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Abstract
Self-incompatible plants as well as common plant species are expected to be especially vulnerable to the deleterious effects of
fragmentation on genetic diversity. Paypayrola blanchetiana (Violaceae) is a common, self-incompatible understory tree in the
East Brazilian Atlantic forest. Its autochorous seed dispersal and occurrence in dense, well-separated clusters makes it an
interesting model for studies of gene flow and genetic structuring on a small geographic scale. A previous study has found
remarkably low fruit set and frequent seed abortions in this species in several populations situated in forest fragments. We tested
the hypothesis thatP. blanchetiana is affected by inbreeding and loss of genetic diversity in a fragmented landscape. Nine nuclear
and three plastid microsatellite loci were genotyped for 285 individuals (149 adult trees and 136 saplings) across seven popu-
lations in five forest fragments in a 240-km2 sugarcane-rainforest matrix.We found a low tomoderate genetic diversity in nuclear
loci of P. blanchetiana, population structuring on a small geographical scale and high levels of inbreeding. Haplotype distribu-
tions confirmed that seed dispersal is very limited. There were, however, no signs for lower genetic diversity or higher inbreeding
in populations situated in the smallest forest fragments. Furthermore, genetic diversity was not lower in the sapling cohort, which
was created in post-fragmentation condition. Therefore, we may be witnessing the genetic consequences of this species’ biology,
rather than immediate effects of fragmentation.
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Introduction

The Brazilian Atlantic coastal forest is home to approximately
20,000 species of vascular plants, of which 8000 (40%) are
endemic (Myers et al. 2000). Today, this forest is greatly re-
duced in extent and highly fragmented, with only c. 7–8%
remaining (Galindo-Leal and Camara 2003). Conservation
of its biodiversity will depend, among various factors, on the
ability of species to maintain genetic diversity within and con-
nectivity among its populations (Krutovsky and Neale 2005).

When studying plants of fragmented tropical forests, special
attention should be paid to common, outcrossing species, be-
cause their genetic diversity is expected to suffer stronger
declines under fragmentation conditions than naturally rare
and/or frequently selfing species (Aguilar et al. 2008).

The scientific consensus today is that gene flow among trop-
ical forest trees is quite extensive (Ward et al. 2005, Dick et al.
2008) and has generally been sufficient to prevent short- to
medium-term losses of genetic diversity through genetic drift
and inbreeding (Young et al. 1996, Kramer et al. 2008). Spatial
genetic structuring on local scales should depend on seed dis-
persal modes and may occur when seed dispersal is limited by
gravity (Dick et al. 2008 and references therein). There is also a
trend for moderate genetic differentiation (mean Fst = 0.116) of
tropical tree populations across larger geographical scales (>
50 km; Dick et al. 2008). Nevertheless, many of the studied
species are tall canopy trees, which occur naturally at low densi-
ties andmay be pre-adapted to long-range pollen- and (to a lesser
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degree) seed-mediated gene flow through wide-ranging dis-
persers such as birds, bats, and large bees (Chase et al. 1996,
Ward et al. 2005).

On the other hand, many tropical trees have seeds that travel
only short distances either due to autochory or because primary
or secondary dispersers have small home ranges. Such species
tend to occur only locally and to form dense aggregations of
conspecifics. If seed dispersal is very limited, they should thus
depend much more on pollen dispersal to prevent genetic drift
and keep populations interconnected. Furthermore, local aggre-
gations with many floral resources may discourage pollinators
to fly long distances (Stacy et al. 1996). Such tree species,
which are most typical of the forest understory, may therefore
be interesting special cases with regard to genetic differentia-
tion. The few previous studies suggest that genetic differentia-
tion on local scales (< 50 km) can be considerable (Domínguez
et al. 2005, Moraes-Filho et al. 2015) or even extremely high
(Dutech et al. 2002, Lasso et al. 2011) in understory trees and
shrubs with an aggregated distribution. On the other hand, an
interesting example of ample pollen flow in an understory tree
with a more evenly spaced distribution has been presented by
Jha and Dick (2010). A tendency for reduced gene flow and
local-scale genetic differentiationmay also lead to stronger neg-
ative impacts of habitat fragmentation, because populations of
short-range–dispersing plants could become more effectively
isolated.

