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Abstract: Tropical forests, housing about two-thirds of Earth’s terrestrial biodiversity, face
significant deforestation and fragmentation, leading to the loss of over half their area.
Conservation and restoration efforts are crucial, especially for regions like the Brazilian
Atlantic Forest, which suffers with a reduction in biomass and species diversity. The
Brazilian agroforest system, typical from the region of Southern Bahia called “cabruca”,
are helping to mitigate these effects by combining cocoa cultivation with forest manage-
ment, enhancing both socio-economic and environmental benefits. In a study focusing on
Plathymenia reticulata, a tree species native to the Atlantic Forest, we evaluated the effec-
tiveness of the cabruca agroforest system versus the natural forest for maintaining genetic
diversity and landscape connectivity. Results showed that cabruca systems, while managed,
exhibit a level of genetic diversity compared to natural forests. However, forest populations
remain critical for their genetic reservoirs and adaptability. The cabrucas agroforest system
also showed higher inbreeding levels, emphasizing the need for effective management to
reduce inbreeding risks.

Keywords: biodiversity conservation; tropical forest; agroforest; genetic variation

1. Introduction

The tropical forests harbor approximately two-thirds of Earth’s terrestrial biodiver-
sity, but these ecosystems are under threat from extensive deforestation due to human
activities [1]. While global forest conservation and restoration programs are working to
change land-use practices in tropical regions, deforestation and forest fragmentation re-
main significant drivers of biodiversity loss and the decline of ecosystem services [2]. The
pervasive destruction has already led to the loss of over half of the world’s tropical forests,
posing a significant conservation challenge for this century [3]. For instance, the Brazilian
Atlantic Forest, known for its rich biodiversity, has only about 23% of its original forest
cover remaining, with 97% of forest fragments being smaller than 50 hectares, suffering
significant reductions in biomass and species diversity [4].

Brazil is a megadiverse country, yet it faces a significant loss of tropical forest cover,
which requires urgent efforts to reverse the damage caused by deforestation [5]. In this
context, studies in Brazil have highlighted the socioeconomic benefits of cabrucas, which
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hosts one of the largest forested areas in the form of an agroforest-native forest mosaic [6].
Over 26% of this forested area is covered by cabrucas, spanning 600,000 hectares [7].

Cabrucas, where cocoa is cultivated under the thinned canopy of the Atlantic Forest
trees, can help mitigate the projected effects of climate change for the 2050s, emphasizing
the critical role of forest conservation in Bahia Cocoa [8]. Cocoa cultivation, which began in
the 18th century in Southern Bahia, continues to hold significant economic value for the
region [9].

Cabruca contribute to conservation by providing habitat and biological corridors that
enhance the connectivity of plant and animal populations between habitat remnants [10]. It
helps in producing various products, and its products are called “bio-based” [11]. However,
understanding the genetic status of populations is crucial in order to investigate the factors
and implications of management practices on them.

Genetic tools play a crucial role by offering valuable insights into source populations,
adaptive variations, gene flow, and other important parameters [12]. It is a fundamen-
tal element of biodiversity, as it is critical for maintaining the evolutionary potential of
species [12,13]. Anthropogenic disturbances negatively impact genetic diversity, which is
essential for population persistence and fitness [14]. It can also provide past and present
information on species, such as their expansion or contraction, connectivity, and the identi-
fication of source or provenance [15]. Genetic diversity, connectivity, and population size
are interrelated and serve as key indicators of ecosystem health [16].

