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Abstract

Various factors affect spatial genetic structure in plant populations, including adult density and primary and second-
ary seed dispersal mechanisms. We evaluated pollen and seed dispersal distances and spatial genetic structure of
Carapa guianensis Aublet. (Meliaceae) in occasionally inundated and terra firme forest environments that differed in
tree densities and secondary seed dispersal agents. We used parentage analysis to obtain contemporary gene flow
estimates and assessed the spatial genetic structure of adults and juveniles. Despite the higher density of adults (di-
ameter at breast height � 25 cm) and spatial aggregation in occasionally inundated forest, the average pollen dis-
persal distance was similar in both types of forest (195 � 106 m in terra firme and 175 � 87 m in occasionally
inundated plots). Higher seed flow rates (36.7% of juveniles were from outside the plot) and distances (155 � 84 m)
were found in terra firme compared to the occasionally inundated plot (25.4% and 114 � 69 m). There was a weak
spatial genetic structure in juveniles and in terra firme adults. These results indicate that inundation may not have
had a significant role in seed dispersal in the occasionally inundated plot, probably because of the higher levels of
seedling mortality.
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Introduction

Adult density and spatial distribution of plant popula-

tions, in particular the distance between flowering individ-

uals, affect outcrossing rates (Murawski and Hamrick,

1991) and pollen flow distances (Dick et al., 2008). As a

consequence, these factors cause spatial genetic structure

(SGS) (Hamrick et al., 1993). Although various studies

have shown a negative relationship between population

density and pollen dispersal (Degen et al., 2004; Hardy et

al., 2006; Carneiro et al., 2007; Lacerda et al., 2008), two

high-density species (Carapa guianensis and Sextonia

rubra) have been found to have pollen flow distances simi-

lar to those of low density species (Cloutier et al., 2007a),

indicating that density is not always the predominant factor

in determining pollen flow and SGS (Doligez and Joly,

1997). Asynchronous flowering, variation in pollen pro-

duction among trees and variation in the behavior of animal

pollinators can have a significant influence on the mating

system (Cloutier et al., 2007a) and pollen flow (Dick et al.,

2008). Carapa guianensis, a species occurring at high den-

sities in inundated forests and at lower densities in terra

firme forests (Klimas et al., 2007), provides an excellent

opportunity to examine the dissimilarity between pollen

flow and seed flow in relation to tree densities.

Seed flow also affects SGS. The primary seed dis-

persal mechanism directly influences seed flow. Species

with primarily short-distance seed dispersal mechanisms,

such as gravity or animals with limited mobility, are more

likely to show restricted seed flow and considerable SGS

(Hardy et al., 2006). Secondary seed dispersal mechanisms

may also exist and can complicate hypotheses about seed

flow patterns. Dispersal distances greater than those ex-

pected for primary seed dispersers are regularly attributed
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to secondary dispersal agents (Schnabel et al., 1998; Naka-

nishi et al., 2008) but without specifically testing this hy-

pothesis.

Pollen flow studies generally use paternity analysis to

evaluate the biological factors that determine pollen dis-

persal distances (Ward et al., 2005; Dick et al., 2008 and

references therein). In contrast, in seed flow studies, pollen

and seed flow are estimated directly and compared to the

observed pattern of SGS (Schnabel et al., 1998; Sato et al.,

2006; Nakanishi et al., 2008) without a priori hypotheses

of biotic or abiotic factors that may affect seed dispersal

distances.

Paternity analysis is one of the most direct and reli-

able methods for assessing contemporary pollen flow and

uses genotype progeny from selected seed trees (Sork et al.,

1999). Parentage analysis, a related method, is used to as-

sign parent pairs of seedlings, saplings or dispersed seeds

and estimates the actual pollen and seed gene flow (Mea-

gher and Thompson, 1987). Higher exclusionary power is

necessary in parentage analysis since the seed tree and pol-

len donor are both unknown. Distances between the seed-

ling/sapling and its seed tree are used to estimate seed flow

and distances between pollen donor and seed trees are used

to estimate pollen flow (Bittencourt and Sebbenn, 2007). In

dioecious species, assignment is relatively simple since it is

possible to differentiate between male and female trees (see

Schnabel et al., 1998; Sato et al., 2006; Bittencourt and

Sebbenn, 2007); however, this approach is more compli-

cated for monoecious and hermaphroditic species, which

include the majority of tropical tree species.

