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Abstract 

Tropical forests are known for their tree species diversity, that is difficult 
to take into account in models. Even if some authors do not renounce to 
model separately every species, the usual solution consists in defining groups 
of species, then adjusting a set of parameters for each group. Groups may be 
built from ecological characteristics of the species, thus providing so-called 
'functional groups' , but they may also take into consideration extraneous 
information such as commercial categories. 

Defining groups in relation to a model of forest dynamics is however un
easy, as two species may appear similar with respect to a biological function, 
and at the same time different with respect to another function. Crossing all 
causes of singularities among species then brings a diversity of groups that 
is comparable to the species diversity itself. 

In this study, we address this issue by allowing a species to move from 
one species group to another, depending on the biological process that is 
concerned. We developed this approach with a matrix model of forest dy
namics, for a tropical rain-forest in French Guiana, at Paracou, focusing on 
the methodological aspects. As in other matrix models , forest dynamics is 
split into three components: recruitment, growth, and mortality. Five groups 
of species were defined at Paracou from species characteristics, in a previous 
study; we re-analyzed these data to build 5 recruitment groups, 5 growth 
groups, and 5 mortality groups. 

One species is then characterized by its recruitment group, its growth 
group and its mortality group, thus yielding at total 5 x 5 x 5 = 125 possi
bilities, which brings a more realistic view of the floristic composition of the 
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forest, as if each species had been modelled separately. The resulting ma
trix model however do not have more parameters than it wou.ld have with 5 
global species groups: if r, g and mare the numbers of parameters required 
to model recruitment, growth and mortality for one species, then in both 
cases the total number of parameters of the model is 5(r + g + m). So the 
parameters can be estimated as easily as in the usual approach. 

As a conclusion, allowing a species to shift from one species group to 
another depending on the model component ensures a richness similar to the 
species richness, without increasing the number of parameters to estimate. 
As prospects, we shall investigate the ecological significance of the species 
groups thus obtained. 

1 Introduction 

When trying to model the dynamics of a tropical rain-forest, one is con
fronted to the huge diversity of the tree species. Even if some àuthors do 
not renounce to treat separately every single species (e.g. Shugart et al., 
1980), the usual solution consists in building ad hoc groups (generally by 
cluster analysis) from species characteristics that are in use in the model, 
and then adjusting a set of parameters for each group (Favrichon, 1998; 
Finegan et al., 1999; Ruth and Ditzer, 2001; Kohler and Ruth, 1998; Kohler 
et al ., 2000, 2001). Groups may be built from ecological characteristics of 
the species, thus providing so-called 'functional groups', but they may also 
take into consideration extraneous information such as commercial categories 
(Boscolo and Vincent, 1998; Vanclay, 1989; Wan Razali, 1986). Still, dèfin
ing groups in relation to a model of forest dynamics remains uneasy, as two 
species may appear similar with respect to a biological fonction, and at the 
same time different with respect to another function. For instance, species 
groups that are homogeneous with respect to growth may be built, but it is 
likely that these groups will be heterogeneous with respect to recruitment or 
mortality. Crossing all causes of singularities among species to get species 
groups that are homogeneous with respect to the different process of the dy
namics then brings a nmnber of groups that allows to better account for the 
floristic composition of the stands 

In this paper, we address this issue by defining three distinct species 
groupings: one is growth-specific and split the species along their growth 
characteristics; the second is recruitment-specific and gathers species with 
similar recruitment characteristics; the third one is mortality-specific. The 
key point is that the model of forest dynamics allows a species to shift from 
one species group to another depending on the biological process (growth, 
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recnùtment or rnortality) that is concerned. A species may thus take its 
recruitmént parameters from a species group, its growth parameters from 
another one, and its mortality parameters frorri a last one. The resulting 
model thus has as many parameters as in the classical approach, but their 
combinations give a much higher richness of modelled species. 

We developed this approach with a matrix model of forest dynamics, for a 
tropical rain-forest in French Guiana, at Paracou. We deliberately focused on 
the methodological aspects in this paper, leaving the study of the ecological 
relevance for future work. We analyzed the Paracou data to build 5 growth
specific groups, 5 recruitment-specific groups, 5 mortality-specific groups, 
and 5 comprehensive species groups that simultaneously rely on growth, re
cruitment and mortality. Two matrix models were then developed: one is 
classical and is based on the 5 comprehensive species groups; the other one 
illustrates the proposed new approach and makes use of the three process
specific groupings into 5 groups. The predictions of the two matrix models 
are then confronted. 