A reduction in landscape connectivity between habitat patches can lead to increased
inbreeding depression [17,18]. It is also crucial to select suitable species and identify pop-
ulations that have suffered from low genetic diversity and inbreeding [19,20]. Therefore,
genetic parameters are important indicators for landscape connectivity, influencing gene
flow, population size, and genetic diversity [21]. Although gene flow can occur in many
species, the effects of isolation and gene flow in most tropical trees remain poorly un-
derstood [22]. Addressing these factors is essential to ensure the adaptive potential and
long-term fitness of species and to determine the best approaches for restoration projects.
The aim of our study is to provide insight on the long-term persistence of species under dif-
ferent land-use practices, i.e., forest and cabruca, by using genetic parameters. In the present
study, we used the Brazilian native species Plathymenia reticulata Benth. to investigate the
effectiveness of forest conservation and the typical cocoa agroforest called “cabruca” in
maintaining landscape connectivity. Our target species is one of the largest trees, endemic
to the Atlantic Forest. We selected P. reticulata due to its utilization in restoration efforts
within the Atlantic Forest [23], and its notable logging potential [24,25]. Therefore, studies
to better understand the genetic diversity and gene flow of the species are a key strategy
to its in situ or ex situ conservation. It is very important to have a better understanding
of the genetic diversity and gene flow of the species to identify the species that have a
high level of genetic polymorphism [26]. The focus on genetic connectivity will help to
choose appropriate statistical techniques and spatial scale for successful conservation and
landscape management projects.

2. Materials and Methods
2.1. Target Species

Plathymenia reticulata Benth., popularly known as vinhdtico [27], can reach up to 1.59 m
in DBH (Diameter at Breast Height) (observational data). It has a stem with regular plate
formation and wood with a reddish tone, which is the origin of its popular name. It is
pollinated by small insects [28], especially bees, and its seeds are dispersed by anemochory.

It stands out among the species most used in the restoration of the flora of degraded
areas. It is widely distributed in Brazilian biomes, being present from the Atlantic Forest
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to the Caatinga, [27]. Vinhdtico is highly adaptable, which makes it an excellent candidate
for implementation in the restoration of degraded areas. Furthermore, it is one of the most
desired species by farmers in cocoa agroforestry systems in southern Bahia [25]. Due to
its high-quality and durable wood, vinhitico is of great economic importance, being used
in civil construction and the manufacture of luxury furniture, stakes, supports, and fence
posts [27]. This makes it one of the most sought-after species in commercial plantations of
native species. Thus, it has itself as an excellent biological model with notable ecological
and economic importance.

2.2. Study Area

The study was conducted in sites based on the occurrence of P. reticulata in two treat-
ments: the Atlantic Forest and Cabruca in the southern region of the state of Bahia, Brazil,
specifically from the municipalities of Camacan CA(F); Ibirapitanga IB(F) IA(C) and IJ(C);
Amargosa AM(F); Ilheus CC(C); Itabuna VA(C); Una UA(C) and UJ(C) (Figure 1). Accord-
ing to the Képpen climate classification, the prevailing climate type is “Af”, characterized
by a tropical rainforest climate. This climate typically receives annual rainfall ranging
between 1200 to 1300 mm and maintains an average temperature around 25 °C. The pre-
dominant vegetation associated with this climate is the Dense Ombrophilous Forest, which
thrives in such warm and consistently moist conditions.

2.3. Sampling

We sampled adults and juveniles in the seven study areas and collected leaves from
these individuals for subsequent DNA extraction. A total of 96 adults from 4 different
cabrucas, 41 juveniles from 2 cabrucas and 74 adults from 3 different native forests were
sampled. The selection of sampled areas was based on the criterion of the overlap of
regions within the phytogeographic domain of the Atlantic Forest, specifically in the
southern part of Bahia, where the cocoa-cabruca agroforestry system occurs, the local
presence of P. reticulata, and a high number of adult individuals (minimum of 24).

A previous study concluded that P. reticulata has a spatial genetic structure in
forests [29], thus, in the forest areas, individuals at least 100 m apart were sampled. In-
dividuals with CAP > 25 cm were considered adults and those with CAP < 10 cm were
considered juveniles. We georeferenced each individual by Garmin GPS.

2.4. DNA Extraction and Quantification

The DNA extraction of each sampled individual was performed through the Protocol
CTAB 2% [30]. To estimate the quality and concentration of DNA, Gel Green™ (Biotium,
Fremont, CA, USA) DNA stain was used through contrasting the samples with dilutions of
bacteriophage A DNA diluted to a known standard concentration, in an electrophoresis in
1% agarose gel.