Paypayrola blanchetiana Tul. (Violaceae) is a small tree
endemic to the Atlantic forest of Brazil (Martini et al. 2007). It
is locally common in the Atlantic forest of the northeast
Brazilian state of Pernambuco (M. Braun, pers. obs.). The
species occurs in the understory, typically in dense aggrega-
tions that are well-separated from each other. Seed dispersal is
autochorous, and we expect that trees growing next to each
other tend to be closely related (half-sibs). Plants are self-in-
compatible, do not reproduce clonally, and consistently pro-
duced very few seeds, despite near-continuous flowering, dur-
ing a 2-year monitoring of phenology (Braun et al. 2012, b).
Ninety percent of developing fruits were aborted without no-
ticeable insect damage or other visible causes. Inbreeding de-
pression following near-neighbor breeding has been consid-
ered as a main cause for these abortions. Fruit/flower ratios
declined as a function of high patch flowering, which suggests
that pollination among putatively related neighboring plants
may not function adequately (Braun et al. 2012). Furthermore,
the restricted dispersal mode should predispose this species to
strong genetic structuring (Hamrick et al. 1993). In highly
fragmented landscapes, which are common in the Atlantic
and other tropical forests, many populations will be lost, and
distances between remaining populations increase consider-
ably (Trindade et al. 2008). Fragmentation may thus acceler-
ate insufficient gene flow and genetic drift and, consequently,
the loss of genetic diversity and increasing genetic differenti-
ation among populations.

In this study, we test these assumptions using nuclear as
well as chloroplast microsatellite markers, targeting popula-
tions of P. blanchetiana in several fragments of forest sepa-
rated by sugarcane cultivation. We are interested in the fol-
lowing aspects: (1) Is genetic diversity lower than mean
values usually observed for outcrossing tropical trees? (2)
Do we find indications for lower genetic diversity in saplings
compared to adults, and in small fragments compared to large
ones? (3) Is there significant inbreeding that could account for
the observed low fruit set? (4) Are populations genetically
different from each other, in response to reduced gene flow?

Materials and methods

Population sampling and DNA extraction

Sampling took place at the sugarcane field from the Usina São
José S.A. (hereafter, USJ), situated in the Igarassú and Araçoiaba
municipalities in the state of Pernambuco, Brazil. USJ has about
100 Atlantic forest fragments varying in size from less than 10 to
ca. 500 ha, which are embedded in vast areas of sugarcane cul-
tivation. Seven populations, situated in five different fragments,
were sampled (Fig. 1). Fresh leaves of 149 adult trees (> 1.5 m
tall) and 136 saplings (< 0.7 m), 285 individuals in total, were
collected from individuals separated by several meters and im-
mediately silica-dried until DNA extraction, which followed the
cetyltrimethylammonium bromide (CTAB)method described by
Doyle and Doyle (1987) and modified following Ferreira &
Grattapaglia (1995).

Nuclear microsatellite amplification

Nine nuclear microsatellite markers, which were previously
developed for P. blanchetiana (Braun et al. 2019), were used
for genotyping the 285 collected individuals. Individual DNA
concentrations were quantified with a NanoDrop™ 2000
spectrophotometer and adjusted (ca. 20 ng/μl). Sequence-
specific forward primers with M13 (− 21) tail at the 5’end
were coupled with a universal fluorescent–labeled M13 (−
21) primer (6-FAM; VIC; NED or PET) (Schuelke 2000).
Amplifications were carried out on a Veriti 96-Well Thermal
Cycler (Applied Biosystems), with final volumes of 12.5 μl,
containing 5–10 ng DNA template, 0.2 μM forward primer
with M13 tail, 0.8 μM reverse primer, 0.8 μM fluorescent-
labeled M13 primer, 0.2 mM of each dNTP, 1.5 mM MgCl2,
× 1 PCR buffer (10 mM Tris–HCl buffer, 50 mM KCl), and
1.25 U Taq DNA Polymerase (Invitrogen). Amplification
consisted of a first step at 94 °C for 5 min, 30 cycles of 30 s
at 94 °C, 45 s at annealing temperatures 56–66 °C, 45 s ex-
tension at 72 °C, followed by 8 cycles of 30 s at 94 °C, 53 °C
for 45 s, and 45 s extension at 72 °C, with a final extension of
72 °C for 10 min.
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Chloroplast marker selection and amplification

Three cpDNA loci were analyzed. The first (cpPB-15) is a
polymorphic SSR marker (primer sequence see Braun et al.
2019). This locus is also present in Viola seoulensis (Cheon
et al. 2015). We then tested a set of seven universal primer
pairs (ccmp 2, 3, 4, 5, 6, 7, 10) for chloroplast SSR that were
first described forNicotiana tabacum byWeising and Gardner
(1999) and another chloroplast SSR marker first described for
Eucalyptus (EMCR74; Steane et al. 2005). Two primers
(ccmp2, ccmp10; both with a mononucleotide repeat) ampli-
fied polymorphic products and were also used to genotype
110 individuals (15–16 from each population). The cpPB-15
locus was amplified under the same conditions as the nuclear
loci, while the following mixture was applied for the universal
primers: final volumes of 10 μl, containing 20–40 ng DNA
template, 0.5 μM fluorescent-labeled forward primer, 0.5 μM
reverse primer, 0.2 mM of each dNTP, 2.5 mM MgCl2,
10 mM Tris–HCl buffer, 50 mM KCl, and 1.5 U Taq DNA
Polymerase (Invitrogen). Amplification consisted of a first
step at 94 °C for 5 min, 30 cycles of 60 s at 94 °C, 60 s at
annealing temperatures 54 °C, 60 s extension at 72 °C, final

extension of 72 °C for 10 min. A subset (30%) of individuals
was genotyped twice to ensure consistent results.

