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Abstract

The analysis of fine-scale spatial genetic structure (FSGS) within populations can provide
insights into eco-evolutionary processes. Restricted dispersal and locally occurring
genetic drift are the primary causes for FSGS at equilibrium, as described in the isolation
by distance (IBD) model. Beyond IBD expectations, spatial, environmental or historical
factors can affect FSGS. We examined FSGS in seven African and Neotropical popula-
tions of the late-successional rain forest tree Symphonia globulifera L. f. (Clusiaceae) to
discriminate the influence of drift-dispersal vs. landscape/ecological features and histori-
cal processes on FSGS. We used spatial principal component analysis and Bayesian clus-
tering to assess spatial genetic heterogeneity at SSRs and examined its association with
plastid DNA and habitat features. African populations (from Cameroon and Sdo Tomé) dis-
played a stronger FSGS than Neotropical populations at both marker types (mean Sp =
0.025 vs. Sp=0.008 at SSRs) and had a stronger spatial genetic heterogeneity. All three
African populations occurred in pronounced altitudinal gradients, possibly restricting ani-
mal-mediated seed dispersal. Cyto-nuclear disequilibria in Cameroonian populations

also suggested a legacy of biogeographic history to explain these genetic patterns. Con-
versely, Neotropical populations exhibited a weaker FSGS, which may reflect more
efficient wide-ranging seed dispersal by Neotropical bats and other dispersers. The
population from French Guiana displayed an association of plastid haplotypes with two
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morphotypes characterized by differential habitat preferences. Our results highlight the
importance of the microenvironment for eco-evolutionary processes within persistent trop-
ical tree populations.

Introduction

Fine-scale spatial genetic structure (FSGS), the non-random spatial distribution of genotypes
within populations, is shaped by microevolutionary processes such as dispersal, local genetic
drift and selection [1]. FSGS studies can inform on mechanisms underlying demographic pro-
cesses and spatial genetic heterogeneity in populations, providing guidance for sustainable for-
est management and conservation practises (e.g. [2]). One of the most commonly evaluated
patterns in FSGS studies in plants is isolation by distance (IBD, [3,4]). The IBD model predicts
that, at drift-dispersal equilibrium, genetic differentiation among individuals is an increasing
function of geographic distance due to spatially limited isotropic gene dispersal and local
genetic drift [1,3,5,6]. A linear relationship is predicted with distance for 1-dimensional popu-
lations or with the logarithm of distance for 2-dimensional populations [1,3,5,6]. As pollen
and seed dispersal are usually spatially restricted, the strength of FSGS under IBD assumptions
can provide information on the historical gene dispersal distance in the population [1,6].
While useful as the basic expected pattern (null model), the IBD model does not consider
other features or processes that can constrain gene flow or generate spatial heterogeneity or
discontinuities in allele frequencies.

The strength of FSGS depends primarily on an organism’s life history traits, of which life
form and breeding system are the most relevant in plants. Indeed, stronger FSGS is found in
herbaceous plants than in trees, as well as in partially or completely selfing than in outcrossing
species [1]. Population density has also a very important effect, with stronger FSGS found in
low-density populations [1,7]. Further, dispersal vectors matter as they determine the scale
and spatial pattern of dispersal. In tropical trees for example, it has been shown that animal-
pollination typically results in stronger FSGS than wind-pollination, and that gravity- or
rodent-mediated seed dispersal generates stronger FSGS than dispersal by birds or larger ani-
mals [8,9].

Beyond IBD expectations, intrinsic and extrinsic factors, often associated with landscape
features, determine heterogeneity in FSGS patterns. Topographic features or complex relief
can directly hinder genetic connectivity and thereby lead to anisotropic and/or heterogeneous
FSGS. This occurs for instance if steep slopes or mountain ridges restrict gene flow, which con-
tributes to genetic differentiation even in species with wide-ranging gene dispersal [10,11].
Habitat features can also influence the behaviour of seed and pollen dispersers, affecting the
genetic structure of the plants they disperse [12-15]. For example, Jordano et al. [16] showed
that small birds tended to disperse Prunus mahaleb seeds into covered microhabitats but
medium-sized birds and small mammals preferentially deposited seed into open habitats.
Genetic heterogeneity can also result from historical processes related to range dynamics, such
as secondary contact of previously differentiated gene pools [17,18]. Finally, another factor
shaping FSGS is habitat-mediated selection, which can generate adaptive differentiation, i.e.
isolation by adaptation also known as isolation by environment [19,20]. Although this process
first affects only loci under selection, at later stages it can lead to genome-wide differentiation
due to hitchhiking [21].
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It is challenging to determine whether a given FSGS pattern reflects spatial autocorrelation
due to IBD alone, or whether it contains an additional spatial genetic heterogeneity (SGH, i.e.
allele frequency discontinuities or locally co-occurring differentiated gene pools [GPs]) signal
due to historical or contemporary processes. This is because spatial autocorrelation (the
expected result of IBD) affects the analysis of spatial genetic discontinuities, and vice versa [4].
Bayesian clustering methods employed to detect SGH can fail to detect genetic clines when
genetic structure is weak, but they can also overestimate the number of genetic clusters due to
the influence of IBD [22,23]. Incorporating spatial information into clustering methods can
improve their results [23,24]. Conversely, methods that quantify FSGS based on the IBD
model at drift-dispersal equilibrium cannot independently assess the effect of IBD when
genetic discontinuities are present [1]. Moreover, different combinations of historical and con-
temporary processes can produce similar FSGS patterns, further complicating the inference
[25]. Aware of these issues, some authors have used sequential approaches of genetic cluster
detection and IBD assessment (or vice versa) to infer population genetic processes [18,26], or
relied on non-parametric methods to assess heterogeneous spatial genetic patterns [27,28]. A
complementary approach to disentangle the factors contributing to FSGS is to compare the
FSGS at biparentally inherited nuclear markers to FSGS at maternally inherited markers.
Maternal markers will inform about gene flow due to seed dispersal (e.g. [29,30]) and, due to
their lower mutation rates, they can identify signatures of processes at deeper temporal scales
than nuclear markers [31].

In this study, we set out to investigate FSGS within populations and discriminate the influ-
ence of drift-dispersal vs. landscape/ecological features and historical processes on FSGS in the
late-successional rainforest tree Symphonia globulifera L. f. (Clusiaceae), a species that can be
considered a living fossil with a potential Eocene origin [32-34]. Symphonia globulifera occurs
in tropical Africa and the Neotropics in a wide variety of environments [35] and both pollen
and seed are dispersed by numerous animal species in distinct parts of its range (see Table 1).
Different S. globulifera morphotypes co-occur in some regions and occasionally show evidence
of habitat specialization [36,37]. Because S. globulifera populations persisted through multiple
geological time periods [30,38,39], we hypothesized that populations should be close to demo-
graphic equilibrium and display IBD due to drift-dispersal processes (e.g. [8]). Given the life
history traits of our species, i.e. an essentially outcrossed, animal-pollinated and animal-dis-
persed tropical tree, we expected the FSGS quantified with the Sp statistic to be approximately
0.01-0.02 [1,8], probably with substantial variation among populations with different dispers-
ers. We also hypothesized that FSGS should vary among populations because of idiosyncratic
ecological characteristics of populations, e.g. a stronger FSGS should a priori be expected in
populations with marked topography [10,11] or narrow-ranging dispersal [8,9]. Complex
interactions between ecological features and each population’s specific history could lead to
SGH. Hence, their effects on FSGS are difficult to predict. We thus chose a discovery-driven
approach to characterize FSGS with nuclear and plastid markers in seven S. globulifera popula-
tions from Africa and America, identified the population characteristics associated with partic-
ular magnitudes or patterns of FSGS, and interpreted FSGS in the light of specific tests on the
avaijlable data. We addressed the following specific questions: (i) Is within-population FSGS in
S. globulifera in agreement with expectations based on the species’ life history traits, and to
what extent does its strength vary among populations? (ii) Is FSGS in agreement with drift-dis-
persal equilibrium as predicted by IBD theory or are there within-population discontinuities
in allele frequencies (SGH)? (iii) Are there any similarities in the strength and patterns of
FSGS in groups of populations, and do they concur with, e.g. similar disperser communities,
habitat features or biogeographic history?
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Table 1. Review of animals reported as seed dispersers or pollinators of Symphonia globuliferain Africa or the Neotropics and characteristics of
their dispersal range. P, pollinator; sd, seed disperser.

Visitors Cited genus/species | Function Countryor | Source References |Dispersal range References
region
Africa
sunbirds Cyanomitra, Nectarinia, | P Centraland | bibliographical [35,40] max: 50-100 m [41]
Cinnyris, Chalcomitra, South Africa | compilation (Chalcomitra
Hedydipna amethystina)
monkeys Cercopithecus lhoesti | sd (defecation, Uganda, direct [42-46] range: a few meters— | [47]
spitting out, Cameroon, observation, seed 100m (Cercopithecus
transportation in Gabon traps monkeys, seeds
cheek pouches) >1cm)
small Cephalophus sd (defecation, Gabon direct [42,43,48,49] | no information
ruminants monticola, Hyemoschus | regurgitation, observation,
aquaticus predation?) stomach content
hornbills Putatively: Tockus sd (defecation?, Gabon direct [43,49] max: >500 m [50]
fasciatus, Bycanistes regurgitation) observation, (Ceratogyma atrata,
fistulator, B. albotibialis, stomach content C. cylindricus)
Ceratogymna atrata
Neotropics
hummingbirds | Chlorestes notatus, P Costa Rica, | direct observation | [51,52] max: 1-100 m [53,54]
Thalurania furcata Brazil, (depending on the
French species)
Guiana
perching birds | Cacicus cela, Dacnis P Brazil direct observation | [52,55] no information
lineata, Dacnis cayana,
Chlorophanes spiza,
Cyanerpes caeruleus,
Cyanerpes cyaneus
lepidoptera unidentified P Brazil, Costa | direct observation | [52,56] max: 8—10 m (species | [53,54]
Rica pollinating
Cnidoscolus urensin
Costa Rica and
Lindenia rivalis in
Belize)
bees Trigona cf. branneri P Brazil direct observation | [52] mean: 260-590 miin [57]
buzz-pollinating bees
(Scaptotrigona,
Trigona, Xylocopa)
bats Artibeus lituratus, sd (exozoochorous) | Costa Rica, | direct [58-60] max: 100 m (Artibeus | [61,62]
Artibeus jamaicensis, French observation, seed lituratus), max: 25—400
Artibeus watsoni Guiana rain under m (Artibeus
feeding roosts famaicensis)
scatter- unidentified sd (exozoochorous) | French cited [8,36] mean: 5-15m [63,64]
hoarding Guiana (rodents)
rodents
nocturnal unidentified sd (unknown) French cited [8] no information
arboreal Guiana
mammals
monkeys Leontopithecus rosalia | sd (unknown, Brazil direct observation | [65,66] mean: 105 m [67]
defecation is
possible)
tapirs Tapirus terrestris sd (defecation) French stomach content, | [49,68,69] max: 2 km [70,71]
Tapirus bairdii Guiana, bibliographical
Central compilation
America
https://doi.org/10.1371/journal.pone.0182515.t001
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Material and methods
Species description

Symphonia globulifera L. f. (Clusiaceae) are generally tall, hermaphroditic rainforest trees wide-
spread throughout tropical Africa, Central and South America [35]. The species is mostly out-
crossing [72-74] although selfing can occur, especially in fragmented areas [59,75]. The genus
evolved as early as the Eocene, with fossil pollen dated ~45 Ma in the Niger delta [32,33]. Sym-
phonia globulifera is currently the only recognized Symphonia species outside Madagascar
[35,76]. The species colonized America from Africa through trans-Atlantic dispersal some 18-
15 Myr ago and has been widespread in both Africa and the Neotropics for millions of years
[33]. Symphonia globulifera has persisted locally in many sites throughout the Quaternary gla-
ciations [30,38,39,77]. It occurs today in tropical forests, in a range of precipitation and tem-
perature of 650-2,800 mm and 23-27°C, respectively, and from sea level to 2,600 m altitude
(in East Africa [35]). Pollinators and seed dispersers vary in different parts of its range, with
notable differences between African and Neotropical populations (Table 1). Different morpho-
types or suspected ecotypes of S. globulifera occur in several regions, e.g. a small tree form in
Costa Rica [38], a suspected swamp ecotype in West Africa [30]. In Paracou, French Guiana,
the common flood-tolerant S. globulifera morphotype co-occurrs with a terra firme morpho-
type with smaller flowers, smooth bark and adventitious roots but no pneumatophores [37].

