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Abstract

Long-distance gene flow is thought to be one prerequisite for the persistence of plant species in fragmented environments.
Human influences have led to severe fragmentation of native habitats in the Seychelles islands, with many species surviving
only in small and isolated populations. The endangered Seychelles endemic tree Glionnetia sericea is restricted to altitudes
between 450 m and 900 m where the native forest vegetation has been largely lost and replaced with exotic invasives over
the last 200 years. This study explores the genetic and ecological consequences of population fragmentation in this species
by analysing patterns of genetic diversity in a sample of adults, juveniles and seeds, and by using controlled pollination
experiments. Our results show no decrease in genetic diversity and no increase in genetic structuring from adult to juvenile
cohorts. Despite significant inbreeding in some populations, there is no evidence of higher inbreeding in juvenile cohorts
relative to adults. A Bayesian structure analysis and a tentative paternity analysis indicate extensive historical and
contemporary gene flow among remnant populations. Pollination experiments and a paternity analysis show that Glionnetia
sericea is self-compatible. Nevertheless, outcrossing is present with 7% of mating events resulting from pollen transfer
between populations. Artificial pollination provided no evidence for pollen limitation in isolated populations. The highly
mobile and specialized hawkmoth pollinators (Agrius convolvuli and Cenophodes tamsi; Sphingidae) appear to promote
extensive gene flow, thus mitigating the potential negative ecological and genetic effects of habitat fragmentation in this
species. We conclude that contemporary gene flow is sufficient to maintain genetic connectivity in this rare and restricted
Seychelles endemic, in contrast to other island endemic tree species with limited contemporary gene flow.
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Funding: This research was funded under grant number ETH-07 08-01, ETH Zürich (https://www.ethz.ch/en.html). The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* Email: a.finger@rbge.ac.uk

. These authors contributed equally to this work.

¤ Current address: Genetics and Conservation, Royal Botanic Garden Edinburgh, Edinburgh, United Kingdom

Introduction

In fragmented landscapes the degree of genetic exchange may

be important for species to maintain their genetic diversity, and

subsequently ensure their long-term survival. Negative genetic

effects, such as inbreeding depression and loss of genetic diversity,

have been observed to follow population isolation and restricted

gene flow [1]. Species with capacities for long-distance gene flow

are likely to be less prone to population isolation following habitat

fragmentation compared to species with limited gene flow [2,3].

Wind pollinated tree species are thought to be less vulnerable to

the effects of habitat fragmentation as pollen can be transported

over long-distances [4,5]. Similarly, mobile pollinators have been

shown to transport pollen over extensive distances (up to tens of

kilometres), thus ensuring genetic connectivity between popula-

tions that are geographically disjunct [2,6–9]. Even single isolated

trees can act as pollen donors or sinks, demonstrating the potential

for insect pollinated tree species to maintain gene exchange across

fragmented landscapes [6,10–12].

Habitat fragmentation is often also accompanied by the spread

of invasive plant species which have the potential to compete with

native plants for pollinators [13,14]. While habitat fragmentation

negatively affects pollination success and reproductive output of

both generalist and specialist pollinated plant species to a similar

degree [3,15,16], tree species with specialised pollinators might be

less vulnerable to competition for pollinators from invasive plants

on account of the tight coupling of the mutualistic relationship

between plant and pollinator [16,17]. Such factors could be

especially important in island systems prone to introduction of

invasive plant species [18,19]. We propose to test this hypothesis

on Glionnetia sericea, an endangered endemic tree of Mahé, the

main island of the Seychelles archipelago. Populations of G. sericea
have been reduced to small scattered patches surrounded by

forests that are heavily dominated by alien invasive plants. Other

studies on the Seychelles and elsewhere have demonstrated that

under such circumstances native isolated plant populations can

become vulnerable to loss of genetic diversity and inbreeding [20–

22]. Thus it is not clear whether G. sericea is able to maintain

PLOS ONE | www.plosone.org 1 October 2014 | Volume 9 | Issue 10 | e111111

http://creativecommons.org/licenses/by/4.0/
https://www.ethz.ch/en.html
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0111111&domain=pdf


extensive pollen flow due to its hawkmoth pollinators and whether

apparently isolated G. sericea populations will maintain among-

population pollen flow, and as a result will maintain high genetic

diversity.

The aim of this study is to understand the variation in mating

system in a species which is expected to have long-distance pollen-

mediated gene flow and a naturally patchy distribution. We

evaluate historical and contemporary gene flow among remnant

populations of G. sericea to explore whether the species has the

potential to survive in relict populations, following habitat

fragmentation. We assume that the current adult individuals

pre-date recent fragmentation. We therefore address the following

questions using adult (historical gene flow/pre-fragmentation), and

juvenile and seed (contemporary gene flow/post-fragmentation)

cohorts: (i) What is the extent of gene flow between discrete G.
sericea adult populations? (ii) Does contemporary pollen or seed

dispersal prevent genetic structuring between patches? (iii) Is G.
sericea pollen limited in fragmented sites? We discuss the relevance

of the results from the perspective of conservation of endangered

island plant species.

