
Vol.:(0123456789)1 3

European Journal of Forest Research (2023) 142:161–174 
https://doi.org/10.1007/s10342-022-01516-x

ORIGINAL PAPER

Genetic resilience of Atlantic forest trees to impacts of biome loss 
and fragmentation

Natália Santos de Santana1 · Alesandro Souza Santos1,7  · Daniela Bitencourt Borges1 · Daniele de Souza França1 · 
Jeiza Botelho Leal Reis2 · Fernanda Ancelmo de Oliveira3 · Mariana Araújo Barreto1 · Ronan Xavier Corrêa1 · 
Maria Imaculada Zucchi4 · Karina Martins5 · Sonia Cristina Oliveira Melo6 · Leandro Lopes Loguércio8 · 
Fernanda Amato Gaiotto1,7

Received: 9 February 2022 / Revised: 29 July 2022 / Accepted: 3 November 2022 / Published online: 15 November 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
Understanding populational genetic diversity is crucial for making proper decisions about conservation and sustainable 
species management. In this work, we overviewed the conservation genetics of economically exploited tree species that are 
vulnerable to extinction in the Atlantic Forest of Brazil. For this, data on genetic parameters from research on 10 species of 
evergreen trees dwelling in that environment were compiled. Genetic variability differences between young and adults were 
assessed when data were available for both stages. Very low values observed for the probability of identity (PI) suggested 
that the SSR markers used had sufficient statistical power to consistently evaluate genetic variability of the populations. An 
innovative analytical approach using linear mixed-effect models revealed an integrated influence of the number of individuals 
sampled per population and the number of SSR markers on the output of the genetic estimators assessed. A large number 
of different alleles (NA) were observed in four out of the 10 species, indicating these populations may still hold unique and 
rare alleles. HO was smaller than HE for all but one of the studied species, suggesting higher numbers of homozygotes than 
expected. Comparison of data between ontogenic stages suggested that the time frame of habitat loss and fragmentation 
was not yet sufficient to cause significant loss of genetic diversity and differentiate populations. Our findings are discussed 
considering that intensity and duration of selective lodging and economic exploitation appear to be crucial for the underlying 
ecological patterns and for the definition of proper diversity conservation strategies.
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Introduction

Among all the existing biodiversity on earth, Brazil is 
characterized as one of the countries with the greatest 
diversity of species (Tabarelli et al. 2010). The Atlantic 
Forest of southeastern Bahia is the most representative of 
this biome in the northeast region of the country, being one 
of the main areas of endemism and considered a biodiver-
sity hotspot on the planet (Myers et. al.2000; Martini et al. 
2007; Bosa et al. 2015). However, the forest remnants in 
this region are immersed in anthropic-driven landscapes, 
in a mosaic pattern of matrix consisting of “cabrucas” 
(shaded-cacao plantations), “capoeiras” (newly recovering 
forest areas) in different stages of regeneration, and pasture 
areas scattered among them (Cassano et al. 2009; Piasentin 
and Gois 2016; Rolim et al. 2016). With the increasing 
anthropic actions in recent decades in the Atlantic For-
est biome, resulting in habitat loss and forest fragmenta-
tion, those remnants have become progressively small and 
isolated (Santo-Silva et al. 2016; Arroyo-Rodriguez et al. 
2020). As a consequence, gene flow among remnant popu-
lations is severely affected, potentially causing inbreeding 
and reducing the genetic diversity of the surviving tree 
species (Lowe et al. 2005; Lander et al. 2011; Haddad 
et al. 2015).

In this context of a degraded environment, the structural 
modifications in habitats, as well as the general character-
istics of the forest fragments can cause long-term changes 
in the genetic constitution of tree species with long life-
cycles (Sarmento and Villela 2010). Thus, the levels of 
genetic variability of trees subjected to these unfavorable 
conditions are informative indicators of the actual and cur-
rent situation of tropical forests under anthropic influence 
(Diniz-Filho et al. 2009). Understanding these conditions 
is useful for the development of strategies for the diver-
sity conservation (Spear et al. 2010; Sommer et al. 2013), 
aiming at a long-term maintenance of tree species with 
ecological and commercial values.

Habitat loss and forest fragmentation are of particular 
concern for tropical regions, such as the Brazilian Atlantic 
Forest, where only 28% of the original area is comprised 
by forest remnants (Rezende et al. 2018). Such processes 
tend to trigger a reduction in population sizes, which 
leads to genetic effects that can affect both the evolution-
ary processes and the definition of conservation strate-
gies (Browne and Karubian, 2018). The persistence of 
populations can be negatively impacted by reductions in 
population density and by frequent processes of genetic 
structuring (Collevatti and Hay 2011; Ortego et al. 2012). 
The Atlantic Forest remnants display different levels of 
vegetation cover and fragmentation caused by a variety of 
anthropogenic disturbances, including selective logging to 

obtain wood, cleaning of areas for establishment of other 
crops (often by fire), extraction of fruits and seeds for use 
in food and health, etc. (Gerstner et al. 2014; Albuquerque 
et al. 2018). Moreover, species with different ecological 
requirements are expected to respond in different ways to 
these anthropogenic pressures (Kunz et al. 2014).

