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A persistent challenge in ecology is to explain the high diversity of
tree species in tropical forests. Although the role of species char-
acteristics in maintaining tree diversity in tropical forests has been
the subject of theory and debate for decades, spatial patterns in
local diversity have not been analyzed from the viewpoint of
individual species. To measure scale-dependent local diversity
structures around individual species, we propose individual species—
area relationships (ISAR), a spatial statistic that marries common
species-area relationships with Ripley’s K to measure the expected
« diversity in circular neighborhoods with variable radius around
an arbitrary individual of a target species. We use ISAR to inves-
tigate if and at which spatial scales individual species increase in
tropical forests’ local diversity (accumulators), decrease local di-
versity (repellers), or behave neutrally. Our analyses of data from
Barro Colorado Island (Panama) and Sinharaja (Sri Lanka) reveal
that individual species leave identifiable signatures on spatial
diversity, but only on small spatial scales. Most species showed
neutral behavior outside neighborhoods of 20 m. At short scales
(<20 m), we observed, depending on the forest type, two strongly
different roles of species: diversity repellers dominated at Barro
Colorado Island and accumulators at Sinharaja. Nevertheless, we
find that the two tropical forests lacked any key species structuring
species diversity at larger scales, suggesting that ““balanced” spe-
cies—species interactions may be a characteristic of these species-
rich forests. We anticipate our analysis method will be a starting
point for more powerful investigations of spatial structures in
diversity to promote a better understanding of biodiversity in
tropical forests.
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ince the establishment of large permanent sampling plots

where all stems >1 cm in diameter at breast height (dbh) are
identified, measured, and mapped (1, 2), substantial progress has
been made in explaining the high local diversity of tree species
in tropical forests; however, ecologists are still far from having
a definitive answer. Several competing hypotheses on processes
promoting species coexistence have been developed and tested,
but these efforts have yielded contrasting results (3-5). Neutral
theory (6-8) suggested that species-specific differences are
unimportant for certain community attributes, whereas niche
theory outlines the importance of species characteristics and
trade-offs (9, 10). It is also clear that species-specific differences
affect the spatial distribution of populations (11-16). Surpris-
ingly, although plant-plant interactions should play a major role
in structuring tropical forests, the resulting spatial patterns in
diversity have not been analyzed from the viewpoint of individ-
ual species. However, strong differences in species traits and in
species interactions should create clearly identifiable nonran-
dom spatial structures in diversity that would not arise for
neutral species.

Here, we propose the framework of individual species—area
relationships (ISAR) to study species-specific effects on local
diversity in species-rich communities. The ISAR(a) function is
the expected number of species within circular areas a = 7 72
around an arbitrary individual of a target species where r is the
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radius of the neighborhood area a. ISAR is a statistic to analyze
the spatial diversity structure in forest ecosystems and reconciles
common species—area relationships (17-19) and the individual
perspective of point-pattern analysis (20-22).

The ISAR allows for a subtle assessment of species effects on
local diversity with respect to their interactions with plants of
other species. If positive facilitative interactions with other
species dominate, the target species would accumulate and
maintain an overrepresentative proportion of diversity in its
proximity (i.e., being a “diversity accumulator”). In instances
where negative interactions dominate, the target species toler-
ates only an underrepresentative proportion of other species in
its neighborhood (i.e., a “diversity repeller”’). However, if pos-
itive and negative interactions are weak or even out, the species
behaves neutrally.

Note that species interactions are not the only factors that may
influence the ISAR; the spatial pattern of the target species (i.e.,
clustering or overdispersion) and habitat associations may also
produce ISAR curves of the accumulator or repeller type. The
effect of dispersion is important for interpreting and under-
standing ISAR but can be diagnosed by comparing local densi-
ties of the stems of the target species with that of all species in
neighborhoods around the stems of the target species [see
supporting information (SI) Table 1]. A species may appear to
be a diversity accumulator or repeller through habitat associa-
tion if diversity differs at different habitats [e.g., upper and lower
elevation habitats at Sinharaja (23)]. This effect is analogous to
the problem of heterogeneous patterns in point-pattern analysis
(21, 24). Specific methods are required to factor out the effects
of habitat association [i.e., a “heterogeneous” null model (24);
see Null Models of Neutral Species]. To accomplish this, we used
Monte Carlo simulations of the heterogeneous null model of a
neutral species to asses if a species is a significant diversity
accumulator, repeller, or neutral and at what spatial scales.

Assessment of the proportion of diversity accumulator, repel-
lers, and neutral species at different spatial scales provides
important insights into the spatial structures of species-rich
communities, its critical spatial scales, and allows testing how
many species in acommunity behave neutrally with respect to the
spatial patterns. Studies investigating neighborhood effects on
tree growth and survival showed that direct plant—plant inter-
actions are strong at local plant neighborhoods (of, say, <30 m)
but fade away at larger scales (12-14, 25). We therefore expect
strong departures from a neutral ISAR at local neighborhoods
but mostly neutral ISARs at larger scales.
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Fig. 1. Individual species—area relationships at BCl from the 1995 census. (A)
The empirical ISAR for the 63 most-common species (gray solid lines) and for
two example species (blue and dark green lines). The green and red circles
show the common SAR for BCl and Sinharaja, respectively. (B) Enlargement of
A for small scales, r < 18 m. Symbols as in A. (C) Spatial pattern of the species
Trichilia tuberculata together with the underlying distribution of local species
diversity at 30-m neighborhoods (plot size, 1,000 X 500 m; see also Sl Fig. 7).
The local diversity in 30-m neighborhoods ranged from 25 to 60 species. (D)
Same as C for the species Zanthoxylum ekmanii.

