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ARTICLE INFO ABSTRACT

The aims of this study were to investigate the intrapopulation spatial genetic structure (SGS) of a preserved
Swietenia macrophylla population in a managed forest in Southwestern Amazon, in Acre state, Brazil, and assess
the genetic parameters that underlie the conceptual framework that guides conservation and management
strategies. The study was conducted in Annual Production Unit (APU) 3, where 83 adult trees (DBH > 40 cm)
were mapped (1650 ha). The diameter at breast height (DBH) was measured and the vascular exchange was
sampled. Leaf tissues were collected from 187 juvenile individuals within a radius of 20 m of adults. The po-
pulation presented high heterozygosity (H,) for adult (0.767) and juvenile (0.763) individuals, but significantly
high allelic richness (R) and significantly lower fixation index (F) in adults (R = 10.3, F = 0.048) than juveniles
(R = 9.3, F= 0.119). The F value significantly higher for juveniles, suggesting selection against inbred in-
dividuals between juvenile and adult life stages. SGS was detected for adults up to 300 m. Mating was mainly
through outcrossing (0.97-1.0), but some crossing occurred among related trees (0.02-0.16) and were correlated
(tpm = 0.06-0.22), indicating a mean effective number of pollen donors ranging from 4.5 to 18.2. Pollen dis-
persal distances reached 3905 m (mean of 1472 m), and mean effective pollination neighbor area of 792 ha. The
effective population size (N,) within family (2.73) was lower than expected for random mating populations. The
number of trees (m) required for seed collection was estimated at 55 non-inbreed and not related trees to each
other. The core collection consisted of 42 (50.6%) adults across the area. These individuals should be included in
seed collection as they represent 100% of the total detected genetic diversity. The inclusion of S. macrophylla on
the list of species available for exploitation is not indicated, because the species requires cross breeding for its
maintenance and logging reduce the N, and may negatively impact the pattern of genetic diversity. These will
significantly increase the risk of genetic erosion and population extinction due to a lack of adaptive ability.
Adults serve as pollen donors that ecologically and genetically contribute to the maintenance of gene flow and
N.. Because it is recognized as a threatened species worldwide, and due to the fact that in areas of natural
occurrence the species presents low-density and shows difficulty establishing natural regeneration, we re-
commend that S. macrophylla be protected from selective logging.
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1. Introduction

The Neotropical tree Swietenia macrophylla King (mahogany) occurs
throughout the tropical region of the Americas, including southeastern
Mexico, along the Atlantic coast of Central America, and northern
South America (Moghadamtousi et al., 2013). Due to the excellent
aesthetic, physical and mechanical characteristics of its wood (Neto
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et al.,, 2004; André et al., 2008), it has high commercial value with
prices ranging from US$ 200 to 800 per cubic meter (SEFA, 2015). The
species has been exploited extensively, particularly during the 1970s
and ‘80s, which brought about a sharp decline in its populations in
areas of natural occurrence (André et al., 2008; Sebbenn et al., 2012;
Degen et al., 2013; Alcalé et al., 2014). As such, S. macrophylla has been
included on the list of endangered species (CITES, 2019), which
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advocates for the controlled trade of the species to avoid use that is
incompatible with its survival. It is also listed on Brazil’s official en-
dangered flora species list (Brazil, 2015). Thus, it is essential to conduct
genetic and ecological studies to support conservation planning.

Following several efforts to suspend the exploitation of the species
in Brazil, Normative Instruction No. 1 allows for the approval of
Sustainable Forest Management Plans (SFMP) and their related Annual
Operational Plans (AOP), when considering the exploitation of vul-
nerable species in the Amazon biome (Brazil, 2015). For S. macrophylla,
Brazilian legislation permits the harvesting of 80% of trees with a
diameter at breast height (DBH) = 60 cm, with a minimum conserva-
tion of 20% of trees as seed carriers (SEMAS, 2015). Although the
current forest management model incorporates the concept of reduced
impact logging (RIL), it has been criticized for promoting the re-
productive isolation of species and favoring non-random mating, which
may contribute to increases in inbreeding and lead to genetic erosion.
This is particularly this case for species such as S. macrophylla that
generally present a low density (< 1 tree/ha) in natural populations
(André et al., 2008; Sebbenn et al., 2008; Lacerda et al., 2013; Trujillo-
Sierra et al., 2013; Alcala et al., 2015). Genetic studies have reported
that S. macrophylla has high levels of genetic diversity and differ-
entiation among populations in areas without logging (Lemes et al.,
2003; Degen et al., 2013). Although the species may be self-in-
compatible (Bawa et al., 1985), studies based on genetic markers as
microsatellite loci have reported a loss of genetic diversity and in-
creased inbreeding as a result of forest fragmentation and logging of its
natural habitat (André et al., 2008; Sebbenn et al., 2012; Breed et al.,
2012; Degen et al., 2013; Trujillo-Sierra et al., 2013). The juveniles as-
signed with estimates of genetic diversity and structure, inbreeding,
pollen dispersal, and mating patterns can be used as additional mea-
sures to inform sustainable forest management practices and help to
understand the impacts of forest management on the spatial genetic
structure (SGS) of managed species (Gillies et al., 1999; Lourmas et al.,
2007; Sebbenn et al., 2012; Baldauf et al., 2013; Degen et al., 2013;
Lacerda et al., 2013; Vinson et al., 2015, 2018; Arruda et al., 2015; Dal
Bem et al., 2015; Duminil et al., 2016). Forest logging decrease the
population size, increasing the distance among reproductive trees and
vegetation density, affecting the behavior of pollen and seed disperse
vectors, and recruitment, changing the spatial genetic structure (SGS)
of logged populations (Silva et al., 2008; Lacerda et al., 2008; Carneiro
etal., 2009, 2011; Vinson et al., 2015; Arruda et al., 2015). As Swietenia
macrophylla present generally low population density, pollination oc-
curs by small insects (trips), the seeds are dispersed by the wind, but
due to their weight, they usually fall close to the mother tree (Gullison
et al., 1996), the SGS can be altered, due to the possibility of increasing
the rate of self-fertilization, correlated matings between the remaining
trees after logging, increasing the proportion of full-sibs in the seeds
produced by a tree. Furthermore, due to the opening of clearings by
logging, as the species and heliophyte, its can favor the regeneration of
descendants close to the mother trees, increasing the SGS of future
generations. As a consequence, future generations may present in ad-
dition to a greater SGS, greater inbreeding due to the mating among
related trees.

