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DEMOGRAPHY OF A SAVANNA PALM TREE: PREDICTIONS FROM
COMPREHENSIVE SPATIAL PATTERN ANALYSES
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Fonctionnement et Evolution des Systèmes Ecologiques—UMR 7625, Ecole Normale Supérieure,
46 rue d’Ulm, 75230 Paris Cedex 05, France

Abstract. Existing statistical methods for spatial pattern analysis now permit precise
analyses of patterns and, given the appropriate interpretation keys, the formulation of
testable hypotheses about the underlying processes. From a comprehensive analysis of the
spatial pattern of a plant population and its environment, we infer scenarios of links between
demographic processes, plant spatial patterns, and environmental heterogeneity.

The palm tree Borassus aethiopum has easily identifiable demographic stages, a root
foraging strategy enabling adults to reach distant nutrient sources, and a marked senescence
starting with the onset of reproduction. We analyzed map data for palm individuals (in
three different life history stages plus two sexes for adults) and for nutrient-rich patches
(clumps of other tree species and termite mounds) in three vegetation types (facies) of a
humid savanna of West Africa (Lamto, Ivory Coast). Spatial analyses were based on Diggle’s
nearest neighbor functions F and G and on Ripley’s K function. The main results were as
follows: (1) juveniles and seedlings are aggregated, while adults have a random pattern or
are more loosely aggregated; (2) all stages except female adults are spatially associated
with nutrient-rich patches, but association distances increase with stage in the life cycle;
and (3) seedlings are associated with female adults, whereas the association of juveniles
at longer distances is not clear-cut.

We propose from these results a parsimonious scenario linking spatial pattern and
mortality pattern during the life cycle. The initial pattern of seedlings (close to maternal
trees) results from low dispersal distance. Later stages (older seedlings and juveniles) are
mostly restricted to nutrient-rich patches through nutrient shortage away from these patches
(environment-induced mortality) and form dense clumps of immature palms. Competition
on nutrient-rich patches then favors the few juveniles that manage to survive farther from
these patches (density-dependent mortality). Finally, the last surviving juvenile of a clump
suddenly experiences almost no competition with conspecifics, due to the long distance
between clumps of juveniles, and owing to its root-foraging ability, it can now recruit to
the adult stage, subject only to senescence. Pattern variations among savanna facies are
consistent with this scenario.

Key words: Borassus aethiopum; density-dependent mortality; Diggle’s nearest neighbor tests;
distance-dependent mortality; intraspecific competition; population dynamics; Ripley’s K function;
root foraging; seed dispersal; soil patchiness; spatial association.

INTRODUCTION

It is currently debated to what extent the study of
patterns allows one to infer underlying processes (Lev-
in 1992). In plant ecology, the reason for this issue is
that plant patterns result from many different processes
with various forces that can be antagonistic or coop-
erative: seed dispersal, intraspecific competition, in-
terspecific competition, and environmental heteroge-
neity. Spatial pattern analysis methods are often re-
garded as purely descriptive methods that do not allow
inference of causal links. However, this criticism could
also apply to other widely accepted statistical methods
(e.g., linear regression). We suggest that the lack of
acceptance of spatial pattern analysis as a useful pre-
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dictive tool lies more in the lack of clearly identified
hypotheses linked to particular patterns than in the
methods themselves (although progress in making the
methods more user-friendly still has to be carried out)
(Gignoux et al. 1998). The present paper is an attempt
to support this point, through the intensive use of spa-
tial pattern analysis on a natural population of plants.
Our goals were (1) to assess the utility of spatial sta-
tistics and to determine how the intensive use of spatial
analysis can help disentangle the interactions between
plant population spatial patterns, plant demography,
and environment heterogeneity; (2) to understand the
effect of the interactions between many potential pat-
tern-generating processes (soil heterogeneity, density-
dependent mortality, distance-dependent mortality, and
seed dispersal) on spatial patterns; and (3) to propose
a scenario to explain the observed spatial patterns in
a particular field case.
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Terrestrial, nonclonal plants cannot change their en-
vironment by moving. A plant interacts all throughout
its life with its neighborhood only; it can neither absorb
nutrients outside a certain soil volume, nor be influ-
enced by individuals outside a definite area (Harper
1977, Pacala and Silander 1985, Czárán and Bartha
1992, Tilman 1994). Neighborhood is affected by fac-
tors endogenous and exogenous to the plant commu-
nity. Environmental heterogeneity (soil variation, to-
pography, and microclimate) generates more or less
favorable patches (Begon et al. 1986, Crawley 1986).
Plant spatial patterns determine local densities of po-
tential competitors, and, thus, change the effective in-
tensity of competition through local resource depletion
(light, water, and nutrient) (Walker et al. 1989, Huston
and DeAngelis 1994, Tilman 1997). Plant spatial pat-
tern is also likely to induce environmental heteroge-
neity by modification of the organic matter cycle (main-
ly through litter inputs in the canopy and rooting zones)
(Mordelet et al. 1993, Belsky and Canham 1994,
Rhoades and Sanford 1994, Pugnaire and Haase 1996,
Schlesinger et al. 1996) or by microclimate modifica-
tion below the canopy (Mordelet 1993b, Belsky and
Canham 1994, Pugnaire and Haase 1996).

Since individual plants with different neighborhoods
will have different growth, survival, and reproduction
conditions, environmental heterogeneity and plant spa-
tial patterns heavily influence plant population dynam-
ics (Pacala 1987, Pacala and Deutschman 1995, Bolker
and Pacala 1997). In turn, plant demography generates
and modifies plant spatial patterns. We use the term
‘‘spatial pattern’’ here in a broad sense comprising spa-
tial distribution and spatial association to the distri-
bution of other features of the ecosystem. According
to their mortality and recruitment patterns, plant in-
dividuals will have an aggregated, random, or regular
spatial distribution. If competition is strong the spatial
pattern is likely to become regular (Pielou 1962, An-
tonovics and Levin 1980, Phillips and MacMahon
1981). If some patches are favorable to plants, plant
individuals will have higher survival rates in these
patches than other individuals and there will be a spatial
association between the plants and the patches (Mott
and McComb 1974, Beatty 1984). Seed dispersal is also
a very important factor in the generation of plant spatial
patterns; according to the seed dispersal curve, seed-
lings will be more or less aggregated, and will or will
not reach favorable patches (Howe and Smallwood
1982, Green 1983, Augspurger 1984, Lavorel et al.
1995).

Plant population spatial patterns, plant demography,
and environmental heterogeneity are expected to in-
teract in a complex way. This has limited the theoretical
exploration of these interactions to simple cases, con-
sidering either annual plants (Pacala 1987, Lavorel et
al. 1995) or homogeneous environments (Shmida and
Ellner 1984), or both (Pacala and Silander 1985). De-
mography and spatial pattern have been formally linked

only very recently in a theoretical analytical model
(Bolker et al. 1997). Most field studies only use a few
analyses and only take into account very few species,
ecosystem features, or plant stages. We intend to doc-
ument the link between spatial patterns, environment
heterogeneity and demography through an integrated
field study based on the intensive use of spatial anal-
yses.

We studied a particularly heterogeneous ecosystem,
the humid savanna of Lamto, Côte d’Ivoire, where nu-
trient-rich patches have been clearly identified, and a
species for which the horizontal root distribution is well
known. Borassus aethiopum (Mart.) is a common tall
palm tree of this savanna exhibiting a particular root
foraging strategy: palm root density increases signifi-
cantly in nutrient-rich patches, even faraway from any
palm (Mordelet et al. 1996). The savanna is a strongly
heterogeneous environment, where the soil is globally
nutrient poor, but tree clumps and termite mounds con-
stitute nutrient-rich patches (Abbadie et al. 1992, Mor-
delet 1993a). To develop some hypotheses on the in-
trinsic factors that cause adult palm spatial patterns we
analyzed (1) the spatial patterns of nutrient-rich patches
(trees and mounds); (2) the spatial associations between
palm individuals of different stages and nutrient-rich
patches to assess the influence of soil heterogeneity on
palm spatial pattern; and (3) the spatial patterns of
different palm stages and their spatial associations to
each other. We based our analyses on maps of points
representing either plant individuals or nutrient-rich
patches and on statistical methods relevant to the anal-
ysis of point patterns, i.e., Ripley’s second order K
function (Ripley 1981), and Diggle’s nearest neighbor
F and G functions (Diggle 1983). For the interpretation
of these spatial analyses we used the following com-
mon hypotheses: competition leads to regularity within
a population and to spatial repulsion between popu-
lations; plants should be associated with nutrient-rich
patches if they are nutrient-limited; different stages
within a population have different requirements and
can have different spatial patterns; and low dispersal
distance generates aggregated patterns.

