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Abstract

Competition for light, treefall gap formation and recruitment are the critical phenomena in the genesis of tropical
rain forests. These aspects are taken into account to build a new spatially explicit forest growth model called TROLL.
Competition for light is modelled by calculating exactly the three-dimensional field of photosynthetically active
radiation in the forest understorey. Typically, 106 light intensities are computed per hectare at each time step. This
light field controls the growth of each tree and establishment/death events. Seed dispersal, dormancy and establish-
ment success as well as a model of treefalls are also included. A special care is paid to the justification and to the
validation of each of these modules. The TROLL model is parameterized for a Neotropical rain forest in French
Guiana using 12 functional groups of species. Using this model the vertical canopy structure and the tree diametric
distribution are investigated. The role of treefalls in maintaining pioneer species is also evidenced. A forest succession
scenario is simulated and compared to field data. The model is then used to simulate the recolonization of a
previously sterilized area by a rain forest plant community. This scenario is interpreted using information available
from palaeorecords over the Holocene period and their validity is discussed. It is suggested that this model could be
used to study mosaic-like patterns in rain forests, installation of slowly dispersing species, speciation hypotheses and
landscape scale dynamics of rain forests. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

A tropical forest naturally regenerates under
several constraints such as light interception (Can-

ham et al., 1990), treefall gap dynamics (van der
Meer et al., 1994) and seed dispersal patterns (van
der Pijl, 1982; Ribbens et al., 1994), all of them
being crucial for the sylvigenesis (Hallé et al.,
1978; Richards, 1996; Whitmore, 1998). A firm
understanding of all these processes and of their
coupling is a challenge for ecology because tropi-
cal ecosystems are currently under threat of
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strong anthropogenic disturbances. This rapid de-
forestation could in turn have a strong influence
on the global climate of the next century (Phillips
et al., 1998). A related issue is to understand how
tropical trees communities can have recolonized
large areas after the end of the last glacial stage
(Servant et al., 1993; Bush, 1994; Schwartz et al.,
1996; Charles-Dominique et al., 1998) in order to
better predict how rain forests could recover if
conservation policies were adopted. Such issues
can be addressed through modelling techniques as
it is shown in the present article.

It has long been recognized that the most cru-
cial step in the sylvigenetic cycle is the formation
of natural canopy openings. This observation has
motivated the ‘gap model’ approach (Botkin et
al., 1972; Shugart, 1984; Prentice and Leemans,
1990; Schenk, 1996) where forest patches of size
0.1–0.4 ha, (or eco-unit, after Oldeman, 1990)
have their own dynamics. KIAMBARAM
(Shugart et al., 1980; Shugart, 1984) and FOR-
MOSAIC (Liu and Ashton, 1998) are two exam-
ples of gap models applied to rain forests. The
gap model approach turns out to give reliable
results for assessing short term scenarios. Never-
theless several problems result from this
approach.

Firstly, it often avoids the mechanistic mod-
elling of tree interactions by incorporating com-
plicated descriptions of tree growth with
interaction indexes (however, see Köhler and
Huth, 1998). The gap size is fixed and therefore
small-scale light fluctuations (sun flecks) cannot
be modelled, although they are of crucial impor-
tance in dense forest understoreys. Moreover
treefalls are not modelled mechanistically but
patches are usually cleared randomly. Secondly,
seed dispersal is generally modelled only by as-
suming that seeds are always present. Recent field
work has shown that seed dispersal limitation is
crucial for maintaining species diversity (Hubbell
et al., 1999) thus confirming the winning-by-for-
feit scenario (Hurtt and Pacala, 1995). Thirdly,
spatial effects are difficult to reproduce since
neighbouring patches are not interacting in most
gap models. Bossel and Krieger (1994) and Lis-
chke et al. (1996) have attempted to resolve this
difficulty by introducing nearest neighbour

patches interactions. A direct consequence of this
lack of spatialization is that gap models must
resort to a sampling over several simulations
(Monte-Carlo average) to get statistically signifi-
cant results. In the presence of spatial correla-
tions, averaging over a statistical sample of
independent plots smaller than the correlation
length of the system under study is not equivalent
to taking one large plot. Here, seed dispersal
limitation implies a correlation length greater
than 100 m. The two-dimensional model of
canopy crown due to Moravie et al. (1997) should
be mentioned as an interesting direction to over-
come this problem.

Due to the increasing power of computers it is
now possible to model directly the trees and their
interactions, avoiding aggregation procedures. A
good example of this approach is the SORTIE
model (Pacala et al., 1996; Deutschman et al.,
1997) in which many important aspects of dy-
namic processes in a temperate forest are individ-
ually modelled and precisely parameterized
(growth, mortality, dissemination). Nonetheless
SORTIE requires a large number of data to be
fully parameterized and, except for a few well
documented plots such as Barro Colorado Island
(Panama), Mudumalai (India) or Pasoh
(Malaysia), this program is difficult to apply in
rain forests. As Vanclay (1995) remarks, ‘The
challenge is to provide sufficient physiological and
ecological basis to ensure realistic predictions un-
der a variety of sites and stand conditions, even
when empirical data for calibration are limited’.
Hence we are in the need of simple, mechanistic-
based approaches for tropical forests. Moreover
existing models cannot account for large-scale
spatial patterns such as the migrations of plant
communities observed in palaeorecords since the
last glacial maximum.

In the present work we describe and we use
TROLL, a new succession model which attempts
to overcome both difficulties. The sub-models of
competition for light, dispersion and treefall gaps
are all built on simple mechanistic and physio-
logic hypotheses (Section 2). The number of
parameters is reduced as much as possible to
make the parameterization easier (Section 3).
Thanks to a powerful parallel computer, large
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forest stands are simulated and the Monte-Carlo
sampling is avoided. TROLL is shown to repro-
duce structural (diametric distributions) and suc-
cessional patterns of a tropical rain forest with a
good agreement. In addition a rain forest invasion
is simulated and it is compared to available infor-
mation of the forest migrations in the Holocene
period. Discussions and perspectives are gathered
in Section 5.

2. Description of the model

TROLL simulates the growth of trees located
on a study plot of variable size. In one time step
a discrete three-dimensional field (voxel field) of
leaf density is computed, trees are grown or killed
in function of the local light availability (or by
treefalls), and the seed bank is updated by the
dispersion of seeds produced by fruiting trees. The
dynamics is discrete in time and the time step is
fixed to 1 year. This choice is easily generalized to
shorter time steps which should be taken when
modelling seasonal effects such as rainfall fluctua-
tions. In the present work, we assume a constant
climate (temperature, rainfall, duration of the dry

period), therefore a time discretisation into steps
of 1 year provides a detailed enough description
of the dynamics.

