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Abstract

A forest is embedded in heterogeneous landscape mosaics and interacts with the surrounding environment through
processes such as seed dispersal. Previous forest models, however, have either ignored such interactions or made
unrealistic assumptions. We developed a landscape model (FORMOSAIC) that explicitly considers not only the
dynamics of a focal forest but also ecological impacts of adjacent areas on the focal forest. FORMOSAIC is
hierarchically structured, spatially explicit, multi-scale, stochastic, and individual-based. It integrates information of
tree position, regeneration, growth, death, spatial interaction, and environmental factors. Data for parameterizing
FORMOSAIC were mainly from a 50 ha permanent study plot in the Pasoh forest reserve (Malaysia), which
contained over 800 tree species and more than 330 000 trees with diameter at breast height (dbh) ]1.0 cm. Model
simulation results agreed well with independent field census data in terms of species richness, species composition, tree
abundance, and basal area at two spatial scales. Sensitivity analysis indicated that minimum harvest size was the most
sensitive parameter. Species richness was particularly sensitive to the duration of seed immigration from species-rich
surrounding forests. For tree abundance and basal area, the second most sensitive parameters varied at two spatial
scales. Through uncertainty analysis we found that many parameters had scale-dependent and non-linear relation-
ships with species richness, tree abundance, and basal area. There also existed significant interactive effects between
parameters. The model could be a useful tool for addressing important issues such as fragmentation and deforestation
in forest management for species diversity and timber production from a landscape perspective. © 1998 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Biodiversity loss is accelerating because of in-
creasing human demand for land and extensive
land conversion for economic activities (Ehrlich,
1988; Wilson, 1988). The species-rich tropical
forests exemplify this global phenomenon (Hub-
bell and Foster, 1986; Panayotou and Ashton,
1992). Deforestation and timber harvesting have
likely caused many species to be extirpated from
tropical forests. While establishment of nature
reserves can provide refuges for some species, this
traditional approach alone does not effectively
conserve overall biological diversity (Hansen et
al., 1991). The reasons are (1) the area of such
reserves is too small and many species do not
occur in the reserve; (2) it is unlikely that much
more land can be set aside as reserves due to the
rapid increase in human population and the sub-
sequent demands for other uses of the land; (3)
species in nature reserves could be severely af-
fected by the changes in land use and other hu-
man activities in the surrounding landscapes.

For the reasons mentioned above, conservation
of biological diversity must occur in other areas
like managed forests as well as in reserves. A big
challenge is to reconcile biodiversity conservation
and economic goals in human-dominated ecosys-
tems, and to link ecosystems of different levels of
modification into effective and interconnected
conservation networks. Management practices
influence forest dynamics and successional pro-
cesses by changing environmental conditions for
growth, regeneration and survival. For example,
timber harvesting causes varying degrees of dam-
age to residual stands (Wyatt-Smith and Foenan-
der, 1962; Abdulhadi et al., 1981). Multiple
objectives for the management of a single stand
could result in serious conflicts, but careful design
and management might lead to harmony. Ade-
quate scientific information is essential to identify
the tradeoffs (Liu et al., 1994; Pulliam and Bab-
bitt, 1997).

Data from studies in natural forests are impor-
tant for developing guidelines for managed forests
(Wilcove, 1989; Hansen et al., 1991). The data
require systematic analysis and synthesis for man-
agement decision making. Modeling provides a

major tool for synthesis because models can pro-
ject long-term responses to changes in manage-
ment practices. These models can also generate
hypotheses which can be tested by experiments or
field observations. A large number of forest mod-
els have been developed in the past several
decades. Previous models fall roughly into two
major categories: stand models and individual-
based models (see numerous examples in a recent
review by Liu and Ashton (1995)). Stand models
are developed on information at the stand level
such as tree density and total basal area (Clutter,
1963; Vanclay, 1989; Borders et al., 1990). Stand
models are mainly designed for timber projection
and have serious drawbacks for species diversity
studies as most stand models tend to focus on
timber species alone, rather than all species.

In contrast to stand models, individual-based
models simulate establishment, growth, and death
of each individual tree (Munro, 1974; Huston et
al., 1988; DeAngelis and Gross, 1992). One way
to classify individual-based models is: growth-
yield and gap models (Liu and Ashton, 1995).
Growth-yield models provide managers with in-
formation about growth and yield dynamics of
timber trees (Monserud, 1990), while gap models
are mainly used to understand forest successional
patterns and processes (Shugart, 1984) in a
canopy gap area created by tree falling (Botkin et
al., 1972). Individual-based models have become a
major approach in mimicking forest dynamics by
integrating species- and size-specific information
(DeAngelis and Gross, 1992).

Many studies show the importance of sur-
rounding areas in determining ecosystem structure
and function (Forman and Moore, 1992). For
instance, the classic island biogeography theory of
MacArthur and Wilson (1967) states that the
number of species on islands is an equilibrium
between immigration and extinction rates and
that an island close to the mainland should sup-
port more species than an island of similar size
farther from the mainland. Forest recovery in a
disturbed area is inhibited due to lack of seed
dispersal (Buschbacher, 1987). In tropical rain
forests, many species in small forest remnants are
very sensitive to the vegetation structure nearby
(Lovejoy and Oren, 1981; Bierragaard et al.,
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1992). However, contributions (e.g. seed dispersal)
of the surrounding areas to forest dynamics have
basically been ignored in previous forest models.
For example, many models avoided edge effects
by wrapping the modeled area onto itself (Smith
and Urban, 1988), or by treating forest edges as
reflecting boundaries for seeds (Clark and Ji,
1995).

