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Abstract We present a case study of the relationship be-
tween spatial genetic structure (SGS) and age structure in
Protium spruceanum (Burseraceae), an insect-pollinated,
mass-fruiting, and secondary bird-dispersed tree, as deter-
mined through variation in allozyme loci. Using ten poly-
morphic loci, we investigated spatial and temporal patterns
of a genetic structure within a 40 m×60 m plot in a small
(1.0 ha) fragment of Atlantic Rainforest to investigate the
processes shaping the distribution of genetic diversity.

Individuals (n0345) from seedlings to adults were grouped
and analyzed in four diameter classes. The results showed a
high average level of genetic diversity (He00.438), but
genetic diversity parameters did not vary significantly
among cohorts. The spatial distribution pattern analysis of
individuals showed significant levels of aggregation among
small- and medium-diameter classes and random distribu-
tion among the highest diameter class, likely due to processes
of competitive thinning. There was an association between
demographic and SGS at short distances (less than 10 m)
which is likely the consequence of restricted seed dispersal.
The degree of SGS decreased across small- to large-diameter
classes.We inferred that limited seed dispersal and subsequent
density-dependent mortality from the family clusters are re-
sponsible for the observed changes in fine-scale SGS across
different demographic classes.

Keywords Cohorts . Genetic diversity . Protium
spruceanum . Random thinning . Seedling bank . Spatial
patterning

Introduction

In the analysis of genetic structure, demography provides
critical information about the mechanisms responsible for
the observed genetic structure of forests (Hardesty et al.
2005; Ng et al. 2004; Ueno et al. 2002). The patterns of
spatial genetic structure (SGS) within local plant popula-
tions are the result of genetic patterns (e.g., gene dispersal,
mating system, and drift) combined with demographic pro-
cesses (e.g., density of seed sources, adaptation to edaphic
conditions, and microbial symbionts) acting at different
temporal and spatial scales across the life stages (Jones
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et al. 2006; Jones and Hubbell 2006; Vieira et al. 2010a).
SGS is influenced by biological aspects of a species and is
strongly dependent on life history, particularly in species
with long reproductive cycles such as trees (Sagnard et al.
2011). Intraspecific life history variation in plants can arise
under phenotypic plasticity shaped by environmental varia-
tion (Kittelson and Maron 2001), providing genetically dif-
ferent subpopulations as a result of spatial heterogeneity
(Jones et al. 2005).

The analysis of spatial dynamics among cohorts have
revealed either an increase in relatedness among neighboring
plants from seed bank to adult stages (Kalisz et al. 2001;
Latouche-Halle et al. 2003) or a decrease in relatedness from
juveniles to adult stages (Hardesty et al. 2005; Ng et al. 2004).
Normally, it is speculated that historical factors, including
local adaptation (Kittelson and Maron 2001), nonequilibrium
population dynamics and overlapping generations (Jones and
Hubbell 2006), competitive thinning (Ng et al. 2004), limited
dispersal near the parent plant (Dev et al. 2011), and low
density of reproductive adults (Vieira et al. 2010a) determine
the differences in relatedness among cohorts. Seed dispersal
and demographic processes have the greatest influence on the
presence or absence of significant SGS (Jones et al. 2005;
Jordano et al. 2007). In fact, studies on SGS in fragmented
landscapes in Brazilian tropical forests suggest that the spatial
isolation of populations can restrict seed and pollen gene flow,
increase SGS for both adults and seedlings, and affect the
genetic diversity of future generations (Gonçalves et al. 2010;
Sebbenn et al. 2011).

In Brazil, there is a lack of data on the genetics of tree
species, in relation to both demographic distribution and
fine-scale SGS for the Amazon basin (Latouche-Halle et
al. 2003; Silva et al. 2008), the Caatinga Domain (Moreira
et al. 2009), and the Cerrado Domain (Collevatti et al. 2010;
Martins et al. 2006). However, some studies have examined
the changes that occur in fine-scale SGS patterning through-
out the life history of trees in the threatened Brazilian
Atlantic Rainforest (Bittencourt and Sebbenn 2007; Conte
et al. 2003; Gaino et al. 2010; Sebbenn et al. 2011). The
inclusion of spatial dynamic analysis among neighboring
plants can also provide compelling interpretations about
the temporal relationships of relatedness. For instance, pre-
vious research within fragments of Atlantic Rainforest and
corridors of secondary forest revealed high levels of genetic
diversity with most of the diversity partitioned within pop-
ulations (Vieira and Carvalho 2008). Moreover, this diver-
sity was not found to be structured within populations, due
to the absence of SGS between large trees within fragments
(Vieira et al. 2010b). However, given the longevity of most
tree species, the study of subsequent generations (i.e., younger
cohorts) is required to provide a clearer picture of the spatial
and temporal patterns of the genetic structure within the
studied populations.

For this study, we used allozyme loci from a small
fragment of Atlantic Rainforest in order to generate dynamic
SGS data sets for the dominant neotropical tree Protium
spruceanum and to investigate our hypotheses regarding
factors influencing a fine-scale genetic structure. P. sprucea-
num is a large, dioecious canopy tree (up to 20 m tall),
which is insect-pollinated and shade-tolerant (allowing for
seedling recruitment beneath large trees). This species is
characterized by a high population density (232Nha−1,
Vieira and Carvalho 2008), with no crown competition
between trees and a high rate of fruit production, with seeds
dispersed mainly by gravity and secondary agents such as
birds (Vieira et al. 2010c). Thus, if seed dispersal by sec-
ondary agents is restricted, our hypothesis is that there will
be greater genetic relatedness and spatial aggregation among
young individuals in close proximity than among adults (see
Latouche-Halle et al. 2003). In addition, if the distribution
of the number of individuals per diameter class follows the
pattern of an inverted “J” curve (sensu Meyer 1952), it is
expected that both demographic and SGSs disappear among
neighboring individuals throughout life history stages, sug-
gesting competitive thinning processes (Ng et al. 2004).
Specifically, we inferred from SGS the role of seed dispersal
in spatial patterning and density of each cohort in a small
forest plot. Previous studies have reported a lack of SGS
with spatial aggregation of seedlings (Sagnard et al. 2011),
although patterns can vary with the unique biological char-
acteristics of each species (Vekemans and Hardy 2004).
Thus, to evaluate our hypotheses, the aims of this study are
to assess the levels of spatial aggregation and SGS of the
cohorts at a fine scale and correlate these results with genetic
diversity parameters across the life stages. Further, we exam-
ine factors that may modify genetic diversity during the life-
time of the tree populations.