2 Material and methods 

2.1 The Paracou plots 

The matrix models were built from ·the data of the Paracou forest, in French 
Guiana, 40 km West from Kourou (5°15'N, 52°55'W). The climate is equato
rial · with an average annual rainfall of 3160 mm and an average temperature 
of 26°C. 'On this site twelve 6.25 ha plots of natural rain forests were settled 
in 1984 by the Cirad-Forêt. Nine plots underwent silvicultural treatments in 
1987-88, and three plots were left as controls. The girth of every tree greater 
than 10 cm DBH ( diameter at breast height) was measured, and a tax:onomic 
information was noted too. As the botanical inventory did not enable to 
identify every tree to the species level, a tree was characterized either by its 
species or by a group of species. Measurements have been carried annually 
from · 1984 to 1995, and once every two years since. At total, more than 
46,000 trees have been inventoried and 202 species or groups of species (ses) 
have been identified. More details about the Paracou experimental station 
may be found in Schmitt and Bariteau (1990). Favrichon (1998) built a ma
trix model for the Paracou forest, showing that growth was related to the 
total basal area on 1.5625 ha subplots (one quarter of the. plot, 48 subplots 
at total). · 
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2.2 Characterizing SGS 

Each SGS was first characterized by a set of parameters that describe its 
growth, its recruitment and its mortality. On each of the 48 subplots and 
at years t = 1984, 1988, 1990 and 1992, we computed the average diameter 
increrri.ent, the mortality rate and the recruitment . flux between year t and 
t + 2. Let us denote ants the average diameter increment of the SGS s ( = 
1 ... 202) between year t and t + 2 in subplot n, Ynts the number of trees of 
the SGS s that are alive in subplot n at year t, Znts the number of trees of the 
SGS s that die in subplot n between year t and t + 2, and Tnts the number of 
trees of the SGS s that are recruited in subplot n between year t and t + 2. 

We supposed, as in Favrichon's model, that growth and recruitment are 
density-dependent, whereas mortality is not. The stocking of a subplot at 
year t is quantified by the ratio b of its basal atea at year t over its basal area 
in 1984 (assumingthat 1984 characterizes the steady state of the subplot): 

b 
_ Bnt 

nt -
Bn,1984 

(1) 

where Bnt is the basal area of subplot n at year t. The growth of the SGS s 
was then characterized by the parameters Œos and a 1s of the regression: 

Similarly the recruitment of the SGS s was characterized by the parameters 
f3os · and /31s of the regression: 

As the diameter increments or the recruitment · fluxes on a same subplot 
at two consecutive years are not independent, a standard linear regression 
( that would assume that the Ents are independent) cannot be achieved. A 
regression for repeated measurements (Diggle et al., 1996) is required. A 
preliminary analysis showed that an exponential model (Diggle et al., 1996, 
p.57) could adequately fit the variance-covariance structure of the residuals. 
The variance-covariance matrix of the Ents was thus modelled by: 

Cov(Ents, En1 t1s) 

Cov(Ents, Ent's) 

0 ifn#n', V(t,t') · 
o-2p\t-t' 1 

s s 

The parameters a0 , Œ1 , /30 , /31 were then estimated by m~mizing the log
likelihood (Diggle et al., 1996, p.63) . 
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As mortality was supposed density-independent, the mortality rat~ ms of 
the SGS s was simply estimated as: 

bn t Znts ms=-~·--
I:n,t Ynts 

The computations were actually achieved for all SGS with at least 15 
individuals (on average between 1984 and 1992) in at least three subplots. At 
this step, we thus have got the set of dynamics parameters (ao, a 1 , /30 , /31 , m) 
for a subset of SGS. 

2.3 Building species groups 

This set of parameters was usec;l ta build the species groups. ln a compre
hensive approach, the dissimilarity dss' between any two SGS s and s' was 
defined as the Euclidian distance between the standardized vector- of their 
dynarrùcs parameters: 

where for any parameter x, x; = (xs - x)/ )Sx, x is the empirical mean of 
X 5 over all SGS and Sx is the empirical variance of X 8 • A hierarchical cluster 
·analysis using Ward's minimum variance method was then usedto define five 
comprehensive species groups. 

Species groups that are speci:fic to a process of the forest dynamics were 
also defined by restricting the paraineters used to compute the dissirrùlarity 
between SGS. Five growth-specific groups were thus obtained in the same 
way from the _following dissimilarity: 

dss' = [(a~s - Œ~8,)
2 + (ot - ar8 ,)

2]o.s . 
Five recruitment-specific groups were also obtained from the dissimilarity: 

and five mortality-specific groups were obtained from the dissimilarity: 

d 1 
* * 1 ss' = ms - ms' 

Let 9s ( = 1 ... 5), gfr, g~c and g:;1t be respectively the. cornprehensive 
species group to which the SGS s bel~rigs, the growtb.-specific group to 
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which it belongs, the recruitment-specific group to which it belongs, and 
the mortality-speci:fic group to which it belongs. The dynamical behaviour 
of a species can be characterized either by its comprehensive species group 9s, 
or by the combination (gf, g!c, gr;1t) of its process-specific groups. The former 
characterization encompasses five categories, whereas the latter potentially 
encompasses 5 x 5 x 5 = 125 categories. 

