for seedlings.—>

1 SMF1: no effect 1Y = 0).—>
2 SMF2: constant effect (Y = a).~>
3 SMF3: linear rates: no intercept (Y = a.X).-->
4 SMF4: linear rates (Y = a <• b.X).~>
5 SMF5: non-linear rates (Y = a * b.X * c.X.X).—>

R Return to: "Choose type of function for recruitment.—>"

F First page H Help |_ Let (assignment)
0 Options Q Quit S Select cases

Presto : 5

SMF5: non-linear rates (Y r a + b.X + c.X.X).-->

*** You have now selected Function: Y = a + b.X + c.X.X

1 Print current seedling-pool levels and mortality coefficient values.I

2 Display graph of function.I
3 Restore default seedling-pool levels.I
4 Change current seedling-pool levels.I
5 Restore default coefficient values.!
6 Change current intercept coefficient values ONLY.—>
7 Change current first order coefficient values ONLY.-->
8 Change current second order coefficient values ONLY.—>

9 Change ALL current coefficient values.I

fl Return to: "Choose type of mortality function (SMF) for seedlings.-->' 

Presto : F 6

Interactive Tropical Rain Forest Simulator (ITRFS). 
Choose type of gap-phase functions.—>

1 No gap phase dynamics.I
2 Choose minimum gap-creating-tree dbh and edge radius of gap.—>

3 Choose type of crown diameter - dbh function (COF).-->
4 Choose type of gap area - crown diameter function (GAF).-->

5 Choose type of sunlit area recovery function (SARF).—>

6 Choose type of edge area recovery function (EARF).—>

R Return to: "Interactive Tropical Rain Forest Simulator (ITRFS)."
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Presto : 3

Choose type of crown diameter - dbh function (COF).—>

1 COF4: linear function (Y = a t b.X).—>
2 COF5: non-linear function (Y s a + b.X + c.X.X).—>

R Return to: "Choose type of gap-phase functions.-->" 

Presto : 2 

COF5: non-linear function (Y = a + b.X + c.X.X).~>

*** You have now selected Function: Y = a + b.X + c.X.X

1 Print current coefficient values.I
2 Display graph of function.I
3 Restore default coefficient values.I
4 Change current intercept coefficient values ONLY.—>
5 Change current first order coefficient values ONLY.—>
6 Change current second order coefficient values ONLY.—>
7 Change all current coefficient values.!

R Return to: "Choose type of crown diameter - dbh function (CDF).-->" 

Presto : R R 4

Choose type of crown diameter - dbh function (COF).-->
Choose type of gap-phase functions.—>
Choose type of gap area - crown diameter function (GfcF).—>

1 GAF4: linear function (Y = a + b.X).—>
2 GAPS: non-linear function (Y = a + b.X + c.X.X).—>

R Return to: "Choose type of gap-phase functions.—>" 

Presto : 2 

GAF5: non-linear function (Y = a + b.X + c.X.X).-->

*** You have now selected Function: Y = a + b.X + c.X.X

1 Print current coefficient values.!
2 Display graph of function.I
3 Restore default coefficient values.I
4 Change current intercept coefficient values ONLY.—>
5 Change current first order coefficient values ONLY.-->
6 Change current second order coefficient values ONLY.-->
7 Change all current coefficient values.!

R Return to: "Choose type of gap area - crown diameter function (GAF).-->'
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Presto : R R 5

Choose type of gap area - crown diameter function (GAP).—>
Choose type of gap-phase functions.-->
Choose type of sunlit arsa recovery function (SARF).—>

1 SARF1: no recovery (Y =01.1
2 SARF4: linear function (Y = a <• b.X).—>
3 SARF5: non-linear function (Y = a + b.X «• c.X.X).—>

R Return to: "Choose type of gap-phase functions.—>" 