MATERIAL AND METHODS

Study site and study species

Field data were collected at the Lamto Research Sta-
tion in Côte d’Ivoire (West Africa: 58029 W, 68139 N)
at the edge of the rain forest domain (Menaut and César
1979), in the Guinean bioclimatic zone (precipitation
;1300 mm/yr). The savanna vegetation is character-
ized by a mixture of grasses and trees (see Plate 1, after
Appendix [p. 2005]). Along an elevational catena, dif-
ferent savanna types (facies) can be described accord-
ing to tree cover (Gautier 1990) and the main grass
species: (1) grass savanna (dominated by the perennial
grass Loudetia simplex) on the hydromorphic pseu-
dogley soils of bottomlands near the gallery forests
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(Menaut and César 1979) and along intermittent rivers
(tree cover, ,7%); (2) intermediate-density tree savan-
na, with dominant grasses from the tribe Andropogo-
nae; and (3) savanna woodland on the plateaus (tree
cover .62%).

In every savanna type, the tallest stratum (9–18 m)
is composed of B. aethiopum palm adults (hereafter,
‘‘palm’’ will be used for B. aethiopum, and ‘‘tree’’ will
be used for all other woody tree species). The major
tree species are shrubby and usually ,10 m high. More
than 90% of the tree community is composed of four
species: Bridelia ferruginea, Crossopteryx febrifuga,
Cussonia barteri, and Piliostigma thonningii (Menaut
and César 1979). Many low, weathered termite
mounds, ranging in diameter 0.5–5.0 m are scattered
throughout all savanna types (Abbadie et al. 1992). The
soil volume of these mounds is large compared to that
of even the biggest termitaria. Its accumulation at the
same spot probably results from a succession of many
termite species recolonizing the same area (M. L. Le-
page, personal communication). Fire occurs annually
in these highly productive savannas, and only burns
the grass layer and the young trees within it. Tree
clumps are fire-protected sites because of the great re-
duction in grass fuel load under their shaded canopies
(Mordelet and Menaut 1995). Both termite mounds and
tree clumps have nutrient-rich soils compared to an
overall very low nutrient availability (Abbadie et al.
1992, Mordelet et al. 1993). Termite activities enhance
soil fertility through clay enrichment, organic-matter
gathering, and increased mineralization rate. Trees do
so through litter incorporation (particularly roots).

The tree savanna (TS) is the most common landscape
in Lamto and has a high frequency of fires (Menaut
and César 1979). The grass savanna (GS) is charac-
terized by hydromorphic sandy soils, which are satu-
rated with water and support temporary ponds during
the rainy season. These soils inhibit tree and palm re-
cruitment, except on mounds and within a few meters
around mounds, which are often larger than in tree
savannas. In this savanna type, there is the same high
fire frequency as in the tree savanna. In contrast, the
savanna woodland (SW) has the same soil type as the
tree savanna but is almost entirely covered by trees,
increasing competition for light and water, but probably
reducing fire effects. Hence, grass savanna and savanna
woodland both impose strong constraints on woody
plant establishment, whereas in the tree savanna no
factor (fire or competition for light, water, and nutri-
ents) is a priori most limiting.

The study species, B. aethiopum, is a common di-
oecious palm of West Africa savannas. Neither clonal
reproduction nor sex reversal is known. Four main suc-
cessive life history stages were easily distinguished
(Vuattoux 1968, Barot and Gignoux 1998): entire-
leafed seedlings (EL-seedlings), slitted-leafed seed-
lings (SL-seedlings), juveniles which bear mature
leaves but do not reproduce, and adults. In both seed-

ling stages and in the younger juveniles, the terminal
bud is belowground, thus defining the establishment
phase (Tomlinson and Jeffrey 1990). EL-seedlings have
one or two elongated entire leaves. SL-seedlings have
one or two leaves that are slitted a few times. EL-
seedlings are too numerous to be mapped and were not
used in the study, thus the term ‘‘seedling’’ will be
used to refer to ‘‘SL-seedling.’’ Juveniles and adults
have fan-shaped, paired, costapalmate leaves. Petioles
of dead leaves remain on juveniles’ stems. When ju-
veniles are ;9 m high and bear ;20 living leaves, they
reach sexual maturity. In a few years, petioles fall, and
a swelling appears on the stem (Barot and Gignoux
1998).

Females can produce .50 fruits yearly, each with
fresh mass of ;1 kg. Fruits usually contain three seeds,
rarely containing two. They are mainly dispersed by
barochory: they fall down within a few meters of the
tree base, without any particular mean of dispersion.
No long-term study enables assessment of the age of
B. aethiopum individuals. However, first reproduction
can be supposed to occur at .50 yr of age, and eldest
adults to be .100-yr-old (Barot, unpublished data).

Data collection

Five plots were chosen across three different savanna
types: (1) a 150 3 250 m (GS1) and a 250 3 200 m
(GS2) plot in grass savanna; (2) a 200 3 200 m (TS1)
and a 150 3 250 m (TS3) plot in an Andropogoneae
tree savanna; and (3) a 150 3 150 m plot (SW) in a
savanna woodland. Basic data about B. aethiopum life
history have been collected in the same plots (Barot
and Gignoux 1998). Plot size was chosen to represent
each savanna type with respect to soil characteristics
and tree density. The five plots have different palm
densities (Table 1).

All palms (EL-seedlings), all trees exceeding one
year of age with some woody parts (recognizable by
the presence of fire scars), and all mound tops were
mapped (Fig. 1). Polar coordinates within 50 3 50 m
quadrats, delimited by poles, were measured with an
ultrasonic telemeter and a sighting compass.

In the field, tree ‘‘clumps’’ were defined as groups
of trees whose crowns overlap. The average position
(barycenter) of all the trees of the same clump was
used as the center of the clump to analyze their spatial
pattern. Numbers of individuals of the different palm
stages growing directly on mounds were also counted.
We also defined aggregates of juvenile palms, and we
used barycenters of juveniles of each aggregate as the
center of the clump. We only used for statistical anal-
yses the largest clumps (comprising .10 juveniles).

Statistical methods

As our spatial data consisted in maps of points for
each savanna plot, we used specially designed methods
based on the analysis of interpoint distances (Ripley
1981, Diggle 1983).
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TABLE 1. Densities (no. individuals/ha) of the various mapped elements.

Plot† Area (ha) Seedlings Juveniles Adults All palms Trees Mounds

TS1 4.00 62.3 57.0 16.3 135.6 93.8 12.0
TS3 3.75 9.9 27.5 4.5 41.9 145.3 12.8
GS1 3.75 33.9 40.3 29.1 103.3 81.3 13.6
GS2 5.00 18.2 26.4 15.4 60.0 84.0 7.7
SW 2.25 3.1 6.2 8.0 17.3 663.1 8.0

† TS, Tree Savanna; GS, Grass Savanna; SW, Savanna Woodland.

These methods test (1) whether observed samples
can be considered as having a regular, random, or ag-
gregated pattern; and (2) whether the relationship be-
tween two types of sampled points suggests spatial as-
sociation, repulsion, or independence (interaction).
These are purely descriptive terms that do not a priori
imply any given underlying ecological processes, as
for many other statistical methods. There are degrees
of aggregation/association and of regularity/repulsion.
Tests of spatial pattern and tests of spatial association
are independent (Diggle 1983). For example, two
groups of points can be spatially associated, whatever
the patterns within the two groups (e.g., one group
could have an aggregated pattern and the other, a ran-
dom pattern).

The tests involve three complementary functions
(Table 2) based on the following measurements: (1) the
distance between each point of the observed sample
and its nearest neighbor (Diggle’s G function); (2) the
distance between each point of a predefined sampling
grid and the nearest point of the observed sample (Dig-
gle’s F function); and (3) the average number of points
located within a given distance of each sampled point
(Ripley’s K function).

