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ABSTRACT 
The Shorea robusta (sal) forest is prevalent in tropical and subtropical region of 

South Asia. It is a major forest type in Nepal, mostly dominant in lowland areas of the 
country. It has high ecological and economic significance because it provides shelter for 
globally significant mammals and other endangered animals, supplies products for the basic 
livelihood and economic development, and many other ecological services. Knowledge of 
the dynamics of sal forest composition is important for long term management, 
conservation strategy and action planning. There is a knowledge gap in the dynamics of sal 
forest. Formulating and applying a computer simulation of the forest would contribute to 
filling this gap. No computer simulation model has yet been developed or applied to this 
situation. This study therefore applies the individual based computer simulation gap model 
for sal forest to understand its long term dynamics.  

Chitawan National Park, a protected area of sub-tropical low land of Nepal, was 
selected for the study. A total of 40 ha climax sal forest were measured thorough sample 
plot method. Basal area and stem density were computed. The KIAMBRAM simulation 
model, which was originally developed in Australian subtropical rain forest, was chosen for 
this study. Four major components; growth, birth, kill and chablis of the KIAMBRAM 
model were selected and most of the parameters were calibrated through literature, expert 
option and the researcher’s experience. Re-parameterized model was run to simulate the 
stand level structure and composition at different successional stages. Simulated stands 
were subjected to responses of the local environment to the structure and composition of the 
tree species. Model simulated results were compared quantitatively and qualitatively with 
empirical data and literature.  

Simulated model results showed higher basal area and similar stem density when 
compared with existing mature sal forest condition. At the species level, neither basal area 
nor stem density was matched between the simulation and observation. Model simulated 
species composition for mature forest was significantly matched with current mature forest 
composition. Similarly, simulated species composition at the early succession stage also 
was matched with the literature. Model simulated species composition for mid-successional 
stage and late-successional stages were satisfactorily matched with the literature. Thus, this 
study showed that application of individual based gap model has potential in the study of 
the sal forest dynamics. 

This study has laid the foundation of a computer simulation individual based gap 
model to study the dynamics of the sal forest stand in the context of lowland forest of 
Nepal. Further research and government emphasis on this aspect is expected to contribute to 
improving the computer simulation gap model for sal forest dynamics. 
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	The aim of this chapter is to review the available current literature in order to provide the concrete background and theoretical framework as well as to identify gaps and provide rationale for the study. This study is based on the conceptual context of individual based forest gap dynamics to the growth and development of the plant species under different environmental consequences influences in the sal forest. On behaves of the hypothesis and objectives in chapter one, literatures here are mostly concerning with the concept and process of individual based gap model, sal forest related studies and succession process of sal forest. They are reviewed in the following sections. 
	2.1 History and concept of forest gap model 
	The concept of the forest gap or “gap phase” refers to patch in the forest created by the death or fall of a canopy tree. Gap becomes localized for regeneration and subsequence growth. Shugart (1984) stated that ‘Following the death of a large tree and its falls, a canopy gap forms. The area below this gap becomes the site of increased regeneration and survival of the trees. The trees grow, the forest builds, the canopy closes, and the gap disappears. Eventually, the now mature forest in the vicinity of the former gap suffers the mortality of a large tree and a new gap is formed and the cycle is repeated’. In the other hand, growth-yield models are used by foresters to assist timber production and evaluate growth and yield of timber species in managing the forests, while gap models are generally developed by ecologists to explore ecological mechanisms and patterns of structure and functional dynamics in natural forest ecosystems (Liu and Ashton, 1995).
	Forest gap models are a class of individual plant based community models that have been used extensively to study successional dynamics for a wide variety of purposes and applications. Three assumptions generally considered in gap models by researchers: (i) the forest is abstracted as a composite of many small patches of land, where each can have a different age and successional stage, (ii) the leaves of each tree are located at the top of the stem, and (iii) successional processes are described on each patch separately, i.e., there are no interactions between patches. 
	The computer simulation gap models of forest succession, explores the long terms dynamics response of the forest. Shugart (1984) states that gap models are useful to develop the theory and to resolve the problems associated with understanding of forest succession. The first such model was the JABOWA model (Botkin et al, 1972) developed for a forest in New England. Several gap models were subsequently developed (Shugart, 1998) for a wide range of forests; and eventually, for grasslands and savannas. The earlier versions were used for inter-ecosystem comparison (Shugart, 1984) and adhered relatively closely to the original JABOWA formulation. Individual based computer models designed to understand the forest dynamics by following the fates of each individual tree in a forest stand were created initially in the mid-1960s. By the mid of the 1970s, two approaches were fairly distinguished to modeling of the forest dynamics: forest model and tree model (Shugart, 1984). Gap models simulate the changes in a small patch of forest. Shugart and West (1977) found that for gap models, the assumed size of the modeled gap could have a profound effect on the model dynamics; they noted that these effects could be considered to be a “phonological basis for grain-size quantification based on community level interaction”. The model projects the annual growth of each individual tree on the patch. The forest gap model also computes death of each tree and the recruitment of each individual tree on the patch. 