Genotyping procedure

All nuclear and cpSSR samples were genotyped on an ABI
3500 sequencer (Applied Biosystems®) and sized against 600
LIZ®. Prior to genotyping, four loci (normally) of the same
individual, each with a different fluorescent marker, were
pooled. One microliter of the pooled sample was added to
9.75 μl formamide and 0.25 μl of GeneScan 600 LIZ® size
standard. Allele scoring was performed with GeneMapper and
GENEIOUS programs.

Data analysis of nuclear SSR loci

The following genetic diversity indices within populations
were calculated using FSTAT 2.9.3.2 (Goudet 1995) and
Genepop web version 4.2 (Raymond and Rousset 1995): (1)
percentage of polymorphic loci (P), (2) alleles per locus (A),
(3) allelic richness (Rs), (4) observed heterozygosity (HO), (5)
expected heterozygosity (HE) under Hardy–Weinberg

Fig. 1 a Landscape configuration
at Usina São José, Igarassú, PE
(Brazil). Forest fragments shown
in dark green. Most of the
remaining area consists of sugar
cane plantations. Area covered is
approx. 15 km north-south and
14 km west-east. Inlets show lo-
cations of studied populations. b
Populations 1–3 (Piedade_1–3)
all within a single forest fragment;
c population 4 (Pezinho); d pop-
ulations 5 (Vespas), 6 (Gota), and
7 (Palmeira). Edge length of inlets
ca. 2.8 km
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equilibrium (Nei, 1978), and (6) inbreeding coefficient (FIS)
(Weir and Cockerham 1984). Deviations from HWE and pos-
sible linkage disequilibrium between pairs of loci were detect-
ed using the ARLEQUIN 3.5.2.2 software package (Excoffier
and Lischer 2010). The Micro-Checker 2.2.3 software (van
Oosterhout et al. 2004) was employed to detect scoring errors
due to stuttering, short allele dominance and null alleles, and
GIMLET 1.3.3 (Valière 2002) was used to detect individuals
with identical genotypes (i.e., possible clones). The program
FreeNa (available at www1.montpellier.inra.fr/CBGP/
software/FreeNA/) was used to calculate null allele
frequencies across loci and correct pairwise FST values by
excluding null alleles, using the “ENA” method described
by Chapuit and Estoup (2007). The occurrence of recent ef-
fective population size reductions in one or more of the stud-
ied populations was tested using the Wilcoxon sign-rank test
described by Cornuet and Luikart (1997) and implemented in
the software BOTTLENECK (Piry et al. 1999). We ran the
analysis employing a two-phased mutation model with 95%
single-step mutations and 5%multiple-step mutations (recom-
mended for microsatellites) over 1000 iterations.

We tested the hypotheses that (a) saplings had a lower
genetic diversity than adult trees and (b) individuals in small
(< 50 ha) fragments were less diverse than those in larger
fragments by comparing (locus × population) A andHE values
of saplings and adults through Mann-Whitney U tests for in-
dependent non-parametric data.

F-statistics were employed to quantify genetic diversity
within and among populations (Weir and Cockerham 1984).
Pairwise FST values among populations were calculated with
ARLEQUIN 3.5.2.2. The partitioning of genetic diversity
within and between populations was calculated with analysis
of molecular variance (AMOVA), within the Arlequin
software.

To test the hypothesis that genetic structuring between pop-
ulations is a function of isolation-by-distance (Wright 1965),
relationship between geographical and genetic distances was
analyzed with a standard Mantel Test (Sokal and Rohlf 1995)
provided by the ARLEQUIN 3.5.2.2 software. The signifi-
cance was assessed through a randomization test using
10,000 Monte Carlo simulations.

A Bayesian analysis was performed using the program
STRUCTURE 2.3.4 (Pritchard et al. 2000) to assign indi-
viduals to genetic clusters (K) and to estimate admixture
proportions (Q) for each individual. We employed an ad-
mixture model assuming correlated allele frequencies,
K = 1–7 with ten replicates each, a burn-in of 100,000
and 500,000 iterations. The optimum K value was calcu-
lated based upon a measure of ΔK that evaluates the
second-order rate of change of the likelihood function
with respect to K (Evanno et al. 2005). ΔK was calculated
using Structure Harvester web version 0.6.94 (Earl and
von Holdt 2012).