Recruitment is one of the most important fac-
tors in population dynamics (Grubb, 1977). In
growth-yield models for plantations, the recruit-
ment process is usually not modeled because
seedlings and saplings are generally planted (Liu
and Ashton, 1995). A recent gap model by Pacala
et al. (1993) assumes that all seeds are produced
inside the focal area. Traditional gap models,
however, introduce new individuals to a modeled
area from a constant external seed pool (Botkin et
al., 1972; Shugart, 1984) no matter what adjacent
areas might be. This assumption warrants re-ex-
amination simply because adjacent non-forest ar-
eas (e.g. industrial or agricultural land) cannot
provide any seeds to a focal forest (unless seeds
are dispersed by wind from far away) and a focal
forest next to a single-species plantation would be
gradually dominated by the plantation species. As
Clark and Ji (1995) pointed out, the sources of
immigrants are critical in changing forest struc-
ture and species composition. Thus, a spatially
explicit treatment of seed dispersal into a modeled
forest deserves urgent attention to address man-
agement concerns such as deforestation and forest
fragmentation (Harris, 1984).

In order to account for ecological processes
outside a focal forest we developed a forest model
(FORMOSAIC) which explicitly treats a focal
forest as part of the landscape mosaics. FORMO-
SAIC considers not only the dynamics inside the
focal area but also the impacts of adjacent areas
on the focal forest. In this paper we begin with an
introduction to the model structure. We then fo-
cus on methods for model parameterization and
model testing by using empirical data from a
long-term study site in a forest reserve of
Malaysia. Finally, we present results of model
testing, sensitivity analysis, and uncertainty analy-
sis.

2. Methods

2.1. General structure of FORMOSAIC

FORMOSAIC simulates forest dynamics by in-
tegrating responses to management practices, bi-
otic and abiotic factors which influence the
recruitment, growth, and death processes (Fig. 1).
Management practices may include harvesting
and thinning. Biotic factors consist of intra- and
inter-specific interactions (e.g. competition). Ex-
amples of abiotic factors are slope, elevation, and
windthrows. Model outputs include location of
each individual tree, population size of each tree
species, species richness, basal area, tree density
and size structure.

FORMOSAIC is hierarchically structured at
four levels: landscape, focal forest, grid cell, and

Fig. 1. Basic structure and function of FORMOSAIC. The
model takes management options and other data as inputs,
integrates abiotic and biotic factors which influence the death,
recruitment and growth processes, and provides outputs such
as species richness, basal area, and tree density.
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Fig. 2. Hierarchical relationship of four spatial scales (landscape, focal forest, grid cell, and tree location) considered in
FORMOSAIC. At the landscape scale, this schematic diagram shows that a focal forest is surrounded by two types of adjacent areas
(species-rich forest and non-forest). Seeds can immigrate into the focal forest from the adjacent species-rich forests, but no seeds are
available from the neighboring non-forest. For the convenience of computation and considering ecological heterogeneity of a forest,
the focal forest (0.25 ha) is represented by a grid of 25 cells. Each cell is 10×10 m in size and contains many individuals of different
tree species. Tree location is mapped at the point level. The model tracks recruitment, growth and death of each individual tree.

tree location (Fig. 2). The landscape mosaics con-
sist of a focal forest and surrounding areas. A
focal forest can be a square or rectangle in shape.
The surrounding areas may be natural or planta-
tion forests, clearcuts, agricultural fields, industrial
land, roads, or residential buildings. In the current
version of FORMOSAIC, surroundings are
defined as the area within seed dispersal distance.
In addition, the surrounding areas on the four
sides (east, west, north, and south) of a focal forest
may be different. For example, there may be a
plantation on the west side, a natural forest on the
east, a residential area on the north, and an
agricultural land on the south. Fig. 2 shows a case
where there are species-rich forests on the east and

west sides of a focal forest, and non-forest on the
north and south sides. Seeds can immigrate into
the focal forest from adjacent forests, but no seeds
are available from the non-forest areas.

Considering computational efficiency and eco-
logical heterogeneity of a forest, a focal forest is
represented as a grid of 10×10 m cells, each of
which contains many individuals of different spe-
cies. For example, in a 50 ha permanent plot in
Malaysia (Manokaran et al., 1990), there are usu-
ally 60–80 individual trees of ]1 cm in diameter
at breast height (dbh) which belong to 30–50 tree
species in a 10×10 m area (J. Liu, unpublished
data). In Fig. 2, the example focal forest is 0.25 ha
in size and divided into 25 grid cells. In the model,
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Fig. 3. Topographic map of the 50 ha long-term study plot in the Pasoh forest of Malaysia. Shading areas are swampy after wet
weather. Wide solid lines represent the streams. Dashed lines divide the plot into four 12.5 ha quadrats. See text for more details.

a focal forest can be as small as a grid cell (0.01
ha), or as large as millions of hectares (depending
on computer capacity). Seed dispersal can take
place among grid cells. A grid cell may receive
seeds produced by trees inside the cell, from other
grid cells, or from outside of the focal forest. At
the tree level, the location (x- and y-coordinates)
of each tree is explicitly mapped. FORMOSAIC
tracks recruitment, growth, and death of each
individual tree.

2.2. Model parameterization

2.2.1. Data sources
The data for parameterizing FORMOSAIC

were mainly from a 50 ha (500×1000 m) long-
term study plot (Fig. 3) in the Pasoh forest re-
serve, Peninsula Malaysia. The plot was
established in 1985 (Manokaran et al., 1990;
LaFrankie, 1992a,b). It was censused in 1987 and
again in 1990. At the first census the plot had over
800 tree species and more than 330 000 trees with
dbh ]1.0 cm. All trees were mapped and tagged,
and their x- and y-coordinates were also

recorded. Demographic information included di-
ameter growth, mortality, and recruitment.
Height and crown diameter data were available
from subsamples. Environmental data consisted
of elevation, slope and habitat (measured as dis-
tance from swamps and streams) for each individ-
ual tree.

We designated the data from half of the plot
(25 ha) for model parameterization and the other
half plot for model testing. We divided the plot
into 4×12.5 ha quadrats (Fig. 3). We chose the
top right and bottom left quadrats for model
development, and the top left and bottom right
quadrats for model testing so that the environ-
mental data for model development and model
testing were relatively similar. Each 25 ha subplot
for model development and model testing had a
swamp, a stream, and a hill region (Fig. 3). While
data for growth, mortality and recruitment were
available throughout the 50 ha plot, we used
recruitment data in only 5 ha (shading area) on
the west side (Fig. 3) because the recruitment data
in the other 45 ha might have too many measure-
ment errors (J. LaFrankie, personal communica-
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tion). Among the 5 ha recruitment data, we used
the data in 2.5 ha for developing the recruitment
submodel, and the other 2.5 ha data for model
testing.