The tests of spatial pattern/association are all con-
structed in the same way. The estimated function is
compared to the theoretical function under the null hy-
pothesis, H0 (complete spatial randomness for spatial
pattern tests or spatial independence for spatial asso-
ciation tests), through a test statistic whose expected
null-hypothesis value is zero at all distances. Test sig-
nificance is estimated through the Monte Carlo pro-
cedure, since the distribution theory of the test statistics
is mathematically intractable in most cases (Diggle
1983). Rejection limits for the test are estimated as
the envelopes of simulations, under H0, of spatial pat-
terns of the same density as the observed sample (Fig.
2). The greater the number of simulations, the better
the estimated P value is. We used 500 simulations to
compute tests at the 5% confidence level (Mariott
1979).

Test statistics use absolute values for estimation of
P values (Table 2). However, when the null hypothesis
is rejected, the sign of the difference between observed
and theoretical distribution indicates whether there is
a tendency towards aggregation/association or regu-
larity/inhibition (Fig. 2). Positive values of dw (Dig-
gle’s G function) and L (Ripley’s K) indicate a tendency

towards aggregation/association, and negative values
indicate a tendency towards regularity/repulsion; the
reverse holds for dx (Diggle’s F) (Moeur 1993). The
three tests have different sensitivities to different types
of spatial distributions: G is a better detector of reg-
ularity, and F is a better detector of aggregation; K has
a slightly lower power than F for aggregated patterns
and a higher power than G for regular patterns (Diggle
1979). K also presents the advantage of being density
independent, as opposed to two other tests, which con-
sider the density-dependent quantity of nearest neigh-
bor distance (Ripley 1981). The developers of the
methods recommend using the three tests simulta-
neously because of their complementarity (Ripley
1981, Diggle 1983), without need for multiple test ad-
justments. When there was a conflict between the re-
sults of tests, we used the tests with the highest power
to deduce pattern (Diggle 1979).

It is possible to use the mean of the Monte Carlo
simulated distributions as an estimate of the theoretical
function (for example, when the null hypothesis is not
spatial randomness, but another spatial distribution
whose analytical function expression is unknown)
(Diggle 1983). Running many analyses, we found that
the G and F tests, based on the estimated function
without any edge effect correction, and a Monte Carlo
estimate of the theoretical function were less conser-
vative than the classical tests with edge effect correc-
tion (Table 2). This is due to the fact that the edge
effect correction for F and G leads to all points that
lie closer to the boundary of the plot than to their
nearest neighbor being discarded from the observed
sample (Gignoux et al. 1998). Without this correction,
we were able to reject the null hypothesis for very small
samples (down to 10 points). We used the procedure
without edge effect correction for F and G, but kept
the edge effect correction for K, since it is more effi-
cient than that of F and G. However, for similarity with
the procedure used for F and G, we computed the the-
oretical function K(d) as the mean of the 500 simu-
lations used to compute P values, instead of using the
analytical expression. More detail on edge effect cor-
rections for the F, G, and K tests can be found in
Gignoux (1998), and Baddeley (1993).

Analyses of the spatial interaction (association/re-
pulsion) between two groups of points (for example,
two species of trees) are based on the G and K tests,
where distances are computed between points of the
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FIG. 1. Spatial pattern of mapped elements on the five plots: GS, Grass Savanna; TS, Tree Savanna; SW, Savanna Woodland.
In nutrient-rich patches, mounds are classified according to their radius by increasing circle sizes, V V V V (0–1 m, 1–3 m,
3–5 m, and .5 m, respectively); M, all trees. Palm trees are classified as follows: ●, seedlings; v, juveniles; m, males; .,
females.

two groups (i and j), instead of points within the same
group. For each test, two functions can be computed,
with either group i or j as the focal group. The Gij and
Gji tests are not equivalent, because the nearest neigh-
bor relation is not reciprocal; this allows the test of

the association or repulsion of each group of points
by the other. The K test is symmetric, however, where
Kij(d ) 5 Kji(d ) (Diggle 1983, Moeur 1993). The em-
pirical function K* can be computed as the mean of
Kij and Kji, weighted by the numbers of points in the
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TABLE 2. Diggle’s (G and F ) and Ripley’s (K) functions for analyzing spatial point patterns.

Test Theoretical function under H †0 Function estimator Test statistic used‡

Usual procedure with edge effect correction

G 22p ·lwG(w) 5 1 2 e Ĝ(w) 5 N /Nw #w,b .w b .wi i i
ˆdw 5 sup zG(w) 2 G(w)z

w

F 22p ·lxF(x) 5 1 2 e F̂(x) 5 N /Nx #x,b .x b .xi i i
ˆdx 5 sup zF(x) 2 F(x)z

x

K 2K(d) 5 pd
N N

2K̂(d) 5 A d (d)/NO O ij
i51 j51

ˆL 5 sup zÏK(d)/p 2 d z
d

Procedure used: no edge effect correction, except for K

G
S1 ˜G*(w) 5 G (w)O iS i51

G̃(w) 5 N /Nw #wi
˜dw* 5 sup zG(w) 2 G*(w)z

w

F
S1 ˜F*(x) 5 F (x)O iS i51

F̃(x) 5 N /Nx #xi
˜dx* 5 sup zF(x) 2 F*(x)z

x

K
S1 ˆK*(d) 5 K (d)O iS i51

N N
2K̂(d) 5 A d (d)/NO O ij

i51 j51

ˆL 5 sup zÏK(d)/p 2 ÏK*(d)/p z
d

Notes: The variable w denotes the distance between a point of the sample and its nearest neighbor; x is the distance between
points of a predefined sampling grid and points of the observed sample; d is the distance between any two points of the
sample; b is the distance between a point of the sample and the nearest boundary of the plot; l 5 N/A is density of points
(N points on an area A); i and j subscripts refer to observed points; S is number of simulations; Ncond is the number of points
verifying the condition (e.g., 5 number of points that are closer to the nearest neighbor than to the plot boundary); dijNb .xi

is an edge effect correction weight verifying dij 5 0 if d # dij; dij 5 1 if d . dij and d # bi; and dij . 1 if d . dij and d .
bi (Ripley 1981, Moeur 1993).

† The null hypothesis, H0, is spatial randomness (Poisson process).
‡ The function supxzy(x)z returns the maximum value taken by y(x) over the domain x.

two groups. We therefore based our spatial interaction
analyses on the Gij, Gji, and K* functions. The main
problem with these association tests is the null hy-
pothesis used to generate the confidence intervals, as
spatial interaction between two groups may depend
on their individual spatial patterns. Diggle (1983) pro-
posed two null hypotheses: independence and random
labeling. The first hypothesis is tested by converting
the study plot to a torus, and then randomly translating
one of the patterns in the x and y directions relative
to the other (toroidal shift). The second hypothesis is
tested by keeping all point positions, and randomly
labeling each point as belonging to one group or the
other. Here, we used only the toroidal shift method,
since we were interested in testing the independence
between groups generated by different point process-
es. According to Diggle (1983), this is the correct
hypothesis for analyzing the interaction between two
species of plants.

In some cases, Gij or Gji indicates a significant de-
parture from spatial independence, whereas K* does
not support the same departure. In these cases, although
power estimates of the association tests based on K*
and Gij/Gji do not exist in the literature, the hypothesis
of spatial independence was rejected.

When the null hypothesis is rejected, the distance
corresponding to the test statistic dmax, which is defined
as the maximal discrepancy between the observed G,
F or K functions (or Gij, Gji, and K* functions for spatial
association tests) and the respective theoretical func-
tion under the null hypothesis, can be used as a hint

of the scale of the process (Fig. 2). The distances were
noted according to the function used, i.e., dmax(F),
dmax(G), dmax(G12), etc. Given that the interpretation of
dmax is not intuitive (Diggle 1983, Moeur 1993), we
used it qualitatively by distinguishing tests that rejected
H0 for ‘‘short’’ or ‘‘long’’ distances (see Appendix).
‘‘Short’’ means shorter than half the maximal possible
distance (i.e., 37.5 or 75.0 m, according to the plot,
which is equal to half the smallest side of the plot),
and ‘‘long’’ means longer than this distance. Long-
distance results, more likely to be detected by the K
function, generally indicate that the pattern has roughly
the same scale as the study plot, i.e., the plot is not
properly sized to study the pattern. We discarded such
(rare) results from our interpretation. From the defi-
nition of dmax (and especially dmax(G)), the following
may be deduced. (1) For clumped patterns, dmax is an
indication of clump ‘‘compactness,’’ i.e., it measures
the average distance between points within a clump.
(2) For association tests indicating significant associ-
ation, dmax is a measure of the average distance between
points of the two groups. When spatial randomness was
rejected, we used dmax to compare the degree of aggre-
gation/association between different stages (or between
males and females). Regression lines were drawn to
identify trends. These results were mostly used to con-
firm inferences drawn from comparisons between test
results.

