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Abstract  

By comparing seed rain, seedling and sapling community structures we assessed the possible role played 
by vertebrate seed dispersal as a structuring factor in advanced regeneration of closed-canopied sites 
in the tropical rain forest of Los Tuxtlas, Mexico. Seed weight, initial morphology of seedlings and species 
abundance were also analyzed to determine if these traits influenced the probability of establishment in 
the shade. 

About half of the seed species falling in five closed forest sites (25 x 25 m) during one year came from 
fruiting trees growing within the sites (local seeds) and half from fruiting trees found outside the sites 
(immigrant seeds). Seeds of liana and upper-canopy species were over-represented among immigrant 
seeds compared with seeds of understory tree species. This probably reflects the activity of frugivorous 
arboreal mammals, bats, and birds. Species with immigrant seeds had both a lower abundance and a 
narrower spatial distribution than locally produced seeds. Therefore, immigrant seeds showed higher 
diversity values than locally produced seeds. 

Average seed size and the proportion of epigeous seedlings were similar in local and immigrant spe- 
cies. Under closed-canopied sites, factors affecting community organization seem to operate selectively, 
favoring the establishment of large-seeded, local abundant species in the advanced regeneration. How- 
ever, the fact that some saplings of immigrant species were found in the plots suggest that a slow spe- 
cies infiltration may be occurring leading to a slow shift in the advanced regeneration species compo- 
sition. We propose that the influence of seed dispersal on advanced regeneration structure depends on 
the disturbance history of the patches where seeds land. 

Nomenclature: Scientific names and authorities follow Ibarra & Sinaca (1987) 

Introduction 

During the last two decades, much attention has 
been paid to understand the role played by can- 
opy gaps in the regeneration processes of tropical 
rain forest tree communities (Denslow 1987; Old- 
eman & van Dijk 1991). These studies have in- 
dicated that seedling and sapling banks estab- 

lished before the opening of a gap are important 
to the gap-phase regeneration of the so-called 
non-pioneer or persistent species (Sarukh~n et al. 
1985; Brokaw 1985; Uhl etaL 1988; Raich & 
Christiansen 1989). However, we are only begin- 
ning to understand how this advanced regenera- 
tion originates and becomes structured. Since the 
persistent trees constitute the principal compo- 
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nent of diversity, structure and dynamics in these 
systems (Denslow 1987), this problem is an im- 
portant ecological issue. 

Seeds are a major source of propagules for rain 
forest regeneration. Seed rain falling beneath a 
mature tree is composed of seeds produced by the 
tree itself (local seeds) and by other trees (immi- 
grant seeds). Locally produced seeds represent 
potential advanced self-regeneration whereas 
those seeds arriving via dispersal agents represent 
a potential advanced immigrant-regeneration. Al- 
though we can imagine that both types of regen- 
eration take place, we don't know what propor- 
tion of the seedling and sapling banks found in 
closed-canopied sites originate from these two 
seed sources. In its final consequences, self- 
regeneration maintains a floristic forest mosaic 
whereas immigrant-regeneration may homoge- 
nize forest composition if seeds are widely dis- 
persed or may create floristic heterogeneity if seed 
dispersal is patchy. Then, forest structure must be 
the result of the combination of these two regen- 
eration alternatives and in order to better under- 
stand tropical forest structure, we must know the 
contribution of each alternative. 

In tropical rain forests the main seed vectors 
are vertebrate frugivores (Terborgh 1990). There- 
fore, frugivory is expected to be an important fac- 
tor in the organization of advanced regeneration. 
Under closed-canopies sites, low light availability 
(Pearcy 1990; Chazdon 1988), physical damage 
(Clark & Clark 1989) and natural enemies (Aug- 
spurger 1984; Dirzo 1984; Clark & Clark 1984; 
Schupp 1988a, b) are important mortality factors 
operating on seed and seedling populations. The 
probability of any species becoming established 
in advanced regeneration depends on how well its 
members can withstand mortality risks imposed 
by an environment that changes as plants develop 
from seed to later life-cycle stages. A complex of 
traits, including the initial amount of maternal 
resources (Foster, 1986; Howe 1990; Hladik & 
Miquel 1990), antiherbivore defenses (Dirzo 
1987), carbon balance (Pearcy 1990; Chazdon 
1988) and seedling size (Ng 1978; SarukhS_n et al. 
1984), determines this probability (Primack 
1990). 

The action of mortality factors as part of con- 
trolling or regulating population mechanisms, 
may have very different consequences to the or- 
ganization of advanced regeneration and to the 
structure of the whole forest community (Connell 
etal .  1984; Hubbell & Foster 1986, 1990a). If 
populations are regulated by density or frequency- 
dependent mechanisms, many species can persist 
in equilibrium. In contrast, if populations are con- 
trolled by density-independent mechanisms, di- 
versity will be the result of a balance between 
local species extinction and colonization rates, 
ruled, to a great extent, by random events (Hub- 
bell & Foster 1986). Under these non-equilibrium 
circumstances, we can expect an unpredictable 
advanced regeneration structure and composi- 
tion. In any community, however, these two sets 
of forces are present and their relative importance 
may change through space and time (Hubbell & 
Foster 1990a; Hubbell & Foster 1990b). 