2 .4 Matrix model 

The model is a Usher model with species groups and density-dependent co
efficients. Its principle has been exposed in Buongiorno and Michie (1980); 
Favrichon (1998); Usher (1969). The trees of the stand are broken clown by 
diameter class and species group. Time is discrete with a time step .6.t. Be
tween time t and t+.6.t, a tree of species group s and diameter class i has three 
possibilities: (1) it dies, with probability Psit(t), (2) it stays alive and moves 
up to the next diameter class, with probability Psii+l ( t), (3) it stays alive in 
the same diameter class, with probability Psii(t) = 1 - Psit(t) - Psii+1(t). 

Let Nsi(t) be the number of trees of species group s in diameter class i 
at time t. Its equation of evolution is: 

Nsi(t + .6.t) = Psii(t)Nsi(t) + Psi-li(t)Nsi-1(t) (i > 1) (2) 

This equation is complemented for the first diameter class ( i = 1) by an 
equation that gives the recruitment Rs(t): 

(3) 

Equations (2) and (3) can be condensed in a matrix equation: 

N(t + .6.t) = A(t)N(t) + R(t) 

where Ais a block diagonal matrix with diagonal elements As that are the 
transition matrices for each species group: 

0 

A= and As= 

0 0 

Psii 

Psii+l 

0 

and N is the concatenated vector obtained from the species diameter dis
tribution vectors Ns, and, similarly, R is the concate:riated vector obtàined 
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from the recruitment vectors Rs of each species group: 

Provided that there are n diameter classes and p species groups, As is a n x n 
· matrix and Ais a np x np matrix, Ns and Rs are vectors of length n, and 

N arid R · are vectors of length np. 
A linear relationship between the Psii+1 's and the ratio b( t) of the subplot 

basal area at year t over its basal area in 1984 (see (1)) was selected: 

Psii+l(t) = 6osii+l - 61sii+1b(t) 

For recruitment, a linear relationship between b(t) and either the recruitment 
flux Rs(t) or its log-transform was selected: 

Rs(t) 
or · lnRsU) 

2.5 Parameter estimation 

- 10s - /lsb(t) 

/ÜS - /lsb( t) 

Given two inventories at year t and t+ô.t, the upgrowth transition probability 
Psii+l can readily be estimated as the propo;rtion of trees of species group s 
and diarrieter class i that moves up to diameter class i + 1. Similarly, the 
mortality rate Psit can readily be estimated as the proportion of trees of 
species group s and diameter class i that dies. Let Psii+lnt (resp. Psitnt) be 
the estimate of Psii+l (resp. Psit) obtained from the subplot n (- 1 ... 48) 
and from the inventories t and t + ô.t . . 

To reduce the number of parameters of the model and to ensure the 
smoothness of the transition probabilities, the following regressions were ac
tually performed: 

Psii+lnt 

Psitnt 

6os + 61sDi + 62sD1 + Ô3sDf - Ô4sbnt + êsint 

µos + µ1sDi + µ2sD1 + êsint 

(4) 
(5) 

where Di is the average diameter of diameter class i and bnt is given by (1). 
As in Favrichon's model, we selected a time step ô.t = 2 years. We then 

used the data at t = 1984, 1988; 1990, 1992. Each subplot thus appears 
four times in ( 4) or (5) , so that the residuals Esint cannot be considered as 

7 · 



independent, and a longitudinal data analysis is again required. Again an 
exponential model was selected for the variance-covariance structure: 

Cov( Esint, Esi'n't') = 0 if n -/: n or i -/: i', V( t, t') 

Cov(Esint, Esint') = a-:p~-t'[ 

and the parameters were estimated by maximizing the log-likelihood (Diggle 
et al. , 1996). 

Similarly for recruitment: let Rsnt be the number of trees of species group 
s that are recruited between years t and t + l:!.t on subplot n ( = 1 . .. 48). 
The following regressions were performed: 

Rsnt 10s - 11sbnt + Esnt 

ln Rsnt - 'YOs - 11sbnt + Esnt 

As each subplot appears four times, a regression for repeated measurements 
using the sa.me variance-covariance structure as before was achieved. 

In regressions (4) and (5), all the subplots have the same weight. This 
can lead to some distortions as a subplot with a low number of trees ( and 
thus imprecise estimates of Psii+Int and Psitnt) will have the same weight 
as a subplot with a high number of trees ( and thus accurate estimates of 
Psii+lnt and Psitnt)- For a few species groups containing few species and few 
individuals, we indeed obtained very unrealistic mortality rates. In those 
cases we used in place of (5) an a posteriori estimate of the mortality rates 
that is derived from (2). Eq. (2) may be written as: 

N.si(t + l:!.t) = [1- Psii+l(t) - Psit(t)] Nsi(t) + Psi-1i(t)Nsi- 1(t) 

At steady state all the quantities are independent of time, which yields: 

Nsi-1 ( ) Psit = Psi-li~ - Psii+l i. > 1 · 
si 

Similarly for the first diameter class, we obtain from (3) : 

Rs 
Pslt = N .· - Ps12 

sl 

These two equations enable to compute the mortality rates fr9m the diameter 
distribution, the upgrowth transition probabilities and the :recruitment flux 
at steady state. 