Encroaching deforestation, along with selective logging, mining,
and agribusiness, are threatening the conservation of natural forests
(Davidson et al., 2012; Kalamandeen et al., 2018). Understanding the
genetic dynamics of economically important tropical species is neces-
sary not only to determine the measures that must be taken to ensure
environmental conservation, but also to assess species resilience, thus
inferring their ability to survive under severe habitat conditions,
especially in the face of climate change (Bocanegra-Gonzalez et al.,
2018). Given this scenario, the objectives of this study were to in-
vestigate the intrapopulation spatial genetic structure of a preserved S.
macrophylla population in a managed forest located in Southwestern
Amazon and examine the genetic parameters that underlie the concepts
guiding conservation and management strategies.
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Fig. 1. Location of the Antimary State Forest (FEA), Acre State, Brazil, with the
breakdowns of the annual production units (APU) and the location of APU 3
where the study was carried out within the FEA.

2. Material and methods
2.1. Study area

The study was conducted in the Southwestern Brazilian Amazon, in
the Antimary State Forest (FEA), a region that covers the municipalities
of Bujari and Sena Madureira in Acre, Brazil (Fig. 1). The climate type is
Awi, with an average annual temperature of 25°C and annual pre-
cipitation of approximately 2000 mm (Alvares et al., 2014). The FEA is
managed by the Acre state government and is part of a group of Sus-
tainable Use Conservation Units (SNUC, 2000). The FEA forest man-
agement plan was approved in 1989 (Acre Seed Technology Foundation
- FUNTAC, 1989) and in areas designated for forest management, log-
ging has been carried out since 1999. In 2004, a forest concession
system was adopted to regulate forest operations by timber companies
and to benefit FEA communities. The study was carried out in Annual
Production Unit (APU) 3 (Fig. 1), with a total area of 3970 ha, of which
2596 ha were logged in 2013 and in 2015 the area underwent low-
intensity selective logging (10-15m> ha™'). During the pre-logging
forest inventory, all individuals with diameter at breast height
(DBH) = 40 cm were mapped, measured and botanically identified by
parabotanists. The productive potential of APU 3 was estimated at
104,932,890 m* of wood based on the identification of 17,198 trees. In
the APU management plan, three species were considered protected by
law: chestnut (Bertholletia excelsa), mahogany (S. macrophylla), and
rubber tree (Hevea brasiliensis).

2.2. Tree selection

During the pre-logging forest inventory, S. macrophylla were iden-
tified and data collected on DBH and total height (H), with geographic
coordinates mapped with a Global Positioning System (GPS Garmin
76sc). Data collection took place between August and November 2016.
A total of 182 individuals with DBH = 40 cm were sampled, of which
83 (46% of the total population) were randomly selected for vascular
exchange sample collection, covering an area of approximately
1650 ha. Based on these selected trees, leaf tissue samples (2 to 3
leaves) were collected from 187 juvenile individuals within a radius of
20 m. The sampling intensity was contingent on the availability of ju-
veniles, since natural regeneration was not found in the 20 m radius
around all selected trees. Plant tissue samples were immediately placed
in microtubes containing transport buffer (300 uL 2% CTAB; 700 uL
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absolute ethanol), kept in a cooler on ice, then taken to the
Morphogenesis and Molecular Biology Laboratory of Embrapa Acre, Rio
Branco, Brazil. Samples were stored in a freezer at —20°C until
genomic DNA extraction.