Presto ; 3

SARF5: non-linear function (Y = a t b.X + c.X.X).—> 

*** You have now selected Function: Y = a + b.X + c.X.X

1 Print current coefficient values.)
2 Display graph of function.I
3 Restore default coefficient values.!
4 Change current intercept coefficient values ONLY.—>
5 Change current first order coefficient values ONLY.—>
6 Change current second order coefficient values ONLY,—>
7 Change all current coefficient values.I

R Return to: "Choose type of sunlit area recovery function (SARF).-->" 

Presto : R R 6

Choose type of sunlit area recovery function (SARF).—>
Choose type of gap-phase functions.-->
Choose type of edge area recovery function (EARF).—>

1 EARF1: no recovery (Y = Ol.l
2 EARF4: linear function (Y = a + b.X).—>
3 EARF5: non-linear function (Y = a + b.X + c.X.X).-->

R Return to: "Choose type of gap-phase functions.-->"
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Presto : 3

EARF5: non-linear function (Y = a + b.X * c.X.X).—>

*** You have now selected Function: Y = a + b.X * c.X.X

1 Print current coefficient values.I
2 Display graph of function.I
3 Restore default coefficient values.!
4 Change current intercept coefficient values ONLY.—>
5 Change current first order coefficient values ONLY.-->
6 Change current second order coefficient values ONLY.—>
7 Change all current coefficient value*.I

R Return to: "Choose type of edge area recovery function (EARF).—>' 

Presto : F 10

Interactive Tropical Rain Forest Simulator (ITRFS). 
Run the model. I

Input TOTAL no of iterations for this run: 2
Input maximum LAI (Ha/Ha): 10
SPECIES: 1
Input no of reproductive classes: 3
SPECIES: 2
Input no of reproductive classes: 3
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Detailed outputs for 2 iterations showing the state of the stand and matrices.

ITERATION : 0 SPECIES: 1
DIAMETER CLASS SPECIES SPECIES TOTAL TOTA1

1 2 3
20.00 10.00 5.00

Total mortality of trees
0.00 0.00 0.00

Falling tree mortality
0.00 0.00 0.00

Seed-rain
0.0 0.0 0.0

Growing space
0.82 0.83 0.91

4
3.00

0.00

0.00

0.0

0.97

5 6 POP 8. A.
2.00 1.00 41.00 5.2

0.00 0.00 0.00 0.0

0.00 0.00 0.00 0.0

0.0 0.0 0.0

0.98 0.99

POP
149.00

0.00

0.00

0.0

0.7901

B.A.
11.1

0.0

0.0

Seed-bank Seed growth Sdl-pool Sdl-growth Sp If area Tot If area Pop incr
5000.00 0.00 1000.00 0.00 0.72 2.10 0.0000 

Sd bk mort Sdl pool mort Sdl pool mort by falling tree "a" "k"
0.00 0.00 0.00 0.0290 24.32 

Press the RETURN key to continue

ITERATION: 0 SPECIES: 2
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL 

1 2 3 456 POP B.A. POP B.A. 
30.00 25.00 22.00 16.00 10.00 5.00 108.00 5.9 149.00 11.1 

Total mortality of trees
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 

falling tree mortality
Q.QQ 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 

Seed-rain
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Growing space
0.82 0.82 0.83 0.87 0.91 0.95 0.7901 

Seed-bank Seed growth Sdl-pool Sdl-growth Sp If area Tot If area Pop incr
25000.00 0.00 2000.00 0.00 1.38 2.10 0.0000 

Sd bk mort Sdl pool mort Sdl pool mort by falling tree "a" "k"
0.00 0.00 0.00 0.0344 43.10 

Press the RETURN key to continue
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ITERATION: 1 SPECIES: 1
DIAMETER CLASS