We applied this framework to data from two fully censused 50-
and 25-ha tree plots at Barro Colorado Island (BCI), Panama
(26, 27), and Sinharaja, Sri Lanka (23, 28), respectively. We
selected these two sites because they constitute two extremes
with respect to habitat association among the Forest Dynamics
Plots coordinated within the network of the Centre for Tropical
Forest Science (CTFS); the Sinharaja plot shows high species—
habitat associations (23) and the BCI plot shows low species—
habitat associations (29). We derive the empirical ISAR curves
of abundant tree species with dbh >10 cm and investigate (i) if
the spacing of trees retains a signature of species “individuality”
with respect to local diversity, (if) if species act as diversity
accumulators, repellers, or behave neutrally, and (iif) to what
extent and at which spatial scales these species attributes, if
present, might be caused by species interactions or by larger-
scale habitat association.

Results

Our analysis shows that the ISAR curves were remarkably
similar at BCI and did not depart by more than = 4 species from
the common species—area relationship (SAR) (Fig. 14). Inter-
estingly, the SAR was at larger scales well within the range of
ISARs occurring at the BCI plot (Fig. 14) and practically
indistinguishable from the average of all ISARs measured (SI
Fig. 4 A and B). Thus, there were no key species that strongly
structured the community spatially. The variability in the ISAR
curves at BCI, measured as the difference between the maximal
and minimal ISAR at scale r, increased linearly up to a scale of
30 m before reaching a maximum of ~8 species (SI Fig. 5).

In the next step, we roughly assessed scale-dependent effects.
To determine the proportion of accumulators or repellers, we
counted at each scale r the number of species for which the
empirical ISAR(r) was >97% or <3% of the simulated ISAR(r),
respectively. For BCI, we found large proportions of diversity
repellers at neighborhoods closer than 10 m which, however,
disappeared at neighborhoods of ~20 m (Fig. 34). Interestingly,
at BCI, there were almost no diversity accumulators (Fig. 34).
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Fig. 2. Individual species-area relationships at Sinharaja from the 1995
census. (A) The empirical ISAR for the 47 most-common species (gray solid
lines) and for two example species (blue and dark green lines). The green and
red circles show the common SAR for Sinharaja and BCl, respectively. (B)
Enlargement of A for small scales, r < 18 m. Symbols asin A. (C) Spatial pattern
of the species Agrostistachys hookeri together with the underlying local
diversity within 30-m neighborhoods which ranged from 23 to 68 species (plot
size, 500 X 500 m; also see Sl Fig. 7). (D) Same as C for the species Mesua
nagassarium. (E) Same as C for species Schumacheria castanaefolia.

Fig. 34 indicates that significant effects were only likely to occur
in neighborhoods of <20 m. We therefore used a goodness-of-fit
test with « level of 0.05 to asses the overall fit of the empirical
ISAR curves with the heterogeneous null model over scales r =
0-20 m. This test revealed that 65% of all species at BCI behaved
neutrally. We found no clear trends when relating the property
repeller or accumulator to a common tree species classification
(30), large tree species were slightly overrepresented among the
accumulators, and midsize trees were slightly underrepresented
among the repellers (SI Fig. 6A4).

As expected because of the larger habitat heterogeneity of the
Sinharaja plot, the empirical ISAR curves showed larger differ-
ences than those at BCI (compare Figs. 24 and 1A4). The
variability in the ISAR curves increased almost linearly to a value
of ~20 at the 50-m scale without reaching a plateau as found at
BCI (SI Fig. 5). This increase is probably due to the two clearly
identifiable areas of below- and above-average diversity that
appear at Sinharaja if the number of species is counted in
neighborhoods >30 m (see SI Fig. 7). Again, the SAR was
practically indistinguishable from the average of all ISARs
measured (SI Fig. 4 4 and B). When looking at scale effects, we
found a pattern that markedly differed from that at BCI: only few
species were diversity repellers, but diversity accumulators were
more frequent (Fig. 3B). Fig. 3B shows that significant effects
occurred only in neighborhoods of <20 m. When testing the
overall fit of the empirical ISAR curves with the heterogeneous
null model over scales r = 0-20 m, we found that 75% of all
species at Sinharaja behaved neutrally. At Sinharaja, accumu-
lators were slightly underrepresented in the canopy species class
but overrepresented in the subcanopy species class, and repellers
were slightly overrepresented in the canopy species class but
underrepresented in the subcanopy species class (SI Fig. 6B).

