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SEEDLING FUNCTIONAL TYPES IN A LOWLAND RAIN 
FOREST IN MEXICO' 

GUILLERMO IBARRA-MANRIQUEZ,2 MIGUEL MARTINEZ RAMOS, AND 
KEN OYAMA 

Departamento de Ecologfa de los Recursos Naturales, Instituto de Ecologia, Universidad Nacional Aut6noma de Mexico, 
Antigua Carretera a Pitzcuaro 8701, Ex-Hacienda de San Jose de la Huerta, 58190, Morelia, Michoacin, Mexico 

Seedling morphology of 210 species (173 trees and 37 lianas) was studied from a community perspective to identify major patterns 
of seedling functional types in a Mexican rain forest. Five types of seedlings were distinguished: cryptocotylar with reserve storage 
or absorption cotyledons (epigeal [CER] and hypogeal [CHR]), phanerocotylar epigeal, either with photosynthetic cotyledons (PEF) 
or with reserve storage or absorption cotyledons (PER), and phanerocotylar hypogeal with reserve cotyledons (PHR). The most common 

seedling type was PEF (49.5%), followed by CHR (31.4%), PER (9.5%), PHR (7.2%), and CER (2.4%). Excepting the CER type, 
seedling type frequencies did not differ between trees and lianas. The PEF seedlings had the lightest seeds, whereas CHR seedlings 
had the heaviest ones. Pioneer trees showed lighter seeds than persistent trees or lianas in species with PEF but not in species with 
PER. Pioneer trees (38 species) showed three seedling types and the most common was PEF (82%). Persistent trees (135 species) 
showed the five seedling types but PEF (43%) and CHR (37%) were the most frequent. Seedling type frequencies differed among 
dispersal syndrome groups. The animal dispersal syndrome was significantly more frequent in species with CHR. Our results show an 

evolutionary convergence of seedling types at the community level worldwide and the existence of a phylogenetic inertia in the 
evolution of initial seedling morphology. A comparison among eight tropical communities indicated on average that PEF is the most 

frequent type and CER the least common, although the relative frequency of each seedling type differs among communities, particularly 
between Neotropical and Paleotropical sites. 

Key words: angiosperm phylogeny; lianas; Mexico; seed dispersal; seedlings; seed size; trees; tropical rain forest. 

Seedling emergence and establishment are critical early 
plant life cycle stages (e.g., Harper, 1977; Angevine and Cha- 
bot, 1979; Silvertown et al., 1993). Attributes of newborn 
seedlings such as size, function, position of cotyledons, and 
amount of maternal seed reserves may be crucial to capture 
resources, to cope with mortality agents, and to a plant's Dar- 
winian fitness (e.g., Fenner, 1985). This suite of attributes con- 
stitutes the so-called initial seedling morphology or seedling 
type. Recently, an increasing interest has been directed to un- 
derstand the evolutionary, functional, and ecological signifi- 
cance of these plant life history traits (e.g., de Vogel, 1980; 
Duke and Polhill, 1981; Hladik and Miquel, 1990; Kitajima, 
1992, 1996; Leishman, Westoby, and Jurado, 1995; Garwood, 
1996). 

Different taxa tend to exhibit similar seedling types, sug- 
gesting the existence of a high degree of evolutionary con- 
vergence among distantly related taxa (e.g., Duke, 1965, 1969; 
Ng, 1978; del Amo, 1979; de Vogel, 1980; Barrera, 1985). In 
the literature on seedling morphology, different classifications 
have been provided. Most authors had proposed species clas- 
sification using 2-5 types of seedlings (Duke, 1965, 1969; Ng, 
1978; Garwood, 1983, 1996; Miquel, 1987; Hladik and Mi- 
quel, 1990). Recently, Garwood (1996) reviewed these clas- 
sifications and established five seedling categories, which en- 
compass most seedling morphological species variation, de- 
pending on the cotyledon's function and position. Although all 

classifications are not 100% precise in defining a species seed- 
ling type, they have proved to be very useful in understanding 
the functional and ecological significance of initial seedling 
morphological traits (Garwood, 1996). 

In tropical forests, the adaptive value of different seedling 
types has been explored analyzing seedling performance under 
environmental conditions that characterize open and closed- 
canopy (mature) forest patches. Seedlings of different types 
have different light requirements (de Vogel, 1980; Fenner, 
1985). Seedlings that establish under shaded conditions often 
possess large amounts of seed reserves, which increase the 
probability of survival under light-limited conditions (e.g., 
Howe and Richter, 1982; Fenner, 1985; Foster, 1986; but see 
Metcalfe and Grubb, 1995). In contrast, seedlings of secondary 
forest species, which do not survive under the shade, have 
small seed reserves and photosynthetic cotyledons that enable 
them to grow fast in light-rich environments (Ng, 1978; Foster 
and Janson, 1985; Foster, 1986; Garwood, 1996; Kitajima, 
1996). Some secondary herb species, like those in the Heli- 
coniaceae and Zingiberaceae, have an endosperm or perisperm 
with high-quality reserves (Garwood, 1996). 

