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The paradigm that tropical trees with farther seed dispersal experience lower offspring mortality is currently based on
within-species studies documenting higher survival of offspring located farther from conspecific adults and/or closer to
light gaps. We determined whether the paradigm also holds among species by comparing spatial patterns of offspring
mortality among three sympatric Neotropical rainforest tree species with the same seed dispersers but with different
dispersal abilities. First, we assessed spatially non-random mortality for each species by measuring spatial shifts of the
population recruitment curve (PRC) with respect to conspecific adults and light gaps across three early life stages:
dispersed seeds, young seedlings and old seedlings. Then, we determined whether PRC shifts were greater for the species
with short dispersal distances than for the species with greater dispersal distances. We found that the PRC shifted away
from conspecific adults consistently across life stages, but we found no consistent PRC shifts towards gaps, suggesting that
mortality was related more to the proximity of conspecifics than to absence of light gaps. PRC shifts away from adults
were greatest in the species with the lowest dispersal ability, supporting the paradigm. Differential PRC shifts caused the
spatial distribution of offspring to become almost independent with respect to adult trees and gaps in all three species,
despite large differences in seed dispersal distance among these species. Our results provide direct empirical support for
the paradigm that among tropical trees, species with farther seed dispersal are less impacted by spatially non-random
mortality than are similar species with shorter dispersal distances. Thus, greater dispersal effectiveness merits extra
investments of trees in seed dispersal ability, even at the cost of fecundity.

Seed dispersal is considered a key process determining the
spatial structure and dynamics of plant populations (Harper
1977, Nathan and Muller-Landau 2000). Dispersal deter-
mines the potential area of plant recruitment and sets the
template for subsequent processes, such as predation,
germination, competition, and growth (Schupp and Fuentes
1995, Barot et al. 1999b, Nathan and Muller-Landau
2000). For trees in relatively low-dynamic habitats such as
tropical forest, seed dispersal can enhance local recruitment
success by reducing the impact of two types of spatially non-
random offspring mortality. First, dispersal moves offspring
away from mortality factors that act in a distance-dependent
or density-dependent manner, particularly in the vicinity of
conspecific adults (‘‘predator escape’’, Janzen 1970, Connell
1971). Secondly, dispersal moves offspring towards micro-
sites where the likelihoods of establishment and survival are
greater (‘‘colonization’’, Hamilton and May 1977, Howe
and Smallwood 1982). Because light is a major limiting
factor for seedling performance and/or for reaching maturity
in the majority of tropical forest tree species, even in shade-
tolerant species (Schupp et al. 1989, Hammond and Brown

1998), light-gaps are considered a prime target for coloniza-
tion in tropical forest (Hartshorn 1978, Augspurger 1983b,
1984a, Schupp et al. 1989).

The current paradigm is that farther-dispersed species
are more effective in avoiding spatially non-random
mortality of offspring than species with shorter dispersal
distances. This idea is founded on a large body of
intraspecific studies, which show that, within tropical forest
tree species, offspring tend to have greater survival away
from conspecific adults than underneath them (reviewed by
Clark and Clark 1984, Hammond and Brown 1998),
greater survival in canopy gaps than in closed forest
(Augspurger 1984a, Howe 1990), or both (Augspurger
1983a, Schupp 1988). Several of these studies have shown
that offspring survival within species increases continuously
with either distance to conspecific adults (Augspurger
1983a, b, Augspurger and Kelly 1984, Howe et al. 1985,
Barot et al. 1999b, Gilbert et al. 2001, Russo and
Augspurger 2004), proximity of light gaps (Bazzaz and
Wayne 1994), or both (Augspurger 1984b, Schupp 1988),
supporting the farther-is-better idea. As far as we know,
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however, no interspecific study has ever shown that, among
tropical forest trees, species with high dispersal ability are
less impacted by spatially non-random mortality of off-
spring than are similar species with limited dispersal ability;
in other words, that seed dispersal in farther-dispersed
species is really more effective. Thus, direct tests of the
farther-is-better paradigm are still lacking.