A set of parameters (ôos, ô1s, ô2s, Ô3s, Ô4s, µOs, µl s, µ2 s , ,os, ,1; )s=l. .. 5 is asso
ciated with eàch species grouping. The complete parameter set was estimated 
for the comprehensive species gTouping. The parameters ( ôos , ôis , ô28 , ô3s, 64s)s=L.5 
were then estimated for the grnwth-specific grouping, (µ 0a, µ 1s, µ 2s)s=l...S were 
estimated for the mortality-specific grouping, and bos, ,is)~=l...S were esti-
mated for the r~cruitment-specific grouping. · 
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3 Results 

3.1 Species groups 

One hundred and füty two SGS, out of the 202 that are present in the database 
(75%), have enough data for their dynamics parameters to be estimated. 
Table 1 shows the correlation matrix between the five parameters: a0 and /30 

are strongly correlated with o:1 and /31 respectively; a0 and /30 ( or a 1 and /31) 

are positively correlated, which meam; that the slow growing species tend to 
have a smaller recruitment. On the contrary there is no marked correlation 
between m and any other parameter. 

Table 1: Correlation matrix between the five dynamics parameters o:0 , o:1 . 

(growth parameters), /30 , /31 (recruitment parameters), and m (mortality 
rate). * indicates a significant departure from zero at the 5% level. 

Œo 0:1 /3o /31 m 

ao 1 0.95* 0.26* 0.27* -0.04 
0'.1 0.95* 1 0.14 0.14 -0.04 
/3o 0.26* 0.14 1 1.00* 0.00 
/31 0.27* 0.14 1.00* 1 -0.03 
m -0.04 -0.04 0.00 -0.03 1 

The five comprehensive groups that are derived from all parameters may 
be described as follows (Table 2): ' 

• Group 1: low a 's, medium /fs; this group thus gathers slow-growing 
species that are hardly sensitive to a change of the stand stocking; 

• Group 2: medium o: 's and medium j3's; this group thus gathers species 
with an intermediate behaviour in every respect; 

• Group 3: high o:'s, medium /J's; this group thus gathers fast-growing 
trees that are sensitive to · a change of the stand stocking; 

• Group4: low /3's, medium a 's and high mortality rate; this group . thus 
gathers 'the species that require a stand stocking large e116ugh to recruit 
young trees; 

• Group 5: very high a's and very high /J 's; this groùp thus gathers the 
species that grow very fast and have a high recruitment when the stand 
is open (pioneer species). 
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Grcmp 4 and 5 gather species with .outlying characteristics and thus encom
pass a little number of species. 

Table 2: Mean values of the dynamics parameters a 0 , o:1 (growth param-
eters), (30 , (31 (recruitment parameters), and m (mortality rate) in the 5 
comprehensive species groups. S is the number of species in the groups. 

g Œo Œ1 f3o /31 m s 
1 0.64 0.40 0.70 0.56 0.024 46 
2 1.33 1.04 0.28 0.20 0.010 75 
3 2.76 2.24 0.90 0.84 0.016 25 
4 0.95 0.76 -0.54 -1.05 0.184 4 
5 3.15 1.57 24.29 25.09 0.027 2 

The growth-specific groups discriminate the species along a gradient from 
slow-growing density-independent species (group 1 with low a's) to fast
growing density-dependent species (group 5,. with high a's), see Table 3. 
Similarly the recntitment-specific groups discriminate the species along a 
gradient from low to high recruitment (Table 3), and the mortality-specific 
groups discriminate the species along a gradient from low to high mortality. 

\Vhen crossing the 5 growth-specific groups with the 5 recruitment-specific 
groups and the 5 mortality-specific groups, 43 combinations out of the 125 
possible combinations are observed (one third). The number of observed 
combinations is less than 125 because the specific groups are not indepen
dent from each other. A x2 test shows indeed that there is a relation
ship between the growth-specific groups and the recruitment-speci:fic groups 
(p-value = 0.04) . On the contrary there is no relationship between the 
growth- and mortality-speci:fic groups (x 2 test , p-value = 0.82) or between the 
recruitment- and mortality-speci:fic groups (x2 test, p-value == 0.13) . These 
dependencies re:8.ect the correlations between the dynamics parameters (Ta-
ble 1). · · 

3.2 Model predictions 

As in Favrichon's model, 11 diameter classes were defined, ranging from 10 t6 
60 cm with a constant width of 5 cm, the last diameter class grouping all the 
trees greater than 60 cm DBH. The parameters for the classical matrix model 
based on comprehensi~e species groups a:r~: given in Table4. . A. posteriori 
estirnates of the mortality rates were used for species group 4 and 5': for 

' . . . 
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Table 3: 1VIean values of the growth pararneters a0 , a 1 inthe 5 growth-specific 
groups, of the recruitment parameters /30 ,/31 in the 5 recruitment-specific 
groups, and of the mortality rates m in the 5 mortality-specific groups. S is 
the number of species. 