Discussion

Using data on the bivariate spatial patterns of hundreds of
species in two contrasting forest dynamics plots in Sri Lanka and
Panama, we found that species-specific effects on local diversity
were surprisingly low and limited to the canopy range or
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Fig. 3. Proportion of significant diversity repellers and accumulators at BCI
and Sinharaja. (A) BCl using the heterogeneous null model, which does
account for potential habitat association at scales >50 m. (B) Sinharaja using
the heterogeneous null model.

immediately outside the canopy range of the target trees (Fig. 3).
Given the high number of independent tests for many species and
potential type I error in the assessment of effects at individual
scales, “real” effects of species-specific effects may be even
lower. Nevertheless, we found interesting structures at small
scales: at the more-diverse BCI plot, the majority of the species
are diversity repellers although a few are accumulators, whereas
at the Sinharaja plot almost one-third of all species represent
diversity accumulators, but few repellers were observed.

Results for Sinharaja and BCI reveal different community
structures. First, comparison of the neutral ISAR curves (the
expectation of the homogeneous null model) shows that the local
diversity at Sinharaja is for small scales larger than those at BCI
(ST Fig. 4). Additionally, the neutral ISAR curve of BCI is for
neighborhoods <500m? below all ISAR curves at Sinharaja (Fig.
2B), and the neutral ISAR of Sinharaja is for neighborhoods
<500m? above all ISAR curves at BCI (Fig. 1B). Second, at
scales >20 m, the local diversity at BCI overtakes the local
diversity at Sinharaja. Third, within 250 m? neighborhoods, one
stem at BCI was neighbored on average by 10.5 stems and 8.2
species, whereas one stem at Sinharaja was neighbored on
average by 16.8 stems and 9.8 species (Figs. 1B and 2B). Thus,
higher stem densities (31) may also contribute to the initially
higher local diversity at Sinharaja and explain the “first” and
“second” points described above. In fact, when looking at the
species—individual relationships (31), i.e., plotting the average
number of species in neighborhoods over the corresponding
average number of stems, both are similar at small neighborhood
sizes, but the BCI curve is always higher than the Sinharaja curve
(SI Fig. 4 C and D). Fourth, at scales of <15 m, the species at
BCI seem to be more “competitive,” yielding a high proportion
of diversity repellants, whereas species at Sinharaja include a
high proportion of diversity accumulators.

At BCI, an average tree with dbh >10 cm occupies an area of
23.8 m?, which yields a radius of 2.8 m for a circular area. This
radius corresponds to the peak in percentage of repellers shown
in Fig. 34. This observation suggests that the property of being
a repeller at BCI is closely related to the average area occupied
by a tree. This distance is also the scale where the spatial
autocorrelation in survival, measured as the function of distance
at the whole-community level, peaked at BCI (13). In contrast,
at Sinharaja, an average tree occupies only 14.9 m?, yielding a
radius of ~2.2 m, which also coincides with the peak in repellers
(Fig. 3B). Additionally, the trees at Sinharaja are more numerous
but smaller (e.g., the densities of trees with dbh between 10 and
20 cm were 0.039 stems per m? at Sinharaja compared with 0.026
stems per m? at BCI). Thus, the potential spatial scale of
competition for space will tend to be smaller at Sinharaja,
because the trees are smaller. This scale may additionally explain
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the observed differences in the local diversity structures between
the two forests.

In point-pattern analysis, a pattern may appear aggregated
because of plant—plant interactions or because of habitat asso-
ciation (21, 24), and the question of interest is to disentangle
these two effects (22). In ISAR, which acts not on the population
level but on the community level, two additional factors come
into play. For interpreting ISAR curves in biological terms, it is
important to recognize these effects. The first factor is local stem
density. ISAR curves between two species may differ simply
because one species is located mostly in areas with high stem
densities and the other is in areas with low stem densities. If
diversity is related to stem density, as suggested by species—
individual curves (31), areas with lower stem densities would
host fewer species. However, this effect is basically a type of
habitat association and will not produce a significant departure
of ISAR from the heterogeneous Poisson null model. As men-
tioned in the introduction, a second factor is the dispersion of the
target species. A species with a highly clumped distribution (e.g.,
due to the neutral process of limited dispersal) will be sur-
rounded by more conspecific individuals and fewer heterospe-
cific individuals than expected on average. This effect will reduce
the ISAR because fewer heterospecific individuals in a neigh-
borhood should also comprise fewer species. Conversely, an
overdispersed species (e.g., due to natural enemies causing
strong density dependence) might be surrounded by more
heterospecific individuals and would appear to be a diversity
accumulator. The potential effects of species dispersion on ISAR
were in general not very strong. Only two species at BCI and five
species at Sinharaja were clustered enough to reach a local
dominance of >15% of all stems at neighborhoods of 10 m (SI
Table 1). On the other hand, only a few species at BCI and none
at Sinharaja were overdispersed, and their density was too low
to produce an effect on ISAR (SI Table 1). A species that
managed to be locally dominant for stems with dbh >10 cm could
be a competitive species even if a “mass effect” due to localized
dispersal and high seed output would contribute to the local
success. In summary, we found that different factors such as
species interactions, local dominance, and habitat association
interact in a complex way to produce ISARs. We also tried to
relate commonly used classification schemes (e.g., canopy, sub-
canopy, understorey, or gap, shade-tolerant) to the property of
being a diversity accumulator or repeller, but, besides some
trends (SI Fig. 6), we did not find substantial relationships.
Establishing relationships among species properties and ISAR,
however, is a considerable challenge that may provide important
insight into the spatial structure of tropical forests.