Materials and Methods

Study species and populations
The rare tree Glionnetia sericea (Rubiaceae) is endemic to the

Seychelles archipelago. It is found on two islands, Mahé and

Silhouette, and the total population size is estimated at fewer than

2500 individuals (Mahé and Silhouette [23]). Glionnetia sericea is

representative of a plant community occurring in virgin forest

remnants but is mostly found on inselbergs (granitic outcrops) at

altitudes of about 450 m–900 m. These habitats were patchily

distributed even before human colonisation. Nevertheless, current

populations of G. sericea have been reduced in size by extensive

deforestation during the 20th century [24], and many populations

might have been lost altogether. Subsequent invasion of this

habitat zone by alien invasive species such as Cinnamomum
verum, Psidium cattleianum, Syzygium jambos, Falcataria moluc-
cana, and Alstonia macrophylla have further isolated remaining

populations.

Known relict populations of G. sericea vary from extremely

small (1–14 individuals) to relatively large and more continuous

(several 100 individuals). The persistence of these small and

fragmented communities is threatened by habitat degradation,

increasing duration and frequency of drought due to global

warming, and competition with invasive species [25]. Inselbergs

though provide important refugia for G. sericea due to harsh

environmental conditions (very thin acidic soils and xerophytic

conditions), which invasives appear less easily to tolerate [26].

Glionnetia sericea is a small to medium sized, slow growing tree

(up to about 8 m), flowers are visited by two potential pollinator

species, the hawkmoths Agrius convolvuli and Cenophodes tamsi
which have long probosces adapted to access the nectar produced

at the bottom of long narrowly tubular corollas [19]. The

protandrous hermaphrodite flowers are approximately 10cm long

and white in colour during the male stage, turning red for the

female stage. The flowers are presented terminally, slightly

protruding from the dense foliage of the canopy, and are arranged

in inflorescences with up to 10 receptive flowers. Anthesis of the

nocturnal flowers occurs with sun set, and each sexual stage lasts

for approximately 24 hours. Flowering typically, but not exclu-

sively, occurs during the rainy season (October–April) and fruiting

during the dry season (May–September), mostly synchronously

among sites. Seeds are small (about 2 mm long and 1 mm wide),

light and unwinged. We expect seeds to be mainly dispersed by

gravity but due to their small size and weight long-distance

dispersal by wind may be possible Dispersal by animal was never

recorded and is unlikely because G. sericea has non-fleshy fruits.

We sampled leaf material for genetic analysis from adults,

juveniles (seedlings and saplings with an estimated age range of 1

to 10 years) of six sites and seeds of five sites. Permission for these

collections was received from the Seychelles Bureau of Standards

on Mahé. The total number of sampled adults (181) represents

13% of the total estimated population size on Mahé. Sites included

six from nine known sites on Mahé, including four inselberg

habitats: Mt. Sebert: ,20 trees (of which 11 sampled); Copolia:

about 50 trees (of which 28 sampled); L’Exile: about 100 trees (of

which 34 sampled); Morne Blanc: seven trees all of which were

sampled and two mist forest sites at Mt. Jasmin and Congo Rouge

(each about 150 trees, of which 58 and 45 sampled, respectively)

(Fig. 1 and Table 1). It is possible that we might have missed some

small trees in the small populations, though our survey of trees was

thorough. The known unsampled sites (one close to Copolia, one

east of Mt. Sebert on the opposite side of the mountain ridge, and

one at 850 m elevation close to the highest peak of the island) were

inaccessible at the time of collections. The sampling scheme sought

to encompass the whole range of each sampled population. The

population range varied slightly between populations, and the

furthest distance between two sampled trees within populations

was 208 m for Mt. Sebert, 103 m for Mt. Jasmin, 171 m for

Copolia, 60 m for L’Exile, 69 m for Congo Rouge and 28 m for

Morne Blanc. Distance between populations ranged between

12 km between Mt. Sebert and Mt. Jasmin to less than 1 km

between Copolia and L’Exile.

Sampling and genetic analysis
In 2009 we collected leaf material for DNA extraction from G.

sericea adults, seedlings and seeds. To increase the power of our

analyses we only included in our final data set individuals with a

minimum of 8 typed loci. We thus analysed 181 adults and 178

juveniles (between 20 cm and 1 m height) at six sites and 595 seeds

(from 24 mother trees) at five sites, see Table 1. Leaf material was

immediately dried and stored in silica gel. DNA was extracted

from the leaves using the QIAGEN DNeasy 96 Plant Kit,

following the manufacturer’s protocol. All samples were screened

at a total of ten nuclear microsatellite loci, details of which are

described in [27]. Fragment analysis was conducted using an

ABI3730 sequencer and genotyped using Genemapper 3.5

software (Applied Biosystems). There was no evidence for linkage

disequilibrium for any pair of loci and no evidence of null alleles

after Bonferroni corrections, see [27].

Assessment of genetic diversity and inbreeding. Number

of alleles (NA), observed and expected heterozygosities (HO, HE),

and the number of private alleles (PA) were calculated using

GenAlEx 6.5 [28]. Allelic richness (RS) was calculated using

FSTAT 2.9.3.2 [29]. Overall species inbreeding coefficients (FIS)

and differentiation (FST), population specific FIS values (using 1023

permutations), and a hierarchical genetic variance analysis

(AMOVA) to examine the organisation of overall genetic diversity,

were calculated with Arlequin 3.5 [30]. For FIS calculations we

defined populations according to their contemporary geographic

locations (6 populations) even though we cannot be sure that

populations may be connected though gene flow. Nevertheless,

calculations based on 6 populations should avoid a potential

Wahlhund effect caused by ignoring sub-structuring in popula-

tions.