The initial morphology of seedlings is associated with seed 
size and dispersal capacity (Augspurger, 1984; Martinez-Ra- 
mos and Soto-Castro, 1993; Garwood, 1996). For example, 
establishment of seedlings depends on interactions between 
forest environmental heterogeneity, seed dispersal, seed bank 
dynamics, and functional traits of seedlings (e.g., Alvarez- 
Buylla and Martinez-Ramos, 1990). At Los Tuxtlas, seedlings 
of tree species differing in initial morphology exhibited dif- 
ferential growth between gaps and mature forest (Popma and 
Bongers, 1988). Although all species showed increasing 
growth with light, species with epigeal seedlings and small, 
widely dispersed seeds have higher relative growth rates and 
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grew faster in biomass than hypogeal seedlings of large-seeded 
but poorly dispersed species. 

Two routes may be taken to approach the analysis of the 
ecological significance of initial morphology of seedlings. One 
is the study of functional (e.g., morphological, physiological, 
and demographic) behavior of seedling types in different en- 
vironments (e.g., Augspurger, 1984; Foster, 1986; Popma and 
Bongers, 1988; Ellison et al., 1993; Metcalfe and Grubb, 1995; 
Grubb and Metcalfe, 1996; Kitajima, 1996). The other is the 
use of a comparative approach, where general patterns of seed- 
ling establishment and seedling types are explored within and 
between communities (e.g., Hladik and Miquel, 1990; Marti- 
nez-Ramos and Soto-Castro, 1993; Garwood, 1996). Studies 
of the latter type have been done, for example, in a Malaysian 
evergreen forest (Ng, 1978), a semideciduous forest on Barro 
Colorado, Panama (Garwood, 1983), and an evergreen forest 
in Gabon, Africa (Miquel, 1987; Hladik and Miquel, 1990). 

In this paper we approach the comparative study of seedling 
types using a set of 210 woody plant species from Los Tuxtlas 
rain forest, Mexico. We explore seedling type frequencies in 
relation to ecological attributes because different seedling 
types may be a sign of physiological adaptations for establish- 
ment in plants that differ in habit, vectors of dispersion, or life 
history. We also expect that phylogenetic relatedness among 
species may restrict such ecological variability. We addressed 
the following questions: (1) Does the frequency of seedling 
types vary among species differing in seed size, life form, 
dispersal syndrome, and successional position? (2) Is the fre- 
quency of seedling types associated with species taxonomic 
affinity? (3) Is the seedling type spectrum at Los Tuxtlas sim- 
ilar to that in other tropical forests? 

MATERIALS AND METHODS 

Study site-This study was conducted at La Estaci6n de Biologia Tropical 
Los Tuxtlas located in southeastern Mexico in the state of Veracruz. This 640- 
ha reserve belongs to the National University of Mexico (UNAM). The mean 
annual precipitation is 4560 mm, and the mean annual temperature is 23.70C. 
The predominant vegetation is classified as lowland tropical high evergreen 
rain forest (Bongers et al., 1988; Ibarra-Manrfquez et al., 1997). For a detailed 
description of Los Tuxtlas see Gonzfilez-Soriano, Dirzo, and Vogt (1997). 

Classification of seedling types-Seeds of 173 tree and 37 liana species 
were gathered in different months during several years (1982-1991). This 

sample size is comparable with those reported in other communities (Gar- 
wood, 1996). Although these species did not represent the entire flora, they 
are a representative sample of the woody community. Our study at Los Tuxtlas 
included the most common trees and lianas and represent -50% of the 412 
woody species described in the area, which consists of 298 trees and treelets, 
23 shrubs, and 91 lianas (Ibarra-Manrfquez and Sinaca-Colin, 1995, 1996a, 
b). Seeds were cleaned, measured, and germinated in greenhouses (metallic 
frames covered with transparent nylon mesh with 4-mm2 apertures) in sun 
and shade conditions at the Estaci6n de Biologfa Tropical Los Tuxtlas. Seed- 
lings were classified (see below), harvested, and dried for herbarium collec- 
tion. A complete collection of plant specimens was deposited in the Herbario 
Nacional (MEXU) of the Instituto de Biologfa, UNAM and in the local her- 
barium at Los Tuxtlas station. Voucher numbers are available as supplemen- 
tary material (http://ajbsupp.botany.org/v88/ibarra-manriquez.html and http:// 
ajbsupp.botany.org/v88/ibarra-manriquez.xls). All seedling specimens have 
their respective voucher of mature plants (including seed collection) deposited 
at these herbaria (see Ibarra-Manrfquez and Sinaca-Colin, 1995, 1996a, b). 