Our findings have important consequences for the current
debate about neutral theory (32-36). Strikingly, our analysis
revealed that the two tropical forests studied apparently lack key
species spatially structuring species diversity. This finding sug-
gests that “balanced” species—species interactions may be a
characteristic of these species-rich forests. This result is in
agreement with a detailed analysis by Wiegand et al. (22) on
species association at the Sinharaja plot. Moreover, most of the
species-specific effects on local diversity already disappeared for
scales >20 m, although the null model removed only effects of
a heterogeneous spatial distribution at scales >50 m, pointing to
a clear separation of scales in the spatial structures of the two
tropical forests. This finding suggests that most of the well
documented nonneutral processes such as survival, niche, com-
petition, facilitation, etc. may leave a detectable signature at the
spatial-diversity pattern only at small scales but result in neutral
diversity patterns on larger scales. However, the results of a
homogeneous null model showed that the diversity in the two
tropical forests is strongly structured by habitat association (SI
Fig. 8), a mechanism not yet included in neutral theory (23, 29).
This result is in accordance with a recent study (36) that found
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that ~30% of the species at BCI showed significant affinities to
soil nutrient distributions.

We hypothesize that the weak species-specific effects on local
diversity found in our study should be related to the high
diversity of tropical forests. What would happen if species effects
on biodiversity were stronger? In absence of pronounced habitat
structure, a strong diversity repeller would have a tendency to
generate monospecific or low-diversity patches and would in-
troduce considerable instability into the community dynamics.
Such species would function similarly to aggressive invaders,
reducing species diversity. Strong diversity accumulators, on the
other hand, are difficult to imagine in tropical forests but may be
more common in harsh environments where they modify their
environment, making it more benign for other species. It would
be interesting to expand our analysis to species-poorer forests,
for example temperate forests, to find out if and to what extent
the strength and proportion of repellers and accumulators are
related to tree-species richness. ISAR is a spatial statistic that
describes spatial diversity patterns in fully mapped tree census
plots in a simple and intuitive way by marrying the well estab-
lished species—area relationships with Ripley’s K. We are just
beginning to explore the features and the power of this frame-
work and are confident that it will shed new light on the role of
plant—plant interactions in maintaining tree diversity in tropical
forests.

Methods

Study Sites. The study was carried out in two tropical forests at
BCI, Panama (9°10'N, 79°51'W), and Sinharaja, Sri Lanka
(6°21-26'N, 80°21-34"E). The forest at BCI is a seasonally moist
tropical forest, and rainfall averages 2,600 mm per year with a
pronounced dry season. Investigations were carried out within
the Forest Dynamics Project 50-ha plot, which consists of mainly
old growth lowland moist forest. Elevation ranges from 120 to
155 m above mean sea level. The plot was established in 1982,
and all trees >1 cm dbh have been mapped, tagged, and
measured every 5 years since 1985. Based on the 1995 census,
there are at BCI, on average, ~0.5, =~0.042, ~0.016, and ~0.005
stems per m? with dbh >1 c¢m, >10 c¢m, >20 cm, and >50 cm,
respectively. Thus, an average stem with dbh >10 cm covers an
area of ~23.8m?, which corresponds to a circular area with a
radius of 2.8 m. Details on the plot are provided in refs. 1 and 2.

The 25-ha plot at Sinharaja is a tropical forest without a
regular dry season, and rainfall averages 5,016 mm per year.
Elevation ranges from 424 to 575 m above mean sea level and
includes a valley lying between two slopes. Tree species show
varying degree of associations to habitat types defined by
topography. The Sinharaja plot was established in 1993, and all
trees >1 cm dbh have been mapped, tagged, and measured. At
Sinharaja, there are, on average, ~0.8, ~0.067, ~0.028, and
~0.004 stems per m? with dbh >1 ¢cm, >10 cm, >20 cm, and >50
cm, respectively. Every stem with dbh >10 cm covers, on
average, an area of ~14.9 m?, which corresponds to a circular
area with a radius of 2.2 m. Details on the plot are provided in
refs. 23 and 28. In the present analysis, we used data on trees with
dbh >10 cm from the third (1995) BCI census (26, 27) and from
the first (1994-1996) Sinharaja census.

Definition and Estimation of ISAR. To find out if and at what spatial
scales a given species has a significant effect on diversity, we
needed to measure the relationship between the spatial pattern
of plants of the target species and the pattern of the plants of the
other species of the community and compare it to a null model
of a neutral species. Although established techniques of point-
pattern analysis that are able to assess association between pairs
of species (21, 22) could potentially be used for this purpose, this
becomes a very tedious task if many species are involved (22),
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and the results of the many individual analyses cannot be
summarized effectively on the community (diversity) level.

We therefore developed an analogous approach of point-
pattern analysis that does not work at the species—species level
but on the species—community level. Whereas Ripley’s bivariate
K-function measures at the species—species level the number of
stems of one species up to distance r away from an arbitrary stem
of a target species, our measure, the ISAR, measures at the
species—community level the number of species up to distance r
away from an arbitrary stem of the target species. Our frame-
work is thus located intermediate between conventional SARs
(17) that summarize the diversity of a community in a scale-
dependent manner but which do not provide a direct link to
species—species interactions and studying species—species rela-
tionships with bivariate point-pattern analysis (22).