Assessment of genetic structure over the species

range. Since we did not have an exhaustive sample size and

no a priori rationale for defining populations we tested for the
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presence of geographical groupings of related samples by applying

a Bayesian cluster analysis to all individuals using the software

STRUCTURE v2.3.4 [31]. The batch run function was used to

carry out a total of 100 runs, ten each for one to ten clusters (K1 to

K10). For each run the burn-in and simulation length was 20,000

and 50,000, respectively. Since the log probability values for the

different K values have been shown to be of little reliability in

other cases, the more refined ad hoc statistic DK based on the rate

of change in the log probability of data between successive K

values [32] was used. It is calculated as DK = ([mL(K+1)–2

mL(K)+mL(K–1)])/sdL(K), where L(K) is the logarithm of the

probability that K is the correct number of clusters, m is the mean

and sd is the standard deviation.

Genetic isolation by distance was tested for by use of a Mantel

permutation procedure which was executed in GenAlEx 6.5. For

this analysis we used the linearized pairwise FST values and the log

distance between populations.

Estimating realised gene flow using paternity analy-

sis. Using multilocus genotypes (ten loci) of 595 seeds we

applied a maximum likelihood exclusion analysis in CERVUS 3.0,

to assign the most likely candidate fathers, given known mothers

[33,34]. Simulations of paternity were run using the allele

frequencies of all adult reproductive trees and the following

Figure 1. Map of the Seychelles main Island Mahé, with sampled and known unsampled Glionnetia sericea populations.
doi:10.1371/journal.pone.0111111.g001
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settings: 10000 cycles; minimum number of loci typed 8, known

mothers; all sampled adults across the species range were set as

candidate fathers for seeds; 1% for proportion of loci mistyped,

and 92% for proportion of loci genotyped. We collected a high

proportion of individuals within populations (about 80%, for some

populations up to 100% of all known trees) and we assume that

most pollination events should occur within populations with fewer

long-distance mating events. Nevertheless, as we did not sample all

potential parents and may have overlooked trees within popula-

tions due to the difficult terrain, we set the proportion of candidate

parents sampled at 50%. Assignment was based upon the 95%

(strict) and 80% (relaxed) confidence level of the critical LOD

score.

Selfing rates were calculated as the number of cases where

paternity analysis determined the father as the same tree as the

known mother. Given that the seeds are collected directly from

known mothers it is highly unlikely that the CERVUS analysis fails

to detect all selfed individuals and unlikely that the unassigned

seeds are selfed. Therefore we estimated the selfing rate as the

proportion of selfed seeds to the total number of analysed seeds

(595). Additionally, mating system was calculated using the

software MLTR 3.2 [35], to verify results obtained from direct

observations in the CERVUS paternity analysis. Seed gene

frequencies and known mother trees were used for the analysis

and mating system estimates and standard errors are based on 100

bootstraps.

The level of outcrossing and correlated paternity was estimated

by a correlated-matings model implemented in MLTR 3.2 using

the genotypes of the 595 seeds and their respective mothers. The

software estimates the correlation of outcrossed paternity within

progeny arrays (multilocus estimator).

Experimental pollinator exclusion
To test for the potential effects of pollinator limitation, and the

relative benefits of pollen dispersal within and between popula-

tions, we conducted the following pollination experiments in 2009.

For 16 trees at Copolia and 7 trees on Mt. Sebert, inflorescences,

each with about 30 flowers at bud stage, were enclosed within

Delnet pollination bags. In total 25 bags were used on Mt. Sebert,

and 35 bags on Copolia. Within each bag the following treatments

were applied, at Mt. Sebert: Selfing, using pollen sourced from

flowers of the same tree; Within-population crosses using mixed

pollen sourced from four or five other trees at Mt. Sebert;

Between-population crosses using a random mix of pollen donors

(four or five trees) from the Mt. Jasmin population; Between-

population crosses using a random mix of pollen donors (four or

five trees) from the Congo Rouge population; and unmanipulated

(non-pollinated) flowers as complete pollen exclusion. On Copolia

the same treatments were applied except for Between-population

crosses which used pollen from the Congo Rouge population. As a

control we determined seed set of unmanipulated flowers outside

pollination bags, which were therefore openly accessible to

pollinators. Pollen was transferred using a fine paint brush to

viable stigmas of flowers. The period of stigma viability had been

previously determined on other flowers using the Peroxtesmo Ko

test [36]. Flowers were individually labelled to distinguish between

treatments. The pollination bags were retained on trees until the

fruits were ripe for collection. Mature seeds proved to be either

viable (developed and full) or non-viable (developed but empty).

To determine fitness values for each pollination treatment we

recorded fruit set (developed fruits as a proportion of treated

flowers) and seed set (viable seeds as a proportion of all developed

seeds).

Pollination analysis. Statistical analyses of the pollinator

exclusion experiment were carried out in R, version 2.10.1 [37].

We used generalized linear mixed-effect models (GLMM) with a

binomial error distribution to analyse fruit and seed set. GLMM

can account for the nested experimental design, and we included

bags nested in trees as a random effect in the model [38]. We

applied the lmer function from the lme4 library [39]. Due to the

different number of flowers and fruits per tree and treatment the

data for seed set were unbalanced. Our analysis is robust for

unbalanced data by using the ‘‘cbind’’ function which calculates

fruit and seed set weighted by sample sizes [38]. We ran two sets of

models: a main effect model with treatment as fixed effect to

determine the level of selfing, and a full model with treatment (only

within- and between-population crosses) and tree ID as fixed

effects to look at the effects of between population crosses. Model

selection was based on the Akaike Information Criterion (AIC)

and best-fitted models were determined by DAIC ,2. We ran two

models a full-factorial model including all treatments and a

smaller, nested model in which we removed the treatments selfed

and non-pollination to compare effects of within- and between-

population crosses.

