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Abstract Forest management may have significant effects
on forest connectivity and natural population sizes. Harvest-
ing old-growth single trees may also change natural patterns
of genetic variation and spatial genetic structure. This study
evaluated the impacts of forest management using a silvi-
cultural system of seed trees on the genetic diversity and
spatial genetic structure of Eremanthus erythropappus (DC.)
MacLeish. A complete survey of 275 trees on four plots was
undertaken out to compare the genetic variation of a man-
aged stand with an unmanaged stand. We genotyped all adult
and juvenile individuals 60 months after the management
and compared the genetic diversity and the spatial genetic
structure parameters. Genetic diversity was considered high
because of an efficient gene flow between stands. There were
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no genetic differences between stands and no evidence of
inbreeding. Genetic clustering identified a single population
(K=1), indicating no genetic differentiation between man-
aged and unmanaged stands. Adult and juvenile individuals
of the unmanaged stand were more geographically struc-
tured than individuals from the managed one. There was a
tendency of coancestry among juveniles at the first class of
distance of the managed stand, suggesting a drift of genetic
structure possibly caused by management. Understanding
early responses to management on genetic diversity and
stand structure is a first step to ensuring the effectiveness
of conservation practices of tree species. The sustainability
of forest management of E. erythropappus on genetic diver-
sity, and more accurately, on spatial genetic structure needs
evaluation over time to promote effective conservation of the
population size and genetic variability.

Keywords Genetic diversity - Microsatellite markers -
Gene flow - Silvicultural management - Brazilian Cerrado

Introduction

Sustainable forest management uses appropriate silvicul-
tural techniques to produce different goods and services
and simultaneously promotes biodiversity conservation
(Petrokofsky et al. 2015). The reduction in tree density
inherent to forest management practices may result in
increased levels of inbreeding and erosion of evolutionary
potential (Crnokrak and Roff 1999; Frankham et al. 2002;
Quéméré et al. 2010). Among the main impacts, silvicul-
tural management may affect species selection and spatial
genetic structure (Hawley et al. 2005; Lacerda et al. 2008).
However, although natural regeneration allows for the con-
servation of genetic information to the next generation,
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it does not avoid adaptive and non-adaptive changes in
genetic structure (Rajora and Pluhar 2003).

Tropical forest regeneration is a natural process that is
important for the conservation of ecosystems (Hardwick
and Elliot 2015). The maintenance of the regeneration
potential is essential to ensure the sustainability of silvi-
cultural management, promote forest succession dynamics,
and consequently preserve the natural patterns of resil-
ience in disturbed environments (Ackzell 1993; Folke
2006). Due to the fragility of tropical biomes, it is funda-
mental to analyze their genetic diversity to define strate-
gies of management and conservation, especially for those
species whose distribution determined by high altitudes,
normally presenting a high risk of extinction (Avise and
Hamrick 1996; Brown and Kappelle 2001).

Forest management practices can modify stand den-
sity and age class structure at different developmental
stages (Bergeron et al. 2017). Changes in the frequency
and distribution of tree species may alter the genetic
structure of forest populations (Sjolund and Jump 2015;
Gonzélez-Diaz et al. 2017). Several patterns of genetic
response to forest management have been found. The main
impacts of thinning on natural populations are related to
frequency changes and loss of alleles or alternate gene
forms (Schaberg et al. 2008; Ortega et al. 2010). For-
est management processes may also commonly cause a
loss of alleles between old-growth individuals and juve-
niles (Soliani et al. 2016), but can also be responsible for
enhancing genetic diversity parameters by increasing gene
flow (Cloutier et al. 2007; Wickneswari 2011). However,
numerous studies have not detected any significant influ-
ence on genetic diversity as a result of forest management
(Robledo-Arnuncio et al. 2004; Martins et al. 2016; Bor-
rell et al. 2018). Therefore, it is important to detect early
genetic responses in different categories of succession
to evaluate management sustainability (Garcia-Gil et al.
2015).