Seed dispersal is more limited than pollen dispersal

for the majority of species studied by parentage analysis

(Burczyk et al., 2006; Sato et al., 2006; Bittencourt and

Sebbenn, 2007; Nakanishi et al., 2008). In species in

which seed dispersal is spatially restricted, e.g., by grav-

ity, it is possible to overcome some methodological diffi-

culties of parentage analysis by considering the closest

parent as the seed tree. If only one adult is assigned, it is

considered the seed tree (Dow and Ashley, 1996; Bacles et

al., 2006; Nakanishi et al., 2008; Oddou-Muratorio and

Klein, 2008; Sebbenn et al., 2010). However, no similar

studies have been published for Amazonian trees. The ma-

jority of recent studies on gene flow in Amazonian species

have focused on pollen flow using the Two-Gener ap-

proach (Degen et al., 2004; Azevedo et al., 2007; Carneiro

et al., 2007; Cloutier et al., 2007a,b; Silva et al., 2008),

paternity analysis of progeny of known seed trees (Car-

neiro et al., 2009) or a combination of these two strategies

(Lacerda et al., 2008).

Carapa guianensis is an Amazonian insect-pollinated

tree that preferentially occurs in occasionally inundated

forests (McHargue and Hartshorn, 1983), although it is also

found in high densities in drier forests (Klimas et al., 2007).

This species exhibits prolonged moderately synchronous

flowering (Hall et al., 1994; Maués M.M., 2006, PhD the-

sis, Universidade de Brasília, Brasília, DF, Brazil; Klimas

C.A., 2010, PhD thesis, University of Florida, FL, USA) al-

though the timing and length of this phenological phase

varies among regions. In the Brazilian state of Acre, a

four-month flowering peak is followed by a second, smaller

peak for a subset of trees (Klimas C.A., 2010, PhD thesis,

University of Florida, FL, USA). Carapa guianensis is

monoecious and pollinated by small butterflies (Riodinidae

and Lycaenidae) and bees (Meliponina) (Maués M.M.,

2006, PhD thesis, Universidade de Brasília, Brasília, DF,

Brazil). The species is a predominant outcrosser (tm > 90%)

but is able to self-fertilize; biparental inbreeding is uncom-

mon (Hall et al., 1994; Cloutier et al., 2007a). Gravity is the

primary seed dispersal mechanism. Mature fruits are

dehiscent capsules that break open upon ground impact, re-

leasing 4-16 seeds (McHargue and Hartshorn, 1983). The

seeds tend to germinate below the canopy of the seed tree

but mortality rates are high. There are also two mechanisms

of secondary seed dispersal: buoyant seeds can be dis-

persed by water or can be carried and buried by scatter-

hoarding rodents (McHargue and Hartshorn, 1983). Seed

removal experiments with C. guianensis (Silva A.C.C.,

2009, MSc dissertation, Universidade Federal do Acre, Rio

Branco, AC, Brazil) and Carapa procera (Jansen et al.,

2004) have shown that dispersal via scatterhoarding ro-

dents is spatially restricted. This restricted dispersal is cor-

roborated by the high aggregation of C. guianensis

individuals, particularly juveniles (Klimas et al., 2007).

Nonetheless, because C. guianensis seedfall occurs during

the rainy season, trees in inundated areas are possibly

better-situated for long distance seed dispersal than those in

drier terra firme forests. Even so, the weak but significant

SGS observed for this species has been attributed to high

pollen dispersal distances (Cloutier et al., 2007b).

The aim of this study was to investigate the patterns

of pollen flow and seed dispersal of C. guianensis in differ-

ent forest types (terra firme and occasionally inundated)

using parentage analysis. We also evaluated the spatial ge-

netic structure of juvenile and adult individuals. Previous

studies found higher densities and spatial aggregation of

adults in this occasionally inundated versus terra firme for-

est (Klimas et al., 2007) and asynchronous flowering in

both forest types (Klimas C.A., 2010, PhD thesis, Univer-

sity of Florida, FL, USA). Based on the assumptions that

asynchronous flowering affects the patterns of pollen flow

and that forest type (terra firme or occasionally inundated)

affects the patterns of seed dispersal, our hypotheses were

that: (1) pollen flow would be independent of the spatial ag-

gregation of adults because of asynchronous flowering, (2)

seed dispersal distances would be greater in the occasion-

ally inundated plot, assuming that secondary seed dispersal

via water was more prevalent in this environment and (3)

evidence of stronger SGS would be found in terra firme as a

consequence of restricted seed dispersal.
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Materials and Methods