Only woody plants of more than 1 cm diameter
at breast height (dbh) are considered. Due to
space exclusion of stems and root systems, a
minimal surface is necessary for a tree to survive.
This fixes a minimal nearest neighbour distance
which is called l. In this study the value l=1 m
was taken. The maximal stem number is therefore
10 000 stems per hectare, which is roughly twice
more than those counted in field studies (Hubbell
and Foster, 1990; Condit, 1995b). The study area
is discretised into squares of edge l in which only
one tree can grow. This assumption saves com-
puter memory and avoids population blow-ups.

2.1. Tree description

One tree is spatially defined by several geomet-
ric variables: dbh, D, height H, crown radius R
and crown depth h (Fig. 1). The age A is recorded
for each tree, as well as a species label. In the
present version, a set of parameters is defined for
each species (see section parameterization and
Table 1).

Fig. 1. Geometric description of a tree and corresponding voxel space.
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Table 1
Average species parameters

Value

Geometric parameters
1 cmD0 Initial dbh

Dmax 150 cm Maximal dbh

H0 Initial tree height1 m
Hmax 40 m Maximal tree height

SH 150 Initial H/D ratio
Initial crown radius0.5 mR0

7.0SR (Crown radius/dbh) slope
Initial crown depth0.5 mh0

0.1Sh (Crown depth/tree height) slope

Growth parameters
Growth rate5 mm year−1g

3 m2/m3D Leaf density
Minimal p.n.a.P0 0.2
Minimal light level10−2fc

1% per yearM Mortality rate
Hc Critical crown depth (see text)1 m

Mechanical parameters
2000C0 Average of Cc

C1 0.3C0 Variance of Cc

Fruiting/dispersion parameters
Maturation ageAm 10 years
Fruiting periodicity1 yearTf

Ns Potential seedlings per year30 seeds year−1

Dispersal distancer 40 m

1983; Moravie et al., 1997). Neither ecological nor
theoretical arguments can provide a firm justifica-
tion for the choice of one of these models. Fur-
thermore, the quantitative difference between
these curves is much smaller than the uncertainty
on field measurements. Finally, no severe differ-
ence for these various choices are observed in
simulation results. The hyperbolic law was used
because it does not involve any transcendent
function

1
H(D)

=
1

Hmax

+
1
sH

Dmax−D
D

(2.2)

sH is the slope of the curve H(D) around D=0.
Gazel (1983) gives Hmax=49 m, and sH=196 for
a forest stand of French Guiana. Maximal tree
heights range from 2 to 60 m depending on the
species. Most rainforest trees have a flat crown
architecture of the Troll type (Hallé et al., 1978),
probably due to their strategy of optimal light
interception. Therefore, we assume that h�H
and we take

h(H)=h0+shH (2.3)

h0 and sh being new parameters. We are therefore
left with only one variable, D, and simple rela-
tionships (2.1), (2.2) and (2.3) relating D to the
other geometric variables of the tree.

2.2. Light a6ailability

The computation of light availability is a criti-
cal step in TROLL since recruitment is mainly
limited in the understorey by the fraction of the
photosynthetically active radiation (p.a.r.).

Computing the local light level is all the more
so complex because rain forest architecture is
highly heterogeneous. A three-dimensional de-
scription of the light is proposed. The stand is
discretised into volume cells, or 6oxels (Fig. 1), in
which the leaf density is computed. In this ap-
proach light competition is not modelled via com-
petition indices, but rather through the effective
local light availability. If one wished to inspect
every possible interaction among crowns directly
one would have to perform more than 600 opera-
tions per tree. In TROLL the light field is com-
puted first. Then this field is used in the tree

The dbh D is the natural quantity available
from field datasets. It is thus chosen in most
individual based models as the basic descriptor of
the tree growth. The dbh at age 0, D0 is fixed at 1
cm. Other quantities should be related to D
through simple relationships. As proposed by
Rollet (1973) a linear crown radius–dbh relation-
ship is chosen

R(D)=R0+aRD (2.1)

Parameters R0 and aR are species-dependent and
are obtained from field data. The height–diameter
relationship is widely documented for various
forest types. Amongst the most used relationships
are the quadratic law (Shugart, 1984) the expo-
nential law (Prentice and Leemans, 1990; Pacala
et al., 1996), the hyperbolic law (Kira, 1978;
Gazel, 1983) and the power law (Lescure et al.,



J. Cha6e / Ecological Modelling 124 (1999) 233–254 237

growth sub-model. This requires about 100 times
less operations per tree than in the first method.

The basal area of each voxel is l2 so that the
voxel space corresponds to the discretisation of
the study area. However, the voxel height h is not
necessarily equal to l : vertical and horizontal
discretisations are independent. It is suitable to
take h lower than the minimal crown depth h0. A
leaf density d (leaf area per cubic meter) is defined
for each species and measures the effective light
interception capacity of a leaf layer. Field values
give typically from 0.5 to 5 m2 m−3 (Ashton,
1978) with a sharp decrease of the leaf density
below the top of the crown. The effective leaf
density d(z) at a distance 0BzBh below the top
of the crown is simply modelled by an exponential
relation (Fig. 2)

d(z)=d. exp
�

−
z
hc

�
(2.4)

where hc is the critical crown depth and is to be
compared to the maximal crown depth as defined
in (2.3).

Let d(x,y,z) be the sum of all the leaf densities
for the trees found in the voxel of label (x,y,z).
The leaf area index (l.a.i.) at point (x,y) integrated
up to height z, L(x,y,z). is thus simply defined by

L(x,y,z)= %
Hmax

z%=z

d(x,y,z %) (2.5)

Assuming a Beer–Lambert extinction law one
finds that the light flux F(x,y,z) available just
above the cell (x,y,z) is

F(x,y,z)=Fac exp [−k(L(x,y,z)−d)] (2.6)

F is usually measured in moles of photons per
second per square meter. An average value of the
above canopy flux is Fac=2200 mmol s−1 per m2.
For the sake of simplicity it is normalised to
Fac=1. k is the absorption rate per unit leaf
density (0.65k51.0). This definition embodies
the description of crown interactions. F(x,y,z) is
used to compute trees light availability in the
stand. Assume that (x,y,z) is a voxel in the crown
of a given tree. If the tree fills the voxel alone then
d(x,y,z)=d so that there is no self-shading. How-
ever if two or more trees fill this cell then
d(x,y,z)\d. In this latter case each tree sees a
lower light intensity, therefore yielding a two-
sided light competition. The average p.a.r. f in-
tercepted by a tree is computed on a tree with
trunk located a point (x,y) from the field F, as
shown in Fig. 2.

f(x,y)=
1

pR2 %
(x%−x)2+ (y%−y)2BR 2

F(x %,y %,H) (2.7)

so that 05f(x,y)51.

Fig. 2. Left: competition for light between trees. Complex shading patterns are shown. Right: light interception of the flux F and
interaction with another crown (dashed). This crown lowers the flux f intercepted by the tree. The leaf density decrease below the
top of the crown (2.4) is also illustrated.
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Fig. 3. Left: solar interception with angular-averaged radiation. Right: Computation of the l.a.i. field using Eq. (2.8).