We wrote a program in Pascal to compute Monte
Carlo rejection limits (SPASTAT) and analyzed the re-
sults with the SAS statistical software, version 6.11
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FIG. 2. Example of spatial pattern analyses. Graphs of the functions F, G, and K and the corresponding test statistics dw,
dx, and L (Table 2) for all adult palms (N 5 77) in the GS2 plot. , function for the observed point pattern; ,
theoretical function for a random spatial pattern (middle curve) and envelope of 500 simulations as a confidence interval
(extreme curves). Test results are dw 5 0.25, P 5 0.002; dx 5 20.09, P 5 0.002; L 5 6.02, P 5 0.004, indicating an
aggregated pattern.

(SAS Institute 1989). Detailed statistical results are
given in the Appendix. Sample sizes were always .15,
except for seedlings (N 5 7) and juveniles (N 5 14)
in the SW plot. Summary results are given in Tables
3 and 4.

RESULTS

Spatial patterns of nutrient-rich patches

Trees and termite mounds represent nutrient-rich
patches in the savanna. Trees were aggregated in all
plots, and mounds had a regular spatial pattern in all
plots but SW, where they were randomly distributed
(Table 3). Trees and mounds were spatially associated
in all plots (Table 3), and the association is partly re-
ciprocal (Appendix; in three plots, both G12 and G21

tests are significant). In both tree savanna plots (TS)
and in the grass savanna GS1 plot, tree clumps were
randomly distributed. In GS2, tree clumps were aggre-
gated.

The average distances (means 6 1 SE) between a
nutrient-rich patch (either a mound or a clump, or both
when they overlap) and its nearest neighbor patch were:
13 6 4 m in plot TS1, 9 6 5 m in TS3, 16 6 6 m in
GS1, and 17 6 10 m in GS2 (see Fig. 1).

Spatial association between palms and
nutrient-rich patches

In all plots except the savanna woodland (SW), there
was a general tendency towards positive spatial asso-
ciation between all palm stages and the nutrient-rich
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TABLE 3. Results of the analyses of spatial pattern of trees and mounds; associations between
palm stages and mounds/trees; and associations between females/males and mounds/trees.

Stage or association
Tree

Savanna 1
Tree

Savanna 3
Grass

Savanna 1
Grass

Savanna 2
Savanna

Woodland

Spatial pattern of nutrient-rich patches
Trees a a a a a
Mounds r r r r n
Tree clumps n n n a NA

Mounds 3 Trees A A A A A

Spatial association of palm stages with nutrient-rich patches
Seedlings 3 Mounds A A A A n
Juveniles 3 Mounds A A A A A
All adults 3 Mounds A n A A n
Seedlings 3 Trees A A A A n
Juveniles 3 Trees A A A A n
All adults 3 Trees n A A A n

Sex-based association with nutrient-rich patches
Females 3 Mounds A n A A n
Females 3 Trees n n n A n
Males 3 Mounds A A A A A
Males 3 Trees n A A A n

Notes: Summarized conclusion of G, F, and K tests of spatial randomness (or G12, G21, and
K* tests of spatial independence; see Materials and methods: Statistical methods and Table 2)
are given. Significant departures from randomness are considered at the P , 0.05 significance
level based on 500 Monte Carlo simulations (a, aggregated pattern; A, spatial association; r,
regular pattern; R, repulsion; n, no pattern [random pattern or independence]; NA, not appli-
cable). Detailed statistics are given in the Appendix.

TABLE 4. Results of the analyses of spatial pattern of palm stages and associations between
different palm stages.

Stage or association
Tree

Savanna 1
Tree

Savanna 3
Grass

Savanna 1
Grass

Savanna 2
Savanna

Woodland

Spatial pattern of palm stages
Seedlings a a a a a
Juveniles a a a a n
All adults n n a a n
Females n n a n n
Males n n a a n

Spatial association between palm stages
Females 3 Seedlings A A A A n
Females 3 Juveniles A n A n R
Females 3 Males n n n A n
Seedlings 3 Juveniles A A A A n
Males 3 Seedlings n n n n n
Males 3 Juveniles A A n A R

Note: See notes in Table 3 for meanings of symbols.

patches (trees and mounds) (Table 3). Out of 24 cases
tested for the GS and TS plots, 22 indicated a signif-
icant association. In the SW plot, only juveniles are
associated to mounds, and there is no association to
trees. It suggests that nutrients are distributed more
homogeneously in savanna woodlands than in tree and
grass savannas; the entire SW plot can be considered
as a large ‘‘tree clump.’’

The associations tended to be asymmetric, suggest-
ing that palms are attracted by nutrient-rich patches,
rather than the reverse. For example, in TS3, seedlings
were associated with mounds (the G12 test is signifi-
cant), but the reciprocal was not true, as shown by the
nonsignificant results of the G21 and K* tests (Appen-

dix). This suggests that there are mounds without seed-
lings, but that seedlings tend to grow preferentially on
or near mounds. Similar nonreciprocal results were ob-
tained for the seedlings 3 trees association (TS3, GS1,
and GS2 plots), the juveniles 3 trees association (TS1
plot), and the adults 3 trees association (TS3 and GS1
plots). In all cases, the asymmetry is the same (G12 is
significant, while G21 is not); trees positively influence
palms more than palms influence trees.

The association between palms and nutrient-rich
patches is loose, i.e., palms do not always grow directly
on mounds or in tree clumps, as indicated by dmax values
ranging 5–12 m (Appendix). The values of dmax are
larger than the maximum observed mound radius (7.5
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FIG. 3. Variations of dmax distances, where dmax is the distance of maximal discrepancy between observed and theoretical
functions (Table 2) under the null hypothesis, H0. It is a hint of the scale of the spatial process. (A) Association between
nutrient-rich patches and palm stages; (B) association between nutrient-rich patches and males/females; (C) spatial patterns
of palm stages; (D) association between females and seedlings/juveniles. Regression lines are displayed to show trends;
slopes are significantly different from 0 (5% significance level) for (A) and (C), and for (B) if an outlier (the point with the
smallest dmax for females) is neglected. Symbols: M, G12 for TS plots; 1, G12 or G in GS plots; #, G21 in TS plots; 3, G21

in GS plots; n, K* in TS plots; , K* in GS plots.13

m), indicating in some cases that palms are not growing
on mounds, but around them.

Statistically, when spatial associations between
palms and nutrient-rich patches (trees and mounds)
were significant, the distance of association tended to
increase with age: seedlings and juveniles had shorter
dmax distances to nutrient-rich patches than adults (Fig.
3A, Appendix). These results are supported by inde-
pendent data (Table 5). In all plots, the percentage of
individuals growing on mounds was higher for juve-
niles and seedlings than for adults.

Spatial association between males/females and
nutrient-rich patches

The overall association pattern of adults hides dif-
ferences between sexes: males tended to be more often
associated with nutrient-rich patches than females (Ta-
ble 3). Females were associated with nutrient-rich
patches in 4 of 10 cases, while males were associated
with nutrient-rich patches in 8 of 10 cases. Tests were
more often significant on the GS plots (seven cases of
eight) than on the TS plots (four cases of eight) (Table
3). This overall trend is also visible in the detailed
results (Appendix), where the number of individual sig-
nificant tests is higher for males than for females (e.g.,

in GS2, K* indicates a significant departure from spa-
tial independence for males only).

When females were significantly associated with nu-
trient-rich patches, they tended to grow further from
nutrient-rich patches than did males, as indicated by
longer dmax distances for females than for males (Fig.
3B, Appendix).

The sex ratio of the entire palm population was male
biased (170 males/116 females: log-likelihood ratio
test, G 5 5.8; df 5 1; P , 0.05) (Sokal and Rohlf
1981). The sex ratio was also male biased in all indi-
vidual plots: 1.2 in TS1, 1.1 in TS3, 1.3 in GS1, 2.2
in GS2, and 1.6 in SW. The difference between these
sex ratios was globally not significant (log-likelihood
ratio test of independence between plot and sex, G 5
11.7; df 5 4; P . 0.05), but the bias was significant
in GS2 (G 5 13.5; df 5 1; P , 0.05). In this plot,
where palms can be attributed to a mound without am-
biguity (Fig. 1), the bias was also present at the mound
scale; when considering only the 16 mounds that had
at least one associated adult palm, there was a mean
local sex ratio of 2.4 males/female (SD 5 1.4; N 5 16).
This particular sex ratio pattern was confirmed by the
fact that only in GS2, males and females were spatially
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TABLE 5. Percentage of palms (n) growing directly on a
mound.