If possible, ripe and full fruits were collected for the controls.

Often the ripe fruits were already opened and had released some

or even most of their seeds, so that the number of seeds collected

per tree was summed up independently from the number of

collected fruits and taken as one sample for each tree. Thus, only

19 samples could be collected as a control group for Copolia and 9

for Mt. Sebert. We only sampled developed fruits for the control

group and so we compared seed set values of the control group

with only developed fruits of the other treatments. To test for

significant differences the 95% confidence interval was calculated

for the mean seed set values.

Results

Genetic diversity and differentiation
Genetic diversity and inbreeding of adult, juvenile and

seed cohorts for 10 loci. At the species level the ten loci

yielded between three and 15 alleles, with a total number of 82

alleles. To make sure that null alleles have no effect on our

analyses we additional calculated FIS using INEST 2.0 [40] which

accounts for null alleles. As our results were qualitatively consistent

with FSTAT results presented here (data not shown) we only

present the FSTAT analysis. A comparison of genetic diversity

over all loci and populations is given in Table 1. A comparison of

the three groups (adults, juveniles and seeds) in FSTAT resulted in

no significant difference of HE, HO, FIS or allelic richness between

groups, using a two-sided test of significance after 1000

permutations. Thus, there is no significant difference between

historical and contemporary genetic diversity in G. sericea.

Genetic differentiation of adult and juvenile cohorts. The

AMOVA analysis revealed an overall mean pairwise genetic

distance FST value of 0.09, 0.07, 0.12 (all p,0.001) for adults,

juveniles and seeds, respectively. FST was significantly different

among all populations (Table 2). The geographically most distant

populations Mt. Jasmin and Mt. Sebert (0.14, p,0.05; 13 km)

obtained similar values as geographically closer sites, e.g. Congo

Rouge and L’Exile (0.13, p,0.05; about 3 km). Morne Blanc and

L’Exile showed generally high pairwise FST values despite being

geographically close to neighbouring populations. The STRUC-

TURE analysis identified three distinct genetic clusters (showing the

highest DK value at K3- results not shown) as the most likely

solutions indicating a delineation of L’Exile and Mt. Sebert

populations from all other individuals (see Fig. 2a). For juvenile
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cohorts the highest likely number of clusters has been calculated to

be two (showing the highest DK value at K2- results not shown),

seemingly clustering Copolia, L’Exile and Congo Rouge popula-

tions and Mt. Sebert, Mt. Jasmin and Morne Blanc populations (see

Fig. 2b). These results therefore show no stronger genetic differen-

tiation for contemporary post-fragmentation (juveniles) compared

to historic pre-fragmentation samples (adults).

As the genetic clusters are not in accordance to the geographic

location of the actual populations we did not merge G. sericea
adults into these three groups for further analyses, as doing so

would bring together individuals from distant populations, which

does not seem to be biologically sensible. We rather think that the

STRUCTURE analysis demonstrates high gene flow rates

between populations and therefore decided to keep individuals

in six populations, according to their geographic location.

The Mantel test showed no significant result (R2 = 0.0087,

p = 0.39) suggesting no genetic isolation by distance for G. sericea
populations.

Contemporary gene flow and mating system. A paternity

analysis conducted for the seeds, given known mothers, could

assign 28% (169 out of 595 seeds) with 95% confidence, 55% (326

seeds) with 80% confidence. Results for the assignments with 95%

and 80% confidence are presented in Table 3a and b, respectively.

Overall, out of the 326 assigned seeds 56% mating events resulted

from matings within populations (excluding selfed seeds) and 17%

from gene flow between populations. Selfing rates over all

populations were 15% (91 out of 326 seeds), ranging from 5%

in L’Exile to 38% in Congo Rouge. Results for the 95%

confidence showed similar within population mating events

(55%) and fewer between population matings (7%). Mating system

analysis of seeds, using the MLTR software, revealed similar

selfing rates to the CERVUS paternity analysis with rates ranging

between 5% in L’Exile and 39% in Congo Rouge, for comparison

see Table 3a and b. The outbreeding analysis in MLTR suggests

relatively high outbreeding rates (up to 0.98 for Mt Sebert) and

also a high correlated paternity for some populations (e.g. 51% of

all Congo Rouge seeds are likely to share the same father), see

Table 4.

Realised pollen dispersal ranged between 0.34 m to 12.14 km,

with nearly half of all seeds resulting from mating events of less

than 20 metres (median = 18.22 m, Interquartile Range = 352.37).

Within population pollen dispersal ranged from 0.34 m to

481.39 m and was mostly less than 10 m (median = 7.25,

Interquartile Range = 35.02), between population pollen dispersal

ranged from 160.71 m to 12.14 km and was mostly less than 6 km

(median = 5796.47 m, Interquartile Range = 5580.54), see Ta-

ble 3a and b. A pollen frequency distribution (using geographic

distances between parent pairs) based on assignments of 95%

confidence and 80% confidence is shown in Fig. 3. Based on the

assignments at 95% confidence the paternity analysis shows that

Mt Sebert mainly acts as a pollen sink, whereas Congo Rouge is a

pollen source to many populations. Based on the assignments at

80% multidirectional pollen flow is present among populations

(see Fig. 4a and b).