Study sites and plant material

In our study, we examined seven populations from Africa and the Neotropics, all located in
mature forests (Fig 1, Table 2). Between 2007 and 2010, we collected leaf or cambium samples
on 34-148 georeferenced trees per population and dried samples on silica gel. Sampled trees
generally had > 10 cm diameter at breast height (dbh), except in Barro Colorado Island (BCI,
Panama) and Yasuni (Ecuador) where density was lower and sampled individuals had > 1.0
cm dbh (Table 2). Sampling ranges spanned ca. 1-4 km, in transect-like design following
topographic features for ease of orientation, except in the forest monitoring sites of Paracou
(French Guiana), BCI and Yasuni, where random sampling was conducted in established
plots.

The selected populations spanned a wide range of climatic (WorldClim 1.4 dataset [78])
and topographic (ASTER Global Digital Elevation Model, http://reverb.echo.nasa.gov/) condi-
tions (Figs 2 and 3, Table 2). The altitudinal range of sampled populations was larger in Africa
(365-1225 m) than in the Neotropics (25-72m). There was also a marked variation in dispersal
vectors between continents (Table 1). In Paracou, samples included swamp and terra firme
morphotypes. For this population, samples were collected for plastid DNA analysis, whereas
SSR data (for different trees) was reanalysed from Degen et al. 2004 [72].

Ethics statement

Our research complied with national and international legislation: research and sampling per-
mits were obtained from the Ministry of Scientific Research and Innovation of Cameroon (59/
MINRESI/B00/C00/C10/C13), from the responsible of the Paracou station (i.e. the French
Agricultural Research Institute for Development, CIRAD), and from the managers of the BCI
and Yasuni plots (i.e. the Smithsonian Tropical Research Institute). For Itubera (Brazil), we
obtained a sampling permit from the Chico Mendes Institute for Biodiversity (SISBIO 19053-
1) and an export permit from the Ministério do Meio Ambiente, Brazil (Requerimento N°
107231).
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Fig 1. Location of Symphonia globulifera populations examined in this paper and kinship-distance relationships
within populations. The mean jackknife estimate of the kinship coefficient F;; (+ standard error) is plotted per distance
class, as well as the permutation-based 95% ClI for absence of FSGS (dashed grey lines).

https://doi.org/10.1371/journal.pone.0182515.g001
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Table 2. Physical and ecological characteristics of sampled Symphonia globulifera populations. Hy.,, maximum and minimum sampling altitude
(m); T, annual mean temperature ("C); P, annual precipitation (mm); and D (d), density of S. globulifera stems >10 cm dbh (>1.0 cm dbh) with d only available
for BCl and Yasuni (stems/ha); for populations not corresponding to monitoring sites, the values are approximate estimates (~).

Population Latitude Longitude Hm-m T P D (d)
Neotropics

Barro Colorado Island, Panama 9.15 -79.85 149-196 25.9 2632 0.48 (3.12)
Yasuni, Ecuador -0.68 -76.39 231-273 23.8 2380 0.68 (1.76)
Paracou, French Guiana 5.27 -52.93 38-67 22.0 2496 10.5
Itubera, Brazil -13.80 -39.18 92-164 25.8 2817 ~6.55
Africa

S&o Tomé, Sao Tomé and Principe 0.27 6.56 671-1896 23.8 2058 ~1.43
Nkong Mekak, Cameroon 2.77 10.53 473-838 25.8 2837 ~9.58
Mbikiliki, Cameroon 3.19 10.53 467-911 25.6 2806 ~9.10

https://doi.org/10.1371/journal.pone.0182515.t1002

Molecular markers

DNA was extracted using the Qiagen DNeasy plant kit (Qiagen Corporation, Valencia, CA) or
the Invisorb DNA Plant HTS 96 Kit (Invitek, Berlin, Germany). SSR data (five loci) were gen-
erated at the University of Michigan, Ann Arbor, USA, for populations BCI and Yasuni, as

ltubera 7 Paracou Yasuni

0 100 200 300 m|
. v‘p
& .M

{(:o olole®
S Ohtg

7

Fig 2. Fine-scale spatial genetic structure in Neotropical populations of Symphonia globulifera. Each individual is plotted on the map
as a disc representing the colour of its specific plastid DNA haplotype (“H”) or as a pie chart indicating the ancestry proportions, Q, in
different genetic clusters (“GP”), as defined in the STRUCTURE analysis for the number of clusters K best describing the data. Individual
STRUCTURE barplots below each population map illustrate the distribution of ancestry proportion for each of the K gene pools.

https://doi.org/10.1371/journal.pone.0182515.9002
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Fig 3. Fine-scale spatial genetic structure in African populations of Symphonia globulifera. Each individual is plotted on the map as a
disc representing the colour of its specific plastid DNA haplotype (“H”) or as a pie chart indicating the ancestry proportions, Q, in different
genetic clusters (“GP”), as defined in the STRUCTURE analysis for the number of clusters K best describing the data. Individual
STRUCTURE barplots below each population map illustrate the distribution of ancestry proportion for each of the K gene pools.

https://doi.org/10.1371/journal.pone.0182515.9g003

described in Dick and Heuertz [38], and at INIA-CIFOR, Madrid, Spain, for populations Itu-
berd, Sao Tomé, Nkong Mekak and Mbikiliki, following the protocols of Budde et al. [30]. SSR
data for Paracou was taken from Degen et al. [72] and contained three loci. All SSR data were
resolved on capillary sequencers (Applied Biosystems, Carlsbad, USA; see S1 File for experi-
ment details and genotype matrices). The SSR loci of all populations belonged to a total set of
six loci (Sg03 and Sg18 [72]; SgC4 and Sg19 [59]; Sg06 and Sg10 [79]), but were not exactly the
same in each population because of variable amplification and genotyping success due to large
genetic distances among some of the populations [38,80].

Sequences of the psbA-trnH plastid DNA (cpDNA) intergenic spacer were generated for
random subsamples from Paracou, Ituberd, Sdo Tomé, Nkong Mekak and Mbikiliki, com-
pleting the data sets of Dick and Heuertz [38] and Budde et al. [30] (see sample sizes in
Table 2). Amplification with psbAF and trnHR primers [81] was performed at INIA-CIFOR
as in Budde et al. [30] with a modified PCR profile: 30 s at 98°C, 35 cycles of 5sat 98°C, 10 s
at 50°C and 35 s at 72°, and a final elongation of 3 min at 72°C. PCR products were purified
using Exonuclease I and Calf Intestinal Alkaline Phosphatase (New England Biolabs) and
sequenced using the services of Macrogen Europe (The Netherlands). Sequences were assem-
bled, edited and aligned in CodonCode Aligner 4.2.5 (CodonCode Corporation, Dedham,
MA, USA).
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Data analysis

Genetic diversity. The rarefied allelic richness (Ag) and the expected heterozygosity cor-
rected for sample size (Hg) were computed for nuclear SSRs using SPAGeDi 1.4c [82]; the stan-
dard error of Hg was estimated from jackknife replicates using the PopGenKit package [83] in
Rversion 3.1.1 [84]. To assess deviations from Hardy-Weinberg genotypic proportions, e.g.
caused by non-random mating or null alleles, we computed the fixation index (Fjs) and tested
deviation from zero using 10,000 permutations of alleles within populations in SPAGeDi. We
estimated the frequencies of possible null alleles using the Brookfield2 estimator [85,86] and
estimated a fixation index corrected for null alleles in MicroChecker 2.2.3 [87]. Occasionally,
multilocus genotypes were found more than once within populations. The probability for
these copies to be derived from distinct sexual reproductive events, psex, was computed in
GenClone [88]. Plastid haplotypes were defined combining nucleotide polymorphisms, indels
and inversions in the sequence. Rarefied plastid haplotye richness, Agp, and haplotypic diver-
sity, h, were obtained in SPAGeDi 1.4c.

Test and quantification of FSGS. To test for the presence of overall FSGS in each popula-
tion and quantify its strength, we followed the approach of Vekemans and Hardy [1] for
nuclear and plastid DNA markers separately. Pairwise kinship coefficients F;; [89] were calcu-
lated in SPAGeDi 1.4c in all populations and were regressed on the logarithm of pairwise spa-
tial distances between individuals. The significance of the regression slope b was tested using
10,000 permutations of the spatial position of the individuals. The strength of FSGS was esti-
mated as Sp = -b/(1-Fj;)) [1] where Fy,) is the average kinship coefficient of individuals in the
first distance class. The number and size of distance classes was defined for each population
according to recommendations from the SPAGeDi user manual [90]: similar numbers of pair-
wise comparisons across classes, > 50% of individuals present in each class and a coefficient of
variation < 1 of the number of times each individual was represented in each class.

As an alternative to Sp, we also performed a spatial principal component analysis (sPCA) in
the adegenet package in R [91]. This allowed us to test for overall FSGS (e.g. patches of related
individuals, allele frequency gradients) using a G-test, and to estimate the strength of spatial
structure as the eigenvalue of the first SPCA axis, eig.sPCA. Since we observed a priori a stron-
ger FSGS in African than Neotropical populations, we assessed differences in FSGS between
continents using T-tests based on either Sp values or eig.sPCA. To specifically address the rela-
tionship between FSGS and altitudinal sampling range within populations, we performed a
Spearman rank correlation test between Sp or eig.sPCA and the standard deviation of sampling
altitude using R (see also next section).

Spatial genetic heterogeneity and its causes. Besides FSGS due to drift-dispersal equilib-
rium, non-equilibrium processes such as selection or barriers to reproduction can lead to spa-
tial genetic heterogeneity (SGH). We tested for SGH using two types of approaches based on
nuclear SSRs, and then investigated its potential causes through examining its strength, con-
gruence with SGH at maternally inherited plastid markers and specific spatial arrangement.
For SSRs, we used: 1) a G-test to detect global structure (see above) and an L-test to detect
local structure, the latter corresponding to an increased differentiation between spatially close
individuals, and estimated sPCA scores [—1,1] for each individual on the first global or local
sPCA axes, respectively [27]; 2) the Bayesian clustering analysis implemented in STRUCTURE
ver. 2.3.4 [92] to detect sympatric gene pools (GPs) and estimate ancestry proportions (Q,
[0,1]) for each individual in each GP. STRUCTURE was chosen because it is particularly effi-
cient at detecting GPs that co-occur in the same geographical site when spatial structure is
weak [24] and because it allows to test whether a model with differentiated GPs (K>1) fits the
data better than a model with a single GP (K = 1). To detect shared GPs among populations,
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STRUCTURE was run separately for the groups of populations that were genotyped together
(to avoid mixing SSRs datasets for which allele identities were not cross-standardised: Itubera
and African populations; Yasuni and BCI). Then the analysis was run within each population.
We used an admixture model with correlated allele frequencies for codominant markers and
10 repetitions for each number of clusters, K, from 1 to 7, using a burn-in length of 20,000 and
a run length of 80,000 iterations. Chain convergence was checked visually. The K that best
described the data was determined as the one with the highest logarithm probability of data, In
Pr(X|K) (also referred to as L(K)), following Pritchard et al. [93], and using the Delta K (AK)
method described by Evanno et al. [94] (see S2 File). Since the codominant markers model is
not necessarily robust to the effect of null alleles, we repeated all analyses using the recessive
alleles model as explained in the STRUCTURE documentation to assess the effect of null alleles
on the clustering solution. Also, for sites with K > 1, analyses were repeated using an admix-
ture model in the spatially explicit clustering program TESS 2.3.1. [24] using either a constant
or alinear trend, and for the latter, a spatial interaction parameter of 0.6 or 1 (S2 File). Maps of
the geographical distribution of GPs and haplotypes per sampling location were built in QGIS
2.4 [95].