This study tested for non-random mortality among
three, biologically similar tree species that share the same
dispersers but differ in dispersal potential. The two types of
spatially non-random mortality � distance-dependent and
gap-dependent � were assessed by measuring shifts in the
distance distribution of offspring � the population recruit-
ment curve (PRC) (Janzen 1970) � across life stages. Under
distance-dependent mortality, disproportionately high mor-
tality near adult trees will ‘‘cause the ( . . .) distribution of
recruits to be less clumped around adults than was the
initial post-dispersal seed shadow’’ (Janzen 1970), hence the
PRC shifts away from conspecific adults. In mathematical
terms, the median distance A of offspring to the nearest
adult at time interval t(x) behaves as At(x)�At(x�1)�At(0),
where At(0) represents the median distance between dis-
persed seeds and the nearest conspecific adult (Clark and
Clark 1984). Under gap-dependent mortality, relatively
high mortality of offspring under low light will cause
recruits to become more spatially associated with gaps than
was the initial post-dispersal seed shadow (Augspurger
1983a), or Gt(x)BGt(x�1)BGt(0), where Gt(0) represents
the median distance between dispersed seeds and the nearest
light-gap. Thus, the PRC shifts towards light gaps. If the
paradigm holds that species with farther seed dispersal are
more successful in avoiding mortality than are species with
short-distance dispersal, then the PRC in species with short-
distance dispersal should show the strongest shifts of the
PRC away from conspecific adults (escape hypothesis),
towards light gaps (colonization hypothesis), or both.

Three basic approaches for studying these demographic
patterns exist (Bohning-Gaese et al. 1999). One is to follow
natural cohorts over time (Harper 1977, Augspurger 1983a,
b, Clark and Clark 1984). Such longitudinal cohort studies,
however, are complicated by generally low seedling densities
and survival rates in tropical trees, resulting in small sample
sizes and low statistical power. A second approach is to
experimentally place different-aged offspring in contrasting
spatial arrangements and follow their fate (Augspurger and
Kelly 1984, Howe et al. 1985, Augspurger and Kitajima
1992). Disadvantages of such experimental studies are that
potentially influential background effects such as natural
seed density are difficult to control for, and that mimicking
seed distributions in a realistic way may be logistically
impossible given the large numbers typically involved. In
this study, we use a cross-sectional analysis of different
cohorts’ spatial distributions at a single time, as recom-
mended by Bohning-Gaese et al. (1999). In this approach,
the distribution of a cohort of a given age is used as a
predictor for the distribution of an older cohort (Fleming
and Williams 1990, Barot et al. 1999a, Bohning-Gaese et
al. 1999, Wyatt and Silman 2004). The implicit assump-
tion is that, within species, the distributions of cohorts
result from similar initial distributions and have experi-
enced the same post-dispersal processes, as if they represent

snapshots of a single cohort’s distribution over time (Clark
and Clark 1984).

We compared the extent of PRC shifts among three
sympatric Neotropical tree species of similar biology, with
the same seed dispersers, but with different extents of seed
dispersal. The dispersal agents are large scatter-hoarding
rodents, which disperse seeds by burying them individually
as food reserves in scattered soil surface caches. Only a
proportion of the hoarded seeds are ultimately recovered,
allowing the remainder to germinate and establish into
seedlings (Vander Wall 1990). The dispersal kernels of our
study tree species are unusually well-documented and
relatively predictable due to the nature of scatter-hoarding,
in which seeds are actively spaced out so that they are less
easily found by food competitors (Vander Wall 1990).

First, we estimated the spatial distribution of dispersed
seeds, young seedlings, and old seedlings with respect to
conspecific adults and light gaps. Then, we assessed spatially
non-random mortality by measuring the shift in the PRC
across life stages with respect to adult conspecifics and
(recent) light gaps, which respectively functioned as
hypothesized repellents and attractors of offspring. Finally,
we determined whether shifts in offspring location across
life stages are greater for the species with short dispersal
distances than for the species with farther seed dispersal.