Plot Seedlings Juveniles Adult

Tree Savanna 1 47% (249)* 58% (228)* 11% (65)
Tree Savanna 3 38% (37)* 73% (103)* 6% (17)
Grass Savanna 1 39% (127)* 84% (151)* 17% (109)
Grass Savanna 2 32% (91)* 43% (132)* 13% (77)
Savanna Woodland 71% (7)* 30% (14) 0% (18)
Overall 41% (511)* 63% (628)* 12% (286)

Note: Percentages were significantly higher for seedlings
and juveniles than for adults in nearly every case (log-like-
lihood ratio G-tests: all df 5 1).

* Significant departure from equality (P,0.05).

FIG. 4. Structure of the clumps of juveniles. Symbols: M,
density of stemless juveniles by classes of distances to the
clump center (means 6 1 SE); v, height of stemmed juveniles
(means 6 1 SE).

associated, and males were aggregated whereas females
had a random distribution (Table 4).

Spatial pattern of the different palm classes

Young stages were always aggregated, but adults did
not necessarily aggregate. Seedlings and juveniles were
either aggregated while adults had a random pattern
(TS and SW plots; Table 4), or the intensity of aggre-
gation was stronger for seedling and juveniles than for
adults (GS plots), as proved by the shorter dmax(G12)
distances for immature stages (Fig. 3C, Appendix).

Within this overall tendency, there were differences
between GS, TS, and SW plots. In the SW plot, ag-
gregation disappeared earlier in the life cycle (between
the seedling and juvenile stages) than in the TS plots
(between the juvenile and adult stages). In contrast, all
stages were aggregated in the GS plots (Table 4).

The spatial pattern of juveniles within clumps was
not homogeneous: taller juveniles tended to be found
at the periphery of clumps (Fig. 4). This trend affects
the population of juveniles, as well as individuals. The
density of stemless juveniles decreased from the center
of the clump to the outside, while the average height
of stemmed juveniles increased with distance (ANOVA
for heights: F4,72 5 4.24; P 5 0.004).

Spatial association among palm stages

In the GS and TS plots, the association pattern of
young stages to adults changes during the life cycle.
As expected for a species with a short dispersal distance
(due to the conjunction of heavy fruits and barochory),
seedlings were closely associated with female adults
on most plots (Table 4). Juveniles were associated with
females in approximately one-half of the cases (Table
4). When associated, the association tends to be looser
for juveniles than for seedlings (higher P values and
greater dmax distances; Fig. 3D, Appendix). This is in-
terpreted as a wider spread of juveniles around females
(i.e., juveniles grow on mean further from females than
so seedlings).

There is no particular association between adult
males and females, except in GS2 (Table 4). In GS and
TS plots, seedlings and juveniles were always associ-

ated, males were associated with juveniles, but not with
seedlings (Table 4).

In SW (Table 4), seedlings were independent of fe-
males, repulsion was observed between adults (males
and females) and juveniles, and juveniles and seedlings
were not associated. Regarding the other plots, males
and females were spatially independent, as were males
and seedlings (Table 4).

DISCUSSION

Effects of nutrient-rich patches on
palm spatial patterns

Spatial patterns of nutrient-rich patches.—Mounds
are regularly distributed while trees are aggregated.
Furthermore, mounds and trees are spatially associated.

Termite activities are known to play an important
role in mound formation, and mounds’ regular pattern
supports the hypothesis that this pattern could be due
to competition between the termite colonies that ini-
tiated the mounds (Lovegrove 1989, Lepage et al.
1993). An increase in food availability (tree litter)
should decrease competition and lead to a more random
distribution of termite mounds, as observed in savanna
woodlands (SW).

The aggregation of trees, and their spatial association
with mounds, had previously been observed in the
Lamto savanna (Menaut and César 1979, Abbadie et
al. 1992). Tree aggregation is attributed to a particular
‘‘nurse’’ effect (Franco and Nobel 1989, Callaway
1994, Callaway and Walker 1997): the reduction of
grass biomass under trees reduces fire intensity (Frost
et al. 1986, Menaut et al. 1990, Mordelet and Menaut
1995). The association between trees and mounds could
be due to the nutrient enrichment of mound soil, or to
a possible reduction of fire intensity on mounds (Men-
aut et al. 1995). Survival rates could be higher for trees
growing on mound, or ‘‘not too far’’ from mounds, if
trees had a root foraging strategy comparable to that
of B. aethiopum. Some evidence does suggest that tree
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root systems are very wide, extending up to 30 m from
the trunk, in this savanna (Mordelet 1993a). Since ter-
mite activities are concentrated in tree clumps, trees
could also ‘‘attract’’ mounds, so that the relation be-
tween trees and mounds could, in part, be reciprocal,
as observed.

The life span of nutrient-rich patches is likely longer
than that of palms. Because they result from a nurse
effect, tree clumps should be relatively stable (Hoch-
berg et al. 1994). Field observations also support the
idea of a longer life span for termite mounds than for
palms. In B. aethiopum, stem diameter increases during
the establishment phase, forming an underground con-
ical stem on which the adventitious roots are inserted
(Tomlinson and Jeffrey 1990). In every observed B.
aethiopum adult, the limit between the conical root-
bearing part and the cylindrical part of the stem was
always found at the current ground level (S. Barot,
personal observation). If a mound could disappear after
the recruitment of an adult palm on it, some adult palms
would have the conical part of their stem (with roots
or root scars) partly unearthed, which was never ob-
served. The large size of mounds compared to the vol-
ume of a living termitaria is another argument sup-
porting their stability (cf. site description).

Factors of soil enrichment are spatially associated,
and are probably mutually reinforcing. Thus, interac-
tions between the following three factors are very likely
to be positive: supply of tree litter, clay enrichment,
and mineralization rate enhancement by termites’ ac-
tivities. When a patch is nutrient-rich, it is likely to
remain so for a long time. We can therefore hypothesize
that the pattern of nutrient-rich patches has slow dy-
namics compared to palm dynamics, so that this pattern
influences the pattern of palms more than the reverse.

Association between palms and nutrient-rich patch-
es: differences between stages.—The overall positive
association between palms of all stages and nutrient-
rich patches suggests that, under the hypothesis that
nutrient-rich patch dynamics is slower than palm dy-
namics, B. aethiopum is nutrient demanding in a nu-
trient-poor environment and better survives near nu-
trient-rich patches. Young palms (seedlings and juve-
niles) are closely associated to these patches (and often
grow directly on mounds), while adults are not asso-
ciated to these patches or are associated at longer dis-
tances (dmax). Given the mean distance between a nu-
trient-rich patch and its nearest neighbor (9–20 m), and
the radius of the palm root system ($24 m) (Mordelet
et al. 1996), there should not be any problem for an
adult to reach one or more nutrient-rich patches. Ju-
veniles, being smaller than adults, are probably not able
to reach distant nutrient-rich patches.

These conclusions hold for all plots in spite of their
differences (hydromorphy for the grass savanna and
intense competition for light and water in savanna
woodland). In the GS plots, all environmental factors
lead to the aggregation of the vegetation directly on

the mounds and near the mounds, but even there young
palms are growing closer to the mounds than are adults.
As expected, in the SW plot there is no association
between trees and palms. Tree density is very high, and
there is probably asymmetric light competition between
the trees and the young palms (seedlings and juveniles)
that they shade. The positive spatial association be-
tween juveniles and the mounds suggests that mounds
are still nutrient-rich patches as compared to the rest
of the SW plot.

Some adults are found on mounds, but they tend to
spread more widely around mounds than do juveniles
and seedlings. Seedlings and juveniles probably sur-
vive better on mounds and very close to nutrient-rich
patches. If this survival difference was the only process
occurring during the life cycle, we would expect a close
association of adults to nutrient-rich patches, since
adults had to be juveniles first. To explain the observed
change in association pattern between juveniles and
adults, we need to invoke another process, such as
intraspecific competition, leading to a better recruit-
ment of adults far from nutrient rich patches.