Seedlings were classified according to the position (length of hypocotyl), 
exposition (cotyledons covered or uncovered by the seed coat), and function 
(cotyledons with photosynthetic or storage capacity), following the classifi- 
cation proposed by Garwood (1996). The terms epigeal and hypogeal refer 

to the position of cotyledons above vs. at or under ground level, respectively. 
The terms phanerocotylar and cryptocotylar refer to exposed and hidden cot- 
yledons, respectively. Functionally, cotyledons may be leaf-like green (pri- 
marily photosynthetic) or fleshy food-storing (or endosperm absorbing) or- 
gans. Although eight different seedling types are possible combining these 
three criteria, only five seedling types are recognized: (1) PEF, phanerocotylar 
epigeal with foliaceous cotyledons; (2) PER, phanerocotylar epigeal with re- 
serve storage or absorption cotyledons; (3) PHR, phanerocotylar hypogeal 
with reserve storage or absorption cotyledons; (4) CHR, cryptocotylar hy- 
pogeal with reserve storage or absorption cotyledons; and (5) CER, crypto- 
cotylar epigeal with reserve storage or absorption cotyledons (Fig. 1). Both 
cryptocotylar hypogeal with photosynthetic cotyledons and cryptocotylar epi- 
geal with photosynthetic cotyledons are seedling types biologically not pos- 
sible, while phanerocotylar-hypogeal with photosynthetic cotyledons has been 
not recorded yet. 

Seed size measurements and dispersal syndrome--We obtained -30 seeds 
per species in order to assess species average seed dry mass. Seeds were 
obtained from mature fruits, cleaned, dried at 60'C, and weighed. In this study 
seeds are defined in a wide sense (i.e., diaspores), and they can include strictly 
seeds or also seeds together with some fruit structures, for example, the en- 
docarp in the case of the genus Calatola (Icacinaceae). The dispersal syn- 
drome of each study species was deduced from traits of the diaspores (fruits 
or seeds) and field observations. Fruits dispersed by birds and mammals in- 
cluded fleshy fruits or arillate seeds. The wind-dispersed species are those 
with fruits or seeds with laminar expansion like wings or trichomes. Explosive 
species possessed generally capsular fruits that eject their seeds at varied 
distances from the maternal plant. Species without any apparent characteristic 
described above were classified as dispersed by gravity. The association be- 
tween seedling type and dispersal mode was assessed contrasting species with 
fleshy fruits or arillate seeds (basically bird and mammals dispersal) vs. non- 
animal dispersal modes (wind, explosive, and gravity). This simple compar- 
ison was done because sample size was very small for the nonanimal dispersal 
mode. 

Successional status of plant species-Recognizing that there is no univer- 
sally accepted categorization for tree regenerative guilds in the tropics (Swai- 
ne and Whitmore, 1988), species were classified in two groups (pioneer and 
persistent or nonpioneer) based on their autoecology and the position they 
occupied in the natural regeneration of the forest. We followed the terminol- 
ogy used by Martinez-Ramos, Alvarez-Buylla, and Sarukhain (1989) from 
their demographic analyses in the same forest of Los Tuxtlas. Pioneer species 
mature and reproduce only under conditions of open light, as in large tree 
gaps, disturbed areas, or near cultivated lands. These plants may persist in 
the forest under more diffuse light such as older light gaps or the periphery 
of recent light gaps. Persistent species (nonpioneer) establish, and in some 
cases can mature and reproduce, under conditions of shade after the canopy 
has closed. 

Statistical analyses-We used analysis of deviance (ANDEVA) to test sin- 
gle and interactive effects of life form (lianas, canopy, and subcanopy trees), 
dispersal mode (animal vs. others), and successional status (pioneer vs. per- 
sistent) on frequency of seedling types. In all analyses, we used Poisson error 
and log-link function as suggested for count variables, and when needed, 
overdispersion was corrected by appropriate scaling (Crawley, 1993). To test 
differences in seed mass among seedling types and life forms, we used one- 
way ANOVA transforming seed dry mass data into logarithms. Comparison 
of seedling type frequencies among different tropical communities was done 
using a log-linear model following GLIM procedures (Crawley, 1993). 

To assess the influence of species phylogenetic relations on seedling type 
frequencies we performed two different analyses. At the family level, we 
obtained the relative frequency of families with species sharing the same 
seedling type as a function of the number of species per family. We grouped 
separately families with 2, 3, 4, 5-7, and 8-16 species. The last two broader 
categories were defined due to the small number of speciose families. For 
each group we obtained the proportion of families species of which have the 
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Fig. 1. The five seedling types (species with their family between parentheses): (1) CER, cryptocotylar epigeal with reserve storage or absorption cotyledons 
(Omphalea oleifera, Euphorbiaceae); (2) CHR, cryptocotylar hypogeal with reserve storage or absorption cotyledons (Pseudolmedia oxyphyllaria, Moraceae); 
(3) PEF, phanerocotylar epigeal with foliaceous cotyledons (Psychotria faxlucens, Rubiaceae); (4) PER, phanerocotylar epigeal with reserve storage or absorption 
cotyledons (Erythrina folkersii, Fabaceae); (5) PHR, phanerocotylar hypogeal with reserve storage or absorption cotyledons (Cojoba arborea, Mimosaceae). 
The original drawings were taken from del Amo (1979), all at scale 1 cm. 