To estimate the ISAR(r), the expected number of species
within circular areas with radius r around an average individual
of the target species ¢, we first calculated the bivariate emptiness
probability P(0, r) that species j was not present in the circles
with radius r around the trees of the target species ¢ (note that
we do not count the focal stem if = j) and then summed up 1 —
Py(0, r) for all species present in the plot:

N
ISAR() = >, [1 — Py(0, r)].

i=1

Using a = 7 1, we can express the ISAR also in terms of area
a, to resemble the common species—area relationship. Because
the P;;(0, r) are derived from the bivariate pattern of species j and
t, the ISAR contains information about all interspecific spatial
patterns, but on a highly aggregated level. To avoid sample
circles of target stems located close to the border of the plot not
being located entirely inside the census plot, we used edge
correction with a buffer zone. For this purpose, only stems of the
target species ¢ within an inner plot were used to determine the
bivariate emptiness probabilities P;(0, a), whereas all stems of
species j in the entire plot were used. Consequently, ISAR can
only be calculated for spatial scales up to the width of the buffer
zone.

To work with reasonable sample sizes, we estimated the ISAR
only for species having >70 individuals, yielding 63 species at
BCI and 47 at Sinharaja. To cover the range of scales where
tree—tree interactions, effects of dispersal limitation, or succes-
sion in light gap are most likely to occur, we calculated all
scale-dependent function up to a maximal scale of rmax = 50 m
with steps of 1 m. Consequently, we selected a buffer zone width
of 50 m.

Null Models of Neutral Species. To test if a given species is a
significant diversity accumulator, a significant diversity repeller,
or if the species behaved neutrally, we performed Monte Carlo
simulations of null models by using ISAR as test statistic. The
simplest null model randomizes the locations of the trees of the
target species (“homogeneous Poisson” null model), thereby
removing the potential effects of interactions with individuals of
other species on its spatial distribution (i.e., removing “second-
order effects”). However, in point-pattern analysis, it is recog-
nized that the outcome of analyses with the homogeneous
Poisson null model may be confounded by “first-order effects”
(21, 24) where habitat association increases or decreases the
likelihood that an individual will occur at a given location. We
therefore used a heterogeneous Poisson null model (22, 24, 37)
in which the individuals of the target species are distributed in
accordance with the (spatially variable) intensity of the target
species. We estimated the intensity function by using an Ep-
anechnikov kernel with a bandwidth of 50 m (SI Text), which
removes all potential spatial structure in the pattern of the target
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species at scales <50 m but maintains the spatial structure at
scales >50 m. This null model thus factors out first-order effects
and allows a proper examination of the second-order effects.
Note that this approach is based on a separation of scales. Several
studies using individual-based analyses of local neighborhood
effects on growth and survival have shown that direct plant—plant
interactions may operate only at local plant neighborhoods
<20-30 m, fading away at larger scales (12-14, 25), and the
parameter o of dispersal kernels at BCI typically range at
approximately o < 40-50 m (202 is the mean square dispersal
distance from parent to surviving offspring) (38). On the other
hand, habitat conditions for trees, i.e., elevation, orientation, or
soil nutrients, vary typically at larger scales along environmental
gradients that are often related with topographical features such
as slope and elevation (22, 23, 29, 36). Details on the imple-
mentation and computer code of the heterogeneous Poisson null
model are given in the SI Text.

Note that the ISAR of a randomly distributed species corre-
sponds to the conventional species—area relationship with ran-
domly distributed circular sampling units instead of the conven-
tionally used nested disjoint rectangular sampling units. For the
relatively small neighborhoods analyzed here (<1 ha) compared
with the plot sizes (25 and 50 ha), the random sampling
approximates the SAR well.

Statistical Inference. To assess effects at different scales r, we
followed the common practice in point-pattern analysis and
constructed Monte Carlo simulation envelopes based on the 99
simulations of the two null models. If the empirical ISAR(r) was
at a given scale r larger than the second highest ISAR(r) of all 99
simulations of the null model, the species was regarded at scale
r as a diversity accumulator with an approximate « level of 0.05.
Conversely, if the empirical ISAR(r) was at a given scale r smaller
than the second smallest ISAR(r) of all 99 simulations, the species
was regarded at scale r as a diversity repellant. If the empirical
ISAR(r) was within the range of the null model, the species was
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considered neutral at scale r. However, because of simultaneous
inference, the simulation envelopes cannot be interpreted as
confidence intervals (39); the type I error (i.e., a neutral species
is regarded as accumulator or repeller) is >5%. Thus, our
estimates of the proportion of neutral species at different scales
r are conservative.