Predicting the effects of palms spatial patterns on
their demography

The overall tendency towards a less aggregated pat-
tern along the life cycle has been found in some forest
palm species (Sterner et al. 1986, Gibson and Menges
1994), in some savanna tree species (Skarpe 1991), and
in some desert shrub species (Phillips and MacMahon
1981). Decreasing aggregation can only be due to den-
sity-dependent mortality (self-thinning). This mortality
can occur only at the beginning of the life cycle (ju-
venile stage), or it can extend continuously during the
entire life cycle (Silvertown 1987, Kenkel 1988, Szwa-
grzyk and Czerwczak 1993).

For B. aethiopum, the latter possibility is unlikely
for several reasons. Within clumps, juveniles probably
compete for water during the dry season. The local
juvenile density is so high in some clumps (see Fig.
1), that small juveniles may even encounter an asym-
metric competition for light. Adult palms are the tallest
trees in the savanna, grow far from each other, and
should not suffer from any competition for light. The
root-foraging range of adult palms is likely .24 m
(Mordelet et al. 1996), so that they may exploit distant
nutrient-rich patches, unlike juveniles. Thus, young
palms are expected to suffer from intense intraspecific
competition, but not adults, for which the main mor-
tality factor is probably senescence (Barot and Gignoux
1998); self-thinning is not continuous.

Adults’ random pattern suggests a drop in density-
dependent mortality at this stage, probably due to the
fact that, as time goes on, only one adult per former
clump of juveniles remains. If the thinning process
went on, we would expect a regular pattern of adults.
Since the distance is much greater between clumps of
juveniles than between juveniles within a clump, the



1998 Ecology, Vol. 80, No. 6SÉBASTIEN BAROT ET AL.

last surviving individuals of clumps of juveniles are
likely to suddenly experience almost no competition
with conspecifics and are very likely to recruit to the
adult stage.

These surviving juveniles (and thus adults) are likely
located at the edge of clumps of juveniles where the
density of competitors is lower. Given that clumps of
juveniles are centered on mounds, these juveniles and
adults tend to be found off mounds, further from
mounds than the majority of juveniles. This hypothesis
is supported by the fact that taller juveniles were found
at the edge of juvenile clumps (Fig. 4). A kind of edge
survival effect (Huston and DeAngelis 1987) is in-
volved: merely because of their location, juveniles
from the edge of a clump have fewer neighbors, and
thus experience less crowded conditions than individ-
uals from the center.

Different environments, producing different spatial
patterns, are predicted to cause different mortality pat-
terns within populations. The shift from aggregation to
randomness was observed between the juvenile and
adult stages in the tree savanna (TS) plots; between
seedlings and juveniles on the SW plot, i.e., earlier in
the life cycle; and was not observed in the GS plots.
Based on our interpretation, we would therefore con-
clude that the drop in mortality associated with re-
cruitment does not occur at the same time of the life
cycle on all plots. If the (plot-scale) quality of the en-
vironment determines this drop in mortality, SW is a
difficult environment for palms, TS plots present a
milder environment, and GS plots constitute a favorite
environment (although palms are restricted to mounds
on these plots, mounds can sustain more palms than in
the other plots). The observed repulsion between ju-
veniles and adult males in SW supports the hypothesis
of a stronger competition in this plot than in the others.
B. aethiopum population is probably declining in the
SW plot, as revealed by palm densities (Table 1). This
condition has already been observed for this species in
high tree density areas (Devineau et al. 1984).

Seedlings often have better survival and recruitment
probability far from their mother tree and far from the
majority of their siblings (Janzen 1970, Connell 1971,
Augspurger 1984). One of the roles of dispersal would
be to escape this early mortality. For B. aethiopum, we
observed a ‘‘change in cohort distance with time’’
(Augspurger 1983). The patterns of seedlings and ju-
veniles are consistent with the Janzen–Connell hy-
potheses: although juveniles and seedlings were as-
sociated, juveniles were more loosely associated to fe-
male adults than seedlings, which were found within a
10-m radius circle around their mother tree (Table 4).
Consistent with those patterns, dynamic data show that
mortality and recruitment probability are distance de-
pendent for the early stages of the life cycle. The further
an entire-leafed seedling is from its mother, the more
likely it is to survive and recruit (Barot, unpublished
data).

It is not possible without further experimentation to
determine the exact cause of these patterns, which can
result from either a direct negative effect of the mother
palm through competition for water or nutrients, or
distance-dependent seedling mortality due to some
predator.

The role of space in the palm life cycle

From our previous interpretations, seedlings and ju-
veniles seem to have better survival on nutrient-rich
patches, but they are more likely to recruit as adults
away from these patches. This discrepancy in location
between early stages and adults is very similar to the
pattern found by Thomson et al. (1996) for the glacier
lily: the majority of adults are not found where the
majority of juveniles are found. As pointed out by
Schupp and Fuentes (1995) and exemplified here, the
link between seed dispersal and population dynamics
is extremely complex.

Analyzing the spatial patterns of all stages, we are
able to propose a possible scenario of replacement of
different types of mortality along B. aethiopum life
cycle. This scenario, which we kept as simple as pos-
sible (parsimony principle), explains the discrepancy
between adults and juveniles location. The sequence of
events are as follows: (1) The seed dispersal pattern of
B. aethiopum produces dense clumps of seedlings
around mother trees. (2) Seedlings that grow away from
these females are the most likely to survive and recruit
to the juvenile stage due to some distance-dependent
process (action of some predator or competition be-
tween females and seedlings). (3) Mortality, due to
nutrient shortage, filters the resulting pattern of seed-
lings: older seedlings and juveniles are found mostly
on nutrient-rich patches. This is linked to their small
size, which gives them a small foraging range. (4) As
a result of this better survival, juveniles tend to be more
crowded on nutrient rich patches, hence giving better
chances of recruitment to the few distant juveniles that
managed to survive in a nutrient-poor environment. (5)
As time goes on, these juveniles, subject to little com-
petition with conspecifics, develop their root foraging
ability and recruit to adults. (6) Adult mortality, in-
dependent from location and density, is due to pure
senescence. This scenario is at the moment qualitative
and very hypothetical, but we will test it through a long
term study of B. aethiopum demography, and a simu-
lation model with a synthetic spatial, individual-based
approach (Czárán and Bartha 1992, Huston 1992, Pa-
cala et al. 1996, Gignoux et al. 1997).

In B. aethiopum, a different juvenile spatial pattern
(e.g., more homogeneous) would probably lead to a
completely different demographic cycle (i.e., compe-
tition) that would be more diffuse along the life cycle
(self-thinning) and not restricted to the period before
recruitment to the adult stage. The initial pattern of
seedlings, due to the interaction of the parent spatial
pattern and the dispersal mode of the species, is also
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critical for plant dynamics. Dispersal not only plays a
role in colonizing new areas, but it is also likely to
have a direct effect on the demographic parameters of
the next generation. A different dispersal curve would
have consequences on the intraspecific competition be-
tween juveniles, and possibly on the final density and
population growth rate.

Differences between males and females
spatial patterns

The general pattern of association between adult
palms and nutrient-rich patches hides spatial-pattern
differences between male and female adults. In all
plots, males are associated more often and more closely
with nutrient-rich patches than are females. Such a pat-
tern has never been reported so far. That would be a
particular case of spatial segregation of sexes (Bier-
zychudek and Eckhart 1988), where males and females
are not found in different types of patches, but are
found on average at different distances from nutrient-
rich patches. The sex ratio is significantly male biased
in the GS2 plot. More and larger plots would be needed
to test whether sex ratio significantly varies according
to the savanna type.

Usually, variations in sex ratio and spatial segre-
gation of sexes are considered to be due to a higher
reproduction cost for females than for males (Lloyd
and Webb 1977, Bierzychudek and Eckhart 1988, Allen
and Antos 1992). In this case, females should be found
mostly in the most favorable patches. In this study, the
reverse pattern was found, although females seem to
bear a higher reproductive cost. Females yearly pro-
duce 50–100 fruits, each with mass 0.5–1.5 kg (R.
Vuattoux and S. Barot, unpublished data), which seems
to constitute a higher energy investment than the male
inflorescences. A comprehensive study of sex deter-
minism, reproduction costs, and resource uptake abil-
ities of males and females is needed to explain the
observed patterns. The following questions can be used
as guidelines: (1) Is the reproduction cost really more
important for females than for males? (2) Do males and
females have the same nutrient uptake ability (e.g., they
could have different root foraging strategies)? (3) Is
sex determinism purely genetic, or may it be dependent
on the environment?