Data analysis of cpSSR loci

The data of the taxon-specific locus clPB-15 and the two
universal loci ccmp2 and ccmp10 were combined to deter-
mine the haplotype of 110 individuals, equally distributed
among the seven populations (15–16 per pop.). Haplotype
diversity was characterized for each population through the
number of haplotypes, gene diversity (HE), and haplotype
richness (R_h). These, as well as Nei’s Genetic Distances,
were calculated with HAPLOTYPES ANALYSES 1.05
(Eliades and Eliades 2009). A median-joining haplotype net-
work was constructed using the program NETWORK 5.0.0.1
(Bandelt et al. 1999). To obtain the partition of haplotype
variance among populations, AMOVA was calculated with
ARLEQUIN 3.5.2.2. Φ values obtained by AMOVA for nu-
clear and cpSSR data were then used to calculate the ratio of
gene flow through seeds vs. gene flow through pollen using
the model proposed by Ennos (1994):

Pollen flow=seed flow

¼ 1=ΦSC Bð Þ−1
� �

−2 1=ΦSC Mð Þ−1
� �� �

= 1=ΦSC Mð Þ−1
� �

whereΦSC(B) is the level of population differentiation obtained
from biparental (nuclear) markers and ΦSC(M) the level of dif-
ferentiation obtained from maternally inherited (cpSSR)
markers, assuming that cpDNA in P. blanchetiana is, as in
most angiosperms, maternally inherited.

Results

Nuclear microsatellites

All nine SSR loci were polymorphic, with allele numbers
ranging from three to seven and an average of 4.4 alleles
per locus (Table 1). Observed and expected heterozygos-
ity, calculated over all populations, ranged from 0.197 to
0.53 and from 0.206 to 0.742 respectively. The mean in-
breeding coefficient FIS was 0.169 over all populations.
Six loci departed significantly from Hardy–Weinberg
equilibrium (Table 1).

Micro-Checker detected an excess of homozygotes, which
may be due to the presence of null alleles, at six loci in 1–6
populations (most notably locus PB-36 with homozygote ex-
cess in six populations). Two pairs of individuals with identi-
cal genotypes were encountered (adult08 and juv15 in
Piedade_1; adult08 and adult15 in Piedade_2). FreeNa detect-
ed null allele frequencies larger than 0.1 in 14 out of 63 cal-
culations (nine loci and seven populations), including at six
out of seven populations at the locus PB-36 and three out of
seven populations at PB-20.
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Genetic diversity and bottlenecks

Allelic richness (Rs) in populations of P. blanchetiana at USJ
ranged from 2.43 to 3.12 among adult trees and from 2.39 to
3.18 among saplings, averaging 2.71 and 2.82 respectively
(Table 2). We found low to average allelic diversity with total
number of alleles per population ranging from 24 to 31 in adults
and 22 to 30 in saplings. Mean observed and expected heterozy-
gosity per populationwas 0.389 and 0.459 in adults and 0.399 and
0.485 in saplings, respectively (Table 2). Inbreeding coefficients
were moderately high (mean 0.154 adults; 0.18 saplings) and de-
viations fromHWEwere detected in all populations, except two in
the adult cohort. We found no difference in genetic diversity be-
tween adult trees and saplings (alleles per locus: z=− 0.16, p (2-
tailed) = 0.873; expected heterozygosity: z=− 1.05, p (2-tailed) =
0.294). We therefore pooled the data for all subsequent analyses.
Adults and saplings combined, all loci were polymorphic in all
populations. Likewise, we found no difference in genetic diversity
between populations from large and small fragments (alleles per
locus: z= 1.3, p (2-tailed) = 0.194; expected heterozygosity: z=−
0.67, p (2-tailed) = 0.503). Signs of a recent reduction in popula-
tion size (genetic bottleneck) were found in two out of seven
populations, Piedade_2 and Vespas (Wilcoxon test p< 0.05).

Genetic differentiation and structuring among
populations

Overall genetic differentiation of the seven populations of
P. blanchetiana was moderate (FST = 0.125; Table 1), and

slightly lower using the ENA-correction (FST = 0.12). Genetic
differentiation among pairs of populations ranged from small to
moderately high (Table 3; nuclear SSR). FST values were low
when comparing populations within the same fragment
(Piedade_1–3) and generally highest among the Pezinho frag-
ment and other populations, as well as among Palmeira and other
populations (except Vespas). TheMantel test revealed significant
isolation-by-distance, suggesting fine-scale genetic structuring,
but the linear relationship was not very strong (R2 = 0.28, p =
0.014; Fig. 2). All pairwise FST values were statistically signifi-
cant at the .001 level (with one exception; see Table 3).