In 1988 we began a long-term study whose 
aims were to identify patterns, processes and 
mechanisms involved in the organization of ad- 
vanced regeneration in the Los Tuxtlas rain forest. 
This paper presents data obtained during the first 
year. By comparison of the coexisting seed rain, 
seedling and sapling community structures we ex- 
plore: i)the contribution of immigrant seeds to 
the seed rain falling in closed canopy sites, ii) the 
contribution of immigrant seeds to the seedling 
and sapling communities in those sites and iii) the 
existence of community organization mechanisms 
during advanced regeneration. Particularly, we 
take up the following questions: To what degree 
do dispersed seeds contribute to the species rich- 
ness of the seed rain? Have seeds of trees matur- 
ing at different canopy heights the same chance to 
be dispersed? What is the contribution of these 
tree groups to the diversity of the seed rain and 
advanced regeneration communities? How does 
the initial community structure, represented by 
the seed rain, change as individuals develop to 
further life-cycle stages (i.e. seedlings and sap- 
lings)? What factors affect such transitions and 
what is their possible role in the organization of 
the advanced regeneration community? Although 
our main concern is centered on the tree commu- 



nity because ecological knowledge available for 
lianas is very limited (Putz 1983), we decided to 
include this life form in this study. In concluding, 
we discuss the possible roles played by the rela- 
tionship between seed dispersal and forest dy- 
namics in forest community organization. 

Material and methods 

This study was carried out at the Los Tuxtlas 
tropical field station in south-eastern Mexico 
(longitude 95 ° 04' latitude 18 ° 34' N). This local- 
ity represents the northernmost neotropical rain 
forest (Dirzo & Miranda 1991). Average canopy 
height is about 25 m, and tree community diver- 
sity is relatively low compared with other tropical 
rain forests (Bongers et al. 1988). However, more 
than 250 tree species, and nearly 900 vascular 
plants, have been found in the 700 ha preserve 
(Ibarra & Sinaca 1987). Information on the cli- 
mate, geology and general ecology of the locality 
can be found elsewhere (G6mez-Pompa & Del 
Amo 1985). 

We established five 25 × 25 m permanent study 
plots in relatively flat, closed canopy forest sites 
in May 1988. Plot size represented forest areas 
similar to those affected by the largest treefall 
gaps at Los Tuxtlas (Popma et al. 1988). In each 
plot, all tree and liana species greater than 1 cm 
in diameter at breast height (dbh) were recorded 
and mapped. We define saplings as trees with a 
dbh i -2  cm. Sixty four uniformly spaced points 
were located at each site. We identified and re- 
corded the species of all tree and liana crowns 
found over each point. 

To measure seed rain, we placed twelve 1 m 2 
seed traps randomly on each plot. The trap ma- 
terial was collected monthly, from June 1988 to 
May 1989, and all apparently healthy seeds larger 
than 1 mm in length were identified and counted. 
We considered the seed rain community to be 
those species recorded in the traps during the year 
period. Average seed dry weight per species was 
also determined (G. Ibarra & M. Martinez-Ra- 
mos unpubl.). 

Seedling community structure was studied at 
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sixteen 1 m 2 permanent quadrats, randomly es- 
tablished within each study plot. In June 1988, 
all seedlings and saplings < 1 m tall were identi- 
fied, counted and mapped in each quadrat. Here- 
after, these plants will be referred to as old- 
seedlings. Every three months, from June 1988 to 
May 1989, all new seedlings were recorded and 
marked in the quadrats. Hereafter, these seed- 
lings will be referred as recruited-seedlings. 

Data analyses 

Although we recorded species whose seeds come 
from fleshy and dry fruits, in the present paper we 
limited the data analyses to those species whose 
fleshy fruits or arilate seeds suggest seed dispersal 
by animals. This was done in order to assess the 
role that frugivory has as an factor influencing 
advanced regeneration. Furthermore, wind dis- 
persed species represented a minor fraction 
(<  15 ~o) of the total number of species recorded 
in the seed rain and its omission did not change 
the results obtained in the present study (Martin- 
ez-Ramos & A. Soto, unpubl.). Seed, seedling 
and sapling species were classified as belonging to 
i) trees or lianas, and coming from ii) a local or 
immigrant origin. Local species were those pro- 
duced by mature plants whose crowns were found 
within the plot or touching the plot borders, while 
immigrant species were those for which crowns of 
parent plants were completely outside the plots. 
Therefore, we assumed that immigrant species 
were brought in by animal dispersers. 

Seed, seedlings and sapling species were as- 
signed to the following tree groups: Low-Canopy 
(LC = tree species maturing at heights lower than 
10 m), Mid-Canopy (MC = tree species maturing 
at heights lower than 20 m) or Upper-Canopy 
(UC= species maturing at height taller than 
20 m). The L group included liana species. 

To determine whether rates of seed dispersal 
differ among species found at different canopy 
heights, we constructed the following hypothesis: 
The probability of detecting at least one seed at 
a given point in the forest produced by species 
found at different canopy height positions de- 
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pends only on the proportion in which these spe- 
cies are represented in the entire tree community. 
To evaluate the null hypothesis we used i)the 
community structure data (woody plants >-- 1 cm 
dbh) available for a 1 ha plot at Los Tuxtlas 
forest (Bongers et al. 1988) and ii)an intensive 
check-list of seeds and fruits produced by trees 
and liana species at the same forest (G. Ibarra & 
M. Martinez-Ramos unpubl,). From these two 
sources, only species that produce fleshy fruits or 
arillate seeds were considered. Tree and liana 
species recorded in the 1-ha plot on the one hand, 
and in the check-list on the other hand, were 
placed into the LC, MC, UC and L groups. The 
resulting proportions from the two sources were 
averaged to yield the expected random propor- 
tions for each plant group. The null hypothesis 
was tested using Chi-square tests, comparing 
the local and immigrant seed, seedling and 
sapling communities. Because of the small sam- 
ple sizes available in the majority of the study 
plots, the five plots were pooled for the statistical 
analyses. We considered local species as those 
having either seeds, seedlings or saplings and 
mature individuals in at least one of the five study 
plots. 