2.3. Genomic DNA extraction and microsatellite analysis

Total genomic DNA was extracted from vascular exchange and leaf
tissue samples of S. macrophylla following the protocol described by
Doyle and Doyle (1990) with modifications. Tissue samples were ma-
cerated with an automatic homogenizer (Tissue Lyser® Qiagen) for
1 min and 30 sec at a frequency of 30 Hertz. Total extracted DNA was
diluted in ultrapure water to a concentration of 2 ng/pL. The quantity
and quality of genomic DNA was evaluated by horizontal gel-stained
1% agarose gel electrophoresis (Invitrogen®) and compared to known
molecular size standards (Invitrogen®). For the genetic analysis, 12
pairs of microsatellite primers were used: sm05, sm07, sm08, sm12,
sm18, sm20, sm28, sm36, sm39, sm43, sm48, and sm49 (Lemes et al.,
2011). Amplification products were horizontally electrophoresed and
visualized on 3% agarose gel in 0.5X TBE buffer (Tris-borate, EDTA, pH
8.3) with 1 kb “Ladder” molecular standard (Gibco, MD). The amplified
fragments were separated on 5% polyacrylamide denaturing gel in a
vertical well containing 1X TBE buffer under 1600 V and 40 mA. The
electrophoresis run occurred for approximately two hours and thirty
minutes. To color the gels, silver nitrate was used (Creste et al., 2001).
Allele size was determined by comparison with standard molecular
weight marker (10 bp “Ladder” - Invitrogen®).

2.4. Analysis of genetic diversity

The genetic diversity of adult and juvenile individuals was esti-
mated based on the following parameters using the FSTAT 2.9.3.2.
software (Goudet, 1995): total number of alleles (K), allelic richness
(R), observed (H,) and expected (H,) heterozygosity. The mean fixation
index (F) was estimated and its statistical significance was calculated
by permutation of alleles between individuals. However, as the estimate
for juveniles may be biased due to an overestimation of gene fre-
quencies from maternal alleles (each juvenile within a family receives
at least one maternal allele), this index was estimated as described in
Wadt et al. (2015). To test whether the estimated indices were sig-
nificantly different between adults and juveniles, the Jackknife resam-
pling method was used. The standard genetic differentiation (G'y) be-
tween adults and juveniles was estimated based on the method
described in Hedrick (2005).

2.5. Paternity analysis

Due to the fact that juveniles were sampled in the forest within a
range of 20 m around the expected mother tree, we first carried out a
maternity analysis, using all trees as putative mothers. Then, only ju-
veniles assigned to mother trees were used to conduct the paternity
analysis and estimate pollen flow. The maternity and paternity ana-
lyses, as well as the combined non-exclusion probability of the first
parent (P), second parent (P,), parent pair (P,), and identity (Q;) were
estimated using the software CERVUS 3.0.7 (Kalinowski et al., 2007).
Cryptic gene flow (Cy), or the probability of detecting a parent within
the sample when it was not actually sampled, was estimated as de-
scribed by Dow and Ashley (1996). Paternity analyses were based on
the single-parent exclusion probability method between juveniles and
adults (parent-mothers and father). Juveniles for which we did not
identify either parent in the population were determined as originating
from pollen and seed immigration. Juveniles with the same individual
designated as both maternal and paternal parent were identified as
resulting from self-fertilization (s) and the total outcrossing rate esti-
mated by (t=1-s). Outcrossing among unrelated (t,) and related (t,)
individuals were determined by classifying juveniles based on estimates
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of the coancestry coefficient (©,y) between parents using the SPAGEDI
1.3 software (Hardy and Vekemans, 2002). Values of®,, = 0.1 among
assigned parent pairs were used to indicate that juveniles originated
from mating among relatives (Ismail et al., 2014). To confirm the re-
sults of the parentage analysis, the average ©,, between juveniles and
assigned parents was estimated. The mean, standard deviation, and
minimum and maximum 6,, within families of S. macrophylla adult
individuals was also estimated. Spatial coordinates of adult individuals
were used to estimate mean, standard deviation (SD), median,
minimum and maximum pollen dispersal distances based on the Eu-
clidean distance between two points. The effective pollination neighbor
area (Aqp = 270%), where o2 is the axial variance of pollen dispersal)
and the effective pollen dispersal neighbor radius (r, = 2/A¢p/3, 1415)
were calculated according to Levin (1998).

2.6. Analysis of mating system

The juveniles assigned to mother trees by maternity analysis were
grouped for each mother tree as an open-pollination family, totaling 15
families (ranging from 4 to 35 juveniles per family). The mating system
at the population level and individually for each seed tree was assessed
based on the numerical Expectation-Maximization (EM) method, using
the MLTR software (Ritland, 2002). The estimated indices were: ma-
ternal fixation index (F,); multilocus (t,,) and single-locus (t;) out-
crossing rates; mating among related individuals (t,, — t); correlation
of self-fertilization (r,); and paternity correlation (tpy). To test for sta-
tistical significance of the indices, we used 1000 bootstrap resampling,
with individuals as resampling units. The estimated parameters were
used to calculate the effective number of pollen donors (Ngp; Ritland,
1989). The mean coancestry coefficient (®) and variance effective po-
pulation size (N.) within family and the number of seed trees necessary
for seed collection (m), assuming that the objective is to retain an ef-
fective reference size of 150, were estimated based on Sebbenn (2006).
The 95% confidence interval of the indices was estimated as described
in Wadt et al. (2015).