If within-population SGH occurs, its strength, its association with plastid DNA and its spa-
tial arrangement, e.g. in the context of habitat variation, can provide further information on its
ecological and evolutionary determinants. As measures of SGH, we used the individual sPCA
scores and GP ancestry proportions (Q) computed above. First, to examine the strength of
SGH, we assessed Q values and genetic differentiation (Fsy) among co-occurring GPs, consid-
ering higher Q and higher Fsr as indicators of stronger divergence. Fsr among GPs within
populations was estimated and tested with permutation tests using SPAGeDi, assigning indi-
viduals to GPs based on Q>50% or Q>87.5%, the latter category susceptible to include geneti-
cally pure, first and later-generation backcrosses [96]. Within GPs based on Q>87.5%, e.g.
representing putative distinct reproductive demes, we assessed the presence of null alleles,
deviation from Hardy-Weinberg proportions and strength of FSGS as above. Second, to test
for historically diverged lineages, we assessed cyto-nuclear disequilibria [97] between plastid
haplotypes and nuclear SGH. We performed one-way ANOVA in R to detect if groups of indi-
viduals carrying the same haplotype differed in their mean individual sSPCA scores. We also
tested for association of haplotypes and GPs (Q>50%) using Fisher tests that ignored spatial
autocorrelation in the data and we performed partial Mantel tests based on similarity matrices
(“1” for pairs of individuals sharing the same haplotype or GP, “0” for pairs with different hap-
lotypes or GPs) in which we controlled for spatial autocorrelation through a spatial distance
matrix using the Ecodist package [98] in R. In Paracou, we further tested the association
between GPs or haplotypes and morphotypes, similarly using Fisher and partial Mantel tests.
Third, we examined altitudinal stratification of genetic variation in each population as would
be expected, for example, in the case of restricted mobility of dispersers due to slopes [99,100].
We performed one-way ANOVA to test if three ad hoc defined altitudinal classes differed in
their mean individual sPCA scores, and in their mean Q value for each GP. Association with
altitudinal classes was preferred over a regression analysis because the relationship to test is
not necessarily linear.

Results
Genetic diversity

Nuclear microsatellite data and individual coordinates are reported in S1 File. The number of
SSR alleles per locus and population ranged from three to 35. In Itubera, four multilocus geno-
types (genets) occurred in more than one (2-3) trees (ramets) sampled in close proximity
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Table 3. Genetic diversity estimates of Symphonia globulifera populations. n,,, sample size for SSR data; SSR, number of SSR loci genotyped; A,
mean number of alleles per locus; Ar (SD), allelic richness or number of alleles expected in a sample of 34 individuals and its standard deviation; Hg (SE),
expected heterozygosity and its standard error based on jackknife resampling; Fg, fixation index; Fig*, fixation index after null allele correction; ng,, sample
size for plastid DNA; hap, number of plastid haplotypes; Agy, plastid haplotype richness or number of haplotypes expected in a sample of 10 individuals; h,
gene diversity for plastid haplotypes corrected for sample size. ***, P<0.001; **, P<0.01; *, P<0.01; ns, not significant; nc, not computed.

Population Nhue | SSR A Ag (SD) He (SE) Fs Fs * ne, | hap Arp h
Neotropics

BCI 147 |5 13.8 8.68 (2.07) 0.831 (0.016) 0.148*** | -0.049** 10 |2 2 0.356
Yasuni 34 5 11 9.21 (2.46) 0.783 (0.038) 0.057ns nc 10 1 1 0
Paracou 148 |3 23.6 12.57 (3.56) 0.880 (0.031) 0.172%** | -0.003"® 9% |5 3.21 0.494
ltubera 85 5 10.8 7.26 (5.10) 0.632 (0.061) 0.107*** | 0.072* 50 |4 3.03 0.594
Africa

Sao Tomé 42 5 12.6 9.81 (2.76) 0.813(0.022) 0.183*** | 0.111*** 38 |4 2.48 0.450
Nkong Mekak 70 5 14.2 9.95 (5.59) 0.801 (0.044) 0.148*** | 0.081*** 49 |6 4.04 0.729
Mbikiliki, 94 5 16.2 9.81(4.82) 0.748 (0.043) 0.154*** | 0.086%** 50 |7 3.34 0.571

https://doi.org/10.1371/journal.pone.0182515.t1003

(4-25m), and in Sdo Tomé, two trees carried the same genotype, but spatial coordinates were
unknown for one copy. Haplotype data was only available for both genotype copies in Séo
Tomé, which bore identical haplotypes. Psex for the genotype copies was low, from 1.13 x 10~
to 2.17 x 10, suggesting that trees with identical multilocus genotypes represented clonal
copies. Heterozygosity and allelic richness estimates were high and similar in all populations
with the exception of Itubera, where both statistics were slightly lower, although not signifi-
cantly different from other populations (Table 3). Significant inbreeding was detected in all
populations but Yasuni (Table 3). Microchecker detected null alleles in all inbred populations,
but Fig corrected for null alleles remained significant in several populations, especially in
Africa, suggesting non-random mating (Table 3).

Twenty-five plastid DNA haplotypes were detected across populations. The psbA-trnH
alignment varied at 28 positions, for sequence lengths of 289-515 bp. Polymorphism varied
strongly between populations, from one haplotype in Yasuni to 6 and 7 haplotypes in the Cam-
eroonian populations (Table 3, see S3 File for the complete list of Genbank accession numbers,
including the newly generated sequences KX572421—KX572686), a result that was mirrored
in the estimates of rarefied haplotype richness (Table 3).

Fine scale spatial genetic structure (FSGS)

Significant FSGS was observed in all populations except Yasuni, with an estimated strength of
FSGS from Sp = 0.0003 in Yasuni to Sp = 0.0341 in Sdo Tomé (Table 4, Fig 1). Sp values and
their significance remained similar when the analysis was restricted to three loci in all popula-
tions (the loci assessed by Degen et al. [72] in Paracou, $4 File). These results suggested that
the analysed SSRs had sufficient power to detect FSGS and estimate its strength. The sPCA
analysis identified a significant global FSGS by means of a G-test within all populations, with
eigenvalues of the first sSPCA axis, eig.sPCA, ranging from 0.029 in BCI to 0.272 in Sdo Tomé
(Table 4). FSGS was stronger in African than in Neotropical populations with mean Sp = 0.025
in Africa vs. 0.008 in America and mean eig.sPCA = 0.180 in Africa vs. 0.049 in America
(P =0.029 for Sp and P = 0.014 for eig.sPCA using one-tailed T-tests). Sp and eig.sPCA were
both positively correlated with altitudinal sampling range (for Sp: Spearman rho = 0.76,
P =0.033; for eig.sPCA: rho = 0.89, P = 0.006).

Most populations displayed significant FSGS for maternally inherited plastid DNA
sequences with Sp ranging from -0.0032 to 0.4883. The signal was an order of magnitude
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Table 4. Estimates of FSGS parameters in Symphonia globulifera populations. n,,., sample size for SSR data; n.,, sample size for plastid DNA; DC,
number of distance classes; 1st DC, maximum distance of the first class (m); Fj«), mean kinship coefficient of the first distance class; Sp, intensity of FSGS
and P-value of one-sided test of the regression slope b of F;on the logarithm of spatial distance; b (SE), jackknife mean of b and its standard error; eig.sPCA:
eigenvalue of the first sPCA axis and significance of G-test. ns, not significant. ***, P<0.001; **, P<0.01; nc, not calculated (no coordinates available).

Population Nnuc
Neotropics

BCI 147
Yasuni 34

Paracou 148
ltubera 85

Africa

Sao Tomé 42

Nkong Mekak 70

Mbikiliki 94

DC

a s~ o N

SSRs Plastid DNA

1stDC Fiien) Sp b (SE) eig.sPCA Nep Sp b
113 0.030 0.0166*** -0.0161 (0.0060) 0.029*** 10 nc nc
131 0.003 0.0003ns -0.0003 (0.0057) 0.057*** 10 nc nc
203 0.015 0.0090*** -0.0088 (0.0029) 0.038*** 96 0.1021%** -0.0925
152 0.009 0.0074** -0.0074 (0.0023) 0.073*** 50 -0.0032"° 0.0032
856 0.084 0.0341%** -0.0312 (0.0096) 0.272%** 38 0.4951%** -0.2802
312 0.020 0.0124%** -0.0122 (0.0034) 0.111%** 49 0.2769%** -0.1787
240 0.072 0.0273*** -0.0253 (0.0105) 0.154%** 50 0.4883*** -0.2069

https://doi.org/10.1371/journal.pone.0182515.t1004

greater than at nuclear markers, with stronger structure in African (Sp > 0.277) than in Neo-
tropical populations (Sp < 0.102, Table 4).

Spatial genetic heterogeneity and its causes

Based on sPCA, we detected global structure in all populations (G-test, see above), but the L-
test for local structure was not significant in any population, suggesting that neighbouring
individuals were not strongly differentiated. STRUCTURE analysis for codominant markers
across populations revealed that each population segregated into its own GP except the two
Cameroonian populations, which shared the same two GPs. Within populations, the number
of GPs that best explained the data was K = 1 in the American populations Yasuni and Itubera,
and K =2 or K = 3 in the African populations (Figs 2 and 3, Table 5, S2 File). For the American
populations Paracou and BCI, the selection of the best K was not trivial: STRUCTURE barplots
reflected subtle substructure with uneven ancestry proportions Q across individuals in up to

K =3 clusters, but L(K) was highest for K= 3 in BCI and for K = 1 in Paracou, the solutions we
eventually retained (S2 File). The recessive alleles model in STRUCTURE gave similar results,
with Pearson correlation coefficients r>0.94 for individual ancestry proportions between the
codominant and recessive alleles models (S2 File). We thus considered that null alleles had a
negligible effect on the STRUCTURE analysis, and retained only results from the codominant

Table 5. Strength of genetic differentiation between nuclear gene pools (GPs) within Symphonia globulifera populations. K, number of STRUC-
TURE clusters; Fst(g=0.5), FsT among GPs with individual assignment based on Q> 0.5; Fsr(g>0.875), FsT among GPs with Q>0.875; PI50 (%), proportion of
individuals assigned to a GP based on Q> 0.5; P187 (%), proportion of individuals assigned to a GP based on Q>0.875. nd, not defined; ***, P<0.001.

Population
Neotropics
BCI

Yasuni
Paracou
ltubera
Africa

Sao Tomé
Nkong Mekak
Mbikiliki

K

| aw

https://doi.org/10.1371/journal.pone.0182515.t005

Fst(a>0.5) Fst(a>0.875) PI50 (%) PI87 (%)

0.082*** nd 76.9 0

nd nd nd nd

nd nd nd nd

nd nd nd nd

0.168*** 0.234*** 97.6 571

0.082*** 0.141%** 100.0 70.0

0.102%** 0.188*** 100.0 67.0
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Table 6. Spatial genetic heterogeneity in SSR data and its association with plastid DNA haplotypes, i.e. cytonuclear disequilibria, and altitude.
The mean sPCA score for the first SPCA axis is given for individuals carrying the same haplotype, sPCA (hap), or belonging to the same ad hoc altitudinal
class sPCA (alt); n, sample size range per altitudinal class. P values represent the significance of ANOVA analyses testing differences in the mean sPCA
score for haplotypes, P(hap) or altitudinal classes, P(alt). nc', not computed because coordinates were unavailable or populations were monomorphic; nc?,
not computed because SSR and plastid DNA data were collected from different individuals; ns, not significant; ***, P<0.001; **, P<0.01; *, P<0.05.

Population P(hap) sPCA (hap1) sPCA (hap2) sPCA (hap3) P(alt) n sPCA (alt1) sPCA (alt2) sPCA (alt3)
Neotropics

BClI nc’ nc’ nc' nc' ns 46-51 -0.022 -0.011 0.031
Yasuni nc' nc' nc' nc' ns 11-12 0.053 0.003 -0.057
Paracou nc? nc? nc? nc? ns 46-55 0.036 -0.044 0.001
ltubera ns -0.086 (H10) -0.104 (H13) 0.091 (H3) ns 28-29 0.127 -0.071 -0.055
Africa

Sao Tomé * -0.209 (H5) 0.431 (H6) - *x 12-16 -0.568 0.036 0.716
Nkong Mekak *xx -0.412 (H15) -0.309 (H19) 0.323 (H24) ** 23-24 -0.075 0.300 -0.216
Mbikiliki *xx -0.688 (H19) 0.182 (H25) 0.258 (H24) *x 31-32 0.230 -0.335 0.102

https://doi.org/10.1371/journal.pone.0182515.1006

marker model for further analyses. In populations with multiple GPs, the proportion of indi-
viduals assigned at Q>0.875 was high (57-70%) in the African populations reflecting putative
coexisting demes, while individuals in American populations were more homogeneous or
admixed on average (Table 5; compare bar plots representing Q in American [Fig 2] vs. Afri-
can populations [Fig 3], S2 File). STRUCTURE results were broadly congruent with those
obtained in TESS (S2 File).