Because sample sizes in the mortality and re-
cruitment analyses for single species were usually
small, we grouped species into four guilds: emer-
gent, canopy, understory, and successional species.
The classification was based on flora information
(Whitmore, 1972a,b; Ng, 1978; Swaine and Whit-
more, 1988; Ng, 1989) and field knowledge of the
genera including architecture, habitat, and life
history (P. Ashton, observations; S. Thomas, per-
sonal communication). In the growth analysis, we
also classified rare species (B1 individual ha−1)
into the four guilds and developed a growth func-
tion for each guild. All species in the same guild
shared the same function.

Because FORMOSAIC is individual-based, it
keeps information for each individual tree (e.g.
species name, size, and location) until the individ-
ual dies, and matches the species’ name with guild
type and uses the guild information when neces-
sary. As a result, FORMOSAIC is able to examine
species richness even though some information is
guild-specific.

2.2.2. Growth submodel
A general growth function was developed for

502 abundant species (]25 individuals in total or
]one individual ha−1) and rare species groups in
the 25 ha designated for model parameterization
(Eq. (1)). The relative growth is a function of dbh,
neighborhood influence, slope, elevation, and the
shortest distance from wet areas:

ln(rgri)

=b0+b1/ln(dbhi)n+b2ln(nii)+b3ln(slpi)

+b4ln(elei)+b5ln(habi)+oi (1)

where rgri is the relative growth rate of individual
tree i, dbhi is the diameter at breast height, n is a
coefficient which ranged from 0.01 to 15 and
differed among some species, nii (neighborhood
influence) is the total basal area of all trees except
the focal individual in a grid cell, slpi is the slope,
elei is the elevation, habi is the shortest distance
from wet areas (swamp or stream), and ei is the

error estimate. All individuals in the same species
or guild of rare species shared the same equation
coefficients (b0–b5). The means and S.E. of b0–b5

(among all abundant species and guilds of rare
species) were −2.009290.5310, 1.954490.5279,
−0.003290.0005, 0.001190.0041, 0.03659
0.0081, and −0.000196.58e-5, respectively. Be-
cause some variables might be equal to zero in
certain conditions, the value of each variable was
added with 1.0 to avoid errors in arithmetic calcu-
lation. The general growth function explained up
to 89% of growth variation. The average r2 across
502 abundant species was 0.3590.13 (mean9
S.E.).

We assumed that a tree would stop growing
after it reaches a certain size (height or dbh). This
assumption is the same as proposed in Shugart
(1984). Because some variables (e.g. genetic factor)
were not considered in the model, it is necessary to
place a cap regarding how big a tree can grow.
Otherwise, extrapolation of growth functions
may result in unusually big trees. We set the
maximum dbh for each species or guild of rare
species at the 98th percentile of dbh distribution
observed in the 25 ha subplot for model develop-
ment because some extremely high dbh measure-
ments could be errors (S. Thomas, personal
communication).

2.2.3. Recruitment submodel
Because the number of recruits for most species

in our recruitment subplot was small, we grouped
all species into the four guilds as mentioned above.
The minimum reproductive sizes (dbh) were set at
30.0, 20.0, 4.0 and 5.0 cm, for emergent, canopy,
understory, and successional species, respectively.
Size at which reproductive maturity is reached
may change if a tree is in dense or ‘open’ forest (S.
Appanah and M. Boscolo, personal communica-
tion), but there were so few studies on this that
deciding on an accurate size was not easy. There-
fore, we relied on findings from other study areas
(Whitmore, 1972a,b; Ng, 1978, 1989). All adults in
the same guild were assumed to have the same
probability of reproductive success due to data
limitation although variance does exist among
species within the same guild (Curran et al., 1997;
Davies et al., 1997).
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We chose recruitment data in the 2.5 ha recruit-
ment subplot for model development and divided
the 2.5 ha subplot into 25 sections of 0.1 ha each
(20×50 m). The recruitment rate of the emergent
species did not change with tree density or basal
area (Fig. 4a). Therefore, we used the average
recruitment rate for the emergent species. For
canopy, understory, and successional species,
however, rates of recruitment decreased as the
tree density increased (Fig. 4b–d). From the re-
cruitment functions (Fig. 4) we estimated the
maximum number of recruits for each guild in a
grid cell (actual number of recruits might be
smaller in some circumstances such as when there
were no adults in the focal grid cell and/or when
no immigrants came from other grid cells or
outside of the forest).

Recruits in a grid cell may result from three
sources: seeds immigrating from outside of a sim-

ulated forest area within dispersal distances, seeds
immigrating from other cells within the simulated
forest, and/or seeds produced by adults inside the
focal cell (Fig. 5). We estimated the number of
recruits regenerated inside a grid cell and origi-
nated from outside of a cell by considering the cell
size and dispersal ability of seeds. We measured
dispersal ability of seeds indirectly because we had
data of new recruits instead of seeds. We used
dispersal curves (numbers of recruits against dis-
tances from the parents) to describe dispersal
abilities. In order to obtain dispersal curves, we
needed to match recruits with their parents. When
the location of a recruit was closest to an adult of
the same species, we assumed that the recruit was
an offspring of that adult. We realized that the
accuracy of this method was not perfect, but it
was the best that we could do in the absence of
empirical data. Based on this parent–offspring

Fig. 4. Relationship between recruitment rate and tree density. Recruitment rate showed no relationship to tree density for the
emergent guild (a), while recruitment rate was negatively related to tree density for canopy (b) (PB0.01, n=25), understory (c)
(PB0.01, n=25), and successional species (d) (PB0.05, n=25).