To avoid the problem of simultaneous inference, we addition-
ally used a goodness-of-fit test (21, 39) that assessed the overall
fit of the empirical ISAR curves with a given null model over a
range of scale of interest. This range was the range of scales
where significant departures from the simulation envelopes
occurred frequently for the species tested, i.e.,r = 0,.. .20 m for
the heterogeneous null model (Fig. 34) and » = 0,... 50 m for
the heterogeneous null model (SI Fig. 8). Under this test, both
the observed ISAR(r) for all scales r of interest and each of the
99 Monte Carlo simulated ISARs of a given null model are
reduced to a single summary test statistic that represents the
total squared deviation between the observed ISAR and the
theoretical ISAR across the distances of interest. If the summary
statistic computed for the observed ISAR was larger than that
of the fifth largest of the 99 simulated ISAR, then the observed
ISAR was regarded to differ significantly from a neutral ISAR
with an « level of 0.05.
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Fig. 4. Comparison of individual species-area relationships (4 and B) and species-individual
relationships (C and D) at BCI (blue) and Sinharaja (red) for different neighborhoods with
radius » around the trees of the target species. The solid lines in 4 and B give the minimal and
maximal observed values of all ISARs, respectively; the circles indicate the common SAR,
and the black line indicates the average of all ISARs at a given plot. In C and D, the mean
number of species in neighborhoods is plotted over the mean number of stems in these
neighborhoods, and the black line is the 1-to-1 line.
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Fig. 5. The range of the individual species-area relationship at different distances » from the
target tree. Note that the largest light gaps at BCI have a radius of ~20 m.
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Fig. 6. Distribution of growth forms among accumulators and repellers. At BCI and Sinharaja,
there were 22 and 12 species, respectively, with significant departure from the heterogeneous
null model (as indicated by the goodness-of-fit test for scales 0-20 m). At BCI, six (at
Sinharaja, eight) of these species acted at some scales as accumulators, twenty-one (at
Sinharaja, six) as repellers, but five (at Sinharaja, two) acted as both accumulators and
repellers. The graphs show the distribution of growth forms among all species analyzed (black
bars), accumulators (red bars), and repellers (green bars). Trees at BCI were classified as large
if they had a height >20 m, as subcanopy for 10-20 m, as understorey for 4-10 m, and as shrub
for <4 m. The BCI classification data were taken from ref. 1. The classification data for
Sinharaja were taken from ref. 2.
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Fig. 7. Spatial variability of local diversity. The figures show the spatial variation in local
diversity at neighborhoods of 5, 10, 30, and 49 m for Sinharaja (Lef?), and BCI (Center), and
the distribution function of local diversity (Right) for Sinharaja (open circles) and BCI (filled
circles). We sampled the number of species in circles with 5, 10, 30, and 49-m radii placed on
the nodes of a 4 x 4-m grid at the inner plot of each FDP (i.e., leaving a buffer of 50 m). The
figures in Right show the distributions of the circles containing a given number of species and
the fit with the normal distribution. The mean values + standard deviation at BCI are 3.9 +
1.6,11.4+2.8,49.5+6.2, and 80.5 + 6.7 for the scales 5, 10, 30, and 49 m, respectively, and
for Sinharaja 5.2 £ 2.0, 12.7 + 3.4, 42.7 + 8.7, and 66.5 + 13.2, respectively. At BCI, the
distribution function of the number of species in circular sampling areas followed, for all
neighborhoods <50 m, almost perfect normal distributions. However, pronounced habitat
heterogeneity at Sinharaja produced departures from normal distributions for neighborhoods
>30 m, and large areas of below- and above-average diversity appear. The differences in local
diversity are related to topography and differences in nutrient and moisture levels, vegetation
structure, and gap dynamics at different elevations.
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Fig. 8. Proportion of significant diversity repellents and accumulators at BCI and Sinharaja.
(4) BCI using the homogeneous null model which does not account for potential habitat
association. (B) Sinharaja using the homogeneous null model. The goodness-of-fit test applied
for the interval 0-50 m revealed that 57% of all species at BCI and 79% of all species at
Sinharaja behaved nonneutrally with respect to the homogeneous null model. The figure for
BCI is somewhat surprising because this site was originally chosen in part so that habitat
variation was minimal whereas habitat association was strong at the Sinharaja plot.



Table 1. Local dominance of the most clustered and underdispersed species, measured within

10-m neighborhoods

Local stem | Local stem | Cluster

numbers of |numbers of |tendency of

target other target Local

species species species dominance
Species nt My(7) Mio(r) Au(r) D(r)
BCI
Gustavia superba* 375 471 13.7 4.33 0.256
Socratea exorrhiza 201 |1.78 14.5 1.57 0.109
Poulsenia armata’ 451 1191 13.5 1.44 0.124
Cecropia insignis1E 161 |1.50 15.8 1.34 0.087
Croton billbergianus 62 1.26 12.9 1.19 0.089
Trichilia tuberculata’ 1,302 | 2.47 12.6 1.12 0.164
Miconia argentea 56 1.07 15.0 1.01 0.067
Guettarda foliacea 46 0.00 154 -0.05 0.000
Pterocarpus rohrii 53 0.00 15.7 -0.05 0.000
Tachigali versicolor 65 0.00 14.7 -0.07 0.000
Guapira standleyana |73 0.00 15.0 -0.08 0.000
Brosimum alicastrum' |136  |0.06 14.2 -0.08 0.004
Sinharaja
Agrostistachys hookeri |129 | 7.71 23.9 7.40 0.244
Mesua nagassariumt 1,130 | 8.52 16.8 5.88 0.336
Mallotus fucescensJr 64 5.53 20.3 5.38 0.214
Garcinia hermonii 1,154 |7.42 21.6 473 0.255
Syzygium neesianum 167 |3.29 21.1 2.90 0.135
Shorea trapezifolia 404 3.83 22.0 2.88 0.148
Shorea won‘hingz‘oniiT 169 |3.21 24.0 281 0.118
Shorea cordifolia 241 295 26.2 2.38 0.101
Shorea megistophylla |236 |2.89 24.0 2.34 0.107
Mesua ferrea'™ 186 |2.49 21.2 2.06 0.105