Study area and sample collection

The study was done in an unlogged area of the Forest

Reserve of the Brazilian Agricultural Research Corporation

(Embrapa Acre) in the State of Acre, Brazil (latitude

10°01’28” S, longitude 67°42’19” W). Although this area

is an ecological reserve used for research it is easily ac-

cessed by neighboring communities. The average annual

temperature is 24.5 °C with a dry season from June to Au-

gust (Klimas et al., 2007), and the dominant vegetation is

classified as humid tropical forest. The region has a slightly

hilly topography that includes upland habitat (terra firme)

and occasionally inundated areas.

Two 16-hectare plots (400 m x 400 m) were estab-

lished, one in an upland forest (terra firme) and the other in

an occasionally inundated forest, the latter 500 m from the

former. All C. guianensis individuals with a diameter at

breast height (dbh) � 15 cm were mapped and marked (see

Figure S1, Supplementary Material). Leaf samples were

collected from all marked individuals (203 in the terra

firme forest and 294 in the occasionally inundated forest).

Immediately after collection, leaf samples were dried in

containers with silica gel and sent to the laboratory for ge-

netic analysis. Sampled individuals were grouped into two

size classes based on their reproductive potential: plants

with 15 cm � dbh < 25 cm were considered juveniles and

those with dbh � 25 cm were considered adults. While indi-

viduals with a dbh � 15 cm are potentially reproductive

(Klimas et al., 2007), those with 15 � dbh < 25 cm fre-

quently produce small numbers of seeds or suspend repro-

duction (Klimas C.A., 2010, PhD thesis, University of

Florida, FL, USA). Based on a radiocarbon date of 785

years for a C. guianensis individual with a dbh of 17 cm

(Vieira et al., 2005) coupled with our data that relate stem

diameter to growth (Klimas et al., 2011), we suspected that

many of the smaller stems in the understory were sup-

pressed adults and not juveniles awaiting release. We re-

corded 89 adults and 114 juveniles in the terra firme plot

and 164 adults and 130 juveniles in the occasionally inun-

dated plot. Although the number of juveniles was higher in

the occasionally inundated plot, the relative number of ju-

veniles per adult was higher in the terra firme plot (1.3

compared to 0.8 in the occasionally inundated plot).

Microsatellite genotyping

Genomic DNA was extracted from leaf samples using

the 2% CTAB (cetyltrimethylammonium bromide) proce-

dure (Doyle and Doyle, 1990). We used seven pairs of SSR

(Simple Sequence Repeats) primers for C. guianensis; five

were developed by Vinson et al. (2005) and two by Daya-

nandan et al. (1999). The forward primers were marked for

fluorescent detection. Polymerase chain reactions (PCR)

were done in a final volume of 6 �L containing 1 ng of

genomic DNA, 1X of PCR reaction buffer (10 mM Tris-

HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl2, pH 8.3), 0.25 �M

of each primer, 0.27 ng of BSA/mL (New England Biolabs,

Ipswich, MA), 0.27 mM dNTP and 0.125 U of Taq poly-

merase (Phoneutria, Belo Horizonte, Brazil) and

autoclaved ultrapure water. DNA amplifications were done

using ABI 9600 and ABI 9700 thermal cyclers (Applied

Biosystems, Crescent City, CA, USA) under the following

conditions: 94 °C for 5 min, 30 cycles of 94 °C for 1 min,

the locus-specific annealing temperature for 1 min, 72 °C

for 1 min and, after 30 cycles, a final extension of 72 °C for

7 min.

Capillary electrophoresis was done using a Perkin

Elmer ABI 3700 sequencer. The base-pair alleles were de-

tected and their size estimated using the programs

GeneScan v.3.7 (Applied Biosystems) and Genotyper

ver. 2 (Applied Biosystems), respectively. Alleles with an

estimated size between the defined classes were classified

into either the nearest upper or lower size class based on the

closest class. To avoid overestimating the number of al-

leles, in addition to the method cited above we graphed

allelic histograms using the program Genotyper and over-

laid all alleles on the same plate in which they were de-

tected by PCR.