By means of molecular markers, it is possible to obtain 
refined information on the genetic diversity of forest spe-
cies in natural populations. A frequently used tool in con-
servation genetics studies is microsatellite or SSRs (simple 
sequence repeats) markers (Rafalski 1996; Ouinsavi et al. 
2009). These short DNA stretches consist of tandemly 
repeated di-, tri-, tetra- or penta-nucleotide motifs, which 
have been found in all eukaryotic species that have been 
scrutinized (Tautz and Renz 1984); different genotypes fre-
quently show length polymorphisms in the SSR amplicons 
due to variation of the number of repeated motifs, which 
allow these markers to appear as co-dominant alleles, a very 
useful and convenient attribute for description of natural 
populations (Kumar et al. 2009). Through SSRs, it has been 
possible to address and quantify a series of impacts on popu-
lations of tree species associated with human exploitation 
(Nair 2010; Heuertz et al. 2020; Coelho et al. 2020; Borges 
et al. 2020). This includes the understanding of the genetic 
diversity within and among populations, the quantification of 
pollen and seed dispersal distances (Atsushi et al. 2021), and 
the detection of asexual reproduction in natural populations 
(Zucchi et al. 2005). These studies aimed to understand the 
drivers genetic in fragmented forests (Poorter et al. 2015), 
which is critical for development of biodiversity conserva-
tion strategies (Bambach 2006; Haddad et al. 2015). Special 
interest has been devoted to species that present some form 
of economic exploitation, such as wood, fibers, fruits, and 
seeds (Sampaio and Salazar 2007).

In recent years, several studies using microsatellite mark-
ers have investigated the effects of different anthropogenic 
disturbances on gene flow, diversity, and genetic structure 
in Atlantic Forest tree species (Buzatti et al. 2012; Martins 
et al. 2016; Carvalho et al. 2015, 2017; Santos et al. 2015, 
2016, 2019; Soares et al. 2019; Borges et al. 2020; Waqar 
et al. 2021). Overall, these studies revealed that the species 
still have high genetic variability, which is being eroded by 
selective logging (Soares et al. 2019), deforestation (Borges 
et al. 2020) and defaunation (Carvalho et al. 2017). Further-
more, deforestation has been reported to reduce contempo-
rary gene flow (Santos et al. 2016), increase genetic struc-
turing, and reduce genetic variability between generations 
(Martins et al. 2016; Waqar et al. 2021). In this study, we 
used the SSR data from these studies conducted in north-
east Atlantic forests and from studies conducted in south-
ern regions of this biome. We provide an overview of the 
remaining genetic diversity of economically exploited tree 
species in the Atlantic Forest, aiming to furnish an updated 
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picture of general conditions for their conservation. To 
achieve this goal, this research was guided by the follow-
ing biological question: what is known about the remain-
ing genetic diversity of economically exploited tree species 
in the Atlantic Forest? To answer it, we employed a set of 
genotyping data generated with microsatellite markers in 
populations of 10 different species in the Atlantic Forest in 
northeastern and southeastern Brazil. Compatible and inno-
vative genetic and statistical analyses were presented.

Methods

To offer an integrated view of the genetic variability for eco-
nomically exploited evergreen tree species in the Brazilian 
Atlantic Forest, we consolidated microsatellite genotype 
data from previous studies of our group (dissertations and 
scientific articles, S1). In total, raw microsatellite data from 
natural populations for 10 species were obtained. The sam-
pling area encompassed six Brazilian states (Bahia, Espírito 
Santo, Minas Gerais, São Paulo, Paraná and Mato Grosso do 

Sul), covering a large portion of the country's Atlantic coast, 
in a range of latitude between 10º 25′ 52'' and 26º 27′ 29'' S, 
although the majority were located in the southeastern Bahia 
State (Fig. 1). Out of these 10 species, four displayed data 
for the ontogenetic stages of adults and juveniles, whereas 
six had data only for adults (Table 1). We consider juve-
niles to be individuals who are already well established in 
the population, according to the classification of primary 
studies (for more details, see table S1). We then compile 
the sample size per population, number of sampled popula-
tions, and the number of SSR loci for the datasets (Table 1). 
Subsequently, we carried out bibliographic research on the 
reproductive system, pollination and dispersion mechanism 
of the seeds, type of economic exploitation, number of sam-
pled populations inserted in conservation units, threat status 
and geographic distribution of the 10 tree species evaluated 
here (Table S1).

From these data, possible genotyping errors and null 
alleles were verified using the Micro-Checker 2.2.3 (Van 
Oosterhout et al. 2004), and the statistical power of each 
set of SSR loci was verified by the probability of identity 

Fig. 1  Map of Brazil with the remnants of the Atlantic Forest, highlighting the states and the spots where the populations of the tree species in 
this study were collected
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(PI) parameter, using GenAlex 6.5 (Peakall and Smouse 
2012). PI is the chance of two individuals in a given popu-
lation having the same genotype in an offspring. GenAlex 
was also used to estimate the average number of different 
alleles (NA), average number of effective alleles (NE), 
expected heterozygosity (HE) and observed heterozygosity 
(HO) for the 10 species. Estimating NE becomes especially 
relevant to compare populations/species where the number 
and distribution of alleles differ drastically (Weir 1990). 
As NE reflects the number of equally frequent alleles that 
would be required to achieve a given level of gene diver-
sity, for any number of alleles, expected heterozygosity 
is highest when all allele frequencies are equal (Weir 
1990). The inbreeding coefficient (f) and the 95% confi-
dence interval, obtained with 10,000 bootstraps, were esti-
mated with the divBasic function of the diveRsity library 
(Keenan et al. 2013) in the ‘R’ program (R Core Team). 
Finally, the analysis of molecular variance (AMOVA) was 
performed in GenAlex to estimate the partition of genetic 
variability within individuals (genotypes), among indi-
viduals within populations, and among populations. It is 
important to emphasize that we evaluated the number of 
alleles, because this estimator represents a global average 
of all the populations for each species under assessment, 
making it suitable to describe the global pattern of genetic 
diversity in each species, which is the central objective of 