ny, number of stems of the target species within the inner plot; My(r), average number of stems
of the target species (symbolized by subscript t) within circles with radius » = 10 m and area
a(r) around the stems of the target species (not counting the focal stem); M;,(r), average
number of stems of all other species (symbolized by subscript 0) within circles with radius »
around the stems of the target species; A+, intensity of the target species within the inner plot.
Au(r) = Mu(r) - Ma(r) compares My(r) with the expected number of stems of the target species
within area a(r) and describes the tendency to clustering or regularity [if 4x(r) > 0, the species
has a tendency to clustering and for A4x(r) < 0, the species has a tendency to regularity], and
the local dominance of the target species is defined as D(r) = Mu(r)/[Mu(r) + My(r)]. For BCI,
the most clustered and the most underdispersed species are shown, for Sinharaja, only
clustered species are shown because at the 10-m scale, all study species had a tendency to
clustering.

*The unusually high locally density of this species occurred in a disturbed area at the northern
border of the plot.

"Species with significant departure from the heterogeneous null model, being repeller at some
scales.

*Species with significant departure from the heterogeneous null model, being accumulator at
some scales.



SI Text

Implementation of Heterogeneous Poisson Null Model. To implement the
heterogeneous null model, we first created a random pattern which was then thinned with
the spatially varying intensity function A(x, y). To determine the intensity function of the
stems of the target species, we used an Epanechnikov kernel that yields ey(d) = (3/4h)(1 —
(d/h)z) if —h <£d < h [and ey(d) = 0 otherwise], where d is the distance from a focal stem,
and h is the bandwidth (1). For a given location (x, y), the intensity function A(x, y) is
constructed by using a moving window with circular shape and radius % around location
(x, y) and summing up all stems in the circle, but weighting them with factor e,(d)
according to their distance d from the focal location (x, y). We used a bandwidth of 50 m,
thus all potential spatial structure in the pattern of the target species is removed below
scales of 50 m. An algorithm to generate a heterogeneous Poisson process by thinning of
a homogeneous Poisson process is e.g., available from the R package SpatStat (2). Below

is the Delphi code of the algorithm used here, written in Pascal.

//Bpplication of a heterogeneous Poisson null model to create a
//randomization of the pattern of target species

const // globally defined constants and variables

diml=500; //plot dimension in x-direction = 500m

dim2=500; //plot dimension in y-direction = 500m

RadiusMW=50; //Radius of moving window = 50m

rmax=50; //buffer width for edge correction

fpPoints=115; //Number of points of pattern of target species

focalpattern:array([l..115,1..2] of real = //Example for coordinates of
//target species
(( 247.0, 238.9),( 371.6, 426.5),( 69.9, 430.5), ( 1e65.1, 400.1),

193.7, 496.3),( 378.7, 170), ( 321.3, 188.1), ( 219.5, 414.8),
488.3, 320),( 29%98.1, 16.3),( 160.1, 152.2),( 261.6, 418.7),

304.2, 483.7),( 204.7, 491.7),( 326.2, 27.4),( 155.4, 474.6),
223.4, 159.7),( 289.2, 477.6),( 53.9, 369.6), ( 405.1, 451.1),

173.5, 106.5), ( 264.9, 384),( 163.1, 155.9), ( 133, 78.3),
134.1, 34.9),( 17.3, 432.7),( 330.5, 123.4),( 64.7, 410.1),
95.8, 100.9), ( 204.7, 249),( 486.3, 10.4),( 170.3, 187.9),
201.6, 495.4),( 258.3, 331.5),( 365.5, 460.7), ( 136, 444.3),
382.3, 411.8), ( 313.1, 436.7),( 276.1, 47.2),( 327.6, 246.9),
129, 51.2),( 387.6, 264.1),( 145.2, 144.5), ( 310, 432),

62.8, 370.8), ( 92.5, 405.4), ( 45.4, 134.2),( 407.7, 425.2),
106.9, 32.6),( 184.4, 66.1),( 138.4, 371.8),( 285.1, 134.5),

N~ o~ o~~~ o~~~ o~~~



121.5, 71.7),( 289.2, 327.7),( 1le6.5, 18.2),( 462.4, 102.2),
51, 164.8), ( 358.6, 199.2),( 124.2, 74.3),( 360.8, 164.8),

332.6, 233.1),( 310.2, 56.2),( 100.3, 198.4), ( 134.7, 63.8),
45.8, 373.4),( 131.1, 433.5),( 416.3, 440.3),( 370.9, 203.3),

339.9, 36),( 306.5, 137.3),( 167.3, 1l46.1),
454.2, 220.5), ( 348.9, 336.3), ( 258.5, 484),

304. 118.