Genetic diversity and parentage analysis

The average number of alleles per locus (A), allelic

richness (RS) (Petit et al., 1998), gene diversity (He) and fix-

ation index (F) were estimated for juveniles and adults of

both plots. The statistical significance of F values was

tested using 500 permutations of alleles among individuals

and the Bonferroni correction. These analysis were done

using FSTAT software ver. 2.9.3.2 (Goudet, 1995). Allelic

information for the loci is available in Raposo (2007). A

small proportion of null alleles (~ 9%) were estimated only

for one locus. Combined exclusionary power for parent

pair, genetic identity parameters and parentage inferences

were determined with CERVUS ver. 3.0 (Kalinowski et al.,

2007). We attempted to determine the possible pollen do-

nor and seed tree of juveniles from the two forest plots by

simple exclusion based on multilocus genotypes for all

adults in each plot. This technique uses mismatching be-

tween parents and offspring genotypes to reject particular

parent-offspring hypotheses and has been successfully used

in other studies (Dow and Ashley, 1996; Kameyama et al.,

2001; Sato et al., 2006; Wang et al., 2010). We considered

as candidate parents only adult trees sampled in the same

plot as the juveniles. We did not test for parentage between

plots since the plots were separated by continuous forest

with C. guianensis individuals between plots (see Figure

S1, Supplementary Material). Whereas not testing for par-

ents between plots may underestimate seed and pollen

flow, testing between plots without accounting for individ-

uals in between the two plots would likely overestimate dis-

persal distances. In parentage assignment, a minimum
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number of five typed loci was considered and the genotyp-

ing error was set at zero, following Hoebee et al. (2007); no

mismatching between juveniles and candidate parents was

allowed.

In view of our assumption of limited seed dispersal

distance for this species, when a juvenile had a parent pair

within the plot then the closest parent was considered the

seed tree. Although our strategy of considering the closest

parent as the seed tree may underestimate seed dispersal

distances, this assumption, which was introduced by Dow

and Ashley (1996), has been used for monoecious and her-

maphroditic species in conjunction with prior knowledge

of seed and pollen dispersal vectors (Bacles et al., 2006;

Nakanishi et al., 2008; Oddou-Muratorio and Klein, 2008;

Sebbenn et al., 2010). This strategy provides conservative

estimates of seed dispersal distances (Bacles et al., 2006;

Nakanishi et al., 2008; Sebbenn et al., 2010). Distances be-

tween the two parents of a given juvenile were used to cal-

culate the pollen dispersal curve and the distance between

the juvenile and the seed tree was used to obtain a seed dis-

persal curve. Differences between pollen and seed flow dis-

tances, as well as differences in the pollen flow distances

and seed flow distances between forest types, were tested

with the Mann-Whitney test using SPSS ver. 15.0 (SPSS,

Chicago, IL, USA) since the data had a normal distribution

but the variances were not homogeneous. The cryptic gene

flow, which is the probability that foreign seeds (from out-

side the plot) have a multilocus genotype that matches local

parents (in the plot), was estimated as described by Dow

and Ashley (1996) using the equation 1� Pex

np
, where Pex is

the combined exclusionary power for the parental pair (in

this study) and np is the number of putative pollen donors in

the plot.

Finally, we compared the distribution of pollen flow

distances with the distribution of distances between each

seed tree and all the potential parents in each plot to deter-

mine whether gene flow distances were a function of the

average distance between pollen donors and seed trees. We

tested for significance with the Kolmogorov-Smirnov test

in SPSS ver. 15.0.

Spatial genetic structure analysis

We characterized the spatial genetic structure (SGS)

in each forest type and within size classes (juveniles and

adults) using spatial autocorrelation procedures and calcu-

lated the mean kinship coefficients (Fij) from Loiselle et al.

(1995) for ten distance classes of constant intervals. For

each distance interval, 95% confidence intervals (CIs) for

the null hypothesis of no genetic structure (Fij = 0) were ob-

tained using the permutation of individuals among distance

classes (Loiselle et al., 1995; Vekemans and Hardy, 2004).