2.7. Association of genetic parameters with forest management

Genetic parameters were integrated in to a management model that
considers genetic diversity, coancestry between individuals, and spatial
distribution of trees. The core collection approach identifies the geno-
types that are representative of the analyzed population. Due to the fact
that S. macrophylla is an endangered species and shows evidence of
inbreeding depression, maintaining maximum genetic diversity is es-
sential to avoid loss of alleles or genes related to species fitness. We
chose the most conservative parameter, maintaining 100% of all de-
tected alleles, as the purpose of this core collection is to ensure the
efficient use of the genetic resource. To calculate the minimum number
of individuals representing the entire genetic diversity of the native
forest population core collection, the CoreFinder v.1.1 software
(Policriti and Sgarro, 2011) was used as it is based on strategy M
(Escribano et al., 2008) and does not use any preliminary stratification
or data grouping. Considering that a core collection represents the al-
lelic richness present in a population, this analysis may indicate the
minimum sample size for future genetic studies on the species in the
region. Intrapopulation spatial genetic structure (SGS) was also ana-
lyzed for adult individuals based on the coefficient of coancestry (Oyy;
Loiselle et al., 1995), using the SPAGEDI 1.3 software (Hardy and
Vekemans, 2002). Nine distance classes between samples (100-5576 m)
were used. Statistical significance was obtained by comparing the
confidence interval limits to a probability of 95% of the average esti-
mate for each distance class calculated by the permutating (1000 times)
individuals between distance classes. The spatial location of the core
collection genotypes were mapped to visualize their distribution
throughout the reserve (APU 3). We also plotted the radius of the SGS
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Table 1
Genetic diversity and fixation index (F) for Swietenia macrophylla adults and
juveniles in Southwestern Amazon.

Sample n K Rg H, He F
Adults 83 98 10.3a 0.767a 0.806a 0.048a
Juveniles 187 92 9.3b 0.763a 0.831a 0.119*b
Total 270 105 - - - -

n is the sample size; K is the total number of alleles; Ry is the allelic richness; H,
is the observed heterozygosity; He is the expected heterozygosity, G'y is the
genetic differentiation between adults and juveniles (0.247, P < 0.05).
Different letters in the column indicate significant differences at 95% based on
jackknife resampling among loci.

* P < 0.05.

distance to determine the range (m) within which the distribution of
individuals is not random, that is, in which individuals in close proxi-
mity may be related. Thus, the association of these parameters allowed
for a visual representation of the modulation of gene flow on the ge-
netic structure of the population.

3. Results
3.1. Genetic diversity

A large number of individuals (n = 270; 83 adults and 187 juve-
niles) were analyzed across the two age classes. Nine of the 12 micro-
satellite markers (75%) were polymorphic and were therefore used to
conduct the genetic analysis. For the nine polymorphic loci, a total of
105 alleles were observed in the total sample, with 98 present in adults
and 92 in juveniles (Table 1). Mean allelic richness (R) was significantly
higher and fixation index (F) was significantly lower in adults than
juveniles. The F value was significantly higher than zero for juveniles
(0.119), suggesting selection against inbred individuals between the
juvenile and adult stages. The standard genetic differentiation between
adults and juveniles was significantly higher than zero (G's = 0.247,
P < 0.05)(G = 0.26), demonstrating that juveniles have a different
genetic structure than adults.

3.2. Parentage analyses

The nine polymorphic loci showed low combined non-exclusion
probability of the first parent (P, = 0.00123955), second parent
(P, = 0.00002974), parent pair (P, = 0.00000002), and identity
(Q; = 7.5871%), resulting in a low probability of cryptic gene flow (Cy)
for the first parent (0.09782), second parent (0.0247), and parent pair
(0.000002). Eight (4.2%) of the 187 sampled juveniles were not as-
signed to the expected mother tree within the 20 m radius, including
two juveniles of family 1 and six juveniles of family 26 (Table 2). Of the
remaining 179 juveniles, 75 (42%) were assigned to a pollen donor
within the study area. Four of the assigned 75 juveniles, were assigned
the same mother tree as pollen donor, indicating a self-fertilization rate
(s) of 2% and a total outcrossing rate (t) of 98%. The observed pollen
dispersal distance ranged from 12 to 3905m, with a mean ranging
among seed trees from 290 to 3236 m (overall mean of 1472 m) and
median ranging from 51 to 3454m (overall mean of 1504 m). Ap-
proximately 60% of pollen was dispersal up to 2000 m (Fig. 2). The
mean effective pollination neighbor area (A.,) was also large (792 ha),
resulting in an effective pollination neighbor radius (r,,) of 1588 m. In
four seed trees we detected mating among relatives (t,), producing an
overall t, of 11% and an overall rate of mating among unrelated trees
(ty) of 87%. The mean coancestry among relatives (©,) was 0.17, mean
inbreeding from self-fertilization (E) was 0.45, mean inbreeding from
mating among relatives (F.) was 0.09, and the mean distance between
related individuals (D) was 406 m, ranging from 51 to 2308 m, with
78.9% of mating between related individuals occurring among trees up
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to 51 m.
3.3. Mating system

The average population fixation index of seed trees (F,, = 0.04) was
not significantly lower than zero (Table 3). However, the average ju-
venile population fixation index (F,) was significantly higher than zero
among families, ranging among families from —0.001 to 0.26, with a
mean of 0.12. This suggests the occurrence of inbreeding. The mean
multilocus outcrossing rate was high (t,, = 1.0, ranging among seed
trees from 0.98 to 1.0), indicating that the species mainly reproduces by
cross-fertilization. The mean mating among related individuals was low
(tm — ts = 0.06), but significantly higher than zero. The paternity cor-
relation (f,m = 0.15) suggests 15% of full-sibs within family, ranging
among seed trees from 6 to 22%. The mean effective number of pollen
donors (N;) was 6.7, showing that approximately seven adult in-
dividuals acted as pollen donors for this population. The coancestry
within family (® = 0.149) was higher and the effective population size
(N. = 2.73) lower than that expected in random mating populations
(© = 0.125; N.= 4). The number of trees (m) for collection of non-
inbred seeds was estimated at 55 (95% CI: 52-59), which is 66.3% (83
trees) to the number of trees representing the entire genetic diversity of
the study population.