AMOVA results revealed that most of the genetic diversity
of the nuclear SSR data was present within popula-
tions (87.24%) of P. blanchetiana (Table 4).

Bayesian analysis with STRUCTURE consistently identi-
fied K = 3 clusters. One cluster combined the three popula-
tions found in the Piedade fragment, another comprised the
trees of the relatively isolated fragment Pezinho, while the
remaining populations in the north of the study area formed
the third cluster (Fig. 3).

Diversity of cpSSR and haplotype network

Analysis of three chloroplast markers across 110 individuals re-
vealed four different haplotypes (Table 5). Haplotype diversity
across populations was low to moderate (HE = 0–0.5; haplotype
richness (R_h) = 0–1). No population contained more than two
haplotypes. Nei’s genetic distance values among populations
were generally high, but ranged from as low as 0.004 to 0.941
(Table 3). Most of the variation was distributed among popula-
tions (84.2%; Table 4), indicating strong genetic structuring.
Haplotype H3was fairly evenly distributed across the study area,
while H1 was found mostly within the Piedade fragment in the
south (Fig. 3b). H3 was also at the center of the median-joining
network, being one mutational step from each of the other hap-
lotypes. The two remaining haplotypesH2 andH4were fixed (or
nearly so) in a single population.

Pollen vs. seed flow

The genetic variance (AMOVA, Table 4) among populations for
nuclear markers (ΦSC(B) = 0.128) and for cpSSR markers
(ΦSC(M) = 0.84) translated into a ratio of pollen to seed flow of
33.8, indicating an approximately 34-fold gene flow excess
through pollen.

Discussion

Genetic diversity and population inbreeding

We found comparatively low levels of genetic diversity in
both nuclear and chloroplast markers of P. blanchetiana

Table 1 Genetic characteristics and inbreeding coefficients for nine
nuclear microsatellite loci in seven populations of Paypayrola
blanchetiana

Locus Na A b HO
c HE

d FIT
e FST

f FIS
g p value

PB-01 281 7 0.399 0.552 0.297 0.187 0.136 0

PB-08 282 7 0.376 0.742 0.515 0.292 0.315 0

PB-14 284 3 0.465 0.508 0.086 0.01 0.076 0.29847

PB-16 281 5 0.37 0.502 0.267 0.031 0.243 0

PB-20 282 4 0.383 0.47 0.195 0.09 0.116 0

PB-25 281 4 0.53 0.584 0.112 0.148 − 0.043 0.25780

PB-27 284 4 0.511 0.565 0.108 0.087 0.023 0.04963

PB-31 284 3 0.197 0.206 0.049 0.039 0.011 0.08343

PB-36 274 3 0.252 0.578 0.571 0.094 0.526 0

Mean 4.444 0.387 0.523 0.272 0.125 0.169

aNumber of sampled individuals
b Number of alleles present
c Observed heterozygosity
d Expected heterozygosity
e Overall inbreeding coefficient
f Fixation index
g Inbreeding coefficient (Weir & Cockerham 1984)
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populations at Usina São José. There were only three or four
alleles across all but three of the analyzed nuclear loci. Mean
heterozygosity of the nuclear markers was moderate, but still
low compared to levels found in many Neotropical canopy
tree species (e.g., Collevatti et al. 2001a, 2009; Degen et al.
2004; André et al. 2008). The overall observed heterozygosity
was even lower, creating a significant excess in homozygotes
in six out of nine nuclear loci. This could be, in part, due to the
presence of null alleles. However, null alleles were indicated
for only two loci and did not significantly alter the results after
correction.

Therefore, heterozygote deficiency is likely the conse-
quence of non-random mating. The general magnitude of in-
breeding following fragmentation has been assessed

differently by previous comprehensive studies. Lowe et al.
(2005) argue that inbreeding becomes evident shortly after
impact, while subsequent reviews (Aguilar et al. 2008;
Vranckx et al. 2012; Schlaepfer et al. 2018) did not find such
an effect. Again, as in other parameters, general predictions
appear to be difficult to make and individual plant species’ life
history characters may play a more important role. Since
P. blanchetiana is self-incompatible, we favor the explanation
that seeds are frequently fathered by close relatives (e.g., half-
sibs), thus creating significant biparental inbreeding.
Biparental inbreeding has been observed in both obligate
outcrossers and species with a mixed mating system, and
levels of inbreeding could be quite high (Collevatti et al.
2001b; Degen et al. 2004). An important factor influencing

Table 2 Genetic diversity of nuclear microsatellites in seven populations of Paypayrola blanchetiana at Usina São José