We calculated species richness (S = number of 
species in the sample), diversity (H' Shannon- 
Wiener Index) and equitability (J = H'/Ln (S)), by 
combining all plots. The calculations were made 
for: i) each plant group, ii) the entire tree commu- 
nity, and iii)the tree plus liana community. An 
index of species similarity was computed in order 
to estimate the probability that species recorded 
at a given life-cycle stage (seed, recruited-seedling, 
old-seedling or sapling) were also present in the 
next stage. This index measures the proportion of 
species shared by two samples (Greig-Smith 
1983). We calculated species similarity for all tree 
species and for local and immigrant species sep- 
arately. 

An indicator of the seedling shade-tolerance 
was obtained by using i) the mean dry seed weight 
per species (Foster 1986), and ii) the initial mor- 
phology of seedlings. Initial morphology was 
classified into two categories: seedlings with pho- 
tosynthetic cotyledons (PC-seedlings) and seed- 

lings with cotyledons, hypocotyl and/or en- 
dosperm functioning as reserve organs (RC- 
seedlings). The first category corresponds to the 
epigeal germination type and the second one to 
the hypogeal, semi-hypogeal and durian germina- 
tion types proposed by Ng (1978) and Hladik & 
Miquel (1990). Elsewhere, it has been shown that 
RC-seedlings, mostly emerging from large seeds, 
have a significantly higher survivorship than PC- 
seedlings under closed canopy conditions (Mar- 
tinez-Ramos 1991). 

Results 

Forest community structure in the study plots 

Two of the five study plots were located in suc- 
cessional forest patches ('building' sensu Whit- 
more 1989), and were dominated by the pioneer 
tree Cecropia obtusifolia (Moraceae). These 
patches were disturbed by the opening of tree-fall 
gaps eight and twenty years ago, respectively. The 
younger patch showed the highest frequency of 
small trees (<  5 cm dbh) of the five study plots. 
The twenty year-old patch showed highest fre- 
quencies of medium-sized trees (10-20 cm dbh). 
The other three plots were localized in forest 
patches in mature phase (sensu Whitmore 1989). 
Two of these patches were dominated by Nectan- 
dra ambigens (Lauraceae), the most abundant 
upper-canopy tree at Los Tuxtlas. The third rep- 
resented a diverse patch with trees ofFicus yopon- 
ensis (Moraceae), Pseudolmedia o xyphyllaria (Mo- 
raceae) and Cordia megalantha (Boraginaceae) as 
the species with highest total community basal 
area and crown cover (Martinez-Ramos 1991). 
The frequency of seedlings and small saplings 
(<  1 m in height) in the mature patches was sig- 
nificantly higher than in the two building forest 
patches (Z 2= 17.2, DF = 4, P<0.01; Table 1). 

Notwithstanding the above differences among 
plots, community diversity was quite similar and 
high in all of the plots (S range: 26-34, H'range: 
2.73-2.89; J range = 0.84-0.87) (Table 1). 
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Table 1. Tree community structure in the five study plots at Los Tuxtlas tropical rain forest. Patch age indicates the time elapsed 
since the last treefall detected in the plot (accordingly to Martinez-Ramos et al. 1988a). Seedling and sapling density refers to plants 
< 1 m in height. Tree density, S, H '  and J refer to plants with dbh> 1 cm. All values are given for 25 x 25 m plots. 

Plots 

1 2 3 4 5 

Patch age (yrs) > 35 > 35 20 > 35 8 
Seedling & sapling density 7,092 13,767 3,963 11,458 2,593 
Tree density 69 60 62 51 81 
Number of species (S) 31 33 30 25 31 
Shannon index (H')  2.51 2.89 2.73 2.63 2.55 
Equitability (J) 0.84 0.86 0.84 0.87 0.85 

Null hypothesis community 

One hundred and eleven tree and liana species, 
producing fleshy fruits or arillate seeds, occurred 
on the 1-ha plot, and 174 tree and liana species 
occurred in the check-list. There were no signif- 
icant differences in species frequency between 
these two sources of data when species were clas- 
sified in LC, MC, UP  and L plant groups 
Z2= 2.76, DF  = 3, P>0.50) .  When both sources 
were averaged, percentages per plant group were: 
LC = 40.6, MC = 15.7, UC = 27.3, L = 16. 

Seed rain, advanced regeneration and the null dis- 
persal hypothesis 

Seeds 
A total of 160 species in 59 families was recorded 
in the plots over the course of the study. Fifty two 
per cent (88 species) were tree and liana species 
that produce fleshy fruits or arillate seeds. The 
rest were species with dry fruits or that belong to 
other life forms (palms and herbs). 

Of the fleshy-fruited tree and liana species, 
54.6~o of the species were classified as arriving 
from outside of the plots (Table 2). This value 
varied among height groups. Lianas and UC trees 
showed the highest percentages and LC trees the 
lowest, both at an individual plot level (Table 2) 
and when all plots were pooled (Fig. 1). Immi- 
grant liana seeds, and to a lesser extend those 
produced by UC and MC trees, showed a signif- 

icantly higher species frequency than expected by 
chance (Fig. 1). When the liana group was omit- 
ted from the analysis, then LC species become 
under-represented whereas UC and MC species 
show even higher frequencies than expected by 
chance (Z 2= 6.0, DF = 2, P<0.05) .  The species 
frequency per height group in local seeds did not 
differ from those expected by chance (Fig. 1). 