Genetic diversity provides the elementary condition for
the evolution of tree species (Cavers and Cottrell 2014). The
maintenance of natural genetic variation is essential to the
continuity and evolution of populations through selective
forces (Schaberg et al. 2008). Nevertheless, anthropogenic
impacts can disrupt the frequency and distribution of for-
est genetic resources and may generate severe impacts for
species genetic conservation (Young et al. 1996; Dixo et al.
2009). The most common consequences of habitat change
induced by human activities are related to variations in pol-
len and seed dispersal which may influence genetic diversity
and spatial genetic structure (SGS) (Ghanzoul 2005). Addi-
tionally, temporal environmental variation may decrease
reproductive fitness, disease resistance, population adap-
tation and protect the forest against threats (Telford et al.
2014).
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SGS is influenced by gene flow, genetic drift, and selec-
tion (Loiselle et al. 1995). Some studies have already found
significant effects of silvicultural management on SGS
within populations, even when overall levels of variation are
maintained, allowing the exploration of the genetic legacy
of forest management (Sjolund and Jump 2015; Gonzélez-
Diaz et al. 2017). According to Smouse and Peakall (1999),
changes in genetic structure may alter local breeding and
the evolution of species. In addition, clonal propagation can
also have an intense effect on SGS by improving the density
of regeneration and, consequently raising the incidence of
clonal individuals (Sjolund and Jump 2013). Pollen and seed
dispersal are the main factors responsible for driving gene
flow among populations and for driving SGS (Vekemans
and Hardy 2004; Cavers et al. 2005). Therefore, sustainable
forest management should proactively evaluate the impact of
harvesting large trees on tree genetic diversity and the SGS
of regenerating individuals (Aravanopoulos 2018).

Eremanthus erythropappus is a species found in Minas
Gerais State, Brazil (Scolforo et al. 2012), and is used for
fence production because of its high durability and for the
extraction of a-bisabolol, an important essential oil highly
prized by the pharmaceutical and cosmetic industries
(Oliveira et al. 2009). There have been several studies on
its structure (Scolforo et al. 2012), growth dynamics (Silva
et al. 2008; Scolforo et al. 2015), economic aspects (Cruz
2006; Andrade 2009; Santos et al. 2017), silviculture (Braga
2006; Borrell et al. 2018) and genetic analysis (Padua et al.
2016; Rocha et al. 2020a).

Further analyses are necessary to evaluate the genetic
sustainability as a result of forest management of exploited
populations. In this paper, the effect of a silvicultural sys-
tem of seed trees on the genetic diversity and spatial genetic
structure of a managed stand of E. erythropappus in south-
ern Minas Gerais State, Brazil is analyzed. We aim to obtain
information that can be used to maintain the genetic vari-
ability of the species to evaluate the following hypotheses:
(1) that managed stands present similar levels of genetic
diversity as unmanaged stands; and (2) that the spatial
genetic structure of the regeneration may be affected by thin-
ning. Correlation between the frequency of alleles and the
management strategy will be determined. Additionally, the
effects of changes on genetic structure as well as the impor-
tance of gene flow for maintaining the genetic variability in
the managed stand will be analyzed.

Materials and methods
Study site

The study site is located in Itamonte, southern Minas
Gerais State. Two stands 300 m apart were designated
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as managed (22°16'45"S; 22°16'44.6"S) and unmanaged
(44°46"24"W; 44°46'25.6"W) (Fig. 1). Before harvesting,
the managed stand was composed only of E. erythropap-
pus. The sites are within the Serra da Mantiqueira Envi-
ronmental Protected Area (APA Serra da Mantiqueira),
a mountain range that reaches 2798 m (9180.79 ft). The
control or unmanaged stand was selected considering its
proximity, environmental relatedness and structural simi-
larity to the managed stand, and had no tree removals.

Edaphoclimatic classification of the sampling sites
revealed a predominance of humic cambisol soils show-
ing extensive soil compaction with low amounts of organic
matter but little vulnerability to environmental contami-
nation (Curi et al. 2008). The climate is temperate humid
(Cwa) with dry winters and hot summers (Kdppen and
Geiger 1928). Average annual precipitation and tempera-
ture are approximately 1700 mm and 16 °C, respectively.
Stand thinning occurred in 2009 with the removal of
1918 mature trees, leaving the number remaining at 3197
trees ha~!. Standing timber volume before thinning was
165.1 m* ha™!, with 99.1 m® ha~! remaining. The managed
stand was scarified immediately after thinning (circles
with 60-cm radius distributed throughout the area). The
residual stand was thinned 40 months after initial thinning
to reduce competition between trees.