In the African populations, Fig within GPs (Q>0.875) was generally non-significant (S1
Table), suggesting that deviation from Hardy-Weinberg equilibrium at the population level
(Table 3) was largely due to population substructure. Fis was however significant in GP2 in
both Mbikiliki and Nkong Mekak and remained significant after correction for null alleles in
Nkong Mekak, suggesting deviation from random mating within this GP, e.g. due to selfing or
biparental inbreeding.

Cyto-nuclear disequilibria based on ANOVA were detected in the three African popula-
tions only: individuals carrying different haplotypes differed in their mean sPCA score
(Table 6). Haplotype-GP association tests were only significant in the two Cameroonian popu-
lations, where GP1 was associated with haplotype H19 and GP2 with H24 in both populations
(Fisher test, P<0.001; Fig 2). The associations were still significant after controlling for geo-
graphical distance (partial Mantel tests, P<0.001 in both populations). In Paracou, individuals
from the same morphotype were genetically more related at plastid DNA than expected at ran-
dom (Fisher test: P<0.01; partial Mantel test: P<0.05).

Finally, we detected a clear altitudinal stratification in African but not in Neotropical popu-
lations: in Africa, individuals from different ad hoc altitude classes differed in their mean
sPCA scores (Table 6). Further, in all populations with multiple GPs, at least one GP was asso-
ciated with a specific altitudinal class (S2 Table). These results also supported stronger altitudi-
nal stratification of GPs in Africa.

Discussion

Six out of seven Symphonia globulifera populations from Africa and America displayed fine-
scale spatial genetic structure based on Sp, and all seven had a significant FSGS based on
sPCA. The magnitude of FSGS was overall in agreement with expectations for outcrossed trop-
ical trees but varied strongly among populations, from Sp = 0.000 to Sp = 0.034 for SSRs. Afri-
can populations had a much stronger FSGS signal than Neotropical populations, based on
both nuclear and plastid markers, and the signal was associated with larger altitudinal
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gradients in Africa than in America. These results suggested on average a more restricted gene
flow, and especially a more restricted seed-based gene flow, in African than in American popu-
lations, reflecting a more restricted movement of dispersers in rugged African populations.
There was limited evidence for selfing in S. globulifera, but null alleles and population sub-
structure (SGH) contributed to deviations from Hardy-Weinberg genotypic proportions
within populations. There was evidence for cyto-nuclear disequilibria and historical gene pool
differentiation in the two Cameroonian populations, while the population from French Gui-
ana displayed an association of plastid haplotypes with two morphotypes characterized by dif-
ferential habitat preferences.

Methodological considerations

Some methodological issues are worth discussing with regard to our results. First, samples
were collected either randomly or following approximate transects in different populations
(Figs 2 and 3). This should not have affected meaningfully the estimation of FSGS using the
Sp statistic, which is robust towards differences in sampling scheme [1,101]. Second, our
sampling covered large distances (maximum distance of one to several km) within popula-
tions, likely covering the suitable distance range where kinship decays linearly with the loga-
rithm of distance [1], hence minimizing the risk of overestimating FSGS due to too short
sampling distances [102]. Third, our sampling scheme had probably a low power to estimate
the decay of kinship at short distance because only a low proportion of sample pairs corre-
sponded to true nearest neighbours in the populations. Forth, our populations featured dif-
ferent densities of S. globulifera. This can affect FSGS, which is expected to increase in low-
density populations because of a reduced overlap of seed shadows [1,7]. Against a priori
expectations, however, weak FSGS was observed in the low-density Neotropical populations
BCI and Yasuni, where sampling included also younger individuals (>1cm dbh) potentially
representing cohorts of related individuals. The weaker than expected FSGS in these popula-
tions could have been caused by confounding factors, e.g. increased animal-mediated dis-
persal distance in low-density populations [12]. In any case, considering the stronger FSGS
in African than in Neotropical populations observed in our study, variation in population
density and age of sampled individuals did not appear to magnify the pattern of FSGS differ-
ences among populations.

Although the number of SSRs used in our study was low (3-5), these highly polymorphic
markers were able to detect significant FSGS in all and in six out of seven populations, by
means of the G-test and Sp, respectively. This indicates a sufficient power for the purpose of
the study. In fact, a dataset of 18 genic SSRs on ca. 30 individuals [80] had a lower power than
our FSGS analyses (FSGS analyses on data from Olsson ef al. 2016 are reported in S4 File).
Another risk of using a low marker number is that it can lead to erroneous GP inference (e.g.
using STRUCTURE) because few markers do not capture well the diversity of stochastic line-
age sorting processes due to random genetic drift [103]. To mitigate this potential problem, we
used two types of cyto-nuclear and habitat association analyses, i.e. based on GPs and based on
sPCA scores, which gave congruent results. Several studies also reported that IBD can lead to
overestimation of the number of GPs inferred by STRUCTURE [22,104]. Explicitly adjusting
for IBD in our populations by using a spatial prior in the TESS analysis did however not reduce
the number of inferred GPs (S2 File). Our results suggest that ancestry proportions Q should
complement the interpretation of K because K alone does not characterize population sub-
structure well. Examining both statistics in the populations where K = 3, we can interpret GPs
in Sdo Tomé as putative distinct demes with some degree of reproductive isolation, whereas in
BCI, we conclude that GPs are mostly a result of allele frequency gradients (Table 5).
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Biotic and abiotic determinants of within-population spatial genetic
structure

The observed FSGS patterns in our study can be explained through a series of factors, includ-
ing topographic complexity, seed and pollen dispersal features, biogeographic history and,
potentially, microenvironmental adaptation.

At SSRs, FSGS was in the range expected for species with outcrossing or mixed mating sys-
tems (Sp from 0.0126 to 0.0372) and animal- or gravity-mediated seed dispersal (Sp from
0.0088 to 0.0281, [1,8,105]), in agreement with S. globulifera’s life history traits [59,73]. Sp at
maternally inherited plastid DNA was generally an order of magnitude greater than at bipa-
rentally inherited SSRs. This pattern suggests that, among other factors, restricted seed dis-
persal shapes FSGS in S. globulifera whereas pollen is the long-distance component of gene
flow (see [30]), a typical pattern in tropical trees (e.g. [8,29]).

The factor that most clearly co-varied with FSGS was altitudinal sampling range: stronger
FSGS was observed in populations sampled in more prominent altitudinal gradients, specifi-
cally, in African populations with large altitudinal gradients (>350 m in Cameroon, >1200
m in Sao Tomé). Steep topography is known to restrict the mobility of animal species
[99,100,106], thus reducing gene flow and increasing the genetic structure of the plants that
these animals disperse [14,15]. This mechanism could partially explain the strong FSGS in
African populations of S. globulifera. In addition, the complexity of habitats and the vegeta-
tion associated with such gradients could have favoured microenvironmental adaptation of
S. globulifera (see below) and/or specialization of its dispersers, in terms of behaviour or
community composition [107,108], restricting seed dispersal. Unfortunately, no data on the
precise composition of disperser communities or the behaviour of S. globulifera dispersers
are available for our study populations. On the other hand, large-scale differences in dis-
perser communities between continents can contribute to explaining the observed pattern.
Bats (Artibeus spp.) or tapirs (Tapirus terrestris and Tapirus bairdii), endemic to the Neotrop-
ics, can disperse propagules from hundreds of meters to several kilometres ([61,62,66,109],
see Table 1). Both bats and tapirs (the latter not present in BCI) can concentrate a wide spec-
trum of seed genotypes at their feeding roosts or latrines, respectively, promoting seed
shadow overlap and thereby, decreasing FSGS [59,71]. Bat-mediated seed dispersal of S. glo-
bulifera has only been reported in American populations, although frugivorous bats occur
also in Africa. Hornbills could constitute an equivalent long-seed disperser in Africa but they
putatively regurgitate the seeds of S. globulifera [49], which could reduce dispersal distances
compared to endozoochory [50,110,111].

The two Cameroonian populations Mbikiliki and Nkong Mekak provided an interesting
example of biogeographic history shaping within-population structure. In these popula-
tions, we observed the same associations between GPs and plastid haplotypes, and evidence
of preferential reproduction within GPs (Wahlund effect). Such cyto-nuclear associations
reflect the sympatric occurrence of differentiated lineages. An allopatric differentiation
of such lineages is most commonly proposed, for instance in distinct refugia where rainfor-
est species persisted during the dry and cold periods of the Pleistocene [112]. Cameroonian
S. globulifera lineages now co-occur in the Ngovayang massif, a region that corresponds
to a proposed Pleistocene refuge area [112-114]. A comparison with plastid haplotypes
widely sampled across Lower Guinea (Gabon and Cameroon) suggested a restricted distri-
bution of the concerned lineages, in agreement with previous suggestions of local popula-
tion persistence and absence of evidence for pronounced range shifts in S. globulifera [30].
The cyto-nuclear disequilibria are thus unlikely to reflect insufficient time for genetic
homogenization after colonization (e.g. [98,115]). Rather, we believe they reveal a persistent
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historical or adaptive pattern maintained by partial reproductive isolation or assortative
mating [97,116].

Adaptation to locally heterogeneous habitats, e.g. to specific soil properties or associated
vegetation, could also explain the genetic clustering and altitudinal stratification of GPs in
our study ([19,117,118], see [119] for an overview). In Paracou, where soil moisture content
decreases with relative elevation, Allié and collaborators [120] showed that the common S. glo-
bulifera morphotype is associated with moist valley bottoms whereas the alternative morpho-
type preferentially grows in the upper part of slopes. The morphotype—haplotype association
in our data and the morphotype—GP association based on genic SSRs (54 File) indicates that
differential habitat preferences are paralleled by genetic differentiation in S. globulifera in Para-
cou. Similarly, local-scale genetic differentiation in the Neotropical tree Eperua falcata has
been attributed to edaphic specialization [118,121]. Signals of microenvironmental selection
can be detected in neutral markers [20,117,122] when they are linked to makers under selec-
tion, or when emerging reproductive barriers foster linkage among physically unlinked
markers [21,123]. Adaptive divergence can thus potentially lead to cyto-nuclear disequilibria
resulting in patterns like those observed in the Cameroonian populations.

Assortative mating can interact with other forces to enhance genetic structure, potentially
resulting also in significant inbreeding. Mass flowering events and asynchronous flowering
promote pollinator movements between flowers of the same tree (see [75,124,125]) leading
to temporal assortative mating [126]. This is likely in S. globulifera which may produce up
to 200 open flowers per tree each day and for which unsynchronized flowering is suspected
[52,72,74]. Further, agamospermy (seed development without fertilization) has been observed
in other Clusiaceae (e.g. in the genera Garcinia and Clusia [127-129]) and leads to groups of
genetically identical individuals as observed in two of the studied S. globulifera populations.
However, additional data is needed to determine whether the observed clonality is due to aga-
mospermy or to root suckers.

Conclusions

We detected a wide diversity of FSGS patterns within S. globulifera populations, from non-sig-
nificant or weak FSGS in Neotropical populations to pronounced structure in African ones.
The strength of FSGS correlated with both disperser communities and altitudinal sampling
range, while our data also contained evidence for co-occurrence of differentiated lineages and
GP aggregation following habitat features. These results highlight the importance of spatially
explicit eco-evolutionary processes in the local habitat exploitation of an ancient tropical tree
species. The microenvironmental scale thus seems crucial for evolutionary processes in persis-
tent populations of tree species, as has recently been shown in reports on microenvironmental
adaptation in forest trees [118-120,122].