The intensive use of spatial analyses

Given the relative novelty of the statistical methods,
spatial-pattern analysis has usually been reserved for
specific problems: pattern description (Forman and
Hahn 1980), competition and mortality (Phillips and
MacMahon 1981, Kenkel 1988, Duncan 1991, Szwa-
grzyk and Czerwczak 1993, Peterson and Squiers
1995), dispersal and competition (Sterner et al. 1986,
Wei and Skarpe 1995), disturbance and competition
(Skarpe 1991), and testing or illustration of these new
methods (Fisher 1993, Moeur 1993, Haase 1995, Po-
dani and Czárán 1997). Here, we have intensively used

these statistical methods (125 analyses, each compris-
ing three tests). The comprehensive analysis of all the
possible spatial patterns and spatial associations in a
specific data set revealed that patterns can be very com-
plex and that consequences of interactions between
spatial patterns are often not intuitive. For example,
positive associations are not necessarily transitive: ju-
veniles are associated to seedlings, and seedlings to
females, but juveniles are not always associated to fe-
males. Complexity in patterns restricts the possible in-
terpretations to a few underlying processes of greater
likelihood. Accumulation of spatial-pattern analyses
and spatial-association analyses concerning the same
groups of points allows the rejection of possible mech-
anisms and the building a parsimonious set of hypoth-
eses about underlying processes.

Simultaneous use of the three functions F, G, and K
allowed detection of significant departure from ran-
domness that would have been missed otherwise (e.g.,
the mound-regular pattern in the GS2 plot). The use of
G12 and G21 is also important in order to detect asym-
metric interactions (e.g., association between females
and seedlings in the TS3 plot). Thus, we agree with
the developers of the methods (Ripley 1981, Diggle
1983) that F, G, and K (and G12, G21, and K* for as-
sociation tests) should be more often used together. A
useful tool for a more widespread use of these methods
would be a more systematic study of the power of these
various tests than is currently available (Diggle 1979,
Gignoux et al. 1998).

Distances of maximum departure between observed
and theoretical distribution (dmax) were used to compare
two plots or the distribution of two groups of points.
The interpretation of these distances is not standardized
yet. From our experience on numerous analyses, we
reached the conclusion that a qualitative use of these
distances was possible (i.e., ‘‘long’’ vs. ‘‘short’’ dis-
tances). Long distances usually indicate that the scale
of the pattern, and the scale of the processes that gen-
erate this pattern are comparable to the size of the
sample plots. For aggregated patterns, distance is an
indication of clump ‘‘compactness,’’ while for asso-
ciation, it is an indication of ‘‘strength of association.’’
Clearly, further theoretical or simulation work on the
interpretation of these distances is needed.

Other methods could be have been used for our pur-
pose, such as spatial-pattern parameter estimation (Dig-
gle 1983), marked-process analyses (Goulard et al.
1995), or automatic classification (Cabrera-Gaillard
and Gignoux 1990), to identify clumps and analyze
clump patterns. However, these methods are not as
standardized and easy to use as the ones implemented
here.
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APPENDIX

Detailed statistical results corresponding to Tables 3 and 4.

Stage or association

Tree Savanna 1

n G or G12 F or G21 K or K* SP†

Tree Savanna 3

n G or G12 F or G21 K or K* SP†

Trees 375 10.30 20.19 13.79 a 545 10.37 20.18 12.50 a
0.000 0.000 0.000 0.000 0.000 0.000
3.3 8.5 3.3 2.3 5.8 2.3

Mounds 48 20.29 10.10 26.84 r 48 20.30 10.15 26.04 r
0.000 0.008 0.026 0.000 0.000 0.020

11.7 20.0 10.0 15.2 18.7 18.7

Tree clumps 43 20.10 10.05 24.88 n 113 20.13 10.04 12.40 n
0.806 0.272 0.360 0.086 0.160 0.054

Mounds 3 Trees 48 10.26 10.08 12.25 A 48 10.45 10.19 12.85 A
375 0.002 0.170 0.228 545 0.000 0.000 0.000

3.3 2.3 9.3 2.3

Seedlings 3 Mounds 249 10.56 10.46 18.18 A 37 10.38 10.11 15.56 A
48 0.000 0.000 0.000 48 0.012 0.408 0.116

6.7 3.3 3.3 5.8

Juveniles 3 Mounds 228 10.52 10.62 18.06 A 103 10.55 10.39 17.64 A
48 0.000 0.000 0.00 48 0.000 0.000 0.000

6.7 3.3 1.7 5.8 5.8 4.7

All adults 3 Mounds 65 10.33 10.25 13.98 A 17 10.28 10.10 13.24 n
48 0.000 0.000 0.034 48 0.054 0.266 0.672

10.0 11.7 6.7

Seedlings 3 Trees 248 10.22 10.09 13.41 A 37 10.33 20.08 23.32 A
375 0.018 0.012 0.076 545 0.020 0.296 0.294

5.0 10.0 4.7

Juveniles 3 Trees 228 10.19 10.08 11.08 A 103 10.35 10.11 12.01 A
375 0.000 0.140 0.860 545 0.000 0.026 0.600

5.0 4.7 9.3

All adults 3 Trees 65 10.11 10.02 14.19‡ n 17 10.32 10.06 24.67 A
375 0.980 0.216 0.002 545 0.028 0.488 0.066

96.7 8.3

Females 3 Mounds 30 10.27 10.15 23.56 A 8 10.24 10.06 25.39 n
48 0.002 0.094 0.226 48 0.488 0.960 0.534

13.3

Females 3 Trees 30 10.03 10.06 15.27‡ n 8 10.30 10.06 27.17‡ n
375 0.936 0.962 0.000 545 0.234 0.598 0.006

6.7 68.3

Males 3 Mounds 35 10.45 10.22 15.27 A 9 10.49 20.12 16.07 A
48 0.000 0.000 0.010 48 0.002 0.290 0.178

8.3 11.7 6.7 10.5

Males 3 Trees 35 10.05 10.20 13.7‡ n 9 10.38 20.10 22.60 A
375 0.688 0.070 0.032 545 0.038 0.166 0.528

90.0 2.3

Seedlings 249 10.56 20.36 116.36 a 37 10.79 20.33 121.91 a
0.000 0.000 0.000 0.000 0.000 0.000
3.3 10.0 6.7 4.7 23.3 5.8

Juveniles 228 20.60 20.29 18.21 a 103 10.63 20.32 118.96 a
0.000 0.000 0.000 0.000 0.002 0.000
3.3 10.0 5.0 3.5 14.0 7.0

All adults 65 10.14 10.039 14.14 n 17 10.16 20.05 28.17 n
0.172 0.388 0.138 0.842 0.624 0.700

Females 30 20.19 0.04 26.38 n 8 10.26 20.01 110.59 n
0.342 0.628 0.522 0.756 1.000 0.992

Males 35 10.26 20.03 15.91 n 9 20.33 20.07 217.37 n
0.054 0.720 0.336 0.398 0.484 0.544
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APPENDIX. Extended.

