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ABSTRACT. The spatial distribution of two rain forest tree species, Carapa procera
(Meliaceae) and Vouacapoua americana (Caesalpiniaceae) was analysed within and
between plots of different sizes (6.25 and 25 ha) at Paracou, French Guiana. The
L(d) function was used to characterize spatial patterns, and the Lij(d) intertype to
study independancy between young and adult trees. Although both species are
known to be dispersed by caviomorph rodents within short distances (c. 10–20 m
and up to 50 m) of parent tree crowns, the analysis of tree positions led to different
spatial patterns between species depending on soil drainage characteristics. Over-
all, while V. americana showed a strongly aggregated spatial distribution, C. procera
had a weaker propensity to depart from complete spatial randomness (CSR). A
complex distribution, sometimes clustered in areas with hydromorphic soils
(swamps and around streams) and sometimes very near CSR outside these areas
characterized the C. procera population. When C. procera tree aggregation occurred,
there was a slight attraction between juveniles and adults. The aggregation of V.
americana trees was evidenced at different levels depending on the scale of investi-
gation. Within small plots (6.25 ha), a first level of aggregation with short distance
radii of c. 10–25 m giving small clusters, and a second level which is composed of
small clusters aggregated at c. 40–50 m distance radius, were observed. A third
level of aggregation was suggested by analysing the tree population at the larger
scale (25 ha) whose boundaries outside the plot were not delimited. Aggregation
of V. americana trees at all levels was enhanced by a strong attraction between
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juveniles and adults. These results were discussed in light of seed and seedling
ecology, especially with regard to seedling and sapling gap-dependence and soil
drainage, which likely affected the recruitment of juvenile trees, and henceforth
final tree spatial pattern.

KEY WORDS: edaphic factors, gaps, regeneration, rodents, seed dispersal, spatial
statistics, spatial structure

INTRODUCTION

Spatial patterns of trees in forest stands are of particular interest to ecologists
and foresters because they can reveal information about stand history, popula-
tion dynamics and competition.

Many factors and mechanisms have been invoked to explain the spatial tree
distributions of temperate, boreal or tropical forest stands. Several authors
have tested the uniform spacing of adult trees in stands as a consequence of
the self-thinning process (Yoda et al. 1963). Studies showing that between-tree
competitive interactions drive tree stand patterns from clustering towards
regularity, are essentially based on temperate or boreal forests (e.g. Gavrikov &
Stoyan 1995, Leps & Kindlmann 1987). However, according to Szwagrzyk
(1992), the competition effect is often obscured by site features such as soil
and light conditions. Indeed well-drained, or impeded soil drainage, seems to
influence tree occurrence and spatial patterns of temperate forest stands
(Beatty 1984, Collins & Good 1987) as well as tropical ones (Baillie et al. 1987,
Barthès 1991, Lescure & Boulet 1985, Sabatier et al. 1997, Ter Steege et al.
1993), leading to clustered spatial distributions. Such spatial patterns may also
relate to light regimes in forest habitat, especially light in canopy openings
(Armesto et al. 1986, Denslow 1987, Leemans 1991).

In tropical forests, spatial patterns of adult trees are sometimes related to
the mode of seed dispersal away from parent sources (Hamill & Wright 1986,
Sterner et al. 1986). Clumping of recruits in the vicinity of adults is common
in neotropical forests but varies in intensity between species (Fleming & Will-
iams 1990, Forget 1994; Hubbell 1979, 1980; Kitajima & Augspurger 1989).
Such important regeneration close to adults conflicts with the Janzen–Connell
prediction that long dispersal distances, associated with higher recruitment
away from parents, should promote tree survival and maintenance of diversity
in tropical forests (Augspurger 1984a,b; Clark & Clark 1984; Connell 1971,
Howe 1977, Janzen 1970). A partially or completely repulsive interaction
between seedlings and their parent trees could result in spacing of congeneric
trees, driving the spatial patterns towards regularity (Condit et al. 1992, Forget
1994). The complete study of Condit et al. (1992) shows that although the two
antagonist models of Hubbell and Janzen–Connell are both partly supported,
a majority of their study species did not fit with these scenarios, i.e. trees
showed no particular repulsion nor attraction between recruits and adults.