Average pairwise Fij estimates were plotted against

the logarithm of the pairwise spatial distances to test the

overall pattern of SGS in adults and juveniles of each forest

type. Under isolation by distance in a two dimensional

space, kinship is expected to decrease approximately lin-

early with the logarithm of the spatial distance (Hardy and

Vekemans, 1999). The regression slope (bF) was used to

quantify the extent of spatial genetic structure based on the

Sp statistic described in Vekemans and Hardy (2004). The

Sp statistic was obtained by the ratio – bF/(1 – F(1)), where

F(1) is the average Fij between adjacent individuals, i.e., the

first distance interval included trees < 25 m apart. The sig-

nificance of bF was tested by 10,000 permutations of indi-

viduals among spatial positions. All computations were

done using the SPAGeDi 1.2 program (Hardy and Veke-

mans, 2002).

Results

The density of adults (dbh � 25 cm) in occasionally

inundated forest was double that observed in terra firme

forest (Table 1) whereas the density of juveniles (15 cm �

dbh < 25 cm) was similar in both environments; juveniles

accounted for 56% of individuals in terra firme and 45% in

occasionally inundated forest. The maximum dbh was

65 cm and 58.4 cm in terra firme and occasionally inun-
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Table 1 - Genetic diversity and spatial genetic structure estimates for Carapa guianensis based on seven microsatellite loci.

Juveniles Adults

Plot Terra firme Occasionally inundated Terra firme Occasionally inundated

A 6.43 (0.84) 7.14 (1.42) 6.00 (0.79) 8.00 (1.38)

RS 6.20 (0.79) 6.74 (1.30) 5.99 (0.79) 7.03 (1.26)

He 0.606 (0.062) 0.594 (0.088) 0.612 (0.061) 0.603 (0.081)

F 0.053* (0.046) 0.006NS (0.119) 0.023NS (0.055) 0.009NS (0.112)

D 7.13 8.13 5.56 10.25

bF -0.0039§ (0.0026) -0.0037§ (0.0027) -0.0045§ (0.0016) -0.0009 NS (0.0012)

Sp statistic 0.0040 0.0038 0.0046 0.0009

A, average number of alleles/locus; bF, regression slope; D, number of individuals per hectare; F, fixation index; He, gene diversity (Nei, 1987) RS, allelic

richness based on a sample size of 88 individuals. Standard errors over loci are indicated in parentheses. *p < 0.05, §0.10 � p > 0.05 and NSp > 0.10.



dated plots, respectively, and both forest types showed sim-

ilar diameter distribution patterns (data not shown).

Juveniles and adults in both forest types had high lev-

els of genetic diversity (Table 1). Allelic richness (RS) and

gene diversity (He) were not significantly different between

juveniles and adults in the same plot nor between plots

(p > 0.05 in all comparisons after 500 permutations). For all

estimates of genetic diversity, variation among loci was

highest for individuals in the occasionally inundated plot.

The fixation index (F) was small and significantly different

from zero only for juveniles in terra firme (Table 1).

The total exclusionary probability (parent pair) con-

sidering seven loci was 0.9979 and 0.9985 in adults from

terra firme and occasionally inundated plots, respectively.

The total exclusionary probability for identity was 0.99999

and neither plot had candidate parents with identical geno-

types. Identity analysis done with CERVUS ver. 3.0

showed that for the total set of genotypes compared only

two juveniles from the occasionally inundated plot shared

the same multilocus genotype.

A parent pair was assigned for 80 (70.2%) and 108

(81.7%) juveniles in terra firme and occasionally inundated

forests, respectively. In no case was a juvenile was assigned

only one parent. Since we genotyped all individuals and

found only one identical genotype we concluded that seed

flow from outside the plot was higher in terra firme

(29.8%) than in the occasionally inundated plot (18.3%).

The high total exclusionary power meant that the probabil-

ity of cryptic gene flow was nearly 10%, i.e., 0.094

(1-0.997947) and 0.099 (1-0.998570) in terra firme and oc-

casionally inundated plots, respectively. The number of ju-

veniles that matched unrelated trees by chance was 7.5 (80

x 0.094) and 10.7 (108 x 0.099) in the terra firme and occa-

sionally inundated plots, respectively. The percentage of

juveniles with both parents outside the plots corrected for

cryptic gene flow was 36.7% in terra firme and 25.4% in

the occasionally inundated plot.

Approximately 53% of adults sampled in terra firme

and 43% of adults in occasionally inundated forest were

identified as pollen parents of the genotyped juveniles.