same seedling type. These proportions were contrasted with those generated 
by a null model, constructed by randomly sorting seedling types among fam- 
ilies keeping the number of species per family constant. We ran this model 
100 times and obtained the mean proportion of each group (+ confidence 

interval). At clades higher than family level, we performed a correspondence 
analysis (Orden 2.0; Ezcurra, 1992). A matrix was constructed using seedling 
types as columns and families as rows; the number of species per family 
recorded by seedling type was used as cell frequency. For this analysis, only 
families with more than three species were used. We allocated families to 

high-order clades based on the angiosperm phylogenetic tree provided by 
Soltis, Soltis, and Chase (1999). Those few families that were not present in 
this tree were assigned to clades based on taxonomic and phylogenetic criteria 

given in Bhattacharyya and Johri (1998) and Judd et al. (1999). Finally, seed- 

ling type spectrum was obtained categorizing species in the following high- 
order clades: Eumagnoliids, Eurosid I, Eurosid II, Euasterid I, and Euasterid 
II. The resulting seedling type spectrum was mapped in the angiosperm phy- 
logenetic tree provided by Soltis, Soltis, and Chase (1999). Statistical devia- 
tion of the seedling type spectrum of each clade, with respect to the one 
obtained pooling all species, was tested using chi-square analysis. 

RESULTS 

In total, seedlings of 173 tree and 37 liana species were 
successfully raised and classified. Species information on life 
form, seedling type, successional status, seed size, and mode 
of dispersal are available as supplementary material (http:// 
ajbsupp.botany.org/v88/ibarra-manriquez.html and http://ajbs- 
upp.botany.org/v88/ibarra-manriquez.xls) 

Seedling types and life forms-Tree and liana groups did 
not differ in frequency of seedling types as the interaction 
seedling type X life form was not significant (X2 = 6.9, df = 
3, P > 0.05; the degree of freedom is three because we did 
not considered the CER type as it was not recorded in the 
liana group). The most common seedling type was PEF for 
both groups, followed by the CHR type. The CER seedling 
type was present in only five tree species (Faramea occiden- 
talis, Rubiaceae; Malmea depressa, Annonaceae; Omphalea 
oleifera, Euphorbiaceae; Trichilia martiana, Meliaceae; and 
Pimenta dioica, Myrtaceae). We did not find significant dif- 
ferences in frequency of seedling types between canopy and 
subcanopy trees (X2 = 3.96, df = 4, P > 0.25). 

Seedling types and seed size-Average species seed mass 
varied from 0.001 to 22.5 g dry mass, although -50% of 
species have seeds with masses between 0.13 and 1.03 g. Seed 
mass varied significantly among seedling types (F4,180 = 30.3, 
P < 0.001). The PEF seedlings had significantly lighter seeds, 
while CHR seedlings had heavier ones. The PHR, CHR, and 
CER seedlings did not differ in seed mass from each other 
(Fig. 2a). Comparing this characteristic among pioneer trees, 
persistent trees, and lianas, we found significantly lighter seeds 
in pioneer than persistent trees or lianas in species with PEF 
seedlings (F2,86 = 11.0, P < 0.001; Fig. 2b) but not among 
species showing PER seedlings (F2,12 = 1.1, P > 0.25; Fig. 
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Fig. 2. Seed dry mass variation among species at Los Tuxtlas rain forest, Mexico (seed mass measured in grams). Variation partitioned (a) among seedling 
types, (b) among plant groups sharing PEF seedling type, and (c) among plant groups sharing the PER seedling type. Categories with the same letter were not 
significantly different at P > 0.05. 

2c). The latter result, however, may be attributable to the small 
sample size analyzed. 

Seedling types and mode of dispersal-The ANDEVA 
analysis showed that seedling type spectra differ between spe- 
cies with different dispersal syndrome, as indicated by the sig- 
nificant interaction between seedling type and dispersal mode 
(X2 = 25.4, df = 4, P < 0.001). Overall, species with CHR 
seedlings showed a predominantly animal dispersal syndrome 
(Fig. 3a). Among tree species, animal dispersal mode was sig- 
nificantly associated with the CHR seedling type while the 
same situation occurred between nonanimal dispersal mode 
and the PEF seedling type (Fig. 3b). Among lianas, CHR seed- 
lings were overrepresented. This pattern was not random as 
indicated by the significant dispersal mode X seedling type 
interaction (X2 = 12.2, df = 3, P < 0.001). 

Seedling types and successional status-Considering tree 
species, 38 were classified as pioneer species and 135 as per- 
sistent species. Among the species found in the former group 
we recorded all seedling types, but among pioneer species we 
did not find the PHR and CER seedling types. Excluding these 
two last types, PEF seedlings were significantly overrepre- 
sented among pioneer species and CHR seedlings among per- 
sistent species (Fig. 4a), as indicated by the significant seed- 

ling type X successional status interaction in the ANDEVA 
analysis (X2 = 42.3, df = 2, P < 0.001). Pioneer tree species 
did not show significant differences in frequency of seedling 
types (PEF and PER) between dispersal syndrome groups (X2 
= 0.88, df = 1, P > 0.25; Fig. 4b). Among persistent trees 
(Fig. 4c), species with the animal-dispersal mode showed sig- 
nificantly higher frequency of the CHR seedling type and sig- 
nificantly lower frequency of the PEF seedling type than non- 
animal dispersed species (X2 = 19.9, df = 4, P < 0.005). 