In this paper, we analyse and compare the spatial patterns of two canopy
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tree species in French Guiana characterized by Ripley’s L(d) function (Besag
1977; Ripley 1977, 1981), and discuss our results in the light of seed and seed-
ling ecology. The seeds of Carapa procera (Meliaceae) and Vouacapoua americana
(Caesalpiniaceae) are dispersed by scatterhoarding rodents 20 m or more from
parent trees (Forget 1990, 1996; P.-M. Forget & P. A. Janzen, pers. obs.). The
expected spatial patterns of trees should then be the same for both species
and should correspond to clumps of c. 20 m in radius following initial spatial
distribution of seedlings in the understorey (Forget 1994). Nonetheless, based
on seedling survival and growth performance in contrasting microhabitats,
recruitment patterns of C. procera and V. americana have been described as
understorey-intolerant and understorey-tolerant, respectively (Forget 1997a).
As a consequence, trees of C. procera should be distributed in clumps reflecting
old canopy gaps. Conversely, the expected spatial pattern of V. americana trees,
whose seedling recruitment occurs both in shaded microhabitats and small
gaps, should be completely random. Above all, soil features should significantly
influence the spatial distribution of both species (Sabatier et al. 1997).

STUDY SITE, SPECIES AND DATA SET

The study was based on analysis of data collected at the experimental site of
Paracou (5°18′N, 52°53′W) near Sinnamary, French Guiana (Schmitt & Bari-
teau 1990). The mean annual rainfall is 3076 mm with peaks in April–June
and December separated by a short dry season in March and a longer dry
season from August to November (CIRAD-Forêt, pers. comm.). The forest of
Paracou corresponds to a lowland moist forest on ferralitic soil, mainly com-
posed of Lecythidaceae (18%), Chrysobalanaceae (14%) and Caesapliniaceae
(13%) (Favrichon 1995). Since 1984, all trees with a DBH m 10 cm are annually
measured by CIRAD-Forêt. Approximately 26 000 trees were numbered, loc-
ated (coordinates with a precision of ± 0.5 m), and mapped on the four refer-
ence plots. The majority of trees were identified to families (n = 45), species
(n = 215) or genera level (Favrichon 1995). Data (coordinates X,Y) of trees
used in this study are from four reference plots (Nos. 1, 6, 11 and 16 according
to the original numeration) which support a mature pristine forest. Plots 1, 6
and 11 each measured 6.25 ha in area (see Schmitt & Bariteau 1990), whereas
plot 16 was 25 ha (Favrichon 1995). We present here the results that were
obtained with the most recent tree censuses, i.e. 1994 for plots 1, 6 and 11,
and 1992 for plot 16.

The bedrock, on which the experimental site of Paracou lies, consists mainly
of schists (Barthès 1991). Plot 1 is characterized by a hill with well-drained soil
in the southern part and a shallow swamp area (with a stand of Euterpe oleracea,
Arecaceae) with hydromorphic soil in the northern part of the plot. On well-
drained soil, water drainage is relatively deep (< 20 cm in depth) and lateral
(Lescure & Boulet 1985; B. Barthès, unpubl. data). The same soil profile and
drainage characteristics were observed in plot 11, but the hill over which almost
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all of the plot extended was large, apart from the south-eastern corner where
there is a seasonal streamlet. At plot 6 (see map in Schmitt & Bariteau 1990,
p. 7), two hills were separated by a wide sandflat with a small stream creating
several patches of various soil conditions and drainage within the plot. These
three plots ranged from 0 to 30 m above sea level in elevation. Moderately
inclined slopes prevailed with the more hilly relief in plot 1 and the least in
plot 11. The complete topographic and pedologic characteristics of plot 16 are
not yet available. Maps of all study plots are presented in Collinet (1997) but
are also accessible at the Silvolab-Cirad-forêt Arlequin web page (http://
kourou.cirad.fr).