2.5. Microsatellite Loci Amplification

The DNA of each sampled individual was amplified by 11 microsatellite marker loci
(also known as SSR—simple sequence repeats) developed specifically for P. reticulata [29,31].
For DNA amplifications, we used a PCR mix (final volume 13 pL) containing 4.8 pL of ster-
ile ultrapure water, 1.3 pL of Buffer(10X), 1.3 pL of dNTPs (deoxynucleotide triphosphates)
(2.5 mM), 1.3 uL of BSA (Bovine Serum Albumin, Sigma-Aldrich, St. Louis, MO, USA)
(2.5 mg/mL), 0.4 uL of MgCl, (25 mM), 0.4 pL of labeled M13 tail dye (10 mM), 0.3 uL
of Primers (Forward and Reverse) (10 mM), 0.2 uL of Taq polymerase (1 U) (Phoneutria,
Belo Horizonte, Minas Gerais, Brasil), and 3.0 puL of genomic DNA. We performed the
PCR in a Life Pro thermocycler (Bioneer Technology Co., Shanghai, China), with the am-
plification program according to previously published protocols [29,31]. The amplicons
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were submitted to capillary electrophoresis in an ABI3500 automatic analyzer (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) to separate the SSR fragments in
a multiload strategy. A mixture containing 0.3 puL of GeneScan™, 500 uL of Liz™ (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, USA), and 7.7 uL of formamide (Ap-
plied Biosystems) was prepared. Genotyping was performed with GeneMarker software
version 2.5.2 (SoftGenetics, State College, PA, USA).
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Figure 1. Map of Brazil, highlighting the Bahia state. The collection areas of Plathymenia retic-
ulata are geographically indicated in the Bahia map, where Red Diamonds = “Cabruca” and
Blue circles = “Forest”. Mapbiomass highlights landcovers “Forest”, “Farms”, “Urban Areas”. Fig-
ures represent collection areas with landcovers where, UA(C) = Cabruca near Una, CA(F) = Forest near
Camacan, VA(C) = Cabruca near Itabuna, CC(C) = Cabruca near Ilheus, IA(C) and IB(F) = Cabruca
and Forest near Ibirapitanga, and AM(F) = Forest near Amargosa. UJ(C) and IJ(C) are juveniles in the
respective cabruca.

2.6. Genetic Parameters Estimate

To characterize the genetic diversity of all study areas, we estimated the following
standard genetic parameters: Number of Alleles (N,), Effective Number of Alleles (Ne),
Shannon’s Information Index (I), Observed Heterozygosity (Hp), Expected Heterozygosity
(Hg), and Fixation Index (F) using GenAlEx version 6.5 software [32]. Allelic Richness (AR)
was estimated in the R4.0.1 environment using the rarefaction model as sample size is un-
equal between populations [33,34]. We also compared f-coefficient, such as Fjg (inbreeding
coefficient within subpopulations), Fir (inbreeding coefficient within individuals relative
to the total population), Fsr (genetic differentiation among subpopulations), and pairwise
Fst between forest and cabruca using GenAIEx version 6.5 software and demonstrated
them using the heatmap in the R4.0.1 environment. The Discriminant Analysis of Principal
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Components (DAPCs) was performed to explore the genetic structure of populations using
the adegenet package in the R4.0.1 environment [35]. The DAPCs was used to explore
the genetic structure of the populations, as it is a robust technique that allows for the
distinction of groups based on genetic variation. Principal Component Analysis (PCA) was
applied for dimensionality reduction, followed by Discriminant Analysis to maximize the
separation between predefined groups and facilitating the visualization of the structure
among populations or subpopulations. The number of retained principal components
(PCs) was determined based on the cumulative proportion of explained variance and the
information saturation criterion. This process helps to more precisely delineate the genetic
boundaries between the groups, providing a clearer understanding of the genetic variability
and organization of the studied populations.