It was implicitly assumed in this discussion that
only overhead light radiation is significant. This is
obviously an oversimplification although the sea-
sonal light inclination is smaller on average in
intertropical regions than in temperate regions.
Sun flecks should indeed play a crucial role for
understorey saplings. In treefall gaps, the assump-
tion of vertical light radiation is equivalent to
Brokaw’s definition of a gap: a ‘hole extending
through all levels down to an average height of
two m above ground’ (Brokaw, 1982). As dis-
cussed by van der Meer et al. (1994) this defini-
tion underestimates the real regeneration surface
(defined by Runkle, 1981 and Riéra, 1982) and
therefore the regeneration capacity of the forest.
To overcome this difficulty, the computation of
the l.a.i. is slightly modified compared to Eq. (2.5)
which assumes that L(x,y,z)=d(x,y,z)+
L(x,y,z+1) ((2.5) says that the l.a.i. only depends
on the situation of the voxel just above). It is
suitable to enrich this expression by including the
action of nearest neighbour voxels. This raises the
following expression

L(x,y,z)=d(x,y,z)+
2−p

2
L(x,y,z+1)

+
p
8

%
x%,y%

L(x %,y %,z+1) (2.8)

where (x %,y %,z+1) is one of the four nearest
neighbour cells of (x,y,z+1). The parameter 05
p51 controls the influence of non vertical radia-
tion. For example p=0 corresponds to only
vertical radiation, while p=1 corresponds to a

radiation averaged over 90°. More precisely, the
inclination from the zenith c, over which the
radiation is averaged, is related to p through

c=arctan
� p

2−p
�

(2.9)

This method is illustrated in Fig. 3.

2.3. Tree dynamics

2.3.1. Establishment success
The first step in the tree dynamics is the estab-

lishment of newly germinated seedlings. This is
managed through a seed bank defined at each
discrete site (x,y) of the plot by an integer vari-
able s(s �x,y), where s is the species label. The role
of the seed bank in the regeneration dynamics of
a tropical forest has long been acknowledged
(Augspurger, 1984; Schupp, 1988; Raich and
Gong, 1990). The major dynamic characteristics
of this seed bank are modelled here. If there is no
seed of species s at this site then s(s �x,y)=0. If at
least one seed of species s is present, then s(s �x,y)
is the age of the youngest seed. If s(s �x,y) is
greater than sc, the dormancy age of a seed then
the seed bank is emptied. Seed dormancy is char-
acteristic of pioneer species, rather than of pri-
mary forest species (Richards, 1996). The above
dynamic rules disregard any (positive or negative)
density effect on a site (x,y). A seed succeeds if
the site is free and if there is a sufficient p.a.r.
level (f\fc) for the corresponding species. In
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this case, the seedling must grow up to the mini-
mal dbh of 1 cm before being taken into account.
The mortality rate is usually very high in the early
life of trees and this assumption simplifies a lot
the model. Several distinct biological phenomena
(seed banks, seed dormancy, germination, early
age growth), which all contribute to recruitment,
are thus considered together in the establishment
stage. The residence time in this early life stage
could be very long especially for understorey spe-
cies and therefore this residence time is introduced
in the model.

If more than one species has seeds on the same
site, the winning species is chosen at random
among the possible ones. This does not mean that
all species have the same recruitment rate since a
strong competition occurs among trees in their
early years. The recruitment rate is therefore con-
trolled by environmental conditions.

2.3.2. Growth
The dynamics of a tree is related to the p.a.r.

availability f through the carbon potential net
assimilation (p.n.a.) P. Typically, for C3 plants,
the p.n.a. saturates around Pmax=25 mmol s−1

per m2 for f\2000 mmol s−1 per m2 with some
differences between pioneer and climax species.
Here, P is adimensionned so that Pmax=1. P and
f are usually related by the Monod law

P(f)=
f−fc

f+fc/P0

(2.10)

P0 is the net respiration loss. fc is the compensa-
tion flux, that is the minimal light flux such that
the photosynthetic fixation balances the photores-
piration. fc is roughly related to the maximal
value of the l.a.i., through fc#exp(−kLmax). A
typical value of fc ranges from 1 to 3%, and
P0#0.2. Note that values PB0 are possible cor-
responding to a tree below the compensation
point (fBfc) or with a strong water deficit. As
much as 12% of trees above 30 cm dbh can have
negative size increments (Swaine et al., 1987a).
The survival probability of such trees is very low
(see below).

P(f) is the net increment per unit time and per
leaf area of the total biomass B. A very simple
dbh growth equation was used

dD
dt

=P(f)g
�

1−
D

Dmax

�
(2.11)

where g is the dbh growth rate. This equation is a
very good approximation of more complicated
equations as long as the extreme values of D are
not reached. Several other equations were tested
in the form D %(t)=D(t)a(1−D(t)b) but they did
not yield a markedly different behaviour for a=
0, 1 and b=1,2,3.

2.3.3. Death
The mortality is a probabilistic event related to

the same external conditions as those ruling the
growth, that is light availability. A simple way of
accounting these environmental factors is to cor-
relate the death rate m to the potential net assim-
ilation P. Practically, a random variable m

distributed uniformly on [0, 1] is compared to the
threshold

meff=m− (P+P0)/(1+P0) (2.12)

where m is the residual mortality rate. A tree dies
with probability m if P is maximal (i.e. P=1).
The tree dies if mBmeff. As expected meff�1 as
P�−P0 and therefore a tree dies with a high
probability as the minimal p.n.a. is reached. A
similar growth-dependent mortality rule was pro-
posed for the SORTIE model (Pacala et al., 1996)
and for the FORMIND model (Köhler and Huth,
1998) but the possibility of negative increments
(PB0) was not taken into account. Another
cause of mortality is the phenomenon of treefalls
the discussion of which is postponed to Section
2.5.

2.4. Seed dispersal

Fruiting strategies are highly variable in rain
forests (Howe, 1983; Sabatier, 1985). Some species
have periodic fruiting, others fruit only after ex-
ternal shocks such as a very dry season or in the
senescent stage. Some species produce seeds only
once in their lifespan, usually just before dying
(monocarpic species). Finally, some species seem
to present erratic fruiting patterns. To model
these strategies, it is convenient to define some
fundamental parameters such as the age of sexual
maturity Am, the fruiting periodicity Tf, the aver-
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age number of produced seeds Ns and a probabil-
ity distribution function for the dispersion length.
These parameters are discussed below.

The maturity age Am is discussed in Lieberman
et al. (1985b). From their data, it is possible to
estimate the time to grow from 1 cm dbh to the
dbh at maturity, using the maximal estimated dbh
increment. This yields a maturation age between
20 and 100 years which is only a rough estimate
of Am. Pioneer species can produce seeds at a
younger age while some understorey species can
wait more than 100 years before entering the
mature stage (Charles-Dominique et al., in prepa-
ration). It was observed that fruiting events are
seasonally correlated in some rain forests (Sa-
batier, 1985). Thus most trees fruit at least once a
year (Tf=1). However, this is far from being a
strong rule.