Data collection

The sampling intensity was 1.5% of the total area in each
stand. Ribeiro (2009), studying the natural regeneration of
a managed population of E. erythropappus, also employed a
silvicultural system of seed trees, and found 5364 seedlings
per hectare 48 months after thinning. Four 100-m? plots,
each 10 mx 10 m, were established 50-m apart inside the
managed and unmanaged stands (Fig. 1). Each plot was
centered on a seed tree to analyze the occurrence of clonal
individuals. However, a maximum distance of 5-m from the
original point was identified to maintain the original position
between plots. Each plot was subdivided into four 5 mXx5 m
subplots to facilitate sampling (Fig. 2).

Sampling was carried out January 2014, 60 months post-
thinning. Leaf tissues were collected from juvenile cohorts
and old-growth mature trees (seed trees) in both managed
and unmanaged stands. The sampled trees were classified as
adults and juveniles to analyze the genetic diversity param-
eters. Trees > 1.5 m height and > 5 cm diameter at breast
height (DBH) were classified as adults. Trees < 1.5 m in
height and < 5 cm in DBH were juveniles.

Based on DBH and height, the two life stages (adults
and juveniles) were divided into four ontogenetic stages to
analyze SGS: juveniles (seedlings), large juveniles (non-
reproductive trees), adults (reproductive adults), and large
(reproductive) adults.
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Fig. 2 Sampling at Itamonte, southern Minas Gerais state;dark squares with dots represent plot distribution (1, 2, 3 and 4), and light shaded

areas the managed stand

Microsatellite analysis

DNA extraction was carried out using the CTAB proto-
col (Doyle and Doyle 1987), quantified using a NanoVue
Plus™ spectrophotometer, and its purity checked using the
Ayg0/ Aygo ratio. Noncorrelated microsatellite primers were
used for the PCR process (Ere02, Ere03, Ere04, Ere07,
Ere08 and Erel14) developed for E. erythropappus (Rocha
et al. 2020b) according to specific conditions (see supple-
mentary Table S1). The total volume of each sample was
15.0 pL: approximately 30 ng of DNA was added to 12.0
pL of reaction mixture (3.33 mM IB Phoneutria buffer
consisting of 100 mM Tris—HCI pH 8.4; 500 mM KCl, 1%
Triton X-100, 15 mM MgCl,), 1.5 mM MgCl,, 0.28 mM
of each dNTP, 1 U Taq polymerase, 0.22 mM each primer
(Forward and Reverse) and the final volume was achieved
with ultrapure water.

The PCR conditions consisted of 3 min of initiation at
94 °C, followed by 30 cycles of denaturation at 94 °C for
30 s, annealing temperature for 30 s, extension at 72 °C for
1 min and a final extension at 72 °C for 7 min. PCR prod-
ucts were subjected to capillary electrophoresis in an ABI
3730 Automatic Sequencer (Life Technologies, Carlsbad,
CA, United States of America) with the GS500 LIZ size
standard reference.
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Data analysis
Genetic diversity

Fragment analysis was scored using GeneMarker 1.9 V
(AppliedBiosystems). The genetic diversity parameters in
the managed and unmanaged stands were analyzed to obtain
the average number of observed alleles (A,), the average of
exclusive alleles (A), the allelic richness (Ay), effective (Ap)
and private (Ap) alleles, and the expected (Hj) and observed
(Hy) heterozygosities using GenAlEx 6.501 (Peakall and
Smouse 2006). The frequency of null alleles and genotyp-
ing errors were analyzed using Micro-Checker v. 2.2.3. (Van
Oosterhout et al. 2004).

Fig=1-(Hy/Hg) (1

where F';g was obtained using FSTAT 2.9.3.2 (Goudet 2002)
with Bonferroni correction for multiple comparisons.

The differentiation index (Fg;) between stands and life
stages was estimated using ARLEQUIN v 3.5 (Excoffier and
Lischer 2010) to analyze the differences in allele frequen-
cies among stands. We assumed that adult and regenerat-
ing individuals had the same pattern of mating (Nei 1978)
using a distance method and an analysis locus-by-locus with
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pairwise differences for the polymorphic loci with 1000 per-
mutations was performed. The gene flow among populations
was obtained according to Crow and Aoki (1984):

Ny = (1/Fg) = 1]/4a @

where o= [n/(n — 1)*] and “n” is the number of populations.