3.4. Association of genetic parameters with forest management

Spatial genetic structure (SGS) was detected for adult individuals up
to 300 m, with values decreasing to non-significant in the upper dis-
tance classes (Fig. 3). The core collection consisted of 42 (50.6%) adult
individuals across an area of 1650 ha (Fig. 4). These individuals should
be included in seed collection and as pollen donors as they represent
100% of the total detected genetic diversity. The graphical re-
presentation (Fig. 4) shows the radius area of effective genetic influence
of each tree resulted in overlapping areas. Each genotype in the core
collection had two to five trees within the co-ordination radius that had
some degree of kinship with the central plant.

4. Discussion
4.1. Genetic diversity and inbreeding

The studied S. macrophylla population presented high genetic di-
versity in terms of heterozygosity for adult (H, = 0.767; H, = 0.82) and
juvenile (H, = 0.763; H.= 0.81) individuals, with values generally
greater than those reported in other studies on the species in the
Brazilian Amazon using microsatellite markers (H, = 0.75, H.= 0.78,
Lemes et al., 2003; H, = 0.63-0.80, H. = 0.71-0.84, Degen et al.,
2013) and those reported for Mesoamerica (H, = 0.56, H. = 0.66,
Novick et al., 2003; H, = 0.44-0.74, Breed et al., 2012). These results
reinforce the suggestion that the greatest levels of allelic diversity are in
the Brazilian Amazon (Trujillo-Sierra et al., 2013). This population in
Acre is at the center of the species distribution, and previous studies
have suggested that the region is a center of diversity for many Ama-
zonian species. However, the allelic richness (R) and fixation index (F)
suggest a significant loss of diversity in the juvenile stratum and the
emergence of inbreeding in the younger cohort.

The absence of inbreeding in adult individuals and its detection in
juveniles suggests the occurrence of inbreeding depression which can
cause the mortality of some inbred juveniles, thus decreasing the rate of
inbreeding between juvenile and adult life stages. Inbreeding in juve-
niles can be explained by the observed mating among related in-
dividuals (t,, — t; = 0.06, t, = 0.11), which would lead to a lower rate
of survival and increased risks for the species due to inbreeding de-
pression. There is also evidence that inbreeding depression in tropical
tree species is more pronounced in the early stages of life (seeds,
seedlings, and juveniles), with adult trees showing lower levels of
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Table 2
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Estimates of pollen immigration (m,) and dispersal distance, and mating system indices for each Swietenia macrophylla family.

Distance (m)

Tree n my (%) Assigned (%) s (%) t (%) Mean + SD Min/max Median  Agp (ha) rep (m)  tr (%) O, tu (%) F F, Dy (m)
1 35 23(66) 12(34) 0 35(100) 1417 = 667  786/2279 830 257 904 0 - 35(100) - - -

67 17 5(29) 12 (71) 1(6) 160949 586 + 686 51/1733 51 269 925 6 (35 0.15 10(59) 023 0 51
26 18 5(28) 13 (72) 0 18(100) 486 = 925 39/2550 51 497 1257 9 (5) 0.15 9 (5 - 0.12 51
12 12 7(58) 5 (42) 18 11092) 2268 + 768  1504/3240 1833 278 940 0 - 11 (92) 0.42 - -

33 8 7 (87) 1(13) 0 8(100) 1504 = 0 1504 - 0 - 0 - 8(100) - - -

45 13 4 (31) 9 (69) 0 13(100) 1481 = 1014 485/3118 1744 267 921 0 - 13(100) - - -

24 9 6 (67) 3(33) 1(11) 8(89) 2987 + 91 2922/3051 2922 3 91 0 - 8 (89) 0.40 - -

53 7 3(43) 4 (57) 1(14) 6(86) 2547 = 6 2540/2550 2550 0 7 0 - 6 (86) 0.76 - -

50 4 3 (75) 1(25) 0 4(100) 3236 £ 0 3236 - 0 - 0 - 4(100) - - -

41 9 8 (89) 111D 0 9(100) 2279 = 0 2279 - 0 - 0 - 9100 - - -

14 13 10(77) 3(23) 0 13(100) 2916 + 237  2779/3189 2779 979 1765 0 - 13(100) - - -