Supporting information

S1 File. Geographic coordinates and microsatellite genotypes of Symphonia globulifera
samples used in this study.
(XLSX)

S2 File. Genetic clustering based on STRUCTURE and TESS.
(DOCX)

S3 File. Evolutionary relationships among psba-trnH plastid DNA haplotypes and Gen-
bank accession numbers of sequences.
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0182515  August 3, 2017 16/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182515.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182515.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182515.s003
https://doi.org/10.1371/journal.pone.0182515

@° PLOS | ONE

Fine-scale spatial genetic structure in Symphonia globulifera

$4 File. Genetic diversity and spatial genetic structure statistics in Symphonia globulifera
based on different groups of SSRs.
(DOCX)

S1 Table. Estimates of mating system and FSGS parameters in genetic clusters of Sympho-
nia globulifera.
(DOCX)

S2 Table. Altitudinal clustering of gene pools in Symphonia globulifera populations.
(DOCX)

Acknowledgments

We thank Tariq Stévart (Missouri Botanical Garden), Gilles Dauby and Olivier Hardy (Uni-
versité Libre de Bruxelles), Peter Mambo, Green Connexion Cameroon, IRD Cameroon,

and EcoFoG staff for help with sampling, Carmen Garcia-Barriga and Zaida Lorenzo (INIA-
CIFOR) for assistance in the laboratory, Jesus Martinez Fernandez for his help with map han-
dling, and Gregor Unger and Mario Zabal Aguirre for assistance in data editing.

Author Contributions

Conceptualization: Paloma Torroba-Balmori, Katharina B. Budde, Santiago C. Gonzalez-
Martinez, Myriam Heuertz.

Data curation: Paloma Torroba-Balmori, Katharina B. Budde, Katrin Heer, Sanna Olsson,
Caroline Scotti-Saintagne, Maxime Casalis, Christopher W. Dick, Myriam Heuertz.

Formal analysis: Paloma Torroba-Balmori, Katharina B. Budde, Myriam Heuertz.

Funding acquisition: Paloma Torroba-Balmori, Katharina B. Budde, Katrin Heer, Caroline
Scotti-Saintagne, Myriam Heuertz.

Investigation: Paloma Torroba-Balmori, Katharina B. Budde, Katrin Heer, Sanna Olsson,
Caroline Scotti-Saintagne, Maxime Casalis, Bonaventure Sonké, Christopher W. Dick,
Myriam Heuertz.

Methodology: Paloma Torroba-Balmori, Santiago C. Gonzalez-Martinez, Myriam Heuertz.
Project administration: Caroline Scotti-Saintagne, Myriam Heuertz.

Resources: Katharina B. Budde, Katrin Heer, Sanna Olsson, Caroline Scotti-Saintagne, Max-
ime Casalis, Bonaventure Sonké, Christopher W. Dick, Myriam Heuertz.

Supervision: Santiago C. Gonzalez-Martinez, Sanna Olsson, Caroline Scotti-Saintagne, Myr-
iam Heuertz.

Validation: Paloma Torroba-Balmori, Katharina B. Budde, Sanna Olsson, Myriam Heuertz.
Visualization: Paloma Torroba-Balmori.
Writing - original draft: Paloma Torroba-Balmori, Katharina B. Budde, Myriam Heuertz.

Writing - review & editing: Paloma Torroba-Balmori, Katharina B. Budde, Katrin Heer, San-
tiago C. Gonzalez-Martinez, Sanna Olsson, Caroline Scotti-Saintagne, Christopher W.
Dick, Myriam Heuertz.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182515  August 3, 2017 17/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182515.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182515.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182515.s006
https://doi.org/10.1371/journal.pone.0182515

@° PLOS | ONE

Fine-scale spatial genetic structure in Symphonia globulifera

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Vekemans X, Hardy OJ. New insights from fine-scale spatial genetic structure analyses in plant popu-
lations. Mol Ecol. 2004; 13: 921-935. https://doi.org/10.1046/j.1365-294X.2004.02076.x PMID:
15012766

Degen B, Blanc L, Caron H, Maggia L, Kremer A, Gourlet-Fleury S. Impact of selective logging on
genetic composition and demographic structure of four tropical tree species. Biol Conserv. 2006; 131:
386—401. https://doi.org/10.1016/j.biocon.2006.02.014

Wright S. Isolation by Distance. Genetics. 1943; 28: 114—138. PMID: 17247074

Meirmans PG. The trouble with isolation by distance. Mol Ecol. 2012; 21: 2839—2846. https://doi.org/
10.1111/j.1365-294X.2012.05578.x PMID: 22574758

Malécot G. Quelques schémas probabilistes sur la variabilité des populations naturelles. Annales de |
‘Université de Lyon. 1951; 13: 339-340.

Rousset F. Genetic differentiation between individuals. J Evol Biol. 2000; 13: 58—62. https://doi.org/
10.1046/).1420-9101.2000.00137.x

Sagnard F, Oddou-Muratorio S, Pichot C, Vendramin GG, Fady B. Effects of seed dispersal, adult tree
and seedling density on the spatial genetic structure of regeneration at fine temporal and spatial
scales. Tree Genet Genomes. 2011; 7: 37—48. https://doi.org/10.1007/s11295-010-0313-y

Hardy OJ, Maggia L, Bandou E, Breyne P, Caron H, Chevallier MH, et al. Fine-scale genetic structure
and gene dispersal inferences in 10 Neotropical tree species. Mol Ecol. 2006; 15: 559-571. https://doi.
org/10.1111/j.1365-294X.2005.02785.x PMID: 16448421

Dick CW, Hardy OJ, Jones FA, Petit RJ. Spatial scales of pollen and seed-mediated gene flow in tropi-
cal rain forest trees. Trop Plant Biol. 2008; 1: 20—33. https://doi.org/10.1007/s12042-007-9006-6

Robledo-Arnuncio JJ, Collada C, Alia R, Gil L. Genetic structure of montane isolates of Pinus sylves-
tris L. in a Mediterranean refugial area. J Biogeogr. 2005; 32: 595-605. https://doi.org/10.1111/j.1365-
2699.2004.01196.x

Rhodes MK, Fant JB, Skogen KA. Local Topography Shapes Fine-Scale Spatial Genetic Structure in
the Arkansas Valley Evening Primrose, Oenothera harringtonii (Onagraceae). J Hered. 2014; 105:
900-909. https://doi.org/10.1093/jhered/esu051 PMID: 25189774

Dick CW, Etchelecu G, Austerlitz F. Pollen dispersal of tropical trees (Dinizia excelsa: Fabaceae) by
native insects and African honeybees in pristine and fragmented Amazonian rainforest. Mol Ecol.
20083; 12: 753-764. https://doi.org/10.1046/].1365-294X.2003.01760.x PMID: 12675830

Cordeiro NJ, Ndangalasi HJ, McEntee JP, Howe HF. Disperser limitation and recruitment of an
endemic African tree in a fragmented landscape. Ecology. 2009; 90: 1030—1041. https://doi.org/10.
1890/07-1208.1 PMID: 19449697

Dyer RJ, Chan DM, Gardiakos VA, Meadows CA. Pollination graphs: Quantifying pollen pool covari-
ance networks and the influence of intervening landscape on genetic connectivity in the North Ameri-
can understory tree, Cornus florida L. Landsc Ecol. 2012; 27: 239-251. https://doi.org/10.1007/
$10980-011-9696-x

Cortes MC, Uriarte M. Integrating frugivory and animal movement: a review of the evidence and impli-
cations for scaling seed dispersal. Biol Rev. 2013; 88: 255-272. https://doi.org/10.1111/j.1469-185X.
2012.00250.x PMID: 23136896

Jordano P, Garcia C, Godoy JA, Garcia-Castafio JL. Differential contribution of frugivores to complex
seed dispersal patterns. Proc Natl Acad Sci U S A. 2007; 104: 3278-3282. https://doi.org/10.1073/
pnas.0606793104 PMID: 17360638

Mitton JB, Kreiser BR, Latta RG. Glacial refugia of limber pine (Pinus flexilis James) inferred from the
population structure of mitochondrial DNA. Mol Ecol. 2000; 9: 91-97. https://doi.org/10.1046/j.1365-
294X.2000.00840.x PMID: 10652078

Born C, Hardy OJ, Chevallier MH, Ossari S, Attéké C, Wickings EJ, et al. Small-scale spatial genetic
structure in the Central African rainforest tree species Aucoumea klaineana: A stepwise approach to
infer the impact of limited gene dispersal, population history and habitat fragmentation. Mol Ecol.
2008; 17: 2041-2050. https://doi.org/10.1111/1.1365-294X.2007.03685.x PMID: 18331246

Andrew RL, Ostevik KL, Ebert DP, Rieseberg LH. Adaptation with gene flow across the landscape in a
dune sunflower. Mol Ecol. 2012; 21: 2078-2091. https://doi.org/10.1111/j.1365-294X.2012.05454.x
PMID: 22429200

Shafer ABA, Wolf JBW. Widespread evidence for incipient ecological speciation: A meta-analysis of
isolation-by-ecology. Ecol Lett. 2013; 16: 940-950. https://doi.org/10.1111/ele.12120 PMID:
23627762

PLOS ONE | https://doi.org/10.1371/journal.pone.0182515  August 3, 2017 18/23


https://doi.org/10.1046/j.1365-294X.2004.02076.x
http://www.ncbi.nlm.nih.gov/pubmed/15012766
https://doi.org/10.1016/j.biocon.2006.02.014
http://www.ncbi.nlm.nih.gov/pubmed/17247074
https://doi.org/10.1111/j.1365-294X.2012.05578.x
https://doi.org/10.1111/j.1365-294X.2012.05578.x
http://www.ncbi.nlm.nih.gov/pubmed/22574758
https://doi.org/10.1046/j.1420-9101.2000.00137.x
https://doi.org/10.1046/j.1420-9101.2000.00137.x
https://doi.org/10.1007/s11295-010-0313-y
https://doi.org/10.1111/j.1365-294X.2005.02785.x
https://doi.org/10.1111/j.1365-294X.2005.02785.x
http://www.ncbi.nlm.nih.gov/pubmed/16448421
https://doi.org/10.1007/s12042-007-9006-6
https://doi.org/10.1111/j.1365-2699.2004.01196.x
https://doi.org/10.1111/j.1365-2699.2004.01196.x
https://doi.org/10.1093/jhered/esu051
http://www.ncbi.nlm.nih.gov/pubmed/25189774
https://doi.org/10.1046/j.1365-294X.2003.01760.x
http://www.ncbi.nlm.nih.gov/pubmed/12675830
https://doi.org/10.1890/07-1208.1
https://doi.org/10.1890/07-1208.1
http://www.ncbi.nlm.nih.gov/pubmed/19449697
https://doi.org/10.1007/s10980-011-9696-x
https://doi.org/10.1007/s10980-011-9696-x
https://doi.org/10.1111/j.1469-185X.2012.00250.x
https://doi.org/10.1111/j.1469-185X.2012.00250.x
http://www.ncbi.nlm.nih.gov/pubmed/23136896
https://doi.org/10.1073/pnas.0606793104
https://doi.org/10.1073/pnas.0606793104
http://www.ncbi.nlm.nih.gov/pubmed/17360638
https://doi.org/10.1046/j.1365-294X.2000.00840.x
https://doi.org/10.1046/j.1365-294X.2000.00840.x
http://www.ncbi.nlm.nih.gov/pubmed/10652078
https://doi.org/10.1111/j.1365-294X.2007.03685.x
http://www.ncbi.nlm.nih.gov/pubmed/18331246
https://doi.org/10.1111/j.1365-294X.2012.05454.x
http://www.ncbi.nlm.nih.gov/pubmed/22429200
https://doi.org/10.1111/ele.12120
http://www.ncbi.nlm.nih.gov/pubmed/23627762
https://doi.org/10.1371/journal.pone.0182515

@° PLOS | ONE

Fine-scale spatial genetic structure in Symphonia globulifera

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Feder JL, Egan SP, Nosil P. The genomics of speciation-with-gene-flow. Trends Genet. 2012; 28:
342-350. https://doi.org/10.1016/j.tig.2012.03.009 PMID: 22520730

Frantz AC, Cellina S, Krier A, Schley L, Burke T. Using spatial Bayesian methods to determine the
genetic structure of a continuously distributed population: Clusters or isolation by distance? J Appl
Ecol. 2009; 46: 493-505. https://doi.org/10.1111/}.1365-2664.2008.01606.x

Frangois O, Durand E. Spatially explicit Bayesian clustering models in population genetics. Mol Ecol
Resour. 2010; 10: 773-784. https://doi.org/10.1111/j.1755-0998.2010.02868.x PMID: 21565089

Chen C, Durand E, Forbes F, Frangois O. Bayesian clustering algorithms ascertaining spatial popula-
tion structure: a new computer program and a comparison study. Mol Ecol Notes. 2007; 7: 747-756.
https://doi.org/10.1111/j.1471-8286.2007.01769.x