Seedling type spectra and taxonomic relations-The PEF 
seedling type was significantly most frequent, CHR was in- 
termediate, and CER was significantly less common (X2 = 
133.9, df = 4, P < 0.0001; Table 1). The 210 study species 
belong to 65 families; the most common families were Big- 
noniaceae (16 species), Fabaceae (13 species), Rubiaceae (13 
species), Mimosaceae (10 species), and Arecaceae (nine spe- 
cies). Twenty-four families had only one species, and 47 fam- 
ilies (72.3 %) had less than three species. The most speciose 
genera were Psychotria (seven species, Rubiaceae), Chamae- 
dorea (six species, Arecaceae), Inga (five species, Mimosa- 
ceae), and Eugenia (four species, Myrtaceae). A large propor- 
tion of diversity of woody plants at Los Tuxtlas forest is con- 
tained in many genera (159) with less than three species (see 
supplementary material). 
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Fig. 3. Association between seedling type and dispersal mode at Los Tuxtlas rain forest, Mexico. Dispersal mode variation among seedling type categories 
is shown for: (a) the whole study community, (b) tree species, and (c) liana species. Categories with the same letter were not significantly different at P > 
0.05. 

The two most common families have different representa- 
tion in life forms and seedling types. Bignoniaceae was a very 
diverse family with 13 genera, including 14 liana and 2 tree 
species; it had three types of seedlings (eight species with PEF, 
six species with PHR, and two with PER). In the Fabaceae, 
represented by 11 genera with 13 species (12 trees and 1 lia- 
na), we found all seedling types except CER. In contrast, at 
least 18 families had few genera and had only one predomi- 
nant seedling type. For example, in Lauraceae (four genera, 
seven species) and Arecaceae (four genera, nine species), all 
species have CHR seedlings (see supplementary material). 

Within genera, there were a limited number of seedling 
types. For example, all seven Psychotria (Rubiaceae) species 
showed PEF seedlings. Within Acacia (three species) and Inga 
(four species) all the species of these Mimosaceae genera share 
the same seedling type (PER and CHR, respectively). Twenty- 
nine genera have two or more species; in 25 genera, species 
shared the same seedling type (86.2%). In only four genera 

(Lonchocarpus, Pouteria, Senna, and Trichilia), we find more 
than one seedling type. 

Taxonomically, families represented by only two species 
had higher probability to have species with the same seedling 
type than speciose families, i.e., those represented by more 
than four species. The null model also produced this pattern, 
but the observed probabilities were significantly higher than 
that expected by random (Fig. 5). Even the families with more 
species (e.g., Arecaceae, Lauraceae, and Rubiaceae; see sup- 
plementary material) have notoriously higher probability to 
have species with same seedling type than that expected by 
random. 

Correspondence analysis showed that taxon affinities at 
high-order clades partially clear up the differences in seedling 
type frequencies among families; the first two axes explained 
76% of total variance (Fig. 6). Families in the Eumagnoliid 
clade did not have PHR and PER seedling types, families in 
the Rosid clade (Eurosid I and Eurosid II) were underrepre- 
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Fig. 4. Seedling type spectrum variation among successional and dispersal mode tree groups at Los Tuxtlas rain forest, Mexico. Variation of seedling type 
frequencies is shown between (a) pioneer and persistent tree species, (b) dispersal modes in pioneer tree species, and (c) dispersal modes in persistent tree 
species. Categories with the same letter were not significantly different at P > 0.05. 

TABLE 1. Percentage of species with different seedling types at nine tropical localities (modified from Garwood, 1996). Seedling types: PEF 
(phanerocotylar epigeal with foliaceous cotyledons), PER (phanerocotylar epigeal with reserve storage or absorption cotyledons), CHR (cryp- 
tocotylar hypogeal with reserve storage or absorption cotyledons), PHR (phanerocotylar hypogeal with reserve storage or absorption cotyledons), 
and CER (cryptocotylar epigeal with reserve storage or absorption cotyledons). The PR column gives percentage of species with cotyledons 
functioning as reserve organs, lumping species with PER, CHR, PHR, and CER seedling types. The last column indicates species sample size 
for each locality. The values of CHR and PHR for Guadeloupe site were obtained from Fig. 3.2 in Garwood (1996). After x2 tests, significant 
deviation of each locality from the average seedling type spectrum (bottom) is indicated by * (P < 0.005). For each locality, significant 
deviation frequencies are indicated in boldface type. 

Site PEF PER CHR PHR CER PR N 

Mexico* 49.5 9.5 31.4 7.2 2.4 50.5 210 
Guadeloupens 51.0 15.7 22.0 9.3 2.0 49.0 102 
Panamans 42.9 16.1 28.8 8.8 3.4 57.1 205 
Puerto Ricons 48.1 18.1 23.8 8.8 1.3 52.0 160 
Venezuela* 56.2 19.6 14.4 7.2 2.6 43.8 194 
Indonesia* 32.7 18.7 28.7 12.0 8.0 67.4 150 
Malaysia* 34.8 29.0 18.6 10.0 7.6 65.2 210 
Gabonns 39.0 24.8 21.9 9.0 5.2 60.9 210 
Nigeria* 34.5 43.4 11.5 7.1 3.5 65.5 113 
Means ? SE 43.2 ? 2.8 21.7 ? 3.3 22.3 ? 2.2 8.8 ? 0.5 4.0 ? 0.8 56.8 ? 2.8 
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sented in CHR and PHR seedling types, while families in the 
Asterid clade (Euasterid I and Euasterid II) had predominately 
the PEF seedling type. However, some families belonging to 
different clades had similar seedling type frequencies; for ex- 
ample, Asteraceae (Euasterid II), Boraginaceae (Euasterids I), 
Flacourtiaceae (Eurosid I), and Piperaceae (Eumagnoliids) 
showed PEF seedlings (Fig. 6). 