Materials and methods

Sample site

The fragment of Atlantic Rainforest used in this study (ca.
1.0 ha, Fragment number 1 from Vieira and Carvalho 2008)
is located in the region of Lavras, Southern Minas Gerais
State, Brazil, at 21º17′52′′S and 44º59′13′′W and an
altitude of 973 m. The region currently consists of five
forest remnants, a matrix of coffee plantations and
planted pastures (Brachiaria spp.) for livestock rearing,
and corridors of secondary forest. At the study site, the
absolute density of adult individuals (diameter at breast
height >16 cm) of P. spruceanum within the fragment is
195.8Nha−1. The approximate density of the species
across the region is 232Nha−1 (Vieira and Carvalho
2008). Over the last 200 years, the population of P.
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spruceanum in this region has declined rapidly because
of habitat fragmentation caused by anthropogenic distur-
bance leading to recent genetic bottlenecks (Vieira and
Carvalho 2008). The study plot was established in the
center of the fragment where all individuals found within
a 40 m×60 m plot were mapped with x–y coordinates
(Electronic Supplementary Material 1).

Cohort definition and genotyping

The plot included 792 individuals (N) classified into four
diameter classes according to diameter at breast height
(d.b.h. at 130 cm above ground level) or at soil height
(d.s.h.) (Fig. 1). The size classes of the cohorts, MED1,
MED2, and BIG, were defined using the d.b.h. and increas-
ing amplitudes (0.8–8, 8–16, 16–32, and 32–64 cm) to
compensate for the fewer number of individuals in the larger
diameter classes (e.g., BIG cohort), typical of the negative
exponential distribution, known as “J” curve (Meyer 1952).
These intervals allow better representation of demographic
thresholds in the studied plot as the larger diameter classes
have a lower density. The BIG cohort was defined by the
combination of classes 16–32 and 32–64, since the largest
class (32–64) included only three individuals. The SMA
cohort (smallest individuals) was defined according to
d.s.h., since individuals were shorter than 130 cm. There-
fore, plant frequency distributions by diameter class for P.
spruceanum census (N0792) were prepared using class
intervals with exponentially increasing ranges to make up
for the normally steep decrease in tree density correlated to
larger diameters (Fig. 1). Although the allometric relation-
ship between age and size is not available for P. sprucea-
num, the defined cohorts were used to minimize overlapping
generations.

The sample (n) for genetic analysis included 345 individ-
uals across all size cohorts, which represents a mean of
68.4 % of the total species census (Table 1, Fig. 2). Tissue
from the SMA cohort was collected only from healthy
plants where there was sufficient leaf material, so that tissue
removal was unlikely to cause mortality. Although SMA
individuals represent 22.9 % of all sampled individuals, the
samples reflect the real skewed spatial distribution in the
plot (Fig. 2 and Electronic Supplementary Material 1). Some
samples of the MED1, MED2, and BIG cohorts were ex-
cluded from analysis because banding patterns could not be
reliably scored. The BIG cohort likely represents reproduc-
tive individuals; however, phenological observations and
sex ratio were not part of this study. Live tissue was trans-
ported on ice to the laboratory and stored at −80°C until
enzyme extraction.

Enzyme extraction and electrophoresis

Small pieces of leaf tissue were crushed in 1 mL of the
extraction buffer as described in Vieira and Carvalho
(2008). Discontinuous vertical electrophoresis was per-
formed in a polyacrylamide gel (10 %) and carried out at
4°C over 3 h (constant current of 80 mA and voltage of
300 V). Nine enzymatic systems were used: acid phospha-
tase (E.C.3.1.3.2, locus Acp), alcohol dehydrogenase
(E.C.1.1.1.1, locus Adh), glucose dehydrogenase
(E.C.1.1.1.47, locus Gdh), β-galactose dehydrogenase
(E.C.1.1.1.48, locus Gldh), glutamate dehydrogenase
(E.C.1.4.1.3, locus Gtdh), malate dehydrogenase
(E.C.1.1.1.37, locus Mdh2), peroxidase (E.C.1.11.1.7, loci
Per1 and Per2), sorbitol dehydrogenase (E.C.1.1.1.14, locus
Sdh), and shikimate dehydrogenase (E.C.1.1.1.25, locus
Skdh). Staining protocols and the genetic basis of allozyme
banding patterns were inferred from segregation patterns
with reference to typical subunit structure and conceptual
methods described in Wendel and Weeden (1989). Putative
loci and alleles were designated sequentially. The locus with
the most anodally migrating allozyme or alleles was designated
as 1 and the next as 2.

Genetic diversity and comparisons among cohorts

Within each cohort, intrapopulation genetic diversity was
analyzed by the percent of polymorphic loci (PL; 0.95 criteri-
on), mean number of alleles per locus (A), observed hetero-
zygosity (Ho), Nei’s gene diversity (He), and fixation index (f).
Standard errors (SE) forHo andHe were calculated across loci.
Significant negative f values were tested using 1,000 boot-
straps across loci. Departures from Hardy–Weinberg (H–W)
equilibrium at each locus were tested in each cohort using the
Fisher exact tests, using BIOSYS-2 (Swofford and Selander
1989). A G-based exact test (Goudet et al. 1996), based on
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Fig. 1 Distribution of Protium spruceanum individuals by diameter
class in the 2,400 m2 forest fragment. Samples collected were classified
according to diameter at breast height (d.b.h., 130 cm) in MED1,
MED2, and BIG cohorts and diameter at soil height (d.s.h.) for the
SMA cohort
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6,000 permutations of genotypes among samples, was per-
formed to test for cohort differentiations at allozyme loci,
using the program FSTAT 2.9.3.2 (Goudet 2002). Compari-
sons among cohorts according to the parameters He, f, and
FST were performed using the G-statistic (Goudet et al.
1996) by randomization of multilocus genotypes among
cohorts. The tests implemented in FSTAT under “Comp.
among groups of samples” aim at testing differences in
diversity and differentiation among groups of populations.
Thus, we defined subplots within the plots by randomization
of samples. The significance level was adjusted for multiple
pairwise comparisons using a sequential Bonferroni correc-
tion in FSTAT.