	Gap models are important because of their widespread applications in assessing the effects of environmental change and effect of other disturbances on the forests as a subset of individual based model (IBM). In dead, gap models are special types of IBM have been applied very wide range of ecosystem and it also interchanges with other IBM when it includes the multi age and multi species. As with other individual-based models, each tree is simulated as an independent entity in gap model. The earliest such models were developed by population ecologists (Holling, 1964; Rohlf and Davenport, 1969) interested in incorporating animal behavior into population models and foresters who were interested in relating tree growth to forest yield. Shugart (2002) stated that most ecologists are interested in variations in individuals (a basis for the theory of evolution and a frequently measured aspect of plants and animals). Increasingly, models that simulate the dynamics of ecological systems by accounting for changes in each of a large number of individuals in the system have been developed and applied in population and ecosystems ecology (Huston et al, 1988; DeAngelis and Waterhouse, 1987). 
	2.2 Individual based model in forestry 
	2.3 Structure of gap models 
	2.3.1 Growth
	2.3.2 Regeneration
	2.3.3 Mortality
	2.4 History and changing trend of individual based forest gap models 
	Stand dynamics are controlled by the creation of gaps due to single or multiple over story-tree mortality in that forest where large scale disturbance are rare. Within these openings, newly established seedlings or advance regeneration will be recruited to the canopy. Gap dynamics are the important driving force that maintains the tropical diversity (Young and Hubbell, 1991). A gap model has been an important tool in understating the dynamics of the forest for long times. Gap models were introduced over 30 years ago to examine the dynamics of forest vegetation structure and species composition based on plant population dynamics. “Individual based gap models basically focus: simulate the birth, growth, and death of individual trees within a small, homogenous forest gap; and use light, stratified vertically through the forest canopy, as the primary resource for which individual stems compete” (Seagle and Liang, 2001). Knowledge on plant physiology is very important to understand the gap dynamics (Reynolds et al, 2001). In this way, Shugart et al (1980) incorporated the gap process in the KIAMBRAM model using concept of Chabli. 
	Gap models are intended to develop to understand the ecological mechanism and patterns of structure and functional dynamics in natural forest ecosystems over a long period of time (Liu and Ashton, 1995; Kolstrom, 1998). The gap model includes process based approaches that account for competition as well as species-specific life history characteristics (Roachanakanan, 2002). In individual based model, each individual tree is simulated as an independent entity. Gap models are typical individual based model and their process in the different sites are different due to variation of disturbances (Shugart and Smith, 1996). 
	Development of the gap model for tropical forest is challenging because of two reasons: First, data related to long term permanent plots are not easily available in tropical area because of most of the previous researches have been conducted in temperate and boreal regions. Second, most of the tropical forest falls on developing countries and they do not have sufficient resource and manpower to establish the permanent plots. On the other hand, tropical forests are more complicated and diverse than temperate forest (Roachanakanan, 2002). 
	The JABOWA model (version first) is the first gap model developed in 1972 by Botkin et al (1972) for northern hardwood temperate forest in USA. This model is process oriented based interacts individuals plants. Latter the JABOWA-II model is came out consisted of 40 species. Three subroutines: growth (increment), birth (recuitment) and mortality are incorporated in this version. The plot size is used as a name of SITE 100 m2 in the model which is quite small for large trees. 
	The FORET model originally derived from the JABOWA model by Shugart and West (1977) which simulated 33 tree species of deciduous forest of USA. They added additional two subroutines: seedling requirement and vegetative reproduction part. The model is used 1/12 square meter circular simulated plot. The KIAMBRAM model was developed by Shugart et al (1980) by taking the FORET model as dynamics of 125 species in sub-tropical rainforest (details of the KIAMBRAM model is described in Section 2.3.1). 
	The FORICO model (Doyle, 1982) is a gap model derived from the FORET model consists of 36 species of lower mountain rain forest. The main variable of the model simulation is: presence or absent of the seed tree in the plot, and maximum and minimum temperature available. Data were used 25 years permanent plots. Light, space and nutrients were considered the limiting factor for the growth of the stand. 