Each mature tree produces a number of seeds
which are dispersed in the neighbourhood, by
different mechanisms (Charles-Dominique et al.,
1981; Van der Pijl, 1982; Augspurger, 1984; van
Roosmalen, 1985; Ribbens et al., 1994). The num-
ber of seeds per fruiting Ns varies from very few
for understorey species to a huge number for
pioneer species: for the pioneer Cecropia sp., as
much as 10 seeds m−2 per day are dispersed by
bats. The seed bank sub-model of TROLL as-
sumes one seed per species and per space unit, the
youngest one, since at most one tree can establish
on this space unit. Ns is in fact the number of
potentially established seedlings rather than the
number of produced seeds. Therefore, field values
should be lowered and Ns is in the range 1–100 in
practice (one tree produces at most 100 offsprings
per time step).

The average dissemination length from the par-
ent tree is r+R, where r is the unique parameter
here (R is the crown radius). The probability of a
seed to be transported at the distance r from its
parent tree follows a Gaussian distribution. The
angle of dissemination is drawn uniformly be-
tween 0 and 2p. In two dimensions, the probabil-
ity density for the distance r is

Proba(r)=
2r

(r+R)2 exp
�

−
r2

(r+R)2

�
(2.13)

This choice is the simplest and the most natural.
Indeed, the Central Limit Theorem insures that
the Gaussian law becomes asymptotically valid
for a large number of trials. Moreover rain forests
are characterized by the low number of species
disseminating their seeds by the wind (anemo-
chorous transport) compared to small distance
dissemination modes (zoochorous or autochorous
transport). Actually more than 80% of Neotropi-
cal species are dispersed by animals (Estrada and
Fleming, 1986). Although zoochorous dispersal
can create rare events of an exceptional length, it
is commonly assumed that the a6erage dissemina-
tion length r is rarely more than 40 m (Dalling et
al., 1998, reported a significant decrease for all
species types beyond values of 30–60 m). For the
distribution (2.13), 99% of the seeds fall at a
distance less than 2.14(r+R) of the parent tree.

To model long distance dispersion modes, a
nonlocal, density-dependent effect is also consid-
ered. The total number of mature trees of a given
species is computed. The number of non-locally
dispersed seeds is then proportional to the num-
ber of mature trees. These seeds are distributed
randomly on the environment with no distance
limitation. Both modes of dispersion are used to
update the seed field s(s �x,y).

2.5. Treefalls

Treefalls are basically due to the falling of one
tree but they can involve a large number of trees
and they can cause strong perturbations locally
(van der Meer et al., 1994). A simple method to
describe treefall events consists in felling a tree at
random. This method reproduces quite well ob-
served statistics but it hides the basic mechanisms
at their origin. Living trees can fall for at least
three reasons. First, they are destabilized by their
own architecture or because their roots are not
well held (structural treefall). For example, they
can be affected by wet soils (which loosen the
hold of roots) and by steep slopes. Second, neigh-
bouring trees may exert a destabilizing mechanical
force (induced treefall). Third, they may be up-
rooted by a strong and sudden climatic perturba-
tion like a storm, a hurricane or a landslide
(external treefall). Felling a tree at random is
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equivalent to considering only the first cause of
treefall. Here, a sub-model is developed which
encompasses the influence of neighbouring trees
and takes into account climatic perturbations.

For each tree, the force F exerted by neighbour-
ing crowns is computed. This is done by inspect-
ing the tree crown. If the crown shares a voxel
with another tree, then both are repelled (Fig. 4,
left). Let X= (x %−x,y %−y,z) be the vector locat-
ing the voxel from the tree axe (x,y,z). The
smaller 
X
=
(x %−x)2+ (y %−y)2 is, the
stronger the force is

F(x,y,z)= %

X
BR

X

X
2 U(x%,y%,z) (2.14)

where U(x,y,z)=1 if the voxel (x,y,z) is occupied
by more than one crown, and 0 otherwise. The
force intensity is F=
F
. The mechanic influence
on a given tree is proportional to its height which
defines the mechanic couple C=HF, and the
direction of the force, defined by the angle u. In
the somewhat different context of tree plasticity
due to crown interactions, Umeki (1995) has pro-
posed a similar model of a 2D force field with an
interaction force scaling as 
X
−1.

Trees fall only if the couple C is greater than a
threshold value in the absence of any external
mechanical destabilizing effect. Each tree is then
characterized by a mechanical stability threshold
Cc depending on both the tree species and its
environment. For example, Henwood (1973) pro-
poses that buttressed trees are less susceptible to
fall; yet there is no clear evidence of this fact from

field measurements (Young and Perkocha, 1994).
To take into account structural effects, we define
Cc as a random variable distributed following a
Gaussian law of average value C0 and of variance
C1. As soon as C\Cc the tree falls in the direc-
tion u. C0 evaluates the importance of mechanic
tree interactions, while C1 evaluates structural
factors-in particular the hold of roots (Jenı́k,
1978; Oldeman, 1990).

When falling, the tree destructs neighbouring
individuals in the direction u (Fig. 4, right). Other
neighbouring trees can be destabilized by the
modification of the local force field during the
following time steps. This is what Riéra (1982)
calls ‘chablis multiple’ (multiple treefall). This
process needs no further modelling since it is
already encompassed in TROLL.

The influence of the climate on treefall events
can also be taken into account. It has been ob-
served (Brokaw, 1984; Riéra and Alexandre,
1988) that important rainfall increases the weight
of the crown by up to a factor two, and therefore
lowers the mechanical stability threshold Cc Also,
the action of wind is equivalent to adding a
constant drift force Fwind to F. Lastly, if the tree
grows on a steep slope, uprooting is likely to be
favoured, though this hypothesis remains largely
unclear (Herwitz and Young, 1994; Condit et al.,
1995a).

The action of treefalls as modelled in the
present study is not directly related to field data.
The maximal couple intensity is proportional to
HmaxhmaxR2

max; this is easily understood if one

Fig. 4. Treefall model. Left: the strength of interaction is proportional to the number of shaded voxels. Right: indirect destruction
of trees by the falling of a tree. Shaded trees are killed by the treefall.
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Fig. 5. Predicted number of treefalls creating a gap of given
area. A power-law decay of the stem number per dbh is
assumed, for various values of C1/C0. If C1/C0�1, only large
gaps can exist while if C1/C0#1 all trees fall with an equal
probability. The number of treefalls is normalized.

of processors sharing some information and mak-
ing the time consuming operations in parallel. For
the present work, a source code (available upon
request) was written in C+ + language, and a
Cray T3E machine with 288 parallel DEC-Alpha
processors was used. Each processor simulates
only a strip of the total plot. We have been able
to simulate plots of size 20 km2, that is up to
2×107 stems.