ROW
1
2
3
4
5
6

1
0.3610
0.2454
0.0000
0.0000
0.0000
0.0000

2
0.0000
0.3527
0.1999
0.0000
0.0000
0.0000

3
0.0000
0.0000
0.5090
0.1339
0.0000
0.0000

'4

0.0000
0.0000
0.0000
0.7455
0.0819
0.0000

5
0.0000
0.0000
0.0000
0.0000
0.7330
0.0457

6
0.0000
0.0000
0.0000
0.0000
0.0000
0.8677

0.3572 0.1726 0.2213 0.1323

1.0000 1.0000 1.0000 1.0000

0.0000 0.0000

Mortality probability
0.3936 0.4474 

Total probability
1.0000 1.0000 

Prob change for moving 1 class due to gaps

0.0000 0.0000 0.0000 0.0000 
Prob change for moving 2 classes due to gaps 

Q.OOQQ 0.0000 0.0000 0.0000 
Prob sdl rem in pool Prob sdl moving

0.3432 0.1944 
Seed growth 
291.2305 

Change for Seed growth and Sdl moving by
0.0000 0.0000 

Press the RETURN key to continue

0
Prob sdl 

0.4624

.0000 0.0000 
dying Tot sdl prob 

1.0000

gap recovery

ITERATION: 1
DIAMETER CLASS

SPECIES: 2

ROW
1
2
3
4
S
G

1
0.3807
0.4451
0.0000
Q.QQOO
0.0000
0.0000

2
0.0000
0.4586
0.3814
0.0000
0.0000
0.0000

3
0.0000
0.0000
0.5304
0.3429
0.0000
0.0000

4
0.0000
0.0000
0.0000
0.6215
0.3018
0.0000

5
0.0000
0.0000
O.QOQO
0.0000
0.6826
0.2567

6
0.0000
0.0000
0.0000
0.0000
0.0000
0.9604

0.0607

1.0000

Q.OOOO

Mortality probability
0.1742 0.1600 0.1267 0.0768 

Total probability
1.0000 1.0000 1.0000 1.0000 

Prob change for moving 1 class due to gaps
0.0000 0.0000 0.0000 0.0000 

Prob change for moving 2 classes due to gaps
0.0000 0.0000 O.OQOQ 0.0000 0.0000 

Prob sdl rem in pool Prob sdl moving Prob sdl dying
0.1640 0.5086 0.3274 

Seed growth 
517.0408 

Change for Seed growth and Sdl moving
Q.OOOO 0.0000 

Press the RETURN key to continue

0.0396

1.0000

0.0000

0.0000
Tot sdl prob 

1.0000

by gap recovery
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Appendix 3 cont'd.

ITEfUTION: 1 SPECIES:
DIAMETER CLASS

123456
201.61 8.43 4.54 2.91 1.71 0.96

Total mortality of trees
7.87 4.47 1.79 0.52 0.44 0.13

Falling tree mortality
0.00 0.00 0.00 0.00 0.00 0.00

Seed-rain
0.0 0.0 0.0 1320.0 1060.0 600

Growing space
0.70 0.83 0.90 0.97 0.99 0.99

Seed-bank Seed growth Sdl-pool Sdl-growth Sp
4688.77 291.23 634.43 194.39

1
SPECIES

POP
220.17

15.22

0.00

.0 2980.

If area
1.09

Sd bk mort Sdl pool mort Sdl pool mort by falling tree
3000.00 462.41 0.00

Press the RETURN key to continue

ITERATION: 1 SPECIES:
DIAMETER CLASS

123456
1028.63 24.82 21.20 17.49 11.65 7.37

Total mortality of trees
5.23 4.00 2.79 1.23 0.61 0.20

Falling tree mortality
0.00 0.00 0.00 0.00 0.00 0.00

Seed-rain
0.0 0.0 0.0 32000.0 27800.0 17400

Crowing space
0.70 0.79 0.83 0.86 0.90 0.94

Seed-bank Seed growth Sdl-pool Sdl-growth Sp
85432.94 517.04 845.06 1017.21

2
SPECIES

POP
1111.16

14.04

Q.OO

.0 77200.