Mapping seedling type spectra of high-order clades into the 
angiosperm phylogenetic tree reinforced the results (Fig. 7). 
With respect to the seedling type spectra of all the sampled 
species, Eumagnoliids had a significantly higher frequency of 
CHR seedling type, and none of the species with PER and 
PHR seedling types were represented in this clade. Eurosid 
clades showed the same seedling type spectrum as that of the 
whole-species sample. Finally, Asterid clades showed signifi- 
cantly higher frequency of species with the PEF seedling type, 
particularly the Euasterid II clade, which did not have PER, 
PHR, and CER seedling types (Fig. 7). 

Seedling type spectrum in Neotropical and Paleotropical 
rain forests-Species with PEF and CHR seedlings were pre- 
dominantly abundant in the seedling type spectrum at Los Tux- 
tlas, while CER and PER seedlings had the lowest values (Table 
1). An ordination analysis by principal components, based on 
the locality X seedling type matrix provided in Table 1, showed 
that along principal component 1, which explained 87.2% of 
the variance in seedling type spectra among sites, the Neotrop- 
ical localities tended to have higher frequencies of PEF and 
CHR seedling types, while the Paleotropical localities displayed 
higher frequency of PHR, CER, and PER seedling types (Fig. 
8). Indeed, considering the first principal component, there was 
a significant difference in average locality scores between Neo- 
tropical and Paleotropical sites (Mann-Whitney U = 20.0, P = 
0.008). This difference was mostly due to the overrepresentation 
of the PEF seedling type in the Neotropical sites (Table 1). On 
average, the proportion of species with photosynthetic cotyle- 
dons (only the PEF seedling type) is higher in the Neotropical 
localities (mean ? SE = 49.5 ? 2.2) than in the Paleotropical 
ones (35.3 ? 1.3; Table 1), which is a quite significant differ- 
ence (Mann-Whitney U = 20.0, P = 0.017). The second prin- 
cipal component, which explained 10.6% of variance among 
localities, showed a strong variation of seedling type spectra 
within regions. For example, Venezuela tends to be isolated 
from the rest of the Neotropical sites due to its high frequency 

of PEF seedling type, and Indonesia tends to be isolated from 
the rest of the Paleotropical sites because of its high frequency 
of CER and CHR seedling types (Fig. 8, Table 1). 

DISCUSSION 

Ecological correlates and adaptive significance of seedling 
types-Hladik and Miquel (1990) suggested that the variety 
of morphological structures and physiological adaptations in 
seedling development is related to the heterogeneous structure 
of tropical forests, although few studies have demonstrated 
such association. Popma and Bongers (1988) showed that PEF 
seedlings generally grew faster than seedlings with other types 
when they were exposed to increased light. Strauss-Debene- 
detti and Bazzaz (1991), working with congeneric species of 
Moraceae (s.l.), found that PEF seedlings have higher maxi- 
mum photosynthetic rates than CHR seedlings. Our results re- 
veal the predominance of the PEF and CHR seedling types at 
Los Tuxtlas, which may suggest that these two particular types 
confer advantages to seedling survival and growth in the forest 
regeneration mosaic. The lack of association between species 
seedling type and species stratum position (canopy and sub- 
canopy) suggests that the functional role of seedling mor- 
phology at our study site is unlinked to plant size maturation 
(but see Thomas and Bazzaz, 1999). 

Among species with PEF seedlings there seems to be a wide 
range of morphophysiological behaviors to cope with contrast- 
ing understory light regimes (e.g., Kitajima, 1992). Although 
this seedling type is frequently associated with gap-dependent 
species (Martinez-Ramos and Samper, 1998), PEF seedlings 
also occur in species that establish and grow in the shaded 
understory, as in some taxa of Melastomataceae, Moraceae, 
and Rubiaceae (Ellison et al., 1993; Metcalfe and Grubb, 
1995). At Los Tuxtlas, it was found that PEF seedlings of 
Psychotria species (Rubiaceae) showed a wide range of shade 
tolerance positively related to seed size variation, both within 
and among species (Paz, 1999). In fact, within the PEF seed- 
ling group in our study, persistent trees and lianas had bigger 
seeds than pioneer trees (Fig. 2b). Nevertheless, Kitajima 
(1992) suggested that foliaceous photosynthetic cotyledons en- 
able the plants to use rich light resources found in forest gaps. 
We distinguished that pioneer species, which are strong light- 
demanding trees, had the smallest seeds among species with 
PEF seedlings (Fig. 2b), like Cecropia obtusifolia (Cecropi- 
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aceae), which is the dominant species in natural gaps at Los 
Tuxtlas (Alvarez-Buylla and Martinez-Ramos, 1992). Accord- 
ing with our results, dispersal capacity of species with PEF 
seedlings, in general (Fig. 3a), and in the pioneer species in 
particular (Fig. 4b), has evolved in association with animal 
and abiotic dispersal vectors. 