g gr Œo Œ1 s 9
rc f3o f31 s 9

mt m s 
1 0.42 0.17 35 1 0.15 0.08 117 1 0.014 34 
2 1.67 1.31 46 2 1.01 0.81 23 2 0.005 71 
3 1.04 0.80 51 3 2.83 2.43 9 3 0.025 32 
4 2.73 2.19 17 4 7.80 8.03 1 4 0.060 11 
5 5.67 4.90 3 5 24.29 25.09 2 5 0.184 4 

species group 4, Pit = 0.0224, 'vi; for species group 5, Pit = 0.2381, p2t = 
0.0505, P3t .= 0.1258, and Pit = 1 'vi 2: 4. . 

The matrix model was then used to predict thé stationary state of a 1. 5625 
ha subplot of the Paracou forest. Figure 1 shows the predicted i:mmber of 
trees lilifi the predicted basal area of each species group, and confront these 
numbers fo their observed distributions on the 48 Paracou subplots in 1984 . 

....... 
ro ..... 

0 .c 0 • ro 0 . ' 
LO M LO ~à .c N 

B LO 
(0 

N "'! 
(0 ... 0 --"'! 0 -N N ... 0 .s --::::. M : ~ - '=i3 ..... (tJ "' r OJ ~ O . t • ttl 

(tJ ... ..... --0 ë6 ~Ei3 "*' 0 ... "' LO 
(tJ - ..... ....._ CD - ...... ....._ 

0 0 

gl g2 g3 . g4 g5 gl g2 ' g3 g4 g5 

Figure 1: Predicted versus observed number of trees and basal area on a 
1.5625 ha subplot, for the matrix model based on comprehensive species 
groups: • predictions of the matrix model; the box-and-whisker plots indicate 
the observed distributions on the 48 subplots in 1984; gl ... g5 designates the 
comprehensive species groups. 

The predicted number of trees in each species group are in good agreement 
with . the observations, whereas the basal area is less well. predicted,: with an 
over-estimation of the basal area of the species groups 2 and 3, and an under
estimation of the basal area of the species group 1. Moreover the predicted 
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Table 4: Selected regTession equations and parameter values of the matrix model for the comprehensive species 
grouping. Levels ofsignificance: *** 1 permil, ** 1%, * 5%. 

g Growth p R2 (%) Recruitment p R2 (%) Mortality p R'l (%) 
1 Pii+l = oo + 81Di + 82D; - 04b 0.17 3.8 R = ,o -11/J -0.03 41.5 Vit = µo + µ1 Di 0.13 7.1 
2 Pii+l = oo +61D; +62D'f +63D'f- 04b 0.02 12.4 R = ÏO -,1b -0.01 30.6 Pit= µo + µ1D; -0.11 0.5 
3 Pii+l = oo + 01D; + 02D; + 03D'f....:. 04b -0.09 7.9 lnR=,o-,1b 0.24 40.2 Pit= µo + µ1Di -0.05 0.2 

· 4 Pii+1 = oo + 81Di + 62D'f + 03D'f -0.04 2.1 lnR = ,o - ,1b -0.44 8.3 Pit = µo + µ1Di 0.00 1.3 
5 Pii+l = oo + 81D; + 02 D; - 04b 0.13 14.6 ln R = ,o - 'Yl b 0.12 43.7 Pit= µo + µ1Di + µ2Df -0.03 3.7 

Group 1 Group 2 Group 3 
Estimate Std. error p-value Estimate Std. error p-value Estimate Std. error p-value 

oo 2.04810-2 1.37110-2 0.068 2.70210- 1 2.84310-2 < 0.001"'** 5.29210-1 6.92210-2 < 0.001*** 
01 3.04610-2 6.55010-4 < 0.001*** -9.36910- 3 2.66710-3 < 0.001"'0 -1.97610-2 6.57310-3 0.001*"' 
02 -4.95310-5 8.77510-6 < 0.001*** 3.45310- 4 7_75410-5 < 0.001*** 7.26510-4 1.95710-4 < 0.001*** 
03 - - - -3.67110-6 6.87010-7 < 0.001*** ~7.47010-6 1.76710-6 < 0.001*** 
04 1.87510-2 1.03210-2 0.035* 1.41510- 1 1.05410-2 < 0.001*** 2.90010-:-1 2.78210-2 < 0.001*** ,_. 
1'0 32.169 1.795 < 0.001*** 21.265 1.364 < 0.001**'" 3.844 0.271 < 0.001*** l',.'.) 