Spatial genetic structure

The model-based clustering algorithm was first implemented
(Pritchard et al. 2000; Falush et al. 2003) and the empirical
statistic K determined the number of subpopulations in each
stand for both juveniles and adults using the software STRU
CTURE v.2.3.3. Default model parameters were used with
K varying from 1 to 5. Each run consisted of 20 replicates
of 250,000 burn-in repetitions and 750,000 data collection
iterations. The number of representative populations was
identified according to the AK method (Evanno et al. 2005),
considering the log probability among successive K values
(AK) and the mean of the log-likelihoods of 20 runs of each
K. We used the STRUCTURE HARVESTER (Earl 2012)
to visualize likelihood parameters across the K values and
visualize the number of genetic groups that best represented
the data.

Old-growth adults and juvenile cohorts in both stands
were georeferenced to evaluate SGS between life stages.
Coordinates were correlated with genetic data to create a
spatial autocorrelation analysis. The presence of inbreed-
ing was analyzed using the kinship coefficient (Ritland
1996). In addition, the SGSy;,x was calculated (Jump et al.
2012), which is defined as the greatest distance at which the
mean kinship coefficient (F) is significant at p <0.05. We
assumed a minimum proportion of 50% for each individual
present at least once in each distance class, and the coef-
ficient of variation for the number of times that each indi-
vidual was expressed in each class was defined as <1 (Hardy
and Vekemans 2002). SGS was carried out using 10,000
permutations for each life stage in both stands for the full
distance range. We plotted the average pairwise estimates of
the genetic relatedness as a function of distance to generate
spatial autocorrelograms.

The kinship statistic, also known as coancestry, analyzes
the probability of identifying two sampled alleles from
homologous genes. Particularly, it is the probability of iden-
tifying a descending allele by gene comparison. The kinship
coefficient is defined as

Fij = (Qij — Om)/(1 — Om) 3)

where Qij is the probability that the random samples of
individuals i and j are identical by ancestry and Om is the
probability that random samples taken in the population are
identical by descent. The kinship coefficient was estimated

using SPAGeDi, version 1.1 (Hardy and Vekemans 2002).
The mean standard error was obtained by a resampling jack-
knife test. The confidence intervals were analyzed using 95%
probability for each class of distance.

The S, statistic was calculated (Vekemans and Hardy
2004) to provide a comparison of the SGS between stands.
The following formula was applied:

Sp =—bp/(1 = F)), @

where by, is the regression slope curve of the kinship coef-
ficient (F ij) on distance classes and F is the mean kinship
coefficient of the first class of distance (0—10 m). Finally, the
analysis of molecular variance (AMOVA) among and within
stands were also calculated using GenAlEx 6.501 (Peakall
and Smouse 2006).

Results
Genetic diversity

Genetic diversity parameters were considered high but not
statistically different between the managed and unman-
aged stands (Table S2; Table S3). Overall, the total num-
ber of alleles was 18, considering all six microsatellite
loci. The number of alleles per locus (4,) ranged from
1 to 5, with an average of alleles (A) equal to 2.667 and
2.334 for the managed and unmanaged stands, respec-
tively (Table S4). Allele richness (Ay) ranged from
1.000 to 4.733 and 1.000 to 4.239 for the managed and
unmanaged stands, respectively. The number of effective
alleles (Ag) was 1.972 and 1.879 for the managed and
unmanaged stands, respectively. We found a tendency for
private alleles in the managed stands (A, =0.500) and
unmanaged stands (Ap=0.167). Expected heterozygo-
sity (Hg) did not significantly differ between life stages
and had a value of 0.437 for the managed stand for both
life stages (Table S5). For the unmanaged stand, H, was
0.402 and 0.418 for the juveniles and adults, respectively.
The observed heterozygosity (H,) values were 0.675 and
0.700 in the managed stand and 0.622 and 0.631 in the
unmanaged stand for the juveniles and adults, respec-
tively (Table 1). F;¢ did not statistically differ (p < 0.05)
for managed and unmanaged stands. There were no null
alleles, linkage disequilibrium, stuttering, or large allele
dropout. The Fg values ranged from —0.588 to —0.540
in the managed stand, and from — 0.506 to —0.503 in the
unmanaged one both for juvenile and adults, respectively.
This pattern indicates an excess of heterozygotes within
both stands. Additionally, Fy, values revealed low differ-
entiation between the two stands (Fg;=0.01051; p value
+0.0001) and among different life stages for the managed
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Table 1 Summary of genetic
diversity and SGS estimators for