The CHR seedling type is presumably related to plant life 
histories adjusted to light-limited environments (Foster, 1986; 
but see Kelly and Purvis, 1993). It has been found that seed- 
ling survival in the shade increases with seed size (e.g., Leish- 
man and Westoby, 1994; Saverimuttu and Westoby, 1996; Paz, 
Mazer, and Martinez-Ramos, 1999). Furthermore, bigger seeds 
produce more vigorous seedlings that better withstand physical 
and biotic damages (Clark and Clark, 1991). At Los Tuxtlas, 

we found that species with the CHR seedling type had the 
largest seed size (see Fig. 2a); most of these species develop 
in the shade, including the most abundant arboreal species at 
Los Tuxtlas, the upper-canopy tree Nectandra ambigens (Laur- 
aceae), the mid-canopy Pseudolmedia oxyphyllaria (Mora- 
ceae), and the understorey palm Astrocaryum mexicanum (Dir- 
zo, Ibarra-Manriquez, and Sainchez-Gardufio, 1997; Martinez 
Ramos, 1997; Martinez Ramos, Ibarra-Manriquez, and Meave, 
1997). In the same forest, tree species with seedlings having 
cotyledons functioning as reserve organs were significantly 
overrepresented in the advance regeneration community; 
meanwhile, species with PEF seedlings were dominant in the 
seed rain and in the newborn seedling community (Martinez- 
Ramos and Soto-Castro, 1993). 
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Large seeds, however, are constrained to disperse near the 
neighborhood of maternal plants, where the probability of 
landing in a shaded site is high (Howe and Smallwood, 1982; 
Fenner, 1985; Gonzailez-M6ndez, 1995). The dominance of the 
animal dispersal syndrome in species with CHR seedlings 
(Fig. 3a) suggests that zoochory is important for the movement 
of large seeds outside the maternal neighborhood, where high 
mortality risks associated with density-dependent factors may 
occur (e.g., Clark and Clark, 1984). 

Few systematic studies exist on seed germination and seed- 
ling establishment for liana species with an ecological ap- 
proach. In our study, lianas and trees did not differ in seedling 
type frequencies. Garwood (1996) predicted the existence of 
"a few" liana species with the CER seedling type in tropical 
communities; however, no liana species at Los Tuxtlas had 
CER seedlings in our sample. On the other hand, the family 
Bignoniaceae is a very widespread and diversified taxonomic 
plant group both in species and seedling types, and most of 
the liana species with PHR seedlings belong to this family. 

Discarding this family, general trends in seedling types in liana 
species might not be so different from other plant species at 
Los Tuxtlas forest. The same is correct for the Gabon case 
(Hladik and Miquel, 1990), as we did not find significant dif- 
ferences in seedling type frequencies between tree and liana 
species in their data (X2 = 6.7, df = 4, P > 0.10). Finally, 
there is a general view that most lianas are light-dependent 
plants (Putz, 1984; Hegarty and Caball6, 1991). According 
with this view we would expect that PEF seedling type must 
be predominant among lianas species. The fact that our results 
did not support this expectancy suggests that seedling type is 
uncoupled to light-dependence of lianas or that among liana 
species there could be a wide range of regeneration strategies 
as takes place among tree species. 

Phylogenetic patterns-Our taxonomic analysis showed 
that seedling type is a trait with strong phylogenetic inertia at 
the genus, family, and even higher order clades. In some fam- 
ilies, like the magnoliid families Arecaceae, Lauraceae, and 
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Piperaceae, all species have the same seedling type or, at least, 
the same dominant type (e.g., Euphorbiaceae, Rubiaceae, or 
Sapotaceae), and congeneric species shared the same seedling 
type in 86% of the study genera. One remarkable result was 
that the relative frequency of families composed of species 
with same seedling type was much higher than that expected 
by random, even for the most speciose families. Overall, these 
results suggest that the evolution of the initial seedling mor- 
phology in tropical rain forest woody plants, as described by 
the position and function of cotyledons, is a trait that may be 
constrained at taxonomic levels higher than family and thus, 
that phylogenetic inertia exists in the evolution of this trait 
(e.g., de Vogel, 1980; Garwood, 1996). In other words, from 
an evolutionary perspective seedling type seems to be a very 
conservative trait. However, some examples of apparent evo- 
lutionary radiation or convergence, associated with a diversi- 
fication in morphophysiological traits of seedlings, were also 
noted. For example, families of different clades shared similar 
frequency of seedling types (Fig. 6), and some families 
showed a highly diversified seedling type spectrum. Similar 
trends were noted at Gabon, Africa (Hladik and Miquel, 1990), 
where a different rain forest flora exists. 