For the individual assignment analysis, the STRUCTURE program was used, running
the algorithm for K values ranging from 1 to 10. The use of this approach provides a
quantitative measure of confidence in the allocation of individuals, which is particularly
useful and effective for identifying genetic groups, a crucial aspect for understanding issues
such as the connectivity between the populations studied here. Each K was evaluated with
10 independent replicates, considering 100,000 burn-in iterations followed by 100,000 col-
lection iterations. The results were processed in Structure Harvester to determine the most
likely number of clusters (K) based on the Evanno method [36]. The clustering results were
aligned across multiple independent runs using CLUMPP software (version 1.1.2) [37].
For bar plot visualization, the pophelper package was employed. To evaluate the ge-
netic relationships among populations, a dendrogram was constructed using Nei’s genetic
distance matrix [38]. Hierarchical clustering was performed using the UPGMA method
(Unweighted Pair Group Method with Arithmetic Mean). The analysis was conducted in R
environment (version 4.0.1), utilizing the adegenet and ape packages [39]. This combination
of approaches was employed with the aim of providing a clear visual representation of
the genetic similarities and differences among the populations analyzed. Furthermore, we
applied these methods because they allow for a robust evaluation of genetic relationships,
providing important insights into the patterns of genetic diversity and the evolutionary
processes that have shaped the studied populations.

2.7. Paternity Analysis

We did paternity analysis on 47 juveniles with 96 adult trees in four cabrucas using
CERVUS 3.0.7 version software [40]. All samples were georeferenced, and by using it, we
calculated distance between adults and their alleged progeny. The likelihood method is
used with 95% confidence to identify possible progeny, by positive LOD score.

3. Results
3.1. Genetic Parameters

The P. reticulata populations evaluated show, in general, low to moderate genetic diver-
sity. The forest populations have higher values in relation to the cabruca populations for the
Number of Alleles (N,), Effective Number of Alleles (N,), Allelic Richness (Ar), Shannon’s
Information Index (I), Observed Heterozygosity (Hp), and Expected Heterozygosity (Hg).
The average number of alleles (N,) was 5.00 for forest and 3.75 for cabruca, indicating
higher allelic diversity in forests. CA(F) shows significant allele diversity among forest
populations (Na = 5.89), while CC(C) was 5.55, showing high allelic diversity in the cabruca
population. The effective number of alleles (N) is higher in forest populations, with a
mean of 2.59, with CC(C) being only the cabruca population, which has a higher (N¢) than
any population, i.e., it was 3.08, an indication of higher genetic variation. In the forest
population, the Shannon Index(]) is the highest for CA(F), population I = 1.25, and for the
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cabruca population, CC(C) has I = 1.06. We observed that IB(F) has a negative value of
fixation index (F = —0.02). Another forest population of interest is AM(F), which is close to
the Hardy—Weinberg equilibrium with a slight difference between Hp and Hg (0.48, 0.49),
and Fig close to zero (0.010). Between the cabruca populations, we find a high fixation
index, with VA(C) showing the highest value (Fis = 0.80), indicating low genetic diversity
and high levels of inbreeding. On average, heterozygosity among forests is higher than in
cabrucas with a low fixation index, indicating that the forest population has maintained
genetic diversity with lower levels of inbreeding. We compared the genetic parameters of
adult cabrucas with those of juvenile cabrucas. For these comparisons, juveniles exhibited
higher values for all genetic parameters compared to adults (N,, Ne, Ag, I, Ho, and Hg)
(Table 1).

Table 1. Estimation of genetic parameters of P. reticulata in forest and cabruca populations. Number
of Alleles (N,), Effective Number of Alleles (Ng), Allelic Richness (Agr), Shannon’s Information Index
(I), Observed Heterozygosity (Hp), Expected Heterozygosity (Hg), and Fixation Index (Fig).