2 12 9(75) 3(25) 0 12(100) 2768 + 1595 945/3905 3454 1065 1841 0 - 12(100) - - -

47 5 48 12 0 5(100) 290 + 0 290 - 0 0 0 - 5100 - - -

65 4 1 (25) 3(75) 0 4(100) 2122 = 322 1751/2308 2308 43 371 2(5) 0.25 2(5) - 0.12 2308
73 13 9(69) 4(31) 0 13(100) 2002 * 1362 12/3063 2627 875 1669 2(15) 0.19 11(85) - 0.17 1160
Total 179 104 (58) 75 (42) 4(2) 175(98) 1472 + 1144 12/3905 1504 792 1588 19 (11) 0.17 156 (87) 0.45 0.09 406

n is the sample size; s and ¢ are the selfing and outcrossing rate, respectively; A, and r,, are the effective neighbor pollination area and distance radius, respectively;
O, is the mean pairwise coancestry between relatives; t, and t, are the mean outcrossing between related and unrelated individuals, respectively; E and F are the
mean fixation index for juveniles originated from selfing and mating among relatives, respectively; D, is the mean distance between relatives. Mean coancestry
between juvenile-mother: Oy + SD (0.243 * 0.110); Mean coancestry between juvenile-father: ©;r = SD (0.140 + 0.094). SD is the standard deviation.

inbreeding (Duminil et al., 2016; Tambarussi et al., 2017; Moraes et al.,
2018; Pupim et al.,, 2019). The higher number of homozygotes and
greater levels of inbreeding detected in juveniles is likely a transient
natural phenomenon that will be mitigated by environmental pressure
as the juvenile cohort transitions to older life stages. Thus, the in-
breeding observed in juveniles is likely to decrease through natural
evolutionary dynamics. However, although inbreeding may be transient
when the juvenile stratum is recruited, the significant loss of alleles is a
sign of susceptibility of the genetic diversity of the species. Therefore,
the juvenile stratum presents a transient and vulnerable genetic profile,
which underscores the need for greater attention given to the species in
terms of conservation and management.

4.2. Pollen dispersal distance

The long range pollen dispersal distance detected through genetic
analysis represents the evolutionary history resulting from the low
population density of S. macrophylla in association with pollination by
non-specialist insects, as pollinators must travel long distances to reach
co-specific individuals (White et al., 2002; André et al., 2008). This
reinforces that long-distance pollination by generalist insects is effec-
tive and necessary for maintaining the species’ genetic diversity, as
pollinator behavior partly determines the distance over which pollen
can be dispersed (Dick et al., 2008). Bees and moths, the main polli-
nators of S. macrophylla, are capable of long-distance pollen dispersal
and can transfer pollen between co-specific trees over distances in the
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kilometers (Ghazoul, 2005). A mean pollen dispersal distance of 576 m
was reported for S. macrophylla in logged forest areas in Bolivia
(Sebbenn et al., 2012). Similarly, this result was attributed to the
density of the species which decreased after selective logging. Pollen
dispersal over long distances was also reported for Swietenia humilis
(2014 m), with the average dispersal distance greater in a disturbed
environment (Rosas et al., 2011). Another study on S. humilis showed
pollen movement over distances greater than 4.5km (White et al.,
2002), which indicates resilience of the species to disturbances and
corroborates the results of the present study.

Disturbances alter ecological interactions and can have a particular
effect on pollinators (Lowe et al., 2003). There is evidence that pollen
dispersal patterns of tropical tree species are influenced by dispersal
vectors, population density, floral synchrony, mechanisms that reduce
the rate of self-fertilization, as well as edaphoclimatic factors and an-
thropogenic interference (Dick et al., 2008; Degen and Sebbenn, 2014).
Although forest logging operations can alter patterns of spatial dis-
tribution and structure of the forest, affecting the behavior of the spe-
cies’ pollinators (Lowe et al., 2003; Breed et al., 2012), in the present
study this may not have occurred due to the low intensity of logging
and the use of reduced impact logging techniques (Carvalho et al.,
2017) for tree felling and log extraction. Studies in the Brazilian
Amazon have found a reduction in pollen immigration rates following
selective logging practices (André et al., 2008; Lacerda et al., 2008;
Carneiro et al., 2011; Breed et al., 2012). However, unlike these pre-
vious studies, the forest management that occurred in 2013 at APU3 did
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Fig. 2. Effective pollen dispersal distance and geographical distance among adult individuals of Swietenia macrophylla.
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Table 3
Mean and 95% confidence interval (95% CI) for mating system indices of Swietenia macrophylla in Southwestern Amazon.