C. procera and V. americana are both canopy trees and important commercial
timber species, the latter being more prized by foresters than the former since
their commercial values are correlated with wood density and tree growth, i.e.
low (0.70 cm y−1) and fast (0.17) for C. procera, and high (0.92) and slow (0.06)
for V. americana, respectively (Favrichon 1994, 1995). At this study site, C. procera

and V. americana were recorded as moderately abundant with c. 8 and 9 trees
(DBH m 10 cm) per hectare, respectively (based on an inventory over 18.75
ha) (Favrichon 1995).

Fruiting is annual in C. procera and pluriannual (masting) in V. americana

(Sabatier 1985). In this study, we consider that C. procera and V. americana reach
maturity at c. 17 cm and c. 26 cm in DBH, respectively (P.-M. Forget, pers. obs.).
Both species produce large seeds (C. procera: c. 18 g fresh mass; V. americana:
c. 32 g) that are strictly dependent on scatterhoarding caviomorph rodents for
dispersal (Forget 1990, 1996). Caching of seeds by acouchi (Myoprocta exilis) and
agouti (Dasyprocta leporina) promotes germination, escape from drought, insects
and vertebrate predators, and ensures seedling establishment. In C. procera and
V. americana, survival of seedlings is lower in the understorey where predation
by mammals and excess humidity occur more frequently than in gaps (Forget
1997a). Thus, forest openings enhance survival in both species (Forget 1997a).
However, seeds and seedlings are known to be much more intolerant of shaded
conditions in C. procera than in V. americana, each species being defined by Forget
(1997a) as understorey-intolerant and understorey-tolerant, respectively.

STATISTICAL ANALYSIS

Many methods have been developed to analyse and characterize spatial pat-
terns of plants (Cressie 1993, Diggle 1983, Ripley 1981, Stoyan et al. 1997).
Amongst them, the point process formalism is especially appropriate to study
point-mapped individuals. We chose here to use Ripley’s K(d) function (Besag
1977, Ripley 1977, 1981), which corresponds to the second order moment of
the process, i.e. the variance of point-to-point distances, has the advantage over
describing the pattern structure at various scales with the same function
(Cressie 1993). This method has recently been mostly used in plant ecology
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(Collinet 1997, Couteron & Kokou 1997, Duncan 1991, Moeur 1993, Penttinen
et al. 1992, Ward et al. 1996).

Ripley’s K(d) function is defined for homogeneous (invariant under
translation) and isotropic (invariant under rotation) areas and patterns. Under
these hypotheses, K(d) can be estimated by counting, for increasing distances
d, the number of neighbours that lie within circles of radius d around each
tree. The location of each tree in the study area is then necessary. For the
point located near the border, the edge effect can be corrected following
Ripley’s method (Diggle 1983, Ripley 1977, Goreaud & Pélissier, in press).
Calculations were made with smaller homogeneous polygonal areas within the
plot excluding areas with heterogeneous soil conditions, and the L(d) function
was calculated on these smaller areas with Ripley’s function specifically applied
here to the polygonal areas (Collinet 1997, F. Goreaud, pers. comm.). This was
especially the case for plot 16, where we separated swamps on the one hand,
and non-hydromorphic zones on the other hand (Table 1).

A linearized function of K(d), L(d), proposed by Besag (1977), is usually
used, because it can be more easily interpreted. The expected value of the
estimator L(d) equals d (the investigated distance) under the null hypothesis
of complete spatial randomness (CSR). So, in the graph of L(d) − d vs d, the
positive values of L(d) − d indicate clumped spatial pattern and the negative
ones regular spatial pattern. To test statistical significance of the deviation
from CSR, we estimated 95% confidence intervals using Monte Carlo simula-
tions (Moeur 1993). For each analysis, 100 Poisson patterns (random location
of trees) were generated, and the corresponding L(d)-functions were calculated
and ordered. The confidence interval was defined for each distance d, using
order statistics, so that only the 5% highest and the 5% lowest values of L(d)
are outside the interval (Besag & Diggle 1977). If, for a given d, the L(d) value
of a point pattern is outside this confidence interval, then the null hypothesis
of CSR (i.e. Poisson point process) can be rejected towards clustering or regu-
larity at this distance. Otherwise the CSR hypothesis cannot be rejected. The
L(d) function has thus been estimated to analyse the distributions of C. procera
and V. americana trees from the maps of the various plots.