Forest N N, Ne AR 1 Ho Hg Fis
CA 28 5.89 2.94 5.28 1.25 0.45 0.61 0.26
1B 22 422 2.39 6.12 0.96 0.51 0.50 —0.02
AM 22 4.89 2.44 4.44 0.98 0.48 0.49 0.01
Mean 24 5.00 2.59 7.92 1.06 0.47 0.53 0.09
Cabrucas (Adults) N N. Ne AR I Ho Hg Fis
VA 20 3.55 1.96 4.06 0.76 0.09 0.41 0.80
1A 17 3.55 1.71 4.19 0.65 0.24 0.34 0.49
CcC 23 5.55 3.08 6.07 1.06 0.29 0.48 0.29
UA 23 2.33 1.49 2.87 0.46 0.21 0.27 0.26
Mean 20.8 3.75 2.06 4.29 0.73 0.21 0.37 0.48
Cabrucas (Juveniles) N N. Ne AR 1 Ho Hg Fis
IJ 6 4.55 3.53 5.00 1.18 0.39 0.58 0.39
UJ 29 444 1.78 3.83 0.68 0.18 0.33 0.51
Mean 17.5 4.50 2.66 4.41 0.93 0.28 0.46 0.45

The Fig value was higher in the cabruca (0.51) than in the forest (0.11). Similarly,
cabruca populations demonstrate a significantly higher inbreeding coefficient (Frt) (0.63)
compared to forest populations (0.21). The Fsr value indicates genetic differentiation
among cabruca subpopulations (0.17), while the value for forest populations (0.11) remains
similar (Figure 2).

The pairwise Fst matrix showed high values of Fst between populations located in
forests and cabruca (shown in darker shades of blue) (Figure 3). The highest Fsr value
(0.31) was observed between UA(C) and CA(F), indicating a significant degree of genetic
differentiation. Conversely, the lowest Fst value (0.01) was found between AM(F) and
IB(F), suggesting minimal genetic differentiation.

Populations of P. reticulata managed in Cabrucas exhibited closer genetic relationships
with each other than with forest populations (Figure 4). Moreover, individuals from forest
populations formed a more homogeneous cluster, while those from cabrucas displayed
greater genetic dispersion (Figure 5).
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Figure 2. F-coefficient (inbreeding coefficients within populations (Fjg), inbreeding coefficients
relative to the total population (Fyr), genetic differentiation among populations (Fsr) estimation for

three forest and four cabruca populations.
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Figure 3. Pairwise Fgr values among seven populations of P. reticulata in Bahia, Brazil. Lighter blues
show lower Fgt values, and darker tones show higher Fsrt values. IB(F), CA(F), and AM(F) represent
populations of forest. VA(C), IA(C), CC (C), and UA(C) represent populations of cabruca.
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Figure 4. Graphic representation of the clustering by population analysis based on Nei’s unbiased
minimum genetic distance [40] for P. reticulata populations in both forest (green) and cabruca (blue).
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Figure 5. Graphic representation of the clustering analysis by population individuals” analysis based
on Nei’s unbiased minimum genetic distance [40] for P. reticulata populations in both forest (green)
and cabruca (blue).

The scatter plot shows Discriminant Analysis of Principal Components (DAPC); it
helps to visualize different sets of genetic characteristics between populations (Figure 6A).
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The overlap between populations shows shared ancestry (Figure 6A). Bayesian analysis
performed in STRUCTURE identified the most probable number of genetic clusters as two,
revealing that individuals from the nine populations are divided into two genetic groups
(Figure 6B). Most individuals are predominantly assigned to one of these two groups, with
minimal evidence of genetic admixture, suggesting genetic differentiation between forest
and cabruca populations. The first cluster comprises forest populations, while the second
includes cabruca populations (adults and juveniles).

1J(C) AM(F) A
e UJ(C) ® CAF)

VA(C) ® IB(F)
® IA(C)

CC(C)
® UA(C)

.