	The OUTENIQUA (Daalen and Shugart, 1989) model is gap model that includes the 28 species found on the study site, developed from the KIAMBRAM model for mixed evergreen forest of South Africa with minimal calibration. This model simulates birth, diameter growth, and death of the mature tree and excludes the harvesting and LUMBER subroutine and the STRGLE subroutine. In this model the plot size is considered 400 m2 area. The model consists one additional subroutine, i.e. SPROUT than KIAMBRAM model for allowing re-sprouters to sprout with the average DBH of 2.0 cm. Growth factor G is calculated from the known maximum diameter increment using formula of Botkin et al (1972). In this model following parameters are similar with KIAMBRAM model: nature of shade tolerant (three levels), seed phenology (two levels), seed longevity (four levels) and SWITCHES 1 to 6 (1-3 seed dispersal, 4-5 types of soil for establishment of seedlings, and 6 is STRGLE. Four additional SPSP for each species; (1) FELL for species re-sprouting ability when fells, (2) SPRT for re-sprouting ability when the tree is fallen (three levels), (3) DEC for deciduousness (three levels), and (4) SEED for the amount of viable seed production (three levels) are incorporated in this model. The chablies probabilities are set 0.006 and less than 0.25 mm/yr diameter increment is subjected to additional mortality in this model. 
	The FORMAL model is the first application of forest gap model derived from JABOWA- FORET model to study the logging techniques in tropical dipterocarp rain forest in Malaysia (Kurpick et al, 1997). This model has several modifications through grouping the species which lays similar functional characteristics for computation of growth, recruitment, light respondent functions, tree geometric function, and logging practices. In this model, tropical rainforest species are grouped into four different categories according to their potential height and shade- intolerant demands. In their classification, group one includes the shade tolerance species with mature height 36 m, group 2 represents smaller dipterocarp species (height between 28 m and 36 m), group 3 represents for pioneer tree species with typical maximum heights between 15 m and 28 m, and group 4 includes small shade intolerant pioneer tree species. In this model, light extinction coefficient (k) is used 0.7 which is realistic for Malaysian tropical rain forest (Kurpick et al, 1997). They used 1/12 ha plot size for simulation same as the KIAMBRAM model. In this model, no temperature and drought effects are taken into account. They also excluded the environmental factor of crowd competition (soil) on their modification. The growth factor (G) and Agemax are computed from maximum diameter increment equation (2.8). Mortality is calculated as in the JABOWA- FOREST model. Logging procedure is developed by using same as the KIAMBRAM model (Shugart et al, 1980). Application for investigation of various logging techniques and their influence on the forest composition and sustainability were the main goal of development of the FORMAL model. 
	The FORMIND model (Kohler and Huth, 1998) derived from the FORMIX-3 model is the combination of growth model, gap model and the JABOWA- FORET model applied in Malaysian tropical rain forest. The simulation plot is considered an area of 400 m2. A total of 436 tree species were categorized into 22 different functional groups on the basis of diameter growth characteristics and light demand. The functional groups further categorized into five species groups by using the potential height as a criterion named as cohort. Most of the parametric values of five functional groups in this model are used from the FORMIX-3 model. This model concluded that more precise group classification is necessary for reasonable results. 
	2.5 How does gap models works? 
	Forest gap models make precise predictions of numbers and sizes of trees of simulated plot (Strasser, 1992). Many authors argued that gap models are more general and realistic than precision (Prentice and Helmisaari, 1991; Strasser, 1992; Botkin, 1993; Botkin 1981; Liu and Ashton, 1995; Bugmann et al, 1996). Forests are intrinsically quite variable and gap model of the dynamics needs not be more precise with its realities. Gap models are process based rather than the quantitative outputs therefore they are flexible to adjust additional parameters whenever they are desired necessary. Some researchers have also found that gap models are not only general and realistic but they also have reasonably accuracy (Roachanakanan, 2002). Therefore, gap models may have been used to accurately predict the course of succession in many different types of forest and represent an efficient method for modeling competition for light (Urban and Shugart, 1992). 