Ïl 25.680 2.161 < 0.001*** 15.207 1.640 < 0.001*** 3.140 0.330 < 0.001*** 
µo -4.84010-2 1.12510-2 < 0.001*** 5.78310-3 3.22310-3 0.036* 1.29510-2 5.78210-1 0.013* 
µ1 3.36110-3 2.96810-4 < 0.001*** 2.78910-4 8.03810-5 < 0.001*** 2.85410-4 1.588 10--4 0.036* 
µ2 

Group 4 Group 5 
Estimate Std. error p-value Estimate Std. error p-value 

ÔQ 1.28810-1 3.84610-2 < 0.001*** 1.350 1.79610-1 < 0.001*** 
01 . -1.28610- 2 4.01810-3 < 0.001*** -4.59510-2 1.10310-2 < 0.001*** 
82 4~51410-4 1.23010-4 < 0.001*** 5.19110-4 1.68110-4 < 0.001"'** 
ô3 _4.47510- 6 i.12910-6 < 0.001*** 
04 - - - · 3.50910-1 1.60510-1 0.014** 

ÏO -0.100 0.233 0.333 5.549 0.422 < 0.001*** 

'Yl -0.942 0.290 0.001*** 5.276 0.610 < 0.001*** 
/J,O 4.90410-1 2.80510-2 < 0.001*** 1.47910- 1 5.21410-2 0.002** 
µ1 -3.11210-3 3.45310-4 < 0.001*** -1.41010- 2 5.84710-3 0.008** 
µ2 - - - 3.44110- 4 1.55510-4 0.013* 



diameter distribution of each species group falls within the range of observed 
diameter distributions on the 48 subplots in i984. 

The parameters for the matrix model based on growth-, recruitment- or 
mortality-specific groups are given in Table 5. Each of the 43 species groups 
that result from the crossing of these three groupings can be specified by a 
triplet (ggr, grc, gmt). For instance (1,3,2) will specify the group of species that 
belong to the first growth-specific group, to the third recruitment-specific 
group and to the second mortaJity-specific group. The transition matrix 
of such a group will take its upgrowth transition parameters from group 1 · 
for growth (Table 5) ; it will take its recruitment parameters from group 3 
for recruitment, and it will take its mortality parameters from group 2 for 
mortality. The resulting matrix model thus behaves like a matrix model with 
43 species groups. 

This matrix model was again used to predict the stationary state of a 
1.5625 ha subplot of the Paracou forest. Figure 2 shows the predicted number 
of trees and the predicted basal area of each species group, and confront these 
numbers to their observed distributions on the 48 Paracou subplots in 1984. 
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Figure 2: Predicted versus observed number of trees and basal area on a 
1.5625 ha subplot, for the matrix model based on growth-, recruitment- and 
mortality-specific groups: the whiskers indicate the empirical 95% confidence 
interval of the observed quantities; --- line of slope 1. 

Once again, the number of trees is better predicted than basal area. How
ever the discrepancy between predictions and observations is greatet than for 
the classical matrix model based on 5 species groups. The gain of precision in 
species description ( 43 groups instead of 5) is compensated by a loss of preci
sion in quantitative predictions. From the 43 species gioups it is possible to 
re-compose larger species groups. For instance Figure 3 shows the predicted 
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Table 5: Selected regression equations and parameter values of the matrix model for the growth-, recruitment- and 
mortality-specific groupings. Levels ofsignificance: *** 1 permil, ** 1 %, * 5%. 

g Growth p R2 (%) Recruitment p R2 (%) Mortality p R2 (%) 
1 Pii+l = ôo - ô4b 0.14 1.5 lnR =10 - ,1b 0.18 16.5 Pit= µo 
2 Pii+l = i5o + i51Di + i52Df + ô3Df - i54b 0.02 10.4 lnR = 10 -11b 0.18 41.2 Pit= µo 
3 Pii+-1 = r5o + 81Di + i52Df - 04b 0.01 9.0 lnR = 10-:-- 11/J 0.18 43.2 Pit= µo + µ1Di -0.04 1.3 
4 Pii+l = Jo + i51D; + i52Df - ô4b -0.02 7.1 lnR =,o -111> 0.01 41.8 Pit= µo + µ1Di 0.11 3.3 
5 Pii+l = i5o + 01Di + 62Df + 63D'f - 64b 0.01 14.8 lnR =10 - ,1b 0.12 43.7 Pit= µo + µ1Di 0.00 1.3 

Group 1 Group 2 Group 3 
Estimate Std. error p-value Estimate Std. error p-value Estimate Std. error p-value 

oo 9.58910-2 1.26010-2 < 0.001*** 3.41910-I 4.07610-2 < 0.001*** 8.22810-2 1.09410-2 < 0.001**" 
61 - - - -1.05910-2 3.83110-3 0.003** 2.35410-3 5.21010-4 < 0.001*** 
62 - - 3.96910-4 1.11610-4 < 0.001*** -4.37410-5 6.88510-6 < 0.001*** 
ô3 - - - -4.30910-6 9.91310- 7 < 0.001*** 

...... 04 · 6.55510- 2 1.48010-2 < 0.001*** L80310-1 1.52110-2 < 0.001**'" 5.94510-2 8.11110- 3 < 0.001*** .i:,.. 