/ é—fﬂgf'
-

&

)

DA eigenvalues

1.00 - — N

0.00
14(C)

UJ(C) VA(C) IA(C) CC(C) UA(C) AM(F) CA(F) IB(F)

Figure 6. (A) Discriminant Analysis of Principal Component (DAPC) of genetic diversity indices for
two treatments: Native Forest and cabruca Agroforest Systems, labeled as Forest(F) = “AM, CA, IB”,
Cabruca(C) = “CC, IA, IJ, UA, UJ and VA”. Each point represents a population with colors. Shades of
blue are Cabruca and shades of green are Forest. Principal Component analysis eigenvalues (PCA) at
bottom left corner and Discriminant Analysis eigenvalues (DA) at the bottom right corner illustrate
genetic variance. (B) Structure bar plot (K = 2). Each sampled individual of P. reticulata is represented
by a single vertical line, with different colors (green or blue) indicating the assignment probabilities
to the two inferred genetic clusters.

3.2. Paternity

Paternity analysis revealed that 22 juveniles whose parents are detected with 95%
confidence have positive LOD scores. The remaining have a low probability of paternity.
We also observed that the average distance between individuals of the same areas is 82m
(Table 2).
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Table 2. Paternity analysis of P. reticulata considering all sampled individuals in four cabruca in
Southern Bahia, Brazil. Rows show offspring—mother—father trio relationships, LOD scores, and
distances. High-confidence paternity scores are indicated with asterisk symbols.

Offsprings Mother ID Candidate Father ID Trio LOD Score Trio Confidence Distance (m)
UJCé UA20 UA20 5.99E+00 * 165
UJC4 UA20 UA20 5.41E+00 * 84

UJC18 UA2 UA2 5.74E+00 * 60
UJC1 UA16 UA15 4.45E+00 * 47
UJcs UA20 UA20 2.12E+00 * 56

1J18 1A36 IA36 6.62E+00 * 9
UJC3 UA23 UA15 3.83E+00 * 95
1J20 IA35 IA35 2.53E+00 * 150

UJC20 UA2 UA2 5.78E+00 * 67

UjC22 UA2 UA2 5.78E+00 * 77
8)[@) UA2 UA2 5.78E+00 * 82
ujC17 UA2 UA2 5.06E+00 * 62
UJC13 UA18 UA18 4.86E+00 * 144
UjC29 UAl1 UA11 4.53E+00 * 38
ujc7 UA13 UA13 4.42E+00 * 29
UJC10 UA16 UAl6 3.73E+00 * 13

124 IA33 IA33 6.31E+00 * 130
UJC11 UAl6 UA16 2.27E+00 * 13
1J31 1A33 IA33 2.08E+00 * 125
126 IA35 IA35 4.71E+00 * 152
UjC24 UAI18 UA18 4.18E+00 * 134

An asterisk (*) indicates that the confidence level is 95% using the “strict” criterion implemented in CERVUS.
LOD = logarithm of odds. A = Adults and J = Juveniles.

4. Discussion

In this study, we used genetic estimates on one of the threatened species in the Atlantic
Forest, Plathymenia reticulata, to reveal significant insights into the biodiversity of forests
and cabruca. The results highlight the future of this species in an agroforest system in
comparison to forests.

These findings are significant as they highlight the importance of the cabruca system
in conserving the genetic diversity of P. reticulata, mitigating the impacts of climate change
and supporting the species” bioeconomic potential. Prioritizing bio-products derived
from timber trees like P. reticulata requires not only research and policy development to
prevent illegal logging, but also providing incentives for farmers to promote conservation.
Additionally, encouraging well-managed mixed cropping systems and increasing research
on native forests are crucial steps to ensure the sustainability of tree populations.