Table 1. Plots and parameters used for the spatial analysis of C. procera and V. americana at Paracou, French
Guiana.

Plot Zone of Area analysed Analysed Distance Population
Species number investigation (ha) distances (m) step (m) size

C. procera 1 swamps 1.44 2–24 2 23
11 all the plot 6.25 5–100 5 51
16 outside 20.00 5–200 5 112

swamps

V. americana 1 outside 3.38 2–80 2 74
hydromorphic

zones
6 all the plot 6.25 5–100 5 90

16 south-east 5.37 5–120 5 109
quarter
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A similar intertype statistic, Lij(d), proposed by Diggle (1983), allows a test
for the independence between spatial patterns of two types of points. It is based
on counting of neighbours of type j in a circle of radius d around any tree of
type i. Positive values of Lij(d)−d indicate an attraction, and negative values a
repulsion, between the two point processes. Once more, Monte Carlo simula-
tions were carried out to build a confidence interval and thus to test for the
significance of the deviation from the null hypothesis (independancy between
the two types of points).

Therefore, in each simulation, a random translation vector is chosen, and all
points of type i are translated according to this vector. Then, the pattern of
each type remains unchanged, but the relative position between types i and j
becomes random, which corresponds to independancy. Once more, the corres-
ponding values of Lij(d) are calculated, ordered, and the confidence interval is
defined for each distance d, using order statistics, so that only the 5% highest
and the 5% lowest values of L(d) are outside the interval. If, for a given d, the
Lij(d) value of a point pattern is outside this confidence interval, then the
independancy hypothesis can be rejected toward attraction or repulsion at this
distance.

Spatial interactions between juveniles and adults were investigated using
Diggle’s method, on plot 11 for C. procera (adults, n = 31; and juveniles, n =
20), and on plot 6 for V. americana (adults, n = 52; and juveniles, n = 38).
Within these two plots tree populations of both species appeared to be strongly
agregated over the entire plot area (data not shown). However, because of the
low number of trees at each area (well-drained or with hydromorphic
conditions) within a plot (Collinet 1997) it was not possible to perform an
adequate spatial analysis considering the small-scale spatial heterogeneity of
soil conditions. For instance, while the density was rather evenly distributed in
plot 11, the C. procera trees occupied the border of the plot preferentially
(Collinet 1997). In these peripheral areas hydromorphic soils occurred around
a streamlet.

RESULTS

An intermediate spatial distribution between CSR and clustering characterized
the C. procera population (Figures 1 and 2). According to the value of the L(d)
function for plot 16, in the non-hydromorphic area, CSR cannot be rejected for
the whole range of the distances shown (Figure 2). This result is counter-
balanced by plot 1 where a significant clumping was observed at various dis-
tances (4–6 m, 14 m and 18–20 m) (Figure 2) in the swampy zone (Figure 1).
However, the quality of this analysis is contingent on the low number of C.
procera in this zone (n = 23). The global aggregative pattern of C. procera in plot
11 (data not shown, see above) was sustained by a slight attraction between
juveniles and adults for the distances of 40–60 m (Figure 3).