Stand Life stage N

Genetic diversity parameters

Spatial genetic structure parameters

each managed and unmanaged A

Ay Hy H, Fy Fy SGSyux Sp+SE

stand and life stage (adult

and juvenile) for Eremanthus Managed ~ Adult 72 2.67
erythropappus Juvenile 141 2.67
Unmanaged Adult 52

2.50
Juvenile 10 2.16

281 044 0.70 —0.59 0.00481 0 0.0111+0.00472
266 044 0.68 —0.54 0.00690% 25 0.0070+0.00354
246 042 0.63 —0.50 0.01467* 21 0.0156+0.00433
1.96 040 0.62 —-0.50 -0.03492 0 0.0128 +£0.02407

N sample size, A mean number of alleles per locus, AR rarefied allelic richness, HE expected heterozygo-
sity, Ho observed heterozygosity, Fg inbreeding coefficient, F ;) kinship coefficient for first distance class
(0-10 m), SGS,,4x greatest distance at which the kinship coefficient of a given distance class F(d) is sig-
nificant at p <0.05, bF + SE regression slope of the kinship coefficient F; computed among all individuals
against geographical distances + standard error, Sp+SE Sp statistic +standard error, Significant p-values

are *p <0.05

(F¢y=0.00797; p-value =0.04985 + 0.00682) and the
unmanaged (Fg¢;=0.00307; p-value =0.04985 +0.00682)
stands. The mean number of migrants per generation (V)
was 5.88 in both stands.

Spatial genetic structure (SGS)

Bayesian clustering suggested an optimum genetic cluster
based on delta K (AK) =1 (see supplementary Fig. S1).
The inferred cluster did not show a contrasting pattern
between managed and unmanaged stands, indicating evi-
dent genetic similarity and sufficient gene flow among
stands. We found a significant fine-scale SGS in the
managed (Fig. 3) and unmanaged (Fig. 4) stands between
life stages. SGS, 4y revealed a significant structuring of
adult individuals in the unmanaged stand, showing a more
intense genetic similarity than the expected range from
16 to 25 m but also less similarity for larger distances
ranging from 76 to 83 m (Fig. 3a).

The kinship coefficient for the first class of distance
(F)) was statistically significant for this life stage. There
was a positive SGS for juvenile individuals ranging from
19 to 27 m and less genetic similarity with an SGS from
115 to 137 m in the managed stand (Fig. 3b). Addition-
ally, the kinship coefficient F;) and the Sp statistic also
indicated a positive association between SGS and the
management of juveniles in the managed stand (Table 1).

Comparing SGS between life stages, the Sp value was
higher for adults in both stands. In addition, the F 1) value
was higher for juveniles in the managed stand. On the
other hand, juvenile individuals from the unmanaged
stand had a negative F) value, indicating the absence of
endogamy for this life stage (Table 1). The hierarchical
AMOVA also supported the hypothesis of a single genetic
cluster (94%, p < 0.001), since the component of variance
between the two population groups was statistically equal
to zero (see supplementary Table S6).
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the kinship coefficient Fij, estimated from six microsatellite loci.
Shaded areas represent 95% confident intervals obtained from 10,000
permutations of genotypes among locations. Black bars around mean
kinship (Fij) values represent standard errors derived through jack-
knifing over loci

Discussion

Microsatellite markers were used to analyze the effects of
forest management on the genetic diversity and SGS of E.
erythropappus, an overexploited species of the Brazilian
Savanna and Atlantic Forest region. This approach may be
useful for discovering the possible impacts of altering forest
structure on genetic diversity parameters. Although the mean
levels of genetic diversity were high and not significantly
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different, there was a positive relationship between SGS and
forest management for juvenile cohorts, indicating an effect
of management on spatial genetic structure. Moreover, there
was a tendency for increasing allelic richness in both life
stages in the managed stand. The higher patterns of genetic
diversity may be an effect of increasing pollen/seed flow
among different populations. Further analysis should be per-
formed in different fields to better understand the complexity
of genetic interactions after management.