Pollen exclusion and between population pollination
crossing experiment

Fruit and seed set at Copolia and L’Exile. Fruit set was

not significantly different when comparing between-population

(0.3160.06) and within-population crosses (0.5260.05; z =

21.857, p = 0.06). Highest fruit set was obtained for the open

controls (0.8460.02) and this result was significantly higher than

between-population (z = 5.275, p,0.001) and within-population

crosses (z = 3.942, p,0.001), see Table 5a and b.

The difference in seed set (as a proportion of developed seeds)

when comparing, between-population (0.2060.04) and within-

population treatments (0.2660.04 SE; z = 0.54; p = 0.59) was not

significantly different. There was no significant tree interaction

effect with treatment (data not presented). The mean viable seed of

the open control group was not significantly different than that

from the other treatments (controls: 0.63, 95% CI 0.57–0.69;

between-population: 0.70, 95% CI 0.62–0.77; within-population:

0.63, 95% CI 0.56–0.70). Viable seed set for selfed was high

(0.2860.04) and low for pollen exclusion (0.0160.00), see

Table 5a and b.

Fruit and seed set at Mt. Sebert. Fruit set from between-

population (Mt. Jasmin: 0.6360.09 SE and Congo Rouge:

0.6560.11 SE) and within-population crosses (0.6060.07 SE;

z = 0.50, p = 0.62 and z = 20.89, p = 0.38, respectively) was not

significantly different. Highest fruit set was obtained for the open

controls (0.7660.03 SE), but this result was not significantly

different to between-population (Mt. Jasmin: z = 1.406, p = 0.16;

Congo Rouge: z = 20.322, p = 0.75) and within-population

crosses (z = 0.779, p = 0.44), see Table 5a and b.

Seed set from between-population (Mt. Jasmin: 0.3660.04 SE

and Congo Rouge: 0.3560.06 SE) and within-population

treatments (0.3860.04 SE; z = 0.50, p = 0.62 and z = 20.89,

p = 0.38, respectively) was not significantly different. There was no

significant tree interaction effect with treatment (data not

presented). The mean viable seed set of the control group was

not significantly different from the other treatments (Controls:

0.56, 95% CI 0.45–0.66; between-population (Mt. Jasmin): 0.66,

95% CI 0.61–0.70; between-population (Congo Rouge): 0.58,

95% CI 0.51–0.66; within-population: 0.62, 95% CI 0.56–0.67).

Viable seed set for the selfed treatments was high (0.2860.04) and

Table 2. Pairwise FST values between adult (Ad; above the diagonal) and juvenile populations (Jv; below the diagonal), * = p,0.05,
with adjusted nominal level (0.003) for multiple comparisons.

Jv\Ad MS MJ CO LE CR MB

MS 0 0.14* 0.10* 0.17* 0.09* 0.12*

MJ ns 0 0.05* 0.09* 0.07* 0.06*

CO ns 0.06* 0 0.07* 0.04* 0.08*

LE ns 0.06* 0.03* 0 0.13* 0.15*

CR ns 0.05* 0.03* 0.07* 0 0.05*

MB ns 0.09* 0.14* 0.13* 0.14* 0

MS = Mt. Sebert, MJ = Mt. Jasmin, CO = Copolia, LE = L’Exile, CR = Congo Rouge, MB = Morne Blanc.
doi:10.1371/journal.pone.0111111.t002
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low for the no-pollination treatments (0.0160.00 SE), see

Table 5a and b.

Discussion

Glionnetia sericea from the Seychelles illustrates the importance

of long-distance gene flow for preventing loss of genetic diversity

within populations in a highly fragmented habitat. Our results

suggest extensive pollen flow across most populations on Mahé

due to a strong flying and wide ranging hawkmoth pollinators,

which prevents strong genetic differentiation between populations.

Small and distant populations were not any more genetically

isolated than larger or central populations. Artificial pollination

experiments showed that despite human induced habitat frag-

mentation and high numbers of invasive plants, pollen quantity is

not limited and pollen quality within population is high enough to

prevent reduced reproductive outcome. We discuss our results in

the context of the reproductive ecology of this species and their

implications for persistence of moth pollinated plants in highly

fragmented landscapes.

Genetic diversity and inbreeding in a fragmented
environment

The genetic diversity found in G. sericea adults does not differ

between small and large populations indicating historically stable

populations with no apparent genetic depletion, genetic bottle-

necks or genetic drift. The only population with comparatively low

genetic diversity is Morne Blanc, which comprises only nine trees

all of which are small in size (based on diameter at breast height

measurements; data not presented) relative to the other popula-

tions. Morne Blanc might therefore be a relatively young

population derived from a recent founder event. Across all

populations, genetic diversity did not differ significantly between

adults, juveniles and germinated seeds, indicating no genetic

erosion from adult to juvenile cohorts. Contemporary gene flow

therefore seems sufficient to maintain the existing genetic diversity

across generations.

Substantial inbreeding is not unusual for species that persist in

small populations and have purged deleterious alleles [41]. On

Mahé, for example, the endemic tree Vateriopsis seychellarum has

highly inbred populations that currently show no obvious

inbreeding depression [21]. In our study inbreeding was present

in some but not all populations (large and small). Only for seed

cohorts all populations were inbred but as this is the stage prior to

germination we don’t know whether inbred seeds will grow into

juveniles and adults. The only population that has high selfing

rates and inbreeding in both seeds and juveniles is Congo Rouge.

It is possible that this population has experienced reduced

pollination frequency over the past few years resulting in increased

prevalence of matings among related individuals. Congo Rouge is

a central population of approximately 150 individuals, so not

obviously geographically isolated (nor historically genetically

isolated as shown from our data).