Methods

Study site and species

Data were collected in the Nouragues Biological Reserve, a
lowland rainforest site in French Guiana, 100 km south of
Cayenne, at 4802?N and 52842?W, and 100�150 m a.s.l.
Forest and fauna at the site were pristine when we did our
study; all extant larger mammal species native to the region
� including large predators and two species of peccary
(Tayassu spp.) � occurred in natural densities. Annual
precipitation averages 2900 mm, with peaks in December�
January and April�July (Bongers et al. 2001). Field work
was carried out at the ‘‘Petit Plateau’’, a relatively flat and
homogenous area of ca 35 ha.

Our study species were three large-seeded, hard-fruited
canopy trees that are common at the study site: Carapa
procera (Meliaceae), Licania alba (Chrysobalanaceae) and
Vouacapoua americana (Fabaceae), henceforth referred to by
their genus names. Carapa produces fruits annually; Licania
and Vouacapoua produce seeds synchronously once every
two or three years (Table 1, Jansen and Forget 2001, Jansen
et al. 2004). All three species are exclusively dispersed by
scatter-hoarding rodents, especially the red acouchy Myo-
procta acouchy and the red-rumped agouti Dasyprocta
leporina (Forget 1990, Jansen and Forget 2001, Jansen
et al. 2002, 2004, unpubl.). The rodents act as dispersers by
removing seeds from below parent trees, one by one, and
burying the seeds as food reserves in shallow, spatially
scattered caches in the topsoil, each cache with a single seed.
While non-buried seeds face an almost certain death,
particularly due to granivorous insects (Voucapoua and
Carapa) and/or peccaries (all three species) and poor
rooting, hoarded seeds are relatively safe to seed predators.
Some proportion of the hoarded seeds is never recovered
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and can establish into seedlings (Forget 1990, 1994, 1996,
Jansen et al. 2004, Jansen unpubl.). Causes of mortality for
established seedlings include prolonged shading, vertebrate
attack and damping-off (Forget 1997a, b, Jansen unpubl.).
Seedlings of all three species tolerate some shade but
perform better in light gaps than in the understorey (Forget
1997a, Baraloto et al. 2005, P. M. Forget pers. comm.).

Our study species have the same dispersers and similar-
shaped seed distributions, but they vary in the extent of seed
dispersal: rodents cache Licania seeds at the greatest
distances (median ca 50 m), Vouacapoua seeds at the
shortest distances (ca 5 m), and Carapa seeds at inter-
mediate distances (23 m) (Forget 1990, Jansen and Forget
2001, Jansen et al. 2002, 2004). These differences may
reflect a differential value of the species’ seeds as long-term
food reserves for the rodents; seed size and shape are
comparable among the three species, but seed nutritional
value, mechanical protection against granivorous insects,
and time-to-germination are all lowest in Vouacapoua and
highest in Licania (Table 1, Jansen and Forget 2001).

Approach

Our approach was to 1) map the locations of young
seedlings, older seedlings, and simulated seeds with respect
to adult trees and treefall gaps; 2) analyze shifts in location
with respect to adult trees and gaps across life stages for
each species, and; 3) compare spatial shifts among the
three species and test whether shifts are smaller for the
species with farther seed dispersal than for the species with
shorter dispersal distances.

Distribution of adult trees and canopy gaps
We mapped all individuals of the study species with a
diameter at breast height (dbh)�10 cm throughout a ca

400�400 m area (15.4 ha; one poorly accessible corner
with a steep slope was excluded) from 1992 onwards (Van
Der Meer and Bongers 1996). We determined which
individuals were reproductive by checking for fruits in
tree crowns and fruit remains below trees. For Carapa, this
was done annually between 1995 and 2000 for a varying
subset of individuals; for Vouacapoua and Licania this was
done during the fruiting season of 2000, a mast year with
good fruit crops, for all individuals. Based on these
observations, we set the threshold dbh for trees to be
included as ‘‘adults’’ in our spatial analyses at 35 cm for
Vouacapoua, 30 cm for Carapa, and 35 cm for Licania. This
excluded individuals that produced few or no seeds, which
were expected not to play a significant role for distance-
dependent mortality.