Impact of forest management on genetic diversity
parameters

These parameters were relatively high, suggesting that the
population remnants are enough to inhibit the effects of gene
drift resulting from forest management. As expected, higher
values of expected (Hy =0.437) and observed (H,=0700
and 0.675) heterozygosity were found in the managed stand
for juveniles and adults, respectively. According to Scol-
foro et al. (2012), E. erythropappus produces abundant small
seeds that can travel long distances. Therefore, effective seed
distribution may intensify gene flow and prevent the effects
of genetic drift. In addition, these results may be a response

of an intensive incidence of sunlight. The canopy opening
generally intensifies the growth of regenerating individuals
of E. erythropappus. In addition, the presence of canopy
gaps may also allow the introduction of seeds from differ-
ent populations and accelerate the colonization process. The
effective gene flow in the managed stand was confirmed by
the high number of migrants (N,,=5.88). According to Slat-
kin and Barton (1989), N,, values higher than 1.0 indicate
gene flow sufficient for preventing genetic drift.

In general, early successional species exhibit higher
genetic divergence among their populations than late-succes-
sional species (Nybom and Bartish 2000; Nybom 2004). In
outcrossing species that predominantly belong to advanced
successional stages, a higher genetic divergence is expected
within rather than among populations due to intense gene
flow. On the other hand, species that self-fertilize, belong-
ing to initial successional stages or are annual species, are
expected to exhibit low diversity within populations and
high divergence among populations. The longevity of indi-
viduals, mating systems, pollination strategies, seed disper-
sal, and clonal reproduction are the main factors involved in
the maintenance and distribution of genetic variation levels
within and between populations of plant species (Loveless
and Hamrick 1984).

Seed dispersal by E. eryhtropappus is anemochory or
wind dispersed (Scolforo et al. 2012). According to Vieira
et al. 2012, this species is mainly pollinated by the western
honeybee, Apis mellifera L., and Trigona spp. (Hymenop-
tera, Apidae) and have hermaphroditic flowers with capitula
at the end of the branches, a special characteristic of the
Asteraceae family. Therefore, the high patterns of genetic
diversity patterns may be due to the high production of
seeds by this species that maintain genetic cohesion among
populations.

Although forest fragmentation can modify natural pat-
terns of genetic diversity, gene flow through pollen or seed
dispersion may reduce the effects of biodiversity loss and
prevent gene drift (Couvet 2002). Barreira et al. (2006) used
isoenzyme markers to analyze the effects of forest manage-
ment in E. erythropappus populations. The mating system
was predominantly allogamous, with high rates of multi-
locus outcrossing (¢, =0.963). Similarly, forest manage-
ment also caused a positive but not statistically significant
increase in genetic diversity by comparison between unman-
aged (H,=0.357; H;=0.403) and managed (H,=0.423;
H;=0.425) stands as a result of the increase of outcrossing
fertilization among genetically different individuals. Accord-
ing to Hamrick and Godt (1990), tree species with a long-life
cycle, efficient pollen and seed flow, a mixed reproduction
system and a wide geographic distribution should have high
levels of genetic diversity. These high levels are due to a
combination of many factors, such as widespread pollination
by animals, high out-crossing rates and complex breeding
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systems, allowing their persistence even if their populations
undergo an abrupt decline (Hamrick et al. 1992; Cascante
et al. 2002).

Genetic diversity parameters within tropical tree species
may be influenced by characteristics such as size, longev-
ity, fecundity, breeding systems and geographic distribution
(Hamrick and Godt 1990). There were a relatively low num-
ber of alleles (N =18) when compared with different micro-
satellite analyses for tropical tree species, indicating a low
polymorphism rate and high genetic similarity among the
six microsatellite loci. In fact, both stands analyzed in this
study are located at high elevations and therefore, the spe-
cies could be influenced by topographic isolation as a result
of restricted geographic distribution. Furthermore, Castilla
et al. (2015) found a positive influence due to elevation in
Miconia affinis DC., a pioneer tropical tree species from
the mountains of South America, where geographic dis-
tance significantly increased genetic differentiation between
populations.

Considering that the six microsatellite loci were distrib-
uted throughout the genome of E. erythropappus, genetic
interactions revealed by our analysis within the investigated
population are representative and very important for the
genetic conservation of E. erythropappus. Similarly, Rocha
et al. (2020a) used cpDNA to analyze the genetic diversity of
two Eremanthus species (E. erythropappus and Eremanthus
incanus Less.). These researchers found three haplotypes
shared by both species with relatively low intensity and
total genetic diversity, indicating that these species may be
very susceptible to habitat fragmentation and future climate
change.