Similar proportions were observed for the number of seed

parents (56% and 44% of adults in terra firme and occa-

sionally inundated forest, respectively). In both plots, less

than 20% of the pollen dispersal events occurred at dis-

tances of less than 100 m and almost 70% involved dis-

tances of 100-300 m (Figure 1). In both plots, the average

pollen dispersal distance was similar (p = 0.286; Table 2)

and closely followed the average distance between each

seed parent and all other adults in the plot. In terra firme

forest, the average distance between seed trees and all

adults in the plot was 159 m while in occasionally inun-

dated forest this distance was 124 m. The frequencies of

calculated pollen flow events in each distance class were

similar to the frequency of potential pollen donors in almost

all distance classes (Figure 1). There was no significant dif-

ference between the pollen flow distribution and the dis-

tances between each seed tree and all potential parents in

each plot (Kolmogorov-Smirnov Z = 0.826, p = 0.502 for

the terra firme plot; Kolmogorov-Smirnov Z = 0.691,

p = 0.726 for the occasionally inundated forest plot).

The mean seed dispersal distance was significantly

higher (p = 0.001) in the terra firme plot than in the occa-

sionally inundated plot (Table 2). Comparison of the fre-

quency distribution of seed dispersal distances (Figure 2)

822 Gene flow in Carapa guianensis

Figure 1 - Frequency histograms of pollen dispersal distances determined

by parentage analysis for all juveniles in terra firme (A) and occasionally

inundated (B) forests. The average frequency of definite pollen donors

was calculated for 50 m distance classes from the maternal trees (black

bars) and plotted together with the frequency of adult trees within each dis-

tance class (white bars). Adult trees in each plot were used to calculate the

frequency of potential pollen donors in each distance interval.

Table 2 - Pollen and seed dispersal distances estimated for juveniles in

terra firme and occasionally inundated plots.

Dispersal parameters Terra firme plot (m) Occasionally inundated

plot (m)

Pollen flow

Average distance 195a 175a

Median distance 181 169

Standard deviation 106 88

Distance range 18-430 23-397

Seed flow

Average distance 156a 114b

Median distance 149 106

Standard deviation 84 69

Distance range 26-397 4-334

Different letters indicate that gene flow differed significantly (p < 0.05;

Mann-Whitey U test).



showed that 50% and 27% of the seed flow events in the

terra firme and occasionally inundated plots, respectively,

occurred in the furthest distance classes (> 150 m). As ex-

pected, the average pollen dispersal distance was signifi-

cantly higher than the seed dispersal distance in both plots

(Mann-Whitney test; p = 0.02 in terra firme and p = 0.000

in occasionally inundated forest).

The correlograms for juveniles in the two plots and

adults in terra firme showed an expected tendency of di-

minishing kinship with increasing distance between indi-

viduals (Figure 3). Although the decrease in kinship began

at distances of 25-50 m the values observed in these dis-

tance classes were not significant. Kinship values were

high and significant only in the 175 m distance class for ju-

veniles in terra firme forest (Figure 3A). Consequently, no

SGS was observed for C. guianensis, probably because of

the small scale of this study. The regression slope (bF), a

measure of SGS, was low and nearly significant for juve-

niles in both blots (p = 0.052) and in adults in terra firme

forest (p = 0.060) (Table 1). Since the estimates of F(1) were

almost zero, Sp statistics were numerically similar to bF.

Regression slopes were not different between juveniles and

adults or between populations in the two forest types, pri-

marily because of the high standard error for estimates, in-

dicating that local densities did not affect SGS (Table 1).

Discussion

Pollen dispersal patterns

Large pollen dispersal distances were observed in

both forest types. The average pollen dispersal distances

were similar even though the density of reproductive indi-

viduals in terra firme was almost half of that observed in

occasionally inundated forest (Table 2). Pollen flow dis-

tances were slightly larger than estimates obtained by

Cloutier et al. (2007b) – 75-265 m depending on the disper-

sion kernel used – for a population of C. guianensis in the

Western Amazon with a lower density of reproductive

adults (2.5 trees with a dbh � 30 per ha). These differences

may reflect the methods used to infer contemporary pollen

flow. Our study used parentage analysis, a direct method

that normally gives the most accurate results. In contrast,

Two-Gener is an indirect method based on assumptions

from distribution models and can result in underestimates

of pollen dispersal (Smouse and Sork, 2004). The extensive

pollen dispersal distances observed for C. guianensis were

more similar to those for species that occur at lower densi-

ties (< 1 tree/ha) than for species that occur at high densities

(Cloutier et al., 2007a), although these authors suggest that

the influence of density is most important in populations

with more than 5 trees/ha.