Yuan N, SunY, Comes HP, Fu CX, Qiu YX. Understanding population structure and historical demog-
raphy in a conservation context: Population genetics of the endangered Kirengeshoma palmata
(Hydrangeaceae). Am J Bot. 2014; 101: 521-529. https://doi.org/10.3732/ajb.1400043 PMID:
24650862

Piotti A, Leonardi S, Heuertz M, Buiteveld J, Geburek T, Gerber S, et al. Within-population genetic
structure in beech (Fagus sylvatica L.) stands characterized by different disturbance histories: Does
forest management simplify population substructure? PLoS One. 2013; 8: https://doi.org/10.1371/
journal.pone.0073391 PMID: 24039930

Jombart T, Devillard S, Dufour A-B, Pontier D. Revealing cryptic spatial patterns in genetic variability
by a new multivariate method. Heredity. 2008; 101: 92—1083. https://doi.org/10.1038/hdy.2008.34
PMID: 18446182

Petkova D, Novembre J, Stephens M. Visualizing spatial population structure with estimated effective
migration surfaces. Nature Genetics. 2016; 48: 94-1083. https://doi.org/10.1038/ng.3464 PMID:
26642242

Ndiade-Bourobou D, Hardy OJ, Favreau B, Moussavou H, Nzengue E, Mignot A, et al. Long-distance
seed and pollen dispersal inferred from spatial genetic structure in the very low-density rainforest tree,
Baillonella toxisperma Pierre, in Central Africa. Mol Ecol. 2010; 19: 4949-4962. https://doi.org/10.
1111/j.1365-294X.2010.04864.x PMID: 20964756

Budde KB, Gonzalez-Martinez SC, Hardy OJ, Heuertz M. The ancient tropical rainforest tree Sympho-
nia globulifera L. f. (Clusiaceae) was not restricted to postulated Pleistocene refugia in Atlantic Equato-
rial Africa. Heredity. 2013; 111: 66—76. https://doi.org/10.1038/hdy.2013.21 PMID: 23572126

Wang IJ. Choosing appropriate genetic markers and analytical methods for testing landscape genetic
hypotheses. Mol Ecol. 2011; 20: 2480-2482. https://doi.org/10.1111/1.1365-294X.2011.05123.x

Jan-du-Chéne R, Onyike M, Sowunmi M. Some new Eocene pollen of the Ogwashi-Asaba Formation,
southeastern Nigeria. Rev Espafiola Micropaleontol. 1978; 10: 285-322.

Dick CW, Abdul-Salim K, Bermingham E. Molecular systematic analysis reveals cryptic Tertiary diver-
sification of a widespread tropical rain forest tree. Am Nat. 2003; 162: 691-703. https://doi.org/10.
1086/379795 PMID: 14737707

Dick CW, Lewis SL, Maslin M, Bermingham E. Neogene origins and implied warmth tolerance of Ama-
zon tree species. Ecol Evol. 2013; 3: 162—169. https://doi.org/10.1002/ece3.441 PMID: 23404439

Oyen L. Symphonia globulifera L.f. (Internet) Record from Protabase. In: Louppe D, Oteng-Amoako
AA, Brink M (eds.) PROTA (Plant Resources of Tropical Africa/ Ressources vegetales de I'Afrique tro-
picale). Wageningen, Netherlands. https://www.prota4u.org/. Cited 21 december 2016.

Abdul-Salim K. Systematics and biology of Symphonia L. f. (Clusiaceae). Ph.D. thesis. Harvard Uni-
versity, Cambridge, Massachusetts (US). 2002.

Baraloto C, Morneau F, Bonal D, Blanc L, Ferry B. Seasonal water stress tolerance and habitat associ-
ations within four Neotropical tree genera. Ecology. 2007; 88: 478—489. http://www.jstor.org/stable/
27651120 PMID: 17479765

Dick CW, Heuertz M. The complex biogeographic history of a widespread tropical tree species. Evolu-
tion. 2008; 62: 2760-2774. https://doi.org/10.1111/j.1558-5646.2008.00506.x PMID: 18764917

Barthe S, Binelli G, Hérault B, Scotti-Saintagne C, Sabatier D, Scotti I. Tropical rainforests that per-
sisted: inferences from the Quaternary demographic history of eight tree species in the Guiana shield.
Mol Ecol. 2016; https://doi.org/10.1111/mec.13949 PMID: 27926985

Mann CF, Cheke RA. A guide to the sunbirds, flowerpeckers, spiderhunters and sugarbirds of the
world. London: Christopher Helm Publishers; 2001.

Van der Niet T, Cozien RJ, Johnson SD. Experimental evidence for specialized bird pollination in the
endangered South African orchid Satyrium rhodanthum and analysis of associated floral traits. Bot J
Linn Soc. 2015; 177: 141-150. https://doi.org/10.1111/boj. 12229

PLOS ONE | https://doi.org/10.1371/journal.pone.0182515  August 3, 2017 19/23


https://doi.org/10.1016/j.tig.2012.03.009
http://www.ncbi.nlm.nih.gov/pubmed/22520730
https://doi.org/10.1111/j.1365-2664.2008.01606.x
https://doi.org/10.1111/j.1755-0998.2010.02868.x
http://www.ncbi.nlm.nih.gov/pubmed/21565089
https://doi.org/10.1111/j.1471-8286.2007.01769.x
https://doi.org/10.3732/ajb.1400043
http://www.ncbi.nlm.nih.gov/pubmed/24650862
https://doi.org/10.1371/journal.pone.0073391
https://doi.org/10.1371/journal.pone.0073391
http://www.ncbi.nlm.nih.gov/pubmed/24039930
https://doi.org/10.1038/hdy.2008.34
http://www.ncbi.nlm.nih.gov/pubmed/18446182
https://doi.org/10.1038/ng.3464
http://www.ncbi.nlm.nih.gov/pubmed/26642242
https://doi.org/10.1111/j.1365-294X.2010.04864.x
https://doi.org/10.1111/j.1365-294X.2010.04864.x
http://www.ncbi.nlm.nih.gov/pubmed/20964756
https://doi.org/10.1038/hdy.2013.21
http://www.ncbi.nlm.nih.gov/pubmed/23572126
https://doi.org/10.1111/j.1365-294X.2011.05123.x
https://doi.org/10.1086/379795
https://doi.org/10.1086/379795
http://www.ncbi.nlm.nih.gov/pubmed/14737707
https://doi.org/10.1002/ece3.441
http://www.ncbi.nlm.nih.gov/pubmed/23404439
https://www.prota4u.org/
http://www.jstor.org/stable/27651120
http://www.jstor.org/stable/27651120
http://www.ncbi.nlm.nih.gov/pubmed/17479765
https://doi.org/10.1111/j.1558-5646.2008.00506.x
http://www.ncbi.nlm.nih.gov/pubmed/18764917
https://doi.org/10.1111/mec.13949
http://www.ncbi.nlm.nih.gov/pubmed/27926985
https://doi.org/10.1111/boj.12229
https://doi.org/10.1371/journal.pone.0182515

@° PLOS | ONE

Fine-scale spatial genetic structure in Symphonia globulifera

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Gautier-Hion A, Emmons LH, Dubost G. A comparison of the diets of three major groups of primary
consumers of Gabon (primates, squirrels and ruminants). Oecologia. 1980; 45: 182—189. https://doi.
org/10.1007/BF00346458 PMID: 28309528

Gautier-Hion A, Duplantier J, Quris R, Feer F, Sourd C, Decoux G, et al. Fruit characters as a basis of
fruit choice and seed dispersal in a tropical forest vertebrate community. Oecologia. 1985; 65: 324—
337. https://doi.org/10.1007/BF00378906 PMID: 28310436

Clark CCJ, Poulsen JJR, Parker VT. The role of arboreal seed dispersal groups on the seed rain of a
lowland tropical forest. Biotropica. 2001; 33: 606—620. https://doi.org/10.1111/j.1744-7429.2001.
tb00219.x

Poulsen JR, Clark CJ, Smith TB. Seed dispersal by a diurnal primate community in the Dja Reserve,
Cameroon. J Trop Ecol. 2001; 17: 787-808. https://doi.org/10.1017/S0266467401001602

Ukizintambara T. Forest edge effects on the behavioral ecology of L’hoest’s monkey (Cercopithecus
Ihoesti) in Biwindi impenetrable national park, Uganda. PhD Thesis. Antioch University, New England
(US). 2009.

Kaplin BA, Lambert JE. Effectiveness of seed dispersal by Cercopithecus monkeys: implications for
seed input into degraded areas. In: Levey DJ, Silva WR, Galetti M, editors. Seed dispersal and frugiv-
ory: ecology, evolution and conservation. Wallinforf, UK: CABI Publishing; 2002. pp. 351-364. http:/
www.cabdirect.org/abstracts/20023028597.html

Dubost G. Comparison of the diets of frugivorous forest ruminants of Gabon. J Mammal. 1984; 65:
298-316. http://dx.doi.org/10.2307/1381169

Forget P, Dennis A, Mazer S, Jansen P, Kitamura S, Lambert J, et al. Seed allometry and disperser

assemblages in tropical rainforests: A comparison of four floras on different continents. In: Dennis A,
Schupp EW, Green R, Westcott D, editors. Seed dispersal Theory and its Application in a Changing

World. Oxfordshire: CAB International; 2007. pp. 5-37.

Holbrook KM, Smith TB. Seed dispersal and movement patterns in two species of Ceratogymna horn-
bills in a West African tropical lowland forest. Oecologia. 2000; 125: 249-257. https://doi.org/10.1007/
5004420000445 PMID: 24595836

Bawa K, Bullock S, Perry D, Coville R, Grayum M. Reproductive biology of tropical lowland rain forest
trees. Il. Pollination Systems. Am J Bot. 1985; 72: 346-356.

Bittrich V, Amaral MCE. Pollination biology of Symphonia globulifera (Clusiaceae). Plant Syst Evol.
1996; 200: 101-110.

Linhart YB, Mendenhall JA. Pollen dispersal by hawkmoths in a Lindenia rivalis Benth. population in
Belize. Biotropica. 1977; 9: 143.

Webb C, Bawa K. Pollen dispersal by hummingbirds and butterflies : A comparative study of two low-
land tropical plants. Evolution. 1983; 37: 1258—1270. https://doi.org/10.1111/j.1558-5646.1983.
tb00242.x PMID: 28556015

Gill GE, Fowler RT, Mori SA. Pollination biology of Symphonia globulifera (Clusiaceae) in central
French Guiana. Biotropica. 1998; 30: 139-144.

Pascarella JB. Notes on flowering phenology, nectar robbing and pollination of Symphonia globulifera
L.f. (Clusiaceae) in a lowland rain forest in Costa Rica. Brenesia. 1992; 38: 83-86.

Jha S, Dick CW. Native bees mediate long-distance pollen dispersal in a shade coffee landscape
mosaic. Proc Natl Acad Sci U S A. 2010; 107: 13760-13764. https://doi.org/10.1073/pnas.
1002490107 PMID: 20660738

Charles-Dominique P. Inter-relations between frugivorous vertebrates and pioneer plants: Cecropia,
birds and bats in French Guyana. In: Estrada A, Fleming TH, editors. Frugivores and seed dispersal.
Dordrecht: Dr W. Junk Publishers; 1986. pp. 119-135.