Demographic data analysis

The spatial distribution of individuals in the census (N) was
tested for clumping using a univariate second-order spatial
pattern analysis, based on Ripley’s (1976) K function. This
method considers the number of events within a circular
radius sequentially larger t from each focal event and devi-
ation from expectation at each t under CSR (complete

spatial randomness). We used the modified L function,
defined by Besag and Diggle (1977) as:

LðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kðtÞ p�t=

p
:

This L function has a more stable variance than the K
function and is easier to interpret: L(t)00 under CSR; L
(t)<0 indicates inhibition, i.e., there are fewer neighbors
within a distance t from an arbitrary point than expected
under CSR, so that the pattern tends to be regular; and L
(t)>0 indicates aggregation, i.e., there are more neigh-
bors within a distance t from an arbitrary point than
expected under CSR, so that the pattern tends to be
clustered. Weighted edge corrections, based on those of
Goreaud and Pelissier (1999) were calculated. We used t
values of 1 to 25, as recommended by Wiegand and
Moloney (2004), as they should not exceed approximate-
ly half the length of the shortest dimension of the plot.
The 99 % confidence intervals (CIs) for the statistic
under the null hypothesis of CSR were estimated by
Monte Carlo simulations of the null models with 499
replicates for α00.01 (Besag and Diggle 1977). The

Table 1 Population genetic statistics for four diameter classes from a P. spruceanum population in a 2,400-m2 forest fragment sampled in Lavras,
southeastern Brazil. Shown are the cohort codes, number of individuals according to the census, density of cohorts, and number of genotyped individuals

Cohort N Nha−1 Genotyped (% census) Ho (SE) He (SE) f (95 % CI) blog (SE) Sp

BIG 50 195.8 45 (90.0) 0.518 (0.012) 0.454 (0.004) −0.143* (−0.185, −0.102) −0.011 (0.004) 0.011

MED2 85 354.2 60 (70.6) 0.467 (0.017) 0.434 (0.011) −0.077* (−0.150, −0.023) −0.0004 (0.003) 0.0004

MED1 133 554.2 120 (90.2) 0.519 (0.017) 0.429 (0.013) −0.211* (−0.287, −0.135) −0.013* (0.006) 0.013

SMA 524 2,183.3 120 (22.9) 0.504 (0.026) 0.437 (0.007) −0.153* (−0.240, −0.050) −0.009* (0.003) 0.009

Total 792 3,287.5 345 (mean068.4) 0.504 (0.013) 0.438 (0.005) −0.159* (−0.204, −0.097)

N census, Ho observed heterozygosity, He genetic diversity, f fixation index, blog regression slope, Sp statistic

*Significant at the 5 % level
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sample statistic was compared with this probability.
These calculations were analyzed with SpPack version
1.38 (Perry 2004).

Spatial genetic structure (SGS)

SGS for each cohort was further analyzed using Nason’s
kinship coefficient Fij, or coancestry (Loiselle et al. 1995).
This coefficient can estimate between pairs of mapped indi-
viduals (x and y) a ratio of differences of probabilities of
identity-in-state between homologous genes (Rousset
2002). For fine-scale SGS analysis, distance class intervals
between individuals were determined as suggested by Hardy
and Vekemans in the SPAGeDi user’s manual (p. 16). We
used all genotyped individuals in calculating the reference
allele frequencies for the analysis in SPaGeDi. To test for
significant deviations from random SGS, observed values
for each distance class were compared to the 95 % CI
derived from 1,000 jackknife replicates across loci. The
extent of SGS was estimated using the Sp statistic following
Vekemans and Hardy (2004). The Sp statistic here is used as
a simple measure to allow for comparisons among cohorts,
not as an estimate of the variance in gene dispersal distan-
ces. Sp was quantified by Sp ¼ �blog= 1� F 10;mð Þ

� �
where

blog is the regression slope of the Fij on log(distance) and
F(10,m) is the mean kinship coefficient between individuals
belonging to the first distance class (0–10 m). The blog
standard errors were obtained by jackknife replicates across
loci. These calculations were performed using the program
SPAGeDi 1.2 g (Hardy and Vekemans 2002).

Experimental random thinning

We used a simulation method to investigate whether random
mortality could be responsible for a reduction of SGS across
age classes. For this, we forecast future SGS for adult
trees performing Monte Carlo randomizations (Manly
1991) to create “pseudo-cohorts”, corresponding to the
BIG cohort. Subsequently, the patterns of randomized
cohorts were statistically compared with the real SGS
data sets of the BIG cohort. Given the 240 genotyped
individuals in SMA and MED1 size classes (young
cohorts, see Table 1), the experimental random thinning
was calculated by following the rarefaction method to
include replicates of 45 individuals, equivalent to the
sample size of BIG cohort (oldest cohort). We randomly
designated 45 individuals from the two smallest size
classes (SMA and MED1) and calculated the average
Fij within each distance class with 1,000 replicates using
a jackknife procedure in the SPAGeDi software. The
average Fij within each distance class was compared to
the empirical results (i.e., BIG cohort) to determine if the

CI around the Fij overlaps, particularly at the shortest
distance class (0–10 m). Three expectations were hypoth-
esized: (1) random thinning of “pseudo-cohorts” would
result in an nonsignificant departure from empirical
results at that stage; (2) if the SGS observed in those
size classes is preserved, then there is evidence of other
genetic processes impacting the BIG cohort, i.e., signif-
icant deviations from random SGS; and (3) random thin-
ning would not be expected to change the regression slope of
the Fij on log(distance), i.e., nonsignificant blog at first distance
interval (0–10 m).

Results

Genetic diversity

P. spruceanum shows a high level of genetic diversity across
all analyzed diameter classes (Table 1). The nine enzyme
systems utilized revealed ten interpretable loci with a total of
20 alleles (Electronic Supplementary Material 2). No cohort-
specific alleles were detected from the analysis of the allele
frequencies for the ten polymorphic loci. The percentage of
polymorphic loci within local cohorts was 100.0 % with two
alleles segregating per locus. The relationship between the
observed (Ho) and expected (He) mean heterozygosities
resulted in a negative fixation index (f) for all analyzed
cohorts, indicating a high proportion of heterozygotes and
an absence of inbreeding (Table 1).