With regard to specific genetic diversity indices in P. reticulata, the mean Number
of Alleles, Effective Number of Alleles, Allelic Richness, Shannon’s Information Index,
Observed Heterozygosity, and Expected Heterozygosity are higher in forests as compared
to cabrucas. These indices provide an accurate reflection of the genetic variation in species
grown in different landscapes and environmental conditions. Cabruca populations showed
a decrease in these indices but despite being an agroforestry system, they still maintained
a level of genetic diversity compared to the natural forest environment. There are some
studies that demonstrate that Southern Bahia cabruca has the capacity to sustain species
richness and demographic health [25]. Research on another tropical species, Inga edulis,
indicated that agroforestry systems can have a high level of allelic richness if influenced by
a number of factors, including population size and the contribution of neighboring natural
remnants [41]. The observed variation between agroforestry systems is dependent on the
management practices employed by the farmer [42].
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P. reticulata exhibits considerable genetic diversity when cultivated in forests than in
agroforestry settings, particularly regarding heterozygosity. This is of critical importance
for the adaptability and resilience of the species to environmental stresses. Both study
areas are affected by fragmentation, yet the natural forest remains a crucial reserve for
P. reticulata, in comparison to agroforests. These findings lend support to the hypothesis that
human intervention affects the genetic diversity of species [41]. The elevated heterozygosity
levels in forests are linked to cross-pollination facilitated by wasps and bees, as well as
wind-dispersed seeds [43—45].

The geographical proximity of cabruca to forests can be a factor which may influence
the genetic diversity present in cabrucas. This hypothesis is reinforced especially by the
values observed in cabruca VA, which is located in an urban context and presented the
lowest diversity (Hp = 0.09/Hg = 0.21). Another factor that may help explain the reduction
in heterozygosity in trees grown in an agroforestry system is associated with a decrease
in population size due to selective logging, which is a common practice in agroforestry
systems [46]. Leal (2014) [46] explained a similar phenomena in another forest tree whose
hardwood is used for construction purposes, i.e., Cariniana legalis trees, which occurred
in small fragments and cabrucas, as it suffered logging in cocoa areas and ultimately, the
loss of heterozygosity, as the number of adults decreased due to the fragmentation and
expansion of cocoa in the 1960s and 1970s.

We also observed an almost zero fixation index(F) in the forest population. The fixation
index explains patterns of inbreeding in the population. The low levels of inbreeding and
moderate value of heterozygosity are expected as the species is a hermaphrodite, and
cross-pollination helps its adaptability [47]. The pollinators also help in gene flow over long
distances [44], making inbreeding close to zero or negative in the continuous forest. The
inbreeding coefficient is high in the agroforest, possibly due to isolation (Fig = 0.26-0.80).
Trees are in low density in agroforestry systems [48] and like in the case of cabruca VA(C)
that has the highest value of inbreeding coefficient, it is vulnerable in the absence of a
nearby forest that could help in pollination [49].

Regarding the comparison between genetic diversity indices in adults and juveniles of
the cabruca population, we found an increase in the mean genetic diversity in juveniles. Al-
though, we collected a limited number of juvenile individuals, these results may lead to the
misinterpretation of the mean results. Specifically, when comparing only UJ (C) population
with UA(C) from the same area, our results suggests that juvenile U] exhibits higher allelic
richness and overall genetic variation as compared to adult UA. Despite this, the inbreeding
coefficient is elevated in juveniles, suggesting the occurrence of mating between related
individuals. Similar results have been found in another tropical tree, Manilkara Multifida
Penn. [50]. These findings highlight the importance of understanding genetic diversity
across generations. Despite limitations in our sampling method, due to a lack of the pres-
ence of juveniles in well-maintained cabruca, our findings emphasize the importance of
including both adults and juveniles to fully capture the genetic diversity of species, as it
helps in determining adaptive potential and long-term survival of populations [51].

We also note that the use of microsatellite markers provided valuable information
about the species’ diversity patterns and structure. However, for a more in-depth under-
standing of the species” dynamics, we suggest that future research also explore additional
genetic data through approaches such as next-generation sequencing (NGS), SNPs, or
whole-genome analysis. These techniques could expand upon the biological questions
addressed in this study and provide a broader understanding of genetic variation patterns,
particularly regarding the impact of anthropogenic management in cabruca systems as a
potential selective pressure, an aspect that was not fully explored due to the limitations of
the technique used.
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Cabruca populations show significant inbreeding, potentially leading to reduced
fitness and adaptability. The higher Fsr value indicates distinct genetic structuring, possibly
due to isolated or management practices. The higher differentiation is due to limited gene
flow, genetic drift, and inbreeding [52]. CA(F) is the only forest population in our results
that shows a high level of inbreeding, but it maintains some genetic diversity. This genetic
differentiation could be due to the small and fragmented population which can limit gene
flow [53,54].