For other populations, higher prevalence of inbreeding among

seeds compared to juveniles or adults implies higher mortality of

inbred individuals during the course of development. Selection

against inbred offspring has already been observed for another

endemic Seychelles tree Medusagyne oppositifolia where experi-

mental pollinations resulted in greater viability of seeds and longer

seedling survival of individuals derived from between-population

Figure 2. Bayesian structure analysis of Glionnetia sericea with the STRUCTURE software. Bars represent individual G. sericea adult
individuals with their assignment proportions (y axis) to the different clusters/genetic groups. Performing the analysis for K_3 (three different grey
shades), representing three genetic clusters (a). STRUCTURE analysis for G. serivea juveniles, performing the analysis for K_2 (two different grey
shades), representing two genetic clusters (b).
doi:10.1371/journal.pone.0111111.g002

Fragmentation Genetics Glionnetia sericea

PLOS ONE | www.plosone.org 7 October 2014 | Volume 9 | Issue 10 | e111111



T
a

b
le

3
.

G
e

n
e

fl
o

w
an

d
se

lf
in

g
ra

te
s

fo
r

G
lio

n
n

et
ia

se
ri

ce
a

p
o

p
u

la
ti

o
n

s
o

b
ta

in
e

d
fr

o
m

a
p

at
e

rn
it

y
an

al
ys

is
im

p
le

m
e

n
te

d
in

C
ER

V
U

S,
as

si
g

n
m

e
n

t
ra

te
s

b
as

e
d

o
n

9
5

%
(a

)
co

n
fi

d
e

n
ce

an
d

8
0

%
co

n
fi

d
e

n
ce

(b
).

a
.

P
o

p
u

la
ti

o
n

N
to

ta
l

N
a

ss
ig

n
m

e
n

ts
F

a
th

e
rs

w
it

h
in

p
o

p
s

F
a

th
e

rs
o

u
ts

id
e

p
o

p
s

S
e

lf
e

d
S

e
fi

n
g

ra
te

M
L

T
R

S
e

e
d

s
#

P
ro

p
P

o
ll

D
is

t
in

m
#

P
ro

p
P

o
ll

D
is

t
in

m
#

P
ro

p
to

n
to

ta
l

P
ro

p
(S

D
)

M
S

1
7

2
5

9
4

1
0

.6
9

2
.0

0
(3

7
.6

3
)

7
0

.1
2

8
6

3
6

.9
7

(4
0

3
.8

2
)

1
1

0
.0

6
0

.1
1

(0
.1

0
)

M
J

7
9

1
4

1
0

0
.7

1
2

4
.7

2
(1

6
.5

4
)

0
0

.0
0

4
0

.0
5

0
.1

3
(0

.1
2

)

C
O

2
3

3
5

5
3

2
0

.5
8

7
.2

5
(9

.0
8

)
2

0
.0

4
5

8
1

9
.9

1
(4

5
.1

5
)

2
1

0
.0

9
0

.1
8

(0
.1

3
)

LE
2

1
6

5
0

.8
3

4
0

.2
9

(3
.3

9
)

0
0

.0
0

1
0

.0
5

0
.0

5
(0

.2
7

)

C
R

9
0

3
5

5
0

.1
4

9
.9

6
(0

.0
0

)
2

0
.0

6
3

5
3

9
.4

7
(1

4
.4

7
)

2
8

0
.3

1
0

.3
9

(0
.1

8
)

A
ll

5
9

5
1

6
9

9
3

0
.5

5
8

.5
7

(3
5

.6
0

)
1

1
0

.0
7

7
8

3
0

.1
9

(2
8

1
7

.0
5

)
6

5
0

.1
1

b
.

M
S

1
7

2
1

0
0

6
4

0
.6

4
1

.8
8

(3
6

.8
8

)
1

8
0

.1
8

8
6

2
7

.3
2

(5
5

8
0

.5
4

)
1

8
0

.1
0

0
.1

1
(0

.1
0

)

M
J

7
9

3
5

2
2

0
.6

3
2

0
.9

6
(1

1
.7

4
)

7
0

.2
0

3
5

3
9

.2
1

(2
3

0
.0

2
)

6
0

.0
8

0
.1

3
(0

.1
2

)

C
O

2
3

3
1

2
6

7
7

0
.6

1
7

.2
5

(4
5

.9
4

)
1

7
0

.1
4

2
7

7
7

.3
4

(3
2

8
0

.6
1

)
3

2
0

.1
4

0
.1

8
(0

.1
3

)

LE
2

1
1

0
6

0
.6

0
3

8
.6

0
(5

.2
4

)
4

0
.4

0
2

6
6

5
.7

9
(3

2
8

0
.6

1
)

1
0

.0
5

0
.0

5
(0

.2
7

)

C
R

9
0

5
5

1
3

0
.2

4
9

.9
6

(5
.2

4
)

8
0

.1
5

3
5

1
6

.5
2

(7
9

9
.0

4
)

3
4

0
.3

8
0

.3
9

(0
.1

8
)

A
ll

5
9

5
3

2
6

1
8

1
0

.5
6

7
.2

5
(3

5
.0

2
)

5
4

0
.1

7
5

7
9

6
.4

7
(5

5
8

0
.5

4
)

9
1

0
.1

5

A
s

a
co

m
p

ar
is

o
n

to
th

e
C

ER
V

U
S

an
al

ys
is

se
lf

in
g

ra
te

s
fo

r
se

e
d

s
w

e
re

al
so

o
b

ta
in

e
d

w
it

h
th

e
M

LT
R

so
ft

w
ar

e
.