Aldrich PR, Hamrick JL, Chavarriaga P, Kochert G. Microsatellite analysis of demographic genetic
structure in fragmented populations of the tropical tree Symphonia globulifera. Mol Ecol. 1998; 7: 933—
944. https://doi.org/10.1046/j.1365-294x.1998.00396.x PMID: 9711860

Melo FPL, Rodriguez-Herrera B, Chazdon RL, Medellin RA, Ceballos GG. Small Tent-roosting bats
promote dispersal of large-seeded plants in a Neotropical forest. Biotropica. 2009; 41: 737-743.
https://doi.org/10.1111/j.1744-7429.2009.00528.x

Morrison DW. Foraging ecology and energetics of the frugivorous bat Artibeus jamaicensis. Ecology.
1978; 59: 716—723. https://doi.org/10.2307/1938775

Morrison DW. Foraging and day-roosting dynamics of canopy fruit bats in Panama. J Mammal. 1980;
61: 20-29. https://doi.org/10.2307/1379953

Forget P-M. Seed-dispersal of Vouacapoua americana (Caesalpiniaceae) by caviomorph rodents in
French Guiana. J Trop Ecol. 1990; 6: 459—-468.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182515  August 3, 2017 20/23


https://doi.org/10.1007/BF00346458
https://doi.org/10.1007/BF00346458
http://www.ncbi.nlm.nih.gov/pubmed/28309528
https://doi.org/10.1007/BF00378906
http://www.ncbi.nlm.nih.gov/pubmed/28310436
https://doi.org/10.1111/j.1744-7429.2001.tb00219.x
https://doi.org/10.1111/j.1744-7429.2001.tb00219.x
https://doi.org/10.1017/S0266467401001602
http://www.cabdirect.org/abstracts/20023028597.html
http://www.cabdirect.org/abstracts/20023028597.html
http://dx.doi.org/10.2307/1381169
https://doi.org/10.1007/s004420000445
https://doi.org/10.1007/s004420000445
http://www.ncbi.nlm.nih.gov/pubmed/24595836
https://doi.org/10.1111/j.1558-5646.1983.tb00242.x
https://doi.org/10.1111/j.1558-5646.1983.tb00242.x
http://www.ncbi.nlm.nih.gov/pubmed/28556015
https://doi.org/10.1073/pnas.1002490107
https://doi.org/10.1073/pnas.1002490107
http://www.ncbi.nlm.nih.gov/pubmed/20660738
https://doi.org/10.1046/j.1365-294x.1998.00396.x
http://www.ncbi.nlm.nih.gov/pubmed/9711860
https://doi.org/10.1111/j.1744-7429.2009.00528.x
https://doi.org/10.2307/1938775
https://doi.org/10.2307/1379953
https://doi.org/10.1371/journal.pone.0182515

@° PLOS | ONE

Fine-scale spatial genetic structure in Symphonia globulifera

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Brewer S, Rejmanek M. Small rodents as significant dispersers of tree seeds in a Neotropical Forest.
J Veg Sci. 1999; 10: 165—174. https://doi.org/10.2307/3237138

Lapenta MJ, Procdpio de Oliveira P, Kierluff MCM, Motta-Junior JC. Fruit exploitation by golden lion
tamarins (Leontopithecus rosalia) in the Uniao Biological Reserve, Rio das Ostras, RJ—Brazil. Mam-
malia. 2003; 67: 41-46. https://doi.org/10.1515/mamm.2003.67.1.41

Miller KE, Dietz JM. Fruit yield, not dbh or fruit crown volume, correlates with time spent feeding on
fruits by wild Leontopithecus rosalia. Int J Primatol. 2006; 26: 1291-1319.

Lapenta MJ, Procépio-de-Oliveira P. Some aspects of seed dispersal effectiveness of golden lion tam-
arins (Leontopithecus rosalia) in a Brazilian Atlantic Forest. Trop Conserv Sci. 2008; 1: 122—139.

Brooks D, Bodmer R, Matola S. Tapirs—Status survey and conservation action plan. Gland, Switzer-
land: IUCN/SSC Tapir Specialist Group, IUCN.; 1997.

Henry O, Feer F, Sabatier D. Diet of the lowland tapir ( Tapirus terrestris L.) in French Guiana. Biotro-
pica. 2000; 32: 364—368. https://doi.org/10.1111/j.1744-7429.2000.tb00480.x

Fragoso JM V. Tapir-generated seed shadows: scale-dependent patchiness in the Amazon rain for-
est. J Ecol. 1997; 85: 519-529. https://doi.org/10.2307/2960574

Giombini MI, Bravo SP, Tosto DS. The key role of the largest extant Neotropical frugivore ( Tapirus ter-
restris) in promoting admixture of plant genotypes across the landscape. Biotropica. 2016; 0: 1-10.
https://doi.org/10.1111/btp.12328

Degen B, Bandou E, Caron H. Limited pollen dispersal and biparental inbreeding in Symphonia globu-
liferain French Guiana. Heredity. 2004; 93: 585-591. https://doi.org/10.1038/sj.hdy.6800560 PMID:
15316558

da Silva Carneiro F, Magno Sebbenn A, Kanashiro M, Degen B. Low interannual variation of mating
system and gene flow of Symphonia globulifera in the Brazilian Amazon. Biotropica. 2007; 39: 628—
636. https://doi.org/10.1111/j.1744-7429.2007.00314.x

da Silva Carneiro F, Degen B, Kanashiro M, de Lacerda AEB, Sebbenn AM. High levels of pollen dis-
persal detected through paternity analysis from a continuous Symphonia globulifera population in the
Brazilian Amazon. For Ecol Manage. 2009; 258: 1260-1266. https://doi.org/10.1016/j.foreco.2009.06.
019

Aldrich PR, Hamrick JL. Reproductive dominance of pasture trees in a fragmented tropical forest
mosaic. Science. 1998; 281: 103—105. https://doi.org/10.1126/science.281.5373.103 PMID: 9651242

The Plant List. In: Version 1.1. Published on the Internet; http://www.theplantlist.org/ (accessed 27th
June 2016). 2013.

Jones FA, Ceron-Souza |, Hardesty BD, Dick CW. Genetic evidence of Quaternary demographic
changes in four rain forest tree species sampled across the Isthmus of Panama. J Biogeogr. 2013; 40:
720-731. https://doi.org/10.1111/jbi.12037

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A. Very high resolution interpolated climate sur-
faces for global land areas. Int J Climatol. 2005; 25: 1965—1978. https://doi.org/10.1002/joc.1276

Vinson CC, Amaral AC, Sampaio |, Ciampi AY. Characterization and isolation of DNA microsatellite
primers for the tropical tree Symphonia globulifera Linn. f. Mol Ecol Notes 2005; 5:202—-204. https:/
doi.org/10.1111/j.1471-8286.2005.00876.x

Olsson S, Seoane Zonijic P, Bautista R, Claros MG, Gonzalez-Martinez SC, Scotti |, et al. Develop-
ment of genomic tools in a widespread tropical tree, Symphonia globulifera L.f.: a new low-coverage
draft genome, SNP and SSR markers. Mol Ecol Resour. 2016; https://doi.org/10.1111/1755-0998.
12605 PMID: 27718316

Sang T, Crawford DJ, Stuessy TF. Chloroplast DNA phylogeny, reticulate evolution, and biogeogra-
phy of Paeonia (Paeoniaceae). Am J Bot. 1997; 84: 11201136 PMID: 21708667

Hardy OJ, Vekemans X. SPAGeDi : a versatile computer program to analyse spatial genetic structure
at the individual or population levels. Mol Ecol Notes. 2002; 2: 618-620.

Paquette SR. Package PopGenKit: Useful functions for (batch) file conversion and data resampling in
microsatellite datasets. R package version 1.0. https://cran.r-project.org/web/packages/PopGenKit/.
2012;

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. URL http://www.R-project.org/. 2014;

Brookfield JFY. A simple new method for estimating null allele frequency from heterozygote deficiency.
Mol Ecol. 1996; 5: 453—455. https://doi.org/10.1046/j.1365-294X.1996.00098.x PMID: 8688964

Girard P, Angers B. Assessment of power and accuracy of methods for detection and frequency-esti-
mation of null alleles. Genetica. 2008; 134: 187—-197. https://doi.org/10.1007/s10709-007-9224-8
PMID: 18060508

PLOS ONE | https://doi.org/10.1371/journal.pone.0182515  August 3, 2017 21/23


https://doi.org/10.2307/3237138
https://doi.org/10.1515/mamm.2003.67.1.41
https://doi.org/10.1111/j.1744-7429.2000.tb00480.x
https://doi.org/10.2307/2960574
https://doi.org/10.1111/btp.12328
https://doi.org/10.1038/sj.hdy.6800560
http://www.ncbi.nlm.nih.gov/pubmed/15316558
https://doi.org/10.1111/j.1744-7429.2007.00314.x
https://doi.org/10.1016/j.foreco.2009.06.019
https://doi.org/10.1016/j.foreco.2009.06.019
https://doi.org/10.1126/science.281.5373.103
http://www.ncbi.nlm.nih.gov/pubmed/9651242
http://www.theplantlist.org/
https://doi.org/10.1111/jbi.12037
https://doi.org/10.1002/joc.1276
https://doi.org/10.1111/j.1471-8286.2005.00876.x
https://doi.org/10.1111/j.1471-8286.2005.00876.x
https://doi.org/10.1111/1755-0998.12605
https://doi.org/10.1111/1755-0998.12605
http://www.ncbi.nlm.nih.gov/pubmed/27718316
http://www.ncbi.nlm.nih.gov/pubmed/21708667
https://cran.r-project.org/web/packages/PopGenKit/
http://www.R-project.org/
https://doi.org/10.1046/j.1365-294X.1996.00098.x
http://www.ncbi.nlm.nih.gov/pubmed/8688964
https://doi.org/10.1007/s10709-007-9224-8
http://www.ncbi.nlm.nih.gov/pubmed/18060508
https://doi.org/10.1371/journal.pone.0182515

@° PLOS | ONE

Fine-scale spatial genetic structure in Symphonia globulifera

87.

88.

89.

90.

91.

92,

93.
94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Van Oosterhout C, Hutchinson WF, Wills DPM, Shipley P. MICRO-CHECKER: Software for identify-
ing and correcting genotyping errors in microsatellite data. Mol Ecol Notes. 2004; 4: 535-538. https://
doi.org/10.1111/j.1471-8286.2004.00684.x

Arnaud-Haond S, Belkhir H. GENCLONE: A computer program to analyse genotypic data, test for
clonality and describe spatial clonal organization. Mol Ecol Notes. 2006; 7: 15—17. https://doi.org/10.
1111/j.1471-8286.2006.01522.x

Loiselle BA, Sork VL, Nason J, Graham C. Spatial genetic structure of a tropical understory shrub,
Psychotria officinalis (Rubiaceae). Am J Bot. 1995; 82: 1420-1425.

Hardy OJ, Vekemans X. SPAGeDi 1.4: A program for spatial pattern analysis of genetic diversity.
User’s manual. 2013.

Jombart T. Adegenet: A R package for the multivariate analysis of genetic markers. Bioinformatics.
2008; 24: 1403-1405. https://doi.org/10.1093/bioinformatics/btn129 PMID: 18397895

Pritchard JK, Stephens M, Donnelly P. Inference of population structure using multilocus genotype
data. Genetics. 2000; 155: 945-959. https://doi.org/10.1111/j.1471-8286.2007.01758.x PMID:
10835412

Pritchard JK, Wen X, Falush D. Documentation for structure software: Version 2.3. 2010.

Evanno G, Regnaut S, Goudet J. Detecting the number of clusters of individuals using the software
STRUCTURE: a simulation study. Mol Ecol. 2005; 14: 2611-2620. https://doi.org/10.1111/].1365-
294X.2005.02553.x PMID: 15969739

QGIS Development Team. QGIS Geographic Information System. Open Source Geospatial Founda-
tion Project. http://qgis.osgeo.org. 2014.