Canopy gaps were mapped across 12 ha of the study area
in surveys during April 1990�May 1999 as part of a study
of canopy dynamics (Van Der Meer and Bongers 1996,
Jansen et al. unpubl.). We mapped the edges of all
‘‘expanded gaps’’ (sensu Runkle 1985), i.e. the polygons
spanned by the stem bases of all trees �20 m tall that
border the canopy opening with their crowns. No gaps had
been mapped in the north-eastern 400�100 m strip of the
16-ha tree inventory, but this zone had no canopy gaps
close to the seedling plots (see below). The approximate
time of gap formation was taken from direct observations or
the station’s logbook in which colleagues recorded new tree
falls, or estimated from the decomposition state of fallen
debris, the freshness of snapped wood and uprooted soil,
the presence and age of leaves, and the presence and size of
resprouts. Based on gap formation dates, we classified gaps
by their age at the time of seedling mapping;
0�2 yr old, 3�5 yr old, and �5 yr old. Because the census
years differed between Vouacapoua and the other two
species, the corresponding gap classifications did as well.

Distribution of seedlings
We mapped all Licania and Carapa seedlings B100 cm in
height across a 200�200 m (4 ha) area in the centre of the
400�400 m area described above in May 1999. For
Voucapoua, we used an existing mapping of seedlings across
a 250�20 m (0.5 ha) area, carried out in November 1992
(PJvdM and FB). Thus, we respected a buffer zone between
the seedling census and the border of the study area,
minimizing edge effects that could otherwise arise from
unmapped adults and gaps. In the field, we assigned
seedlings to two age classes, ‘‘young’’ (B2 yr) and ‘‘old’’
(�2 yr). In Licania, young seedlings included the cohorts
from the mass seeding year 1998; old seedlings included the
cohorts from earlier mass seeding years (1996 and before).
In Carapa, young seedlings included the cohorts from 1997
to 1998; old seedlings included the cohorts from 1996 and
earlier. In Vouacapoua, young seedlings included individuals
from the mass seeding year 1992; old seedlings included all
earlier cohorts. We based our classification on the general
appearance of seedlings (size, shoot number, leaf number
and leaf condition, stem woodiness), which we could
compare with those of individuals of varying known age
at the same study site. Also, for Carapa and Licania, we
used the presence and condition of seed remains below-
ground at the base of the seedling as indicators for seedling

Table 1. Characteristics of the three study species. Seed samples
were collected below adult trees in Nouragues in April 1996
(adapted from Jansen and Forget 2001).

Properties Species

Licania Carapa Vouacapoua

Seed production
Rhythm Masting Annual Masting
Period March�May April�June April�May
Mean (max)
crop size

400 (1200) 500 (2250) 600 (1600)

Seed nutritional value
n 25 63 50
Fresh weight (g) 28.397.5 22.999.1 36.7910.5
Dry weight (g) 9.692.6 7.593.0 16.394.8
Fat (g)1 2.4 3.7 0.2
Protein (mg)1 576 450 652
Oligo-saccharids
(mg)1

384 375 978

Energy (kJ) 1 206 224 274

Seed storage life
Seed coat type Hard Intermediate Soft
Time till
germination

�10 months 1�4 weeks 1�2 weeks

1Chemical analyses were done in duplo on a mixture of three
uninfected seeds.
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age. Although we cannot completely rule out that indivi-
duals were occasionally misclassified, this procedure is more
reliable than a classification based on height or leaf number,
as these properties overlap between age classes due to
individual variation in growth rate.

Simulations of seed rain
We assessed the initial spatial distribution of seeds by
simulating dispersal of seeds from all seed sources in the
entire 16-ha area. These simulations were based on:
1) locations and sizes of mapped trees in the study area
(this study, see above); 2) empirical relationships between
tree diameter and the likelihood of seed production (this
study, see below), and 3) empirical dispersal kernels (based
on pre-existing data, see below).