3.1. Parameterisation

Parameterization is the crucial step in the devel-
opment of a forest model. It is especially so in the
case of species-rich forests where very few com-
plete forest datasets are available. We must reduce
the number of free parameters. This is done first
by grouping species into plant functional types,
and then by finding the confidence interval of
each of the remaining parameters with the help of
field data. To find a set of parameters we have
proceeded by trial-and-error controlling a few
global output data (stem density) and checking
the consistency of the parameters with other out-
puts (basal area, density of the different groups).

In most modelling approaches for rain forests,
species are grouped into functional types (for
more conceptual justifications, see Vasquez-Yanes
and Guevara-Sada, 1985; Swaine and Whitmore,
1988; Köhler et al., 1999). Two main functional
types are usually defined with respect to the light
demand strategy of seedlings: light demanding
species (LD) and shade tolerant species (ST). Typ-
ical LD families are the Cecropiaceae in the
Neotropics, genus Musanga (Cecropiaceae) in
Africa and genus Macaranga (Euphorbiaceae) in
Asia. Typical ST species are the Sapotaceae and
Caesalpiniaceae in the Neotropics, genus Entan-
dophragma and Khaya (Meliaceae) in Africa and
the Dipterocarpaceae in Asia. Here we add an
intermediate light demand group (called I) group-
ing species whose seedlings can develop both in
the understorey or in canopy openings.

Using the maximal tree height Hmax we further
discriminate the species into height groups. For
the purpose of the present work, a grouping for
old forest stands is shown (Table 2) which
roughly reflects the situation in Neotropical rain-

takes two trees at a minimal distance and with
maximal height and crown radius. Then the force
is proportional to hmaxR

2
max. Consequently if C1=

0 a treefall occurs as soon as C0BCmax. In this
situation treefall gaps are all large in size, since
only trees such that hHR2\C0 can fall. The
inter-individual variability C1 smoothes this effect.
The effect of C1 on the treefall gap size distribu-
tion is shown in Fig. 5. For small C1 only large
treefalls can occur (circles). For large C1, small
treefalls are also observed. To account for the
observed form of the size class distribution of
treefall gaps (Brokaw, 1982; Chandrashekara and
Ramakrishnan, 1994; van der Meer et al., 1994;
Riéra, unpublished), high variability C1/C0=0.3
is chosen.

3. Performances, parameterization and sensitivity

The modules presented in this article require a
large number of elementary operations. Hence, it
is difficult to access large simulations — and
statistically significant outputs — on classical
computers. Simulations are then run on a network
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Table 2
Main parameters for the species grouping in French Guiana

Species Am (year) Ns r (m) g (mm yr−1)Species typea Dmax (m)L.a.i.c max Hmax (m) Rmax (m)P.n.a. min M
(% per year)numberb

150 60 2.24 0.074.8 50.08 1.7621LD1 4 5
120 50LD2 4104 0.2 15 3.54.8 0.08 2.5 10
105 40 6.4 0.4 2515 6.12LD3 52 5 0.08

75 40 9.6 0.6 40LD4 7.744 5 0.1 2 20
60 40 1.76 0.1 512 2.1I1 2.20.12613

72 20 50 40 2.46 0.22 14 3.585.8 0.12I2 1.4
40 40 4.48 0.4 2325 5.3I3 1.40.125.683
24 40 8.96 0.8 40I4 6.996 6.4 0.12 1.4 40
32 20 3.36 0.3 520 5.3ST1 1.40.228151
16ST2 20148 4.8 0.5 15 7.57 0.2 1.2 30
10 20 7.2 0.9 2540 11.31ST3 116 7 0.2

8ST4 20122 9.6 1.2 50 10.17 0.2 1 50

a LD, light demanding; I, intermediate; ST, shade tolerant.
b Number of species in each group for the French Guiana rain forest.
c L.a.i. max. is related to the minimal light availability fc through fc#exp(−kLmax) and the minimal p.n.a. is noted P0 in the text.
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forests of French Guiana where the light demand
type and maximal height have been collected for
more than 1000 tree species (Chave et al., in
preparation).

The present species grouping uses three light
demand types (LD, I and ST) and four height
classes (0–5 m, 6–15 m, 15–25 m and 25–50 m)
as shown in Table 2.

Once this work is performed, we fix the confi-
dence interval for the 16×12=192 parameters of
the model using field data. We give here a re-
stricted and by no means exhaustive report of

relevant data for the dynamic parameters of a
tropical forest model (Table 3). See similar tables
in Putz and Milton (1982), Lieberman et al.
(1985a), Pélissier and Riéra (1993), Swaine et al.
(1987b) and Phillips et al. (1998).

The minimal death rate m is a lower bound of
the actual death rate meff. Average values of the
mortality are observed in the range 0.2–10% per
year (Table 3). The value of m is correlated to
that of the dbh growth rate g since the product

V= (Dmax/g)m

Table 3
Growth and mortality rates from field measurements

Country Reference ga (mm year−1)Study area (ha) m (% per year)Minimal dbhStem numberPeriod

Condit et al. 2.75 —50 1982–85 235 895Panama 1 cm
(1995a)

1 cm 1.98 —Panama Condit et al. 50 1985–90 242 218
(1995a)
Lang and Knight 2.00 2.471.5 1968–78 4668Panama 2.5 cm
(1983)

2.65Costa-Rica 2.0310 cm56221969–8212.4Lieberman et al.
(1985a, 1990)

26555 yrs4.1 2.30Korning and Bal-Ecuador 2.710 cm
slev (1994)
Gentry and Ter- —0.943 1974–84Peru 567 10 cm 1.6
borgh (1990)

1.351.075 cm20881981–91Fr. Guiana 1.78Pélissier and Riéra
(1993) Riéra
(1995)
B. Riéra, unpub- 344010Fr. Guiana 1989–91 1.751.0410 cm
lished

1.46 3.73Fr. Guiana Gazel (1983) 8 1968–78 2114 15 cm
31571984–94 1.26— 10 cmGourlet-FleuryFr. Guiana 1.09

1997)
10 cmFr. Guiana Gourlet-Fleury 1.44— 2.11b1984–94 3986

1997)
3125 —1.1610 cm5 1981–86Brazil Manokaran and

Kochummen
(1987)
Rankin-de-Merona 10752Malaysia 2.491947–81 2.0210 cm
et al. (1990)

1.09cGhana Swaine et al. 2 1968–82 1103 10 cm 1.76
(1987a)

Australia 2.7Herwitz and 0.4 1982–92 112 30 cm 1.7
Young (1994)

a g is the overall average growth rate.
b Reduced impact logging (10 stems ha−1 more than 50 cm dbh).
c Estimated.
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should be roughly constant. Otherwise, TROLL
would overestimate the number of large trees in
the case V�1 or only small trees with D�Dmax

in the case V�1. Both situations should be
avoided and the lifespan of a tree is related to its
growth time. Thus higher dbh growth rates corre-
spond to higher mortality rates. It is observed that
g shows a large interspecific variability (from 0.3
to 15 mm year−1 on average) and a size depen-
dence. This is evidenced on average growth rates
which are systematically higher when small indi-
viduals are discarded. For trees below 5 cm dbh,
one has gB1 mm year−1, while for trees above
30 cm dbh, g is often more than 5 mm year−1

(with a decrease in the senescent stage). This
observation is consistent with the criterion V�1.
In practice, the optimal growth rate g — that is
without the limiting effect of shading — is taken
in the range 1–20 mm year−1.