If area
2.01

Sd bk mort Sdl pool mort Sdl pool mort by falling tree
16250.00 654.77 0.00

Press the RETURN key to continue

SPECIES TOTAL TOTAL
B.A. POP B.A.
6.2 1331.33 15.0

1.3 29.27 1.8

0.0 0.00 0.0

0 80180.0

0.6895
Tot If area Pop incr

3.10 0.8138
"a" "k"

0.0457 89.38

SPECIES TOTAL TOTAL
B.A. POP B.A.
8.8 1331.33 15.0

0.5 29.27 1.8

0.0 0.00 0.0

0 80180.0

0.6S95
Tot If area Pop incr

3.10 Q.9028
"a" "k"

0.0776 313.20

Input no of iterations for sub-run: 1
Oo you want to fell any trees? NO
Do you want to plant any seedlings? NO
Oo you want details of forest structure? YES
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Appendix 3 cont'd.

ITERATION: 2 SPECIES: 1
DIAMETER CLASS

ROW
1
2
3
4
S
6

1
0.4346
0.2517
0.0000
0.0000
0.0000
0.0000

2
0.0000
0.3S93
0.2000
0.0000
0.0000
0.0000

3
0.0000
0.0000
0.5159
Q.13H
0.0000
0.0000

I
0.0000
0.0000
0.0000
0.7451
0.0823
0.0000

5
0.0000
0.0000
0.0000
0.0000
0.7326
0.0459

6
0.0000
0.0000
0.0000
0.0000
0.0000
0 . 8677

Mortality probability
0.3137 0.4408 0.3527 0.1726 

Total probability
1.0000 1.0000 1.0000 1.0000 

Prob change for moving 1 class due to gaps
O.QQOQ Q.QOOO 0.0000 0.0000

Prob change for moving 2 classes due to gaps
0.0000 O.QQOQ 0.0000 0.0000

Prob sdl rem in pool Prob sdl moving
0.3737 0.2158 

Seed growth 
354.7610

Change for Seed growth and Sdl moving 
O.OQOO 0.0000 

Press the RETURN key to continue

0.2215

1.0000

0.0000

0.1323

1.0000

0.0000

0.0000 0.0000
Prob sdl dying Tot sdl prob

0.4105 1.0000

by gap recovery

ITERATION: 2
DIAMETER CLASS

SPECIES: 2

ROW
1
2
3
4
5
6

1
0.4325
0.3667
O.OOQO
0.0000
O.OQOO
0.0000

2
0.0000
0 . 4665
0.3671
O.OQOO
O.OQOO
0.0000

3
0.0000
0.0000
0.5321
0.3390
0.0000
0.0000

4
0.0000
0.0000
O.OOQO
0.6222
0.2980
0.0000

5
0.0000
0.0000
0.0000
0.0000
0.6827
0.2545

6
0.0000
0.0000
0.0000
0 . 0000
0.0000
0.9593

0.0628

1.0000

0.0000

Mortality probability
0.2008 0.1664 0.1289 0.0798 

Total probability
1.0000 1.0000 1.0000 1.0000 

Prob change for moving 1 class due to gaps
0.0000 O.OOOQ O.QQOO 0.0000 

Prob change for moving 2 classes due to gaps
0.0000 Q.OOOQ 0.0000 0.0000 0.0000 

Prob sdl rem in pool Prob sdl moving Prob sdl dying
0.2578 0.4076 0.3347 

Seed growth 
418.9236

Change for Seed growth and Sdl moving 
0.0000 0.0000 

Press the RETURN key to continue

0.0407

1.0000

0.0000

0.0000
Tot sdl prob 

1.0000

by gap recovery
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Appendix 3 cont'd.

ITERATION: 2 SPECIES:
DIAMETER CLASS

1 2 3
224.52 53.77 4.03

Total mortality of trees
63.24 3.72 1.60

Falling tree mortality
0.00 0.00 0.00

Seed-rain
0.0 0.0 0.0

Growing space
0.45 0.74 0.89

4
2.76

0.50

0.00

1278.6

0.97

5
1.49

0.38

0.00

907.2

0.99

I
SPECIES SPECIES TOTAL

6
0.91

0.13

0.00

575.5

0.99

POP B.A.
287.48 9.2

69.57 1.6

0 . 00 0.0

2761.4

POP
1527.28

285.36

0.00

95781.0

0.4360

TOTAL
B.A.
24.9

2.6

0.0

Seed-bank Seed growth Sdl-pool 
4282.09 354.76 591.85

Sd bk mort Sdl pool mort Sdl 
2813.26 260.45

Press the RETURN key to continue

Sdl-growth Sp If area
136.89 1.83 

pool mort by falling tree 
0.00

Tot If area Pop incr
5.64 0.2342
"a" "k"

0.0552 207.18

20 
.re 
2

ty 
0

0. 