J. Liu, P.S. Ashton / Ecological Modelling 106 (1998) 177–200184

Fig. 4. (Continued)

assumption, a dispersal curve for each guild was
produced (Fig. 6). When a grid cell was set to be
10×10 m in size, percentage of recruits produced
inside a grid cell (Pin, see below) for emergent,
canopy, understory, and successional species was
about 2, 2, 14, and 11%, respectively. Let the total
number of recruits be R (calculated from the
recruitment functions) and the proportion of re-
cruits reproduced inside a cell be Pin, then the
number of recruits originated from within the cell
(Rin) is:

Rin=P in* R (2a)

and the number of recruits from outside of the
cell (Rout) is:

Rout=R−Rin (2b)

Immigrants (recruits originated from outside of
a grid cell, Rout) could come from other grid cells

within the focal forest and/or from outside of the
simulated forest area. We separated these two
types of sources in the following manner. We
assumed that the immigrant source area (SA) was
a square in shape and was delineated by the
maximum dispersal distances (DD):

SA= (2*DD)2−CL2 (3)

where CL is the length of the focal grid cell and
CL2 is the area of the focal grid cell. The formula
to calculate number of immigrants from other
cells (Iin) is:

Iin= (IA/SA)*Rout (4)

where IA is the area of other cells within the
dispersal distance from the focal cell. Thus the
number of immigrants from outside of the simu-
lated forest (Iout) is:

Iout=Rout−Iin (5)
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Fig. 4. (Continued)
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Iin and Iout change with the location of a focal
cell. For example, a focal cell situated in the
center of the simulated forest (Fig. 5a) has a

higher proportion of immigrants from within the
focal forest than those cells near the forest
boundaries.

Which species immigrate from other cells de-
pends on the availability of seeds produced by
adults in the source cells, whereas which species
immigrate from outside of the forest is a func-
tion of species composition in the surrounding
areas within the dispersal distances. For exam-
ple, if the surrounding areas are plantations with
a single species X, then the species immigrating
into the focal area is X. If the surrounding areas
are bare ground, there are no immigrants from
outside. The model can simulate consequences of
different surrounding areas by changing species
composition and relative abundance of each spe-
cies.

The number of potential immigrating species
was determined by the number of species in the
seed source area. The numbers of species in the
four guilds all increased with area sizes (Fig. 7).
We established the species–area relationships us-
ing data in the 25 ha subplot for model develop-
ment. A species with higher population size in
the source area would have a higher probability
to enter the focal area. We used a stochastic
process to simulate dynamic availability of re-
cruits because there are good and bad seed years
(Janzen, 1978).

As the field census only recorded recruits
with dbh]1.0 cm, we set sizes of recruits in
the model from 1.0 to 1.5 cm (dbh) at ran-
dom. The location of a recruit was randomly
chosen in a grid cell. Once the location
was determined, the slope, elevation, and dis-
tance from wet areas were calculated for each
recruit.

2.2.4. Death submodel
A tree may die from chance (Botkin et al.,

1972; Monserud, 1976), windthrow (Pacala et
al., 1993), harvesting impact (Abdulhadi et al.,
1981), or other factors including suppression due
to competition (Shugart, 1984).

Annual mortality (AM) was calculated using
the following equation (Sheil et al., 1995):

Fig. 5. Three sources of seeds which result in recruits in a grid
cell: inside the grid cell (represented by cyclic arrows), from
other cells (solid arrows), or from outside of the focal forest
(arrows with dashed lines). Cell location is important in deter-
mining seed sources due to limited dispersal distance. A cell at
the center of the focal area (a) has a lower proportion of
immigrants from outside than a cell on the edge or corner (b).
Furthermore, a center cell may have immigrants from all
directions (a), but a corner or edge cell may not receive
immigrants from all directions (b).
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Fig. 6. Dispersal curves as depicted by the numbers of recruits against the distances from the parents for the emergent, canopy,
successional, and understory species.

AM=1−
�Nt2

Nt1

�(t2− t1)

(6)

Where Nt1 is the population size at time t1, Nt2

is the population size at time t2, and t2– t1 is the
time period between two censuses. We divided the
25 ha subplot for model development into ten
sections of 2.5 ha each. If the area of a section
was too small, the number of dead trees would
not be large enough for reasonable statistical
analysis. If a section was too large, there would be
too few sections for analysis.

Small trees (B30 cm in dbh) might die of
random factors and of suppression due to compe-
tition. The available data only allowed us to
calculate the aggregate mortality. We divided the
small trees into three size categories: 1–5, 5–10,
and 10–30 cm. Except the emergent species in the
1–5 cm category and canopy species in the 10–30
cm category, all showed significant relationships
between mortality and tree density or basal area.

The relationships were described by polynomial
equations. The equation parameters are listed in
Table 1.

Large trees (]30 cm in dbh) could die of aging
and random factors. Because of the nature of our
data set, we could not separate these two types of
mortality. No significant relationships existed be-
tween the mortality and tree density or basal area.
We used the average mortality across the ten
sections. The four guilds had about the same
probability of death (Table 1).

According to Appanah and Weinland (1993),
there were 30 dipterocarp and 90 non-dipterocarp
timber species in the 50 ha plot. Dipterocarps and
non-dipterocarps are usually harvested at a mini-
mum size of 50 and 45 cm, respectively (Appanah
and Weinland, 1990). Harvesting not only cuts
down target timber trees but also damages smaller
trees nearby because of the falling of timber trees
(Abdulhadi et al., 1981; Whitmore, 1984; Schaetzl
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Fig. 7. The relationship between the cumulative number of species in each of the four guilds and the cumulative area.

et al., 1989; Appanah and Weinland, 1990; Van-
clay, 1994). For the sake of simplicity, we as-
sumed that a tree may fall randomly along one of
the four directions (north, south, east, and west).
We assumed that the damaging area (DA) or
impact zone caused by a fallen tree is:

DA= (L*heighti)*(W*crown–radiusi) (7)

where heighti is the tree height (m), crown–radiusi

is the crown radius (m) of the fallen tree i, L and
W are the parameters contributing to the length
and width of the damaging area, respectively
(both L and W are greater than zero). Within the
damage area, it is possible that only a proportion
of the smaller trees (P) would be killed. The
number of smaller trees destroyed by tree falling
(DS) is:

DS=T*P (8)

where T is the total number of smaller trees
within the damage area. Values of P, L and/or W
could be changed to simulate different degrees of
logging impacts.