Population Location Sizea Nb Ac Rsd HO
e HE

f FIS
g * Nb Ac Rsd HO

e HE
f FIS

g *

Adult Sapling

Palmeira 7° 43′ 46′′ S 34° 59′ 6′′ O c. 500 21 25 2.5 0.36 0.394 0.089NS 22 25 2.64 0.366 0.454 0.198

Piedade_1 7° 50′ 25′′ S 35° 0′ 9′′ O 300 22 25 2.64 0.335 0.449 0.258 20 30 3.02 0.408 0.469 0.133

Piedade_2 7° 50′ 2′′ S 35° 0′ 10′′ O 300 21 27 2.83 0.407 0.464 0.125 22 27 2.91 0.397 0.46 0.14

Piedade_3 7° 50′ 35′′ S 35° 0′ 5′′ O 300 20 31 3.12 0.406 0.496 0.185 20 30 3.18 0.395 0.531 0.26

Pezinho 7° 47′ 29′′ S 35° 1′ 15′′ O 41 25 26 2.67 0.384 0.452 0.152 13 22 2.39 0.431 0.471 0.089

Vespas 7° 45′ 3′′ S 34° 58′ 53′′ O 14 20 26 2.78 0.446 0.476 0.064NS 19 25 2.74 0.452 0.512 0.121

Gota 7° 44′ 19′′ S 34° 58′ 49′′ O 8 20 24 2.43 0.385 0.485 0.204 20 28 2.83 0.342 0.498 0.319

Mean (total) 149 26.3 2.71 0.389 0.459 0.154 136 26.7 2.82 0.399 0.485 0.18

a Size of forest fragment (ha)
b Number of sampled individuals
c Total number of alleles
d Allelic richness
e Observed heterozygosity
f Expected heterozygosity
g Inbreeding coefficient
* All FIS values departed significantly from HWE at the 0.05 level except those marked “NS”

Table 3 Pairwise genetic distance matrices among populations of Paypayrola blanchetiana

Piedade_1 Piedade_2 Piedade_3 Pezinho Pezinho Gota Palmeira

Piedade_1 xxx 0.047 0.024* 0.165 0.08 0.126 0.158

Piedade_2 0.312 xxx 0.045 0.143 0.097 0.153 0.201

Piedade_3 0.004* 0.391 xxx 0.112 0.074 0.11 0.14

Pezinho 0.938 0.766 1000 xxx 0.163 0.184 0.231

Vespas 0.758 0.098 0.879 0.941 xxx 0.079 0.058

Gota 0.875 0.668 0.941 0.941 0.824 xxx 0.112

Palmeira 0.556 0.035 0.660 0.848 0.016 0.738 xxx

FST values of nuclear SSR markers (ENA-corrected) are given in upper half, Nei’s genetic distance of chloroplast markers in lower half of table

All results were significant at p < 0.001, except were marked with * (p < 0.01)
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these non-random mating processes in self-incompatible (SI)
plants is a reduced mate availability due to reductions in S-
allele diversity in small populations < 50–100 reproductive
individuals (Byers & Meagher 1992; Young & Pickup
2010). In most SI plants, either one or both alleles at the S-
locus have to be different for individuals to mate successfully.
However, the large Piedade fragment contains hundreds of
adult Paypayrola trees, thus likely maintaining a high diver-
sity of S-alleles. Yet, it has similarly high Fis values, making
this explanation less probable. Inbreeding in this case may in
fact be best explained by the highly clustered spatial distribu-
tion pattern of P. blanchetiana, where pollination is often
dominated by close-standing individuals (Garcia et al.
2005). Given the fact that pollinators tend to exploit aggregat-
ed floral resources very thoroughly, preferring to fly to the
nearest plants (Nattero et al. 2011), pollen transfer among
related plants should be very common.

Although the scale of inbreeding as indicated by average
Fis values seems to be substantial, our data did not reveal any
consistent tendencies among sites or age classes. Artifacts

such as null alleles could have contributed to the high Fis to
some degree, although such effects were tested for. Paternity
analyses or direct analysis of aborted vs. non-aborted seeds, if
feasible, would be appropriate to confirm the cause of inbreed-
ing and its putative negative effect on fruit set in this species.