Tree Fm n H, E tm (SD) tm- ts (SD) Ipm (SD) Nep (€] Ne

1 —0.10 35 0.79 0.05* 1.00 (0.01) 0.02 (0.01) 0.06 (0.01) 18.2 0.132 3.49
2 —0.04 17 0.73 0.12* 1.00 (0.01) 0.16 (0.05) 0.22 (0.12) 4.6 0.153 2.83
3 —0.05 18 0.69 0.18* 1.00 (0.01) 0.07 (0.03) 0.17 (0.08) 6.1 0.146 2.94
4 —0.16 12 0.82 0.01 1.00 (0.01) 0.04 (0.01) 0.20 (0.10) 5.1 0.150 2.79
5 0.05 8 0.78 0.08* 0.99 (0.01) 0.05 (0.01) 0.21 (0.08) 4.7 0.161 2.41
6 0.13 13 0.73 0.13* 1.00 (0.01) 0.08 (0.01) 0.19 (0.03) 6.0 0.165 2.55
7 0.06 9 0.72 0.15*% 0.99 (0.01) 0.09 (0.04) 0.12 (0.05) 8.7 0.150 2.54
8 0.04 7 0.70 0.16* 0.99 (0.01) 0.09 (0.04) 0.10 (0.01) 10.3 0.146 2.40
9 0.07 4 0.61 0.26* 0.97 (0.01) 0.10 (0.02) 0.11 (0.02) 9.3 0.155 1.83
10 —-0.09 9 0.76 0.09* 0.99 (0.01) 0.05 (0.01) 0.11 (0.01) 9.1 0.141 2.69
11 —0.11 13 0.78 0.07* 1.00 (0.01) 0.06 (0.02) 0.09 (0.01) 11.0 0.137 2.98
12 —0.01 12 0.68 0.08* 1.00 (0.01) 0.12 (0.03) 0.17 (0.09) 5.9 0.147 2.78
13 0.12 5 0.76 —0.01 0.98 (0.01) 0.05 (0.02) 0.22 (0.09) 4.5 0.176 2.08
14 0.46 4 0.50 0.25* 0.97 (0.01) 0.11 (0.02) 0.22 (0.11) 4.6 0.232 1.51
15 0.21 13 0.56 0.16* 1.00 (0.01) 0.13 (0.02) 0.17 (0.06) 5.8 0.178 2.40
Overall 0.04 179 0.12 1.0 0.06 0.15 6.7 0.149 2.73
95% CI —0.04-0.12 1.0-1.0 0.03-0.07 0.11-0.17 5.9-9.2 0.149-0.163 2.53-2.91

E, and F, are the seed tree and within family fixation index, respectively; n is sample size; H, is the observed heterozygosity; t,, is the multilocus outcrossing rate;
tn - ts is the rate of mating among related individuals; r,p, is the paternity correlation; N, is the effective number of pollen donors; ©® and N, are the coancestry and

effective size within families, respectively.

* P < 0.05. Selfing correlation (r): 0.110 (0.105-0.115); Number of seed trees (m): 55 (52-59).

not include S. macrophylla. Thus, although the analyzed population was
not fragmented, selective logging may have affected pollinator behavior
which can cause a loss of alleles (Sebbenn et al., 2008).

4.3. Mating system

The estimated high outcrossing rate (> 0.85) indicates that the
species is predominantly allogamous, corroborating previous studies on
the species (Loveless et al., 2003; Lemes et al., 2007; Breed et al., 2012;
Sebbenn et al., 2012). We observed outcrossing variation among trees,
and it is possible that some trees produce seeds by both self-fertilization
and outcrossing. Because it is a monoecious species, self-pollination is
possible, but dichogamy can occur (Styles, 1972; Lemes et al., 2007),
which is a mechanical barrier that favors outcrossed reproduction.

However, although reproduction by outcrossing was predominate,
mating was not random due to the occurrence of mating among related
trees (tp-ts = 0.06, t, = 0.11), and some mating was correlated
(tpm = 0.15) with juveniles originating from mating between the same
parent pair, resulting in full-sibs. These results confirm that there are
some inbred juveniles within families, from self-fertilization and/or
mating among related individuals, and also show that within families
there are mixtures of levels of relatedness (self-sibs, half-sibs, full-sibs,
and self-half-sibs). Both inbreeding and mixtures of relatedness within
open-pollinated families is a common pattern that has been reported for
several tropical tree species (Breed et al., 2012; Giustina et al., 2018;
Postacheff et al., 2019; Solis-Herndndez and Eric Fuchs, 2019). The
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occurrence of biparental inbreeding due to mating among relatives
supports the observed occurrence of spatial genetic structure (SGS)
among adult individuals (up to 300 m). The paternity analysis showed
that the greatest proportion of mating among relatives occurred up to a
distance of 51 m (78.9%), but reached up to 2308 m, also indicating
that related trees occur over long distances. The low level of inter-
breeding between related individuals reinforces the need for con-
servation of the genetic diversity of the species.

Correlated mating can be attributed to the behavior of pollen dis-
persal vectors (bees and moths), suggesting that they are visiting many
flowers of the same tree before flying on to the next tree; it can also be
related to the reproductive population density, which is determined by
individual flowering phenology (Lemes et al., 2007; Breed et al., 2012;
Sebbenn et al., 2012). Our results indicate that a greater mean effective
number of pollen donors (Ne, = 6.7) fertilized the seed trees than that
reported for a logged S. macrophylla population in Brazil (N, = 2.3,
Lemes et al., 2007), as well as that reported for Mesic isolated popu-
lations in Central America (N, = 1/0.445 = 2.2, Breed et al., 2012).
Nevertheless, our results are similar to those reported for dry forest
populations in Central America (N, = 1/0.153 = 6.5, Breed et al,,
2012). These results indicate that the proposed logging of S. macro-
phylla populations in APU3 of the Antimary State Forest may limit
pollen dispersal due to a reduction in population density caused by
logging activities (opening of clearings, trails, secondary roads, etc.) but
favor anemochoric seed dispersal over long distances (Grogan et al.,
2008). Breed et al. (2012) identified an effective reduction in the
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Fig. 3. Spatial genetic structure of Swietenia macrophylla adults in Southwestern Amazon. The continuous line refers to the estimation of the average coefficient of
coancestry and the dotted lines refer to the estimated confidence interval (P < 0.05) of the hypothesis of absence of spatial genetic structure (H,: ©,,=0).
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representative radius of the coancestry analysis (750 m).

density of S. macrophylla pollen donors as a result of habitat fragmen-
tation. In habitats that have experienced anthropogenic interference,
particularly in the case of isolated trees, changes may occur that reflect
disruptions to the reproductive pattern, reducing the outcrossing rate
and increasing paternity correlation (Lowe et al., 2003; Breed et al.,
2012). The crossing rate and paternity correlation detected herein were
similar to the values found for populations in remnants or patches of
forests in Central America and not for isolated individuals (Breed et al.,
2012). Thus, despite detection of a decrease in allelic richness and
heterozygosity in juveniles, the reproductive biology pattern reflects a
resistance (buffering effect) to the anthropogenic interference of se-
lective management in the study area.