To measure the damage of a fallen tree to
smaller trees, tree height and crown radius had to
be estimated (Eq. (7)). The relationship between
tree height and dbh was established from 1135
trees of seven species chosen from the 50 ha plot
(Appanah, unpublished data).

ln(heighti)=0.8364+0.8347 ln(dbhi)

(r2=0.93, n=1135) (9)

where heighti is the tree height (m), and dbhi is the
diameter at breast height (cm) of tree i. The
equation for estimating crown radius was derived
from data of 101 trees in three species of the
Pasoh forest (Thomas, unpublished data).
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Table 1
Coefficients of mortality function, y=a+bX+cX2+dX3+o, where X is tree density (number of trees ha−1) or basal area (m2/ha)
and o is the error estimate

b cGuild da r2

(A) Size class of 1–5 cm (dbh)
0.000 0.000 0.000 —Emergent 0.0244

−3.755e−12 0.81**Canopy 1.1110 −5.013e−4 7.548e−8
4.183e−3 −4.849e−5Understory 1.1382 −0.1194 0.68**
1.043e−2 0.73**−1.245e−4−2.888e−1Successional 2.655e+0

(B) Size class of 5–10 cm (dbh)
−1.729e−11 0.53*Emergent 6.249e+0 −2.642e−3 3.712e−7

−1.217e−2 1.372e−4Canopy −3.497e+0 3.585e−1 0.44*
0.49*0.0001.293e−9−1.501e−5Understory 5.090e−02

5.294e−4 −8.984e−8 4.996e−12 0.45*Successional −1.003e+0

(C) Size class of 10–30 cm (dbh)
−3.955e−12 0.47*Emergent 1.576e+0 −6.513e−4 8.877e−8

0.000 0.000Canopy 0.0118 0.000 —
0.39*5.113e−12−1.057e−77.278e−4Understory −1.655e+0

7.177e−11 0.51*Successional −2.342e+1 1.026e−2 −1.490e−6

(D) Size class of ]30 cm (dbh)
0.000 0.000 0.000Emergent —0.0114

0.000 —0.0000.000Canopy 0.0098
0.000 0.000Understory 0.0150 0.000 —

—0.0000.000Successional 0.0000.0123

(E) Type of independent variable (X) in the mortality functions, tree size class (cm)
10–30Guild 1–5 5–10
Tree densityTree densityEmergent —

Canopy Tree density Basal area —
Tree densityTree densityUnderstory Basal area

Tree density Tree densitySuccessional Basal area

The mortality functions were built for four guild types and four tree size classes.
* PB0.05.
** PB0.01.

crown–radiusi

=0.5*(1.46+0.26*dbh–of–fallen–treei)

(r2=0.83, n=101) (10)

We used Eq. (10) to represent the relationship
between crown radius (m) and dbh (cm) of an
individual tree i. The equation was applied to all
species. The results might be more accurate if the
information about crown–dbh relationship for
every species became available. However, previous
studies have shown that a vast majority of species
(and all species in their young stages) demonstrate
a positive linear relationship between crown ra-
dius and dbh (Krajicek et al., 1961; Dawkins,
1963; Curtin, 1964; Paudyal and Nik, 1990).

Windthrow is an important force in shaping
forest dynamics (Crow, 1982; Pacala et al., 1993).
Windthrow damage changes with windthrow fre-
quency, intensity, and location as well as stand
conditions such as tree height (Ruel, 1995;
Mitchell, 1995). According to H.T. Chan, who is
familiar with the history of the 50 ha study site
(M. Boscolo, personal communication),
windthrows may indeed play a significant role in
the long-term dynamics of the Pasoh forest. For
instance, a big windthrow occurred around 1982.
However, there is little information available in
regard to the frequency and intensity of
windthrow damage in our study site. We assumed
that a windthrow would hit a certain area in
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which large trees (dbh]30 cm) would fall, and
falling of these large trees would also damage a
proportion of smaller trees within the impact
zone. In FORMOSAIC, variables related to
windthrows (e.g. size of impact zone, occurrence
frequency and intensity) are easy to change so
that windthrow effects on forest dynamics can be
simulated.

2.2.5. Programming languages and significance
tests

FORMOSAIC was programmed in an object-
oriented computer programming language C+ +
(Ellis and Stroustrup, 1990) (see Liu (1993) for an
ecological application using C+ + ) and can be
implemented in UNIX (e.g. SunSparc and Silicon
Graphics workstations) and PC platforms. A
friendly graphical user-interface was developed
using Tcl/Tk (Welch, 1995). We employed t-tests
and x2 tests (SPSS, 1996) to test for the differ-
ences between model simulation results and em-
pirical data.

2.2.6. Model testing
We tested FORMOSAIC using data that were

independent of model development. We divided
the 2.5 ha area (0–100 m west–east, and 0–250 m
south–north, with good recruitment data which
were not used in parameter estimation) into ten
sections of 0.25 ha each (50×50 m). The data
from the first census constituted initial species
composition, structure, sizes, locations of trees in
a focal area. We used species composition in the
25 ha subplot for model development as the exter-
nal source of immigrants because the surrounding
forest was similar to the study plot.

Each simulation had ten runs (replicates) be-
cause of stochastic processes in recruitment and
mortality submodels. We ran each simulation for
4 years (each simulation step was 1 year) as the
mean time between the two censuses in each
section was \3 years but B4 years. In mathe-
matical terms, the average census interval was
3+y years, where y is a decimal between 0.00 and
0.99. To assure that simulation time equals census
interval, we used the following formula to weight
the simulation results (x) in each section:

x=simulation–result–at–year–3*(1.00−y)

+simulation–result–at–year–4*y (11)

Where x refers to species richness, tree abun-
dance, or basal area. We compared x with ob-
served species richness, tree abundance or basal
area from the second census.