These data are used to construct a first dataset.
Then, a series of runs are performed to scan the
allowed region of the parameter space. The lists of
parameters raising compatible results in terms of
number of trees above 1, 10 and 30 cm, and in
terms of basal area are kept. The classically re-
ported field data for the total basal area are
usually between 25 and 65 m2 ha−1. They
strongly depend on the number of large trees in
the stand. The number of large trees per hectare is
also frequently reported since it is quite easy to
measure in the field. The number of trees above
10 cm dbh ranges usually between 400 and 700
stems ha−1 and the number of stems above 30 cm
dbh ranges between 60 and 150 stems ha−1. The
mortality rate is roughly of 1% per year (trees
above 10 cm dbh) half of which is due to treefalls.
Table 2 is one of these lists.

3.2. Sensiti6ity analysis

A preliminary set of runs was performed to test
the different modules of the code. A special care
was taken in quantifying the influence of light
field discretisation in both horizontal and vertical
directions. Figure 6 (upper, left) shows the effect
of varying the vertical step h on the average l.a.i.
at various heights above the ground. The use of a
finer mesh grid increases the quality of the result,

especially for lower canopy layers. However the
computation time increases too.

Figure 6 (upper, right), one observes that the
dynamics of TROLL is not drastically modified
by the variation of the horizontal mesh grid l.
The stem density decreases at small l due to
small-scale treefalls. Conversely, large l values
yield larger discretisation errors which also de-
crease the stem density. It is thus reasonable to
preserve l=1 m. age as well as the seed produc-
tion are therefore tuned quit precisely in Table 2
for example. The influence of non vertical light
incidence was also tested. The result on the den-
sity of stems above 1 cm dbh is given as a
function of the maximal light incidence angle
(Fig. 7).

A singular behavior is observed for c#0 (see
Eq. (2.9)); the stem density scales approximately
as c1/4). However, the non-equilibrium dynamics
is not modified and choosing c\0 results merely
in shifting the stem density upwards.

As pointed out by Vanclay and Skovsgaard
(1997), validating each module of a forest growth
model is not sufficient. Even simplified guideline
such as analytic solutions is not available. In all
the tests we prepared an equilibrium state and
then we varied some parameters in order to con-
trol the resilience of this equilibrium. Starting
with one species group from the average values
presented on Table 1, the parameters were inde-
pendently varied. The results of these tests are not
reproduced here, but the variation of the stem
density with growth rate g and the mortality rate
m (Fig. 6) are shown. Figure 6 supports the
consistency requirement V�1 since increasing g

looks equivalent as decreasing m. Increasing the
mortality increases the stem density because it
favours the establishment of a large number of
young trees.

It is observed in these runs that the results
smoothly depend on the growth/death parameters
and on the geometric parameters (maximal height,
maximal dbh, …). We have also observed that the
results are very sensitive to the parameters of the
regeneration module. This is not surprising be-
cause regeneration is the crucial step in the main-
taining of a species group. The age of maturation
and the seed production both control the maximal
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Fig. 6. Upper, left: average l.a.i. over voxel layers is plotted for five values of the vertical discretisation step h between 0.5 and 2
m. The sharp increase at lower canopy layers is due to the presence of trunks. Upper, right: Equilibrium density of stem (dbh\1
cm) for six values of the horizontal discretisation step l between 0.33 and 2 m. Lower: variation of the growth rate (left) and of the
mortality rate (right) on the total stem density. Forest stand of 160 ha after equilibration (500 years) with one species.

reproduction rate per year through the ratio Ns/
Am.

The treefall sub-model needs an independent
study. Let us turn it off to evaluate the influence
of treefall clearings on the regeneration dynamics.
The mechanism of stand replacement, described
by Moravie et al. (1997), is dominant in this case.
We show the ground level l.a.i. in Fig. 8.

With the treefall model switched on, gaps are
clearly visible and induce a great heterogeneity.
Only one large sized species is present in this test,
therefore the typical gap size is exaggerated. A
plain consequence of the absence of treefalls
should be the disappearance of the LD species.

This is confirmed by runs including one LD and
one ST species. The stem density of LD species as
a function of that of ST species is plotted in Fig.
9.

This phase space representation allows one to
clearly appreciate the disappearance of LD trees
in the absence of treefalls (circles), while the sys-
tem reaches a stationary point with treefalls (Fig.
9, left, inset). The number of treefalls per hectare
as well of the maximal couple in the plot are both
computed at each time step (Fig. 9, right). It
raises values slightly greater than field observa-
tions (Chandrashekara and Ramakrishnan, 1994,
compiled seven field studies which give values
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Fig. 7. Influence of the angular radiation. Forest stand of 60
ha after equilibration (400 years) with one species.

structure of the dbh size distribution, successional
patterns and invasion of a plant community.

4.1. Tree population structure

The forest structure is often characterized by
the dbh size class distribution N(D) (Rollet, 1973)
for which a lot of field data are available. They
generally indicate a power law decay N(D)�
D−d, or an exponential decay N(D)�exp(−
aD). Several measures in Malaysian dipterocarp
forests were reported and yielded a power law
with d=2.88 (Appanah et al., 1991) or d=2.45
with bins of width 1.6 cm and d=2.60 with bins
of width 3.2 cm (Newbery et al., 1994). Data in
French Guiana (Fig. 10, left) show an apparent
crossover between two behaviors for small dbh
and for large values. In the range 10–50 cm a
power law is observed with d=2.3990.05, while
large values (30–100 cm) are more consistent with
an exponential decay.

The dbh size class distribution is simulated in
TROLL. It is plotted with a bin width of 1 cm
and for a forest stand of 640 ha during 500
years and only for one ‘average’ species (Fig. 10
right). The actual exponent is in fact slightly lower
than 2 (this fact was systematically observed in
simulation results). This observation does not fit
with field observations. One reason for this

from 0.5 to 1.21 gaps ha−1 per year). However,
one treefall event does not necessarily yield a
novel gap since trees can fall on already formed
gaps (multiple treefall). In consequence, the vari-
able presented in Fig. 9 naturally overestimates
the gap number. Then we conclude that the
treefall model reflects quite well the real dynamics.