M
S

=
M

t.
Se

b
e

rt
,

M
J

=
M

t.
Ja

sm
in

,
C

O
=

C
o

p
o

lia
,

LE
=

L’
Ex

ile
,

C
R

=
C

o
n

g
o

R
o

u
g

e
.
#

=
N

u
m

b
e

rs
,

P
ro

p
=

P
ro

p
o

rt
io

n
s

to
th

e
n

u
m

b
e

r
o

f
as

si
g

n
m

e
n

ts
,

P
o

ll
D

is
t

=
T

h
e

m
e

d
ia

n
o

f
th

e
o

b
se

rv
e

d
p

o
lli

n
at

io
n

d
is

ta
n

ce
w

it
h

th
e

In
te

rq
u

ar
ti

le
R

an
g

e
in

b
ra

ck
e

ts
.

d
o

i:1
0

.1
3

7
1

/j
o

u
rn

al
.p

o
n

e
.0

1
1

1
1

1
1

.t
0

0
3

Fragmentation Genetics Glionnetia sericea

PLOS ONE | www.plosone.org 8 October 2014 | Volume 9 | Issue 10 | e111111



crosses as compared to within-population crosses [20]. These

results show that for very rare endemic species there is an

opportunity to increase seedling performance by enhancing cross

pollination either artificially or by transplanting individuals among

populations to increase local genetic diversity. Such strategies need

to recognise that this might undermine locally adapted traits and

should therefore be undertaken with caution, though such

considerations might have less weight when faced with reduced

seed viability and seedling performance in existing remnant

populations. Nonetheless, unlike Medusagyne oppositifolia, sub-

stantial gene flow implies a greater degree of resistance to genetic

erosion.

Population connectivity and the role of plant-pollinator
interactions

The STRUCTURE analysis and the non-significant isolation

by distance analysis suggest low genetic structuring, although

significant overall FST and pairwise FST values indicate a certain

degree of structure due to geographic isolation. We interpret this

seemingly contradictory finding as a consequence of extensive

pollen flow in combination with low seed dispersal. Moreover,

most pollen is distributed among neighbouring trees (overall

median pollination distance was 18.22 m), which could promote

genetic differentiation between populations. Nevertheless, occa-

sional long-distance pollen flow events appear sufficiently frequent

to prevent strong genetic differentiation of populations. Low

Table 4. Population-level estimates of mating system and correlated paternity implemented in MLTR 3.2, standard deviations are
presented in brackets.

Population Multilocus outcrossing rate (tm) Correlated paternity (rp)

MS 0.98 (0.10) 0.21 (0.24)

MJ 0.87 (0.12) 0.27 (0.18)

CO 0.82 (0.18) 0.32 (0.08)

LE 0.95 (0.27) 0.37 (0.03)

CR 0.61 (0.18) 0.51 (0.14)

MS = Mt. Sebert, MJ = Mt. Jasmin, CO = Copolia, LE = L’Exile, CR = Congo Rouge.
doi:10.1371/journal.pone.0111111.t004

Figure 3. Frequency distributions of realised pollen flow distances in Glionnetia sericea populations, calculated from n = 105
juveniles and parent pairs for the 95% CI (dark grey) and n = 235 for the 80% CI (light grey).
doi:10.1371/journal.pone.0111111.g003
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genetic differentiation between populations and even across islands

in the Seychelles has also been shown in the coco-de-mer palm,

Lodoicea maldivica [42], which must be attributed to pollination

by wind as its huge seeds simply fall under the parent tree. By

comparison, the formerly widespread Seychelles tree Vateriopsis
seychellarum showed strong genetic differentiation following

habitat fragmentation [21]. This tree also has poorly dispersed

seed (wingless dipterocarp fruit) and is pollinated by small insects

that are unlikely to have extensive pollen dispersal capacities.

Hawkmoth pollinators have been shown to move over long-

distances [43,44] even up to 10 km [45,46]. Assuming this is also

true of the hawkmoth pollinators of G. sericea, then pollen could

potentially be exchanged among most G. sericea populations on

Mahé, the furthest distance between populations being about

12 km. Pollination by hawkmoths of the Costa Rican tree

Pithecellobium elegans resulted in average pollen dispersal of

142 m and a maximum distance of 350 m [47]. In this study 7%

of pollination events (17% based on assignments with 80%

confidence) resulted from matings between populations that had a

median distance of 5.8 km and a maximum pollination distance of

12 km. Low assignment rates in our paternity analysis, however,

suggest that either the sampling of adults was not as comprehen-

sive as necessary for such fragmented populations, or low genetic

differentiation and high genetic similarity between G. sericea
individuals and populations resulted in a reduced power to assign

fathers. Nevertheless, this result shows (as indicated by the

STRUCTURE analysis) that long-distance pollen flow is relatively

common for G. sericea and confirms the effectiveness of hawkmoth

as long-distance pollinators. The low genetic structuring of the

adult cohort across the whole island indicates extensive historic

gene flow, possibly also due to small light-weight seeds that have

the potential for wind dispersal. Genetic structuring does not

increase in the juvenile cohort, supporting the view that

contemporary gene flow is not restricted compared to past gene

flow.