10 3.186 2.04210--: 1 < 0.001*** 3.965 2.07610- 1 < 0.001*** 4.148 2.21110- 1 < 0.001* 0 

11 1.343 2.42010-1 < 0.001*** 2.644 2.45310-1 < 0.001*** 3.030 2.70610-1 < 0.001*** 
µo 1.52210-2 5.42810-2 - 9.29310-3 5.61710-2 - 1.82110-3 5.47310-3 0.389 
/J.1 - - - - - 8.42510-4 1.71410-4 < 0.001*** 

Group 4 Group 5 
Estimate Std. error p-value Estimate Std. error p-value 

ôo 3.12010-1 4.36010-2 < 0.001*** 2.219 2.74410- 1 < 0.001* 0 

61 · 8.03010-3 2.05010- 3 < 0.001*** -1.64310- 1 2.90510-2 < 0.001*** 
62 -1.169 lQ:-4 2.81510-5 < 0.001*** 5_33510-3 9.71610-4 < 0.001*** 
ô3 - - -5.04410-5 9.54710-6 < 0.001*** 
64 3.21310-1 3.33710-2 < 0.001*** 5.04310-1 1.20610-1 < 0.001**"' 

ÏO 3.785 4.61210- 1 < 0.001*** 5.549 4.22310-1 < 0.001 **• 
Ïl 4.138 7.21510- 1 < 0.001**"' 5.276 6.10510-1 < 0.001*** 
µo 1.07610-2 1.33810-2 0.211 4.90410-1 2.80510-2 < 0.001*** 
µ1 2.67110-3 3.55010-4 < 0.001*+* -3.11310-3 8.45310-4 < 0.001*** 



number of trees and the predicted basal area of each of the 5 growth-specific 
group, and confront these numbers to their observed distributions on the 48 
Paracou subplots in 1984. This Figure is deduced from Figure 2 by splitting 
the 43 species groups into the 5 growth-specific groups. It is not possible 
however to compute in this way the characteristics of the 5 cornprehensive 
species groups, as the 43 species groups are not a subdivision of the 5 com
prehensive groups. 
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Figure 3: Predicted versus observed number of trees and basal area on a 
1.5625 ha subplot, for the m.atrix model based on growth-, recruitment- and 
mortality-specific groups: • predictions of the rnatrix m.odel; the box-and
whisker plots indicate the observed distributions on the 48 subplots in 1984; 
gl ... g5 designates the growth-specific groups. 

4 Discussion and conclusion 

Allowing the species to shift from. a species grouping to another one de
pending on the biological process under concern thus enables to get a finer 
description of the species richness. To each species grouping is associated a 
set of parameters, and this approach may also be seen as a crossing over of 
parameter sets. The resulting rnodel has as rnany parameters as in the classi
cal approach where species belong to a unique species group. This approach 
is quite general and could be applied to several types of models. . . · .. 

In. the case of the Paracou forest, the matrix model based on the different 
combinations of growth-, recru.itment- and mortality-specific groups yielcls 
less accurate predictions of the stationary state than · the classical rhatrix 
model based on five comprehensive species groups. This raises questions 
about (1) the construction of the species groups, (2) the estimation of the 
model parameters. 
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First, species groups could be built from other parameters than the ones 
that we used. The parameter a0 can be interpreted as the diameter growth 
rate in an empty plot (when b = 0), whereas a 1 represents the sensitivity of 
the diameter gTowth rate to the plot stocking. Similarly, /30 represents the 
recruitment rate for an empty plot and /31 represents the sensitivity of the 
recruitment to the plot stocking. A cluster analysis based on (a0 , a 1) (or 
on ({30 , (31)) would thus favour species groups that behave similarly in large 
openings and have a similar sensitivity to the stocking. However no empty 
plot (b = 0) is observed at Paracou, and Œo and (30 result from an extrapola
tion. It may be sounder to use parameters that correspond to situations that 
are observed at Paracou. In particular the cluster analysis could be based on 
(Œo-Œ1 , a 1 ) or (/30 -(31 , {31), since a 0 -a1 represents the diameter growth rate 
in the stationary state (b = 1) and f30 - {31 represents the recruitment rate in 
the stationary state. Species groups that are homogeneous with respect to 
Œo - a 1 or (30 - {31 are then more likely to make accurate predictions of the 
stationary state than species groups based on Œo or f30 • 

Moreover, expert knowledge of the autecological traits of the Guyanese 
species should be consulted to validate the species groups that are obtained 
with the cluster analysis. This is left for future work, the present paper fo
cusing on the methodological aspects of a model with shifting species groups. 

Second, the parameter estimation is a more delicate step for the model 
with shifting species groups than for the classical models based on fix species 
groups. In the classical approach, a change of a parameter of a given species 
group only affects this group. The model predictions for a group can then be 
used to detect anomalous pararneter values and correct them. With shifting 
species groups, the change of a parameter will affect several groups. AU the 
43 species groups that we obtained at Paracou are interconnected through 
their parameters: a species group with its pararneters cannot be isolated and 
treated separately from the other groups. As a consequence, the diagnostic 
of anomalous pararneter values from the model predictiohs is much more 
difficult . 