Guichoux E, Garnier-Géré P, Lagache L, Lang T, Boury C, Petit RJ. Outlier loci highlight the direction
of introgression in oaks. Mol Ecol. 2013; 22: 450—-462. https://doi.org/10.1111/mec.12125 PMID:
23190431

Fields PD, McCauley DE, McAssey E V, Taylor DR. Patterns of cyto-nuclear linkage disequilibrium in
Silene latifolia: genomic heterogeneity and temporal stability. Heredity 2014; 112: 99—-104. https://doi.
org/10.1038/hdy.2013.79 PMID: 24002238

Goslee SC, Urban DL. The ecodist package for dissimilarity-based analysis of ecological data. J Stat
Softw. 2007; 22: 1—19. citeulike-article-id: 12008924

Giordano AR, Ridenhour BJ, Storfer A. The influence of altitude and topography on genetic structure
in the long-toed salamander (Ambystoma macrodactulym). Mol Ecol. 2007; 16: 1625—1637. https://
doi.org/10.1111/j.1365-294X.2006.03223.x PMID: 17402978

Pérez-Espona S, Pérez-Barberia FJ, Mcleod JE, Jiggins CD, Gordon IJ, Pemberton JM. Landscape
features affect gene flow of Scottish Highland red deer (Cervus elaphus). Mol Ecol. 2008; 17: 981—
996. https://doi.org/10.1111/j.1365-294X.2007.03629.x PMID: 18261043

Heuertz M, Vekemans X, Hausman JF, Palada M, Hardy OJ. Estimating seed vs. pollen dispersal
from spatial genetic structure in the common ash. Mol Ecol. 2003; 12: 2483—-2495. https://doi.org/10.
1046/j.1365-294X.2003.01923.x PMID: 12919486

De-Lucas Al, Gonzélez-Martinez SC, Vendramin GG, Hidalgo E, Heuertz M. Spatial genetic structure
in continuous and fragmented populations of Pinus pinaster Aiton. Mol Ecol. 2009; 18: 4564—4576.
https://doi.org/10.1111/j.1365-294X.2009.04372.x PMID: 19793351

Orozco-Terwengel P, Corander J, Schiétterer C. Genealogical lineage sorting leads to significant, but
incorrect Bayesian multilocus inference of population structure. Mol Ecol. 2011; 20: 1108-1121.
https://doi.org/10.1111/j.1365-294X.2010.04990.x PMID: 21244537

Schwartz MK, McKelvey KS. Why sampling scheme matters: The effect of sampling scheme on land-
scape genetic results. Conserv Genet. 2009; 10: 441-452. https://doi.org/10.1007/s10592-008-9622-
y

Debout GDG, Doucet J-L, Hardy OJ. Population history and gene dispersal inferred from spatial
genetic structure of a Central African timber tree, Distemonanthus benthamianus (Caesalpinioideae).
Heredity. 2011; 106: 88—99. https://doi.org/10.1038/hdy.2010.35 PMID: 20389306

Storfer A, Murphy MA, Spear SF, Holderegger R, Waits LP. Landscape genetics: Where are we now?
Mol Ecol. 2010; 19: 3496-3514. https://doi.org/10.1111/j.1365-294X.2010.04691.x PMID: 20723061

Canova L. Resource partitioning between the bank vole Clethrionomys glareolus and the wood mouse
Apodemus sylvaticus in woodland habitats. Bolletino di Zool. 1993; 60: 193—198. https://doi.org/10.
1080/11250009309355809

McCain CM. Elevational gradients in diversity of small mammals. Ecology. 2005; 86: 366—372. https://
doi.org/10.1890/03-3147

Ortega J, Castro-Arellano I. Artibeus jamicensis. Mamm species. 2001; 662: 1-9.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182515  August 3, 2017 22/23


https://doi.org/10.1111/j.1471-8286.2004.00684.x
https://doi.org/10.1111/j.1471-8286.2004.00684.x
https://doi.org/10.1111/j.1471-8286.2006.01522.x
https://doi.org/10.1111/j.1471-8286.2006.01522.x
https://doi.org/10.1093/bioinformatics/btn129
http://www.ncbi.nlm.nih.gov/pubmed/18397895
https://doi.org/10.1111/j.1471-8286.2007.01758.x
http://www.ncbi.nlm.nih.gov/pubmed/10835412
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
http://www.ncbi.nlm.nih.gov/pubmed/15969739
http://qgis.osgeo.org
https://doi.org/10.1111/mec.12125
http://www.ncbi.nlm.nih.gov/pubmed/23190431
https://doi.org/10.1038/hdy.2013.79
https://doi.org/10.1038/hdy.2013.79
http://www.ncbi.nlm.nih.gov/pubmed/24002238
https://doi.org/10.1111/j.1365-294X.2006.03223.x
https://doi.org/10.1111/j.1365-294X.2006.03223.x
http://www.ncbi.nlm.nih.gov/pubmed/17402978
https://doi.org/10.1111/j.1365-294X.2007.03629.x
http://www.ncbi.nlm.nih.gov/pubmed/18261043
https://doi.org/10.1046/j.1365-294X.2003.01923.x
https://doi.org/10.1046/j.1365-294X.2003.01923.x
http://www.ncbi.nlm.nih.gov/pubmed/12919486
https://doi.org/10.1111/j.1365-294X.2009.04372.x
http://www.ncbi.nlm.nih.gov/pubmed/19793351
https://doi.org/10.1111/j.1365-294X.2010.04990.x
http://www.ncbi.nlm.nih.gov/pubmed/21244537
https://doi.org/10.1007/s10592-008-9622-1
https://doi.org/10.1007/s10592-008-9622-1
https://doi.org/10.1038/hdy.2010.35
http://www.ncbi.nlm.nih.gov/pubmed/20389306
https://doi.org/10.1111/j.1365-294X.2010.04691.x
http://www.ncbi.nlm.nih.gov/pubmed/20723061
https://doi.org/10.1080/11250009309355809
https://doi.org/10.1080/11250009309355809
https://doi.org/10.1890/03-3147
https://doi.org/10.1890/03-3147
https://doi.org/10.1371/journal.pone.0182515

@° PLOS | ONE

Fine-scale spatial genetic structure in Symphonia globulifera

110.

111.

112,

113.

114.

115.

116.

117.

118.

119.

120.

121.

122,

123.

124.

125.

126.

127.

128.

129.

Schupp EW. Quantity, quality and the effectiveness of seed dispersal by animals. Vegetatio. 1993;
107/108: 15-29.

Whitney KD, Fogiel MK, Lamperti AM, Holbrook KM, Stauffer DJ, Hardesty BD, et al. Seed dispersal
by Ceratogymna hornbills in the Dja Reserve, Cameroon. J Trop Ecol. 1998; 14: 351-371.

Maley J. The African rain forest—main characteristics of changes in vegetation and climate from the
Upper Cretaceous to the Quaternary. Proc R Soc Edinburgh Sect B Biol Sci. 1996; 104: 31-73.
https://doi.org/10.1017/S0269727000006114

Tchouto MGP, de Wilde JJFE, de Boer WF, van der Maesen LJG, Cleef a. M. Bio-indicator species
and Central African rain forest refuges in the Campo-Ma’an area, Cameroon. Syst Biodivers. 2009; 7:
21-31. https://doi.org/10.1017/S1477200008002892

Gonmadije CF, Doumenge C, Sunderland TC, Balinga MP, Sonké B. Analyse phytogéographique des
foréts d’Afrique Centrale: le cas du massif de Ngovayang (Cameroun). Scr Bot Belgica. 2013; 50:
244-256. http://dx.doi.org/10.5091/plecevo.2012.573

Kremer A, Kleinschmit J, Cottrell J, Cundall EP, Deans JD, Ducousso A, et al. Is there a correlation
between chloroplastic and nuclear divergence, or what are the roles of history and selection on genetic
diversity in European oaks? For Ecol Manage. 2002; 156: 75—-87. https://doi.org/10.1016/S0378-1127
(01)00635-1

Asmussen MA, Arnold J, Avise JC. The effects of assortative mating and migration on cytonuclear
associations in hybrid zones. Genetics. 1989; 122: 923-934. PMID: 2759430

Misiewicz TM, Fine PVA. Evidence for ecological divergence across a mosaic of soil types in an Ama-
zonian tropical tree: Protium subserratum (Burseraceae). Mol Ecol. 2014; 23: 2543-2558. https://doi.
org/10.1111/mec.12746 PMID: 24703227

Brousseau L, Foll M, Scotti-Saintagne C, Scotti I. Neutral and adaptive drivers of microgeographic
genetic divergence within continuous populations: The case of the Neotropical Tree Eperua falcata
(Aubl.). PLoS One. 2015; 10: https://doi.org/10.1371/journal.pone.0121394 PMID: 25807272

Scotti I, Gonzalez-Martinez SC, Budde KB, Lalaguie H. Fifty years of genetic studies: what to make of
the large amounts of variation found within populations? Ann For Sci. 2015; 73: 69-75. https://doi.org/
10.1007/s13595-015-0471-z

Allié E, Pélissier R, Engel J, Petronelli P, Freycon V, Deblauwe V, et al. Pervasive local-scale tree-soil
habitat association in a tropical forest community. PLoS One. 2015; 10: e0141488. https://doi.org/10.
1371/journal.pone.0141488 PMID: 26535570

Audigeos D, Brousseau L, Traissac S, Scotti-Saintagne C, Scotti |. Molecular divergence in tropical
tree populations occupying environmental mosaics. J Evol Biol. 2013; 26: 529-544. https://doi.org/10.
1111/jeb.12069 PMID: 23286313

Budde KB, Gonzalez-Martinez SC, Navascués M, Burgarella C, Mosca E, Lorenzo Z, et al. Increased
fire frequency promotes stronger spatial genetic structure and natural selection at regional and local
scales in Pinus halepensis Mill. Ann Bot. 2017; 119: 1061-1072. https://doi.org/10.1093/aob/mcw286
PMID: 28159988

Nosil P, Egan SP, Funk DJ. Heterogeneous genomic differentiation between walking-stick ecotypes:
“Isolation by adaptation” and multiple roles for divergent selection. Evolution. 2008; 62: 316—-336.
https://doi.org/10.1111/j.1558-5646.2007.00299.x PMID: 17999721

Augspurger CK. Mass-flowering of a tropical shrub (Hybanthus prunifolius): Influence on pollinator
attraction and movement. Evolution. 1980; 34: 475-488. https://doi.org/10.1111/j.1558-5646.1980.
tb04837.x PMID: 28568699

Loveless JL, Hamrick MD. Ecological determinants of genetic structure in plant populations. Annu Rev
Ecol Syst. 1984; 15: 65-95. https://doi.org/10.1146/annurev.es.15.110184.000433

Hendry AP, Day T. Population structure attributable to reproductive time: Isolation by time and adapta-
tion by time. Mol Ecol. 2005; 14: 901-916. https://doi.org/10.1111/j.1365-294X.2005.02480.x PMID:
15773924

Maguire B. Apomixis in the genus Clusia (Clusiaceae). A preliminary report. Taxon. 1976; 25: 241—
244. https://doi.org/10.2307/1219446

Richards AJ. Studies in Garcinia, dioecious tropical forest trees: agamospermy. Bot J Linn Soc. 1990;
103: 233-250. https://doi.org/10.1111/j.1095-8339.1990.tb00186.x

Sweeney PW. Phylogeny and floral diversity in the genus Garcinia (Clusiaceae) and relatives. Int J
Plant Sci. 2008; 169: 1288—1303. https://doi.org/10.1086/591990

PLOS ONE | https://doi.org/10.1371/journal.pone.0182515  August 3, 2017 23/23


https://doi.org/10.1017/S0269727000006114
https://doi.org/10.1017/S1477200008002892
http://dx.doi.org/10.5091/plecevo.2012.573
https://doi.org/10.1016/S0378-1127(01)00635-1
https://doi.org/10.1016/S0378-1127(01)00635-1
http://www.ncbi.nlm.nih.gov/pubmed/2759430
https://doi.org/10.1111/mec.12746
https://doi.org/10.1111/mec.12746
http://www.ncbi.nlm.nih.gov/pubmed/24703227
https://doi.org/10.1371/journal.pone.0121394
http://www.ncbi.nlm.nih.gov/pubmed/25807272
https://doi.org/10.1007/s13595-015-0471-z
https://doi.org/10.1007/s13595-015-0471-z
https://doi.org/10.1371/journal.pone.0141488
https://doi.org/10.1371/journal.pone.0141488
http://www.ncbi.nlm.nih.gov/pubmed/26535570
https://doi.org/10.1111/jeb.12069
https://doi.org/10.1111/jeb.12069
http://www.ncbi.nlm.nih.gov/pubmed/23286313
https://doi.org/10.1093/aob/mcw286
http://www.ncbi.nlm.nih.gov/pubmed/28159988
https://doi.org/10.1111/j.1558-5646.2007.00299.x
http://www.ncbi.nlm.nih.gov/pubmed/17999721
https://doi.org/10.1111/j.1558-5646.1980.tb04837.x
https://doi.org/10.1111/j.1558-5646.1980.tb04837.x
http://www.ncbi.nlm.nih.gov/pubmed/28568699
https://doi.org/10.1146/annurev.es.15.110184.000433
https://doi.org/10.1111/j.1365-294X.2005.02480.x
http://www.ncbi.nlm.nih.gov/pubmed/15773924
https://doi.org/10.2307/1219446
https://doi.org/10.1111/j.1095-8339.1990.tb00186.x
https://doi.org/10.1086/591990
https://doi.org/10.1371/journal.pone.0182515