Compared to wind pollinated species, which can also exhibit

long-distance gene flow [48–50], specialised insect pollinators are

furthermore likely to promote targeted pollen movement as they

actively seek host populations, even when these are relatively rare

and isolated. Indeed, for some species even single isolated remnant

insect-pollinated trees receive pollen from several distant pollen

donors [2,11,12]. This is also the case for G. sericea where even

one of the smallest and most remote populations Mt Sebert

(comprising only 11 known adults) receives pollen from the distal

populations. Thus, population fragmentation might not necessarily

have negative genetic effects subject to the dispersal capabilities of

the pollinators. It may be that the highest conservation concern for

G. sericea is the maintenance of its hawkmoth pollinators. Given

the considerable habitat transformation in the Seychelles over the

past 100 years, including widespread loss of the native forest and

its replacement with exotic invasive trees and plants in both the

canopy and understorey, it is possible that the larval host plant of

these moths has also been much reduced. Agrius convolvuli larvae

are, however, known to feed on plants from a wide range of

families [51] suggesting that the G. sericea-pollinator mutualism

might be robust to such changes (though little is known of the host

plants of the second pollinator Cenophodes tamsi). While many

rare and highly fragmented plant populations in the Seychelles

need urgent conservation action, our results suggest that priority

should be afforded to those species that have poor pollen and seed

dispersal, for which genetic rescue through artificial cross

pollinations might be warranted.

Is pollen limited in small and distant populations?
Historical and contemporary gene flow by pollen seems to have

connected G. sericea populations over the whole of Mahé, despite

habitat fragmentation. Whether this is also the case for small (as

few as 14 individuals) and isolated populations is not clear. Our

artificial pollination experiments could not detect any pollen

limitation in either of the small or large population suggesting that

the hawkmoth pollinators are sufficiently abundant so far as

pollination of G. sericea is concerned. Our results imply that non-

manipulated, open pollinated flowers develop just as many if not

more fruits and seeds compared to flowers that have been hand

pollinated. Further, the small and isolated population, Mt. Sebert,

had similar seed and fruit set values compared to the larger

population Copolia. If pollen quantity can be associated with the

amount of seed and fruit set in G. sericea this would imply similar

numbers of pollination events in both populations.

For Mt. Sebert, the geographically most isolated population,

seed set and fruit set from selfed flowers were significantly lower

compared to the other treatments. Conversely and contrary to

expectations, selfed flowers on Copolia had similar seed and fruit

set compared the within- and between-population crosses. Neither

fruit set nor seed set differed significantly between the treatments

within-population and between-population at the two sites, which

may demonstrate that pollen quality/compatibility does not differ

between populations. Nevertheless, it is worth mentioning that

Figure 4. Long-distance (between-population) realised pollen flow directions for Glionnetia sericea based on (a) assignments with
95% CI and (b) assignments with 80% CI. The arrows give the pollen flow directions and the thickness represents the observed numbers of
pollination events.
doi:10.1371/journal.pone.0111111.g004
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seed set at Copolia was much lower for between-population

crosses compared to within-population crosses (with, at p = 0.06,

marginal statistical significance). Copolia has been shown (e.g. in

the STRUCTURE analysis) to be more isolated than the other

populations and thus this lowered seed set for between-population

crosses in combination with no reduced seed and fruit set for selfed

flowers could hint toward potential outbreeding depression when

flowers are being pollinated from distant populations. Non-

pollinated flowers within bags (pollen exclusion) did produce fruits

and seeds at both sites but at much lower frequencies showing that

apogamy is possible but reproductive output and potentially seed

viability is low. This also implies that G. sericea may be vulnerable

to a declining pollinator visitation frequency, for example due to a

behavioural or numerical change in pollinators due to habitat

transformation (e.g. [52,53]). Nevertheless, hawkmoths are

opportunistic feeders [46] and some invasive plants produce

plenty of nectar. Whether these invasives serve to maintain large

populations of hawmoths to the benefit of G. sericea, or whether

they compete for pollinators with G. sericea, as has been shown in

other tropical communities of lepidopteran-pollinated species [13]

has yet to be tested.

We have to account for several caveats. Fruit set, yet not seed

set, was higher for the open controls in both populations indicating

that the pollination bags and/or hand pollinations might have had

a negative effect on fruit development. To avoid any misinterpre-

tation of our results we used both fruit and seed set to draw

conclusions of the pollination study. The between-population

crosses involved the transportation of pollen from one inselberg to

another with pollen stored in open tubes overnight before being

applied to flowers the following day. This may have resulted in

reduced pollen viability for between-population compared to

within-population treatments. Finally, in field pollination experi-

ments, unintended pollen transfer may also result in some degree

of contamination within pollination bags which could explain

similar responses for the within-, between-population crosses and

the controls.

Despite these caveats, our study has shown that highly mobile

pollinators (hawkmoths) can transport pollen effectively over

relatively long-distances and that potentially wind dispersed seeds

contribute to long-distance gene exchange between populations.

We could also show that a possible decline in pollinator visitation

frequency, which may follow habitat degradation or an increase in

alien invasive plants, may decrease the species reproductive output

and thus long-term population viability. So far, we could not

detect strong evidence of pollen limitation even in distant

populations, demonstrating a certain resistance to habitat

fragmentation and/or the invasiveness of alien species of these

hawkmoths species in the Seychelles. The results of this study

stand in contrast to those of other recent studies on rare endemic

tree species on the Seychelles that appear to be much more

vulnerable to genetic differentiation and inbreeding [20,21], with

the main difference being that G. sericea is pollinated by

hawkmoths that have the potential to disperse pollen over large

distances and, crucially, among populations. This implies that

conservation action should prioritise species with weakly dispersing

pollination vectors.
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