The interconnection between parameters could be · further investigated . 
with an elasticity analysis (de Kroon et al. , 1986) , by cornputing quantities 
such as 8InPs/8Inp5 , where Ps is the predicted number of trees or basal area 
of species group s and Ps' is one of the model parameters relative to group 
s'. 

Eventually, to deal with the different weights of the subplots in regressions 
(4) and (5) , on could replace regressions (4) and (5) by a two-stage weighted 
1east-square regression ( Anderson et al., 1985). The fust stage would be iden
tical to the longitudinal data regression that is described in this paper and 
would yield initial estimated P sii+Int and 'Psitnt· The second stage would be a 
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longitudinal data regression with the following variance-covariance structure: 

Cov( Csint' Csi'n't') 

:Cov(Esint, Csint') 

- 0 if n =/. n' or i =/. i', V(t, t') 
A A it-t'I 
CTsintCTsint' Ps 

where âsint = Psii+lnt(l - Psii+lnt)/Nsint for ( 4), C1sint = Psitnt(l -Psitnt)/ Nsint 

for (5), and Nsint is the observed number of trees of species group s in di
ameter class i and subplot n at year t. The latter relationships follow from 
the fact that the numbers of trees of species group s in diameter class i and 
subplot n that remain in the same class, grow up or die follow a multinomial 
law with parameters (Nsint, Psiint, Psii+ 1nt, Psitnt). 

As a conclusion, the use of shifting species groups in models of forest 
dynamics offers a higher richness of modelled species behaviours, without an 
increase of the number of parameters of the model. It however raises specific 
problems for model correction that would deserve further investigations. 

References 

Anderson, D.R., K.P. Burnham, and B.R. Crain. 1985. Estimating popula
tion size and density using line transect sampling. Biometrical Journal, 
27:723-731. 

Boscolo, M. and J .R. Vincent. 1998. Promoting better logging practices in 
tropical forests: A simulation analysis of alternative regulations. The Har
vard Institute for International Development, Harvard University, Cam
bridge, Massachusetts, USA. Development Discussion Paper 652. 53 p. 

Buongiorno, J. and B.R. Michie. 1980. A matrix model of uneven-aged forest 
management. Forest Science, 26:609-625. 

de Kroon, H., A. Plaisier, J. van Groenendael, and H. Caswell. 1986. Elas
ticity: the relative contribution of demographic parameters to population 
growth rate. Ecology, 67:1427- 1431. 

Diggle, P.J:, K.Y. Liang, and S.L. Zeger. 1996. Analysis oflongitudinal data. 
Clarendon Press, Oxford. 253 p. 

Favrichon, V. 1998. Modeling the dynamics and species composition of tropi
cal mixed-species -uneven-aged natural forest: Effects of alternative cutting 
regimes. Forest Science, 44: 113--124. 

17 



Finegan, B., M. Camacho, and N. Zamora. 1999. Diameter increment pat
terns among 106 tree species in a logged and silviculturally treated Costa 
Rican rain forest. Forest Ecology and Management, 121:159-176. 

Huth, A. and T. Ditzer. 2001. Long-term impacts of logging in a tropical rain 
forest - a simulation study. Forest Ecology and Management, 142:33-51. 

Kahler, P., T. Ditzer, and A. Ruth. 2000. Concepts for the aggregation of 
tropical tree species into functional types and the application to Sabah's 
lowland rain forests. Journal of Tropical Ecology, 16:591-602. 

Kahler, P., T. Ditzer, R.C. Ong, and A. Huth. 2001. Comparison of measured 
and modelled growth on permanent plots in Sabahs rain forests. Forest 
Ecology and Management, 144:101-111. 

Këhler, P. and A. Ruth. 1998. The effects of tree species grouping in tropical 
rainforest modelling: Simulations with the individual-based model For
mind. Ecological Modelling, 109:301-321. 

Schmitt, L. and M. Bariteau. 1990. Gestion de l'écosystème forestier 
guyanais - étude de la croissance et de la régénération naturelle - Dis
positif de Paracou. Bois et Forêts des Tropiques, 220:3-23, numéro spécial 
Guyane. 

Shugart, H.H., M.S. Hopkins, I.P. Burgess, and A.T. Mortlock. 1980. The 
development of a succession model for subtropical rain forest and its ap
plication to assess the effects of timber harvest at Wiangaree State Forest, 
New South Wales. Journal of Environmental Management, 11:243-265. 

Usher, M.B. 1969. A matrix model for forest management. Biometrics, 
25:309- 315. 

Vanclay, J.K. 1989. A growth model for north Queensland rainforests. Forest 
Ecology and Management, 27:245-271. 

Wan Razali, B.W.M. 1986. Development of a generalized forest growth and 
yield modelling system for mixed tropical forests of peninsular Malaysia. 
Ph.D. thesis, University of Washington. 177 p. 

18 