	Most of the gap models in tropical and sub-tropical forest also are developed from the JABOWA-FORET model. Major difference between the JABOWA model and other above described five models (Section 2.4) is that these models do not consider the temperature and water stress parameters in the rain forest model. Therefore, only one environmental factor (light competition) is sufficient to simulate the model results. According to Bugmann et al (1996), all forest gap models can show the good result in the stand level (e.g. total biomass) but there will be poor performance at sub stand level (e.g. size and age distribution). Among the six described gap models, the FORMAL, FORICO, and QUTENIQUA rainforest gap models are capable of computing the simulated total basal area, stem density, diameter class distribution within the significant ranges of observed values, hence these models can satisfy the stand and sub-stand level information (Roachanakanan, 2002). Among these models, only the FORICO model discussed about the species composition (Doyle, 1982). 
	2.6 Application of the KIAMBRAM model in tropical and subtropical forest 
	2.6.1 Concept and approaches 
	The KIAMBRAM model is developed by Shugart et al (1980) for complex sub tropical rainforest in Australia. The model is based on the JABOWA–FORET model. The details of content and characteristic of this model are: simulation of gap size is 1/20 ha (500 m2), assumption of forest is intact and sufficient seed source, number of species is 125, the inclusion of strangling trees, the inclusion of details aspects of tree establishment (e.g. seed dispersal, seed phenology, seed longevity and seedling establishment). In addition, this model also incorporated the three other subroutines CHABLI, STRGLE and LUMBER. CHABLI subroutine is simply the tree fall but in the model it accounts the effect of tree fall on light level and mortality. STRGLE subroutine in the model accounts the planted tree and sometimes trees go up to the dominant level. LUMBER subroutine in the model accounts impact of harvesting. The model is developing in the different stages: first the model of the single tree, then of set of trees competing in constant environment, then of a set of trees of different species competing in an environment that could be varied (Botkin, 1993). The KIAMBRAM model consists of two main types of model parameters: species specific parameters (SPSPs) and site specific parameters (SISPs). SPSPs explain the important characteristics of each species, whereas SISPs explain site dynamics such as environmental conditions for light and crowd competitions. Following sections will describe details parameter of the SPSPs and SISPs of the KIAMBRAM model. 
	SPSPs are set to compute the GROW, BIRTH and KILL subroutines in the KIAMBRAM model. In the GROW subroutine: major four parameters: maximum diameter (Dmax), maximum height (Hmax), growth factor (G) and shade tolerance level (TOL) (Shugart et al,1980 used tolerant, intermediate and intolerant) are incorporated. Similarly, five different parameters: seed phenology (p1) (Shugart et al, 1980 used regular (every year) and irregular (after three year), seed longevity (p2) (Shugart et al, 1980 used four category; 1=up to 6 weeks, 2=1.5 to 3 months, 3=3 months to 1 year, and 4=more than 1 year), seed dispersal (SWITCH 1 to 3) (Shugart et al, 1980 used three categories: bird, wind and gravity), seedling establishment (SWITCH 4 to 5) (Shugart et al, 1980 used mineral soil and raised soil), strangler establishment (SWITCH 6) are included in BIRTH subroutine. Subroutine KILL consists of only single parameter Agemax in the KIAMBRAM model. 
	SISPs in KIAMRAM model also set in relation with GROW, BIRTH and KILL. Three parameters: light extinction coefficient (k) (Shugart et al, 1980 used k=0.375), maximum basal area (SOILQ) (Shugart et al, 1980 used SOILQ=160 m2/ha) and plot size (Shugart et al, 1980 used plot size 1/12 ha) are incorporated in GROW subroutine. Two parameters are considered in BIRTH subroutine: normal condition (Shugart et al, 1980 used requirement per plot as 1-20), and Chabli condition and beginning of the simulation (Shugart et al, 1980 used requirement per plot as 1-600). Three parametric conditions are used in KILL subroutine: mortality increase when diameter increment decrease is less than 1 mm/year (suppression) continuing for 10 years, event of Chablis (Shugart et al, 1980 used chances of uniform random variables with probability 0.50-0.75), and timber operation (Shugart et al, 1980 used increases probability 0.30 due to timber operation). CHABLI subroutine consists of parameter probability of tree fall (Shugart et al, 1980 used tree fall probability 0.003 per year). STRGLE subroutine is explains frequency of plantation parameter in the model (Shugart et al, 1980 used plantation routine is 1 in 20 year). LUMBER subroutine defines harvesting frequency parameter in model (Shugart et al, 1980 used 30 years logging cycle). 