The mean values of genetic diversity and fixation index
were not significantly different between the cohorts (Table 2).
Less than 1.4 % of the genetic variation was partitioned
among different diameter classes; the majority of genetic
variation was within diameter classes. Based on Goudet’sG
test, differentiation between cohorts was not significant at the
5 % level (FST00.005; CI0−0.001 to 0.016). However, con-
sidering pairwise estimates, only young cohorts (MED1 vs.

Table 2 Differences in levels of genetic diversity, fixation indices, and
genetic differentiation among cohorts as measured by He, f and FST

based on Goudet’s G test. Levels of significance were obtained after
6,000 permutations using FSTAT (Goudet 2002)

Comparisons Mean (He) Mean (f) FST

BIG vs. MED2 0.444 ns −0.110 ns 0.004 ns

BIG vs. MED1 0.442 ns −0.177 ns 0.003 ns

BIG vs. SMA 0.446 ns −0.148 ns 0.004 ns

MED2 vs. MED1 0.432 ns −0.144 ns 0.014 ns

MED2 vs. SMA 0.436 ns −0.115 ns 0.001 ns

MED1 vs. SMA 0.430 ns −0.190 ns 0.010*

ns not significant

*P<0.01
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SMA)were significantly different (P<0.01), with amultilocus
estimate of FST of 0.01 (Table 2).

Spatial distribution

Our study plot contained 792 P. spruceanum individuals
(Table 1), covering ca. 24 % of the area. P. spruceanum
showed a skewed size–class distribution with many small
individuals and few large individuals (Fig. 1). The spatial
distribution of plants was significantly different from that
expected for random distribution for the cohorts SMA (t00–
25 m) and MED1 (t02–11 m). For both cohorts, the L
function curves exhibited a divergence from the null hy-
pothesis of a random distribution, i.e., the observed L(t)
values exceeded the upper bound CIs (Fig. 3). Only
MED1 cohort showed a spatial structure with both clumped
and random patterns. The univariate analysis of the individ-
uals in the MED2 and BIG cohorts showed no evidence of
nonrandom spatial distribution. The magnitude of spatial ag-
gregation showed a decrease from a high aggregation to
random distribution with an increase in diameter class
(SMA>MED1>MED2/BIG).

Spatial genetic structure (SGS)

Considering a 95 % CI, the spatial autocorrelation analysis
detected a significant SGS up to a radius of approximately
10m in SMA andMED1 cohorts, based on kinship coefficients
(Fig. 4). This same pattern was observed in the SGS analysis of
the SMA-MED1 cohorts together (n0240, Electronic Supple-
mentary Material 3). A continuous decrease in the autocorrela-
tion values was detected with increasing distances in MED1
cohort and from 65 m onward. The analysis showed significant
negative values, suggesting that nearby trees are more related
and distant trees are less related than the average (Fig. 4). In the
MED2 and BIG cohorts, coancestry values were within the
range of 95 % CIs in all of the distance classes as well as in the
MED2-BIG cohorts together (n0105, Electronic Supplemen-
tary Material 4). The overall SGS across all cohorts (n0345)
showed no spatial genetic structuring (Electronic Supplemen-
tary Material 5). Slopes (blog) of correlograms of SMA and
MED1 cohorts were significantly different (P<0.025) from the
null hypothesis of no SGS (blog00) (Table 1). The overall slope
of the correlogramwas not significantly negative in the analysis
of the MED2 and BIG cohorts.
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Simulation of the random thinning

At the first distance interval for “pseudo BIG cohort”, all
tested parameters were not significant (F(10,m)00.025;
blog(SE)0−0.016 (0.010); Sp00.016; P>0.05). The ex-
perimental random thinning results were similar to the
empirical results for the BIG cohort, since F(10,m)00.043,
blog(SE)0−0.011(0.004) and Sp00.011 (also not signifi-
cant at deviations from random SGS; P>0.05). Thus, the
experimental random thinning indicated no significant
departure from empirical results at older stages (Fig. 5).
Following our expectations (see “Experimental random
thinning”), the random mortality (thinning) could be respon-

sible for a reduction in SGS across age classes, since hypoth-
esis (1) and (3) were corroborated.

Discussion

Genetic diversity

Our findings show that cohorts of P. spruceanum in a small
forest fragment maintain high levels of allozyme diversity.
In general, estimates of genetic diversity (He, f, and FST)
within the study population were not significantly different
among cohorts. This is similar to other studied tropical tree
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species (Conte et al. 2003; Hall et al. 1994), suggesting
extensive gene flow (Kelly et al. 2004). The minor differ-
ences among cohorts suggest that gene flow was greater in
the older generation; in fact, SGS was not significant for
MED2 and BIG cohorts. These results support two expect-
ations, since older trees are (1) offspring from local individ-
uals that are no longer present in the population (e.g.,
through random mortality or logging) or (2) the product of
long distance dispersal from trees that may have disappeared
as the result of increasing human impact in the surrounding
landscape.

Furthermore, our results suggest that the fragmentation
event and recent bottlenecks (ca. 200 years ago), previously
reported for this species and study site (Vieira and Carvalho
2008), did not change the level of genetic diversity between
the old and young cohorts. This supports the conclusion that
the impact of the recent episode of forest fragmentation for
P. spruceanum populations may be insignificant to detect
impacts on genetic diversity because preframentation trees
continue to contribute to the gene pool (Vieira and Carvalho
2008). The BIG cohort trees sampled for this study may
have been present prior to anthropogenic disturbances and
their consistent contributions to the gene pool may be the
cause of the low current rates of differentiation between old
individuals prefragmentation and young individuals after
fragmentation. Thus, it is likely that the young cohorts
(SMA and MED1) come from local mating involving older
individuals after anthropogenic impacts in the neighborhood
area. In this context, few studies have examined the differ-
ences in the genetic diversity between cohorts pre- and post-
fragmentation in the Brazilian Atlantic Rainforest. Torezan
et al. (2005) used random amplified polymorphic DNA
(RAPDs) to quantify genetic diversity within populations of
Aspisdosperma polyneuron, a long-lived, late-reproducing
tropical tree, from adults (prefragmentation, >300 years old)
and seedlings (after-fragmentation, <50 years old). Their
results showed a decrease in genetic variation among post-
fragmentation cohorts in small fragments of the Atlantic Rain-
forest. Lowe et al. (2005) reviewed studies of fragmented
habitats, and the results were consistent with the prevailing
theory that inbreeding is often observed immediately follow-
ing the impact of the event, but genetic diversity is lost slowly
over subsequent generations, which for trees may take several
hundred years or longer.