V. americana trees were strongly aggregated in both plots 1 and 16 (Figure
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Figure 1. Spatial distribution of Carapa procera (open circle) and Vouacapoua americana (filled diamonds) in
(a) plot 1 (6.25 ha) and (b) plot 16 (25 ha) at Paracou, French Guiana, in 1994. Swamp area: greyed; hydro-
morphic area: dashed. Plots are oriented to the north.

https://doi.org/10.1017/S0266467499000838 Published online by Cambridge University Press

https://doi.org/10.1017/S0266467499000838


P . - M . F O R G E T E T A L308

Figure 2. Spatial statistics for Carapa procera and Vouacapoua americana in plot 1 (a and b, respectively)
and plot 16 (c and d, respectively) at Paracou, French Guiana, using the d-corrected L(d)-function of
Ripley (1981). See text for detail of each study area. The bold line indicates the actual cumulative
distribution and the dashed lines represent the 95% confidence envelope obtained from 100 Monte Carlo
simulations.

Figure 3. Spatial analysis of the interactions between tree sizes for (a) Carapa procera in plot 11 and
(b) Vouacapoua americana in plot 6, using the Lij-function of Diggle (1983). Trees of C. procera (10 < DBH
< 17 cm) or V. americana (10 < DBH < 26 cm) consituted the juvenile category and trees (DBH M 17
cm and DBH M 26 cm, respectively), the adult category. Bold lines indicate the actual cumulative
distribution and the dashed lines represent the 95% confidence envelope obtained from 100 Monte Carlo
simulations.
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1). Their spatial analysis on the well-drained soils of plot 1 revealed two scales
of aggregation: the first scale with radii of 10–18 m giving small clusters, which
then composed the second scale corresponding to small aggregates of 36–38 m
radius (Figure 2). Furthermore, the population in plot 16 also suggested the
occurrence of a large aggregation of V. americana (Figure 1). Considering the
south-east quarter of this plot (6.25 ha), the L(d) function followed a continu-
ously increasing curve, indicating that the boundaries of an aggregate of V.
americana was not reached (Figure 2). Finally, the observed overall aggregation
of V. americana trees at plot 6 (data not shown) is enhanced by an attraction
between juveniles and adults (Figure 3).

DISCUSSION

In neotropical forests, some rodents hoard seeds in caches up to several tens
of metres from parent trees. The final seed shadow is a leptokurtic curve with
a greater seed density within c. 10–20 m of the tree crown limit (Forget 1990,
Hallwachs 1986). Owing to the similarity of their seed dispersers and following
the Hubbell model of recruitment, tree cluster with 10–20 m radius were
expected for C. procera and V. americana. This study showed that the tree distri-
butions of C. procera corresponded to a complex distribution, sometimes clus-
tered in areas with hydromorphic soils (swamps and around streams) and
sometimes very near CSR outside these areas, while the spatial pattern of V.
americana appeared strongly aggregated. We may conclude that the mode of
seed dispersal is not the main factor influencing trees’ spatial distributions of
the study species in French Guiana.

Studies on tropical forest dynamics have been strongly influenced by the
gap-dynamics theory (Shugart 1984). Gaps in the canopy increase light levels
and modify other characteristics of the environment (Brown 1993, Denslow
1987, Van der Meer 1997, Van der Meer & Bongers 1996) sufficiently to influ-
ence the forest stand dynamics. Thus, recruitment density is particularly
enhanced in gaps, and a species with a strong dependence on canopy openings
may have a clumped tree spatial pattern. As C. procera is described as a light-
demanding species, its trend to depart from CSR may be explained by the
gap-dependence hypothesis. However, the mean gap area observed in French
Guiana ranges 54–476 m2 depending on the gap’s definition (Van der Meer et
al. 1994), corresponding to a mean radius of 4.1–12.3 m (if the gap shape is
circular). Whether gap-dependence occurs, the mode of the L(d) function
curves should correspond to the modal radius of gaps. With a modal radius of
clumps ranging often from 14 to 60 m, the corresponding clump area (ranging
from 620 to 11 310 m2) is superior to the mean gap area, though it remains
close to the extreme mean value when the broader definition of Riéra (Riéra
1983, Van der Meer et al. 1994) is used. Aggregates of V. americana that are
revealed with 30 to 120 m radii are beyond this limit. Thus, the possible influ-
ence of gap occurrence on the spatial pattern of both tree species has not been
demonstrated with our analysis.
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In Paracou, the C. procera population density was higher on hydromorphic
soils whereas V. americana was absent in these zones. The occurrence and size
of the tree stands of both species may thus depend upon the soil characteristics
which affect seedling recruitment and tree abundance (see also Sabatier et al.
1997). Not only tree density but tree spatial patterns are also affected by soil
characteristics. Indeed, C. procera showed a gradient in its spatial pattern ran-
ging from CSR outside hydromorphic soils to clump distributions in swampy
areas.