our study. Finally, considering that each species has dis-
tinct biological, ecological and evolutionary history, which 
are characteristics that certainly influence genetic estima-
tors, we did not make comparisons between species. To 
the four species with adult and juvenile data, t-tests were 
performed in R to compare average estimates for NA, NE, 
f, HE and HO. In addition, we estimated the magnitude of 
the differences between adult and juveniles, by calculat-
ing the percent decrease or increase in diversity between 
the two stages.

To assess the influence of the number of sampled individ-
uals per population and the number of SSR loci per species 
on genetic estimators, we used linear mixed-effect models of 
the 'lme4' package in the R program (Bates et al. 2015). As 
this type of model requires compliance with the assumptions 
of normality and homoscedasticity of the residuals, a log 
scale transformation was performed. An independent model 
was created for each genetic estimator, as follows:

Genetic estimator ~ number of microsatellite loci + (1 | 
species).

Genetic estimator ~ number of individuals per popula-
tion + (1 | species).

In these models, the genetic estimator is the response 
variable; the number of microsatellite loci or the number of 
individuals per population is the fixed effect; the terms in 
parentheses are the random effect variables, with the number 

Table 1  Genetic diversity parameters for 10 tree species subject to economic exploitation of the Atlantic coast of  Brazil1

Pop = Number of populations; Ind = Total number of individuals; SSR = Number of microsatellite markers; PI = Probability of identity; 
NA = Average number of different alleles; NE = Average number of effective alleles; HE = Expected heterozygosity; Ho = Observed heterozygo-
sity; f = Inbreeding coefficient (with confidence interval shown between parenthesis). Note: asterisks (*) indicate p values ≤ 0.05 for t tests com-
paring genetic diversity indices between adults and juvenile of the same species. The data in table for the genetic parameters show means ± SE, 
except for f, for which the confidence interval (CI) is shown between parenthesis

Species / Adults Pop Ind SSR PI NA NE HE HO f (CI)

Melanoxylon brauna 9 64 17 1.810–12 4.46 ± 0.22* 3.28 ± 0.16* 0.58 ± 0.02* 0.62 ± 0.02 –0.27 (–0.42, –0.18)*
Cariniana legalis 5 136 11 4.310–8 7.80 ± 0.44 4.38 ± 0.30 0.69 ± 0.02 0.51 ± 0.03 0.27 (0.16, 0.36)
Malnikara maxima 3 72 17 3.110–18 8.29 ± 0.45 4.65 ± 0.34 0.73 ± 0.01 0.66 ± 0.02 0.10 (0.03, 0.17)
Malnikara multifida 2 90 8 8.310–11 11.81 ± 0.87 5.91 ± 0.57 0.80 ± 0.02* 0.73 ± 0.02* 0.09 (0.03, 0.15)
Plathymenia reticulata 4 423 9 3.010–6 5.97 ± 0.57 2.83 ± 0.21 0.56 ± 0.03 0.37 ± 0.03 0.34 (0.28, 0.41)
Dalbergia nigra 4 140 9 2.310–09 5.94 ± 0.33 3.98 ± 0.17 0.73 ± 0.01 0.51 ± 0.03 0.30 (0.22, 0.37)
Copaifera langsdorffii 5 619 8 2.710–14 20.55 ± 0.88 10.64 ± 0.41 0.90 ± 0.01 0.71 ± 0.02 0.21 (0.17, 0.25)
Caesalpinia echinata 2 98 11 1.710–08 7.14 ± 0.73 2.79 ± 0.25 0.57 ± 0.04 0.48 ± 0.09 0.32 (0.25, 0.39)
Myroxylon peruiferum 4 195 8 2.410–5 4.06 ± 0.47 2.44 ± 0.17 0.53 ± 0.03 0.46 ± 0.03 0.14 (0.04, 0.22)
Centrolobium tomentosum 9 379 7 2.610–14 4.00 ± 0.27 2.44 ± 0.15 0.49 ± 0.03 0.42 ± 0.02 0.13 (0.03, 0.23)
Mean 4.7 221.6 10.5 – 8.00 ± 0.52 4.33 ± 0.27 0.66 ± 0.02 0.55 ± 0.03 0.16 (0.08, 0.24)
Species/
Juvenile
M. brauna 18 450 17 2.310–15 8.08 ± 0.22* 4.51 ± 0.15* 0.70 ± 0.01* 0.61 ± 0.01 0.12 (0.04, 0.21)*
C. legalis 5 158 11 1.610–08 8.62 ± 0.63 4.61 ± 0.35 0.70 ± 0.03 0.56 ± 0.03 0.21 (0.12, 0.29)
M. maxima 3 72 17 4.510–19 9.02 ± 0.50 4.84 ± 0.36 0.74 ± 0.02 0.67 ± 0.03 0.09 (0.04, 0.15)
M. multifida 2 81 8 3.410–09 8.94 ± 0.92 4.80 ± 0.57 0.72 ± 0.05* 0.51 ± 0.06* 0.28 (0.21, 0.36)
Mean 7.0 190.2 13.2 – 8.66 ± 0.56 4.69 ± 0.36 0.71 ± 0.03 0.59 ± 0.03 0.18 (0.10, 0.25)
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“1” indicating that the intercept is random between observa-
tions of each species.