0

3 
.39 18 
es 
.73 1

.00 0 

0 34974 

.74 0

4 
.07

.39 

.00 

.9 

.82

S 
13.17

0.73 

0.00 

32399.5 

0.89

1 2 
789.36 388.77 

Total mortality of trees
206.50 4.13 

Falling tree mortality
0.00 0.00 

Seed-rain
0.0 0.0 

Growing space
0.45 0.53 

Seed-bank Seed growth Sdl-pool Sdl-growth
122502.25 418.92 636.74 344.42 

Sd bk mort Sdl pool mort Sdl pool
55531.41 282.82 0.00 

Press the RETURN key to continue

Press the RETURN key to continue

You have completed TOTAL no of iterations
Input further no of TOTAL iterations: 1
Input no of iterations for sub-run: 1
Do you want to fell any trees? NO
Oo you want to plant any seedlings? NO
Qo you want details of forest structure? NO

ECI ES: 2
SPECIES

6
10.

0.

0.

04

30

00

25645

0.
th

by

93
Sp

POP
1239.

215.

.4

If
3

0.

79

79

00

93019.

area
.81

SPECIES
8.

15.

0.

0.

7

Tot
5

falling tree "
0.

A.
6

9

0

TOTAL
POP

1527.

285.

0.

95781 .

0.

28

36

00

0

TOTAL
B.A
24.

2.

0.

9

6

0

4360
If area
.64
a"

0917

Pop incr
0.1038

"k

777 .60
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Appendix 3 cont'd. 
Summarised outputs.

ITER SPECIES SEED SDLG CLASS CLASS SP SP LEAF 
BANK POOL 1 6 POP BA AREA

3 1 3830.0 643.5 245.2 0.9 336.5 12.3 2.5

3 2 150255.9 487.6 473.9 12.8 994.5 19.7 4.7

00V SPECIES 
POP INC

0.2860 0.1458

0.2860 -0.2467

Press the RETURN key to continue

You have completed TOTAL no of iteration:. 
Input further no of TOTAL iterations: 0 
Oo you want to save current parameters? NO

Interactive Tropical Rain Forest Simulator (ITRFS).

1 Provide input data file and set time intervals.I
2 Change current structure of forest.—>
3 Choose type of growth function (TGF) for trees.—>
4 Choose type of mortality function (TMF) for trees.—>
5 Choose type of function for recruitment.—>
6 Choose type of gap-phase functions.—>
7 Print current inputs and conditions for this run of the model.I

8 Save current inputs in a file.I
9 Save current inputs, conditions and output for this run in a file.I

10 Run the model.I
11 Print resulting variables on terminal.I

12 Plot resulting variables.

F First page H Help L Let (assignment) 

0 Options Q Quit S Select cases

Presto : X

Oo you want a listing of this run of Presto? : NO
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APPENDIX. 4

Example of a yield table from the model (species 1 = PSG, species 2 = SSG).