Because of rotting, insect parasitism and fungal attack, seasonally inundated
and wet zones are less favourable for survival of either buried or unburied seed
of both study species, as well as for survival of those seedlings that eventually
establish (P.-M. Forget, pers. obs.). In such wet areas, C. procera juvenile trees
were more often established near parent trees, with clusters of 10–20 m radius,
as expected under the Hubbell model of recruitment (Figure 1, plot 1) likely
as a consequence of past recruitment in the understorey (see Forget 1994). The
presence of C. procera populations in such unfavourable environments known to
be anaerobic and poor in nutrients may be related to repeated year-to-year dry
periods during which seeds may successfully establish in the neighbourhood of
parents with or without seed dispersal by rodents (Forget 1997b; P.-M. Forget,
pers. obs.). In the Guianas, the related species C. guianensis preferentially recruits
in wet areas (see also McHargue & Hartshorn (1983) for a related species from
Central America named C. nicaraguensis), and C. procera juveniles with extensive
taproot systems and tall stems might be more competitive in such hydro-
morphic zones than V. americana juveniles with more superficial taproots (see
Forget 1997a). Outside of areas with hydromorphic soils, C. procera appears to
be recruited only in canopy gaps, rather singly in small openings than clusters
in large ones (F. Mercier & P.-M. Forget, pers. obs.), and though it is known to
be light-demanding, C. procera is not a pioneer species (Forget 1997a). There-
fore, at the adult stage, the spatial pattern of C. procera may reflect the distribu-
tion of small gaps whose slight trend to clustering has already been remarked
upon (Brokaw 1985, Poorter et al. 1994, Van der Meer & Bongers 1996).

V. americana establishes only when environmental conditions are sufficiently
dry and tree density is affected by soil drainage (Lescure & Boulet 1985). This
robust understorey-tolerant tree species showed different scales of clustering.
Small clusters of c. 20 m radius amalgamated to compose large aggregates of
several hectares. As for C. procera, when V. americana trees are situated in favour-
able conditions (i.e. on either blocked- and well-drained soils for this species)
aggregation occurs with juveniles being located around adult trees which is
consistent with the Hubbell model of recruitment (Forget 1994). Boundaries
of such large tree stands were not defined here due to plot size limitation.
Further studies could be done to answer the following questions. What are the
sizes and boundaries of these tree stands using large scale inventories
c. 50–100 ha? How do they regenerate: from the centre or from the border;
from low to high tree densities? Can they move into the forest and how fast?
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Many studies have related soil features to species richness in tropical forest
but few have been interested in the role of edaphic factors in forest dynamics.
We have examined the spatial pattern of two rodent-dispersed trees, with
regard to (1) initial seed dispersal, (2) the gap-dependence, and (3) edaphic
factors that may affect both seedling recruitment and tree occurrence. The
density of both species was affected by the edaphic factors. In addition, when
they are in favourable conditions (i.e. hydromorphic zones for C. procera and
well-drained soil for V. americana), they both showed a clustered spatial pattern
that could have resulted from the Hubbell model of recruitment when toler-
ance to understorey features (microclimate and fauna) occurs (Forget 1997a).
Outside poorly-drained areas, C. procera trees show a gap-dependent distribu-
tion that results in a random spatial pattern, thus fitting to the Janzen-Connell
model of recruitment maybe because yearly seedlings are soon understorey-
intolerant (Forget 1997a). Consequently, for a given tree species, the selected
mode of recuitment may then depend on a matching of life history traits and
habitat features.
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