The models were tested comparatively to verify the most 
plausible ones through the Akaike Information Criterion 
corrected for small samples (AICC) and the Akaike Weights 
(Anderson 2008). The model that presented the smallest 
AICC with at least two units of difference to other models 
and with the largest Akaike Weights, was considered the 
most plausible. Using the ‘ggplot2’ package in R (Wickham 
2016), only the models that met the established criteria for 
plausibility were graphically expressed, except when the 
most plausible was the null model.

Results

In this study, we analyzed microsatellite data from 10 tree 
species sampled in forest remnants widely distributed across 
the Atlantic Forest range (Fig. 1). Sample sizes varied across 
species, from 2 to 9 adult populations for 10 species and 
from 2 to 18 juvenile populations for four species (Table 1). 
Total sample sizes varied from 64 to 619 individuals and 
the number of microsatellite loci per species varied from 7 
to 17 (Table 1).

Genetic diversity of adults and juveniles

The probability of identity (PI) was quite low for all the 
species, ranging from 2.4 ×  10–5 for adults of Myroxylon 
peruiferum to 3.1 ×  10–18 in Manilkara maxima (Table 1), 
indicating the genetic estimates shown in this study are sta-
tistically robust, as the chance of observing repeated geno-
types is negligible. The average number of different alleles 
(NA) was 8.0 for adults, varying from 20.55 for Copaifera 
langsdorffii to 4.0 for Centrolobium tomentosum; the global 
average of number of effective alleles (NE) was 4.33, with 
these same species presented the highest estimates of NE 
(10.64) and HE (0.90) and the lowest estimates of NE (2.44) 
and HE (0.49) for adults, respectively. As for the observed 
heterozygosity (HO) for the adult stage, the values ranged 
between 0.37 (Plathymenia reticulata) and 0.73 (Manilkara 
multifida). The inbreeding coefficient (f) for adults was 
overall moderate (mean = 0.16), ranging from –0.27 (Mel-
anoxylon brauna) to 0.34 (P. reticulata) (Table 1). For the 
juveniles, the overall PI was also quite low, ranging from 
1.6 ×  10–8 for Cariniana legalis to 4.5 ×  10–19 for M. maxima 
(Table 1). For the four species with data for juveniles, the 
global mean of NA was 8.66, ranging from 8.0 alleles for M. 
brauna to 9.0 alleles for M. maxima; on the other hand, the 
number of effective alleles had an average of 4.69, with these 
same species presented the lowest (4.51) and the highest 
estimates of NE (4.84), respectively. The HE values varied 
between 0.70 (M. brauna) and 0.74 (M. maxima) with an 

average of 0.71; the HO ranged between 0.51 (M. multifida) 
and 0.67 (M. maxima) with a mean of 0.59; and the f coef-
ficient ranged from 0.09 for M. maxima to 0.28 for M. mul-
tifida, with an average of 0.18 for the four species (Table 1).

The analysis molecular of variance (AMOVA) has dem-
onstrated that the largest portion of genetic diversity occurs 
within individuals (genotypes), for both adults and juveniles, 
with the next relevant proportion of genetic diversity being 
found among individuals (Fig. 2). For adults, C. echinata 
showed the smallest proportion of variability within individ-
uals (39%), while C. langsdorffii had the highest proportion 
(75%). For juveniles, the smallest partition of genetic diver-
sity within individuals was observed for C. legalis (54%) 
and the largest for M. maxima (78%) (Fig. 2). With regards 
to the partition of diversity among individuals and among 
populations, two species displayed a distinct pattern than 
the others, i.e., adults of C. echinata and both stages of M. 
brauna showed higher genetic variation among populations 
than among individuals (Fig. 2).

Comparative genetics between the adults 
and the juveniles

Comparisons of genetic diversity patterns between ontogenic 
stages are useful to provide insights on historical events and 
possible courses of the genetic variability of a tree species 
through time (Santos et al. 2016; Caballero et al. 2019). 
Considering the four species with genetic data for adult and 
juvenile trees, pairwise tests of means indicated significant 
increases in NA, NE, f and HE for M. brauna and reduc-
tions in HO and HE for M. multifida for juveniles in relation 
to adults. The other genetic estimators did not significantly 
differ between the two stages (Table 1).

Despite the absence of statistical significance for all 
parameters, the assessment of the magnitudes of differences 
between the ontogenic stages (generations) can provide a 
view toward possible trends in genetic variation occurring 
in the species. It was observed a decrease in the average 
number of individuals per population (Ind/Pop) for M. mul-
tifida and an increase for C. legalis and M. brauna species 
(Table2). The average NA and NE showed a reduction only 
for the M. multifida, with increases for the other species, with 
NA ranging between 8 and 45% and NE between 4.11 to 
37.61% (Table 2). The observed heterozygosity (Ho) showed 
a greater reduction for the M. multifida species and a less 
marked increase for C. legalis; the expected heterozygosity 
(HE) was reduced for M. multifida and sharply increased for 
M. brauna. Finally, the f coefficient values showed a reduc-
tion for the C. legalis and M. maxima and a large increase 
for the M. brauna and M. multifida (Table 2). In general, we 
observed that the variations in the increases of the genetic 
parameters values from adults to juvenile individuals were 
of greater magnitudes than the reductions (Table 2); the 
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Fig. 2  Partition of genetic diversity components after analysis of molecular variance (AMOVA) for adult and juvenile stages of the tree species 
under study