	When the seedling reached certain age or size, then it is recognized in the new or population counts, which could be entered either from regeneration or from vegetative part from plantation. Recruitment of seedling depends on many different factors such as: presence of seed trees, distribution of the seed tree (evenly or in patches), frequency of good seed year, durability of the seed moisture content, characteristics of the plants; for example some plants are regards to germination in dead and heavily decayed log. Seeds fallen on the leaf litter or the open ground of same species may stay without germination. Most of newly sprouted and germinated seedling will survive for only short time period (Botkin, 1993). It indicates sapling requirement is dynamics and complex process, therefore simple calculation is not sufficient to gain accuracy and realism. Only the models can incorporate these kinds of issues. The summary of the KIAMBRAM model structure is given in Table 2.1 and the equations used in the KIAMBRAM model is given in Table 2.2. 
	Table 2.2: Equations used in the KIAMBRAM model 
	 Table 2.2 Equations used in the KIAMBRAM model (cont.)
	2.6.2 Procedure of re-parameterization of the KIAMBRAM model 
	Re-parameterization of the model is essential to bring more accuracy and increase its wider applicability. But it is difficult because of lack of sufficient research data and difficult to understand the reason of different assumption. For example, most of the gap models accounted seedlings at approximately 2.5 cm diameter at breast height (DBH) (Seagle and Liang, 2001) but Busing and Clebsch (1987) used 1.3 cm in Southern Appalachian spruce-fir forests. In this model gap is creates by Chablis. Probability of CHABLI subroutine is set 0.003. The value of k is ranges between 0.5 to 0.8 (Holbrook and Lund (1995), Roachanakanan (2002), this values ranges 0.6 to 0.7 in tropical rain forest (Kira, 1978; Odum, 1970) but Shugart et al, 1980 used 0.375 which is out of the range of rain forest due to adjust the diameter frequency (Roachanakanan, 2002). Similar kinds of many contradictory values and information are found in case of site specific information. It is also difficult to find the species specific values of different species because of lack of documentation and research on such topics. Diversified tools and techniques such as search, collection, analysis, projection, interaction and verification is necessary to accomplish this task. Therefore this is not a simple computation but rather analytic and creative. 
	2.6.3 Test of the KIAMBRAM model 
	Testing of the model simply refers to get some observation, run the model, and observe it whether the projection are the same as observation. In cases of model testing, most important question arises on what variables are likely to test? In forestry, stand density and basal area are common variables that forester want to test (Botkin, 1993). Botkin (1993) further stated that another important issues for model testing is, collection of adequate data that is always difficult in real situation. If the model output and real situation are significantly closed with desired objective of study, model gains validity. Then after, model can use for the desired purpose. 
	2.7 Ecological and physiological process of sal forest
	The aim of this chapter was to review the contemporary literature concerning with the concept and approach of forest gap model; reparameterization and model testing, and succession process of sal forest in order to identify the gaps towards establishing linkages with the objectives of this study. This chapter initially discussed concept of forest gap model and individual based model in forestry. The Chapter then reviewed the literatures concerning with structure of gap models and it discussed GROW, BIRTH and KILL subroutines. Then it reviewed the relevant gap models for this study. The chapter then reviewed the details of the KIAMBRAM model. Finally, chapter reviewed the sal forest literature relevant for this study.
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	Purpose of defining population here is to link the sampling site and its implication with sal population in context of Nepal. Sal forest covers over 1 million hectare in Nepal (HMGN, 1988) where it covers over 700,000 ha (DoF, 2005) in the lowland (Terai) of Nepal. Total coverage of the sal forest in CNP (total population of this study) is 65,240 ha (70% of CNP covers the sal forest). Purposive sampling method was applied for vegetation measurement. Total 40 ha forest were sampled from the core area of CNP.
	Blocks of the mature sal forest were marked in the map based on above criteria (refer to Section 3.1.3). A 200 m wide and one km long strip (20 ha) from each site were randomly selected in the map for vegetation sampling purpose. Locations of strips were identified with the help of compass and local assistant during measurement. A transect line was placed along the longitudinal direction from the center of the strip. Systematic sampling procedure was applied for established sample plot along the transect line. A 500 m2 circular shaped sample plot were established at every 100 m interval during the vegetation measurement. Plot center of the first plot was fixed at middle point of the width of strip and wooden peg was punched. Four nylon ropes having each of 12.61 m length (25.22 m diameter of the circle) were laid on the ground from center point of the circle (were tied on the peg) at 90(angular differences. To make the clear boundary of the plot, different piece of colored ribbon were fixed at the end point of the four nylon rope and additional four at the middle point of the arc of the two consecutive ropes. In such a way total eight ribbon points were fixed at the circumference of the plot to fix the boundary of the plot. Beside this, every nylon rope was movable and they were easily used when any tree in the boarder is confused during the measurement. Sample pots were established at the regular interval of 100 m apart along with transect line. 
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