Fixation indices were negative and significantly different
from zero for all cohorts (Table 1). Although the mean value
of f across cohorts (−0.159) may indicate a general excess of
heterozygotes above that expected for panmictic populations,
the range of fixation indices from other neighboring forest
fragments varies from −0.250 to 0.078 (Vieira and Carvalho
2008). This could be due to random variation, positive assor-
tative mating or phenological differences within and among
trees (El-Kassaby et al. 1984; Shaw and Allard 1982). Future

studies should focus on multilocus and single locus outcross-
ing rates to provide a clearer picture of the factors influencing
the negative fixation indices.

Spatial demographic and genetic structures

In general, spatial distribution pattern analyses have shown that
the majority of tropical tree species exhibit varied aggregation
across diameter classes (Condit et al. 2000; He et al. 1997;
Hubbell 1979). Normally, this aggregation decreases with an
increase in age, as reported for Cecropia obtusifolia (Epperson
and Alvarez-Buylla 1997), Alsesis blackiana and Platypodium
elegans (Hamrick et al. 1993), and Shorea leprosula (Ng et al.
2004). In this study, we also found significant spatial aggrega-
tion and clustering in small- and medium-diameter classes
(SMA and MED1) than for medium- and large-diameter class
trees (MED2 and BIG). The probable mechanisms for cluster-
ing in tropical trees have been discussed from the viewpoint of
seed dispersal, gap recruitment, distance-dependent mortality,
and herbivore predation (Condit et al. 2000; Itoh et al. 1997;
Ng et al. 2004; Plotkin et al. 2000). Adult densities (195.8N
ha−1) and seed dispersal by gravity from the largest diameter
class probably have the greatest influence on the occurrence of
clustering in the small- and medium-diameter classes, suggest-
ing dispersion from individuals and a radial distribution of
the density.

Likely, seed shadow due to limited seed dispersal primarily
determines the clustering in small-diameter classes. Thus, if
seeds fall beneath the maternal tree, individuals in younger age
classes should exhibit a more grouped spatial distribution and
genetic familial structure. In addition, the distribution of P.
spruceanum plants across the diameter classes followed the
pattern of an inverted “J” curve, suggesting seedling bank
behavior in association with SGS and subsequent density-
dependent mortality. The level of relatedness detected here for
SMA and MED1 cohorts at 0 to 10 m reflects the aggregation
of these cohorts, as suggested by the SGS analysis (Fig. 4) and
illustrated by the spatial distribution of individuals (Fig. 3).
Hence, there is a correlation between demographic and fine-
scale SGS in small distance classes. This is likely the conse-
quence of restricted seed dispersal as indicated by Latouche-
Halle et al. (2003), meaning that the limited area of aggregates
corresponds to the dispersion distance from the maternal tree.

We found SGS in the young plants (SMA and MED1
cohorts), but this structure almost completely disappeared
among the older plants (MED2 and BIG cohorts). The
reduction of SGS with age could occur when juveniles show
genetically random mortality that is density-dependent
(Epperson and Alvarez-Buylla 1997). Skabo et al. (1998)
argued that there is a tendency for this to happen because the
family grouping caused by limited seed dispersal would be
reinforced in each generation by short-distance pollen dis-
persal (Barbour et al. 2005) and biparental inbreeding;
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however, the development of SGS in the juvenile cohort
would be counteracted by selection against the effects of
inbreeding as they mature (Hardner et al. 1998). Although
no inbreeding was found in the SMA and MED1 cohorts,
we found relatedness among the shortest distance class.
Indeed, a fine-scale structure can develop when variance in
the seed dispersal is smaller than variance in pollen dispersal
(Kalisz et al. 2001). While this study focused on differences
in SGS in contemporary cohorts, further investigations in-
corporating longitudinal data over generations is necessary.

The ecological and evolutionary processes (e.g., environ-
mental heterogeneity, mating system, and colonization histo-
ry) that affect spatial distribution patterns can also be
contributing factors to the observed fine-scale SGS (Jones et
al. 2006; Vekemans and Hardy 2004). In this study area, a
large number of recruits (SMA class) was established in the
east half of the plot, showing a skewed spatial distribution
(Electronic Supplementary Material 1), while adult individu-
als are scattered randomly over the entire area. There are likely
external factors (other than dispersal) determining the absence
of recruitment in half of the plot such as soil and humidity or
skewed spatial distribution of maternal plants (although this
was not quantified for this study).

In the light of the Sp-based SGS review performed
by Vekemans and Hardy (2004), SGS in P. spruceanum
(Sp ~0.009) is consistent with other tree species (Sp00.010),
other plant species with animal-dispersed seeds (Sp00.009)
and P. spruceanum adult populations in four other forest frag-
ments (Sp00.008) (Vieira et al. 2010b). However, it is impor-
tant to consider the sample size used in this study; we sampled
345 individuals inside of the plot and categorized them into
four different diameter classes. Although the ability to detect
SGS is associated with the sampling strategy and type of
genetic marker (Cavers et al. 2005), our simulations of ran-
dom thinning showed that the sample sizes (e.g., 45 individ-
uals into BIG cohort) provided no sensitivity to SGS, given
the rarefaction method of 240 genotyped individuals in young
cohorts and the simulation method performed byMonte Carlo
randomizations. In fact, the “pseudo BIG cohort” simulations
showed no significant deviations from randomSGS, similar to
empirical data sets for the BIG cohort. According to Cavers
et al. (2005), large sample sizes are required in cases where
SGS is weaker than for the simulated population, mainly in
species with effective seed dispersal mechanisms, which is not
the case for P. spruceanum, because the studied population
does not have effective seed dispersal.

Conclusions

The skewed size–class distribution of P. spruceanum indi-
cates seedling bank behavior because seeds are mostly dis-
persed by gravity, producing natural regeneration of siblings

in the neighborhood of the mother trees. Regeneration is
likely the result of local seed production. Fine-scale SGS
among seedlings and young individuals was detected to be
significant and stronger than SGS among older individuals.
As seedlings and younger individuals grow, competition
among individuals within cohorts will induce thinning, shifting
the cohorts from a clustered distribution to a random distribu-
tion as individuals age.