YIELD AT ITERATION: 5 SPECIES: 1
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 456 POP B.A. POP B.A.
0.00 34.00 31.00 9.00 3.00 1.00 78.00 H.'e H6.00 17.4

ARTIFICIAL PLANTING AT ITERATION: 5 SPECIES: 1 
Total species Total pop 

1000.00 2000.00

YIELD AT ITERATION: 5 SPECIES: 2
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 4 5 6 POP B.A. POP B.A.
0.00 40.00 20.00 7.00 0.00 1.00 68.00 2.6 146.00 17.4

ARTIFICIAL PLANTING AT ITERATION: 5 SPECIES: 2 
Total species Total pop 

1000.00 2000.00

YIELD AT ITERATION: 9 SPECIES: 1
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 4 S g POP B.A. POP B.A.
0.00 61.00 28.00 6.00 1.40 0.20 96.60 13.2 213.60 17.2

ARTIFICIAL PLANTING AT ITERATION: 9 SPECIES: 1 
Total species Total pop 

1000.00 2000.00

YIELD AT ITERATION: 9 SPECIES: 2
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 4 5 6 POP B.A. POP B.A.
0.00 68.00 40.00 9.00 0.00 0.00 117.00 4.0 213.60 17.2

ARTIFICIAL PLANTING AT ITERATION: 3 SPECIES: 2 
Total species Total pop 

1000.00 2000.00

YIELD AT ITERATION: 13 SPECIES: 1
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 4 5 6 POP B.A. POP B.A.
0.00 73.00 32.00 6.00 1.00 0.00 112.00 14.4 213.00 18.6

ARTIFICIAL PLANTING AT ITERATION: 13 SPECIES: 1 
Total species Total pop 

1000.00 2000.00

YIELD AT ITERATION: 13 SPECIES: 2
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

t 2 3 4 5 6 POP B.A. POP B.A.
0.00 52.00 37.00 10.00 0.00 2.00 101.00 4.2 213.00 18.6

ARTIFICIAL PLANTING AT ITERATION: 13 SPECIES: 2 
Total species Total pop
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Appendix 4 cont d.

YIELD AT ITERATION: 17 SPECIES: 1
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 456 POP B.A. POP B.A.
0.00 63.00 30.00 6.00 1.00 0.10 100.10 13.4 186.10 17.2

ARTIFICIAL PLANTING AT ITERATION: 17 SPECIES: 1 
Total species Total pop 

1000.00 2000.00

YIELD AT ITERATION: 17 SPECIES: 2
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 456 POP B.A. POP B.A.
0.00 38.00 40.00 5.00 0.00 3.00 86.00 3.8 186.10 17.2

ARTIFICIAL PLANTING AT ITERATION: 17 SPECIES: 2 
Total species Total pop 

1000.00 2000.00

YIELD AT ITERATION: 21 SPECIES: 1
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 4 5 6 POP B.A. POP B.A.
0.00 70.00 31.00 6.00 1.00 0.00 108.00 H.O 206.00 18.2

ARTIFICIAL PLANTING AT ITERATION: 21 SPECIES: 1 
Total species Total pop 

1000.00 2000.00

YIELD AT ITERATION: 21 SPECIES: 2
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 456 POP B.A. POP B.A.
0.00 50.00 35.00 10.00 1.00 2.00 98.00 4.2 206.00 18.2

ARTIFICIAL PLANTING AT ITERATION: 21 SPECIES: 2 
Total species Total pop 

1000.00 2000.00

YIELD AT ITERATION: 25 SPECIES: 1
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 456 POP B.A. POP B.A.
0.00 67.00 29.00 6.00 1.00 0.00 103.00 13.4 169.00 17.2

ARTIFICIAL PLANTING AT ITERATION: 25 SPECIES: 1 
Total species Total pop 

1000.00 2000.00

YIELD AT ITERATION: 25 SPECIES: 2
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

! 2 3 4 5 6 POP B.A. POP B.A.
0.00 18.00 35.00 8.00 2.00 3.00 66.00 3.8 169.00 17.2

ARTIFICIAL PLANTING AT ITERATION: 25 SPECIES: 2 
Total species Total pop 

1000.00 2000.00
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Appendix 4 cont'd.