Recruited-seedlings 
A total of 56 species was recorded as recruited- 
seedlings in the five plots. Immigrant seedling 
species accounted for 48.2 ~o of the total (Ta- 
ble 2). Immigrant liana seedlings tended to be 
over-represented and immigrant LC seedlings 
under-represented (Table 2). Pooling all plots, 
species frequency of immigrant liana and UC 
seedlings were significantly higher than that ex- 
pected by chance (Fig. 1). Species frequency per 
plant group in locally recruited-seedlings reflected 
the community structure of the forest (Fig. 1). 

Old-seedlings 
In the old-seedling community, 60 tree and liana 
species were found in the five study plots. Immi- 
grant species accounted for a significantly lower 
percentage (Z 2 = 3.29, P <  0.10) than locally pro- 
duced seedlings to the total number of species 
(Table 2) and, in contrast to the seed rain and 
recruited-seedling communities, species frequen- 
cies of local and immigrant height groups were 
quite similar within each plot and when all plots 
were combined (Table 2). Species frequency of 
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Table 2. Seed rain, recruited-seedling and old-seedling community species richness under five closed sites in the Los Tuxtlas rain 
forest, Mexico. LC = low-canopy (mature trees < 10 m height), MC = mid-canopy (10.1-20 m height), UC = upper-canopy (>  20 m 
height), L = lianas. I = immigrant species, L = local species. The I/T ratio measures the percentage of immigrant species out of the 
total species richness. 

Number of species by plot 

1 2 3 4 5 All plots 

I L I L I L I L I L I L 

1) Seed rain 

LC 5 1 2 5 4 7 4 5 9 1 8 12 
MC 9 2 4 4 3 2 2 3 5 3 9 6 
UC 14 5 13 6 14 6 11 8 8 6 13 14 
L 12 2 8 0 14 1 8 4 13 3 18 8 

Total 40 10 27 15 35 16 25 20 35 13 48 40 
I/T(%) 80.0 64.3 68.6 55.6 72.9 54.6 

2) Recruited-seedling 

LC 2 4 2 3 1 0 2 5 1 2 5 10 
MC 3 1 2 2 2 2 2 1 1 0 4 4 
UC 1 4 3 3 5 5 5 4 2 2 9 10 
L 4 2 2 0 6 0 3 3 0 1 9 5 

Total 10 11 9 8 14 7 12 13 4 5 27 29 
I/T(%) 47.6 52.9 66.7 48.0 44.4 48.2 

3) Old-seedling 

LC 9 8 6 9 5 6 6 5 6 5 9 13 
MC 5 2 4 1 5 2 3 3 3 2 6 5 
UC 4 5 4 4 3 4 6 4 3 6 4 10 
L 4 5 5 3 5 2 8 3 7 2 4 9 

Total 22 20 19 17 18 14 23 15 19 15 23 37 
I/T(%) 52.4 52.8 56.3 60.5 55.9 38.3 

immigrant and local old-seedlings reflected the 
community structure of the forest (Fig. 1). 

Saplings 
We pooled our data on tree saplings for statisti- 
cal analysis. For the liana group we did not take 
any sapling data. A total of 21 tree species was 
recorded in the five study plots. Immigrant spe- 
cies were the minor component of species rich- 
ness in the community (28.6~/o of the total; 
Z 2 = 3.86, D F  --- 1, P = 0.05). In the UC tree group 
no immigrant species were found. Combining im- 
migrant and local species, LC saplings showed 

the highest species frequency (42.9~/o of the total) 
whereas UC saplings showed the lowest (Fig. 1). 
These frequencies were not statistically different 
from those expected under a random distribution 
(Fig. 1). 

Changes in community structure among life-cycle 
stages 

Species richness 
A reduction in the number of species occurred 
from the seed stage to later stages (see Fig. 3). As 
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a result, only 30 ~/o of the total number of tree 
species recorded in the seed rain were also found 
in the sapling community (Fig. 2). 

Species similarity between communities repre- 
senting different life-cycle stages clearly showed 
lower values for immigrant species than for local 
ones (Fig. 2). This result suggests that transition 
probabilities among life-cycle stages are higher for 
locally produced seeds than for immigrant seeds. 

Diversity: relative abundance among species 
Associated with the decreasing species richness 
recorded from the seed rain to sapling communi- 
ties, more abundant species suffered a strong 
thinning effect. Consequently community diver- 
sity and equitability increased along this sequence 
(Fig. 3). Immigrant species were less abundant 
compared to local species in all the life-cycle 
stages. A Chi-square analysis showed that local 
height groups in all life-cycle stages had a signif- 
icantly higher frequency of common species (> 4 
individuals per species in the five plots) than did 
the immigrant groups (P<0.01). In terms of in- 
terplot frequency, immigrant species were also 

rare. Most immigrant species were found in only 
one of the five study plots. In contrast, most local 
species were widely distributed through the plots 
(Fig. 4). 