Acknowledgments We thank Flávio R. Gonçalvez, Rodrigo M.G.
Melo, and Rubens M. dos Santos for valuable field assistance and
Eduardo van den Berg for all his advice. We also thank Jeffrey Joseph
(Royal Botanic Gardens, Kew), Margaret Byrne, and anonymous
reviewers for the suggestions and corrections and Dr. Evelyn Nimmo
for editing the English language of the manuscript. Finally, we would like
to acknowledge the Conselho Nacional de Desenvolvimento Científico e
Tecnológico for providing a research fellowship for D. Carvalho and a
research grant.

References

Barbour RC, Potts BM, Vaillancourt RE (2005) Pollen dispersal from
exotic eucalypt plantations. Conserv Genet 6:253–257. doi:10.1007/
s10592-004-7849-z

Besag JE, Diggle PJ (1977) Simple Monte Carlo tests for spatial
pattern. Appl Stat 26:327–333

Bittencourt JVM, Sebbenn AM (2007) Patterns of pollen and seed
dispersal in a small, fragmented population of the wind-
pollinated tree Araucaria angustifolia in southern Brazil. Heredity
99:580–591. doi:10.1038/sj.hdy.6801019

Cavers S, Degen B, Caron H et al (2005) Optimal sampling strategy for
estimation of spatial genetic structure in tree populations. Heredity
95:281–289. doi:10.1038/sj.hdy.6800709

Collevatti RG, Lima JS, Soares TN, Campos TMP (2010) Spatial
genetic structure and life history traits in Cerrado tree species:
inferences for conservation. Nat Conservação 8(1):54–59.
doi:10.4322/natcon.00801008

Condit R, Ashton PS, Baker P et al (2000) Spatial patterns in the
distribution of tropical tree species. Science 288:1414–1418.
doi:10.1126/science.288.5470.1414

Conte R, Nodari RO, Vencovsky R et al (2003) Genetic diversity and
recruitment of the tropical palm, Euterpe edulisMart., in a natural
population from the Brazilian Atlantic Forest. Heredity 91:401–
406. doi:10.1038/sj.hdy.6800347

Dev SA, Kjellberg F, Hossaert-McKey M, Borges RM (2011) Fine-scale
population genetic structure of two dioecious Indian keystone spe-
cies, Ficus hispida and Ficus exasperata (Moraceae). Biotropica
43:309–316. doi:10.1111/j.1744-7429.2010.00704.x

El-Kassaby YA, Fashlerand AMK, Sziklai O (1984) Reproductive
phenology and its impact on genetically improved seed produc-
tion in a Douglas-fir seed orchard. Silvae Genet 33:120–125

Epperson BK, Alvarez Buylla ER (1997) Limited seed dispersal and
genetic structure in life stages of Cecropia obtusifolia. Evolution
51:275–282. doi:10.2307/2410981

Gaino APSC, Silva AM, Moraes MA et al (2010) Understanding the
effects of isolation on seed and pollen flow, spatial genetic structure
and effective population size of the dioecious tropical tree species
Myracrodruon urundeuva. Conserv Genet 11:1631–1643.
doi:10.1007/s10592-010-0046-3

Gonçalves AC, Reis CAF, Vieira FA, Carvalho D (2010) Estrutura
genética espacial em populações naturais de Dimorphandra mollis

Tree Genetics & Genomes (2012) 8:1191–1201 1199

http://dx.doi.org/10.1007/s10592-004-7849-z
http://dx.doi.org/10.1007/s10592-004-7849-z
http://dx.doi.org/10.1038/sj.hdy.6801019
http://dx.doi.org/10.1038/sj.hdy.6800709
http://dx.doi.org/10.4322/natcon.00801008
http://dx.doi.org/10.1126/science.288.5470.1414
http://dx.doi.org/10.1038/sj.hdy.6800347
http://dx.doi.org/10.1111/j.1744-7429.2010.00704.x
http://dx.doi.org/10.2307/2410981
http://dx.doi.org/10.1007/s10592-010-0046-3


(Fabaceae) na região norte de Minas Gerais, Brasil. Rev Bras Bot
33(2):325–332. doi:10.1590/S0100-84042010000200013

Goreaud F, Pelissier R (1999) On explicit formulas of edge effect
correction for Ripley’s K-function. J Veg Sci 10:433–438.
doi:10.2307/3237072

Goudet J (2002) FSTAT (version 2.9.3.2.): a computer program to
calculate F-statistics. J Heredity 86:485–486

Goudet J, Raymond M, de Meuus T et al (1996) Testing differentiation
in diploid populations. Genetics 144:1933–1940

Hall P, Chase MR, Bawa KS (1994) Low genetic variation but
high population differentiation in a common tropical forest
tree species. Cons Biol 8:471–482. doi:10.1046/j.1523-
1739.1994.08020471.x

Hamrick JL, Murawski DA, Nason JD (1993) The influence of seed
dispersal mechanisms on the genetic-structure of tropical tree
populations. Vegetatio 108:281–297

Hardesty BD, Dick CW, Kremer A et al (2005) Spatial genetic structure
of Simarouba amara Aubl. (Simaroubaceae), a dioecious, animal-
dispersed, neotropical tree, on Barro Colorado Island, Panama.
Heredity 95:290–297. doi:10.1038/sj.hdy.6800714

Hardner CM, Potts BM, Gore PL (1998) The relationship between
cross success and spatial proximity of Eucalyptus globulus ssp.
globulus parents. Evolution 52:614–618. doi:10.2307/2411096

Hardy OJ, Vekemans X (2002) SPAGeDi: a versatile computer pro-
gram to analyse spatial genetic structure at the individual or
population levels. Mol Ecol Notes 2:618–620. doi:10.1046/
j.1471-8278.2002.00305.x

He F, Legendre P, LaFrankie JV (1997) Distribution patterns of tree
species in a Malaysian tropical rain forest. J Veg Sci 8:105–114.
doi:10.2307/3237248

Hubbell SP (1979) Tree dispersion, abundance and diversity in a dry
tropical forest. Science 203:1299–1309. doi:10.1126/
science.203.4387.1299