Grass Savanna 1

n G or G12 F or G21 K or K* SP†

Grass Savanna 2

n G or G12 F or G21 K or K* SP†

Savanna Woodland

n G or G12 F or G21 K or K* SP†

305 10.30 20.17 13.90 a 420 10.36 20.30 16.92 a 1494 10.04 20.05 10.82‡ a
0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.026 0.008
3.8 7.5 6.3 3.3 8.3 11.7 1.3 3.8 46.3

51 20.38 10.16 27.77 r 38 20.32 10.08 26.90 r 18 20.33 10.09 29.14 n
0.000 0.000 0.002 0.002 0.080 0.150 0.060 0.224 0.242

15.0 17.5 13.8 23.3

44 20.16 0.06 26.67‡ n 47 10.21 20.07 18.630‡ a NA NA NA NA NA

0.230 0.152 0.020 0.040 0.042 0.006 NA NA NA NA

50.0 13.3 33.3 73.3 NA NA NA NA

51 10.28 10.19 12.50 A 38 10.62 10.43 17.23 A 18 10.26 10.06 11.48 A
305 0.004 0.000 0.010 420 0.000 0.000 0.000 1494 0.002 0.106 0.008

5.0 12.5 8.8 1.7 13.3 8.3 1.3 3.8

127 10.48 10.26 15.82 A 91 10.57 10.21 111.03 A 7 10.50 10.09 17.34 n
51 0.000 0.000 0.080 38 0.000 0.04 0.010 18 0.108 0.986 0.716

7.5 2.5 8.3 5.0 5.0

151 10.70 10.66 19.5 A 132 10.64 10.42 112.51 A 14 10.39 10.26 19.30 A
51 0.000 0.000 0.000 38 0.002 0.000 0.014 18 0.014 0.038 0.026

6.3 2.5 2.5 10.0 6.7 5.0 3.8 2.5 1.3

109 10.32 10.29 14.21 A 77 10.41 10.33 16.06 A 18 10.28 10.21 25.33 n
51 0.000 0.000 0.002 38 0.000 0.002 0.008 18 0.078 0.200 0.356

10.0 8.8 7.5 11.7 11.7 10.0

127 10.30 10.10 13.07 A 91 10.46 10.14 15.73 A 7 10.17 20.06 11.34 n
305 0.026 0.092 0.524 420 0.006 0.090 0.390 1494 0.640 0.590 0.268

5.0 6.7

151 10.24 10.12 12.20 A 132 10.50 10.28 18.33 A 14 10.16 10.04 21.32 n
305 0.004 0.018 0.240 420 0.000 0.000 0.094 1494 0.408 0.620 0.166

5.0 15.0 5.0 10.0

109 10.16 10.10 10.96 A 77 10.44 10.26 14.82 A 18 10.14 10.03 12.19‡ n
305 0.018 0.054 0.750 420 0.000 0.000 0.020 1494 0.440 0.686 0.000

7.5 8.2 10.5 6.7 51.5

47 10.40 10.23 15.25 A 24 10.43 10.28 16.27 A 7 20.41 20.34‡ 211.64 n
51 0.000 0.000 0.002 38 0.000 0.000 0.124 18 0.086 0.002 0.052

10.0 12.5 7.5 11.7 15.0 47.5

47 10.16 10.07 21.35 n 24 10.53 10.23 15.61 A 7 20.13 20.16‡ 14.24‡ n
305 0.124 0.402 0.764 420 0.000 0.022 0.068 1494 0.824 0.044 0.000

3.3 16.7 50.0 63.8

62 10.27 10.24 13.82 A 53 10.39 10.25 16.44 A 11 10.40 10.20 15.87 A
51 0.002 0.000 0.008 38 0.000 0.006 0.030 18 0.046 0.262 0.596

8.8 7.5 6.3 11.7 6.7 5.0 12.5

62 10.17 10.08 21.06 A 53 10.41 10.17 14.41 A 11 10.21 10.07 10.95 n
305 0.024 0.130 0.812 420 0.000 0.004 0.104 1494 0.256 0.224 0.658

7.5 5.0 11.7

127 10.73 20.50 127.79 a 91 10.76 20.47 134.80 a 7 10.76 20.21 132.42 a
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.018 0.030
2.5 16.3 15.0 3.3 20.0 11.7 11.3 33.8 20.0

151 10.71 20.31 113.3 a 132 10.62 20.40 137.92 a 14 20.25 10.02 29.67 n
0.000 0.000 0.000 0.000 0.000 0.000 0.430 0.968 0.478
3.8 12.5 3.8 3.3 15.0 8.3

109 10.19 20.08 13.03 a 77 10.25 20.09 16.02 a 18 10.18 20.07 24.00 n
0.006 0.002 0.032 0.002 0.002 0.004 0.704 0.356 0.990
5.0 8.8 7.5 8.3 15.0 11.7

47 10.26 20.120 16.40 a 24 10.12 20.04 17.73 n 7 10.44 20.26‡ 120.57 n
0.014 0.000 0.026 0.894 0.640 0.604 0.248 0.008 0.344
5.0 18.8 7.5 52.5

62 10.19 20.04 23.33 a 53 10.30 20.07 17.08 a 11 20.20 10.08 212.36 n
0.044 0.434 0.278 0.000 0.000 0.000 0.786 0.444 0.462
8.8 8.3 21.7 6.7
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APPENDIX. Continued.

Stage or association

Tree Savanna 1

n G or G12 F or G21 K or K* SP†

Tree Savanna 3

n G or G12 F or G21 K or K* SP†

Females 3 Seedlings 30 10.28 10.35 16.85 A 8 10.46 10.33 116.70 A
249 0.008 0.004 0.022 37 0.048 0.108 0.142

6.7 10.0 6.7 16.3

Females 3 Juveniles 30 10.23 10.18 25.60 A 8 20.12 20.17 9.44 n
228 0.038 0.018 0.058 103 0.998 0.478 0.514

6.7 15.0

Females 3 Males 30 20.11 10.15 15.22 n 8 10.16 10.16 112.55 n
35 0.650 0.270 0.098 9 0.952 0.910 0.608

Seedlings 3 Juveniles 249 10.48 10.40 15.93 A 37 10.51 10.41 116.53 A
228 0.000 0.000 0.004 103 0.000 0.002 0.004

5.0 5.0 5.0 2.3 7.0 7.0

Males 3 Seedlings 35 20.18 10.14 15.23 n 9 10.37 10.35 111.66 n
249 0.132 0.318 0.088 37 0.110 0.088 0.330

Males 3 Juveniles 35 10.20 20.09 23.11 A 9 10.46 10.44 112.76 A
228 0.034 0.326 0.492 103 0.002 0.000 0.026

8.3 15.2 18.6 18.7

Notes: Sample sizes (n) are given in the first column under each savanna type. G, F, and K are tests of spatial randomness
based on Diggle’s G and F and Ripley’s K functions for stages (see Materials and methods: Statistical methods and Table
2). G12 G21, and K* are tests of spatial independence based on the corresponding functions for associations between two
stages. For each test, the first line is the test statistic (cf. Table 2), the second is the P value estimated from 500 Monte Carlo
simulations, and the third line is the dmax distance, which is only displayed when randomness is rejected; NA indicates “not
applicable.” Significant departures from randomness (P,0.05) are indicated in italic.

† Spatial pattern (SP), as deduced from the results of the three tests (a, aggregated pattern; a, spatial association; r, regular
pattern; R, repulsion; n, no pattern [random pattern or independence]).

‡ When the test was significant, the distance corresponding to the test statistic was smaller than half the maximal possible
distance (i.e., ,35 or ,50 m, according to the plot) in all cases except these.
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APPENDIX. Continued, extended.

Grass Savanna 1

n G or G12 F or G21 K or K* SP†

Grass Savanna 2

n G or G12 F or G21 K or K* SP†

Savanna Woodland

n G or G12 F or G21 K or K* SP†

47 10.32 10.33 10.84 A 24 10.24 10.51 112.02 A 7 20.27 10.54 120.73 n
127 0.010 0.076 0.812 91 0.960 0.002 0.044 7 0.592 0.124 0.292

8.8 10.0 5.0

47 10.23 20.16 24.18 A 24 20.22 10.23 26.54 n 7 20.34 20.36 212.97 R
151 0.036 0.188 0.218 132 0.430 0.102 0.724 14 0.266 0.038 0.130

10.0 42.5

47 10.11 10.14 12.94 n 24 10.34 10.28 17.65 A 7 20.19 10.25 16.88 n
62 0.568 0.084 0.230 53 0.006 0.010 0.042 11 0.870 0.378 0.924

13.3 15.0 11.7

127 10.46 10.41 17.90 A 91 10.65 10.53 129.99 A 7 10.26 10.19 18.89 n
151 0.000 0.000 0.292 132 0.000 0.000 0.000 14 0.776 0.592 0.798

5.0 3.8 6.7 10.0 13.3

62 10.06 10.14 14.01 n 53 20.11 20.25 26.07 n 11 20.29 10.23 212.82 n
127 0.914 0.566 0.462 91 0.548 0.170 0.478 7 0.314 0.892 0.594

62 10.11 10.09 22.16 n 53 10.30 20.19 24.02 A 11 20.41 20.33 215.98 R
151 0.298 0.566 0.566 132 0.000 0.508 0.896 14 0.040 0.054 0.014

25.0 20.0 15.0

PLATE 1. A juvenile on the left, and some
adult Borassus aethiopum in the Lamto savanna
(Ivory Coast) at the beginning of the rainy sea-
son. Photograph by S. Barot.