We quantified the relationship between tree diameter
and the likelihood of seed production from our observa-
tions on fruiting of all mapped trees in the study area (see
above). We found that seed production in Vouacapoua,
Carapa, and Licania occurred from 26, 17, and 16 cm dbh,
respectively, with probabilities [1�e3.8�0.12�DBH]�1 (lo-
gistic regression: n�76, Wald�19.1, pB0.001),
[1�e8.4�0.34�DBH]�1 (n�122, Wald�28.0, pB0.001),
and [1�e3.0�0.13�DBH]�1 (n�146, Wald�31.7, pB
0.001), respectively.

We quantified the dispersal kernel � the density function
describing the probability of seed dispersal to various
distances from the parent plant (Clark et al. 1999) � for
each of the three study species based on data from existing
dispersal experiments (Forget 1990, Jansen and Forget
2001, Jansen et al. 2002, 2004, unpubl.). These data had
been obtained by releasing thread-marked seeds and, after
seed removal, relocating and mapping those in the
surrounding area within a certain radius; cached seeds
were visible by thread-marks protruding from the soil (cf.
Forget 1990). The search radius varied among replicate
experiments from 10 to 50 m, depending on dispersal
distances and retrieval success, with random searches
beyond that radius. Following thread-marked seeds pro-
duces reliable dispersal distance estimates for large-seeded
species dispersed by scatter-hoarding rodents (Forget and
Wenny 2005). See Forget (1990) and Jansen et al. (2004)
for details. From these data, we calculated the probability of
seeds being dispersed beyond a given distance as the Kaplan
and Meier Product Limit Estimator, as in Jansen et al.
(2002, 2004). Tagged seeds that were not retrieved within
the search radius were included as censored observations.
This means that we acknowledged that these seeds were
dispersed farther than the search radius. Note that discard-
ing these observations would lead to a bias against far-
dispersed seeds hence underestimation of the dispersal
kernel.

To these Kaplan-Meier estimates, we fitted cumulative
Weibull functions,

F(x; k; l)�1�e�(x=l)k

where x is the distance, l�0 is a scale parameter, and
k�0 is a shape parameter. The resulting dispersal kernels
(Fig. 1) probably over-estimate rather than under-estimate
dispersal distances, as occasionally seeds at short distances
may still have been overlooked (for example, because they

lost their tag), hence not all non-retrieved seeds will have
been cached beyond the search radius. In the context of
our study, this means that the kernels are a conservative
estimate of seed proximity to their source.

We simulated seed rain across the study area by
generating seed dispersal events for all trees in the 16 ha
area with a diameter greater than the minimum reproduc-
tive size. That larger trees are more likely to produce seeds
and produce larger seeds crops was accounted for by having
the number of seeds simulated for a given tree scale linearly
with dbh above the minimum reproductive size, as:

number of seeds�p(dbh)�
�

dbh � dbhmin

dbhmax � dbhmin

�
�2500

where p(dbh) is the diameter-dependent probability of seed
production (see above), the fraction between brackets is the
relative diameter, and dbhmin and dbhmax are minimum and
maximum reproductive diameter, respectively. The number
2500 is an arbitrary maximum number of simulations that
gives a total number of simulations large enough to produce
a smooth spatial distribution for comparison. Note that the
total number of simulated dispersal events was irrelevant;
we were interested only in the relative densities of the
resulting spatial distributions.

Analyses

The distribution data were analyzed using point pattern
analysis based on nearest-neighbour distances. First, we
verified whether the distribution of adult trees in our
study area was random at the scale of seed dispersal, which
is desirable when using the distance to the nearest
adult tree as estimate of adult proximity. We used