Assuming Asterids as the most recent clade and Magnoliids 
as the most ancient one, our phylogenetic analysis based on 
the Los Tuxtlas data suggests that PEF, CHR, and CER seed- 
lings could be the first seedling types appearing in the evo- 

lution of woody angiosperms that inhabit tropical rain forest 
and that PER and PHR seedling types arose later with the 
Rosids (Fig. 7). It seems that an important change has occurred 
along this apparent evolutionary trend. So, while species with 
seedlings with cotyledons functioning as reserve storage or- 
gans had declined, those with photosynthetic cotyledons had 
increased. The relative species frequency of the PEF seedling 
type in the Eumagnoliids was <35% and it was >90% in the 
Euasterids II. In contrast, the other seedling types have 
changed in the opposite way, particularly the CHR seedling 
type that passed from >60% in the Eumagnoliids to - 10% in 
the Euasterids II (Fig. 7). To gain a better understanding of 
the evolution of seedling functional traits we need to expand 
this type of analysis to other rain forest floras and to study the 
particular evolutionary routes by which these apparent evo- 
lutionary changes occurred. 

Seedling type spectrum in tropical rain forests-The seed- 
ling type spectrum at Los Tuxtlas was dominated by species 
with PEF and CHR seedlings. With the exception of the Ni- 
geria site, this result is similar to those found in other Neo- 
tropical and Paleotropical rain forest localities studied to date 
(Table 1). In contrast, species frequency of the PER seedling 
type at Los Tuxtlas is the lowest in these localities. Further 
studies will clarify whether this low frequency is due to eco- 
logical, biogeographical, or phylogenetic reasons. 
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Also, CER seedling type in Los Tuxtlas was among the 
lowest in the compared localities (Table 1). We need to point 
out that taxonomic occurrence of this seedling type is not neg- 
ligible as it can be found in 14 plant families, and 2 of these 
families (Annonaceae and Euphorbiaceae) have an interconti- 
nental forest occurrence. Hladik and Miquel (1990) reported 
nine CER seedling species at Makokou forest, Gabon, where 
these species exhibit high population densities, although their 
seeds have poor germination and the seedlings fail to develop 
properly under nursery conditions. At Los Tuxtlas, the under- 
story tree Faramea occidentalis (Rubiaceae) has this syn- 
drome. It may reach high densities of >70 individuals >0.5 
m in height per hectare (Bongers et al., 1988) and have seeds 
that delay germination >3 mo. The other four species with 
the CER seedling type germinate rapidly and are very uncom- 
mon in Los Tuxtlas forest (e.g., <9 individuals/ha; Bongers 
et al., 1988). 

Data presented in Table 1 reveal that Neotropical localities 
generally have higher frequencies of PEF and CHR seedling 
types, whereas their Paleotropical counterparts show high val- 
ues in PHR, CER, and PER seedling categories. This pattern 
was statistically significant and it was mostly due to the high 
number of species with PEF seedling type in the Neotropical 
sites (Table 1). One line of evidence to explain this pattern 
could be the differences in forest dynamics among tropical 
localities. For example, among tropical rain forests there is a 
great variation in forest turnover rates (Phillips and Gentry, 
1994), and the frequency of PEF seedling type could rise as 
the number of favorable sites for establishment of climbing 
and gap-dependent tree species increases. In this context, one 
open question is whether the frequency of PEF seedling type 
could be positively related to forest turnover rate. 

Also, biogeographic differences in seedling type spectra 
may have a relationship to the influence of taxonomic affinities 
among forest localities. This is plausible because, as discussed 
previously, the seedling type spectrum is greatly influenced by 
the species phylogenetic relations. Taxonomic affinities among 
Neotropical forests are illustrated by the fact that of the 120 
genera listed by Garwood (1983) on Barro Colorado Island 
(Panama), almost half are present also at Los Tuxtlas. Also, 
Neotropical forests tend to have similar family composition 
(Gentry, 1988, 1990; Martfnez-Ramos, 1994). In contrast, 
Neo- and Paleotropical forests share --30% of genera of 
woody plants ?2.5 cm diameter at breast height recorded in 
a large set of 0.1-ha plots (Gentry, 1988). 

Concluding remarks-This and other studies show that the 
seedling initial morphology, classified as discrete seedling 
types, has an interpretable ecological meaning. Seedling type 
is linked with the dispersal capacity and the regenerative strat- 
egy of species. This association does not depend on the plant 
life form (liana or tree) or the position that species occupy as 
mature plants in the forest canopy. The evolutionary history 
producing the present seedling type spectrum, however, must 
be explored among old taxonomic lineages as seedling mor- 
phology type has strong phylogenetic inertia among species of 
the same family or genus. 

To advance our understanding of the ecological and evolu- 
tionary significance of the early life cycle traits of rain forest 
plants, it is necessary to develop comparative studies on the 
ecological processes during establishment of many plant spe- 
cies (Garwood, 1996), particularly of plant life forms scarcely 
studied (e.g., climbers). Based on our results, we think that 

the categorization of seedlings based on function and position 
of cotyledons is of small help in the study of recent evolution 
of seedling functional morphology. To improve our knowledge 
on this issue, we need to understand better the variation and 
ecological role of seedling traits such as seedling size, rate of 
developmental stages, resource allocation among seedling or- 
gans, amount and quality of maternal reserves, or root, stem, 
and leaf morphology and function. 
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