Table 2  Variation1 (in %) of 
genetic diversity estimators 
in populations of juvenile 
individuals with relation to the 
respective populations of adults

1 The values in the table correspond to the percentage differences for more ( +) or for less (–) of the adult 
stage in relation to the juvenile stage

Species Ind/Pop NA NE HE HO f

M. brauna ( +) 71.56 ( +) 44.90 ( +) 37.61 ( +) 16.54 (–) 0.85 ( +) 119.30
M. multifida (–) 11.11 (–) 24.34 (–) 18.78 (–) 10.65 (–) 29.85 ( +) 68.78
C. legalis ( +) 13.92 ( +) 10.21 ( +) 5.21 ( +) 1.26 ( +) 8.32 (–) 23.24
M. maxima 0.00 ( +) 8.04 ( +) 4.11 ( +) 0.40 ( +) 1.43 (–) 9.53
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greatest positive variation (increase) between the param-
eters occurred for the f coefficient for the M. brauna spe-
cies (119.3%) and the greatest negative variation (decrease) 
occurred for Ho, for the M. multifida species (29.85%).

Descriptive models for the genetic parameters 
based on the sampling characteristics

In general, finding model(s) to allow one to describe how 
certain variables/parameters interact is always useful for 
predictive purposes. By means of employing the sampling 
characteristics of numbers of SSR markers or numbers of 
individuals per population as fixed effects, a series of lin-
ear mixed-effects models were generated, using the genetic 
estimators (Table 1) as the response variables (see methods). 
The results showed that a model with the number of individ-
uals per population was the most plausible to explain the NA 
estimator for the adult and juvenile stages (Fig. 3; Table S2 
– supplementary material). This model evidenced a positive 
relationship between the variables, i.e., when the number of 
individuals increases, so does the number of different alleles 
(Fig. 3). It is also important to highlight that the models in 

which the number of markers interacted with the number 
of individuals per population was also more plausible to 
explain the number of alleles than the null model, present-
ing lower AICc values and higher Akaike Weights values 
for adult and juvenile individuals; for the other genetic esti-
mators (NE, He, Ho and f), the null model appeared as the 
most plausible.

Discussion

With the reduction in native forests mostly caused by 
anthropic activity (which includes logging and fire), the sur-
vival and maintenance of tree species depend on adequate 
sustainable management strategies to avoid higher risks of 
extinction. The Atlantic Forest is a relevant area of end-
emism and a biodiversity hotspot (Myers et al.2000; Bosa 
et al. 2015), which has faced forest loss and fragmentation, 
leading to conditions of small and isolated remnants (Nasci-
mento and Laurence 2006; Rezende et al. 2018). Under these 
degrading conditions, gene flow between tree populations 
can be prevented, which can affect genetic constitution and 

Fig. 3  Effect of the number of individuals sampled in the population on the number of alleles for the ontogenetic stage of adults (a) and juvenile 
(b) of the tree species under analysis. Black lines correspond to the best-fit model (see Table S2)
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diversity of surviving species (Sarmento and Villela 2010; 
Haddad et al. 2015; de Azevedo 2017). Hence, understand-
ing the levels of genetic variability of trees under these 
conditions can help developing more consistent strategies 
for their conservation (Spear et al. 2010; Sommer et al. 
2013), and so, a long-term maintenance of tree species with 
commercial and ecological values. From the compilation 
of information on the genetic diversity of 10 economically 
exploited species in the Brazilian Atlantic Forest, we veri-
fied that six of those species are endemic and classified as 
threatened by extinction. It was observed from the genetic 
parameters assessed that populations have maintained an 
overall high genetic variability, even with a history of recent 
exploration. Given the longevity of these trees, generations 
considered to be parental still have showed genes with 
potential to boost the levels of observed heterozygosity in 
this work (Caballero et al. 2019; Carvalho et al. 2010). Our 
results suggest that the presence of individuals of these spe-
cies has preceded the processes of fragmentation and loss of 
habitat in the regions they are located (Newbold et al. 2015; 
Miraldo et al. 2016).

As it has been shown for other species (e.g., Paetkau 
et al. 1995; Ganzhorn 2015; Leal et al. 2014), our results 
of very low probabilities of identity (PI) found for the two 
ontogenetic stages evaluated (Table 1) clearly indicated that 
finding two identical genotypes by descent, in all assessed 
tree populations, was a practically null possibility. In addi-
tion, despite a large variation among the studied species in 
terms of the number of SSR used (Table 1), these markers 
allowed a proper discrimination of the individuals, and so, 
an adequate evaluation of the genetic variability of these 
species for adults, and for the juvenile stages when available 
(Collevati et al. 1999; Almeida-Rocha et al. 2020). Coupling 
these results with the analysis of other genetic parameters, a 
surprisingly high genetic diversity appears to be yet existing 
in the arboreal individuals of these species from the Atlantic 
Forest remnants of Brazil. As discussed below, these find-
ings bring hope for the development of appropriate conser-
vation strategies for these economically and environmentally 
relevant resources.