2.2.7. Sensiti6ity and uncertainty analysis
A sensitivity analysis is used to test how a

model’s output responds to small changes in the
parameters of interest (Jørgensen, 1986; Starfield
and Bleloch, 1991; Turner et al., 1994), whereas
uncertainty analysis is employed to identify how
model results vary with large variances in parame-
ters (when the parameter values have too much
uncertainty or management parameters have a
wide value range). Both types of analysis are
useful in examining model behavior.

The sensitivity and uncertainty of parameters
can be measured in several ways. For example,
Turner et al. (1994) used squared Pearson correla-
tion coefficients (r2) as a sensitivity and uncer-
tainty measure under the assumption that the
parameters are independent of each other. Pear-
son correlation coefficients are measured between
each of the parameters and the model predictions.
This approach is able to identify the contributions
of different parameters to total variances if there
are no interactions among parameters. However,
the assumption of parameter independence may
not always be valid, and the method cannot iden-
tify the relationship (e.g. linear or non-linear)
between a dependent variable and an independent
variable over a wide range of values.

In our study, we employed a simple yet widely
used sensitivity index (Jørgensen, 1986):

Sx= (DX/X)/(DP/P) (12)

where X is the dependent variable under nominal
conditions, DX is the difference of dependent vari-
able between nominal conditions and modified
conditions (e.g. change of value in a particular
parameter), P is the parameter value under nomi-
nal conditions, and DP is the difference of the
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Table 2
Parameters used for sensitivity and uncertainty analyses

Nominal value Minimum value Maximum valueParameter (x)

030Duration of seed immigration from surrounding species-rich forests 100
(years)

0.80.1Proportion of residuals damaged by harvest 0.4
0 4Coefficient of harvest impact zone (L×W) 1

45 20Minimum harvest size (dbh, cm) 60
10 4030Harvest rotation (years)

0 80Windthrow frequency (years) 40
0.80.1Proportion of big trees damaged by windthrow 0.2

30 10 60Minimum size of big trees damaged by windthrow (dbh, cm)
0.2 0.1 0.8Proportion of small trees damaged by fallen big trees due to windthrow

In the sensitivity analysis, parmeters were increased by 10% of their nominal value. For the uncertainty analysis, parameters were
varied within the minimum and maximum values (in most cases the values were chosen at equal intervals).

particular parameter under nominal conditions
and modified conditions. A larger Sx refers to a
higher sensitivity of the dependent variable to a
change in a particular parameter (the signs, ‘+ ’
and ‘− ’, indicate the directions of change).

We conducted sensitivity and uncertainty analy-
ses on nine parameters related to surrounding
conditions, timber harvest and windthrow (Table
2). In the sensitivity analysis, we increased the
nominal value by 10%. For uncertainty analysis,
we chose a number of values within the two
extremes of values of a particular parameter (Table
2), ran simulations with these values, and then did
regression analysis using the simulation results.
We chose linear, logarithmic, exponential, polyno-
mial (second order), and power function to fit the
curve which was formed using the dependent vari-
able as the y-axis and the independent variable as
the x-axis. The function with the lowest residuals
was selected.

Like model testing, sensitivity and uncertainty
analyses were done at two spatial scales (0.25 and
2.5 ha). We selected 0.25 ha (0–50 m west–east,
0–50 m south–north) or 2.5 ha area (0–100 m
west–east, and 0–250 m south–north) of the 50 ha
plot as a focal forest. Data for initializing simula-
tions in sensitivity and uncertainty analyses were
the same as those for model testing. Similarly,
simulation step was 1 year. Each simulation run
lasted 100 years and had ten replicates. We calcu-
lated the average species richness over the entire
simulation period (100 years) and across replicates.

3. Results

Model testing at the scale of 0.25 ha demon-
strated that FORMOSAIC carried out well. As
can be seen in Table 3, the simulation results for
species richness, tree abundance, and basal area
were not significantly different from the observa-
tions (P=0.46, 0.93, and 0.82 for species rich-
ness, tree abundance, and basal area,
respectively). Similarly, at the scale of 2.5 ha,
the simulation results did not differ from ob-
served values in terms of species richness (Table
4, P=0.16), tree abundance (P=0.19) and
basal area (P=0.27). The species composition
from the simulations also fitted the census data
very well (x2=184.55, df=532, P\0.99; The
x2 value was calculated using simulated and ob-
served population size for each species). For
population sizes in 98.5% of more than 500 spe-
cies, the difference between simulation and ob-
servation was not significant using x2 test (Fig.
8).

Sensitivity analysis indicated that at the scale
of 0.25 ha, minimum size of timber trees for
harvest was the most sensitive parameter for
species richness, basal area, and tree abundance
in a focal forest (Table 5). Species richness was
also very sensitive to the duration of immigra-
tion from surrounding forests and minimum tree
size felled by windthrows. The second and third
most sensitive parameters for tree abundance
were the proportion of smaller trees killed in the
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Table 3
Model testing results at the scale of 0.25 ha

Observation (mean9S.E.) Simulation (mean9S.E.) P

308.0093.38 311.3692.94 0.46Species richness (number of species/0.25 ha)
0.932117.24941.25Tree abundance (number of trees/0.25 ha) 2111.40950.04

8.2990.52 8.1490.42 0.82Basal area (m2/0.25 ha)

harvest impact zone and the duration of immigra-
tion (Table 5). For basal area, the two other most
sensitive parameters were the proportion of
smaller trees killed in the harvest impact zone and
the minimum tree size felled by windthrows.

At the scale of 2.5 ha, the most sensitive
parameter was still the minimum harvest size
(Table 6). For species richness, the second and
third most sensitive parameters remained the
same (duration of immigration and minimum size
of big trees felled by windthrows). For tree abun-
dance and basal area, harvest rotation and pro-
portion of smaller trees killed in the harvest
impact zone were the second and third most
sensitive parameters. Duration of immigration
(the third most sensitive parameter for tree abun-
dance at the scale of 0.25 ha) and minimum size
of trees felled by windthrows (the third most
sensitive parameter for basal area at the scale of
0.25 ha) were not among the three most sensitive
parameters.