The most abundant species had different com- 
munity abundance positions in different life-cycle 
stages (Fig. 3). Small-seeded and light-demand- 
ing trees Cecropia obtusifolia (Moraceae), Lunania 
mexicana (Flacourtiaceae), Ficus yoponensis (Mo- 
raceae), and Dendropanax arboreous (Araliaceae), 
which were the most common species in the 
seed rain community, were rarely (C. obtusifolia, 
D. arboreous) or never recorded (L. mexicana, 
F. yoponensis) in later stages. This presumably re- 
flects the inability of these species to establish in 
the shade. The reduction in abundance of these 
species increased diversity in the recruited- 
seedling community (Fig. 3). Other reasons ap- 
pear to explain the changes in abundance that 
occurred in some persistent species. For example, 
the decrease in abundance of Pseudolmedia oxy- 
phyllaria (Moraceae), a large seeded (average dry 
weight: 500 mg seed 1) shade-tolerant tree and 
sixth in abundance in the seed rain community 
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Fig. 2. Index of species similarity values obtained for pair-wise comparisons between seed rain (S), recruited-seedling (RSE), 
old-seedling (OSE) and sapling (SA) communities. Values for all species are gray bars, values for local species are white bars and 
values for immigrant species are black bars. 
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Fig. 3. Dominance-diversity curves for seed rain, recruited-seedling, old-seedling and sapling communities in closed forest sites 
at Los Tuxtlas. The number of  individuals (N), species richness (S), diversity' (H') and equitability (J) are given in each case. The 
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(Fig. 3), from the seed to seedling stages was 
mainly due to seed predation by rodents (Mar- 
tinez-Ramos 1991). In comparison, Nectandra 
ambigens (Lauraceae), an upper-canopy tree 
which produces large crops of big seeds (average 
dry weight: 1800 mg seed -1) and seventh in abun- 
dance in the seed rain community (Fig. 3), suf- 
fered lower seed predation rates than P. oxyphyl- 
laria (Martinez-Ramos 1991). Thus, differences 
in the rates of seed predation between these spe- 

cies may explain why in the seedling community' 
the abundance position of N. ambigens was one 
order of magnitude higher than P. oxyphyllaria 
(Fig. 3). Supra-annual variability in fruiting be- 
havior and high seedling survivorship of Trophis 
mexicana (Moraceae) (Martinez-Ramos 1991) 
may explain why this species was not found in the 
seed rain in the year studied, whereas it was one 
of the ten most abundant species in the seedling 
and sapling communities (Fig. 3). 
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Pooling all height groups (including the lianas), 
immigrant seeds showed higher levels of diversity 
than locally produced seeds, and they were im- 
portant components of the diversity observed in 
the seed rain community (Fig. 5a). However, in 
later life-cycle stages, the relative contribution of 
immigrant seed species to overall community di- 
versity decreased (Fig. 5a). Diversity and equita- 
bility in the immigrant plants remained relatively 

constant among the different life-cycle stages but 
increased in the local plants (Fig. 5a, b). The small 
difference in diversity between local and immi- 
grant tree species observed in the seedling and 
sapling communities (Fig. 5a) was due to an in- 
crease in equitability in the local species (Fig. 5b). 
Because most species in the sapling community 
were local species (Fig. 3), local saplings were 
more diverse than immigrant saplings (Fig. 5a). 

When height groups were analyzed separately, 
few differences with respect to the above trends 
were observed. Lianas showed the highest diver- 
sity among all height groups (Fig. 5a). Among 
tree groups, UC seeds, seedlings and saplings 
showed the lowest diversity values while the high- 
est ones were found in the LC groups (Fig. 5a). 
Within the MC group, immigrant communities 
had consistently higher diversity values than local 
ones (Fig. 5a). 

Species transition between life-cycle stages and some 
of its possible determinants 

From the above results it is apparent that immi- 
grant propagules make an important contribution 
to the community structure observed in the seed 
rain and, to a lesser degree, to that of seedlings 
and saplings. Which seed species arriving at the 
forest soil eventually establish as seedlings and 
saplings? Here, we explore three life-history traits 
that can influence establishment under the shade 
conditions of the forest. Because of insufficient 
data for statistical analysis in the liana group, the 
following results include only tree species. 

Seed size 
It can be assumed that seed size is positively 
related to the amount of maternal investment per 
seed (Fenner 1985; Foster 1986). If larger mater- 
nal investments confer higher probabilities of 
seedling survival, we would expect that tree spe- 
cies producing large seeds have a higher chance 
of being represented in the seedling and later life- 
cycle stages. In fact, there was an increase in the 
average seed size per species from the seed to 
sapling communities (F3,1s8=3.57, P<0.01); 



however, the only significant difference detected 
was between the average seed size of species 
found in the seed rain and that of species found 
in the old-seedlings and saplings communities 
(Fig. 6a). A two-way analysis of variance did not 
detect a significant interaction effect on the aver- 
age seed size either between life-cycle stages and 
the origin of propagules (i.e. immigrant vs local; 
F3.154=0.72, P=0.52) nor between fife-cycle 
stages and tree groups (F6,15o = 0.70, P= 0.56). 
Finally, there was no significant difference in 
mean seed size among either LC, MC and UC 
groups (F2,156 = 0.44, P = 0.65) nor between local 
and immigrant species (F1,16o = 2.63, P = 0.11). 