The number of different alleles (NA) identified for the 
used markers is another variable that helps describing the 
levels of diversity in populations, so that assessing this 
genetic parameter is considered as being essential to under-
stand how species respond to environmental changes; high 
numbers of alleles in plant populations tend to promote a 
greater adaptive potential for the corresponding species 
(Guidugli 2011). In this regard, the 10 species showed a 
great variation in NA for the adult stage, with some spe-
cies such as C. langsdorffii showing more than 20 different 
alleles (Table 1). This suggests even further that popula-
tions of this tree species do display high levels of genetic 
variability and adaptive potential (Sebbenn et al. 2011). As 

seen below, its type of commercial exploration offers a plau-
sible explanation for this feature, thereby linking its survival 
directly to a specific kind anthropic activity/management. 
On the other hand, it was observed that some species such 
as C. tomentosum presented low NA, suggesting possible 
restrictions to their adaptive potential. In terms of conserva-
tion, the number of different alleles has been considered a 
very informative parameter for hypervariable makers (e.g., 
SSR; Hollingsworth et al. 2005), since it is linked to effec-
tive size of populations; this parameter is associated with 
demographic changes in the past that might have affected 
not only neutral markers, but also genes related to adaptive 
traits (Petit et al. 1998). The evaluated species presented 
NE approximately half of NA, indicating an imbalance in 
allele frequencies, since alleles with frequencies far from 
the average contribute very little to the effective number of 
alleles (Weir 1990). This implies the fact that about half of 
the alleles may have a low frequency and be lost with the 
intensification of deforestation and illegal exploitation of 
these species. Alternatively, the frequency of certain alleles 
for given loci may be very high, and in extreme cases, may 
be fixed in the population, leading to the observed imbalance 
in allele frequencies. An example of this imbalance can be 
observed in the species Caesalpinia echinata, which has an 
NA of 7.14 and NE of 2.79, with several alleles with high or 
fixed frequencies, while other alleles are very rare or absent 
in populations (Fig.S1, Supplementary material). Thus, this 
calamitous reduction in the NE will probably lead to a reduc-
tion in gene diversity in the next generations (Weir 1990), 
which may compromise the adaptive capacity of species in 
a scenario of anthropic environmental changes.

In relation to the heterozygosity levels for adults, the 
results of HO being lower than HE for almost all studied 
species (except M. brauna), is pointing to a greater number 
of homozygotes in relation to those in the Hardy–Weinberg 
model (Allendorf and Luikart 2006). Even in a relatively 
short timeframe of exploration, a loss of heterozygosity is 
possible, which can not only influence in the adaptation of 
a given species’ population, but also affect other interacting 
populations that are geographically close (Almeida-Rocha 
et al. 2020). The C. langsdorffii species, which is economi-
cally explored as an oil source for cosmetics industry (Stupp 
et al. 2008), showed the greatest genetic diversity for the 
adult stage considering both the highest value of HE and the 
second largest value of HO (Table 1). A likely explanation 
for this result would be the fact this species already pre-
sents a great conservation value, since the oil is extracted 
from the main trunk of adult individuals, which therefore 
helps maintaining the specimens (Duminil et al. 2013). At 
the other end of the heterozygosity rank, the P. reticulata 
species showed the lowest HO and HE values, coupled with 
the highest inbreeding coefficient (f) among the adult spe-
cies (Table 1). This suggests this species had likely suffered 
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the most from the effects of anthropic activities among 
those under assessment in this study. Another hypothesis 
to explain those low values of HE and HO is linked to the 
reproductive system of P. reticulata, in which its hermaph-
rodite flowers that undergo self-fertilization can favor the 
occurrence of inbreeding (Goulart et al. 2005). Thus, under-
standing aspects associated with the biology, ecology, and 
evolution of species can also be crucial to determine popula-
tion genetic characteristics (Duminil et al. 2013). According 
to Tarazi et al. (2009), in a tree population isolated by the 
effect of fragmentation, the probability of crosses between 
related individuals (inbreeding) increases, thereby reducing 
the proportion of heterozygotes in the population. Neverthe-
less, although this could have theoretically happened, it is 
noteworthy that the 10 tree species of the Brazilian Atlantic 
Forest under study seem to have not been more intensively 
affected by such mechanism, as a considerable genetic diver-
sity in their populations could be observed (Table 1).

We believe that the maintenance of such genetic vari-
ability, even with a recent history of high logging and for-
est fragmentation, appears to be related to the partition-
ing of this variability. As seen from the AMOVA, despite 
the differences among the 10 species (Fig. 2), the greatest 
proportion of genetic diversity showed to occur within 
individuals for all species evaluated. This highlights the 
importance of the factor ‘genotypes’ for the populational 
variability, which is in clear agreement with the overall 
levels of heterozygosity observed. Therefore, under these 
conditions, fewer individuals could maintain a large pro-
portion of genetic diversity for these tree species, in a 
range that varied from as little as 39% for C. echinata 
(one of the species most explored since the begin of the 
country’s colonization time in 1500 a.d.; Cardoso et al. 
2005; Melo et al. 2007) to 75% for C. langsdorffii (Fig. 2). 
The results so far are suggesting that these 10 species, 
particularly, have been able to maintain sufficient levels 
of open-pollination through time to assure heterozygosity, 
and so, variation at genotypic level (Paschoa et al. 2018). 
This is probably since these species are pollinated by ani-
mals, such as bees, which favors crossing and maintaining 
a certain level of genetic variability (see table S1). The 
species with the highest proportion of genotypic diversity 
also showed a generally greater genetic variability over-
all (Fig. 2; Table 1). Due to this observed pattern, it is 
suggested that the few adult individuals still inhabiting 
small fragments of the Atlantic Forest store a considerable 
genetic diversity for the species, and so, are very likely to 
be relevant sources of variability. This finding has a great 
relevance for the design of proper strategies for genetic 
conservation, mainly considering that most of the 10 spe-
cies are currently threatened by extinction (Godoy et al. 
2018). The results also brought forward a warning sign in 
the sense that the persistence of only a few individuals in a 

population, in a given area over time can lead to the cross-
ing between related individuals, which is known to reduce 
genetic diversity and adaptive potential (Fietz et al. 2014).