The density in our study was higher than 5 trees/ha,

but flowering phenology and pollinator behavior may have

influenced the pollen dispersal distances. A four-year phe-

nological monitoring of reproductive trees at our study site

showed that the percentage of individuals that flowered in

each reproductive period was highly variable; in addition,

there was only moderate flowering synchrony, with the per-

centage of flowering ranging from 21% to 91% in different

years (Klimas C.A., 2010, PhD thesis, University of Flo-

rida, FL, USA). Although we did not study the spatial dy-

namics of flowering for all trees in the two plots studied, if

individuals close to each other differed in the onset of flow-

ering by even a few days this could be enough to encourage

longer-distance pollen dispersal. Pollen carryover may also

account for high pollen dispersal distances (Dick et al.,

2008). Evidence for this can be seen in our results from par-

entage analysis. Despite the high population density and

aggregation of individuals in both forest types, approxi-
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Figure 2 - Frequency histogram of seed dispersal distances determined by

parentage analysis for all juveniles in terra firme and occasionally inun-

dated forest plots.

Figure 3 - Correlograms of kinship coefficients (Fij) over distance inter-

vals for Carapa guianensis juveniles (A) and adults (B) in terra firme for-

est and juveniles (C) and adults (D) in occasionally inundated forest.



mately 70% of pollen flow events occurred at distances of

100-300 m. Since the flowering period lasts for months, the

variability within these flowering periods may confer an

evolutionary benefit to this species by promoting genetic

mixing in these populations. In addition to potential tempo-

ral differences in flowering between neighboring trees, not

all trees flowered in all years.

Seed dispersal patterns

The seed dispersal distance in terra firme (156 m)

was significantly higher than in occasionally inundated for-

est (114 m). We suspect that larger animals were not re-

sponsible for seed dispersal since nearby residents stated

that hunting has locally eliminated some of the larger fauna,

including deer, peccaries and tapirs, from these forests.

Carapa guianensis seeds that fall below the seed tree can-

opy can experience secondary dispersal by scatterhoarding

rodents and water, but would also experience higher mor-

tality rates (Rigamonte-Azevedo V., 2010, MSc disserta-

tion, Universidade Federal do Acre, Rio Branco, AC, Bra-

zil). Ecological studies with C. procera, a closely related

species, have shown short average seed dispersal distances

by scatterhoarding rodents (mean � SD = 18.5 � 0.9 m; me-

dian � SD = 12.5 � 0.7 m; Jansen et al., 2004). The same

study, however, also documented one seed that was carried

124 m from the seed tree. Our study differs from that of

Jansen et al. (2004) since we estimated seed flow from es-

tablished saplings while they assessed the location of dis-

persed seeds. Since most seedlings die within the first year

and the establishment of new individuals is preferentially

away from the parent tree it is possible that the seed dis-

persal distance assessed by parentage analysis was higher

than that found by Jansen et al. (2004). Nonetheless, con-

sidering that (1) candidate parents in our study were re-

stricted to a 16-ha area, (2) the method used to estimate

seed dispersal provides conservative estimates and (3) par-

entage was undetermined in 18.3% and 29.8% of juveniles

in occasionally inundated and terra firme forest, respec-

tively, we believe that our average dispersal distances are

underestimates of the true dispersal distances.

An investigation of C. guianensis seed removal done

at our study site concluded that because seed removal was

rare the fauna was unlikely to be the main cause of second-

ary seed dispersal; rather, rainfall was considered to be the

most important cause of secondary seed dispersal (Silva

A.C.C., 2009, MSc dissertation, Universidade Federal do

Acre, Rio Branco, AC, Brazil). If this is the case, we could

assume that dispersal distances would be greater in occa-

sionally inundated forest, which was an initial hypothesis.

However, our results indicate that inundation may not have

had a significant role in seed dispersal in this area.