The present study identified no significant differences with
regard to genetic diversity between saplings and adult trees,
nor did we find such differences among plants in small vs.
large fragments. Reviewing the mixed empirical signals
concerning genetic declines following forest fragmentation,
Kramer et al. (2008) predicted that population genetic effects
of fragmentation events only become strongly evident after a
fair number of generations. Likewise, Lowe et al. (2005)
stressed that, while inbreeding and negative fitness effects
are expressed shortly after disturbance, genetic diversity is lost
much more slowly. However, the quantitative and systematic
meta-analyses performed by Aguilar et al. (2008) and
Vranckx et al. (2012) came to different conclusions, indicating
that loss of genetic diversity following fragmentation was
common among woody plants. The latter emphasized a strong

Fig. 2 Relationship between
geographical and genetic (Fst)
distances between all pairs of
populations

Table 4 Analysis of Molecular Variance (AMOVA) for nuclear microsatellite (SSR) and chloroplast DNA (cpDNA) data

Source of variation d.f. Variance components Percentage of variation P value

Nuclear SSR

Among populations 6 0.31 12.76 P < 0.001
Within populations 271 2.09 87.24

cpDNA

Among populations 6 0.451 84.2 P < 0.001

Within populations 213 0.084 15.8
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effect of sample age (adult plants vs. progeny), while the for-
mer highlighted stronger responses in obligate outcrossers and
common (vs. naturally rare) trees and significant losses of
heterozygosity only after fragmentation events > 50 years
ago. Schlaepfer et al. (2018) also demonstrated that loss of
genetic diversity becomes more evident beyond 50 years of
fragmentation time. Thus, although a reduction of genetic

diversity could be expected in Paypayrola based on its bio-
logical characteristics (a common outcrosser), the time
elapsed since fragmentation may have been too short.

Indeed, two of those fragments were part of a large forest
block (> 5000 ha) until about 35–40 years ago. The third small
fragment (Pezinho) was isolated, but in close proximity to this
continuous forest (aerial photographs of USJ from 1975;
Trindade et al. 2008), thus maintaining connectivity in the
recent past. Factors unrelated to fragmentation may have been
more important for shaping current allele distributions. One
possibility is pre-fragmentation differences in historical tree
distributions and densities across the landscape. For example,
the highest numbers of alleles per population and age class
(30–31) were found in the Piedade fragment, while in the
populations outside Piedade a maximum of 28 alleles was
found (sapling cohort in Gota). Extensive searches across
USJ by the authors revealed that P. blanchetiana is quite com-
mon in Piedade, but generally much more sparsely distributed
in other parts of USJ.

The fact that the sapling cohort maintained the same ge-
netic diversity as the adult trees contradicts conclusions
made by Vranckx et al. (2012), but agrees with predictions
made in earlier reviews (Lowe et al. 2005, Kramer et al.
2008). Recently, Browne et al. (2015) obtained similar

Fig. 3 Population structure in
Paypayrola blanchetiana. a
Bayesian assignment analysis for
a K = 3 population model based
on nine nuclear microsatellite
loci (populations from north to
south); b haplotype network and
distribution across populations

Table 5 Haplotype diversity of chloroplast markers of Paypayrola
blanchetiana at Usina São José

Population Na Haplotypes HE
b R_hc

Piedade_1 15 1.3 0.133 1.000

Piedade_2 16 1.3 0.500 1.000

Piedade_3 15 1 0.000 0.000

Pezinho 16 4 0.000 0.000

Vespas 16 1.3 0.125 0.938

Gota 16 2.3 0.125 0.938

Palmeira 16 1.3 0.325 1.000

a number of sampled individuals
b expected heterozygosity
c haplotype richness
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empirical results for the palm treeOenocarpus bataua, with
no apparent changes in genetic diversity parameters among
tree generations and among fragments and continuous forest.
We suggest that factors inherent to the individual mating
system of a given speciesmay play an important role in shap-
ing the dynamics of allele distributions, especially on short-
term time scales.

Genetic differentiation and gene flow

Overall genetic structuring The degree of genetic structuring
was unexpectedly high at the given geographical scale. Across
distances of less than 15 km, we found pairwise differentia-
tions similar to those typically recorded among populations
separated by hundreds of kilometers. For example, Goetze
et al. (2016) found similar pairwise Fst values among popu-
lations of a terrestrial bromeliad separated by 250–440 km.
Genetic differentiation of Caryocar brasiliense populations
across the Cerrado biome spanning 1500 km (Collevatti
et al. 2001a) was of the same scale as P. blanchetiana in the
present study (Fst 0.03–0.20). The terrestrial orchid
Cypripedium calceolus showed the same magnitude of genet-
ic differentiation, on a similar local scale, which has been
attributed to a loss of connectivity due to habitat fragmentation
(Minasiewicz et al. 2018). On the other hand, the wind-
pollinated tree Castanopsis eyrei showed much weaker genet-
ic differentiation among populations set apart by about 20 km
(Mao et al. 2016). It is noteworthy that P. blanchetiana is self-
incompatible and fully outcrossed, and therefore differentia-
tion can be explained by limited gene flow and subsequent
genetic drift in the relatively small and isolated stands, but not
by frequent selfing events. Fst values are typically higher in
plants with a mixed mating (i.e., frequently selfing) system
than in obligate outcrossers (Duminil et al. 2009,
Ballesteros-Mejia et al. 2016).