Considering the four species with data for adults and 
juveniles’ trees, our descriptive population genetics dem-
onstrated that effects associated with habitat loss, fragmenta-
tion and logging are noticeable, given the differences found 
between HE and HO (Tables 1 and 2). However, the fact that 
tree species currently in a vulnerable conservation state have 
yet shown similar levels of high genetic diversity might be 
explained by the notion that the increased rates of forest 
loss and fragmentation are more recent events if compared 
to their life cycles (Collevatti et al. 2001; Souza et al. 2012). 
Particularly for the M. maxima species, the small f coefficient 
estimated, coupled with the values of HE and HO, suggest 
that for this species, gene flow is occurring and enabling the 
exchange of important alleles for the maintenance of a high 
genetic diversity (Guidugli 2011). On the other hand, for the 
species M. multifida, the significantly lower HO value for the 
juveniles compared to adults (Tables 1 and 2), and the high-
est value of f among the juveniles’ populations of the four 
species point to a reduction in genetic variability between 
generations. It is possible that particular anthropic processes 
have led to specific patterns of M. multifida specimens’ loss 
within the fragments, thereby affecting the distribution of 
the remaining populations within and among the fragments, 
and so, the partitioning of diversity (Fig. 2). This has likely 
accentuated the genetic differentiation observed from adults 
to juveniles’ individuals with regards to variability among 
individuals and populations.

The way in which genetic variability is distributed within 
and among populations is usually related (i) to the pollen 
and/or seed dispersal syndrome, (ii) to the type of reproduc-
tion the species present, and (iii) to how the individuals are 
distributed within the considered populations (Sebbenn et al. 
2011). The way in which populations of a species repro-
duce has a direct influence on the levels of inbreeding and 
relatedness of individuals in future generations (Guidugli 
2011). Most species of long-lived woody trees with seeds 
dispersed by animals often maintain greater genetic varia-
tion within habitat patches than between patches (Hamrick 
et al.1992; Silva et al. 2013; De Kort et al. 2021). Species 
such as M. maxima, which showed the highest values of HO 
for both adults and juveniles (although with a noticeable 
decrease between these stages as in M. multifida – Table 1) 
was one with most of the genetic diversity identified being 
found within individuals (genotypes); similarly, adults 
from M. multifida, C. tomentosum, C. langsdorffii, and M. 
peruiferum also showed the largest partition of variability in 
the genotypic portion (Fig. 2), independently from the cor-
responding levels of diversity (Table 1). This corroborates 
the view that understanding the underlying characteristics 
of both reproductive and dispersal features of tree species is 
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critical for a proper design of conservation strategies (Prata 
and Freitas, 2008).

Some particular results are worth discussing in more 
details. The M. multifida species, for instance, showed a 
decrease in the number of different alleles and effective 
alleles, with a significant reduction in both types of het-
erozygosity from adults to juvenile individuals, followed by 
a relevant increase in the inbreeding coefficient (f) (Tables 1 
and 2). Such changes observed in these parameters between 
developmental stages suggest that this species has been suf-
fering reduction in genetic variability, most likely due to 
anthropic actions that led to the loss of specimens in the 
forest fragments. Since this species is considered to be long-
lived, it can be inferred that the parental generations (adults) 
likely bear a given set of genes that defines the high levels 
of heterozygosity displayed. Thus, it is plausible to assume 
that these mature trees have preceded the intense process 
of habitat loss and fragmentation that have shaped the cur-
rent Atlantic Forest remnants (Moreira et al. 2021). Under 
such circumstances, juvenile individuals have likely inher-
ited alleles from a reduced set of remaining trees, thereby 
increasing the probability of union of alleles by descent 
(Azevedo et  al. 2005), and so, explaining the patterns 
observed for the genetic parameters (Table 1). Moreover, 
decreased levels of heterozygosity and number of distinct 
alleles are expected to also reduce the contribution of geno-
types for the partitioning of populational diversity (Fig. 2). 
Regarding the M. brauna, the very low f value observed for 
adults (-0.27), coupled with the high number of heterozy-
gotes are likely to be also reflecting genetic diversity prior 
to the anthropically-driven Atlantic Forest loss and fragmen-
tation. A high level of heterozygosity leads to lower aver-
age fixation indexes that describe populational structuring, 
which is, thus, suggestive that there were no deviations from 
panmixia due to the reproductive system for most popula-
tions assessed (Reis et al. 2015).