Seedling morphology 
Initial morphology of tree seedlings was the sec- 
ond attribute that we analyzed. We investigated 
the idea that, under shade conditions, seedlings 
having large maternal reserves (which we termed 
RC-species) would have higher survivorship 
probabilities than seedlings with epigeous, pho- 
tosynthetic, cotyledons (PC-species). In our seed 
rain sample, species that procedure RC-seed- 
lings had significantly larger seeds (Y(+SE= 
2.81+0.11 mg [log scale]) than those pro- 
ducing PC-seedlings (X~+ SE= 1.44 + 0.13 rag) 
(t = 7.33, DF-- 60, P <  0.001). Photosynthetic cot- 
yledons should play an important role in seedling 
establishment in sunny conditions but not in 
shade conditions (Ng 1978; Hladik & Miquel 
1990; Martinez-Ramos 1991). If so then we would 
expect the ratio RC-species/PC-species to in- 
crease from the seed to sapling communities. A 
contingence table analysis made with a log-linear 
model (MacCullagh & Nelder 1983) showed that 
the ratio RC-species/PC-species differs signifi- 
cantly among life-cycle stages (Z 2 = 13.36, DF= 3, 
P < 0.001). The proportion of CR-species was not 
significantly different between the seed rain and 
recruited-seedling communities, but this propor- 
tion was significantly higher in the old-seedlings 
and sapling communities (Fig. 6b). The higher 
number of epigeous species in the seed rain (63 To 
of the total number of species) indicates that this 
type of seedling morphology predominates in the 
entire tree community at Los Tuxtlas. The fact 
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that a very similar RC/PC ratio was detected in 
the seed rain and recruited seedling communities 
indicates that species producing one or the other 
type of seedling have similar probabilities of ger- 
mination and recruitment as new seedlings. A 
contingency table analysis made with a log-linear 
model showed that the frequency of species pro- 
ducing RC- or PC-seedlings was not significantly 
different either with respect to tree canopy posi- 
tions (LC, MC and UC groups; )~z = 2.13,DF= 2, 
P >  0.10) or to origin of seeds (local or immigrant; 
Z2 = 0.84, DF= 1, P>0.10). 

Species abundance 
Abundance may determine the probability that a 
given species reaches later life-cycle stages. If 
mortality probabilities are the same for all spe- 
cies, we can expect that rare (low abundance) 
species have a higher risk of extinction than abun- 
dant species. To explore this idea, seed rain, 
recruited-seedling and old-seedling communities 
were divided in four categories: 1)local species 
recorded in the life-cycle stage i and in the next 
i stage (i.e. remaining local species -RLS-), 
2) local species whose individuals presumably 
died in stage i and therefore are not recorded in 
the stage i (i.e. extinct local species -ELS-) ,  
3) immigrant species present in the i and i stages 
(i.e. remaining immigrant species -RIS-) ,  and 
4) immigrant species present only in the i stage 
(i.e. extinct immigrant species -EIS-) .  Next, each 
of these species groups were arbitrarily divided 
into two abundance categories: 1) 'rare' species, 
with <4 individuals and 2) 'abundant' species, 
with > 4 individuals, considering population sizes 
recorded in the five study plots. With the data 
available, only these two categories were amena- 
ble to statistical analysis. To determine whether 
species frequency in each of the above four groups 
was independent of species abundance, we con- 
structed a null hypothesis by obtaining the pro- 
portion of rare and abundant species in the entire 
community for each of the life-cycle stages. These 
proportions were then multiplied by the species 
number recorded for RLS, ELS, Ris, and EIS 
groups to obtain the expected random frequen- 
cies of rare and abundant species within each 
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group. The observed and expected values were 
compared using Chi-square tests. 

In the seed rain community (immigrant plus 
local species), remaining species were predomi- 

nantly abundant; rare species were more likely to 
go extinct (Fig. 7). In the recruited-seedling com- 
munity, extinct species were also predominantly 
rare. In the old-seedling community remaining 
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species were predominantly abundant. When 
local and immigrant species were analyzed sep- 
arately, it was clear that the RLS group was sig- 
nificantly over-represented by abundant species 
in all life-cycle stages. In contrast, the EIS group 
included a significantly higher frequency of low 
abundance species in most life-cycle stages 
(Fig. 7). 

Overall, the above results suggest that abun- 
dant species have higher probabilities of being 

represented in the next stage, and that probabil- 
ity was higher for local than for immigrant spe- 
cies. However, several rare species of immigrant 
origin were also recorded in the sapling commu- 
nity (Fig. 3). Therefore, other factors besides spe- 
cies abundance alone, seem to influence the spe- 
cies persistence over time. 

Discussion 

Three major points emerged from this study: i) 
Immigrant species are a significant component of 
diversity for both the seed rain and seedling com- 
munities in closed canopy sites, ii) contribution to 
the seed rain depends on position in the canopy: 
seeds of upper-canopy trees and liana species 
were the major components of the immigrant seed 
community, and iii) under closed-canopied sites, 
factors affecting community organization seem to 
operate selectively, favoring the establishment of 
large-seeded, local abundant species in the ad- 
vanced regeneration. 

Seed dispersal, forest community structure and seed 
rain 

The estimated contribution of immigrant species 
to the seed rain based on only one year can be 
only a rough estimate, since this is an extremely 
variable phenomenon. Spatial and temporal 
changes in both the intensity of frugivory and the 
fruiting behavior of plants (Foster 1990b; Gautier- 
Hion 1990; Terborgh 1990) may effect the struc- 
ture and composition of the seed rain falling in 
different places in the forest, and over time in a 
particular forest patch. The high interpatch vari- 
ability detected in the proportion of seeds coming 
from an immigrant origin (Table 2) may be related 
to such sources of seed dispersal variation. 