The Bayesian clustering method identified three separate
genetic populations, which fall in line with their geographical
distribution. The Pezinho population stands out as the purest
stand with little admixture from the neighboring ones, despite
its location between the other populations. The three popula-
tions found in the Piedade fragment are little differentiated
(Fst ≤ 0.05), which indicates at least moderate gene flow
among them. In the northern cluster, comprising the popula-
tions Vespas, Gota, and Palmeira (each in separate forest frag-
ments), the pattern is more complex, but the fact that all three
form a cluster can be explained by relatively recent fragmen-
tation: Only in the 1970s or 1980s, when the last major forest
clearing event took place at USJ, did Vespas, Gota, and
Palmeira cease to belong to the same large forest block. In
contrast, isolation of the Pezinho fragment took place before
this time, which may be responsible for the large degree of
genetic differentiation.

Haplotype structuring We found a remarkably strong dif-
ferentiation of haplotypes and among-population variation
of chloroplast markers. Most populations were largely or
entirely made up of a single haplotype, although there is
evidence for occasional seed migration. Other studies that
compared both nu-SSR and chloroplast markers likewise
found higher Fst values for the latter, for example, about
three times higher in an epiphytic forest bromeliad
(Palma-Silva et al. 2009) and a terrestrial orchid
(Minasiewicz et al. 2018). On the other hand, Chen
et al. (2017) found the chloroplast-based genetic differen-
tiation of the tree species Dipteronia dyeriana to be lower
than the nu-SSR-based. Very high values of chloroplast
differentiation, as in P. blanchetiana, were found in sev-
eral bromeliads, for example, Aechmea calyculata.
Populations of this rainforest epiphyte are widely spaced
in the South Brazilian Atlantic forest and may have been
historically separated by grasslands during colder periods
in the pleistocene (Goetze et al. 2016). Another example
of extremely high chloroplast marker divergence is the
Alcantarea (Bromeliaceae) species complex from
Southeast Brazilian inselbergs, which actually consists
of several species with varying degrees of hybridization
(Lexer et al. 2016). The among-population chloroplast
diversity of 84% found in our study cannot be explained
with natural barriers and points to an extremely restricted
seed dispersal, which today is almost certain to be
completely limited to within existing forest fragments.
Very likely there was—at least in the past—some second-
ary seed dispersal by an unknown animal vector (possibly
ants), since autochory alone could hardly account for the
widespread occurrence of the species. Another factor hin-
dering seed dispersal may be the extremely low seed out-
put observed in this species (Braun et al. 2012).

Reasons for genetic structuring Considering the isolation-by-
distance relationship of Nei’s Genetic Distance and spatial
distance, we conclude that limited gene flow is predisposing
P. blanchetiana for genetic clustering at a small geographical
scale. The species is likely pollinated by perching moths
(Noctuidae, Geometridae) and to some degree by solitary bees
and butterflies (Braun et al. 2012). The former pollinator
group is capable of only limited pollen transfer distances
mostly within forest blocks, as has been demonstrated for
the moth-pollinated tree Cabralea canjerana (Melo &
Franceschinelli 2016 and references therein). Despite a repu-
tation as effective long-distance pollinators, resin-collecting
female euglossine bees were not capable of carrying pollen
across long distances or forest borders in the tropical vine
Dalechampsia scandens (Opedal et al. 2017). These examples
show that small forest-dwelling insects may not be able to
mitigate the effects of genetic drift in a fragmented landscape
with reduced plant populations.
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Conclusions

The present study did not produce evidence that fragmentation
has already had an effect on genetic diversity, although genet-
ic distances seem to be influenced not only by geographical
distances. However, we could show a strong tendency for
reduced gene flow in P. blanchetiana, apparently driven by
very limited seed dispersal as well as somewhat more wide-
ranging, yet insufficient pollen flow. This biological condition
may render this as well as other species with similar reproduc-
tive ecologies vulnerable for genetic erosion caused by the
long-term effects of habitat fragmentation.

Our research is consistent with a trend in a yet small num-
ber of studies suggesting that genetic differentiation and re-
duced gene flow may actually be common in tree species
which cluster locally and do not disperse seeds over large
distances (see Domínguez et al. 2005; Lachenaud and Zhang
2008; Lasso et al. 2011). The view that gene flow in tropical
trees is generally extensive may not uphold for a number of
species, especially those growing in forest understory. More
research is necessary on a variety of understory forest trees
and shrubs with limited seed dispersal and spatial clustering.
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