Uncertainty analysis at the scale of 0.25 ha
showed that in many cases the relationships be-
tween species richness (or basal area, or tree
abundance) and the nine parameters were non-lin-
ear (polynomial or logarithmic; Table 7). In re-
gard to species richness, four parameters had
non-linear relationships, three parameters demon-
strated linear relationships, and two parameters
did not display any significant relationship. As to
tree abundance, three parameters showed non-lin-
ear relationships, five parameters revealed linear
relationships, and one parameter had no signifi-
cant relationship (Table 7). Finally, basal area
exhibited a non-linear relationship with five
parameters, linear relationship to three parame-
ters, and no significant relationship with one
parameter. Species richness, tree abundance and
basal area all displayed the same type of relation-

ship with four of the nine parameters (duration of
immigration, coefficient of harvest impact zone,
minimum size of harvest, and proportion of
smaller trees damaged by windthrows).

Uncertainty analysis at the scale of 2.5 ha indi-
cated that species richness had a non-linear rela-
tionship with one parameter, linear relationships
with three parameters, and no significant relation-
ships with five parameters (Table 8). As to tree
abundance, four parameters demonstrated non-
linear relationships, three parameters had linear
relationships, and two parameters had no signifi-
cant relationship. Basal area was non-linearly re-
lated to four parameters, had a linear relationship
with two parameters, and showed no relationships
with three parameters (Table 8).

Results of uncertainty analysis indicated that
types of relationships between species richness (or
tree abundance, or basal area) and many parame-
ters were scale-dependent. Between the two spatial
scales (0.25 and 2.5 ha), five, three, and five
parameters had different types of relationships
with species richness, tree abundance, and basal
area, respectively. For example, species richness
had a non-linear relationship with proportion of
residuals damaged by timber harvest at the scale
of 0.25 ha but showed linear relationship at the
scale of 2.5 ha.

There were apparent interactive effects of
parameters on species richness, abundance, and
basal area (Table 9). We used the proportion of
big trees damaged by windthrow and windthrow
frequency to exemplify the interactive effects at
the scale of 0.25 ha. When windthrow frequency
was set to 20 years, species richness linearly de-
creased as the windthrow damage to big trees
increased. However, when windthrow frequency
was 40 to 70 years, species richness did not show
any relationship with the windthrow severity. Al-
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Table 4
Model testing results at the scale of 2.5 ha

Observation Simulation (mean9S.E.) P

551.00 544.7393.690.16Species richness (number of species/2.5 ha) 0.16
21053.86927.39 0.19Tree abundance (number of trees/2.5 ha) 21113.00

82.98 81.8890.47Basal area (m2/2.5 ha) 0.27

though the relationships between tree abundance
and damage to big trees were linear when
windthrow occurred every 20 or 40 years, the
equation coefficients were different (tree abun-
dance was lower when windthrow frequency was
20 years). With a windthrow frequency of 70
years, the relationship between tree abundance
and windthrow damage to big trees was non-lin-
ear. For basal area, it had a negative linear rela-
tionship with the proportion of big trees damaged
by windthrows when windthrows occurred every
20 years. However, a lower windthrow frequency
(40 or 70 years) led to a non-linear relationship
between basal area and windthrow damage to big
trees.

4. Discussion and conclusions

FORMOSAIC was designed to simulate forest
dynamics in fragmented and heterogeneous land-
scape mosaics, which represent a common pattern
of forest distribution (Harris, 1984). Because
many empirical studies indicate that forest struc-
ture and composition depend on characteristics of
surrounding areas, FORMOSAIC can be a useful
tool for addressing increasingly challenging issues
in ecosystem management across natural and
management boundaries (Christensen et al.,
1996).

For a complex system like the tropical rain
forest of the Pasoh forest reserve which contains
over 800 tree species, it often does not have
sufficient observations to establish reliable rela-
tionships for all species. Thus, a common ap-
proach is to aggregate species into groups to
minimize within-group variability, with the caveat
that no grouping methods are perfect. For exam-
ple, Vanclay (1991) used pairwise F-tests to aggre-

gate 237 species into 41 groups for developing
diameter increment functions. Species in the same
group shared the same growth functions. Al-
though Vanclay’s approach is automated and
computationally efficient, species in the same
group may differ dramatically in ecological char-
acteristics (e.g. maximum dbh, population abun-
dance of each species). To parameterize
FORMOSAIC’s mortality and regeneration sub-
models as well as growth submodels of rare spe-
cies, we divided species into four guilds (emergent,
canopy, understory and successional species) ac-
cording to their ecological characteristics. For
instance, all successional species tend to have high
growth rates and require large gaps to regenerate.
These guilds may be further divided into smaller
groups to reduce within-group variations if data
allow. Swaine and Whitmore (1988) suggested
that further classification should be based on
height at maturity. However, height at maturity
may not be known for all species and may vary
under different environmental conditions, and
thus may not provide a good indication of growth
responses critical in modeling (Vanclay, 1994).

Information for FORMOSAIC parameteriza-
tion was individual-, species-, guild-, or size-spe-
cific. Variables such as neighborhood influence
and the distance from wet habitats were measured
for each individual tree. The growth functions for
502 abundant species were species-specific (each
species had a growth function). Composition in
the seed source area was also species-specific.
Mortality functions, recruitment functions, and
growth functions of rare species were guild-spe-
cific. All species in a guild shared the same func-
tion type and coefficients. Although
FORMOSAIC performed quite well, it is still
interesting to see whether refined information
could further improve model performance. The
data from the ongoing third census in the Pasoh
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Fig. 8. Model testing in terms of species composition. Simulated and observed population sizes were not significantly different for
98.5% of more than 500 species.

Forest Reserve could be helpful for refining model
parameters.

FORMOSAIC captured some essential features
of a very complex rain forest, including species
richness, tree abundance, basal area, and species
composition. While most models were tested at a
single spatial scale, FORMOSAIC was tested at
two scales (0.25 and 2.5 ha). Because the data for
model development and testing were relatively
short-term (the time interval was about 4 years
between the two censuses), long-term simulated
forest dynamics should be treated as trend indica-
tors rather than accurate prediction. The data for
model development and testing were from differ-
ent spatial locations (spatially independent) dur-
ing the same period of time (temporally
dependent). The new data from the third census in
the Pasoh forest reserve will provide a useful basis
to test FORMOSAIC using both spatially and
temporally independent data.