Ripley’s (1978) K-function, K̂(d)�l�1 �E(d) in which
l is the density of points, and E(d) is the number of
neighbours within distance d from each point. We
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Fig. 1. Seed dispersal kernels (inverse cumulative frequency
distributions) for the three study species. Gray step functions are
based on empirical Kaplan Meier estimates of the probability of
seeds being dispersed beyond a given distance. The continuous
lines are fitted Weibull distributions.
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Fig. 2. Spatial distribution of treefall gaps and for trees and seedlings, of Vouacapoua (a, d), Carapa (b, e), and Licania (c, f).
(a�c) Trees �10 cm dbh in a 400�400 m (16 ha) area. Filled dots are reproductive individuals, open dots are non-reproductive
individuals; dot size varies with tree diameter; topography is shown as 10 m isoclines; the hatched area was not surveyed. (d�f) Seedlings
B1 m tall and treefall gaps in the 200�200 m (4 ha) core area (Carapa and Licania), and in a 25�200 m (0.5 ha) area (Vouacapoua).
Filled dots are young seedlings, open dots are older seedlings; large open dots are adult trees; polygons represent canopy gaps categorised
by age.
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calculated K̂(d) for 100 distances d at 1�m intervals, and
transformed it to

/L(d)�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K̂(d)=p

q
�1:

L(d)�d has expectation 0 under complete spatial ran-
domness, and is thus easier to interpret than the K-
function. Confidence intervals were generated by calculat-
ing L(d) for each of 1000 patterns generated under
complete spatial randomness (CSR), and then determining
the 0.5, 2.5, 97.5 and 99.5% quantile of L(d) for the
same 100 values of d. We used the same approach to
verify whether young seedlings were clumped more in the
species with the farthest dispersal than in the species with
short-distance dispersal, hence whether the degree clump-
ing corresponded with the extent of seed dispersal that we
had estimated.

Then, we analyzed the spatial distributions of offspring
with respect to conspecific adults and gaps. Here, we used
G-functions. G(d) is the cumulative frequency distribution
of the distances to the nearest feature (adult tree or gap
contour). We calculated the distance to the nearest

conspecific adult and the nearest gap contour for all
simulated seeds and seedlings within the sampling area, as
well as for 10 000 points generated under CSR. Distance to
the nearest gap was calculated for all gaps lumped and for
the three gap age categories separately, reasoning that young
seedlings might be associated with younger gaps, and older
seedlings with older gaps. For seeds, seedlings and random
points located inside gaps, the distance to the nearest gap
contour had a negative sign. We used the log-rank statistic
to test for differences in the G(d) functions among life
stages and the CSR distribution. The log-rank statistic
reads:

U�
Xk

i�1

(Di�Ei)

in which Di is the number of individuals found beyond
distance i and Ei is the expected number of individuals
beyond distance i (Klein and Moeschberger 1997). Under
the paradigm, the PRC shift across life stages should be
greatest in the species with short-distance dispersal.

K and L functions were calculated using the SpatialStats
1.5 module of S-PLUS 2000. Distances to nearest adults
and gaps were calculated in ArcMap 8.3. Other statistical

Fig. 3. Second-order neighbour analyses of the spatial distribution of seedlings B1 m tall and adult trees in Vouacapoua (a, d), Carapa (b,
e), and Licania (c, f). The function L(d) is a transformation of Ripley’s K, with expectation 0 under complete randomness. Broken and
dotted lines indicate 95 and 99% confidence envelopes, respectively. Positive departures of L(d) indicate aggregation, negative departures
indicate segregation of individuals, at the scale of distance d.
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analyses were done in SPSS 10.0.5 and R 2.4.0
(R Development Core Team 2005).

Results

We found fairly low densities of seedlings: 48 ha�1 for
Licania (192 seedlings), 12 ha�1 for Carapa (58), and
120 ha�1 for Vouacapoua (61) (Fig. 2d�f). The differences
among species in the clumping of seedlings as revealed by
their L-functions corresponded with their relative extents of
seed dispersal; seedlings were strongly clumped at scale
10�40 m in the poorly dispersed species Vouacapoua,
weakly clumped at scale ca 35 m in the better-dispersed
species Carapa, and randomly distributed in the best-
dispersed species Licania (Fig. 3d�f). Adult trees were not
aggregated at the scale of the median dispersal distance in
any of the study species (Fig. 2a�c); Vouacapoua adults
showed no clumping within 200 m, Carapa adults showed
some clumping of adult trees beyond 30 m, while Licania
adults showed clumping beyond 60 m (Fig. 3a�c). This
means that we can consider the distribution of adult trees in
our study area to be sufficiently non-clumped at the
relevant scale to use the distance to the single nearest adult
tree as an estimate of adult proximity to offspring.