4. Applications

Three types of experiments are done with the
TROLL tropical rainforest simulator. We study the

Fig. 8. Two dimensional l.a.i. field at the ground level. Upper: without treefalls. Lower: in the presence of treefalls. Color map from
white (l.a.i.=0) to black (l.a.i.\7). Plot of 800×200 m, one pixel per m2.
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Fig. 9. Left: stem density of a light demanding species as a function of the stem density of a shade tolerant species. The two curves
correspond to absence of treefalls (�) and presence of rare treefalls (�). In the absence of treefalls, light demanding species
completely disappear, while with treefalls, coexistence occurs (see inset). Observe the damped oscillation pattern due to the low
number of simulated species types. Right: average number of primary treefall events (inset: maximal intensity of the mechanical force
exerted on trees computed in the stand, in arbitrary units). Results from a simulated plot of size 250 ha during 1000 years.

discrepancy is that the bin width chosen in field
studies may alter the curve shape as clearly evi-
denced in the work of Newbery et al. (1994): the
exponent d decreases with the bin width. More-
over, it is obvious that the diversity of vegetation
types in real forests might alter the result. We
then used the parameterization with several plant
functional types (Table 2) to assess this latter
hypothesis. The resulting distribution N(D) is also
shown in Fig. 10, right. The curve shows a power
law behaviour for small dbh values. If one fo-
cused in the range 10–200 cm (inset), it would be
tempting to overestimate the power law exponent.
Indeed, a fit of the curve in the region gives
d=2.81 with a good accuracy, close to field and
other simulation results (Bossel and Krieger,
1994). Therefore it is reasonable to suggest that
the power law behaviour N(D)�D−2 is typical
of monospecific forest stands with completely
closed canopy layers. The species-diverse charac-
ter of forest stands does alter this situation.

To understand the possible physical origin of
the power-law behavior, we use the model due to
Slatkin and Anderson (1984). It is a very sim-
plified approach of space competition, which is
analytically solvable. One assumes that a tree

crown grows linearly until it touches another tree
crown in the same canopy layer (i.e. of the same
size). At this stage, one of the two trees dies. This
model yields d=2, since the number of surviving
trees is optimized at each canopy layer indepen-
dently of the other layers. This exponent can be
understood as a particular formulation of the
self-thinning law. In general, the departure from
this value is the signal of size class interactions. It
is worthwhile noticing that if one assumes that
each canopy layer has a depth h proportional to
the tree height H, then the above self-thinning
argument gives DN(D), rather than N(D). Hence,
DN(D)�D−2 and therefore d=3, which should
be an upper bound for d. Gazel (1983) proposed
a fit of his data similar to

N(D)=
a exp (− (D/D0)2)

1+cD2 (4.1)

which is plotted in Fig. 10. This is a very interest-
ing point since the power law exponent d=2 is
recovered for D�D0, while a sharper decrease is
observed as D�D0. Moreover, theoretical consid-
erations fit well with this view which can be seen
by defining a multi-species version of the Slatkin–
Anderson model. Vertical competition of the lay-
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ers as well as the low probability for trees to grow
above the lower layers both result in a cut-off D0

in the distribution N(D).

4.2. Succession dynamics: the forest cycle

A succession scenario is simulated in the pres-
ence of treefalls. It consists of a 1000 ha forest
stand with the species grouping described in Table
2 and starting from an empty initial condition.
This run is performed during 1000 simulated
years. The savanna type invades the area very fast
(up to 50% of the cells are occupied in 5 years).
Then it is out-competed by pioneer groups which
reach their maximal occupancy between 15 and 50
years. Following this fast invasion (less than 100
years) a slow maturation process settles in the
main actors being intermediate and shade tolerant
species. Intermediate species are dominant in all
forest strafes after 100 years of simulation (Fig.
11A,B). Then, a very slow succession leads to the
dominance of shade tolerant species after 500
years for stems above 1 cm dbh (Fig. 11A) and
700 years for stems above 10 cm dbh (Fig. 11B).
Pioneer species never disappear and form as much
as 12% of the stems at the end of the simulation.

The over-representation of large trees (220910
stems ha−1 above 30 cm dbh), results in large
values of the basal area which is above 60 m2

ha−1 after 1000 years of simulation (Fig. 11C).
It is worth mentioning that while the stem

density reaches is equilibrium value in a few years
(about 50 years), the basal area shows a much
slower dynamics due to the slow growth rate of
large shade tolerant trees. This phenomenon is
even more important for the biomass. To better
understand the maturation process, the stem den-
sity was summed over groups with the same max-
imal height, irrespective of their light demand
(Fig. 11D). It is observed that the dominant
group is that of lower mid-storey species with
maximal height Hmax between 5 and 15 m, fol-
lowed by small species (less than 5 m), upper
mid-storey species (between 15 and 25 m) and
canopy species (more than 25 m). This order is
not modified in time, except in early succession
stages when small species are dominant.

The population dynamics reflects well field re-
sults. These values are consistent with most obser-
vations in tropical rainforests. In the simulation,
we find 4100910 stems ha−1 above 1 cm dbh,
930910 stems ha−1 above 10 cm dbh and 2209

Fig. 10. Left: dbh size class distribution for two forest stands in French Guiana. o: 3440 trees over 10 cm dbh (research station Piste
de Saint-Elie). 	, 5321 trees over 10 cm dbh (research station les Nouragues). Curves D−2 (solid line) and D−3 (dashed line) are
plotted for reference. B. Riéra, private communication, and Riéra (1995). Right: simulation results with one species (�) and with
20 species (square), inset: magnification of the distribution for 20 species in the region 10–200 cm and fit by a power law (slope
2.81). Simulation of a 800 ha plot during 500 years.
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Fig. 11. Succession scenario from a clear-cut area. Parameterization given in Table 2 is used for a of size 500 ha during 1000 years.
Average number of stems above 1 cm dbh (A) and 10 cm (B) and average basal area (C) for the three light demand groups. D:
average number of stems above 1 cm dbh for the four height groups, with maximal height less than 5 (small 	), 15, 25 and 50 (big
	).

10 stems ha−1 above 30 cm dbh at the end of the
simulation. The juvenile stages show a high mor-
tality. In the installation phase the overall mortal-
ity is over 50% per year. Then the light-induced
and natural mortality decreases to around 42%
per year. Treefalls also have an effect on small
trees and saplings. A the end of the simulation,
the treefall-induced death rate is about 12% per
year. For large trees (above 10 cm dbh), the
mortality rate is around 2% per year with about
1.5% per year due to natural death and light
competition, and 0.5% per year due to treefalls.
The frequency of treefall gap formation reaches
about one gap per year in the late succession
stage, in accordance with field results.

4.3. Spatial dynamics

We now turn to the study of spatial patterns in
tropical rain forests. We take the same plot and
the same parameterization as in the last subsec-

tion but initially the seeds are placed in the 200 m
of the leftmost part of a 4000×500 m forest
transect (see Fig. 12). The rest of the transect is
completely sterilized (all seed banks are empty
and no tree is present initially). In this case,
regeneration is limited mainly by seed dispersal.
We have switched off the non-local dispersal
mode — which physically corresponds to wind-
dispersed seeds for example — to better under-
stand the small distance effects. The density of
each group is measured in square plots of size
50×50 m each, every 10 years. Figure 12 shows
the stem density averaged along the stripe for
trees above 10 cm dbh and for three different time
steps.