The relatively low allelic richness may be an intrinsic
characteristic of the analyzed species. Additionally, the iso-
lation by distance may also cause the occurrence of a low
number of alleles in segregated populations (Wright 1931,
1946). In addition, considering that E. erythropappus is an
endemic species that occurs in isolated mountains, even with
high seed and pollen dispersal, the species may not be able
to overcome the gaps, effectively isolating the populations.
Furthermore, even when there is little exchange of migrants
or alleles, gene flow is able to contribute to the cohesion
among populations (Wright 1931; Morjan and Rieseberg
2004). Nevertheless, further analyses should integrate
landscape genetics to analyze possible patterns of isolation
among nearby populations, considering that the effects of
management practices in isolated populations may induce
evolutionary pressure.

The impacts of forest management on tree genetic diver-
sity may differ, even when adopting the same type or inten-
sity of harvesting. Therefore, similar silvicultural harvesting
has different genetic effects among and within populations.
The main factors influencing different responses in for-
est management are biological and ecological attributes
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intrinsic to each species and population (Ratnam et al. 2014).
In general, we found very similar genetic diversity param-
eters between stands. Nevertheless, the averages of genetic
diversity parameters were considerably higher than those
in other studies for E. erythropappus populations (Estopa
et al. 2006; Freitas et al. 2008; Padua et al. 2016). This may
be related to the higher levels of polymorphism normally
found in microsatellite markers (Varshney et al. 2005). The
high genetic diversity may be inherent to intrinsic ecologi-
cal characteristics such as natural occurrence in environ-
ments with unfavorable conditions, which normally hinder
the development of interspecific competition. According to
Kisdi and Stefan (1999), populations adapted to extreme
conditions may have a higher probability of incorporating
new alleles by mutation than small populations from homo-
geneous environments.

Furthermore, the overall number of alleles per locus (A)
and rarefied allelic richness (Ay) were not significantly dif-
ferent in the managed stand. However, adult individuals
from the managed stand showed a tendency to higher allelic
richness (A =0.500) than juvenile individuals (A;=0.167).
Although forest management may lead to a range of losses
in the total number of alleles in tropical species (Silva et al.
2008; Vinson 2009; Carneiro et al. 2011), surrounding
populations may mitigate the effects of harvesting by the
reintroduction of lost alleles from regenerating individuals.
Barreira et al. (2006) found a number of effective alleles per
locus (A) ranging from 1.67 to 1.93. Padua et al. (2016) used
ISSR markers in natural populations of E. erythropappus in
Minas Gerais state and found the number of alleles per locus
ranged from 1.46 to 1.68.

Finally, the observed heterozygosity showed higher levels
compared to expected, suggesting an excess of heterozy-
gotes according to the Hardy—Weinberg equilibrium. The
maintenance and even a slight increase in natural levels of
genetic diversity in the managed stand of E. erythropappus
indicates that this species has efficient systems of gene flow
and seed dispersion to maintain the levels of natural genetic
diversity when subjected to thinning. Furthermore, endemic
and rare species may have developed strategies that allow
them to survive and promote their conservation even under
self-fertilization, low genetic diversity and high inbreeding
rates (Lande and Schemske 1985; Oostermeijer et al. 1994).

Long-lived and outcrossing species show most of the
genetic variability within populations (Nybom 2004). In
fact, several studies have found a tendency for high genetic
variation within populations of tropical outbreeding tree spe-
cies (Duarte et al. 2015; Brito et al. 2016; Dias et al. 2017).
AMOVA results showed that most of the genetic variance
is retained within populations (96%). Accordingly, the low
differentiation indexes (Fgy) corroborate the hypothesis of
high gene flow between the stands. These results confirm
the theory of effective gene flow among populations because
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genetic divergence is considerably low (6%) among stands.
Moura (2005), studying the genetic diversity of E. eryth-
ropappus populations using isoenzyme and RAPD mark-
ers, found a similar pattern of variation (96.5%) within
populations.

Impacts of forest management on spatial genetic
structure

Tropical forests commonly present contrasting patterns of
regeneration that differentiate based on the sources available
at the site, such as the seed bank, stem and root sprouts and
remnant vegetation, and on the colonization process from
seeds outside the site (Guariguata and Ostertag 2001). Our
results from Bayesian clustering confirm that the managed
and unmanaged stands are composed of a single genetic
population, presenting a single genetic cluster structure
(K=1). These results confirm that the managed and unman-
aged stands are controlled by intense pollen and/or seed flow
between stands and life stages. Consequently, forest thinning
did not differentiate the stands as two genetic populations
due to the relatively small distance between them.