Shifts in offspring location

The PRC tended to shift away from adults across life stages
in all species (Fig. 4a�c). The shifts were greatest in
Vouacapoua, the shortest disperser, and smallest in Licania,
the farthest disperser (Table 2), which is in agreement with
our hypothesis. In all species, the PRC differed significantly
between seed rain and young seedlings, but not between
young and old seedlings, probably due to the small numbers
of old seedlings yielding low power. The PRC shifted
towards treefall gaps across life stages in Vouacapoua and
Carapa, but not in Licania (Fig. 4d�f).

PRC shifts towards gaps were also greatest in Vouaca-
poua and smallest in Licania, but only the shift in Carapa
towards gaps was statistically significant (Table 2). Overall,
PRC shifts towards gaps were much less pronounced and
consistent than expected. We also did not find associations
between young seedlings and younger gaps, or older
seedlings and older gaps. The largest shift in Vouacapoua
offspring was towards 3�5 yr old gaps not 1�2 yr old gaps,
whereas the largest shift in Carapa offspring was towards
gaps �5 yr old, and away from 1�2 yr old gaps (Table 2).

The spatial distribution of the older seedlings with
respect to adult trees and treefall gaps did not differ from
complete spatial randomness in any of the species, despite
differences among species in the initital seed distribution.

Fig. 4. Spatial distribution of offspring with respect to adult trees (a�c) and treefall gaps (d�f) for the three study species. The G-curves
are inverse cumulative frequency distributions of the distance to the nearest adult tree or light gap. Negative distances in (d�f) refer to
locations inside treefall gaps; dotted drop lines (d�f) indicate gap edges.
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Thus, differential PRC shifts had apparently caused off-
spring distributions to become spatially random, erasing
differences among species in initial seed distribution
(Table 2, Fig. 4).

Discussion

Spatially non-random mortality, particularly related to the
proximity of conspecific adults or the absence of light gaps,
is regarded a key process in maintaining tree diversity in
tropical forests (Wills et al. 2006). Our results support the
paradigm that species with greater dispersal ability are less
impacted by spatially non-random mortality of offspring
than species with limited dispersal ability. PRC shifts in our
study � causing the spatial distribution of recruits to
become less concordant with the initial seed rain (Aug-
spurger 1983a) � were smallest for the species with farther
dispersal. Because our dispersal kernels were conservative,
we believe that this result is not an artefact of the seed rain
in our study being simulated. Also, significant shifts away
from adult trees are completely in line with theoretical and
empirical findings (Forget 1994, Barot et al. 1999a, Wyatt
and Silman 2004), although it remains inherent to our
method that we cannot rule out the possibility that the
observed differences in spatial distribution among age
classes were caused by year-to-year differences in initial
seed distribution rather than actual PRC shifts (Clark and
Clark 1984, Nathan and Muller-Landau 2000).

PRC shifts were distinct during the transition
from dispersed seeds to established seedlings, as in
Augspurger (1983b) and others (Gilbert et al. 2001).
Most early mortality in our study species was likely due
to rodents, which use the emerging sprouts as cues for
recovering buried seeds (Jansen et al. 2006); cached seeds
form their primary food source outside the fruiting season
(Henry 1999).

The spatial distribution of older seedlings with respect to
adult trees and treefall gaps resembled a completely random
distribution in all species. This suggests that non-random
mortality erased the relationship between offspring abun-
dance and adult proximity, effectively de-coupling patterns
of seed rain and seedling recruitment (cf. Herrera et al.
1994, Jordano and Herrera 1995). That the relationship
was erased in all three species, despite the interspecific
differences in initial dispersal distance, supports the
hypothesis that species with short-distance dispersal experi-
ence stronger spatially non-random mortality of offspring
than do similar species with greater dispersal abilities. Other
studies (Forget 1994, Barot et al. 1999a) also suggest that
non-random mortality can cause the spatial distributions of
offspring to gradually tend towards randomness across life
stages. However, to our knowledge, no study had shown
that such effects impact offspring spatial distributions more
strongly in species with lower dispersal abilities than in
species with higher dispersal abilities.