More interesting, however, is the over-repre- 
sentation of tree canopy and liana species in the 
seed rain. Assuming similar crop sizes among 
trees of different heights, this pattern could be the 
result of more intense seed dispersal rates in the 
upper and mid-canopy level of the forest, where 
most fruit-eating arboreal mammal and bird spe- 
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cies feed (Terborgh 1986). At Los Tuxtlas, large 
frugivorous mammals (such as monkeys, kinka- 
jous and porcupines) and birds (such as toucans 
and parrots) rarely feed in the sparsely-distributed 
small understory trees (R. Dirzo pers. comm.). 
This suggests that a lack of dispersers is one rea- 
son why low-canopy trees were under-repre- 
sented in the seed rain. 

An alternative explanation may be related to 
differences in fecundity among tree species. We 
can expect average fecundities to increase from 
understory to upper-canopy trees due to larger 
crown sizes and better light conditions of the lat- 
ter. The few fecundity schedules available for 
rainforest trees seem to support this assertion 

(Alvarez-Buylla & Martinez-Ramos 1992). Even 
with similar seed dispersal rates in understory 
and canopy tree groups, the larger fruit crops of 
upper-canopy trees could enable a larger number 
of seeds to be dispersed per unit area. 

Lianas, which were the most frequent species 
represented as immigrant seeds, have smaller 
stem diameters than trees (Putz 1983). This might 
seem to contradict the above scenario. However, 
the rate of increase of crown-leaf area per unit of 
rate of increase in stem diameter is higher in li- 
anas than in trees, and individual lianas may have 
extensive leaf crowns spreading over several trees 
(Putz 1983). It is therefore possible that liana fruit 
crops may reach comparable sizes to those of 
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some canopy trees. This topic deserves further 
study. 

Variability of seed rain over time and space 

At Los Tuxtlas and in other rainforest localities 
(Foster 1990a; Gautier-Hion 1990), lianas, can- 
opy trees and understory species differ in their 
timing of fruit production. At Los Tuxtlas and 
Barro Colorado Island, Panama, most canopy 
species produce fruits in the rainy season whereas 
several understory species (mostly dispersed by 
migratory birds) fruit in winter (G. Ibarra pers. 
comm.; Foster 1990a). An added factor could be 
the differences in seed fall timing between canopy 
and understory trees, which could lead to tem- 
poral changes in the seed rain composition. 

The abundance and spatial distribution of 
fruiting species must also play a role in generat- 
ing diversity in the seed rain. Because most of the 
species are rare and/or have a clumped distribu- 
tion (M. Martinez-Ramos & E. Alvarez-Buylla, 
unpubl.; Hubbell & Foster 1983), we can expect 
considerable variation in the species composition 
of the seed rain falling at different forest locations. 
This expectation seems to be illustrated by the 
fact that most immigrant seed species were re- 
corded in only one of the five study plots (Fig. 4). 

Seed rain and the organization of advanced regen- 
eration 

With the exception of a few light-demanding trees 
(e.g. Ficus yoponensis, Lunania mexicana), most 
abundant species recorded as seeds were also 
present as seedlings. Even some seedlings of the 
gap-dependent tree Cecropia obtusifolia were en- 
countered, presumably because of the great abun- 
dance of seed present (Fig. 3a). The light envi- 
ronment of the closed canopy sites studied did 
not limit germination and early development of 
most species. 

In most species there was a strong numerical 
reduction in the transition from seed to seedling 
stage. Seeds experience a variety of mortality 

sources, including physiological disorders, pre- 
dispersal predation, random events such as in- 
hibitory germination by litter (V~quez-Yanes 
etal. 1990), and post-dispersal predation or 
pathogen attack (Dirzo & Dominguez 1986; 
Howe 1990). If these mortality factors act with 
the same intensity on species independently of 
their abundance, rare species (at an extreme, those 
represented by only one individual) have a higher 
chance of becoming locally extinct. However, 
frequent-independent processes did not explain 
the many rare, mostly immigrant, species that 
were found in the old-seedling and sapling com- 
munities. Poulsenia armata (Moraceae) is partic- 
ularly notable in this respect. Although an unim- 
portant species in the seed rain and seedling 
communities, P. armata was the most abundant 
species in the sapling community. Another simi- 
lar case was Pouteria sapota (Sapotaceae) (Fig. 3). 
In these species, rarity was associated with pos- 
itive sapling establishment probabilities. Similar 
results have been found for some species in other 
neotropical rain forests (Hubbell & Foster 1990a). 

Experimental evidence for the existence of reg- 
ulatory forces operating on abundant seed and 
seedling populations has been documented for 
several species in the study plots used here 
(Martinez-Ramos 1991). For example, Pseudol- 
media oxyphyllaria and Nectandra ambigens, two 
of the ten most abundant seed, seedling and sap- 
ling species in the study plots, demonstrated 
density-dependent changes in population num- 
bers although through different processes. Under 
parent trees, seeds of P. oxyphyllaria are strongly 
preyed upon by rodents. However, the widely 
scattered seedlings indicate that seed dispersal 
may confer better survival probabilities to those 
seeds falling away from parent trees. This pattern 
is similar to that of Virola surinamensis in Panama 
(Howe 1990). In contrast, seeds of the upper- 
canopy tree N. ambigens suffer considerably lower 
seed predation than P. oxyphyllaria. Approxi- 
mately half of the seeds falling under parent trees 
germinate there, forming high density populations 
of long-lived seedlings (see also Sarukhfin 1978 
and C6rdova 1985); very few seedlings are found 
away from fruiting trees. Seed dispersal seems 



not to be important for seedling establishment 
(C6rdova 1979), as in Tetragastris panamensis on 
Barro Colorado Island, Panama (Howe 1990). 
However, when N. ambigens seedling populations 
are crowded, mortality rates increase rapidly be- 
cause of seedling competition and/or pathogen 
attack (Martinez-Ramos 1991). Certainly some 
inhibitory or regulatory mechanisms operate in 
seedling populations of N. ambigens, since this 
was the most abundant species in the seedling 
community (Fig. 3) but was poorly represented as 
saplings (Fig.3). 