466. 109.6),( 277.6, 83.3),( 364.8, 203.8),( 93.7, 40.9),
310. 264.9),( 8.7, 387.5),( 324.1, 110.7),( 258.3, 309.4),
352. 214.7), ( 353.2, 145.9), ( 413, 435.8),( 302.8, 435.1),
341. 179. ( 263, 286.2),( 387, 254.8), ( 439, 261.4),
294. 437.6), ( 352.5, 142),( 175.6, 390), ( 110.2, 81.4),

(

(

(

, (132, 34.8),( 72, 46.2), ( 358.5, 205.6),
( 352.8, 275.9

N~ o~ o~~~ o~~~ o~~~ o~~~ —~

4, 6
9, 9
9, 7
6, 4
1, 6
185.2, 211.9
331.8, 229.8
3, 4
7, )
1, 8
3, )
3, 2

266. 74.2), ), ( 253.8, 81.9),( 283.3, 64.7),
375. 165.8), ( 368.8, 161.5),( 305.1, 239.6),( 15.9, 388),
161. 70.4), ( 182.7, 103.2),( 186.2, 45.2),( 109, 2.4),
371. 254.2),( 38.5, 121.1),( 109.6, 428.6));

Function rangex (x:integer) :byte;
var
range:byte;
begin
range:=1;
if x<=0 then range:=0;
if x>diml then range:=0;
rangex:=range;
end;

Function rangey (x:integer) :byte;
var
range:byte;
begin
range:=1;
if x<=0 then range:=0;
if x>dim2 then range:=0;
rangey:=range;
end;

Function Kernel (h,x:real) :real; //the Epanechnikov kernel

begin
Kernel:= (3/(4*h))*(1 - x*x/(h*h));
end;
[/ —==== The procedure HeterogeneouPoisson creates a point pattern from a

//heterogeneous

// Poisson process based on the pattern of the target species
Procedure HeterogeneouPoisson;
var

PatternNullModell:array[l..fpPoints,1..2] of integer; //Pattern
//created with null model

lambda:array of array of single; //-the estimated intensity of pattern

//of target species at (x,Vy)

pattern:array of array of byte; //-grid representation of pattern of
//target species

il,i2,31,3j2,anzpl,i,x1,yl,anzl,nr,zahl:integer;

lmax,dist:real;

datei:textfile;



begin
setlength (lambda,diml+2,dim2+2) ;
setlength (pattern,diml+2,dim2+2) ;

/)= First step, calculation of intensity lambda of pattern of
//target species

for 11:=0 to diml+1 do

begin

for 12:=0 to dim2+1 do lambda([il,i2]:=0;
end;

//read pattern of target species and convert it into a 1m xIm grid

anzP1:=0;

for i:=1 to fpPoints do

begin

x1l:=1+trunc (focalPattern([i, 1])

yl:=1l+trunc(focalPattern[i,2])
1

14

2
pattern[xl,yl]:= pattern(xl,yl]l+1;
anzPl:=anzP1l+1;
end;

//Kernel estimate of intensity using a moving window

//the moving window visits all points in the inner plot

for il:=1 to diml do

begin

for i2:=1 to dim2 do

begin

anzl:=pattern[il, i2]; //—-—anzl points within cell (il,12), the jl-j2
//slope calculates

// the contribution of these points to the intensity at cell

if anz1>0 then // (il+7j1l,1i2+32)

begin
for jl:=-RadiusMW to RadiusMW do
begin
for j2:=-RadiusMW to RadiusMW do
begin

dist:=sqrt (jl*3j1+j2*32);

if ((dist<=radiusMW)and(rangex(il+jl)=1)and(rangey(i2+j2)=1)) then
begin

lambda[il+]Jl,i2+32] :=lambda[il+]Jl,i2+j2]+anzl*Kernel (RadiusMW,dist);
end;

end;

end;

end;

end;

end;

//normalize intensity
1lmax:=0;

for 1il:=1 to diml do

begin

for i2:=1 to dim2 do

begin



if lambda[il,i2]>1max then lmax:=lambdal[il,i2];

end;

end;

for il:=1 to diml do

begin

for 12:=1 to dim2 do lambda[il,i2]:=lambda[il,i12]/lmax;
end;

//——random points within inner rectangle ((rmax,diml-rmax), (rmax,dim2-
//rmax))

//-—are randomly thinned with intensity lambda

nr:=1;

while nr<=anzPl do

begin

x1:=rmax+trunc (random(diml-2*rmax)) ;
yl:=rmax+trunc (random(dim2-2*rmax) ) ;
zahl:=random (1000) ;

if zahl<1000*lambda[x1l,y1l] then
begin

PatternNullModell [nr,1] :=x1;
PatternNullModell [nr,2] :=y1l;
nr:=nr+1;

end;

end;

//output of intensity in ArcView ASCII format
assignfile(datei, "intensity.asc');
rewrite (datei);

writeln (datei, "'ncols 500"'");

writeln (datei, "nrows 500");

writeln (datei, 'xllcorner 1');
writeln (datei, 'yllcorner 1');
writeln (datei, 'cellsize 1');
writeln (datei, "NODATA_value -9999'");
for il:=1 to diml do

begin

for 12:=1 to dim2 do

begin

writeln (datei, lambda[il, i2]:6:5);
end;

end;

closefile (datei);

//output of pattern created with heterogeneous Poisson null model
assignfile (datei, 'nullmodel.txt"');
rewrite (datei);
for nr:=1 to anzPl do
begin
writeln (datei,PatternNullModell [nr,1]:5,"'",
PatternNullModell [nr,2]:5);
end;
closefile (datei);
end;
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