After 100 years of simulation, about 2 km have
been invaded and almost 600 m are in a pioneer
forest with (corresponding roughly to a density
less than 300 stems above 10 cm dbh ha−1). The
LD (pioneer) invasion front is about 100 m large.
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The old growth forest takes place in the first 200
m, and between 200 and 900 m, a mixed forest
type (above 300 stems ha−1 but below 500 stems
ha−1) is encountered. One hundred years later,
the pioneer front have moved rightwards to 3700
m from the origin, the mixed forest front is at
2000 m but the old growth forest front is only at
350 m. Thus, the invasion speed of the pioneer
forest is about 20 m year−1, that of the mixed
forest is about 10 m year−1, but for the old
growth forest, this value drops to c.a. 1.5 m
year−1.

5. Discussion

The TROLL model reproduces the structural
properties of a rain forest stand. Due to the large
number of simulated trees we can compare the
theoretical diametric distribution due to Slatkin
and Anderson and that obtained with our more
detailed approach. Trees below 10 cm dbh follow
theoretical predictions and the singularity D−2 is
clearly evidenced the simulation results. The suc-

cession scenario presented here deserves a further
discussion. Köhler and Huth (1998) have recently
proposed simulation results of a primary diptero-
carp forest of Sabah, Malaysia (Borneo) during
500 years using the FORMIND model. Starting
from a clear-cut as in the present work, they find
that an equilibrium state is reached after about
200 simulated years. This is in conflict with the
simulation using TROLL, where a fast invasion
phase of about 50–100 years, with a significant
number of pioneer trees, is followed by a matura-
tion phase with much slower trends reflecting the
competition between the different plant functional
types. This difference comes from the presence of
a feedback due to seed bank limitations which are
absent in FORMIND. The mature phase strongly
depends on the recruitment capacity of shade
tolerant species. Whether this slow dynamics is
meaningful or whether it is negligible compared to
the influence of climatic perturbations over sev-
eral centuries is still a questionable issue.

In regard of the very rapid spread of tree
communities in temperate regions after the last
glacial maximum, the velocity of the pioneer front
(�20 m per year) seems underestimated in our
simulation results. Two distinct theories resolve
this issue. Eq. (2.13) should be replaced by a
long-range (Lévy-like) probability distribution
function to account for long distance dispersal.
Alternatively the preservation of micro-refuges
during arid or cooler past periods could have
significantly enhanced the spread speed. While the
first hypothesis is the most probable in boreal
regions—it is difficult to figure out how a micro-
refuge could have persisted in the last Ice Age in
the Northern part of Europe — the situation is
much less obvious in inter-tropical regions. The
large size of tropical plant seeds and the possibil-
ity for relict forests to persist along rivers both
plead for the second hypothesis.

The slow migration of shade tolerant species can
be detected in the field. For example, several
Guianan species with heavy seeds, mostly scatter-
hoarded by rodents, such as Eperua falcata, Eperua
grandifora, Vouacapoua americana Caesalpini-
aceae, (Forget, 1988) or Astrocaryum sciophilum
Arecaceae (Charles-Dominique et al., in prepara-
tion) present a clustered spatial distribution which

Fig. 12. Simulation of a tropical rain forest invasion front. The
stem density above 10 cm dbh is used as an indicator of the
forest type. Three fronts are clearly present corresponding
(from right to left) to the pioneer forest front, the mixed forest
front and the old growth forest front.
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may result from the influence of past dry events in
this region (ECOFIT project; Servant et al., 1993;
Bush, 1994; Charles-Dominique et al., 1998).
TROLL is a new way to study such slowly dispers-
ing species, which is almost impossible with other
models. In the present simulation, the predicted
value of 1.5 m per year for the old-growth forest
invasion front is consistent with d13C dating in the
Mayombe forest, Congo (Schwartz et al., 1996;
Chave et al., in preparation) and with the spread
velocity of the palm Astrocaryum sciophilum in
French Guiana (Charles-Dominique et al., in
preparation). A related issue is that of small-scale
speciation phenomena (Gentry, 1989; Bush, 1994).
Since trees are both individually modelled and
physically located in large stands, cross-pollination
sub-models and genetic drifts can be incorporated
as done in the work of Doligez and Joly (1998).

In conclusion, this model provides rich and new
results. It is able to reproduce the structural prop-
erties of homogeneous plots and spatial migrations
of forest communities. Therefore, it is an efficient
tool for understanding the long term dynamics of
tropical rain forests from a theoretical viewpoint
but also for assessing rain forest management
scenarios.

Acknowledgements

I warmly thank Kyle E. Harms, Andreas Huth,
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Peuplements en Forêt Dense Equatoriale de Guyane.
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Hallé, F., Oldeman, R.A.A., Tomlinson, P.B., 1978. Tropical
Trees and Forests. An Architectural Analysis. Springer,
Berlin.

Henwood, K., 1973. A structural model of forces in buttressed
tropical rain-forest trees. Biotropica 5, 83–93.

Herwitz, S.R., Young, S.S., 1994. Mortality, recruitment, and
growth rates of montane tropical rain forest canopy trees
on mount Bellenden-Ker, Northeast Queensland, Aus-
tralia. Biotropica 26, 350–361.

Howe, H.F., 1983. Annual variation in a Neotropical seed-dis-
persal system. In: Sutton, S.L., Whitmore, T.C., Chadwick,
A.C. (Eds.), Tropical Rain Forest: Ecology and Manage-
ment. Blackwell Scientific, pp. 211–227.

Hubbell, S.P., Foster, R.B., 1990. Structure, dynamics, and
equilibrium status of old-growth forest on Barro Colorado
Island. In: Gentry, A. (Ed.), Four Neotropical Forests.
Yale University Press, pp. 522–541.

Hubbell, S.P., Foster, R.B., O’Brien, T.S., Harms, K.E., Con-
dit, R., Wechsler, B., Wright, S.J., Loo de Lao, S., 1999.
Light-gap disturbances and recruitment limitation and tree
diversity in a Neotropical forest. Science 283, 554–557.

Hurtt, G.C., Pacala, S.W., 1995. The consequences of recruit-
ment limitation: reconciling chance, history and competi-
tive differences between plants. J. Theor. Biol. 176, 1–12.

Jenı́k, J., 1978. Roots and root systems in tropical trees:
morphologic and ecologic aspects. In: Tomlinson, P.B.,
Zimmermann, M.H. (Eds.), Tropical Trees as Living Sys-
tems. Cambridge University Press, pp. 323–349.

Kira, T., 1978. Community architecture and organic matter
dynamics in tropical lowland rain forests of Southeast Asia
with special reference to Pasoh Forest, West Malaysia. In:
Tomlinson, P.B., Zimmermann, M.H. (Eds.), Tropical
Trees as Living Systems. Cambridge University Press, pp.
561–590.
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