YIELD AT ITERATION: 29 SPECIES: 1
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 456 POP B.A. POP B.A.
0.00 66.00 31.00 6.00 1.00 0.10 104.10 13.8 192.10 18.0

ARTIFICIAL PLANTING AT ITERATION: 29 SPECIES: 1 
Total species Total pop 

1000.00 2000.00

YIELD AT ITERATION: 29 SPECIES: 2
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 4 5 6 POP B.A. POP B.A.
0.00 38.00 35.00 11.00 2.00 2.00 88.00 4.2 192.10 18.0

ARTIFICIAL PLANTING AT ITERATION: 29 SPECIES: 2 
Total species Total pop 

1000.00 2000.00

YIELD AT ITERATION: 33 SPECIES: 1
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 456 POP ^B.A. POP B.A.
0.00 67.00 29.00 6.00 1.00 0.00 103.00 13.4 195.00 17.5

ARTIFICIAL PLANTING AT ITERATION: 33 SPECIES: 1 
Total species Total pop 

1000.00 2000.00

YIELD AT ITERATION: 33 SPECIES: 2
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 456 POP B.A. POP B.A.
0.00 44.00 35.00 9.00 2.00 2.00 92.00 4.2 195.00 17.5

ARTIFICIAL PLANTING AT ITERATION: 33 SPECIES: 2 
Total species Total pop 

1000.00 2000.00

YIELD AT ITERATION: 37 SPECIES: 1
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 456 POP B.A. POP B.A.
0.00 67.00 31.00 6.00 1.00 0.00 105.00 13.8 196.00 18.0

ARTIFICIAL PLANTING AT ITERATION: 37 SPECIES: 1 
Total species Total pop 

1000.00 2000.00

YIELD AT ITERATION: 37 SPECIES: 2
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 4 5 6 POP B.A. POP B.A.
0.00 42.00 35.00 10.00 2.00 2.00 91.00 4.2 196.00 18.0

ARTIFICIAL PLANTING AT ITERATION: 37 SPECIES: 2 
Total species Total pop 

1000.00 2000.00
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Appendix 4 cont'd.

YIELD AT ITERATION: 41 SPECIES: 1
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 456 POP B.A. POP B.A.
0.00 67.00 29.00 6.00 1.00 0.00 103.00 13.4 187.00 17.4

ARTIFICIAL PLANTING AT ITERATION: 41 SPECIES: 1 
Total species Total pop 

1000.00 2000.00

YIELD AT ITERATION: 41 SPECIES: 2
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 4 5 6 POP B,A. POP B.A.
0.00 36.00 35.00 9.00 2.00 2.00 84.00 4.0 187.00 17.4

ARTIFICIAL PLANTING AT ITERATION: 41 SPECIES: 2 
Total species Total pop 

1000.00 2000.00

YIELD AT ITERATION: 45 SPECIES: 1
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 456 POP B.A. POP B.A.
0.00 67.00 31.00 6.00 1.00 0.00 105.00 13.8 194.00 18.0

ARTIFICIAL PLANTING AT ITERATION: 45 SPECIES: 1 
Total species Total pop 

1000.00 2000.00

YIELD AT ITERATION: 45 SPECIES: 2
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 456 POP B.A. POP B.A.
0.00 40.00 35.00 10.00 2.00 2.00 89.00 4.2 194.00 18.0

ARTIFICIAL PLANTING AT ITERATION: 45 SPECIES: 2 
Total species Total pop 

1000.00 2000.00

SPECIES: 1 TOTAL YIELD UP TO ITERATION: 45
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 456 POP B.A. POP B.A.
0.00 702.00 332.00 69.00 13.40 1.40 1117.80 151.3 2097.80 194.8

SPECIES: 1 TOTAL PLANTING UP TO ITERATION: 45
Total species Total pop

11000.00 22000.00

SPECIES: 2 TOTAL YIELD UP TO ITERATION: 45
DIAMETER CLASS SPECIES SPECIES TOTAL TOTAL

1 2 3 4 5 6 POP B.A. POP B.A.
0.00 466.00 382.00 98.00 13.00 21.00 980.00 43.5 2097.80 194.8

SPECIES: 2 TOTAL PLANTING UP TO ITERATION: 45
Total species Total pop

11000.00 22000.00
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