Due to the observed mating patterns, our results indicate that 55
seed trees are required for seed collection to retain progeny array
samples for genetic conservation, breeding, and environmental refor-
estation. This value is consistent with values (<45) reported for other
tropical tree species (Sebbenn, 2006; Lacerda et al., 2008; Carneiro
et al., 2011; Manoel et al., 2015; Degen and Sebbenn, 2014; Giustina
et al., 2018; Postacheff et al., 2019).

4.4. Association of genetic parameters with forest management

All parameters estimated from molecular markers, including genetic
diversity, inbreeding, gene flow, outcrossing rate, and SGS, are key to
understanding the genetics of S. macrophylla in order to develop stra-
tegies for conservation. Consistent with the pollen dispersal pattern and
low density of the species, the adult population studied herein is ge-
netically and spatially structured. SGS in natural tree populations is
shaped by spatial distribution, natural selection, and seed and pollen
dispersal patterns (Silva et al., 2011; Dering et al., 2015). Short-dis-
tance seed dispersal resulted in the structuring of S. macrophylla gen-
otypes due to an increase in the mean coancestry between pairs of
proximal individuals. Mating among near neighbour related trees re-
sults in biparental inbreeding in juveniles.

Low-density populations generally show less structure and often an
absence of SGS (Alcalé et al., 2014, , 2015). The observed pattern of
genetic structuring in S. macrophylla was mitigated by the long-distance
pollination activities of generalist insects.

The detection of genetic structure in S. macrophylla is consistent
with the observed long-range pollen dispersal and possibly associated

with localized seed dispersal. Although seeds are dispersed via ane-
mochory, average distances of S. macrophylla seed dispersal reach only
32 to 36 m, with a maximum distance of 80 m from the mother tree
(Gullison et al., 1996; Loveless et al., 2003; Alcala et al., 2014). How-
ever, seed dispersal patterns are strongly influenced by climate factors
and forest density and may reach up to 100 m from the mother tree
(Grogan et al., 2008). Limited seed dispersal increases the likelihood of
kinship between proximal individuals; this may lead to interbreeding in
subsequent generations if such individuals flower synchronically and
pollinating vectors fly between co-specific trees (Wadt et al., 2015).

Seed tree selection for pollen donors and seed banks that is based on
the core collection is recommended for in situ conservation of S. mac-
rophylla and is essential for maintaining genetic variability. In terms of
ex situ conservation, the seed trees that make up the core collection are
important for the development of seedlings to form germplasm banks
that are representative of the diversity of this South American popu-
lation. Therefore, the association of genetic parameters of the core
collection and SGS may contribute to the development of collection
strategies in new areas. Based on our results, seed collection for S.
macrophylla conservation in the study area should be conducted with at
least 750 m between seed trees in order to avoid collection from inbred
and related individuals. This result is essential to inform strategies for
ex situ and in situ genetic conservation, environmental improvement
and reforestation, and identifying the diversity of seed trees.

The inclusion of S. macrophylla on the list of species approved for
exploitation in the next cutting cycle will reduce the effective popula-
tion size and have a negative impact on the genetic diversity of the
resource. The results presented herein and in previous studies confirm
that the species requires cross breeding for its maintenance, while also
showing low levels of outcrossing between related individuals. Logging
may seriously increase the risk of genetic erosion and species or po-
pulation extinction due to a lack of adaptive ability. Swietenia macro-
phylla individuals serve as seed carriers and pollen donors that con-
tribute ecologically and genetically to the maintenance of gene flow
and effective population size. Because it is a low-density, threatened
species that shows difficulty establishing natural regeneration in the
area (Barros et al., 2019), and based on the availability and inter-
pretation of genetic data provided herein and elsewhere, it is re-
commended that S. macrophylla remains preserved in its areas of nat-
ural occurrence.
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In this study we did not collected genetic material before logging,
thus our data does not enable us to compare pre- and post-logging
scenarios. As such, we could not attribute the observed inbreeding in
the juvenile populations to the forest management system used in the
study area. However, the relatively low impact of forest operations, the
preservation of the entire adult S. macrophylla population, and the ob-
served long distances of pollen dispersal, are strong indicators that in-
breeding detected in juveniles is a natural occurrence. Nevertheless, we
do not recommend the harvesting of S. macrophylla in the next cutting
cycle. Based on our results and the actual status of the species as en-
dangered, we instead recommend the implementation of strategies for
ex situ and in situ genetic conservation such as seed collection from
selected seed trees and silvicultural treatments such as the use of arti-
ficial regeneration in logged areas (e.g., d’Oliveira, 2000).
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