Alternately, significantly higher levels of seedling

mortality in occasionally inundated forest, as observed by

Rigamonte-Azevedo (Rigamonte-Azevedo V., 2010, MSc

dissertation, Universidade Federal do Acre, Rio Branco,

AC, Brazil) in the same area, may counteract the higher

supposed dispersal in such forest. Wet soil conditions are

conducive to fungal growth that is either a symptom or

cause of seedling death. Although water dispersal may in-

deed be higher, as hypothesized by Silva (Silva A.C.C.,

2009, MSc dissertation, Universidade Federal do Acre, Rio

Branco, AC, Brazil), this may be counteracted by higher

seedling death at flooded dispersal sites, even though these

forests were not considered floodplain forests and did not

have consistent yearly flooding. While inundation may

play a role in determining seed fate, this may be outweighed

by the different densities between plots that can in turn af-

fect dispersal by fauna.

A study of C. procera seed removal (Jansen et al.,

2004) found a direct relationship between fruit availability

and removal by rodents. The percentage of seeds removed

and seed dispersal distances were higher during periods of

seed scarcity. Jansen et al. (2004) argued that, when seed

availability is high, rodents prefer to eat seeds as they en-

counter them. In contrast, when food is scarce, rodents pre-

fer to carry and bury seeds for later consumption. We

observed a higher density of reproductive adults and higher

mean seed production per hectare in occasionally inundated

forest. The percentage of individuals producing seeds was

also higher in occasionally inundated forest based on phe-

nological observations begun in September 2005 (Klimas

C.A., 2010, PhD thesis, University of Florida, FL, USA),

although this difference decreased in high seed production

years. The shorter seed dispersal distance in the occasion-

ally inundated plot may be partly a consequence of both the

higher plant density and the experimental design: we mea-

sured seed dispersal within a restricted plot area that ex-

cluded long-distance seed dispersal. In occasionally

inundated forest, seeds may be concentrated in patches af-

ter water dispersal, leading to high levels of competition

and seedling mortality. Some of these patches may have

been caused by dispersal obstacles (felled trees or dense un-

dergrowth) and reduced seed dispersal distance in this for-

est type. Seed dispersal by humans is also a possible

explanation for the observed dispersal distances. Both for-

ests are accessible to hunters, Brazil nut collectors and

farmers, despite the reserve status of this forest. While we

know of no seed harvesting for oil extraction in this area,

there is a small local market for C. guianensis seed oil that

may encourage small-scale collection efforts.

Another potential explanation for the observed seed

dispersal patterns could be differential mortality of parent

trees in the two plots. A five-year demographic study moni-

tored over 1,300 C. guianensis individuals � 10 cm in both

forest types, as well as all individuals � 10 cm within

smaller subplots (inventory methods detailed in Klimas et

al., 2007). The survival of individuals was lower in terra

firme forests, although this difference was not significant in

all size classes (Klimas C.A., 2010, PhD thesis, University

of Florida, FL, USA). Higher mortality in terra firme could
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have artificially inflated seed dispersal estimates since only

live individuals were genotyped.

Spatial genetic structure (SGS)

Although ecological studies have shown that the dis-

persal distance of C. guianensis seeds is limited, which

contributes to SGS on small scales, we believe that the high

population density, the species mating system and the high

average pollen dispersal distances contributed to the ab-

sence of SGS in this population. A study of 47 plant species

(Vekemans and Hardy, 2004) showed that the SGS of tree

species is significantly related to the mating system and

population density, with lower SGS in outcrossing species

and in populations with high densities. Carapa guianensis

predominantly outcrosses (Hall et al., 1994; Cloutier et al.,

2007a) with a large effective number of pollen donors (9.3

to 11.3, Cloutier et al., 2007a). Weak SGS was observed for

a population of C. guianensis in the Western Amazon

(Sp = 0.0045 for adults and Sp = 0.0047 for juveniles); SGS

was significant, but low, for adults (Cloutier et al., 2007b).

An absence of SGS was also observed in a population of the

closely related species C. procera, in French Guiana (Do-

ligez and Joli, 1997).

Our study shows the plasticity of C. guianensis, an

Amazonian tree species with a similar genetic structure in

two distinct forest types that have different tree densities.

Our results reinforce the importance of evaluating various

aspects of reproductive biology, including phenology, seed

production and regeneration dynamics in different environ-

ments to understand the factors that influence pollen and

seed flow and, consequently, SGS. Our results support the

hypothesis that flowering patterns are more important in

determining pollen flow than distances between conspe-

cific reproductive adults; they also reiterate the need for

studies that evaluate the effects of secondary seed dispersal

and the behavior of animal dispersers on seed flow.
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