Itoh A, Yamakura T, Ogino K et al (1997) Spatial distribution patterns
of two predominant emergent trees in a tropical rainforest in
Sarawak, Malaysia. Plant Ecol 132:121–136. doi:10.1023/
A:1009779424279

Jones FA, Hubbell SP (2006) Demographic spatial genetic structure of
the Neotropical tree, Jacaranda copaia. Mol Ecol 15:3205–3217.
doi:10.1111/j.1365-294X.2006.03023.x

Jones FA, Chen J, Weng G-J, Hubbell SP (2005) A genetic evaluation of
seed dispersal in the neotropical tree Jacaranda copaia (Bignonia-
ceae). Am Nat 166:543–555. doi:10.1086/491661

Jones FA, Hamrick JL, Peterson CJ et al (2006) Inferring colonization
history from analysis of spatial genetic structure in populations of
Pinus strobus and Quercus rubra. Mol Ecol 15:851–861.
doi:10.1111/j.1365-294X.2005.02830.x

Jordano P, Garcia C, Godoy JA, Garcia-Castano JL (2007) Differential
contribution of frugivores to complex seed dispersal patterns. Proc
Natl Acad Sci USA 104:3278–3282. doi:10.1073/pnas.0606793104

Kalisz S, Nason JD, Hanzawa FA et al (2001) Spatial population
genetic structure in Trillium grandiflorum: the roles of dispersal,
mating, history and selection. Evolution 55:1560–1568.
doi:10.1111/j.0014-3820.2001.tb00675.x

Kelly BA, Hardy OJ, Bouvet J-M (2004) Temporal and spatial genetic
structure in Vitellaria paradoxa (shea tree) in an agroforestry
system in southern Mali. Mol Ecol 13:1231–1240. doi:10.1111/
j.1365-294X.2004.02144.x

Kittelson PM, Maron JL (2001) Fine-scale genetically based differen-
tiation of life-history traits in the perennial shrub Lupinus arbor-
eus. Evolution 55:2429–2438. doi:10.1111/j.0014-3820.
2001.tb00758.x

Latouche-Halle C, Ramboer A, Bandou E et al (2003) Nuclear and
chloroplast genetic structure indicate fine-scale spatial dynamics
in a neotropical tree population. Heredity 91:181–190. doi:10.
1038/sj.hdy.6800296

Loiselle BA, Sork VL, Nason J et al (1995) Spatial genetic structure of
a tropical understory shrub, Psychotria officinalis (Rubiaceae).
Am J Bot 82:1420–1425. doi:10.2307/2445869

Lowe AJ, Boshier D, Ward M et al (2005) Genetic resource impacts of
habitat loss and degradation; reconciling empirical evidence and
predicted theory for neotropical trees. Heredity 95:255–273.
doi:10.1038/sj.hdy.6800725

Manly BFJ (1991) Randomization and Monte Carlo methods in biology.
Chapman & Hall, New York

Martins K, Chaves LJ, Buso GSC, Kageyama PY (2006) Mating system
and fine-scale spatial genetic structure of Solanum lycocarpum St.
Hill (Solanaceae) in the Brazilian Cerrado. Conserv Genet 7:957–
969. doi:10.1007/s10592-006-9140-y

Meyer HA (1952) Structure, growth, and drain in balanced uneven-aged
forests. J For 50:85–92

Moreira PA, Fernandes GW, Collevatti RG (2009) Fragmentation and
spatial genetic structure in Tabebuia ochracea (Bignoniaceae) a
seasonally dry neotropical tree. For Ecol Manag 258:2690–2695.
doi:10.1016/j.foreco.2009.09.037

Ng KKS, Lee SL, Koh CL (2004) Spatial structure and genetic diversity
two tropical tree species with contrasting breeding systems and
different ploidy levels. Mol Ecol 13:657–669. doi:10.1046/j.1365-
294X.2004.02094.x

Perry GLW (2004) SpPack: spatial point pattern analysis in Excel
using Visual Basic for Applications (VBA). Environ Model Softw
19:559–569. doi:10.1016/j.envsoft.2003.07.004

Plotkin JB, Potts M, Leslie N et al (2000) Species–area curves, spatial
aggregation, and habitat specialization in tropical forests. J Theor
Biol 207:81–99. doi:10.1006/jtbi.2000.2158

Ripley BD (1976) The second-order analysis of stationary processes. J
Appl Brobab 13:255–266

Rousset F (2002) Inbreeding and relatedness coefficients: what do they
measure? Heredity 88:371–380. doi:10.1038/sj.hdy.6800065

Sagnard F, Oddou-Muratorio S, Pichot C, Vendramin GG, Fady B
(2011) Effects of seed dispersal, adult tree and seedling density
on the spatial genetic structure of regeneration at fine temporal
and spatial scales. Tree Genet Genomes 7:37–48. doi:10.1007/
s11295-010-0313-y

Sebbenn AM, Carvalho ACM, Freitas MLM et al (2011) Low levels of
realized seed and pollen gene flow and strong spatial genetic
structure in a small, isolated and fragmented population of the
tropical tree Copaifera langsdorffii Desf. Heredity 106:134–145.
doi:10.1038/hdy.2010.33

Shaw DV, Allard RW (1982) Estimation of outcrossing rates in Doug-
las fir using isozyme markers. Tree Genet Genomes 62:113–120.
doi:10.1007/BF00293342

Silva MB, Kanashiro M, Ciampi AY et al (2008) Genetic effects of
selective logging and pollen gene flow in a low-density population
of the dioecious tropical tree Bagassa guianensis in the Brazilian
Amazon. For Ecol Manag 255:1548–1558. doi:10.1016/
j.foreco.2007.11.012

Skabo S, Vaillancourt RE, Potts BM (1998) Fine-scale genetic struc-
ture of Eucalytus globulus ssp. globulus forest revealed by
RAPDs. Aust J Bot 46:583–594. doi:10.1071/BT97056

Swofford DL, Selander RB (1989) Biosys-1. A computer program for
the analysis of genetic variation in population genetic and bio-
chemical systematics, version 1.7. Illinois Natural History Survey,
Champaign