As a result of the thinning processes operating 
on abundant species, equitability and diversity 
increased in communities of late life-cycle stages. 
Within this trend, species that produce small 
seeds and PC-seedlings suffered the strongest nu- 
merical reduction, and most of them were not 
found at the sapling community. The increase in 
diversity from the seed rain to the sapling com- 
munity was largely due to the elimination of these 
small seeded species. On the contrary, species 
that produce large seeds and RC-seedlings seem 
to have higher rates of survival and a higher prob- 
ability of being represented in advanced regener- 
ation. A higher seed and seedling mortality rate 
operating on the most abundant large-seeded spe- 
cies also helps to explain the higher diversity 
found in the old-seedling and sapling communi- 
ties (Martinez-Ramos 1991). 

In a community context, seed size and seedling 
morphology influence the survivorship probabil- 
ities of seedlings (Fenner 1985). Actually, these 
traits are correlated; species producing small 
seeds mostly give rise to epigeous seedlings that 
die at higher rates than seedlings with high ma- 
ternal resources stored in specialized organs 
which are mainly produced by large seeded spe- 
cies (Ng 1978; Hladik & Miquel 1990). Light- 
demanding trees exhibit epigeous seedlings 
whereas most long-lived species produce large 
seeds that readily germinate in the shade (Ng 
1978; Hladik & Miquel 1991; V~zquez-Yanes & 
Oroczo-Segovia 1984, 1990). High maternal re- 
sources enable seedlings to survive and grow even 
under reduced light conditions (Howe 1990). This 
is because large seeds give rise to robust seedlings 
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(Ng 1978; Hladik & Miquel 1990; Howe & 
Ritcher 1982) which can withstand mortality risks 
imposed by physical and animal injuries (Fenner 
1985; Foster 1986). These processes are consis- 
tent with the observation that large seeded, per- 
sistent species form the largest part of the seed- 
ling and sapling communities in closed canopy 
sites. Similar patterns of seedling recruitment 
have been found in an African rain forest (Hladik 
& Miquel 1990). 

A mixture of physiological, population regula- 
tory and random factors influence the organiza- 
tion of advanced regeneration. We suggest that 
species' biology (seed size, seedling morphology, 
shade-tolerance, plant-animal interactions), more 
than random events, organizes the community at 
the seedling and sapling levels in closed canopy 
sites. 

Conclusions 

Tropical rain forests are dynamic systems. From 
the information obtained in the present study we 
suggest links between the roles of gap dynamics 
and seed sources (local versus immigrant) in the 
regeneration processes of a tropical rain forest. 
The role of immigrant seeds may depend partic- 
ularly on the type of patch where a seed lands. In 
forest patches with high canopy turn-over rates, 
such as those found along forest borders and in 
steep-sloped sites (Martinez-Ramos et al. 1988b), 
immigrant seeds will play an important role in 
generating within-patch diversity. In such sites, 
high turn-over rates do not favor the establish- 
ment of long-lived persistent trees. Therefore, ad- 
vanced regeneration of these species will depend 
on immigrant seeds. Pioneer and late-secondary 
species may dominate the structure of the patches. 
However, because seedlings of these light-de- 
manding trees do not establish in shade, seedlings 
of persistent species arriving through seed dis- 
persal will constitute a diverse seedling commu- 
nity of low abundance. In fact, the patches stud- 
ied found in the early successional stages have a 
significantly less abundant but more diverse seed- 
ling community than the patches found in the 
mature phase (Martinez-Ramos 1991). 
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At the other extreme, in forest patches with 
very low canopy turn-over rates in which long- 
lived species are established (Martinez-Ramos 
et al. 1988b), immigrant species will play a minor 
role in generating diversity. Long-lived tree spe- 
cies produce crops of large seeds (such as Nectan- 
dra ambigens at Los Tuxtlas) which in turn gen- 
erate abundant seedling banks (Martinez-Ramos 
1985). Because local species seem to have a better 
chance than immigrant species of recruiting into 
advanced regeneration, a self-regenerative path- 
way may predominate in these forest patches of 
low turn-over. As the time elapsed between dis- 
turbances increases, seedlings and saplings of 
local species eventually dominate advanced re- 
generation. When the canopy opens up, large 
seedlings and saplings may have competitive ad- 
vantages over recently emerging seedlings in 
reaching a place in the canopy (Uhl et al. 1988). 
However, the observation that some immigrant 
species do get established as saplings also indi- 
cates that there may be a slow infiltration result- 
ing in a slow shift in the species composition of 
advanced regeneration. In the long term this slow 
infiltration could lead to a floristic homogeniza- 
tion among forest patches. 

Finally, in patches with an intermediate canopy 
turn-over rate we can expect a mixture of the two 
regeneration possibilities described above. Since 
rain forests are in reality shifting mosaics of veg- 
etation patches, each one with a different disturb- 
ance history, the relative contribution of local and 
immigrant species to the seed rain community will 
change temporally and spatially. As this study 
suggests, understanding the role played by seed 
rain in community organization can be reached 
through an integrative approach, by studying the 
processes and mechanisms that govern the fate of 
seed populations as they advance from one life- 
cycle stage to the next. 
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