Escape versus gap colonization

Observed shifts in the PRC across life stages in our study
were consistently away from adult trees, as predicted by the
escape hypothesis (Janzen 1970, Connell 1971), but we did
not find consistent PRC shifts towards gaps as expected
under the gap colonization hypothesis (Salisbury 1942,
Hamilton and May 1977). This suggests that offspring
survival in our study species was determined more by
distance- and/or density-dependent mortality than by light
deficiency. Augspurger (1983a), in contrast, did find
significant shifts both away from adults and towards light
gaps in the tree Platypodium elegans. A possible explanation
for a weak gap effect in our study is that the large seed
reserves of our study species � in contrast to P. elegans �
permit seedlings to establish and survive several years under
low light conditions (Baraloto et al. 2005); high survival

Table 2. Shifts in offspring spatial distribution across early life stages for three rainforest tree species with the same seed dispersers but
different dispersal abilities (lowest in Vouacapoua, highest in Licania). Figures are mean distances of cohorts to the nearest conspecific adult
and to the nearest gap, with mean distances under complete spatial randomness (CSR) for comparison. Within groups (by column section),
values that share characters were not significantly different in pairwise Log-rank tests at a�0.05. P-values shown are for overall comparisons
among the three life phases, with significant differences in bold.

Species Life phase mean distance (m) to nearest n

gap by age class

adult gap 0�2 yr 3�5 yr �5 yr

Voucapoua seeds 9.0 A 24.6 A 44.7 A 22.2 A 61.0 A 2127
young seedlings 16.1 B 21.9 AC 39.6 AB 17.8 B 70.8 AB 40
old seedlings 26.0 BC 18.3 BC 36.8 AB 14.1 B 66.6 AB 11
CSR 31.2 C 17.7 B 33.5 B 17.2 B 68.8 B
p 0.001 0.081 0.32 B0.0001 0.30

Carapa seeds 19.0 A 21.2 A 28.7 A 36.8 A 25.1 A 10456
young seedlings 25.6 B 18.8 B 20.9 B 30.8 B 23.7 AB 33
old seedlings 32.9 BC 17.1 B 33.0 A 40.5 AC 18.5 C 25
CSR 32.7 C 19.5 B 26.1 C 34.8 BC 23.7 B
p 0.0001 0.0002 B0.0001 0.0048 B0.0001

Licania seeds 21.1 A 19.5 A 26.6 A 32.8 A 24.2 A 23359
young seedlings 26.2 B 18.6 A 24.8 AB 31.7 AC 23.1 AB 101
old seedlings 23.7 AB 19.9 A 25.3 AB 33.5 ABC 24.0 AB 91
CSR 24.4 B 19.5 A 26.1 B 34.8 B 23.7 B
p 0.0001 0.47 0.75 0.60 0.39
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under low light is a known feature of large-seeded species
(Hammond and Brown 1998). Another possibility is that
our gap inventory did not capture all variation in light
conditions relevant for survival, hence the absence of strong
gap effects does not rule out the possibility of survival being
affected by light. Also, offspring survival may increase
sharply near gaps rather than being a continuous function
of distance-to-gaps (but see Bazzaz and Wayne 1994).
Finally, animal seed vectors generally tend to avoid recently
created gaps (Schupp et al. 1989), and it is possible that
rodents also avoid gaps when caching seeds. If this is the
case, then our non-discriminatory simulations placed too
many seeds into gaps, resulting in an inflation of offspring
mortality rates in gaps.

Conclusion

This study provides empirical support for the widely held
assumption that rainforest tree species with farther seed
dispersal experience less non-random mortality than do
species with shorter dispersal distances. Seed dispersal in
species with farther dispersal appears more effective
(Schupp 1993), hence species with greater dispersal ability
may need fewer seeds to achieve a given spatial distribu-
tion of recruits than do species with low dispersal ability.
This advantage of dispersal ability merits investments in
structures increasing seed dispersal, even if those are at the
cost of fecundity.
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