Torezan JMD, Souza RF, Ruas PM et al (2005) Genetic variability of
pre and post-fragmentation cohorts of Aspidosperma polyneuron
Muell. Arg. (Apocynaceae). Braz Arch Biol Technol 48:171–180.
doi:10.1590/S1516-89132005000200002

Ueno S, Tomaru N, Yoshimaru H et al (2002) Size–class differences in
genetic structure and individual distribution of Camellia japonica
L. in a Japanese old-growth evergreen forest. Heredity 89:120–
126. doi:10.1038/sj.hdy.6800111

1200 Tree Genetics & Genomes (2012) 8:1191–1201

http://dx.doi.org/10.1590/S0100-84042010000200013
http://dx.doi.org/10.2307/3237072
http://dx.doi.org/10.1046/j.1523-1739.1994.08020471.x
http://dx.doi.org/10.1046/j.1523-1739.1994.08020471.x
http://dx.doi.org/10.1038/sj.hdy.6800714
http://dx.doi.org/10.2307/2411096
http://dx.doi.org/10.1046/j.1471-8278.2002.00305.x
http://dx.doi.org/10.1046/j.1471-8278.2002.00305.x
http://dx.doi.org/10.2307/3237248
http://dx.doi.org/10.1126/science.203.4387.1299
http://dx.doi.org/10.1126/science.203.4387.1299
http://dx.doi.org/10.1023/A:1009779424279
http://dx.doi.org/10.1023/A:1009779424279
http://dx.doi.org/10.1111/j.1365-294X.2006.03023.x
http://dx.doi.org/10.1086/491661
http://dx.doi.org/10.1111/j.1365-294X.2005.02830.x
http://dx.doi.org/10.1073/pnas.0606793104
http://dx.doi.org/10.1111/j.0014-3820.2001.tb00675.x
http://dx.doi.org/10.1111/j.1365-294X.2004.02144.x
http://dx.doi.org/10.1111/j.1365-294X.2004.02144.x
http://dx.doi.org/10.1111/j.0014-3820.2001.tb00758.x
http://dx.doi.org/10.1111/j.0014-3820.2001.tb00758.x
http://dx.doi.org/10.1038/sj.hdy.6800296
http://dx.doi.org/10.1038/sj.hdy.6800296
http://dx.doi.org/10.2307/2445869
http://dx.doi.org/10.1038/sj.hdy.6800725
http://dx.doi.org/10.1007/s10592-006-9140-y
http://dx.doi.org/10.1016/j.foreco.2009.09.037
http://dx.doi.org/10.1046/j.1365-294X.2004.02094.x
http://dx.doi.org/10.1046/j.1365-294X.2004.02094.x
http://dx.doi.org/10.1016/j.envsoft.2003.07.004
http://dx.doi.org/10.1006/jtbi.2000.2158
http://dx.doi.org/10.1038/sj.hdy.6800065
http://dx.doi.org/10.1007/s11295-010-0313-y
http://dx.doi.org/10.1007/s11295-010-0313-y
http://dx.doi.org/10.1038/hdy.2010.33
http://dx.doi.org/10.1007/BF00293342
http://dx.doi.org/10.1016/j.foreco.2007.11.012
http://dx.doi.org/10.1016/j.foreco.2007.11.012
http://dx.doi.org/10.1071/BT97056
http://dx.doi.org/10.1590/S1516-89132005000200002
http://dx.doi.org/10.1038/sj.hdy.6800111


Vekemans X, Hardy OJ (2004) New insights from fine-scale spatial
genetic structure analysis in plant populations. Mol Ecol 13:921–
935. doi:10.1046/j.1365-294X.2004.02076.x

Vieira FA, Carvalho D (2008) Genetic structure of an insect-pollinated
and bird-dispersed tropical tree in vegetation fragments and corri-
dors: implications for conservation. Biodivers Conserv 17:2305–
2321. doi:10.1007/s10531-008-9367-7

Vieira FA, Carvalho D, Higuchi P et al (2010a) Spatial pattern and fine-
scale genetic structure indicating recent colonization of the palm
Euterpe edulis in a Brazilian Atlantic forest fragment. Biochem
Genet 48:96–103. doi:10.1007/s10528-009-9298-3

Vieira FA, Fajardo CG, Souza AM et al (2010b) Landscape-level
and fine-scale genetic structure of the neotropical tree

Protium spruceanum (Burseraceae). Int J Forest Res
2010:1–8. doi:10.1155/2010/120979

Vieira FA, Appolinário V, Fajardo CG et al (2010c) Reproductive
biology of Protium spruceanum (Burseraceae), a dominant
dioecious tree in vegetation corridors in Southeastern Brazil.
Rev Bras Bot 33(4) :711–715. doi :10.1590/S0100-
84042010000400018

Wendel JF, Weeden NF (1989) Visualization and interpretation of plant
isozymes. In: Soltis DE, Soltis PS (eds) Isozymes in plant biology.
Dioscorides Press, Portland, pp 5–45

Wiegand T,Moloney KA (2004) Rings, circles, and null-models for point
pattern analysis in ecology. Oikos 104:209–229. doi:10.1111/
j.0030-1299.2004.12497.x

Tree Genetics & Genomes (2012) 8:1191–1201 1201

http://dx.doi.org/10.1046/j.1365-294X.2004.02076.x
http://dx.doi.org/10.1007/s10531-008-9367-7
http://dx.doi.org/10.1007/s10528-009-9298-3
http://dx.doi.org/10.1155/2010/120979
http://dx.doi.org/10.1590/S0100-84042010000400018
http://dx.doi.org/10.1590/S0100-84042010000400018
http://dx.doi.org/10.1111/j.0030-1299.2004.12497.x
http://dx.doi.org/10.1111/j.0030-1299.2004.12497.x

	Fine-scale genetic dynamics of a dominant neotropical tree in the threatened Brazilian Atlantic Rainforest
	Abstract
	Introduction
	Materials and methods
	Sample site
	Cohort definition and genotyping
	Enzyme extraction and electrophoresis
	Genetic diversity and comparisons among cohorts
	Demographic data analysis
	Spatial genetic structure (SGS)
	Experimental random thinning

	Results
	Genetic diversity
	Spatial distribution
	Spatial genetic structure (SGS)
	Simulation of the random thinning

	Discussion
	Genetic diversity
	Spatial demographic and genetic structures

	Conclusions
	References