Despite the overall levels of diversity found for the 10 
species in this study, we could notice, not unexpectedly, 
that different mechanisms have shaped the specific char-
acteristics of that diversity across generations (Table 2). 
For instance, considering the four species with data for 
adults and juveniles, M. multifida and M. brauna pointed 
to decreases in diversity with time (although with distinct 
patterns), whereas M. maxima and C. legalis displayed an 
opposite tendency. The trends observed for their f values 
among generations pointed to differences in the cross-
ing conditions among individuals that led to increased 
or reduced populational relatedness. The results suggest 
that the recent habitat loss and fragmentation events in 
the Atlantic Forest have differentially affected these spe-
cies in terms of specificity and magnitude, at least in the 
timeframe involved and at the detection capacity of this 
study. For example, while populations of M. multifida and 

M. brauna have likely suffered direct effects of selective 
cutting and/or fragmentation of forest patches (Allendorf 
and Luikart 2006), these effects seem to have not affected 
M. maxima and C. legalis (Tables 1 and 2; Fig. 2). Alter-
natively, the different types of management/exploitation 
may also contribute to those specific differences in diver-
sity outcomes (Reichmann et al. 2017). Interestingly, M. 
brauna have shown the juvenile populations with a signifi-
cant increase in the number of different alleles from adults 
(Tables 1 and 2), which was a tendency that would be in 
contrast to what might be expected from the overall trends 
of diversity decrease and inbreeding discussed above, 
based on its HO and f values. This result is probably due 
to the extreme logging of adult individuals of M. brauna, 
leaving only a very small number or, in most cases, the 
total loss of individuals of this stage in the populations 
(see Table 1). Thus, the remaining adult individuals repre-
sent a subsampling of the genetic variability of this stage, 
while the greater variability in the juveniles is probably 
due to the reproduction of adults before being removed 
from populations (Borges et al. 2020).

The process of exploitation of timber species in Bra-
zil reached alarming levels from the nineteenth century 
onwards, with greater intensity in the exploitation of the 80 s 
(Dean 1996). In the southern region of Bahia, for example, 
where most of these species evaluated here were sampled, 
the process of clearing forests and, consequently, fragmenta-
tion, began in the mid-1980s, and intensified in the 1990s, 
during the crisis cocoa, the main economic product at the 
time (Rocha 2006). On a larger time scale, however, with an 
ever increasing forest loss and fragmentation processes, as 
well as with a reduction in pollinators and seed dispersal, 
an increase in the deleterious damages can eventually occur, 
and consequently increase the probability of local species 
extinction (Ganzhorn et al. 2015). Based on such sustained 
and deleterious anthropic actions, which have been leading 
to a continuous loss of specimens within the forest fragments 
that affect the distribution of populations in those remnants, 
it is plausible to foresee a relevant reduction in genetic vari-
ability for future generations of the tree species under study 
(Vranckx et al. 2012; Carvalho et al. 2015). This concern 
becomes especially relevant since most of the populations 
evaluated here are outside conservation units (see table S1) 
and, therefore, susceptible to increasing deforestation in the 
Atlantic Forest and logging (Borges et al. 2020). It is worth 
noting that the genetic analysis of adults allows a look at the 
variability in the past as a whole, when several factors were 
mixed as evolutionary driving forces of diversity (Sujii et al. 
2017). In this sense, adult individuals reflect changes that 
occurred in the past, which may or not be directly related to 
anthropic processes (Harguindegury 2013). Thus, comparing 
ontogenetic stages of species (which reflect current coexist-
ence of generations) is an important strategy to understand 
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the fate of genetic diversity in given populations (Caballero 
et al. 2019).

Our approach of descriptive models’ selection revealed 
that the number of sampled adults or juvenile individu-
als had a positive correlation with the number of different 
alleles (NA) identified for the 10 tree species evaluated 
(Fig. 3). The results suggest that NA was the parameter 
showing a significantly greater sensitivity in relation to the 
number of individuals sampled. Since this independent vari-
able is the first to suffer the impacts of fragmentation and 
selective cutting, we can realize that both the power of the 
genetic analyses endeavored and the real variability existing 
in an area are compromised by these impacts. At the begin-
ning of a process of genetic erosion, it is remarkable that 
the first phenomenon to occur is the loss of alleles (Hartl 
and Clark 2010), so that it is expected that any genetic esti-
mator based on the NA would be the first affected by those 
undesirable conditions (Santos et al. 2011; Barbosa et al. 
2015). However, considering that NA is highly dependent on 
sample size, analytical biases can be introduced when com-
paring populations with different samplings (Allendorf and 
Luikart, 2006). Nonetheless, it is important to note that we 
evaluated the number of alleles, as this estimator represents 
a global average of all populations of each species in ques-
tion, and we did not perform cross-population comparisons. 
In this way, this genetic estimator is suitable for describing 
the global pattern of genetic diversity, thereby reflecting the 
real conservation status (the central objective of our study). 
This is especially so for those species for which the popu-
lation census was carried out, as is the case of M. brauna. 
Although models with only the number of individuals were 
the most plausible to explain NA in adult and juveniles’ 
trees, models with the number of markers interacting with 
the number of individuals per population were more plau-
sible to explain the number of alleles than the null model 
(Fig. 3). Thus, by demonstrating that the association/link 
between the number of individuals sampled and the num-
ber of markers used can remarkably influence the estimates 
of genetic variability, we suggest that further research in 
conservation genetics should take into account these two 
independent variables (number of individuals and markers) 
in an integrated manner. We claim that not only the meth-
odological strategy here employed, but also the constitution 
and possible directions of genetic diversity identified in this 
study can serve as valuable tools for the definition of more 
sound and sustainable conservation proposals, for these and 
other tree species in threatened forest biomes.
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