Several simulation results in this study sup-

ported the intermediate disturbance hypothesis
(Connell, 1979) and the island biogeography the-
ory (MacArthur and Wilson, 1967). The interme-
diate disturbance hypothesis asserts that
intermediate disturbance can lead to the highest
species diversity. Our simulations suggested that
species richness increased from a harvest rotation
of 10 years, peaked when the harvest rotation was
about 25 years, and then decreased as rotation
lengths increased. Furthermore, our simulations
also showed a positive relationship between spe-
cies richness in a focal forest and the duration of
seed immigration from species-rich surrounding
forests. Surroundings of a focal forest may be
similar to the ‘mainland’ in the island biogeogra-
phy theory, whereas the focal forest may be
equivalent to an ‘island’. Species richness on an
‘island’ depends upon a supply of immigrants
from the ‘mainland’.

Through sensitivity and uncertainty analyses,
we were able to identify the responses of species
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Table 5
Sensitivity index at the scale of 0.25 ha

Species richness Basal areaTree abundanceParameter (x)

−0.250.21Duration of seed immigration from surrounding species-rich forests (years) 0.17
−0.07 −0.30Proportion of residuals damaged by harvest −0.91

0.07 −0.05Coefficient of harvest impact zone −0.30
0.56 1.330.31Mimimum harvest size (dbh, cm)

−0.04 0.04Harvest rotation (years) −0.24
0.01 −0.05Windthrow frequency (years) 0.07

0.05 0.05Proportion of big trees damaged by windthrow −0.10
0.09 −0.02Minimum size of big trees damaged by windthrow (dbh, cm) −0.49
0.03 −0.05Proportion of small trees damaged by fallen big trees due to windthrow −0.24

Table 6
Sensitivity index at the scale of 2.5 ha

Basal areaTree abundanceParameter (x) Species richness

0.10 0.13 0.05Duration of seed immigration from surrounding species-rich forests (years)
−0.37−0.27Proportion of residuals damaged by harvest −0.07

−0.04 0.09Coefficient of harvest impact zone 0.23
0.76 1.57Minimum harvest size (dbh, cm) 0.21

−0.05 −0.64Harvest rotation (years) −1.45
−0.05 −0.01Windthrow frequency (years) 0.05

0.10 −0.02 −0.04Proportion of big trees damaged by windthrow
−0.18−0.06Minimum size of big trees damaged by windthrow (dbh, cm) −0.08

−0.03 0.06 0.09Proportion of small trees damaged by fallen big trees due to windthrow

richness, tree abundance, and basal area to
changes in some of FORMOSAIC’s parameters.
Impacts of many parameters were scale-depen-
dent and non-linear, which are consistent with
some previous work (Levin, 1992; Turner et al.,
1995). We also observed interesting interactive
effects between parameters through a case study
on windthrow frequency and windthrow damage
to big trees (Table 9). In this study, we only
considered the interactions between windthrow
frequency and the proportion of big trees dam-
aged by windthrows, further research is war-
ranted to explore the interactive effects among
other parameters.

FORMOSAIC is an individual-based and spa-
tially explicit model. As such it shares some fea-
tures with other individual-based and spatial
forest models (e.g. tracking behavior of each in-
dividual tree) (Urban, 1990; Pacala et al., 1993).
However, FORMOSAIC also differs from a typ-
ical gap model (Botkin et al., 1972; Shugart,
1984) in the following four major aspects. First,

it considers the impacts (seed immigration) from
the surroundings explicitly whereas a typical gap
model does not. In FORMOSAIC, recruits can
be regenerated from seeds of three possible
origins: inside a basic spatial unit (grid cell) of
the focal forest, from other cells within the focal
forest, and from the surrounding forests. Sec-
ond, FORMOSAIC simulates the dynamics of
an entire forest (which may consist of both gaps
and non-gaps at the same time) whereas a typi-
cal gap model simulates the dynamics of a gap
only. Third, the functions for growth, mortality,
and recruitment in FORMOSIAC are derived
from demographic census data whereas a typical
gap model has light and moisture-driven func-
tions that include detailed vertical layers through
the canopy. Growth functions of many species
in FORMOSAIC have slope, elevation and dis-
tance as independent variables in addition to
tree size and neighborhood pressure. Thus indi-
viduals of the same species may be in different
conditions and therefore may have different gr-
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Table 9
Interactive effects between windthrow frequency and proportion of big trees damaged by windthrow

Tree abundanceSpecies richnessWindthrow Basal area
frequency
(years)

Equation r2Equation r2 Equation r2

−2.4063x+11.1420.98** 0.97**20 −155.63x+1973.5−4.276x+309.95 0.66*
−92.898x+1976.3 0.91** −0.5992ln(x)+9.988540 −7.8455x2+6.3371x+308.47 0.82**0.18NS

0.86** −1.754x2+0.7826x+10.92270 −6.857x2+9.9925x+305.86 0.45NS 0.81**−63.429x2+1.6595x+1959.4

** PB0.01.
* PB0.05.

owth rates. Fourth, FORMOSAIC considers
horizontal differences (e.g. location) among trees
even within the same grid cell while a typical
gap model does not.

FORMOSAIC was developed as a first at-
tempt to explicitly address the interactions
among adjacent areas, focal forest, and natural
and anthropological disturbances. Although
room exists for improving and refining FOR-
MOSAIC, we believe that our new approach
provides a prototype for simulating forest dy-
namics and for evaluating management conse-
quences across different boundaries (e.g. natural,
ownership, and management). Because various
forest types share many similarities (e.g. frag-
mentation as in Harris (1984)), the modeling
paradigm presented in this paper can also be
useful for understanding and managing forest
dynamics from a landscape perspective in tem-
perate and boreal forest zones as well as tropical
regions.
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