Although the VA(C) cabruca population has the highest inbreeding coefficient and
the lowest heterozygosity, it does not exhibit the highest genetic differentiation from other
populations. This could be a result of the population originating from a small number of
individuals (a limited population size). However, if this population came from a genetically
similar source population, the differentiation (FST) between it and other populations may
not be high [55,56].

The pairwise Fgt analysis revealed high genetic differentiation between populations
of forest and cabruca. This outcome may be attributed to varying selection pressures, the
loss of alleles resulting from reduced population sizes, and shifts in gene flow patterns
influenced by human activities in agroforests. This pattern was consistent with the results
from the Discriminant Analysis of Principal Components (DAPCs) plot, which was used to
supplement the population genetic differentiation (Figures 2 and 6A). The dendrograms
also indicated a well-defined genetic structure, with a pattern of two main clusters. Greater
homogeneity was observed in the forests, with these populations being genetically closer
to each other, while the genetic pool of cabrucas is contrasting. These patterns offered
valuable insights into the evolutionary processes shaped by colonization and isolation,
which indicate that the forest and cabruca populations form distinct genetic units, with
implications for the management and genetic conservation of these populations. The
ellipses and arrow sizes indicate genetic variability. The three forest populations AM(F),
IB(F), and CA(F) are separated from other groups and confirm genetic variability in forest
populations [57].

Finally, paternity analysis revealed that almost all juveniles whose parents were
identified are descended from adults grown in the same cabruca, indicating that gene
flow occurs mainly over a short distance. Anthropogenic activities lead to a reduction
in population and limited gene flow [58]. Small and isolated populations can also lead
to limited gene flow [59]. Also, in agroforest trees, distribution is over short distances
and low population density, and both factors reduce the connectivity between the forest
and agroforest. When connectivity depends on bees as pollinators, as in the case of
P. reticulata, which can only travel to short distances, the low gene flow effect is even
more threatening [60-62]. This can be prevented by maintaining an effective number of
populations of native trees in the area and a cacao agroforest system can act as a stepping
stone or a corridor to improve connectivity with natural forest fragments to improve pollen-
mediated gene flow [61]. An example for this is a timber tree mahogany (Swietenia humilis),
grown as a lone individual in pastureland, and participated in gene flow with forest trees
for more than 4.5 km [63]. Another reason for distance gene flow could be anemochory
properties that P. reticulata exhibits, and the recent climate change can modify the species
dispersal ability over moderate to long distances [28,64]. The knowledge of our work can
help P. reticulata to sustain its genetic diversity in a human-modified landscape.

5. Conclusions

This study highlights the potential importance of cabruca agroforestry, despite being a
human-modified landscape, in maintaining the genetic diversity of Plathymenia reticulata,
comparable to natural forests in the Atlantic Forest. However, higher levels of inbreeding
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genetic differentiation in cabruca populations indicate that management practices and
reduced gene flow may impact genetic structure.

Greater genetic diversity and heterozygosity within continuous forest areas highlight
their potential as genetic reservoirs for the long-term sustainability of the ecosystems. To
further improve genetic connectivity and reduce the risks of inbreeding in cabruca systems,
conservation measures should focus on maintaining native tree populations, developing
mixed cropping systems, and pollinators and seed dispersers.

Overall, our results highlight the importance of conserving both natural forests and
agroforestry systems for the long-term survival of P. reticulata. It is possible to conserve ge-
netic diversity, support biodiversity, and mitigate climate change by integrating sustainable
land-use practices with conservation efforts. The study offers insights for policymakers,
conservationists, and farmers about the importance of genetic considerations in restoration
and conservation strategies.
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