On the other hand, we detected an influence on the SGS
of the managed stand, indicating the presence of coances-
try in the first class of distance for juvenile individuals
(SGSpax =25 m; 100 m) from the managed stand and for
adult individuals (SGSy;,x=21 m) from the unmanaged
stand. These results indicate the presence of more geneti-
cally similar individuals in the first class of distance. We did
not find a pattern of SGS (except for some scatter) for the
other classes, suggesting that individuals may have a ran-
dom genetic distribution. Likewise, Sp values were similar
to those of previous studies for outcrossing, wind-dispersed
tropical tree species (Vekemans and Hardy 2004).

The positive SGS for juvenile individuals as an impact
of forest management is confirmed by the lowest value of
Sp (0.0070) and by a relatively high and statistically sig-
nificant value of F(l)(0.00690; p <0.05), indicating that the
juveniles are less structured than adults. Additionally, the
SGS for adults from the managed stand was also confirmed
by F1)(0.01467), which was the highest and was statistically
significant. In addition, the Sp value for adult individuals
in the managed stand was the highest (0.0156), indicating
a more structured SGS. Generally, Sp values were slightly
higher in the unmanaged stand. There was an increase in Sp
values from juveniles to adults within both stands, meaning
that distant pairs of juvenile individuals from both stands are
more genetically similar than they used to be by chance. The
absence of any effect on SGS for adult trees in the unman-
aged stand may be related to the old growth of the seed trees
sampled, which might not be genetically related.

Barreira et al. (2006) also found an effect of forest man-
agement on the SGS of E. erythropappus within 180 m of

distance. Positive results for coancestry may be a result of
vegetative propagation but also a direct effect of inefficient
seed dispersion and the regeneration of brothers and half-
brothers near the mother trees, creating a nonrandom distri-
bution of alleles and genotypes among populations (Loveless
and Hamrick 1984). The intensity of gene flow and seed
dispersal are the main factors responsible for determining
the extent of gene dispersion in tropical rain forests (Dick
et al. 2008). According to Melo et al. (2012), E. erythropap-
pus tends to sprout from roots and stems after the harvest of
adult trees, which may induce the growth of clonal individu-
als. Because the stands analyzed here appeared to have effi-
cient patterns of gene flow, confirmed by the similar levels of
genetic diversity between populations, vegetative propaga-
tion may be a trend influencing the SGS of E. erythropap-
pus. Padua et al. (2016) used inter simple sequence repeat
markers (ISSR) in nine populations of E. erythropappus
throughout Minas Gerais. In addition, they also identified
an SGS for reproductive trees. Moreover, five populations
showed a random spatial distribution of the genotypes, and
another four had significant genetic structuring (p > 0.05),
indicating a positive and significant coancestry.

Genetic structuring may be an induced response to
changes in seed dispersion methods and the pioneering
behavior of regenerating individuals. According to Aldrich
and Hamrick (1998), the intrinsic conditions of a popula-
tion can promote changes in the type and abundance of seed
dispersers that can affect dispersal distances and the prob-
ability of the establishment of maternal families and their
spatial distribution within a population. Although there was
no evident effect on genetic diversity, we emphasize that the
managed stand was relatively recently thinned, and there was
not enough time to perform a complete analysis. Therefore,
the effects of forest management on the genetic structure
may be more evident in subsequent generations.

Conclusions

Comparison between a managed stand using a silvicul-
tural system of seed trees and an unmanaged stand, 300-m
distance from each other, was carried out at the Serra da
Mantiqueira Environmental Protected Area (APA Serra da
Mantiqueira), Itamonte, Minas Gerais. Although old-growth
adults and juvenile cohorts from both stands showed low
allelic richness, overall high levels of genetic diversity were
found. Both life stages from the managed stand did not show
a statistically significant increase in genetic variability. In
addition, outcrossing tree species normally show a high
genetic diversity that can be maintained by long-distance
pollen flow in fragmented landscapes. Previous studies of
E. erythropappus populations found high patterns of genetic
diversity (Moura 2005; Estopa et al. 2006; Mori et al. 2009;
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Carvalho et al. 2012), and genetic variability may not be
influenced by forest management (Barreira et al. 2006).
Nevertheless, our results indicate that forest management
using a silvicultural system of seed trees may have affected
the fine-scale spatial genetic structure in juveniles from the
managed stand and may increase the genetic relatedness of
individuals in the long-term.
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